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Light detection



How can we detect light 

We need ENERGY to excite the micro system

How can we detect weak light 
Do we need accumulate the energy enough to excite?

No.  
Energy is quantize as photon. 
Count the photon.



E = !ω
∆tの間に面を通る流量を求める。
流れが面に垂直な場合　通過する体積は、v∆t∆S

流量は密度を掛けて∆I = ρv∆t∆S

∆tの間に面を通る流量を求める。
通過する体積は、v cos θ∆t∆S

面に垂直な単位ベクトルを考えると、
%v · %n = v cos θ

流量は密度を掛けて∆I = ρ%v · %n∆t∆S

面積ベクトルを−→
∆S = ∆S%nとすると

∆I = ρ%v · %∆S∆t

d

dt
∆I = ρv∆S (1)

x− y平面の場合
ϕを 0 ∼ 2πまで積分すると、初めの２項は 0になる。

dI

dt
= ρπR2vz

∫
sin 2θdθ (2)

全球の場合、θを 0 ∼ πまで積分する。この場合 0になる。
これは入ってくる流量と出ていく流量が同じことを意味する。
半球の場合、θを 0 ∼ π/2まで積分する。この場合は ρπR2vz になる。これは円板の場合と同じである。
方向に少し∆r動かすと、
ϕ方向に少しの「距離」r∆ϕ動かすと、

rを大きくする方向に、すこしの距離 (∆r)移動すると
位置ベクトルは %∆r変化する
r方向の単位ベクトルは
ϕを大きくする方向に、すこしの距離 (r∆ϕ)移動すると
位置ベクトルは %∆r変化する
ϕ方向の単位ベクトルは
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デカルト座標の単位ベクトル−→ex, −→ey は位置によらず結果的に時間変化しないが、
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Quantized Energy flow
Energy flow is quantized. Intensity is the number of photon

Max Planck
The Nobel Prize in Physics 1918

Prize motivation: "in recognition of the services he rendered to the 
advancement of Physics by his discovery of energy quanta"



photoelectric effect
Albert Einstein
The Nobel Prize in Physics 1921

Prize motivation: "for his services to Theoretical 
Physics, and especially for his discovery of the law of 
the photoelectric effect"



binding energy
The Feynman Lectures on Physics, Volume I

Chapter 38.The Relation of Wave and Particle Viewpoints 38–4The size of an atom

The uncertainty principle
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√
x2 + y2 = aͷͱ͖ɺ

∫ ∞

−∞

1

r2
dz z = a tan θͱม਺Λॻ͖͑׵Δͱྑ͍ɻ

＝

2 eV = 600 nm (Visible light) 
1 keV = 1.2 nm （～size of atom） 

20MeV = 60 fm （～size of atomic nuclei）

197 eV nm
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Energy
Wave length



chemical energy
Battery voltage is related to the chemical interactions.

Ni-Cd 
battery (1.2V)

Alkaline manganese 
battery (1.5V)



Thermal Energy

8.6171E-5 eV/K

at room temperature, it is about 26 meV = 0.03 eV

k is Boltzmann constant 

Energy of gas molecular is proportional to the temperature. 
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x− y平面の場合

It is much lower than the ionization energy



Gravitation

Free fall of 1 kg from 1m high

mgh ＝ ~10 J = 6 x 1019 eV

It is large energy but each nucleon may get …

6 x 1019 eV / (1000 x 6 x 1023) = 1 x 10-7 eV = 100 neV

Compare to other Energy, it is several order smaller.



Energy Scaleionizing radiation

GravityHeatChemical

ionizing radiation

https://www.env.go.jp/en/chemi/rhm/basic-info/1st/index.html



Photon Counting
How many photon from scintillator?

LYSO scintillating crystal causes 16,000 photon for 511keV gamma rays. 
We see ~one direction out of 6 (L-R,U-D,F-B) direction. 

So ~2,670 photon will come out. 
LYSO is 2mm x 2mm but Sensor is 1mm x 1mm. It is 1/4 

Consequently, only 670 photon will hits the sensor.



The number of photon
How many photon are we seeing?

600 photon =１W flush 0.1s is seen in 22 km distance
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https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/
documents/99_SALES_LIBRARY/etd/PMT_handbook_v4E.pdf







Electrically accelerate





• The number of photoelectron ~ 1000 

• Multiplication ~ 105 -> 108 electron 

• Can we measure?



