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Abstract

Multipixel avalanche photodiodes (MAPD) are recently gaining popularity in
high energy physics experiments as an attractive replacement for photomultiplier
tubes, which have been extensively used for many years as a part of various scintil-
lating detectors.

Their low price, small dimensions and another features facilitating their use (like
mechanical shock resistance, magnetic field immunity or moderate supply voltage)
make the MAPDs a good choice for commercial use as well, what is reflected in grow-
ing number of producers as well as MAPD models available on the market.

This dissertation presents Author’s experience with MAPD measurements and
modelling, gained during his work on the T2K ( Tokai-to-Kamioka) long-baseline
neutrino experiment, carried out by an international collaboration in Japan.

First, operation principle of the MAPD, definitions of various parameters and
measurement methods are discussed. Then, a device for large-scale MAPD mea-
surements and related data processing methods are described. Finally, the Author

presents an attempt of analysis and interpretation of the results.

This book ia a direct translation of a PhD thesis written in Polish. In comparison
to the original, however, a chapter describing the current state of the neutrino
science is missing. The Author decided not to place it here as it’s only a study of

the literature. Moreover, some minor mistakes were corrected in the english issue.
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Chapter 1
Introduction

Scintillating detectors are a well known tool for high energy photon and elementary par-
ticles detection. They are widely used in science (experimental particle physics) as well
as medicine (computed tomography, scintigraphy, PET), industry and border protection.
Its popularity comes from many advantages, such as a large scope of sizes, a wide range
of particles and radiation energy being detected, a rather high radiation resistance, the
ability to work at room temperature, and finally, reasonable requirements for operating
conditions (they usually do not need cooling systems, no working gas is used).

Each scintillating detector consists of at least two basic components: a scintillator
and a light detector. Depending on their intended use, individual detectors differ by the
material used for the scintillator and its mechanical form (crystal scintillators, liquid,
plastic, in a form of blocks, plates or fibers — for detection of different kinds of particles
of various energies, with various sensitivity, spatial resolution and pulse decay time), and
the light detector used.

The choice of the photodetector for a particular application depends mainly on the
number of photons emitted by the scintillator. In high-energy physics experiments, where
registration of individual particles is required, a light beam produced is generally very
weak. In these applications, photomultiplier tubes (PMTs) are the most widely used
photodetectors. Their advantages (first of all low noise and high output signal, achieved
by means of internal electron gain) far outweighed the disadvantages, which are typical
for all electron tubes (high price, quite large dimensions, mechanical weakness, sensitivity
to magnetic field), partly due to the lack of a real competition from the semiconductor
devices. An established position of the photomultipliers does not mean, however, that
its successor among semiconductors is not looked for. Such a device should preserve as
many advantages of the photomultiplier as possible and furthermore be free of the PMT’s

drawbacks and be able to work where PMTs cannot be used (e.g. in a presence of a strong
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magnetic field or within a limited space).

The first device that could compete (to some extent) with the photomultiplier was the
avalanche photodiode (APD) — a semiconductor device, which — like the photomultiplier
— uses electron gain effect to increase output signal. Unfortunately, the similarity between
these two instruments is mainly qualitative — the avalanche photodiode is far away from
its tube competitor in achieved gain, dynamic range and noise level as well as achievable
photosensitive surface. As a result, APDs are rather inpopular in scintillating detectors
(nevertheless, they are used from time to time).

The so-called hybrid photodetector (HPD), which is a combination of a photomulti-
plier with a solid state avalanche diode, seemed to be a new hope for a moment — but in
fact it didn’t succeed, mainly due to the inheritance of specific drawbacks from the two
parent units, with the absence of any clear advantage over the photomultiplier.

During recent years, a new, interesting solution appeared on the market. It’s the
MAPD - Multipixel Avalanche Photodiode. It’s based on on the principle of avalanche
photodiodes on the one hand, on the other hand, however, constitutes a new quality in
terms of performance.

