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Abstract

Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose neutrino ex-
periment under construction in South China. It will have 20 ktons of highly transparent
liquid scintillator contained in an acrylic sphere surrounded by 18000 20" PMTs and 25000
3" PMTs, providing an energy resolution better than 3% at 1 MeV. JUNO is expected to
be able to resolve the neutrino mass hierarchy, significantly improve accuracy of the solar
oscillation parameters and make a significant impact on other neutrino physics domains.
The amount of light emitted in the liquid scintillator is proportional to the deposited
energy. The light is transformed into photoelectrons which are amplified and measured
by the PMTs. In order to characterize and optimize the electronic system response of
PMTs, a small JUNO mock-up has been constructed at the Laboratori Nazionali di Leg-
naro (LNL) and calibration operations are ongoing. In this thesis, a procedure for the
charge reconstruction from PMTs signals has been developed and tested reconstructing
data from a 137 Cs source. Afterwards, single photon measurements from a LED source
have be studied and the reconstructed charge spectrum has enabled further studies on
PMT gain calculations. Finally, in order to select the same gain for all PMTs, an analysis
of the gain as a function of the PMT bias voltage of the PMT has been performed and
detailed results are presented in this thesis.
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Cores YJ-1 YJ-2 YJ-3 YJ-4 YJ-5 YJ-6 TS-1 TS-2 DYB HZ
Power (GW) 2.9 2.9 2.9 2.9 2.9 2.9 4.6 4.6 17.4 17.4
Baseline (km) 52.74 52.82 52.41 52.49 52.11 52.19 52.77 52.64 215 265

Table 1.1: Distances of Nuclear Power Plants (NPPs) from the JUNO detector.

designed to achieve precise measurements of the reactor antineutrinos spectrum, having
a key role in the NMO determination.

1.2 Neutrino physics with JUNO

One of the still unanswered issues in neutrino physics is the NMO determination [3]. In
the NMO quest, which can be investigated with different experimental techniques, JUNO
is unique investigating the probability of survival of reactor antineutrinos produced by
nuclear reactors 53 km away from the experimental site, with negligible from matter in
the definition of oscillation parameters. The three flavour eigenstates neutrinos νe, νµ, ντ
can be determined as coherent superpositions of the three mass eigenstates νi, (i=1,2,3),
by the action of U: νe

νµ
ντ

 =

Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3

 ·
ν1

ν2

ν3

 (1.1)

Where U is 3x3 matrix called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [4] matrix
describing the flavour oscillation of neutrinos, possible only if neutrinos have non-null
mass. A parametrization of the PMNS matrix can be done in terms of the three angles
θ13, θ23, θ12 and the CP phase δCP . The reaction used to detect reactor antineutrinos
in JUNO experiment is the Inverse Beta Decay (IBD) where an electron antineutrino
interacts with a proton of the liquid scintillator forming a neutron and a positron,

ν̄e + p −→ n+ e+ . (1.2)

The positron annihilates into two 511 keV gamma-rays, while the neutron thermalizes
and it is finally captured on a proton (99%) or carbon (1%) after 200 µs on average. The
neutron signal is detected after a delayed time compared to the gamma-rays.
The survival probability of ν̄e in vacuum can be written as:

Pee = 1− sin2 2θ13 · (cos2 θ12 sin2 ∆31 + sin2 θ12 sin2 ∆32)− sin2 2θ12 · cos4 θ13 sin2 ∆12

Where ∆ij =
∆m2

ijL

4Eν
and the dependence on the PMNS matrix parameters is evident. The

survival probability depends also on the difference between the squared mass eigenvalues
∆m2

ij and on the distance L, calculated from the first measurement of the flavour of
antineutrinos and the detecting point. Using the approximation ∆m2

32 ≈ ∆m2
31, the

probability becomes:

Pee =1− cos4 θ13 sin2 2θ12 sin2 ∆21 − sin2 θ13 sin2 |∆31|
− sin2 θ12 sin2 2θ13 sin2 ∆21 cos 2|∆31|
± (sin2 θ12/2) · sin2 2θ13 sin2 2∆21 sin2 2|∆31|

(1.3)

The last term of the formula presents two possibilities, plus or minus, which are strictly
related to the mass ordering. The positive solution is linked to the Normal Ordering (NO)

2











Chapter 3

PMT waveform charge reconstruction

In my thesis I firstly started reading and dealing with data coming from the integration
test facility at LNL saved in a ROOT TTree file. For this preliminary phase, I analyzed
data containing measurements of a 137 Cs source interacting with the liquid scintillator.
A typical reconstructed signal of one PMT channel, is a waveform in Fig. 3.1 where, in
the y axis, 1 ADC-count corresponds to 75 µV.

