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Abstract
A new design for detector electronics chains is proposed for the Belle II Experiment electromagnetic
calorimeter end-caps. The design consists of a pure cesium iodide scintillation crystal of the size 6 × 6 ×
30 cm3 , a Hamamatsu S8664-series silicon avalanche photodiode, a preamplifier of the same kind that was
used in the Belle Experiment, and a flash analog-to-digital converter connected into a computer for readout.
In order for the Belle II Experiment to achieve high sensitivity, a noise-value limit ENE ∼ 0.5 MeV is set
for the detector chain. We studied the noise value of the detector chain using three different methods:
noise characteristics analysis of the electronics chain, direct noise measurements using a cobalt-60 gamma
source , and noise direct measurements using cosmic rays. All of the studies showed that the current
design is incapable of meeting the Belle II requirements, while simultaneously providing us insight on
improving the detector design.
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Objectives

In the Belle II detector upgrade the current design for a detector chain in the electromagnetic calorimeter
(ECL) consists of a pure 6 × 6 × 30 cm3 caesium iodide (CsI) crystal, a Hamamatsu S8664-series silicon
avalanche photodiode (APD), a preamplifier, a shaper, and a flash analog-to-digital converter (FADC)
that is connected to a computer for readout. Our task was to measure and evaluate the noise value for this
electronics chain through methods of noise characteristic analysis and direct measurements using gamma-ray
sources and cosmic rays. The noise value was compared with the Belle II requirement, which is ∼ 0.5 MeV,
and we could determine if the design is sufficient for the overall detector.

2
2.1

Introduction
The Electromagnetic Calorimeter (ECL) Upgrade for Belle II

The existence of matter-antimatter asymmetry in our universe has been one of the most fundamental questions in physics. Sakharov [9] proposed that in order for such phenomenon to exist three conditions have to
be met, one of which being charge-parity (CP) violation. Theorized by M. Kobayashi and T. Maskawa in extension N. Cabibbo’s work, CP violation exhibits itself as a complex phase in the quark-mixing matrix, also
known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The Belle detector at the KEKB asymmetric
electron-positron collider provided large data sets for the investigation of B-meson physics. At this B-factory
important results were obtained for the study of CP violation through different channels of B-meson decay modes. With the cumulation of statistics M. Kobayashi and T. Maskawa’s theory in CP violation was
verified at Belle and BaBar, and led to the recipient of the Nobel Prize in 2008 by the two physicists [3].
However, there remains further questions that cannot be solely explained by CP violation. In order to search
for new physics to answer the questions, both the Belle detector and the KEKB collider will each receive an
upgrade, which will later become Belle II and SuperKEKB respectively. After the Super-B factory project
was terminated in November 2012, Belle II will be the only B-factory project currently planned. Studies
that will be done at Belle II include B, charm and τ physics, two photon processes, and ordinary and exotic
new resonances [2].
A major challenge in this upgrade is to maintain a high energy resolution for the electromagnetic
calorimeter (ECL). This is due to that one-third of B-decay products are π 0 ’s or other neutral particles
that provide photons in a wide energy range from 20 MeV to 4 GeV. Previously in the Belle experiment
cesium-iodide crystals doped with thallium (CsI(Tl)) were used as scintillators, and two PIN photodiodes,
used as photo-sensitive detectors, were attached to each crystal. Experience suggested that pile-up noise
and random clusters produced a large fraction of the systematic errors in the ECL. On the other hand, in
the next-generation experiment the intended peak luminosity is 8 × 1035 cm−2 s−1 , which is approximately
40 times that of Belle. The upgrade will produce harsh background conditions for the ECL. Despite these
difficulties, an energy resolution of ∼ 0.5 MeV is required for the end-caps of the ECL in order to explore
new physics. Therefore, a new design is required to increase the precision of the detector. The current
proposed design is to use pure cesium-iodide crystals and silicon avalanche photodiodes (SiAPD) together
with a modified readout electronics chain for the ECL end-caps. An advantage of using pure CsI is that
the scintillation decay time is very short (30 ns) relatively to that of CsI(Tl) (1000 ns). However, the light
output will be decreased by a factor of 10. To compensate for the light lost, photo-detectors with internal
amplification is needed. Hamamatsu S8664-series APD’s are an option with multiple advantages: (1) APD’s
provide a good hardware redundancy, i.e. multiple APD’s can be attached to the same scintillation crystal
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to increase operational robustness; (2) the ECL end-caps operate under a 1.5 T magnetic field, which require
magnetic insensitivity from the detector. APD’s can work under strong magnetic fields relatively to other
photo-detector options, such as photopentodes (PP); (3) APD’s are compact so the current supporting
structure can be used.