One of the first devices running the MAPD detectors on a large scale is the so-called
near detector of the T2K experiment, which investigates the properties of neutrinos.

As a part of the construction work of the detector, a team from the Department of
Nuclear and Medical Electronics of the Warsaw University of Technology, Institute of
Radioelectronics, the mother institution of the Author, was asked to investigate about
1,200 MAPDs, namely the product of Hamamatsu, called MPPC. This work needed

a number of issues to be resolved:

— development of methods for MAPD measurement and specific instruments, ensuring
high reproducibility of the results, the ability to precisely control the measurement
conditions over a wide range, high throughput, reliability, and allowing a simulta-

neous measurement of all key parameters of the MAPD;

— development of suitable data processing algorithms, which guarantee high quality

of the results and are characterized by moderate computational effort;

— interpretation of results and creation of new models describing the operation of the

MAPD, as well as verification of the existing ones.



Chapter 2

Multipixel Avalanche Photodiode

2.1 Avalanche Photodiodes

Avalanche photodiodes (APDs) are fast and very sensitive semiconductor light detectors.
They utilize the avalanche phenomenon (similarly to photomultiplier tubes) which allows
to amplify the signal present at the output of the device. This feature is achieved thanks
to a specific design of the silicon structure.

In comparison to a common PiN photodiode, the doping profile of an avalanche pho-
todiode is more complicated and designed so that there are two layers in the junction

area:

— The absorption layer, where free carriers (electron-hole pairs) are generated. The
moderate electric field existing in this layer allows to separate carriers and provides
their transport with the greatest possible speed (due to the collisions with the atoms
of the medium, achievable velocity of electrons in silicon is about 107 cm/s at the
electric field intensity of 10* V/cm).

— The multiplication layer, where the electric field intensity exceeds the value of 1,75-
10° V/cm. In these conditions, a free carrier can achieve enough energy to generate
new electron-hole pairs between successive collisions with the atoms of the crystal

network. Thus, an effect of avalanche multiplication takes place?.

In the semiconductor structure, the avalanche gain can be realized by two types of car-
riers — electrons and holes. Due to the difference in mobility of the carriers, the probability
of the generation of a new pair by an electron and a hole is different. The ratio of hole to

electron ionization determines the noise associated with the phenomenon of multiplication

!The multiplication layer has the ability of photon absorption, as well.
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Figure 2.1: Left: a diagram of avalanche photodiode structure with the the electric field inten-
sity profile. Right: The layout of the Multi-Pixel Photon Counter (MPPC) by Hamamatsu —
an example of a multipixel avalanche photodiode [29]

and in fact it is desirable that one of these components strongly dominates. In case of
silicon photodiodes, this ratio is about 2 x 1072 for typical reach-through structures and
about 2 x 1073 for so-called Slik — Super-Low k structures [20].

For the silicon diode, the semiconductor layers alignment is such that electrons are
transported from the absorption layer to the multiplication layer rather than holes; this
is because electrons have greater ionization capability. However, the detailed parameters
of the design (thickness of each layer, the direction where the light beam comes from)

depend on the application — mainly on the length of the incident light wave?.

The appearing of a suitably strong electric field in the multiplication layer needs
accordingly high junction bias voltage. This voltage is very close to the breakdown voltage
(of avalanche-type breakdown) of the diode and typically has a value from a few dozen to
more than 1000 V. Depending on the relationship of the bias voltage and the avalanche
breakdown voltage (V},), two modes of operation of the avalanche photodiode are possible:

proportional and Geiger mode.

2There are also solutions built similarly to an avalanche photodiode structure, but not using the
photoelectric effect. Such a device is designed to amplify an electron beam coming from outside and is
used for example in hybrid photodetectors (HPD), which combine elements of an avalanche diode and
a photomultiplier.
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Proportional mode operation

In the proportional mode, the junction is always polarized with a voltage slightly lower
than its breakdown voltage. Under such conditions, the total photocurrent is almost a
linear function of the amount of primary carriers generated in the photoelectric effect
— the operation of an APD is very similar to operation of a photomultiplier, with the
difference that the reproduction occurs at any depth over the multiplication layer, rather
than on discrete dynodes.

