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Abstract
The first measurement able to exclude values of the neutrino CP-violating
phase δCP corresponding to no CP-violation (δCP = 0 and δCP = π) at the
95% confidence level was recently published by the long-baseline (LBL) neu-
trino experiment T2K [1]. This measurement on the CP-violating nature
of neutrinos could signify a huge step forward in understanding the matter
anti-matter asymmetry of the Universe. The large systematic uncertain-
ties currently present in LBL neutrino experiments prevent highly accurate
measurements of δCP which are required for future long-baseline neutrino
experiments. One of the leading order contributions to this large systemic
is final state interactions (FSIs) which high pressure time projection cham-
bers (HPTPCs) are ideally poised to be able to accurately characterise. A
prototype HPTPC which utilises a hybrid optical and charge readout sys-
tem with a three-mesh amplification region has been built and tested. This
thesis details: the CERN time of flight test and Monte Carlo study used to
measure beam characteristics and inform experimental design for an even-
tual CERN beam test; the design and construction of the prototype HPTPC;
calibration using an 241Am source; and the detectors optical and charge gain
measurement.
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1 Introduction

1.1 Neutrinos

The fact we live in a Universe effectively composed of matter is entirely
unexpected and an unsolved problem in physics. Evidence for this matter
anti-matter asymmetry is continuously delivered to us in the form of cosmic
rays, almost all of which are composed of matter. The small number of anti-
matter cosmic rays we observe are consistent with secondary production from
the propagation of matter cosmic rays in the Galaxy [2]. There is also an
absence of intense electromagnetic radiation bursts that would be expected
from clouds of matter annihilating with similar anti-matter clouds in the
Universe. Given the symmetrical nature of physics it would be logical to
assume that the Big Bang created equal numbers of baryons and anti-baryons
through known processes such as photon pair production [3]. However, given
the evidence we know this was not the case.

In 1967 A. D. Sakharov first stated the three necessary conditions whereby
a baryon-generating process (baryogenesis) can produce a matter anti-matter
asymmetry [4]. These are: baryon number B violation to produce an excess
of baryons over anti-baryons; charge (C) and charge parity (CP) violation to
produce an unequal forward and reverse rate and; a non-equilibrium situa-
tion must exist at some point to ‘seed’ the process. CP violation was first
observed in 1964 in the weak interactions of quarks [5], however CP violation
in quarks has been found to be insufficient to account for the matter anti-
matter asymmetry [3]. Given sufficient CP violation in the lepton sector a
matter anti-matter asymmetry could however be produced through a process
of leptogenesis where a lepton anti-lepton asymmetry is produced then con-
verted to a baryon anti-baryon asymmetry through sphaleron processes [6].
Neutrino oscillations could provide this source of CP violation in the lepton
sector needed for baryogenesis via the process of leptogenesis.

Observations have shown there are three neutrino flavour states (νe, νµ
or ντ ), each defined by the massive lepton they couple to (electron, muon or
tau). A direct result of neutrinos having mass (despite the standard model
assuming zero mass) is the phenomenon of neutrino oscillations. This is
where a neutrino beam of a single flavour (e.g. νµ) can be measured to have
components of a different flavour (e.g. νe or ντ ) as it travels. This neutrino
mixing derives from each flavour of neutrino not having a definite mass itself
and instead each being a linear combination of three mass states (ν1, ν2 and
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ν3) with masses (m1, m2 and m3) [3]. The flavour mixing is described by the
unitary Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix, which can be
parametrised by three mixing angles: θ12, θ13 and θ23 and δCP, a CP-violating
phase.

U =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
−iδcp

0 1 0
−s13eiδcp 0 c13

 c12 s12 0
−s12 c12 0

0 0 1


=

 c12c13 s12c13 s13e
−iδcp

−s12c23 − c13s23s13e−iδcp c12c23 − s12s23s13e−iδcp s23c13
s12c23 − c13s23s13e−iδcp −c12s23 − s12c23s13e−iδcp c23c13

 (1.1.1)

where cij = cos θij and sij = sin θij. The explicit equation for neutrino
mixing in the three neutrino case tends to be quite unwieldy. However, in
many cases where oscillation mainly occurs between two neutrino flavours it
can be appropriate to use the two neutrino mixing equation:

P (να → νβ) ≈ sin2(2θij) sin2

(
1.27∆m2

ijL[eV 2][km]

E[GeV ]

)
(1.1.2)

where P (να → νβ) is the probability that some neutrino flavour, να will
oscillate to flavour νβ, θij is the relevant mixing angle, ∆m2

ij = m2
i −m2

j is
the mass difference, L is the oscillation length and E is the neutrino energy.
By measuring the appearance and disappearance of specific neutrino flavours
at different oscillation lengths and using equation 1.1.2 mixing angles can be
calculated.

The SuperKamiokande (SK) experiment is a water Čerenkov detector lo-
cated under the Japanese Alps that studied atmospheric neutrinos [3]. When
high energy cosmic rays enter the atmosphere, they interact with nuclei in the
atmosphere producing pions which decay to atmospheric neutrinos through
the following processes:

π− → µ− + ν̄µ and π+ → µ+ + νµ (1.1.3a)
µ− → e− + ν̄e + νµ, and µ+ → e+ + νe + ν̄µ (1.1.3b)

SK was able to measure the incoming angle of the neutrino and therefore
differentiate between downward-going neutrinos that were produced in the
atmosphere above the detector, and upward-going neutrinos that were pro-
duced directly below it. These upwards-going neutrinos had to travel a longer
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distance through the earth to reach the detector and therefore have more
time to oscillate. In 1998, the SK experiment found that while the flux of
downward-going νµ flux was consistent with no significant oscillations, the
upward-going νµ flux was approximately half the expected value [7]. In a
2004 paper [8] SK plotted νµ flux as a function of L/E (Figure 1) where L
is the distance the neutrino travelled calculated from incoming angle and E
is the neutrino energy. This gave the first conclusive proof of muon neutrino
oscillations.

Figure 1: Ratio of atmospheric muon neutrino data over Monte Carlo simu-
lation (assuming no oscillation) plotted as a function of L/E [8]

From the late 1960s a number of experiments were set up to study the
most readily available source of neutrinos at the time, solar neutrinos. The
largest flux of neutrinos from the Sun comes from the fusion reaction 4p →
4He + 2e+ + 2νe yielding electron neutrinos with an average energy of 0.26
MeV. This is below the detection threshold of most, but not all detectors.
Other reactions, such as 8B→ 8Be+e+ +νe provide a higher energy electron
neutrino with an average energy of approximately 7 MeV and tended to be the
focus of solar neutrino experiments [3]. Davis’ 1968 experiment [9] employed
a tank of 3.78 × 105 litres of C2Cl4 located 1478 m underground in a gold
mine in South Dakota. Davis’ experiment used the νe + 37Cl + 37Ar + e−
reaction to detect electron neutrinos. On average this would only produce a
single 37Ar atom every few days. The 37Ar atoms, which are unstable would
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then be flushed out of the tank using helium gas and counted as they decay.
This experiment and others following observed a lower neutrino flux than
would be predicted by the ‘standard solar model’. This neutrino deficit was
named the solar neutrino problem.

The solution to this problem was of course neutrino oscillations which the
Sudbury Neutrino Observatory (SNO) proved in a 2002 paper [10]. Unlike
other water Čerenkov detectors SNO used heavy water (D2O) as the target
medium which provided access to a number of additional reactions:

νe + d→ e− + p+ p (1.1.4a)
νx + d→ νx + p+ n (1.1.4b)
νx + e− → νx + e− (1.1.4c)

where νx denotes any lepton flavour of neutrino and d denoted the deuteron
(2H). Equations 1.1.4b and 1.1.4c are sensitive to all neutrino flavours. They
were therefore able to find the apparent flux deficit and also independently
verify the solar model. Equation 1.1.4a is sensitive to electron neutrinos only.
From this it was shown that approximately one third of the neutrino flux was
electron neutrinos while the other two thirds arrived in the form of muon or
tau neutrinos.

Other experiments such as KamLAND, located in a mine next to SK,
studied reactor neutrinos produced from 53 surrounding nuclear power fa-
cilities. Reactors produce purely anti-electron neutrinos (ν̄e) which were de-
tectable by the KamLAND liquid scintillator detector [11]. The KamLAND
detector uses 1.2 × 103 m2 of liquid scintillator as its neutrino target sur-
rounded by 1879 photo-multiplier tubes. The ν̄e are detected by the process
of inverse beta decay ν̄e+p→ e++n with a 1.8 MeV energy detection thresh-
old. The positron emitted from this interaction emits scintillation photons
as it travels through the liquid scintillator, which are detected by the photo-
multiplier tubes. As the neutron emitted by the interaction thermalises and
is absorbed by a proton, it emits a 2.2 MeV γ-ray. The coincidence of these
two events allows for the identification of a neutrino interaction.