2.2

Noise Parameters of Silicon Avalanche Photodiodes (APD) and Electronics Chain

A silicon avalanche photodiode (SiAPD) is a photo-sensitive PN-junction, which ejects a number of charges
proportional to the number of photons incident on the APD, with internal amplification. Figure 1 shows
a cross section (not to scale) of an APD. When photons enter the silicon, electron-hole (e-h) pairs are
generated. Holes drift towards the p layer and electrons produced drift towards the n layer under the effect
of the electric field as shown in the same figure. If electrons pass through the metallic layer, impact ionization
occurs and more e-h pairs are produced causing successive avalanche multiplication. Part of the electrons
are collected at the anode, and then expelled as a charge pulse.

Figure 1: A cross section of an APD (not to scale) and the corresponding electrical field distribution, the
net carrier concentration and the impact ionization factor as a function of depth. Source: [5]
Figure 2 shows a schematic of the major components used for our electronics chain. Various intrinsic
properties of the APD and its readout electronics chain contribute to the noise of the overall detector.
 The APD avalanche process
is statistical and will lead to an RMS broadening of the signal σ from n
√
photoelectrons to σ = F × n where F is a parameter called the excess noise factor [5].
 Charge carriers have randomly fluctuating velocities dependent on the surrounding temperature. This
is known as thermal noise. This noise component is restricted by certain resistances and capacitances
in the circuit and also the gain of the APD.

Figure 2: A schematic showing the major components to the electronics chain. The overall signal is read
from the flash analog-to-digital converter (FADC) to a computer.
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 Individual random non-correlated emission over the potential barrier in an APD causes a charge
number fluctuation. This is known as shot noise. Under the assumption that charge carriers are
emitted independently, this noise component is only dependent on the average current.
 The shaping time of the shaper affects the signal bandwidth being surveyed, which affects the contribution of all noise components to the readout signal.

The above components contribute to the majority of the noise. This can be expressed as a equation as
shown in Eqn. (1) in units of equivalent noise charge (ENC). ENC refers to the number of charges which
corresponds to a signal-to-noise ratio equal to unity. Note that there are other minor physical processes that
contribute to the noise, but as of the current stage of the Belle II upgrade, those minor noises can neglected.
C2
Q2tot = 2|e|(Idark + Iphoto )gκ1 τ F + κ2 B 2
+D2
τ
|
{z
}
| {z }
shot noise

e : Electron charge
Iphoto : Photo current
κ1 , κ2 : Shape factors
F : Excess noise factor
C : APD internal capacitance

(1)

thermal noise

Idark : Dark current
g : APD gain
τ : Shaping time
B : Thermal noise coefficient
D : Intrinsic noise of FADC

Dark current Idark in the detector circuit refers to the current present when no light arrives at the APD.
Photo current Iphoto , on the other hand, refers to that when light is allowed to reach the APD with dark
current deducted.
The factors κ are related to the system’s impulse response W (t) with the peak output signal normalized
to unity by equations shown in Eqn. (2). Theoretically for a shaper with one C-R differentiator and four
R-C integrators, κ1 = 1.8 and κ2 = 1.
1
κ1 =
2τ

Z
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κ2 =
2
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∞
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dW (t)
dt

2
dt

(2)

The thermal noise coefficient B is related to series resistances in the APD Rs and the ambient temperature T through the Eqn. (3). Note that k here is the Boltzmann factor.
B 2 = 4kT Rs

2.3

(3)

Simulation of Light Collection in a Pure CsI Scintillator

The scintillation crystal being used is pure CsI wrapped with reflective teflon. An APD is attached to a
surface of the scintillator by optical glue. The light-collection efficiency ε of such crystal is mainly determined
by the properties of the materials being used and manufacturing quality. We are interested in the number of
photons Nγ collected from our detector set-up per unit energy deposited in the crystal by electromagnetic
particles.
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When a charged particle or photon passes through a pure CsI crystal, energy will be deposited by
the particle, and atoms in the crystal will be excited. The de-excitation of atoms produces light that will
propagate through the crystal. At boundaries light can either reflect or escape. Escaped light may be
reflected back into the crystal upon incidence on teflon. When light reaches the surface where the APD is
attached and successfully escapes the crystal, the photon may be detected depending on the APD quantum
efficiency q.
As light arrives the surface of the crystal, it can undergo one of the following processes:
 At a wide incident angle determined by Snell’s law, total internal reflection can occur;
 Under the same conditions for total internal reflection, diffused reflection can probabilistically occur
instead; or
 Light will escape the crystal and hit the teflon.