In contrast to the photomultiplier tube, the process of charge multiplication in the
avalanche diode involves two types of carriers, and both mechanisms operate in a positive
feedback loop®. In such a simple model, the avalanche gain of the photodiode will be:

o
M = a5 (2.1)
where o and (3 are the coefficients of electron and hole multiplication, respectively.

The avalanche gain (called also simply ‘electron gain’) is a very narrow function of
voltage, rapidly growing when the bias voltage approaches the breakdown voltage for

which the value of « - 3 reaches unity.

The excess noise of the avalanche photodiode. In fact, the operation of the
avalanche photodiode in the proportional mode is possible with gain reaching values of
102, rarely 103. Further increase of the gain is pointless due to rapid growth of the excess
noise.

The essence of the excess noise of the avalanche photodiode and photomultiplier is
similar — it is the result of the statistical fluctuations in the number of carriers produced
during avalanche reproduction. With the PMT, where only electron multiplication takes
place (there are no holes in vacuum), the dominant component of the noise is the fluc-
tuation of the number of electrons generated on the first dynode. In this case a simple
way to minimize this phenomenon is to increase the gain of the first stage — the relative
amplitude of the fluctuations will decrease with the square root of the gain.

In case of the avalanche photodiode, the description of this phenomenon is more
complicated due to presence of two types of carriers, accompanied by two different mul-

tiplication factors. The power spectral density of the noise is given by:

-2
((112;—2IQ-M2-F, (2.2)

where e is the electron charge, I, the total generation current (both thermal and photon-

ical), and M is avalanche gain defined by equation 2.1. F' defines the excess noise factor,

3This is possible because the electron and hole avalanches grow geometrically in opposite directions.
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associated with statistical gain fluctuations:

F=M b+ (1-F), (2.3)

where k is the ratio of electron and hole multiplication factors per length unit* [18].
F' is the ratio of the actual power spectral density of the photodiode noise to the noise
resulting only from the discrete nature of primary photoelectrons (the shot noise).

It should be noted that the signal-to-noise ratio (SNR) of the avalanche photodiode
will be worse than for a common PiN diode due to excess noise described above (typical
value of F' is about 5). However, this loss can be compensated by the profit of higher
signal level and thus lower influence of the noise introduced by co-operating preamplifier.

The noise level of an avalanche photodiode operating in proportional mode (with
corresponding preamplifier) allows the detection of light pulses of several photons. This
sensitivity is sometimes insufficient for scintillating detectors which have to detect single

ionizing particles.

Geiger mode

The Geiger mode operation is characterized by a bias voltage above the breakdown voltage
of the junction. This situation occurs when the product of the multiplication coefficients
for electrons and holes exceeds unity. Since the geometrical development of the avalanches
for both carrier types takes place in opposite directions, the resultant carrier avalanche
can develop at steady position, thus finite thickness of the multiplication layer does not
prevent the avalanche from unlimited growing.

In Geiger mode, each carrier getting to the multiplication layer becomes a source
of an uncontrolled development of the avalanche. This means that each electron (it does
not mean whether it is generated by the photoelectric effect or by thermal generation)
will cause a large current flow through the diode, and this flow will continue as long as the
junction bias voltage is above the breakdown voltage (V;,). The recovery of the diode to
its basic state requires a quenching system — that is, a device that automatically reduces
the voltage across the diode after an avalanche occurs. The simplest solution is a serial
resistor of quite high resistance. In this case, only a charge required to discharge the
junction capacitance to the Vy, level will flow as the result of the avalanche (assuming
that the charge, which at this time will pass through the resistor, is negligible).