Measurements of the neutrino mixing angles have been conducted and
further constrained through several experiments such as θ23, which has been
the subject of study of atmospheric neutrino experiments. θ12 has been
measured through solar experiments. Reactor experiments have been able
to make measurements on both θ12 and θ13. T2K (Tokai to Kamioka) is a
long-baseline (LBL) neutrino detector based in Japan designed to measure

4



both θ23 and θ13 [12]. T2K uses a muon neutrino and antineutrino beam
with a peak energy at 0.6 GeV located at the J-PARC facility in Tokai,
Japan. A near detector (ND280) is located 280 m downsteam from the
beams source and the far detector, Super-Kamiokande (SK) is located 295
km downstream from the near detector. As neutrinos oscillate as a function of
L/E, the detectors baseline (the distance between the near and far detectors)
and the beam energy is optimised to maximise the probability of the muon
neutrinos oscillating into electron neutrinos. In a 2020 paper [1] T2K was the
first experiment to make measurements of δCP excluding values that would
correspond to no CP violation (δCP = 0 and δCP = π) at the 95% confidence
level (Figure 2).

The upstream half of the near detector (ND280) is pi-zero detector (P0D)
optimised to measure the neutral particles produced from neutral current ν
interactions on water. The downstream half consists of two scintillator based
fine grained detectors (FGD), interleaved with three time projection cham-
bers (TPCs). Both the P0D and the interleaved FGDs and TPCs are en-
cased by their own electromagnetic calorimeter (ECAL). The P0D, FGDs and
TPCs are then surrounded by a scintillator-based muon detector (SMRD)
and a large magnet (reused from the UA1 experiment) providing a 0.2 T
uniform horizontal magnetic field [13]. The FGDs act as the primary ac-
tive target mass for the tracker and are designed to detect the low energy
particles released in the neutrino interactions. The upstream FGD consists
thirty layers of scintillator bars embedded with wavelength-shifting (WLS)
fibres for photon collection in alternating horizontal and vertical layers. Each
scintillator bar has a square cross section giving a 9.6 mm × 9.6 mm effec-
tive pad size. The downstream FGD is composed of interleaved horizontal
and vertical scintillator and water layers [13]. These water layers are used
to measure the neutrino cross section on water, which is vital for calibration
given that the far detector (SK) uses water as its target mass.

Charged particles that escape the FGDs are measured in the TPCs (Fig-
ure 3). The TPCs use a gas mix of Ar(95%) − CF4(3%) − C4H10(2%) at
atmospheric pressure. Each TPC has a central cathode and is surrounded
by a field cage which produces a drift field within the chamber. As the
charged particles traverse the gas volume, they ionise the target gas pro-
ducing tracks of electrons and ions. The electron tracks drift in the electric
field away from the cathode and toward one of two planes of Micromegas de-
tectors, which amplify the electron signal through avalanche multiplication.
The Micromegas have a sampling length of 700 mm and a pad size of 70 mm2
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Figure 2: Reconstructed neutrino energy spectra for electron-like events in
(a) neutrino and (b) anti-neutrino mode. Solid stacked chart corresponds to
predicted events for σ(CP )=0 Dashed line correspond to predicted events for
σCP = ±π/2 [1].
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[14]. The track is reconstructed in 3D combining the 2D track projection on
the Micromegas and the measured timing information. Energy loss per unit
length (dE/dx) and track shape (induced by the magnetic field) are used for
particle identification and energy measurement.

FGDs and TPCs are used in combination since the low pressure (at-
mospheric pressure) TPCs do not provide enough target mass to produce
sufficient neutrino interactions given the current power/flux of the neutrino
beam. The FGDs are therefore used as the target mass. However, they suf-
fer from low spatial resolution and are therefore not able to identify particles
based on dE/dx measurements. This causes problems from low energy parti-
cles that do not exit the FGDs. In this scenario, particle identification has to
be determined by comparing particle track range within the FGD and total
energy deposited.

Other LBL neutrino experiments, such as the NuMI Off-Axis νe Appear-
ance experiment (NOνA) [15] uses a near and far detector with the same
fundamental design, utilising liquid scintillator bars with a cross section of
3.9 cm × 6.6 cm in alternating horizontal and vertical layers. The Main
Injector Neutrino Oscillation Search experiment (MINOS) [16] uses a combi-
nation of steel sheet layers and scintillator strips with a 4 cm × 1 cm cross
section. Other experiments such as Liquid Argon In A Testbeam (LArIAT)
[17], are developing liquid argon TPCs for neutrino detection. An advantage
of a liquid argon TPCs over current low pressure gas TPCs (such as the ones
used in ND280), is the increased target mass which allows for the interaction
vertex to occur within the TPC for superior tracking and reconstruction.
However, gas TPCs have a much lower momentum detection threshold over
liquid argon TPCs allowing for detection of lower energy particles.

1.2 HPTPC Motivations

One of the dominant roadblocks currently hindering the extraction of δCP
from long baseline neutrino experiments is the large systematic uncertainty
on neutrino-nucleus interactions [1]. Figure 4 shows T2Ks systematic uncer-
tainties on the predicated relative number of electron neutrino and electron
antineutrino candidates with no decay electrons. Neutrino oscillation prob-
ability depends on neutrino energy. It is therefore of paramount importance
to be able to accurately measure the interacting neutrino’s energy. Despite
the well understood energy spectrum of neutrino beams, the energy of indi-
vidual neutrinos can vary between a few MeV and several tens of GeV across
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Figure 3: Schematic diagram of the T2K TPC module [14]

neutrino experiments [18]. Current experiments, such as T2K, infer the neu-
trino’s energy from the momentum and direction of the charged lepton. This
relies heavily on the modelling of the nuclear physics of neutrino-nucleus
interactions [1].

Figure 4: Systematic uncertainty on the predicted relative number of electron
neutrino and electron antineutrino candidates (with no decay electrons) [1]

Neutrinos in LBL experiments interact with nucleons bound within the
nucleus of the target medium and as such nuclear effects cannot be ignored.
Among these, final state interactions (FSI) add a large contribution to the
systematic uncertainty of these experiments. Particles produced by the neu-
trino nucleus interaction can interact with other nucleons as they propagate,
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altering the momentum of the outgoing particles. FSIs can also cause the final
state particles to be different from those produced from the neutrino-nucleon
interaction, as particles can either be absorbed before leaving the nucleus or
being produced through collisions [18]. This has subsequent ramifications for
neutrino interaction type identification.

Current modelling in neutrino Monte Carlos simulation programs, such
as NEUT [19] and GENIE [20] use hadron-nucleus scattering measurements
to tune their final state interaction models. However, these measurements
are few and far between. As measurements do not exist at some relevant
energy ranges, a semi-empirical parameterisation is used to extrapolate in
both momentum and nuclei multiplicity. This can cause order of magnitude
differences in multiplicity and momentum prediction between NEUT and
GENIE, as shown in Figure 5 [21]. The figure also shows the two models differ
vastly below 0.2 GeV/c, which is the momentum detection threshold limit
for current liquid argon time projection chambers. Proton-nucleus scattering
measurements and high-resolution neutrino-nucleus interaction imaging are
therefore key in understanding FSIs and in paving the way for future LBL
experiments.

High pressure gas time projection chambers (HPTPCs) are similar to
current gas TPCs, except that they use a high pressure gas as their target
medium. HPTPC development has been an area of growing interest and
the focus of a large number of neutrino detector workshops over the past
five years. Future LBL experiments, such as the Deep Underground Neu-
trino Experiment (DUNE), has proposed the use of an HPTPC as part of
its near detector. HPTPCs have the benefit of a significantly lower momen-
tum detection threshold (∼0.050 GeV) when compared to liquid argon TPCs
(0.4 GeV/c) or Čerenkov detectors (1.1 GeV/c). The higher nucleon den-
sity (when compared to low pressure TPCs) and the progress in neutrino
beam power will provide a significant increase of neutrino interactions allow-
ing for the use of the high pressure gas as the target medium. This results
in the neutrino-nucleon interaction occurring within the fully active target
region with 4-π angular coverage and with a considerably lower momentum
detection threshold than is feasible with other detectors. HPTPCs have the
potential to reduce the systemic uncertainties, shown in Figure 4 related to:
the pion final state interaction and rescattering model (1.6%), the neutrino
production and interaction model constrained by ND280 data (2.7%) and the
nucleon removal energy in interaction model (3.7%). This uniquely sets up
HPTPC research and development as an exciting frontier for the reduction of
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systematic uncertainties through the better understanding of FSIs in future
LBL experiments.

Figure 5: Left: Proton multiplicity from J-PARC off-axis νµ charged-current
interactions on Argon from NEUT (blue) and GENIE (orange) neutrino gen-
erator MC. Right: Proton momentum distribution from J-PARC off-axis νµ
charged-current interactions on Argon from NEUT (blue) and GENIE (or-
ange) [21].

1.3 Time Projection Chamber Overview

Time projection chambers consist of a drift chamber filled with some target
gas with a readout plane at one end, as shown in Figure 6. Ionisation by
incident charged particles occur within the drift chamber and electrons are
transported via an electric field towards the readout plane, where they are
measured by a detector dependent method. The combined measurement of
the track’s projection on the readout plane and timing information allow
for TPCs to fully reconstruct tracks with simultaneously read x, y and z
coordinates for each point on the track.