Electron Counting
How many electron do we need?
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6 x 1011electron is needed to “See”

10８ is not enough to “See”

Ammeter can measure about 1μA. How many electron?

e/s e/s



10８ electron pass in 10ns. 
Current ＝ Charge/ Time 
1.6x10-19 x 108 / (10 x 10-9) = 1.6 mA 

Cannot see in Ammeter but can be detected by electronics.

Electronics can measure voltage. 
Current to Voltage 

1.6mA x 50Ω = 80mV



MPPC (SiPM) Multi-Pixel Photon Counter (MPPC), also known as silicon photomultiplier (SiPM)

https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/si-apd_kapd9007e.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/ssd/mppc_kapd9008e.pdf

https://goalp.com/qa-139





overvoltage

Too high gain (huge avalanche) 
destroy the device
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Fig. 2: Photoelectron spectrum probing a LED source measured with a Hama-
matsu MPPC S10362-11-100C at a bias voltage of 70.3V and temperature of
25oC.

contribution may be related to the fact that not all of
the cells were born equal. In SiPM the homogeneity of
the response is quite high [5], [6], however, since fired
cells are randomly distributed in the detector sensitive
area residual differences in the gain become evident
broadening the peak.

• As a consequence the peak width is increasing with
the number N of fired cells with a growth expected to
follow a

p
N law, eventually limiting the maximum

number M of resolved peaks.
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Fig. 3: Measurement of the DCR of the SiPM performed at 25oC.

The detector working conditions can be optimized to maxi-
mize M, properly tuning the bias voltage Vbias and balancing
competing effects. On one hand, the peak-to-peak distance is
linked to the single cell gain and it is expected to grow linearly
with the over-voltage as:

Gain =
C �V

qe
, (1)

where �V = Vbias � VBreakdown, C is the diode capacitance
of the single cell and qe the electron charge [3]. Effects
broadening the peaks may grow faster dumping the expected
resolution. Among these effects it is worth mentioning Dark
Counts, Optical Cross-Talk and After-Pulsing:

• Free charge carriers may also be thermally generated.
Results are spurious avalanches (Dark Counts) occurring

randomly and independently from the illumination field.
The Dark Count Rate (DCR) does depend from several
factors: substrate, processing technology, sensor design
and operating temperature [4]. The over-voltage has an
impact since the junction thickness volume grows with
it together with the triggering probability, namely the
probability that a charge carrier develops an avalanche
[4], [5]. The DCR can be measured in different ways.
A Stair Case Plot is presented in Fig. 3 where the
output from a sensor is compared to the threshold of
a discriminator and the rate with which the threshold
is exceeded is counted. A typical DCR is about
0.5 MHz/mm2.

• Dark Counts may be considered as statistically inde-
pendent. However, optical photons developed during
an avalanche have been shown to trigger secondary
avalanches [4] involving more than one cell into spurious
pulses. This phenomenon is named Optical Cross-Talk
(OCT). The OCT is affected by the sensor technology
[4], [7], [8], [9] and strongly depends on the bias
voltage increasing the triggering probability and the
gain forming the optical photon burst. The OCT can be
measured by the ratio of the Dark Counts frequencies
for pulses exceeding the 0.5 and 1.5 levels of the single
cell amplitude, namely:

OCT =
⌫1.5pe
⌫0.5pe

. (2)

The OCT typically ranges between 10% and 20% [5],
[9], [10].

• Charge carriers from an initial avalanche may be
trapped by impurities and released at later stage
resulting in delayed avalanches named After-Pulses. For
the detectors in use here, an After-Pulse rate at about
the 25% level has been reported for an overvoltage
�V = 1 V , with a linear dependence on Vbias and a
two-component exponential decay time of 15 ns and
80 ns [5].

Dark Counts, Optical Cross-Talk and After-Pulses occur
stochastically and introduce fluctuations in the multiplication
process that contribute to broaden the peaks in the spectrum.
An exhaustive study of this effect, also known as Excess Noise
Factor (ENF), exceeds the goals of this work and will not
be addressed here (see for example [3], [6], [8] and [12]).
However, the resolving power that will be introduced in the
following may be considered a figure of merit accounting for
the ENF and measuring the ability to resolve the number of
detected photons.

III. PHOTON COUNTING STATISTICS

Spontaneous emission of light results from random decays
of excited atoms. Occurrences may be considered statistically
independent, with a decay probability within a time interval
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Maura Pieracci, Fabio Risigo, Romualdo Santoro and Carlo Tintori

Abstract—Silicon Photo-Multipliers (SiPM) are state of the art
light detectors with unprecedented single photon sensitivity and
photon number resolving capability, representing a breakthrough
in several fundamental and applied Science domains. An educa-
tional experiment based on a SiPM set-up is proposed in this
article, guiding the student towards a comprehensive knowledge
of this sensor technology while experiencing the quantum nature
of light and exploring the statistical properties of the light pulses
emitted by a LED.