In Geiger mode, the term ‘avalanche gain’ (or ‘electron gain’) slightly changes its mean-

ing — it determines the number of charges generated in the multiplication layer as a result

4The presented model can be applied for the electrons injected in the multiplication area as primary
carriers. In the opposite case, when holes are injected, k shall be substituted by 1/k.
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Multiplication layer

Figure 2.2: Carrier multiplication in proportional (left) and Geiger mode (right). In propor-
tional mode, the hole multiplication occurs relatively rarely, and avalanche declines by itself.
In Geiger mode, the number of carriers still grows with time and only a reduction of the the elec-
tric field intensity can lead to the suppression of the avalanche. Blue arrows represent electrons,
and red — holes

of the creation of a single avalanche (it is not relevant here, if the avalanche was triggered
by one or more primary electrons). In the described method of the avalanche quenching,
its value should depend exactly on the junction capacitance and the overvoltage — the
difference between the bias voltage and breakdown voltage, which is the final junction
voltage just after the avalanche occurs:

=%, -, (2.4)

e

where C; denotes the junction capacitance, e the electron charge, V,, the bias voltage, and
Vi — the breakdown voltage of the junction. (We assume that the junction capacitance
during the discharge process remains constant®.) The value of V,, — V},, the overvoltage,
will be since now denoted as AV.

In Geiger mode, the APD gain reaches a level of approximately 10° (it depends on the
junction area, determining its capacity), at least three orders of magnitude greater than
with the proportional mode, and comparable with the electron gain of the photomultiplier.

A Geiger-mode avalanche photodiode (GAPD) can be used as a photon counter
(acronym SPAD is encountered for Single Photon Avalanche Diode). Unfortunately, such

a device has a quite significant drawback which is greatly reduced dynamics — on the

5This is a legitimate assumption as the relative voltage drop across the junction resulting from the
discharge is small and non-linear nature of the junction capacitance is not crucial. Nevertheless, this
simple model was turned out to be inaccurate; this issue will be described in next sections of this paper.
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one hand by the background of dark counts, and on the other by re-charging time after
the avalanche discharge, which is the dead time of the detector. The dead time and the
saturation effect associated with it is a significant flaw of GAPD in comparison to photo-
multipliers. These retain high linearity over a wide range of light level, allowing also to

work with fast multi-photon pulses.

2.2 MAPD — an array of avalache photodiodes

The basic disadvantage of the avalanche photodiodes operating in Geiger mode — low
upper limit of their dynamic range (the limit of the counting frequency) — has been

virtually eliminated in a device called the Multipixel Avalanche Photodiode (MAPD)®.

The idea of the MAPD

The essence of the MAPD design is to divide the avalanche photodiode structure into a
number of cells (pixels) with their own quenching resistors and working independently
of each other, but connected to a common output (Figure 2.3)7. With a separate serial
resistors, a detection of a photon in one pixel does not affect the rest of the structure.

The resulting device shows a number of important advantages in comparison to a single
GAPD:

— The MAPD has much higher counting rate limit. The dead time associated with the
junction re-charge from V4, back to V,, applies only to this cell, where an avalanche

was triggered, while other ones are constantly able to detect another photon.

— A simultaneous detection of multiple photons is possible. It will be shown that the
MAPD is a quasi-analog device, where the response amplitude is proportional to

the quantity of cells illuminated by a photon.

— The MAPD can have a large area. In case of a single GAPD an increase in the area

2

over a fraction of mm?* can cause an increase in the dark rate to a level practically

SFrom this point, we will sometimes call this device simply a ‘photodiode’, as long as the context
allows it. One should pay attention to some chaos, which — so far — appears in the naming of this
device. It happens that the same abbreviation is used for slightly different structures by various institutes
or producers, or that the same device is sometimes called differently. The Author decided to use the
‘MAPD’ abbreviation to the whole family of devices operating on the principle being presented.