As a charged particle passes through the drift chamber, they lose energy
via excitation and ionisation of the target gas. The majority of the time this
ionisation produces single electron/ion pairs. However, a non-insignificant
number of these primary electrons have enough energy to liberate further
electrons from other gas molecules [22]. This produces ‘clusters’ of electrons
along the track where the number of clusters per unit length follows Poisson
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Figure 6: TPC Schematic showing a track of electrons drifting towards the
readout plane

statistics with a most probable cluster size of one. The number of clusters k
along a segment s of the track follows the equation:

P (k) = ((s/λ)k/k!)exp(−s/λ) (1.3.1)

where λ = 1/NeσI is the mean distance between clusters, Ne is the electron
density of the target gas and σI is the ionisation cross section per electron.
Cluster size distribution w(n) is the probability to produce a cluster size of
n electrons from a primary ionisation event. Cluster size distribution for
many gases has been experimentally measured as shown in Figure 7 [23]. In
argon for instance the average number of clusters per cm is 25 and the most
probable number of electrons per cm is 42. However, the average number of
electrons per cm is significantly higher at 100, owing to the long tail in its
electron cluster distribution [22].

The mean energy loss per unit length of heavy charged particles travel-
ing through a drift chamber is well described by the modified Bethe-Bloch
equation:

〈dE/dx〉 = Kz2(Z/A)(1/β2)[0.5 ln(2mec
2β2γ2Tmax/I

2)− β2 − δ/2] (1.3.2)

where K = 4πNAre2mec
2
0, NA = Avogadro’s constant, me is the electron

mass, re is the classical electron radius, I is the mean excitation energy of
the target gas, z is the charge of the particle, β = v/c is the relative speed
of the particle, γ = (1 − β2)−1/2, Z and A are the atomic and mass num-
bers of the target gas, Tmax is the maximum energy transfer from particle
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Figure 7: Measurements of cluster size distribution w(n) for various gases
[23]

to an electron and δ is a small density effect correction [22]. Apart from a
small dependence on particle mass through Tmax, the Bethe-Bloch equation
is only dependent on the particle’s velocity (β) and therefore facilitates parti-
cle momentum calculation. The Bethe-Bloch equation describes the average
energy loss of the particle, including energy transfer to extremely energetic
electrons (δ-electrons) that travel far from the track and cluster they orig-
inate from. These δ-electrons can escape detection by leaving the fiducial
volume of the detector. To exclude these particles Tmax is often replaced
with the detector dependent Tcut < Tmax to produce the mean restricted
energy loss (〈dE/dxrestricted〉) that only includes electrons that stay close to
the particle track. Using the average energy dissipated per electron/ion pair
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w, 〈dE/dxrestricted〉 can be written in terms of 〈n(L)〉, the mean number of
electrons deposited along a length L as follows:

〈n(L)〉 = L 〈dE/dxrestricted〉 /w (1.3.3)

In the absence of an electric field, electrons in a gas scatter isotropically
spreading out over time following a Gaussian density distribution with a
standard deviation σ. The movement of these electrons in a gas is described
by their mean instantaneous thermal velocity (v), where v =

√
3kBT/me,

and a gas dependent isotropic diffusion coefficient, D [22]. In the presence of
an electric field, electrons are accelerated between collisions by the electric
field. The resultant mean velocity u of the electrons is referred to as the drift
velocity, which is defined by:

u = eEτ/m (1.3.4)

where e and m are the electron charge and mass, E is the electric field
strength and τ is the mean time between collisions. τ is dependent on the
collision cross-section per molecule (σ), the number density of gas molecules
(N) and the mean instantaneous thermal velocity (v) as follows:

1/τ = Nσv (1.3.5)

Figure 8 shows drift velocities for several gases and gas mixes as a function
of drift field.

When an electric field is applied, electrons undergo differing longitudi-
nal and transverse diffusion in directions parallel and perpendicular to the
electric field respectively. This diffusion is characterised by the longitudinal
and transverse diffusion coefficients DL and DT and their respective standard
deviations σL and σT as follows:

σ2
T = 2DT t = 2DTL/u = 2DTL/(µE) (1.3.6a)
σ2
L = 2DLt = 2DLL/u = 2DLL/(µE) (1.3.6b)

where u is drift velocity, t is drift time and L is drift length [22]. Transverse
diffusion spreads out the projection of the track onto the readout plane, while
longitudinal diffusion spreads out the arrival time of electrons with a mean
spread time deviation σt =

√
σ2
L/u

2. Low diffusion is vital to obtain a high
detector spatial resolution, and this is achieved by using a high electric field
and target gases with a large electron mobility µ, where µ = eτ/m.
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Figure 8: Computed electron drift velocity as a function of electric field in
various gas mixes [24]

Although TPCs can use a variety of readout techniques, it is common to
include a gas amplification stage to multiply the number of electrons before
they are counted at the readout plane. This is generally achieved by pro-
ducing a region of high electric field much greater than the drift field where
avalanche multiplication can take place. In the region of high electric field,
electrons along path ds will be multiplied by gas gain G:

G = exp

[∫ s1

s0

(α)ds

]
(1.3.7)

where α is the first Townsend coefficient which is often expressed in the form
α/p which is a function the reduced electric field strength E/p where p is the
gas pressure[22]. Figure 8 shows the measured first Townsend coefficient in
various noble gases and also calculated in a number of Ar/CH4 mixes where
100-0 indicates 100% argon and 0% CH4.

Multi-wire proportional chambers (MWPCs) were the readout methods
employed in the first TPCs. A MWPC consists of a plane of evenly spaced
anode wires with cathode planes on either side [26]. Electrons produced in the
TPC are accelerated toward the anode wires and undergo avalanche multi-
plication in the high electric field. Readout is performed via charge detection
on the anode wires. The cathode underneath the anode wires is segmented
into ‘pads’ which give the location along the wire where the electrons inci-
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Figure 9: Measured first Townsend coefficient in various noble gases and
calculated in a number of Ar/CH4 mixes [25]

dent [22]. Timing information allows for full 3D track reconstruction. More
recently, electron multiplication methods have been developed such as gas
electron multipliers (GEMs). GEMs are often constructed from an insulat-
ing kapton foil sandwiched between two copper layers [27]. A high density of
holes is produced through all three layers and a difference of voltage potential
is applied between the two copper layers. This produces a region of high elec-
tric field inside the holes which multiples incident electrons. Multiple layers
of GEMs are often used between the drift region and an anode, generally
segmented into either pads or strips for hit location detection. Mesh amplifi-
cation has been demonstrated by the Dark Matter Time Projection Chamber
(DMTPC) experiment where high voltage anode meshes are used to created
avalanche multiplication in the high electric field around the mesh[28]. This
produces scintillation photons from the de-excitation of ions which were im-
aged by CCD cameras. The CCD image provides the 2D track projection
and timing information again in used for 3D track reconstruction.
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1.4 Prototype HPTPC Overview

The HPTPC group at Royal Holloway, University of London has designed,
constructed and operated a prototype high pressure time projection cham-
ber (HPTPC) which uses a combination of optical CCD and charge readout.
The TPC is housed within a 304 L cylindrical steel vessel and uses argon gas
held at 5 barA as its target medium. Although it can use a range of tar-
get gases and pressures up to 5 barA. The time projection chamber (TPC)
housed within the vessel is cylindrical with a 44.7 cm drift length and 111 cm
diameter. The drift region is capped by a cathode mesh at one end held at a
negative voltage and an amplification region at the other. The amplification
region is built up of three anode meshes, each held at increasing positive
voltage to amplify primary ionisation. The use of optical CCDs is a rela-
tively new readout technology for use in TPCs. The low-cost high-resolution
benefits are especially attractive when looking into scaling for future large
detectors. The prototype HPTPC uses four CCD cameras focused onto the
amplification region providing a maximum effective 0.25 mm × 0.25 mm
pad size. This is orders of magnitude smaller than many of the detectors
discussed in Section 1.1.