Figure 3.1: Typical waveform for 661 keV protons (Cs-137) interacting in the liquid scintillator.
The highlighted blue region shows the first 40 ns involved in the baseline calculation,
while the red area indicates the charge integration window.

The analysis of the signal starts from the determination of the baseline for each PMT, then
the reconstruction of the charge collected by a single PMT for each event is performed.

3.1 Baseline determination
In order to estimate the baseline for all the PMTs, the first 40 bins, corresponding to the
first 40 ns are considered; in this pre-trigger region, the mean value of the signal is taken
as baseline value. In Fig. 3.1 the region of the baseline calculation is highlighted in blue.
The oscillations are due to the electronic noise which is important to be characterized
and reduced as much as possible. Typical plot of baseline stability over time and of its
dispersion can be seen in Fig. 3.2.
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(a) (b)

Figure 3.2: (a): Stability of the baseline over time. (b): Baseline values distribution. The
result from a Gaussian fit is also shown in the same figure.

Looking at Fig. 3.2, the graph (a) shows the stability of the baseline over the whole data
taking of ∼5.5 minutes. Regarding the distribution of the baseline, the mean value is
evaluated using a Gaussian fit and corresponds to (1.16± 0.81) · 104 ADC-counts. On the
right side (b) of Fig. 3.2 is shown the distribution and the fit results. In particular, the
dispersion can be estimated calculating the FWHM which corresponds to 150 µV. These
numerical results are provided considering the specific shown analyzed data as example,
since the baseline value can be arbitrarily set for the scope.
The same procedure has been used to calculate the baseline values of all events. In
particular, for the LED source the first 60 bins, corresponding to the first 60 ns, has been
chosen and it has been verified the stability of the baseline over the time for all 39 PMTs.

3.2 Charge reconstruction

The waveforms analysis provides an estimate of the baseline for every channel and for each
event. This evaluation has great importance in order to reconstruct the charge acquired

Figure 3.3: Signals of 1800 events are plotted in this image for determining the charge integra-
tion window.
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by a PMT in a single event and further in the whole data taking. The charge is simply
calculated as the integral of the current in a given time interval Q =

∫ t2
t1
Idt. Due to

the necessity to convert the voltage signal into current it is provided a conversion factor
equal to 1.5 · 10−9 which takes into account the electronic input resistance of 50 Ω and
the conversion 1 ADC-count = 75 µV. The charge value in µC collected by the PMT for
each event can be found multiplying the total current by ∆t. First of all, the waveform is
subtracted form the baseline then the signal is integrated in a fixed region for all PMTs.
Choosing a good integration window is crucial to obtain a good estimate for the charge.
It must be sufficiently wide to integrate the entire signal and fairly general to match
correctly signals of most of the events. A test has been made to choose the integration
window for the 137Cs source from 50 ns to 110 ns which satisfies all requirements. The
plot in Fig. 3.3 gives an immediate assessment of the signal position and width for more
events considering a single channel.
In the end, it is possible to provide the distribution of the charge collected by a single
PMT over the entire data taking in order to reconstruct the charge acquired by all PMTs.
The obtained charge distribution for the 137 Cs source can been seen in Fig. 3.4.

Figure 3.4: Example of charge reconstruction for the 137 Cs source.
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As can be seen from Fig. 4.2 the first peak, centered almost on zero, corresponds to
the pedestal, while the second refers to the single photon signal, and the third relates to
two-photon events. The characterization of single photon signal in the charge spectrum is
an essential step on the gain determination since the latter is calculated as the difference
between the mean value of the first peak µpe1 and the mean value of the noise peak µn
divided by the electron charge e.