"There are innovative solutions without quenching resistors, and without any dead areas within the
structure, enabling pixel density in excess of 100,000 per square millimeter, which is unreachable for other
technologies. They are called Micropixzel Avalanche Photodiodes and are the subject of current research
— also carried by the Author — and generally are not to be subject of this book.
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Figure 2.3: MAPD schematic diagram(left) and a photograph of the sillicon structure with
visible pixels. A 400-pixel MPPC device by Hamamatsu is shown.

obstructing the detector. In the case of MAPD it matters only that the dark rate
does not reach significant values in a single pixel — and the pixel size is always small,

regardless of the size of the entire structure.

Technology

The MAPD is a monolithic semiconductor device — the photodiode array is formed on
a single silicon die together with quenching resistors. Depending on the desired spectral
characteristics it can be made on a p-type substrate (for larger wavelengths) or an n-type
one (for small wavelengths), but in modern commercial solutions it seems that the second
technology is strongly dominating®. For the creation of MAPD, a technology developed
in the late 80th and 90th in the CPTA institute in Moscow and called MRS-APD ( Metal-
Resistor-Semiconductor) [13][19] was crucial. It allows to put quenching resistors directly
on the surface of the photodiode®. In modern designs, the resistors are usually placed
at the edges of the pixels, and the top electrode is formed as a grid over the dead areas
between pixels, so that it makes possibly smallest obstacle to the incident light.

A single pixel is a square of about 10 to 100 gm wide, and the whole structure, con-

taining from 100 to tens of thousands of pixels!®, covers an area of 1 to tens of mm?.

8Unfortunately, the information about the technology provided by the manufacturers is usually very
limited.

9Photodiodes made using this technology have already been used in experimental applications [3].

10The upper limit of the number of pixels seems to be still growing, the bottom is rather constant —
MAPD with too few pixels loses its advantages.
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The number of pixels in a specific device depends on its purpose — for low light con-
ditions, ‘coarse’ solutions are better suited (higher sensitivity and gain), while working
on a stronger light needs larger number of pixels (higher saturation level) .

The manufacturers generally do not provide informations about the semiconductor
structure, but some of the parameters are to be fairly easy determined. For example, the
MPPC photodiodes produced by Hamamatsu, where general doping charasterictics is pub-
lished [29] (Fig. 2.2), the junction thickness can be estimated basing on its capacitance.
Assuming relative dielectric constant for silicon e, = 11.66 [17], the measured capacitance
Chiz = 90fF and horizontal dimensions of the structure specified by the manufacturer, the
junction thickness should be about 1.8 pm.

The same way, one can determine the concentration of dopants in the junction area,
using the characteristics of the junction capacitance Cp;(AV). The junction thickness

W, is a function of the applied voltage and the doping level, and is given by:

25087«(%4—‘/})( 1 1 >
_ I 9.
", ¢ CAOTEEEY (25)

where V; is the diffusion voltage, V, the reverse bias voltage!!, e is the electron charge, and
N, and N, the concentrations of dopants, acceptor and donor, respectively. Assuming
that V. > V; and N, > N, (this comes from the junction structure — see figure 2.2), we
can write:
Np = 2205%;/ . (2.6)
According to the measurements [25], full depletion of the junction occurs at a reverse
voltage V. = 20V. On this basis, the value of Ny in the junction area can be estimated
to be 8 x 10%em=3. Of course, this calculation is valid for an individual product — an
MPPC photodiode by Hamamatsu.
At the end of this short technology description it should be mentioned that not all
pixels of the structure must be always connected to common terminals. There are also
multi-channel solutions, in which the pixel array is divided into several subgroups with

independent terminals (often separate silicon structures mounted in a common housing are

used [23]). These devices can be treated as an equivalent to multianode photomultipliers.