The prototype HPTPC working principles are as follows and can be seen
in Figure 10; a particle (such as a neutrino) enters the vessel and scatters at
t0 off a target gas atom releasing a charged particle; this final state particle
passes through the TPC ionising the target gas producing tracks of electrons
and ions. The drift field within the TPC accelerates the electrons towards
the amplification region (t1) where they undergo proportional amplification
at the high electric field around the wires of the first mesh (and are further
amplified by subsequent meshes) creating scintillation photons (t2) which are
detected by the CCD cameras creating a 2D image of the track’s projection
onto the amplification region. The charge signal read out from the meshes
gives timing information which is proportional to the track’s length in the
drift direction [29]. Particle energy deposition per unit length in the TPC
can be independently calculated from the number of photons collected at
the CCD and the integrated charge measured at the amplification region
[30]. This can be used for both identification and energy measurement of
the particles. This detector has been operated using 241Am α-sources and
is designed for use in a proton beam to simulate the final state particles
produced from neutrino-nucleon interactions.
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(a) (b)

Figure 10: Cross-sectional view of the HPTPC through the (a) plane parallel
to the drift field E and the (b) plane perpendicular to E. A particle scat-
ters on a gas atom at the time t0, ejects a charged particle from the nucleus
which in turn ionises gas atoms (circles, Fig. (a)) along its trajectory. These
ionisation electrons are moved by E towards the anode meshes (t1) and are
amplified (t2). Photons produced during the amplification (thick lines, Fig.
(a)) are then imaged by cameras and provide the 2D projection of the inter-
action (Fig. (b)) [31].
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A primary goal of the prototype HPTPC project was to conduct a beam
test at CERN to assess its feasibility in future neutrino experiments. Section
2 details a CERN time of flight experiment and Monte Carlo simulation study
conducted in preparation for this goal. This work informed the design and
construction of the prototype HPTPC and the experimental design of the
eventual CERN beam test. Section 3 describes the design and construction
of the prototype HPTPC, including detailing the pressure vessel, gas sys-
tems, amplification region and cathode, field cage, high voltage distribution
and the charge and optical readout systems. Section 4 describes the optical
calibration methods and light gain measurements taken at several amplifi-
cation region voltage configurations using an 241Am alpha source. Section 5
discusses the combined optical and charge gain analysis results. Final con-
clusions of results and the potential and limitations of the hardware are made
in Section 6.
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2 Beam Test and Monte Carlo Simulation

2.1 CERN Time of Flight

A two-week time of flight (TOF) measurement at the CERN T9 and T10
test beams was conducted to assess their suitability for the future CERN
beam test. The goal was to calculate the proton and pion flux at the T9
and T10 test beams at a range of momenta below 1 GeV/c with various
collimator settings. The time of flight set up consisted a data acquisition
system and two acrylic scintillator bars each optically connected to a PMT.
The DAQ included a coincidence circuit, a time-to-digital converter and a
digital I/O system. The scintillator bars were place within the beam with
some separation distance depending on the layout of the test beam area. As
particles pass through each acrylic bar, scintillation photons are produced
triggering PMT signals. Upon a coincidence the DAQ system records a TDC
value representative of the time delay between the two signals. From the
time delay and the separation distance between the two scintillator bars the
particle’s velocity can be calculated. For a given momentum (between 0.25
GeV/c and 1 GeV/c) it is possible to resolve protons from pions (shown in
Figure 11) and therefore calculate the beam flux and energy spectrum.

Figure 11: Particle production in the CERN T10 beamline as a function of
particle momentum calculated by the time of flight. The two peaks stem
from pions (left) and protons (right).
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The runs taken included:

• T9 & T10 momentum scans between 0.25 and 1.00 GeV/c

• T10 horizontal and vertical collimator scans at 0.50 GeV/c

• T10 concrete and steel moderator runs between 0.60 & 1.00 GeV/c

Figure 12 shows the T10 particle intensities per spill vs beam momentum
for protons and pions and Figure 13 shows the pion to proton ratio vs beam
momentum.

Figure 12: Proton and pion intensities vs beam momentum (pions have been
scaled by a factor of 0.1)

The analysis of the CERN time of flight data showed that at 0.3 GeV/c
beam momentum the beam flux is dominated by pions, giving a proton to
pion ratio on the order 10−3. This provides a proton flux much below what
is required to accurately measure the proton-argon scattering cross section.
Additionally, this results in a massive pion background for the proton mea-
surement. These factors led to the investigation and development of an
off-axis approach which is discussed further in Section 2.2.2.
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Figure 13: Pion to proton ratio vs beam momentum

2.2 Monte Carlo Simulation

2.2.1 Overview

A prototype HPTPC Monte Caro simulation was developed to inform the
experimental design of the CERN beams test and to investigate an off-axis
approach. The simulation chain is as follows; using Geant4, initial particle
generation of primary protons and muons is produced to match the beam
profile measured during the CERN time of flight experiment. The beam is
incident on the vessel. Interactions between the vessel and target gas are
recorded. The resultant series of detector hits within the TPC are passed to
the custom analysis code which applies the following:

1. Electron drift model and simulation of diffusion

2. Gas gain and photon production calculations

3. CCD acceptance, response and readout noise

The simulation outputs a single histogram per initial simulated particle.
This histogram represents the CCD optical output of the detector for said
particle. Multiple of the histograms resulting from primary pions and/or
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protons can then be merged in various combinations to simulate a variety of
spill pileup configurations. Figure 14 shows an example of one such configu-
ration. The circular shape results from the fiducial area of the amplification
region.

Figure 14: Merged simulated tracks; spill of eight primary protons & fifteen
pions (3◦ - 4◦ off-axis, 0.8 GeV/c beam & 30cm plastic moderator)

2.2.2 Off-Axis Monte Carlo

The off-axis Monte Carlo simulation chain is built in two stages. First, the
moderator simulation starts with primary protons and muons using the beam
profile measured during the CERN time of flight trip and simulates it incident
upon some moderator. The particles are then tracked downstream and any
that are within the specified off-axis angle from the beam axis (see Figure
16) are saved in a data tree to be used as primary particles in the second
stage of the simulation chain. The radial symmetry of this system is also
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taken into account to increase simulation efficiency. Any particles that are
within the specified off-axis angle and are not within the ‘section of possible
incidents’, are given a rotation around the beam axis so they lie (randomly
distributed) within the section of possible incidents. This greatly improves
the simulation efficiency. The second stage of this simulation chain is identical
to that described in Section 2.2.1 except that is uses the particles saved in
the first stage as its primary particles.

The results of the off-axis Monte Carlo investigation showed that using an
off-axis configuration (using a 30cm plastic moderator), with a TPC place-
ment 3◦ - 4◦ off-axis and the beam tuned to 0.80 GeV/c, we expect the
following particle fluxes within the TPC per spill; 8.65 protons, 6.83 pions
& 11.54 muons. Figure 15 shows this off-axis configuration and Figure 17
shows the simulated momentum spectra of particles within the TPC given
this configuration.

Figure 15: Schematic of off-axis setup

The primary reasoning of using an off-axis configuration is to increase the
proton to pion flux ratio since the primary goal of the CERN beam test is to
measure the proton-argon scattering cross section (with pion-argon scatter
cross section data only as a bonus). Using an off-axis configuration with a
moderator has other implications for the setup which must be taken into
account. The beam starts at 0.80 GeV and consists of protons and pions in
a ratio of approximately 1:5. When the beam interacts with the moderator
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Figure 16: Schematic of off-axia setup: viewing along beam axis (not to
scale)

Figure 17: Simulated momentum spectra of particles that enter the TPC (3◦
- 4◦ off-axis, 0.8 GeV/c beam momentum & 30cm plastic moderator)

the particles lose energy, deflecting and spread out from the original beam
direction. In this process, a large number of secondary muons are produced
which are difficult to differentiate from pions, producing additional back-
ground events within the TPC. The simulation showed that protons tend to
deflect at larger angles than the pions; this results in a higher proton to pion
ratio than the original beam when measured sufficiently far of-axis. Given
the wide beam structure in the off-axis configuration, reconstructing tracks is
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(a) Protons (b) Pions

Figure 18: Particle momentum moderation by the 10 mm thick steel wall of
the pressure vessel

less challenging due the smaller likelihood of overlapping tracks. As particles
must pass through the 10mm thick steel vessel to enter the fiducial volume,
a large number of wall interactions occur. The additional moderation by
the 10 mm steel walls is modelled in the simulation. Figure 18 shows the
moderation of the protons and pions passing through the 10mm steel walls of
the vessel (i.e. particle momentum before vs particle momentum after passing
through the steel walls). It should be noted that the protons are significantly
moderated by the steel walls in comparison to the pions. Additionally, any
protons reaching the vessel wall under approximately 0.4 GeV are completely
stopped by the vessel walls and do not make it inside of the TPC.

25



3 HPTPC Design and Construction

3.1 Prototype HPTPC

3.1.1 HPTPC Vessel

The prototype HPTPC pressure vessel which houses the TPC and target gas
is shown in Figure 19. The vessel is constructed of 10 mm thick stainless
steel and has a 304 L internal volume, with an inner (outer) diameter of
140 cm (142 cm) and a total length of 138.6 cm; the vessel weighs 2370 kg.
The vessel has a fully detachable end connected to the body via two large
DN 1500 flanges which allows access to the vessel’s interior. The interior of
the vessel houses three parallel steel rails, positioned 120◦ from each other
along the internal walls to allow mounting of the TPC within the chamber.
The detachable door and main body of the vessel are separately mounted to
steel frames with wheels, both with adjustable feet for elevation adjustment.
There is a double O-ring seal of viton and rectangular silicone between the
door and body flanges to provide gas tightness. The door and body flanges
are clamped together with 8 hydraulic pistons and 8 threaded clamps.