G(µn, µpe1) =
µpe1 − µn

e
(4.1)

A triple Gaussian function has been used to fit the charge distribution in order to find
the mean values of the two main peaks. The explicit shape of the function is:

F (x) = Cn · e
− (x−µn)2

2σ2n + Cpe1 · e
−

(x−µpe1)
2

2σ2pe1 + Cpe2 · e
−

(x−2µpe1)
2

4σ2n (4.2)

Adding a third Gaussian to the fit is required to include the contribution given by two-
photoelectron events. In particular it depends on σn and on µpe1 as written in the equation
4.2. In Fig. 4.2 is shown the triple Gaussian fit of a LED source charge distribution his-
togram.

Figure 4.2: Charge distribution fitted with a triple Gaussian function. Noise peak and signal
peak are indicated in the figure.

The initial photoelectron accelerated by a fixed voltage between dynodes (increasing the
kinetic energy), creates avalanches of electrons multiplying the initial value of the electron
charge to a final one depending on the gain value. A schematic view of the process for a
standard PMT is illustrated in Fig. 4.3.
Studies on the gain can be performed varying the bias voltage in order to be able to work
with a chosen gain adjusting the voltage for the scope. The charge spectrum changes as
a function of the bias voltage variation is shown in Fig.4.4. Starting from the red dis-
tribution that does not resolve the single photon signal, the blue curve shows saturation
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(a)

(b)

Figure 4.5: (a): Gain values as a function of high voltage. (b): Residual graph. The sec-
ond degree polynomial fit is shown in red line, while the blue curve indicates the
exponential fit.
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Chapter 5

Conclusions

In this thesis, studies on PMTs responses have been performed for calibration operations
of the 39 PMTs installed on the JUNO test facility at LNL. A procedure for the charge
reconstruction from waveform signals has been developed and studies has been conducted
on single photon signal from LED source, including gain calculations and analysis. The
procedure has been tested with 137 Cs photons data and the charge has been recon-
structed with simple integration of the PMT waveform. Studies on the baseline stability
over the time and on its dispersion have been performed. In the second part of the thesis,
LED generated photons signals in single photon condition have been studied in order to
characterize PMTs responses and provide estimates of the PMT gain values varying the
bias voltage of the PMTs. The charge has been reconstructed following the abovemen-
tioned procedure setting parameters for the scope. A triple Gaussian function has been
used to fit the distribution in order to find the positions of peaks and subsequently calcu-
late the gain. Analysis of the gain variation to voltage change has been performed for all
PMTs and gain values have been fitted with two different functions: an exponential and a
second-degree polynomial. Using fits results, it has been possible to find the bias voltage
value for every PMT corresponding to a gain of 2 · 108. This value has been chosen to
satisfy the request to well resolve the single photon peak.
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Appendix A

Detailed results for LED single photon
measurements

This section collects all the results from the analysis of the LED single photon measure-
ments. In particular Tab. A.1 presents in the second and third columns the voltage values
to set in order to work with a gain of 2 · 108. These values are calculated for each PMT
using an exponential function and a second degree polynomial. Fig A.1 and Fig. A.2
are a collection of histograms representing all PMTs charge spectrum fitted with a triple
Gaussian function. Fit results are provided in Tab. A.2, A.3, A.4. Finally, it is possible
to find in Fig. A.3, A.4 and A.5 all the graphs "Gain vs HV" with their residual graphs
below.
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Gain analysis

PMT HV from exponential fit [V] HV from polynomial fit [V]

GCU 1 CH 1 2027 2025
GCU 1 CH 2 2116 2108
GCU 2 CH 0 2028 2019
GCU 2 CH 1 2070 2057
GCU 3 CH 0 2045 2035
GCU 3 CH 1 1945 1951
GCU 3 CH 2 1995 1987
GCU 4 CH 0 2057 2041
GCU 4 CH 1 1997 2002
GCU 5 CH 0 1965 1965
GCU 5 CH 1 2183 2185
GCU 5 CH 2 2144 2140
GCU 6 CH 0 2119 2112
GCU 6 CH 1 2131 2122
GCU 6 CH 2 1946 1958
GCU 7 CH 0 2020 2016
GCU 7 CH 1 2057 2054
GCU 7 CH 2 2177 2178
GCU 8 CH 0 2123 2111
GCU 8 CH 1 2010 2004
GCU 8 CH 2 1963 1975
GCU 9 CH 0 2091 2076
GCU 9 CH 1 2082 2069
GCU 9 CH 2 2044 2032
GCU 10 CH 0 2099 2071
GCU 10 CH 1 2113 2091
GCU 10 CH 2 2000 1995
GCU 11 CH 0 2117 2103
GCU 11 CH 1 1977 1981
GCU 11 CH 2 1913 1920
GCU 12 CH 0 1956 1967
GCU 12 CH 1 2073 2041
GCU 12 CH 2 2117 2104
GCU 13 CH 0 2122 2119
GCU 13 CH 1 2050 2039
GCU 13 CH 2 2048 2033