A positive value.
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2.3 MAPD characteristics

Operating principle

The process of the detection of a photon in the MAPD can be divided into three phases:
— a photon absorption (and photoelectron drift),
— avalanche carrier multiplication (and discharge of the junction capacitance),

— junction recharge (which means a current flow in an external circuitry).

Photon absorption (photoelectric effect) can occur in any area of the semiconductor,
however, the only interesting cases are these where the phenomenon occurs in the depletion
layer, where the existence of electric field ensures that the carriers quickly access the
multiplication layer (an absorbption of a photon in the multiplication layer itself is also
possible). The thickness and depth of the junction will affect the photodiode spectral

sensitivity characteristics.

Avalanche multiplication has a form of a self-sustaining avalanche, whose develop-
ment is limited by the quenching resistor. During the discharge, the only significant source
of the charge is the junction capacitance of the pixel. After the discharge, which leads
to voltage drop down to V., the avalanche decays.

Due to the Geiger mode operation, each pixel can respond only to a single photon at
a time. Therefore, it is required that the incident light has possibly uniform distribution
over the entire active area to fully utilize the dynamic range of the MAPD — in particular,
the device will be extremely inefficient with a spot illumination. When an MAPD operates
with a fiber input, its size should be selected regarding the fiber diameter (for example,
in the ND280 detector of the T2K experiment, the fiber of 1 mm diameter works with
square MAPD structure of 1.3 x 1.3 mm — a small margin was left due to imperfect

positioning of the fiber and the conical shape of the the light beam leaving it).

Junction recharge is the last of the key steps in the process of light detection. It causes

electrical current to flow outside the pixel. This current is divided into two circuits:
— external measurement circuit (that means — beyond MAPD terminals),

— internal circuit consisting of all pixels in the MAPD structure.

17



The ratio between the two components is determined by the ratio of internal resistance
of the MAPD and resistance of the external circuit (Fig. 2.4).

At this point, the second component of the recharging current should be described.
The current flow through all pixels causes partial discharge of the junctions, which is
negligible when only single pixel is activated, but may be significant in the case of a
strong pulse of light, where a lot of pixels are triggered at the same time. Reducing of the
bias voltage of inactive pixels will result in deterioration of the detector linearity. For this
reason, it is important to minimize the contribution of this component of the recharge
current. In practice this means a need to keep the external circuit impedance as low as
possible when working with strong light pulses.

It should also be noted that while the time constant of a single pixel recharge depends
in principle only on the pixel capacitance and quenching resistance, a large-scale time
constant of the whole device (which is also the time constant of the output pulse tail) will
be subject to the resistance of the external circuitry. This is another reason to minimize
the external circuit resistance!.

It should be noted, however, that excessive reduction of the load resistance of the
MAPD causes a decrease in the output signal voltage and makes the signal-to-noise ratio
worse when working with voltage amplifier. The experience of the Author shows that the
optimum load resistance is comparable or slightly larger than the series resistance of the
whole MAPD structure.

Basic MAPD parameters

It turns out that quite a complete description of the behavior of the MAPD can be
obtained by giving only few basic parameters. Most of them are commonly used in

electronics, but sometimes they must be understood in a specific way.

Breakdown voltage (V},.) defines the demarcation point between proportional and
Geiger-mode operation of the diode — it is the voltage, above which an avalanche of carriers
has the ability of self-sustaining. The value of the V}, is distinctly dependent on the junc-

tion temperature, with a slope of about 50 mV per Celsius degree!3. Another characteristic

12This is true under the assumption that we want to shorten the output pulses as much as possible.
It has to be mentioned that MAPDs often work with voltage amplifiers, whose construction is relatively
simple and usually give greater design freedom compared to the charge amplifiers, commonly used as
preamps with low amplitude pulsed signals. The relatively high output amplitude of the MAPD does
not require a charge amplifier to be used.