The probabilistic diffused reflection is a special feature of pure CsI scintillators. With current technology
the surface of pure CsI crystals cannot be made perfectly optically reflective. Considering teflon as part
of the reflective surface, the boundary of the scintillator can be considered as being partially-optical. The
reflection at the such surface can modelled with a diffused-reflection coefficient α, i.e. the probability that
diffused reflection will occur instead of total internal reflection.
On the other hand, the reflectivity of teflon can vary from manufacturer to manufacturer. When light
escapes the crystal and becomes incident on the teflon, a certain fraction of it will be reflected, while the rest
will either have been absorbed or completely escaped from the system. Since light can be reflected multiple
times as it traverses the scintillator, the probability of light being absorbed increases exponentially with a
decreasing teflon reflectivity. The quality of teflon therefore is the major component to the light collection
efficiency of a scintillator.
An APD is attached to the crystal with optical glue which has a index of refraction nglue and relatively
high transparency. The critical angle θglue of total internal reflection at the interface between the crystal
and glue is given by sin θglue = nglue /ncrystal , which can be derived from Snell’s law. If light arrives at the
surface where the APD is attached and escapes the crystal, the photon may be detected by the APD.
When light travels in the crystal for a long enough distance, characterized by the attenuation length
X0 , it will be absorbed. This quantity is determined by the quality of manufacturing. Typically X0 can
vary within a large range, for example, from 0.5 m to 2 m. In our simulations any photon that has traveled
> 5X0 is assumed to be absorbed, and are terminated.
The most important quantity to be extracted from our simulation is the light output of the scintillation
counter Nph.e. . It can be described by Eqn. (4).
Nph.e. = εqgNCsI

(4)

Here ε is the percentage of photons, which are generated by energy deposition of particles passing
through, that arrive at the APD. The photon yield of CsI NCsI = 5000 photons/MeV is a well-studied
quantity. The quantum efficiency q = (25 ± 5)% of the APD is determined by manufacturing technology
and quality, and is provide by the manufacturer. The APD is operated at 380 V which corresponds to a
gain g = 50.
In our simulations we took the values of parameters as follows: refractive index of CsI nCsI = 1.453,
attenuation length X0 = 1.5m, and diffused-reflection coefficient α = 0.5. The reflectivity of teflon is left as
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a variable since it is the factor that affects the light output the most. We generated 1,000,000 photons for
each value of teflon reflectivity, and then allowed them to propagate through the crystal. The Monte-Carlo
results are shown in Fig. 3. Note that the light output increases rapidly with increasing teflon reflectivity,
especially at values near perfect reflectivity.

Figure 3: Left: Percentage of arriving photons ε in relation to teflon reflectivity. Right: Light output as a
function of teflon reflectivity. This plot is a scaled version of the left plot through Eqn. (4).

3

Experiments

In order to achieve our main task in understanding the noise structure of the proposed detector design
we performed studies using three different methods, which includes noise characteristics analysis, direct
measurements using a cobalt-60 gamma source and cosmic rays. The results are compared with the Belle II
requirement, which is an energy resolution of ∼ 0.5 MeV.
We tested two Hamamatsu S8664-series standard silicon APD’s of different sizes: 5 × 5mm2 (model
# S8664-55) and 10 × 10mm2 (model # S8664-1010), to which we shall refer as small- and large-area
APD respectively hereinafter. The preamplifier being used was of the same kind that was used in the Belle
experiment. For the remainder of the readout electronics chain the components being used essentially follows
Fig. 2 with adjustments that will be described separately for each experiment. Pure CsI scintillation crystal
was used only for direct noise measurements.