Table A.1: Summary table of gain calculation results.
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Figure A.1: Charge spectrum for LED source with a PMT gain about 2·108 and triple Gaussian
fit.
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Figure A.2: Charge spectrum for LED source with a PMT gain about 2·108 and triple Gaussian
fit.
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Triple Gaussian fit results - noise peak

PMT HV [V] Cn [103counts] µn [10−7µC] σn [10−6µC]

GCU 1 CH 1 2025 7.62± 0.01 1.1± 0.1 7.192± 0.008
GCU 1 CH 2 2100 7.18± 0.01 0.9± 0.1 7.462± 0.007
GCU 2 CH 0 2025 7.15± 0.01 0.7± 0.1 7.529± 0.008
GCU 2 CH 1 2050 7.47± 0.01 1.0± 0.1 7.234± 0.007
GCU 3 CH 0 2025 7.72± 0.01 0.1± 0.09 6.940± 0.006
GCU 3 CH 1 1950 7.69± 0.01 1± 0.1 6.911± 0.006
GCU 3 CH 2 2000 7.75± 0.01 1.2± 0.1 6.847± 0.007
GCU 4 CH 0 2050 7.50± 0.03 0.6± 0.1 6.706± 0.006
GCU 4 CH 1 2000 7.46± 0.01 0.8± 0.1 7.438± 0.008
GCU 5 CH 0 1975 8.30± 0.01 0.6± 0.2 6.70± 0.02
GCU 5 CH 1 2175 7.99± 0.03 1.3± 0.2 7.10± 0.02
GCU 5 CH 2 2150 8.28± 0.01 0.8± 0.1 6.906± 0.008
GCU 6 CH 0 2100 7.37± 0.03 1.5± 0.3 7.26± 0.02
GCU 6 CH 1 2125 7.49± 0.01 1.1± 0.1 7.260± 0.008
GCU 6 CH 2 1950 7.79± 0.01 1.6± 0.1 7.053± 0.006
GCU 7 CH 0 2025 7.91± 0.01 0.9± 0.1 6.972± 0.008
GCU 7 CH 1 2050 8.17± 0.01 1.3± 0.1 7.072± 0.007
GCU 7 CH 2 2175 7.92± 0.03 1.5± 0.2 7.03± 0.02
GCU 8 CH 0 2100 7.9± 0.01 1.1± 0.1 7.004± 0.008
GCU 8 CH 1 2000 8.33± 0.01 0.6± 0.1 6.522± 0.007
GCU 8 CH 2 1975 7.83± 0.01 1.0± 0.1 6.964± 0.007
GCU 9 CH 0 2075 8.07± 0.01 0.3± 0.1 6.772± 0.006
GCU 9 CH 1 2075 7.46± 0.01 1.9± 0.1 7.404± 0.009
GCU 9 CH 2 2025 7.67± 0.01 0.5± 0.1 7.095± 0.007
GCU 10 CH 0 2075 7.86± 0.01 0.5± 0.1 6.937± 0.007
GCU 10 CH 1 2100 7.54± 0.01 0.6± 0.1 7.194± 0.008
GCU 10 CH 2 2000 7.56± 0.03 1.5± 0.2 7.20± 0.02
GCU 11 CH 0 2100 8.6± 0.03 0.7± 0.2 6.45± 0.01
GCU 11 CH 1 1975 7.35± 0.01 0.2± 0.1 7.422± 0.008
GCU 11 CH 2 1925 7.306± 0.009 0.5± 0.1 7.167± 0.006
GCU 12 CH 0 1975 7.05± 0.01 0.7± 0.1 7.512± 0.007
GCU 12 CH 1 2050 7.14± 0.01 1.8± 0.1 7.526± 0.006
GCU 12 CH 2 2100 6.749± 0.009 1.1± 0.1 7.730± 0.009
GCU 13 CH 0 2125 7.7± 0.1 0.79± 0.09 7.102± 0.006
GCU 13 CH 1 2025 7.06± 0.02 1.4± 0.3 7.72± 0.02
GCU 13 CH 2 2025 6.460± 0.008 0.9± 0.1 8.024± 0.007