The vessel is equipped with several flanges shown in Figure 19. The
KF25 and KF40 flanges on the door and body are used for high voltage,
gas and vacuum system feedthroughs. The five DN200 flanges on the door
are each equipped with a custom optical window flange and camera mount
incorporating a 60 mm thick quartz optical window. The body flanges host
two independent pressure relief systems (shown in Figure 20), consisting first
a 5 barA burst disk backed by a 5 barA pressure relief valve, and second, a
6 barA burst disk. The vessel is rated to 6 barA.

3.1.2 Gas System

The gas fill and vacuum system supplying the prototype HPTPC pressure
vessel is detailed in Figure 20. An Agilent Triscroll-800 dry vacuum pump is
used to evacuate the pressure vessel to a pressure of approximately 1 · 10−6

barA before filling with any target gas. The vacuum pump is used to also
evacuate the gas line feeding the vessel to reduce any contamination while
filling. The gas fill system accommodates up to four separate gas cylinders,
each connected to the gas fill line via two Aura gas pressure regulators and
a swing check valve.
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Figure 19: CAD model diagram of the pressure vessel, view from the: rear
(left), side (middle) and front/door side (right) [31]

The pressure in the vessel is monitored by two pressure gauges; a Wika
A-10 digital pressure gauge (used when above atmospheric pressure) and
an Inficon PGC550 combined capacitance-Pirani vacuum gauge (used when
below atmospheric pressure). The Infinicon pressure gauge should not be
subjected to pressures above atmospheric so is protected by a valve. The
gas fill line also has several valves connecting it to the vessel, gas cylinders,
vacuum pump and vent line. These valves, and the valve protecting the
Infinicon pressure gauge are 8.5 inch Swagelok solenoid valves. The valve
connecting the vacuum pump and the pressure vessel is a 1.5 inch Carten
solenoid valve.

3.1.3 Amplification Region and Cathode: Design and Construc-
tion

The prototype HPTPC amplification region is designed to produce regions of
high electric field between meshes (anodes) where proportional amplification
of the electrons occurs. This is achieved by using three steel mesh anodes
(Anode 1, 2 & 3) separated from one another using insulating spacers. An-
odes 1, 2 & 3 are each held at increasing voltages producing an electric field
between each pair. The construction is sandwiched between a support struc-
ture which holds the amplification region flat, resisting the tension of the
meshes and providing additional rigidity. When designing an amplification
region, a primary design consideration is mesh separation distance unifor-
mity; this is constrained by mesh area and tension; mesh spacer thickness
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Figure 20: Diagram of the prototype HPTPC gas fill and vacuum system
[31]

tolerance and design; and the rigidity of the support structure. Mesh separa-
tion uniformity is the main factor driving electric field uniformity, maximum
possible achieved voltage and sparking rate.

The maximum diameter of the amplification region is limited by the in-
terior diameter of the pressure vessel and the availability of material stock
sizes, which becomes difficult to source when over 1220 mm. Figures 21 (a) -
(c) show the individual layers and Figures 21 (d) - (f) show the construction
of the amplification region. The support structure has an outer radius (OR)
of 605 mm and an inner radius (IR) of 555 mm; constructed from 16 mm
nylon. The spacers have an OR (IR) of 605 mm (555 mm) with vertical line
features with a 1 mm width and 43.4 mm spacing. The spacer between An-
odes 1 & 2 (2 & 3) has a thickness of 0.5 mm (1.0 mm). The steel rings have
an OR (IR) of 590 mm (560 mm) and are made from 0.9 mm thick water
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jet cut stainless steel. The meshes of the amplification region are stretched
and glued to the steel ring using Scotch-Weld DP 490 two-part epoxy. The
meshes are stretched using a Grünig G-STRETCH 210 stretching machine by
stretching and allowing the mesh to relax, repeating until the desired tension
was achieved.

The cathode consists of a single mesh and is similar in design to a single
anode mesh, except it uses a 3 mm thick steel ring (to provide rigidity without
support rings), a more transparent mesh and a much lower tension. This list
summarises the meshes used and tensions achieved:

• Anode 1 & 2 meshes: 100 Count (lines per inch), 27 µm wire thickness,
89% transparent & 19 Ncm−1 tension

• Anode 3 mesh: 250 Count, 40 µm wire thickness & 38 Ncm−1 tension

• Cathode mesh: 25 Count, 40 µm wire thickness, 97% transparent & 2
Ncm−1 tension

The support rings, spacers and steel rings have 84 radially symmetric M6
holes to allow bolting together and compression of the amplification region.
The parts are put together in the order shown by Figure 21 (e) & (f). The
amplification region is held in place using rail insert fittings which are shown
in Figures 21 (d) & (f). By measuring the capacitance between meshes the
distance between Anodes 1 & 2 (2 & 3) were calculated to be 1.20± 0.05 mm
(2.0± 0.2 mm).

3.1.4 Field Cage

The TPC field cage is designed to produce a constant drift field between the
cathode and amplification region. The field cage is constructed from multiple
copper field cage rings which are held equidistant with 25.3 mm separation
using Delrin field cage supports (shown in Figure 22) and electrically con-
nected to adjacent rings by 3 MΩ resistors. The inner radius of the field
cage rings is determined by the fiducial area of the amplification region (i.e.
the inner radius of the support structure, 555 mm). 10 mm × 3 mm copper
ribbon field cage rings from an already existing TPC were altered to fit this
design criteria for the prototype HPTPC. The radius of these rings was too
large, and they were too flexible for the prototype HPTPC’s specifications.
To produce the required criteria, each of the field cage rings were work hard-
ened by repeatedly passing through a metal roller at room temperature. The
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(a) Nylon support rings (b) Steel mesh rings

(c) Spacer (d) All parts + rail attachments

(e) All parts (layer view) (f) All parts (diagonal view)

Figure 21: Mono-amplification region: parts and construction
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rings were then cut to length (3487 mm) and soldered back together on a
purpose made soldering jig to produce an IR of 555 mm. 16 field cage rings
were constructed. However, 12 were used in the final design to allow for an
increased maximum drift field strength. 12 field cage rings result in a drift
distance between the cathode and amplification region of 44.7 cm.

Figure 22: Completed field cage on transfer stand

3.1.5 High-Voltage Distribution

The cathode is supplied by a Spellman SL 30 Power Supply (PS) with a
maximum output voltage of 30 kV, which allows for a drift field within the
field cage of up to 600 V cm−1. The Anode meshes are provided with positive
voltages by either a CAEN NDT1470 or N1470 multi-channel PS. PS voltages
for the cathode and anode meshes can be set via the slow control system.
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Figure 23: Insertion of field cage and amplification region into the vessel
using the TPC transfer stand [31]

Power is supplied via kapton coated copper wires that pass through high
voltage feedthroughs into the vessel. The wires are further insulated by
ceramic beads and a fibreglass sheath. The grounds of the anode and cathode
power supplies are connected via a grounding circuit to the vessel.

The anode meshes and anode PS connect to custom ‘bias boxes’ located
outside of the vessel, as shown in Figure 24. These decouple the high fre-
quency charge signal from the high voltage and send it to the charge readout
system. The anodes mesh charge signal is sent through pre-amplifiers and
then sent to the DAQ system for saving. Voltages and currents supplied to
the cathode and anode meshes are recorded by the slow control system.

3.1.6 Charge Signal Measurement

The pre-amplifiers mentioned in Section 3.1.5 are charge-sensitive CREMAT
CR-113 (or 112) hosted in CR -150-R5 evaluation boards with gains of 1.3
mV pC−1 (or 13 mV pC−1). The outputs are digitised using a CAEN N6730 8-
channel digitiser with a 2 V dynamic range and 500 MHz sampling frequency.
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Figure 24: Bias box schematic showing high voltage (Vanodei) connecting
to anode meshes and decoupling of the charge signal (Sanodei). Bias boxes
(Banodei) feature a protection and filtering circuit consisting of a bias resistor
(Rbias = 200 MΩ), filter capacitor (Cfilter = 10 nF) and input resistor at the
detector input (Rin=10 MΩ). Signals are decoupled using a 10 nF decoupling
capacitor (Cdec) [31].

3.1.7 Optical Signal Measurement

The optical readout system consists four FLI Proline LF09000 CCD’s con-
taining a 3056 × 3056 pixel front illuminated Kodak KAF-09000 chip with
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a Nikon f/1.2 50 mm lens (with a 54.8◦ viewing angle). The cameras are
mounted onto the outside of the vessel door and optically coupled via a 6 cm
thick quartz viewing windows. Each camera is focused onto a quadrant of the
amplification region at a distance of 102 cm, imaging a 71 × 71 cm section of
the amplification region. This gives a voxel size of 230 µm which indicates the
spatial resolution of the optical system. The chips have a quantum efficiency
of between 50% and 70% (>20%) between 475 nm and 750 nm (350 nm and
925 nm). The optical transmission of the quartz windows are measured to be
97+3

−4 %. The lenses have a transmission of 70 % (90 %) at 420 nm (750 nm)
wavelengths. The estimated geometric acceptance of the optical system is
approximately 1.1×10−4. The cameras are cooled using a Peltier cooler, sup-
plemented by a water cooler and can achieve temperatures of −30◦. Further
camera calibration is detailed in Section 4.2.2.