3.1

Noise Characteristics Analysis of the Electronics Chain

We attempt to analyze the noise contribution by components in the electronics chain, especially the scintillation crystal, APD, and preamplifier, by measuring the parameters in Eqn. (1). Through this we can
determine the optimal shaping time, at which the shaper should operate, and if the noise value at such
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setting fulfills the required noise restrictions, which is at an equivalent noise energy ENE ∼ 0.5MeV. In this
set of studies, we used a small-area APD.
To make it transparent which parameters are to be measured we shall rewrite Eqn. (1) as follows:
Q2tot = 2 × 1.8 × |e|(Idark + Iphoto )gτ F + B 2

C2
+ D2
τ

(5)

In this equation we took κ1 = 1.8 and κ2 = 1, because the shaper we used has a CR-4RC structure. The
B factor of the thermal noise component and D2 term have previous been measured by our collaborators to
√
be B = 406 ± 10 ns/pF and D = 2080 ± 10 [7]. The value of the APD internal capacitance C, given by the
manufacturer Hamamatsu, is 80 pF.
The set-up of the experiment for measuring shot noise mainly follows Fig. 2 but with the CsI crystal
detached, and is shown in Fig. 5, 6 and 7. The APD and preamplifier are placed in a light-isolating metal
black-box. An LED with variable intensity is placed in the black box. A power supply is connected to
the APD to provide a reverse bias voltage. For test-pulse production a pulse generator is connected to the
preamplifier. The preamplifier is connected to a customized shaper and a discriminator. Signal output from
the preamplifier is split into the two channels. The shaper consists of one differentiator and four integrators
(CR-4RC). Connected to the shaper is a flash analog-to-digital converter (FADC). The discriminator and
delay unit together provide a trigger signal used to read the signal from the FADC. Finally data is collected
at a computer. The pulse shapes are analysed and fitted to extract relevant parameters.
When a test pulse is sent through the electronics chain, the amplitude of the pulse will fluctuate. At
high bias voltages near the APD breakdown voltage due to the increased APD gain shot noise will be the
dominating noise factor. Exploiting this fact we can operate the set-up at around 400V bias voltage to
measure the excess noise factor F . For this purpose we can utilize Eqn. (5) and write down Eqn. (6).

F =

Q2with light − Q2without light
2 × 1.8 × |e|Iphoto gτ

(6)

We measure the value of Q2with light by turning on the LED light in the black box, and obtain the
root-mean-square (RMS) fluctuation of test-pulse amplitudes at the readout. Similarly, Q2without light can be
measured with the LED light off. By taking the difference between the two Q2 ’s the thermal noise term, D2

Figure 4: Hamamatsu S8664-series silicon APD’s. Left: 5 × 5mm2 (model # S8664-55) small-area APD.
Right: 10 × 10mm2 (model # S8664-1010) large-area APD.
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Figure 5: Schematic of the set-up used for measuring shot noise.

Figure 6: Configuration of electronics inside the black box.

Figure 7: Configuration of electronics outside of the black box.
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term, and the dark current component in the shot noise term cancel out, and therefore after rearrangement
Eqn. (6) becomes a practically useful equation to measure F .
Note that g is a function of applied bias voltage U , and can be easily measured by adding a circuit as
shown in Fig. 8 between the bias voltage source Usource and the APD. We now refer to the notation used in
Fig. 8. Knowing the value of R2 and the internal resistance of the voltmeter Rint , it is straightforward to
convert the readout of the voltmeter into the current I through the circuit. Iphoto is the current when the
LED is on, while Idark is that when the LED is off. The gain is measured by taking the ratio of currents as
shown in Eqn. (7). The denominator is the photo current when a bias voltage of 10V is applied, while the
numerator is the photo current at bias voltage U .
g(U ) =

Itotal (U ) − Idark (U )
Itotal (10V) − Idark (10V)

(7)

The measured values for the excess noise factor F is shown in Fig. 9 in relation to the applied bias
voltage (VBias ) across the APD. We fitted the data with a function of the form α exp(βVBias )/(VBias − γ) + δ,
where all the Greek letters are fitting parameters. The value of F remains relatively constant until the
applied voltage approaches the APD breakdown voltage, which is at around 420V, where F rises rapidly.
Since the APD in most cases will be operated under 380V with a gain of 50, we can take F = 25.5 for our
total noise analysis.
With all the parameters in Eqn. (5) known, we can evaluate the total noise Qtot . However, we can spot
three variables in Eqn. (5), namely gain g, photo current Iphoto and shaping time τ . Iphoto varies with the
amount of light being detected, and the both g and τ solely depend on the design of the detector. As at
Belle II a detector resolution limit (∼ 0.5 MeV) is established for the case where Iphoto = 0. Under this
condition we can plot Q as a function of τ at different levels of g as presented in Fig. 10.
The noise function can be divided into two regimes: thermal-noise-dominating and shot-noise-dominating.
For the sake of discussion we shall focus on the curve corresponding to gain 50. Notice that a minimum is
present at around 50 ns. Shaping times less than ∼ 50 ns is the thermal-noise-dominating regime, and that
greater is the shot-noise-dominating regime. Thermal noise decreases with increasing shaping time with a
√
√
1/ τ relation, while shot noise increases as τ . From the plot a superposition of the two dependences can
indeed be observed. We can also see that the choice of shaping time is close to optimal, where the turning
point occurs.
Using our current choice for the shaping time and gain, we can combine the noise from the electronics