Table A.2: Fit results for the noise peak (first peak) of the triple Gaussian fit.
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Triple Gaussian fit results - single photon signal peak

PMT HV [V] Cpe1 [102counts] µpe1 [10−5µC] σpe1 [10−5µC]

GCU 1 CH 1 2025 2.64± 0.03 3.14± 0.05 1.96± 0.03
GCU 1 CH 2 2100 3.54± 0.02 3.07± 0.03 1.77± 0.02
GCU 2 CH 0 2025 3.70± 0.02 3.56± 0.02 1.61± 0.02
GCU 2 CH 1 2050 3.10± 0.03 2.96± 0.03 1.86± 0.02
GCU 3 CH 0 2025 3.88± 0.02 2.92± 0.02 1.62± 0.01
GCU 3 CH 1 1950 4.00± 0.02 3.28± 0.02 1.65± 0.02
GCU 3 CH 2 2000 3.61± 0.02 3.96± 0.02 1.83± 0.02
GCU 4 CH 0 2050 3.30± 0.07 3.57± 0.04 1.96± 0.04
GCU 4 CH 1 2000 2.24± 0.02 3.25± 0.05 1.97± 0.03
GCU 5 CH 0 1975 3.03± 0.01 3.76± 0.03 1.87± 0.02
GCU 5 CH 1 2175 1.83± 0.03 2.88± 0.07 1.78± 0.04
GCU 5 CH 2 2150 1.25± 0.02 3.59± 0.08 2.13± 0.03
GCU 6 CH 0 2100 4.79± 0.09 3.21± 0.03 1.31± 0.04
GCU 6 CH 1 2125 3.06± 0.02 3.29± 0.03 1.80± 0.03
GCU 6 CH 2 1950 2.50± 0.02 3.12± 0.04 2.05± 0.02
GCU 7 CH 0 2025 2.24± 0.02 3.42± 0.06 2.15± 0.02
GCU 7 CH 1 2050 2.04± 0.02 3.20± 0.06 1.89± 0.03
GCU 7 CH 2 2175 2.25± 0.03 2.98± 0.05 1.90± 0.03
GCU 8 CH 0 2100 2.75± 0.03 2.90± 0.04 1.70± 0.03
GCU 8 CH 1 2000 3.59± 0.02 3.12± 0.02 1.54± 0.02
GCU 8 CH 2 1975 2.80± 0.02 3.16± 0.04 1.90± 0.02
GCU 9 CH 0 2075 2.98± 0.02 2.98± 0.03 1.74± 0.02
GCU 9 CH 1 2075 2.41± 0.02 3.36± 0.05 1.91± 0.03
GCU 9 CH 2 2025 3.74± 0.02 2.91± 0.02 1.45± 0.02
GCU 10 CH 0 2075 3.49± 0.02 3.09± 0.02 1.54± 0.02
GCU 10 CH 1 2100 2.94± 0.02 3.39± 0.03 1.89± 0.03
GCU 10 CH 2 2000 3.58± 0.05 3.68± 0.03 1.50± 0.04
GCU 11 CH 0 2100 2.45± 0.03 3.17± 0.04 1.78± 0.03
GCU 11 CH 1 1975 3.61± 0.03 2.94± 0.02 1.49± 0.02
GCU 11 CH 2 1925 4.18± 0.02 3.31± 0.02 1.77± 0.02
GCU 12 CH 0 1975 3.22± 0.02 3.45± 0.04 2.10± 0.02
GCU 12 CH 1 2050 2.61± 0.03 3.44± 0.04 2.21± 0.02
GCU 12 CH 2 2100 4.28± 0.02 3.19± 0.02 1.73± 0.02
GCU 13 CH 0 2125 2.24± 0.02 3.41± 0.04 2.19± 0.01
GCU 13 CH 1 2025 3.17± 0.05 2.87± 0.05 1.68± 0.04
GCU 13 CH 2 2025 4.45± 0.02 2.92± 0.02 1.73± 0.01