3.2 Next Steps

A future phase for the HPTPC experiment is to test the use of a multi-
wire proportional chamber in a high pressure vessel. During August 2019
the group accepted the delivery of a single segment of the Alice experiments
outer readout chamber (OROC). The OROC is a trapezoidal multi-wire pro-
portional chambers with cathode pad readout.

To use the OROC within the pressure vessel, a support frame was de-
signed with the goal of being able to be repeatedly and accurately insert the
OROC within the vessel. The support frame was designed so that its position
could be fine-tuned to allow for any deviation of the vessel and rails from
their CAD plans. Figure 25 (a) shows the OROC and support frame and
Figure 25 (b) show the OROC and support frame within the HPTPC vessel
(with the front and back of the vessel removed for visibility). The OROC
support frame has four main parts. First there is a trapezoidal attachment
frame. This is constructed from 6.25 mm thick aluminium L-stock. The four
sides are attached together by bolts and brackets and have a number of M6
holes to allow attachment via threaded holes in the OROC. Figure 26 (a)
shows the bottom support; constructed from a Delrin base that fits the inner
radius of the vessel chamber and steel tube legs that are connect to the base
and attachment frame via aluminium brackets and bolts. The steel legs are
removable so that their height can be adjusted if required. Figure 26 (b)
shows the top rail attachment which consists a threaded attachment bracket
and a bolt captured in a rail insert. By rotating the bolt, the total length of
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the top attachment can be adjusted. Figure 26 (c) shows the side support
which consists of a hinged lockable aluminium threaded attachment bracket
and a long threaded bolt captured into a rail insert. This allows for both
length and angle adjustment. A centre of mass calculation was conducted to
ensure that the top and bottom attachments supported the combined OROC
and support frame through their centre of mass. Figure 27 and 28 shows the
completed OROC support frame with handles for transport.
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(a) OROC (blue) & support frame (grey) (b) OROC in vessel

Figure 25: CAD plans of OROC, support frame & vessel (with front & back
removed for better visibility

(a) Bottom support (b) Top support (c) Side support

Figure 26: OROC support frame parts
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(a) Completed frame (b) Leg

(c) Side support

(d) Top support (e) Bottom & side support

Figure 27: OROC support frame parts
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Figure 28: OROC housed in support frame and inserted into prototype
HPTPC high pressure vessel
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4 Optical Gain

4.1 Overview & Background

The optical gain measurement was conducted using a single 241Am source
positioned near the amplification region so that it is imaged by one of the four
cameras. The source has an activity (A) of 10±1 kBq releasing alpha particles
of energy, Eα = 5.486 MeV (5.443 MeV or 5.388 MeV) 85% (13% or 2%) of
the time. The average energy required to produce one electron ion pair, Wα

is 26.4 eV. Given this, there will be approximately A · (Eα/Wα) · te = 2 · 108

ionisation electrons released per second of exposure time. These electrons
drift toward the amplification region due to the electric field produced by the
field cage where they undergo proportional amplification with some anode
mesh voltage configuration, gas mix and pressure dependent gain. Photons
are produced via scintillation which are measured by the CCD camera.

The aim of the optical gain measurements is to understand how the light
gain of the TPC is affected by a) the absolute voltage of the three anode
meshes Va1, Va2 and Va3 when the potential difference between meshes is kept
constant; b) the voltage potential difference between anode meshes 3 and 2
(∆Va32); and c) the voltage potential difference between anode meshes 2 and
1 (∆Va21). To do this we chose three voltage schemes which are as follows:

• Scheme A - Vary Va1, Va2 and Va3 by the same amount each step thereby
keeping ∆Va21 and ∆Va32 constant

• Scheme B - Vary ∆Va32 and keep ∆Va21 constant by varying Va3

• Scheme C - Vary ∆Va21 and keep ∆Va32 constant by varying Va2 and
Va3 by the same amount each step

After image calibration is applied, a box is defined around the source (re-
ferred to as the source box) encompassing any pixels that contain light signal.
Pixels within the source box are then summed producing an integrated ana-
logue to digital unit (ADU) measurement of the total light produced by the
source given some voltage setting. This can then be repeated for various
other voltage settings to produce a picture of the light gain dependency on
anode voltages.

An exposure time of 2 seconds per frame was chosen to balance reduction
of readout noise with reduction in dead time due to lost frames from sparking.
The source box is optimised to contain as few pixels as possible while not
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rejecting any signal. Analysis found a nine by nine pixel source box to be
optimal. For each voltage setting 1000 to 1500 event frames were taken.

4.2 Calibration of Optical Gain Measurement

4.2.1 Spark Detection

Any sparking between the anode meshes produces a large detectable light
signal within the detector. Any events which contain sparking must therefore
be rejected. This is done by rejecting any events that contain a CCD image
with a whole image RMS above a certain threshold. Additionally, events that
contain CCD images where a certain number of the pixels are above an ADU
threshold are also removed. This aids in the removal of smaller spark events
that may not affect the whole image RMS significantly. These thresholds are
dependent on the CCD used, voltages and temperatures and so vary between
runs.

4.2.2 CCD Camera Calibration

The total noise (Ntotal) in a CCD is the quadrature sum of the readout noise
(Nreadout), dark current (Ndark), and signal noise (Nsignal):

Ntotal =
√
N2

signal +N2
readout +N2

dark (4.2.1)

The number of electrons produced in a pixel of a CCD is inherently a sta-
tistical process that follows a Poisson distribution. Signal noise is therefore
defined by Nsignal =

√
Spix, where Spix is the per-pixel signal. Readout noise

originates from the process of amplifying and converting incident photons to
a voltage and then to ADUs. This can be measured by taking two bias frame
images and subtracting them from each other. Then taking the standard
deviation of pixels in this new image. Therefore Nreadout = σbiasi−biasj/

√
2.

Binning n × n pixels in hardware increases the signal by a factor of n2 and
readout noise by a factor of n. This provides an improved signal to noise
ratio but reduces spatial resolution due to fewer effective pixels.

Dark current is generated by the thermal liberation of electrons within
the CCD and varies logarithmically with temperature. Dark current noise
is the statistical variation of the dark current and is defined by Ndark =√
Rdark · texposure per pixel where Rdark is the dark rate (measured in units

of e−/pixel/s) and texposure is the exposure time of the image.
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Time dependent temperature changes of the CCD are normally removed
by the process of bias subtraction. This is where bias frames (taken with
a closed shutter) are subtracted from the event image. If these bias frames
are taken close enough together in time with the event image, they will
remove said time dependent temperature variation in the events. Sources
of time dependent temperature variation include the cyclic nature of the
thermoelectric Peltier cooler used to cool the CCD and the internal heating
of the CCD while data taking. This heating of the CCD over a run results
in a natural upwards drift in pixel intensities with time. As discussed in
Section 4.2.3 the bias frames for this data set had to be taken some hours
from the actual events due to a faulty shutter. This effect was corrected by
calculating and subtracting each image’s average pixel ADU value from each
pixel in said image (this process is described in more detail in Section 4.2.4).

Anomalous pixels also need to be identified and removed from the analysis
or corrected for. Dead pixels are easily identified through ADU thresholds
and removed in analysis. Hot pixels tend to be transient resulting from
cosmic muons. Hot pixels can be identified through ADU thresholds and
by comparing each pixel’s ADU value with that taken on a previous event.
These can be either removed from the analysis or set to the ADU value of
said pixel before becoming anomalous.

4.2.3 Bias Frame

The standard deviation of an integrated ADU measurement can be calculated
as follows:

σInt ADU =
√
σ2
Event + σ2

Bias (4.2.2)

where σEvent is the standard deviation contribution from the event frame
(not bias subtracted) and σBias is the standard deviation contribution from
the bias frame; these are calculated as follows:

σEvent =

√
σ2
pixel ·Npixel

√
NEvent

(4.2.3)

σBias =

√
σ2
pixel ·Npixel

√
NBias

(4.2.4)
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where σpixel is the standard deviation of a single pixels ADU value, Npixel is
the number of pixels that are integrated for the measurement (i.e. the number
of pixels within the source box) and NEvent and NBias are the number of event
frames and bias frames averaged in the measurement.

During data taking it was found that camera 2 (which was set up to
take the light gain data) had a stuck open shutter. Due to a limited data
taking window, we were forced to continue with data taking despite this
and adjusted the calibration accordingly. Consequently, bias frames had to
be taken with an open shutter. To ensure no measurable light signal was
present within the TPC, which would compromise the bias frames, shutter
open bias frames were taken while the TPC was powered down. Anode
meshes must be slowly ramped up to the desired voltage in small steps to
reduce the probability of sparking. Achieving some of the higher voltages
can take on the order of hours. To ensure an adequate number of data points
were taken, it was decided to power down the TPC just once at the end
of each day to take 1000 (2 second) bias frames. An additional 1000 bias
frame was taken before the first data set. These bias frames would then be
used to produce a single low noise ‘super bias’ to bias subtract each event
taken that same day. This method introduces a 100 % correlated uncertainly
across integrated ADU measurements processed using the same bias frame.
All integrated ADU data points in a given voltage scheme use the same super
bias. This 100 % correlated uncertainty for a 1000 bias frame super bias is
11.4 ADU calculated using Equation 4.2.4 and taking the per pixel standard
deviation to be 40 ADU.