Keywords—Silicon Photo-Multipliers, Photon Statistics, Educa-
tional Apparatus

I. INTRODUCTION

EXPLORING the quantum nature of phenomena is one
of the most exciting experiences a physics student can

live. What is being proposed here has to do with light bullets,
bunches of photons emitted in a few nanoseconds by an
ultra-fast LED and sensed by a state-of-the-art detector, a
Silicon Photo-Multiplier (hereafter, SiPM). SiPM can count
the number of impacting photons, shot by shot, opening up
the possibility to apply basic skills in probability and statistics
while playing with light quanta. After an introduction to
the SiPM sensor technology (Section II), the basics of the
statistical properties of the random process of light emission
and the sensor related effects are introduced (Section III).
The experimental and data analysis techniques are described
in Section IV, while results and discussions are reported in
Section V.

II. COUNTING PHOTONS

SiPMs are cutting edge light detectors essentially consisting
of a matrix of photodiodes with a common output and densities
up to 104/mm2. Each diode is operated in a limited Geiger-
Muller regime in order to achieve gains at the level of
⇡ 106 and guarantee an extremely high homogeneity in the
cell-to-cell response. Subject to the high electric field in
the depletion zone, initial charge carriers generated by an
absorbed photon or by thermal effects trigger an exponential
charge multiplication by impact ionization, till when the
current spike across the quenching resistance induces a drop
in the operating voltage, stopping the process [1], [3], [4].
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SiPM can be seen as a collection of binary cells, providing
altogether an information about the intensity of the incoming
light by counting the number of fired cells.

Fig. 1 shows the typical response by a SiPM to a light
pulse: traces correspond to different numbers of fired cells,
proportional to the number of impinging photons. Because of
the high gain compared to the noise level, traces are well
separated, providing a photon number resolved detection of
the light field.

Fig. 1: Response of a SiPM Hamamatsu MPPC S10362-11-100C illuminated
by a light pulse.

This is also shown in Fig. 2, displaying the spectrum
of the SiPM response to a high statistics of pulses: every
entry corresponds to the digitized released charge, measured
integrating the electrical current spike during a pre-defined
time interval. The peaks correspond to different number of
cells fired at the same time. Each peak is well separated
and occurs with a probability linked at first order to the
light intensity fluctuations. An analysis of the histogram is
revealing other significant characteristics:

• The peak at 0 corresponds to no detected photons and
its width measures the noise of the system, i.e. the
stochastic fluctuations in the output signal in absence
of any stimulus. In the displayed histogram, �0 = 29±1
ADC channels.

• The peak at 1 detected photon has a width �1 = 38.1±0.4
ADC channels, by far exceeding �0. The extra
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Pixel Occupancy in MPPC
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When some pixels are already occupied, a photon has chance to hit occupied pixel. The

probability of adding one more hit is the same as the probability of vacancy. Here, we discuss

about a MPPC which has M pixels.

1 Occupancy

When m pixels are vacant, the probability of hitting vacant pixel is γ = m/M . When one

more photon hits, the number of vacancy decreases to m − γ. Since m = Mγ, the vacancy

decreases to (M − 1)γ.

n hit causes M −mn occupied pixels, and γn. Them,

mn+1 = mn − γn (1)

Mγn+1 = (M − 1)γn (2)

γn+1 =
M − 1

M
γn (3)

Since γ0 = 1,

γn =

(
M − 1

M

)n

= e−αn (4)

Here

α = − log

(
M − 1

M

)
∼ 1

M
(5)

Then, the number of occupied pixels is

M −mn = M −Mγn =

(
1−

(
M − 1

M

)n)
M =

(
1− e−αn

)
M (6)

2 Distribution

2.1 Generic function

In this section, the fluctuation is discussed. The probability of getting n hits and m vacancy

is Qn.m. Qn,m comes from (n − 1,m + 1) with a hit at vacancy and (n − 1,m) with a hit at

occupied pixel. Then,

Qn,m =
m+ 1

M
Qn−1,m+1 +

M −m

M
Qn−1,m

MQn,m = (m+ 1)Qn−1,m+1 + (M −m)Qn−1,m (7)

1

The number of pixel is finite. 
The number of photon is large, the number of pixel is not proportional.



SiPM in eazyPET has 400 pixel.