Table A.3: Fit results for the single photon signal peak (second peak) of the triple Gaussian
fit.
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Triple Gaussian fit results - two-photon signal peak

PMT HV [V] Cpe2 [counts] 10−2µpe2 [µC] σpe2 [10−2µC]

GCU 1 CH 1 2025 4± 6 0.006± 3 0.003± 3
GCU 1 CH 2 2100 8± 6 0.006± 2 0.003± 0.01
GCU 2 CH 0 2025 11± 7 0.007± 1 0.002± 1
GCU 2 CH 1 2050 9± 7 0.006± 1 0.003± 1
GCU 3 CH 0 2025 10± 6 0.006 0.002± 0.009
GCU 3 CH 1 1950 1± 7 0.007± 1 0.002± 0.01
GCU 3 CH 2 2000 10± 6 0.008± 1 0.003± 1
GCU 4 CH 0 2050 12± 5 0.007± 0.002 0.0028± 0.0006
GCU 4 CH 1 2000 6± 5 0.006± 2 0.005± 2
GCU 5 CH 0 1975 9± 6 0.008± 2 0.003± 0.01
GCU 5 CH 1 2175 1.6± 0.8 0.0083± 0.0004 0.0007± 0.0005
GCU 5 CH 2 2150 2± 4 0.006± 0.4 0.003± 0.02
GCU 6 CH 0 2100 14± 5 0.006± 0.001 0.0019± 0.0006
GCU 6 CH 1 2125 7± 6 0.007± 2 0.003± 0.01
GCU 6 CH 2 1950 5± 6 0.006± 2 0.003± 3
GCU 7 CH 0 2025 3± 6 0.007± 0.3 0.003± 0.01
GCU 7 CH 1 2050 3± 6 0.005± 3 0.003± 4
GCU 7 CH 2 2175 1.9± 0.7 0.008± 0.002 0.004± 0.001
GCU 8 CH 0 2100 5± 6 0.006± 2 0.002± 3
GCU 8 CH 1 2000 10± 7 0.006± 1 0.002± 1
GCU 8 CH 2 1975 6± 6 0.006± 2 0.003± 2
GCU 9 CH 0 2075 6± 6 0.006± 2 0.003± 2
GCU 9 CH 1 2075 5± 6 0.007± 2 0.003± 3
GCU 9 CH 2 2025 8± 7 0.006± 1 0.002± 1
GCU 10 CH 0 2075 7± 6 0.006± 2 0.002± 0.01
GCU 10 CH 1 2100 6± 6 0.007± 2 0.003± 2
GCU 10 CH 2 2000 10± 3 0.008± 0.001 0.0020± 0.0007
GCU 11 CH 0 2100 3± 1 0.007± 0.001 0.0030± 0.0006
GCU 11 CH 1 1975 6± 6 0.006± 2 0.002± 2
GCU 11 CH 2 1925 14± 7 0.007± 1 0.003± 0.007
GCU 12 CH 0 1975 10± 6 0.007± 1 0.003± 1
GCU 12 CH 1 2050 8± 7 0.005± 0.5 0.004± 0.005
GCU 12 CH 2 2100 15± 7 0.007± 1 0.003± 0.008
GCU 13 CH 0 2125 5± 6 0.006± 0.3 0.003± 0.006
GCU 13 CH 1 2025 4± 1 0.007± 0.001 0.0030± 0.0007
GCU 13 CH 2 2025 14± 7 0.006± 1 0.003± 0.007

Table A.4: Fit results for the two-photon signal peak (third peak) of the triple Gaussian fit.
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Figure A.3: "Gain vs HV" and residual graphs.

24



Figure A.4: "Gain vs HV" and residual graphs.
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Figure A.5: "Gain vs HV" and residual graphs.
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