The method used to create each super bias is to first remove any anoma-
lous pixels by the method described in Section 4.2.2. A 1D distribution for
each pixel in the super bias is then created and filled with the ADU values of
that pixel from all 1000 bias frames. Any pixel ADU values above 3σ from
the mean of that distribution are removed. A Gaussian is fitted to each 1D
distribution, and the mean is taken as the ADU value of that pixel in the
super bias. It should be noted the process of removing anomalous pixels in
event frames is detailed in Section 4.3. As mentioned in Section 4.2.2, bias
subtraction using a bias frame taken temporally close to the event frame
can help to reduce temperature (and therefore time) dependent noise. Due
to the significant time difference between bias and event frames, additional
corrections of temperate/time dependent effects need to be implemented.

The method to produce super bias frames relies on the CCD having a
high degree of bias frame stability. This can be verified by creating two
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super bias frames from data sets taken on separate days and plotting the
residual of each pixel in a 1D histogram. Given a high degree of stability, a
Gaussian fitted to this distribution would have a mean of zero and a standard
deviation, σres defined by:

σres =

√√√√( σpixel√
Ni Bias Frames

)2

+

(
σpixel√

Nj Bias Frames

)2

(4.2.5)

where Ni Bias Frames and Nj Bias Frames are the number of bias frames used
to produce the two bias frames and σpixel is the standard deviation for a
single pixel (for camera 2 this value is measured to be 39.85 ADU). Figure
29 shows the plotted residuals from two super bias frames which consists 124
and 260 bias frames respectively. Fitting this distribution with a Gaussian
gives a mean of −1.93× 10−3 ± 1.17× 10−2 ADU and a standard deviation
of 4.37± 8.27 · 10−3 ADU, while the standard deviation calculated using the
above equation gives σres = 4.35 ADU. This shows that the bias frames taken
from these two data sets are highly similar and likely only differ due to the
expected noise of the CCD.

Figure 29: The residual of each pixel of two super bias frames
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(a) y = 100 (b) y = 103

Figure 30: Bias frame pixel ADU values of a specified row plotted vs run

4.2.4 Row Correction

A CCD artefact that would normally be removed by bias subtracting is ‘row
pedestal changes’. This is a CCD phenomenon where the pedestal of all
pixels of a single row are observed to change by the same amount between
sequential images. This can be a transient event where the row pedestal
change only persists for a single image, or a non-transient event where the
change in pedestal could persist for the next 102, 103 or 104 images and then
change again by a different amount. These non-transient row pedestal jumps
can cause significant distortions when creating a super bias frame. Therefore,
after bias subtraction using a super bias frame, row correction is implemented
to each image before any other analysis. Row pedestal changes can be seen
in Figure 30 which plots bias frame pixel ADU values for a specified row vs
run; row y = 100 (y = 103) can be seen changing pedestal at run 77 (run 46
and run 77).

Figure 31a shows an example of clearly visible row pedestal artefacts, the
quantity has been artificially increased for demonstration purposes by using
event and bias frames taken multiple days apart. Row pedestal changes can
be corrected by a process that was developed specifically for this calibration
named ‘row correction’, which is applied to every row in the bias subtracted
image. It calculates the average ADU value of that row whilst omitting any
anomalous pixels. Any pixels located within 9 pixels (one box width) of any
source box are also omitted to ensure that light from the source does not
skew the row pedestal change measurement. This average is then subtracted
from each pixel in that row. Figure 31(b) shows the same image as Figure

44



(a) No row correction applied (b) Row correction applied to each event

Figure 31: The sum of 100 events from a single run shown with and without
the application of row correction - for demonstration purposes the events
have been bias subtracted using bias frames taken multiple days from the
events to increase the number row pedestal artefacts [31]

31(a) after row correction has been applied.
Section 4.2.2 refers to temperature (and therefore time) dependent drift

of pixel intensities and how this pedestal drift is corrected. Applying row
correction to a bias subtracted image also corrects for any drift of pixel
intensities. Figure 32 shows an example of image pedestal drift over a large
number of 100 event runs taken over the course of two days. Here we see mean
image ADU plotted against event number, before and after row correction.
The bi-modal nature of Figure 32 is due to the environment temperature
differences of the two days these data were taken.

Due to the bias subtraction method employed for the light gain measure-
ment, time dependent noise in the CCD with a longer time period start to
have a noticeable effect. One of these longer time period effects was found
to differentially heat the bottom left corner of the CCD and therefore cause
a differential pedestal drift in this region over a run. Noting the eight by
eight binning in hardware of the CCD (resulting in 285 by 285 active pixels),
pixels with an x and y value of less than 100 were affected by this differential
pedestal drift. The rest of the CCD was not affected. When a region sees
a differential pedestal drift over a run, row correction can apply incorrect

45



(a) Demonstration of pedestal drift (b) Row correction applied to each event

Figure 32: Mean pixel vs event number for over 1.5× 104 events - Note: The
difference in y-axis scaling between Figure (a) and Figure (b) [31]

pedestal subtraction for pixels that share a row with said region. These re-
gions are therefore also omitted. Rows with fewer pixels omitted will have
a smaller uncertainly on the average ADU value of that row. Therefore, if
large areas are omitted, the source should be positioned so it does not share
any rows with regions of omitted pixels. The source was therefore ensured
to be positioned to have a y value greater than 100.

4.3 Analysis

Schemes A, B and C (as described in Section 4.1) consist respectively of
5, 11 and 9 integrated ADU measurements taken at different anode voltage
configurations with step-sizes of 200 V or 400 V. Each voltage configuration
has between 1000 and 1500 events (taken over 10 to 15 runs containing 100
events each). Four sets of 1000 TPC off, shutter open bias frames were taken
to produce four super bias frames. One was taken before Scheme A and then
one taken after each of the three schemes. To select the most suitable super
bias frame for each scheme, events were bias subtracted independently with
the super bias frame taken directly before and after the scheme. After full
image calibration had been applied to both options, the most suitable super
bias frame was selected, based on the Gaussian nature of the resultant pixel
ADU distribution and the flatness of the x and y projections of the ADU
distribution. Two super bias frames were selected resulting in Schemes B
and C sharing the same super bias frame.

The analysis chain then progresses to calculate an integrated ADU mea-
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surement per event (Ievent), per run (Irun) and finally per voltage configura-
tion (Iconfig). First a strict spark rejection is applied to remove any events
containing sparks by cutting on the image RMS of each event. Ievent is cal-
culated (as mentioned in Section 4.2.1) by defining a nine by nine pixel box
which images a 16.56 mm by 16.56 mm section of the amplification region
and encompasses any signal containing pixels.

After a loose pixel ADU cut, a Gaussian is fitted to the ADU values of
the boxed pixels in that event (as shown in 33). The integrated ADU per
event is then calculated by: Ievent = µ̂pixel · Npixel, where µ̂pixel is the mean
of the fitted Gaussian and Npixel is the number of boxed pixels. The ADU
cut on each boxed pixel and the fitting process is implemented to reduce the
impact of any anomalous pixels in the event frame.

200− 150− 100− 50− 0 50 100 150 200
Pixel Intensity (ADU)

0

1

2

3

4

5

6

7

Figure 33: Pixel intensity distribution of pixels within the source box for a
single event [31]

The integrated ADU measurement for a run (Irun) is calculated by fitting
a Gaussian to the distribution of Ievent values in that run. Irun is given by
the mean of the fit and its uncertainty (σIrun) by the error on that mean. Irun
is calculated in an intermediary step to ensure any run to run instabilities
are accounted for in the uncertainty of the final measurement (Iconfig). The
final step takes the Irun values of the 10 to 15 runs in each configuration
and calculates their weighted mean (Īw) and weighted standard error (σw).
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The mean and standard error for each voltage configuration are weighted by
wi = 1/σ2

i , where σi is the standard deviation per run (σIrun) of the ith run
in the configuration. The weighted mean and weighted standard error are
calculated as follows:

Īw =

∑N
i=1wiIi∑N
i=1wi

(4.3.1)

σmw =
σw√
N

=

√ ∑N
i=1(Ii − Īw)2

(N − 1)
∑N

i=1wi
(4.3.2)

where Ii is the integrated ADU value per run (Irun) of the ith run in the
configuration, N is the total number of runs in the configuration and σw is
the weighted standard deviation. Īw and σmw give the final integrated ADU
value of the voltage configuration (Iconfig) and its uncertainty (σIconfig

).