Figure 8: Circuit used to measure gain.
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Figure 9: Plot of excess noise factor F in relation to the applied bias voltage (VBias ) across the APD. The
data is fitted with the function α exp(βVBias )/(VBias − γ) + δ, where all Greek letters are fitting parameters.
The best fit function is shown as a blue line on the plot.
chain as in Fig. 9 with the light output as described by Eqn. (4) and Fig. 3. The equivalent noise energy of
the overall detector can be obtained through Eqn. (8).
ENE =

ENC
Q2tot
=
light output
Nph.e.

(8)

The combined results are shown in Fig. 11 with the plot on the right being a zoomed-in version of
the left. It is important to note that even with perfect reflectivity the total noise in units of equivalent
noise energy is ∼ 6MeV, which is much greater than the required ∼ 0.5MeV. This suggests that major
improvements to the chain is needed, and shall be discussed in Section 4.
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Figure 10: Plot of total noise as a function as shaping time at different values of gain. The current design of
the electronics chain operates at a shaping time of 30 ns and 380V reverse bias voltage on the APD, which
is shown as a marker, corresponding to a gain of 50.

Figure 11: Total noise value of the electronics chain including CsI in variation with teflon reflectivity. The
plot on the right is a zoomed in version of the left. The gain is maintained at 50, and the shaping time is
set at 30 ns.
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Direct Noise Measurements using a Cobalt-60 Gamma Source

In this experiment we measured the noise value and energy resolution of the electronics chain using a
cobalt-60 gamma sources.
The set-up as shown in Fig. 12 and 13 is used. A pure CsI crystal scintillator with dimensions of
2.5 × 2.5 × 2.5 cm3 is wrapped in a light-tight layer, and attached to a small-area APD. The electronics chain
used is essentially identical to that in Section 3.1. A cobalt-60 gamma source is put into the black box next
to the scintillator crystal.
The gamma emission spectrum of cobalt-60 consists of two peaks at 1.17 MeV and 1.33 MeV. When
emitted photons are detected, a pulse with amplitude scaled by the energy deposited in the crystal will be
produced. The readout energy is convoluted by the noise of the detector chain. By analyzing the RMS
broadening of the registered pulse amplitudes, the noise value can be analyzed. The part of the histogram
related to the gamma peak is fitted with a Gaussian function plus a linear function as the background.

Figure 12: Schematic of the set-up used for direct noise measurements using cobalt-60.

Figure 13: Set-up of CsI crystal and preamplifier in the black box.
The results are shown in Fig. 14. The measured gamma peak is located at A = 199.2 ± 68 ch. and the
RMS width is σ = 74 ± 16 ch. Here only one peak is observed because the energy resolution of the detector
is not sufficient to differentiate between the two peaks. Since the required resolution is ∼ 0.5 MeV and the
energy difference between the two emission peaks is only 0.16 MeV, it is not necessary for our detector to
be able to differentiate between the two peaks.
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Figure 14: Measured pulse amplitudes. The blue arrow indicates the position of the cobalt-60 emission peak.
The orange arrow indicates the RMS width of the distribution of amplitudes. The measured peak is located
at A = 199.2 ± 68 ch. and the RMS width is σ = 74 ± 16 ch.
In order to convert the number of ADC channels into units of energy, we simply consider the ratio
between σ and A, which is simply the noise value in terms of channels, and then scale it by the energy of
the emitted gamma photons. Since the two different energies of the photons cannot be differentiated, the
average Eγ = 1.25 MeV is used as the emission energy. Written in the form of an equation, the noise value
in terms of equivalent noise energy can be expressed as in Eqn. (9).
ENE =

σ
Eγ
A

(9)

From this we obtained the equivalent noise energy ENE = 0.46 ± 0.11 MeV. Note that the crystal used
here (2.5 × 2.5 × 2.5 cm3 ) is smaller than that of the proposed design (6 × 6 × 30 cm3 ). It is known that
the noise energy will scale by approximately a factor of 8 with this increase in size, and the fact is verified
using the simulation program as described in Section 2.3. Therefore for the proposed Belle II design the
equivalent noise energy is ENE = 4 ± 1 MeV. The result indicates that the energy resolution of the detector
does not meet the requirements.
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Direct Noise Measurements using Cosmic Rays