4.4 Results

The final results of the light gain measurements can be seen in Figure 34.
Scheme A (Figure 34a) shows the light gain dependency on the three anode
voltages (Va1, Va2 and Va3) at 3 BarA in pure argon. The voltages are varied in
200 V steps to maintain a fixed voltage potential difference between the three
anodes meshes, so that ∆Va21 and ∆Va32 both equal 1200 V across Scheme
A. Scheme A is consistent with no light gain dependency with the absolute
voltage of the three anodes, while ∆Va21 and ∆Va32 are fixed at 1200 V.
This suggests the amplification is driven by the voltage differences between
the anode meshes. Scheme B (Figure 34b) shows the light gain dependency
with ∆Va32 by varying Va3 in 200 V and 400 V steps. Across all Scheme B
voltage configurations Va1, Va2 and ∆Va21 are equal to 1200 V, 2400 V and
1200 V respectively. Scheme B shows a correlated linear dependency of light
gain with ∆Va32 over the range 0 V to 2500 V with a gradient of 0.074 ±
0.005 ADU/V. Scheme C (Figure 34c) shows light gain dependency on ∆Va21
by varying Va2 and Va3 together in 200 V steps. The figure is shown with a
logistics fit which was chosen on an empirical basis. Across all Scheme C
voltage configurations Va1 and ∆Va32 have values of 1200 V. The results of
Scheme C suggest a positive linear dependency of light gain with ∆Va21 from
200 V to between 600 V and 800 V where the light gain plateaus to a value
of 343.0± 4.7 ADU. The gradient of this linear region is 0.46± 0.03 ADU/V
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(0.44± 0.02 ADU/V) when fitting a first order polynomial to the first 3 (4)
points of the scheme.

In Scheme C we see the linear dependency plateau between 600 V and
800 V. Using circuit response and the inferred capacitances measurements,
the mesh separation between anodes 1 and 2, and anodes 2 and 3 was mea-
sured to be 1.20± 0.05 mm and 2.0± 0.2 mm respectively. These values have
large uncertainties and are likely to vary across the amplification region due
to material tolerances, mesh tension non-uniformities and electrostatic at-
traction between meshes. One hypothesis is that the plateau occurs when
the electric field between anodes 1 and 2 (Ea12) equals that between anodes 2
and 3 (Ea23), specifically at the source location. Taking these mesh distances
and that ∆Va21 (∆Va32) equals 700± 100 V (1200 V) when the light gain
plateaus in Scheme C, we can calculate that Ea12 = 5.83± 0.87 kV cm−1 and
Ea23 = 6.0± 0.6 kV cm−1 at an absolute pressure of 3 bar. As both values
agree, we find Ea12 = Ea23 where the plateau occurs.

We have shown successful operation of a gaseous high pressure TPC in
argon at 3 barA with a three anode mesh amplification region. We have
demonstrated light gain with a correlated linear relationship with the poten-
tial difference between anodes 1 and 2 (∆Va21) and anodes 2 and 3 (∆Va32).
This, in combination with seeing no evidence for a light gain dependency on
absolute anode voltage when ∆Va21 and ∆Va32 are fixed, supports the case
that amplification is driven by the electric field between the meshes. Scheme
C (Figure 34b) shows a plateau in light gain in the region where the electric
field between anodes 1 and 2 equals that between anodes 2 and 3.
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Figure 34: Light gain measurements of Integrated ADU from 241Am source
vs (a) anode 1 voltage where anode 2 (3) voltage equals anode 1 voltage +
1200 V (anode 1 voltage + 2400 V) (b) voltage potential difference between
anode 2 and anode 3 while the voltage potential difference between anodes 1
and 2 is maintained at 1200 V (c) potential difference between anodes 1 and
2 while the voltage potential difference between anodes 2 and 3 is maintained
at 1200 V [31]
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5 Combined Optical and Charge Gain Results
This section compares the optical gain data with the charge gain data (also
referred to as gas gain) taken during Schemes A, B and C. Scheme A increases
the voltage on all meshes in unison, maintaining the voltage difference be-
tween meshes. Scheme B (C) increases the voltage difference between anodes
2 and 3 (1 and 2) but maintains the voltage difference between anodes 1 and
2 (2 and 3) constant. Figure 35 shows the optical gain data plotted against
the gas gain data, both show that Scheme A is consistent with no change in
gain. Schemes B and C show positive correlation (possibly linear correction)
between the optical and gas gain. The plateau at high voltage in Scheme C
is not well defined in the gas gain, however with the current dataset it would
be difficult to fully exclude its presence. Figure 36 shows the ratio of optical
and gas gain over the three schemes which remains largely consistent with a
value of approximately 8. Low voltage runs in Scheme C diverge from this
trend which could indicate a decreasing gradient between 200 V and 800 V,
however the large size of the 200 V error bar needs to be taken into consid-
eration. This demonstrates the first successful operation of a hybrid optical
and charge readout system in a HPTPC.

It should be noted that the limited observations made take into account
the large size of the gas gain error bars, which make some conclusions difficult
to definitively confirm or exclude. Additionally, anode mesh transparency
corrections have not been applied. The amplification region is constructed
from three anode meshes. The two anode meshes closest to the CCDs (anode
mesh 1 and 2) are 89% transparent. It is assumed that some fraction of
the light is produced between mesh 1 and 2, and some fraction between
mesh 2 and 3. The light produced between mesh 2 and 3 effectively has a
smaller weighting in the optical gain measurement as it must pass through
two meshes. This introduces the possibility of non-physical non-linearities
when comparing the optical and gas gain data. Until more data are taken,
and it is better understood if or how the electric field between one pair of
anode meshes affects the light yield between the other, this discrepancy is
difficult to resolve. It would be of interest for future studies to more precisely
define the correlation between the optical and gas gain. Additionally, to
conclusively verify if the plateau found in the optical gain data is present in
the charge gain data. More hardware development and testing are required
for this system to reach its potential. However, this constitutes a large step
in HPTPC development for application in neutrino physics.
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Figure 35: Integrated ADU plotted against gas gain for Schemes A, B and
C [31]
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Figure 36: Ratio of gas gain over integrated ADU vs (a) anode 1 voltage
where anode 2 (3) voltage equals anode 1 voltage + 1200 V (anode 1 voltage
+ 2400 V) (b) voltage potential difference between anode 2 and anode 3
while the voltage potential difference between anodes 1 and 2 is maintained
at 1200 V (c) potential difference between anodes 1 and 2 while the voltage
potential difference between anodes 2 and 3 is maintained at 1200 V [31]

53



6 Conclusions
Proton-nucleus and high-resolution neutrino-nucleus scattering measurements
could play an essential role in achieving the reduction in systemic error re-
quired for future long-baseline neutrino experiments. The design and con-
struction of a novel prototype HPTPC has been presented which employs a
combined optical and charge readout system, and three-mesh amplification
region. This detector demonstrates a successful proof of principle design for
the development of future detectors to accurately reconstruct low momentum
high multiplicity final state particles.

A CERN time of flight experiment was conducted at the T9 and T10 test
beams to assess beam composition, momentum spectrum and suitability for
a prototype HPTPC beam test. This, in combination with a Monte Carlo
study helped to develop the off-axis approach, experimental configuration
and the design of the detector. The successful operation of the combined
charge and optical readout using CCD cameras has been shown. A detailed
optical calibration and gain measurement has been presented which solves
a number of issues inherent in using CCDs and can be utilised as the basis
for future detectors of this design. Using a 241Am source in pure argon gas
at 3 BarA, the detector was not able to reconstruct individual tracks using
the optical readout. However, by integrating multiple events the light gain
response to the three anode mesh voltages was studied.

When mesh voltages were increased equally, thereby keeping the electric
fields between meshes constant, no changes in light gain were measured. The
light gain response to the electric field between meshes (Ea12 and Ea23) was
also studied. It was found that increasing Ea23 while maintaining Ea12 gave a
linear response to light gain. Increasing Ea12 while maintaining Ea23 also gave
a linear response until the light gain plateaued in the region where Ea12 >
Ea23. This indicates that the light gain has no dependency on the absolute
voltage of the meshes (Va1, Va2 and Va3), but rather the electric field between
meshes. More data will be required to fully characterise and optimise the light
gain response of the three-mesh amplification region. Nevertheless, this work
demonstrates the first successful operation of a hybrid optical and charge
readout system in a HPTPC and helps lay the engineering and scientific
groundwork for future development.

With respect to the suitability of the amplification region and readout
methods for the next generation long-baseline neutrino detectors (such as
DUNE), the HPTPC group has made the decision to move to a multi-wire
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proportional counter, as discussed in Section 3.2. Despite the potential for
the hybrid optical and charge readout system, the three-mesh amplification
region did not produce sufficient gain to be viable. The combination of
hybrid readout and amplification region used in the prototype HPTPC is not
necessarily fundamentally flawed. However, moving to an already established
TPC amplification and readout methods allow for more focus to be put on
other systems and optimisation at high pressure. This could be vital in
getting HPTPC technology ready for use in the next phase of long-baseline
detectors.
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