Similar to Section 3.2 in this experiment we measured and energy resolution of the electronics chain using
known cosmic ray spectra at ground level.
To extract the energy resolution of the detector, the noise is first measured using the same set-up as in
Section 3.1 Fig. 5. The LED is not used in this case. The operational voltage of the APD is maintained
at 380V. Calibration pulses are channeled into the electronics chain, and the variation σpulse of the pulse
amplitudes represents the noise in terms of number of APD channels. The RMS broadening is measured to
be σpulse = 8.16 ± 0.02 ch.
The next crucial information is the ratio for converting the number of channels into energy units. A
method is to simulate a cosmic ray spectrum, and compare the location of the peak with that of the measured
cosmic ray spectrum. The experimental set-up is essentially the same as in Section 3.2, except for having
the radioactive source removed and the small-area APD replaced by a large-area one.
Although the APD used in this experiment is different from that used in Section 3.2, the experimental
results are comparable. The area of the large-area APD is four times greater than that of the small-area
one, and therefore has approximately four times the internal capacitance. From Eqn. (1) this increase in
capacitance with increase the thermal noise component of the system and thus the total noise. However,
the light output will increase by four times at the same time. Referring to Eqn. (8) the factors of four
will be canceled approximately. Due to the current precision limits to our experiments, the higher order
corrections are insignificant. Therefore, the following results can be compared directly with that presented
in the previous section.
Both the simulated and measured spectra are presented in Fig. 15. The peak Ecosmic of the simulated
data located at Ecosmic = 15.15 ± 0.09 MeV, while the counterpart Ameasured for the measured spectrum is
at Ameasured = 450 ± 40 ch.

Figure 15: Left: Simulated spectrum of cosmic rays at ground-level. The peak is located at Ecosmic =
15.15 ± 0.09 MeV. Right: Measured spectrum. The peak is located at Ameasured = 450 ± 40 ch.
The energy resolution or the noise value can be express as in Eqn. (10). This is to scale the noise value,
which is in units of number of APD channels, into units of equivalent noise energy.
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σpulse
Ecosmic
Ameasured

(10)

By substituting the measured values into Eqn. (10), we obtained a noise level of ENE = 0.27±0.02 MeV.
Similar to Section 3.2 the noise value will scale by a factor of 8 when a 6 × 6 × 30 cm3 CsI crystal is used.
For the Belle II design the noise value in equivalent noise energy is ENE = 2.5 ± 0.5 MeV. Comparing with
ENE = 4±1 MeV obtained in Section 3.2 the results agree with each other up to within two standard errors.
The results here suggest that the current design does not satisfy the Belle II requirements.

4

Suggested Improvements

All of the experiments agree that the current detector design does not meet the Belle II energy resolution
requirements, i,e. noise value ENE > 0.5 MeV. We can analyze from the experiments the reason for which
such high noise values emerge, and suggest improvements for the design of the detector. The following
includes some suggestions for improvement.
 Use a more advanced preamplifier. This is the most direct way in decreasing the intrinsic noise due to
electronics.
 Use teflon layers with higher reflectivity. From the light collection simulations we can observe that
the light-collection efficiency increases more than exponentially with the reflectivity. Therefore a large
improvement in signal-to-noise ratio can be achieved even with only a slight increase in reflectivity.
 Increase photosensitive area. To achieve this we can either use larger APD’s, attach more APD’s to a
single scintillation crystal, or a combination of both. This method improves the signal-to-noise ratio
directly, while an increase in the number of APD’s used can reduce noise statistically.
 Increase quantum efficiency of APD. Currently the quantum efficiency is only ∼ 25 − 35%, but there
are certain companies that claim to have quantum efficiencies above 50%. These options should be
investigated.

With the above improvements, it is possible to reduce the noise level by more than a factor of 5, and
therefore reach the required performance where the energy resolution is ∼ 0.5 MeV.

5

Conclusion

Using three different methods to analyze the noise value of the proposed detector chain for the Belle II
electromagnetic calorimeter end-caps, we can conclude that improvements are required to reach the required
energy resolution. The methods being used include noise component analysis on the electronics chain, direct
noise measurements using radioactive sources, and the same direct measurements using cosmic rays. Possible
alterations to the detector chain are spotted, and with such improvements applied, it is possible to reduce
the noise level to meet the Belle II standards.
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