13This particular value was measured by the Author for the Hamamatsu MPPC. Although the intention
was to describe the theoretical basics of MAPD first, then the methods of measurement, and finally the
results — this structure will be impaired from time to time. In fact, the research of the MPPC was an
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Figure 2.4: MAPD pixel recharge process following the avalanche discharge. It is assumed that
a single pixel has following parameters: R, = 230 k2, Cp;; = 90 {F, total pixel count N = 667,
and load resistance Ry, = 470 Q. AV =1,3 V.

feature of the breakdown voltage is a considerable production dispersion. Due to this fact,
an individual measurement of V, is required for each item, and operating voltage must
generally be individually selected.

With MAPD, a very frequently used parameter is the overvoltage: AV = V,, — Vj,,
where V,, is the bias voltage of the diode. It turns out that most of the phenomena

occurring in the MAPD are dependent rather on AV than on the absolute bias voltage.

Photon detection efficiency. The probability of electrical pulse generation in response
to a single photon incident on the MAPD structure is described by the Photon Detection
Efficiency (PDE). The PDE is the product of probabilities of three events that must occur

in order to generate an electrical signal from a photon:

— The photon has to meet the active area of the structure. Individual pixels are
separated from each other by a dead area and the ratio of the active pixel area
to the total area of the structure is called the Fill Factor (FF). This parameter
is strongly dependent on the pixel size and for fine-grained small detectors (small

pixels) it may drop to about 20%.

iterative job, and it often happened that the measurement results affected the theoretical assumptions,
models, and, of course, made a need for further measurements.
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— A photoelectric effect must take place in the junction area. The probability of such
an event is called Quantum Efficiency (QE). This parameter is a function of the
incident light wavelength and the maximum sensitivity depends on technology used,
junction thickness and thickness of the ‘dead’ silicon above the junction. The value

of the quantum efficiency for described detectors reaches a level of about 90%.

— The generated carrier must reach the multiplication layer (rather than recombine

during its drift). The probability of avalanche generation is denoted as P,,,.

Finally:
PDE =FF-QE- P, . (2.7)

The maximum PDE value in typical products depends mainly on the size of a pixel and
is included in the range o fless than 20% for fine-grained detectors to 80% for the models
with a small number of large pixels.

The value of P,,, and therefore the PDE, is strongly dependent on the overvoltage, and
increases with the voltage up to saturation when P,, approaches to values close to 100%.
In a typical range of operating voltages, the PDE dependence on overvoltage can be
considered as linear, and the use of a quadratic approximation already gives a very good
fit [25]. The PDE value (at constant AV') is practically independent of the temperature
of the MAPD structure.

Electron gain of the MAPD is defined the same way like for a single avalanche pho-
todiode operating in Geiger mode — as the number of carriers (of one type) in a single
avalanche. Alternatively, one could define the gain as a large-scale parameter, similarly
to analog detectors — as the ratio of the total number of generated electrons to the number
of photoelectrons.

The delicate difference between the two definitions is visible at high detector occupancy
— when more than one photon arrives at the same time to a single pixel (the response
of the pixel is a single, standard avalanche — some photons remain unregistered) 4. The
details of this phenomenon will be described below.

The gain for AV > 0 can be calculated using the same formula as in case of an ordinary
GAPD (equation 2.4). For AV < 0 G =1 (but it is often assumed that in this range
G = 0, which in fact is not a significant difference while normal values of G are higher by
many orders of magnitude). With the bias voltage just below Vj,., the diode is operating in

the proportional mode, which means that the ‘corner’ of the gain characteristics is in fact

14The practice shows that the use of the first of the two definitions can avoid some of the misunder-
standings in the description of the MAPD and thus it will be used later in this book.

20



7000 1

60001 1

50001 1

Counts
I~
[en)
[en)
[}
1

3000 1

2000y 4

1| |

0 200 400 600 800 1000
Pulse amplitude [a.u.]

Figure 2.5: A typical histogram of output pulse amplitudes for an MAPD illuminated by weak
light pulses. The events associated with activation of different numbers of cells are clearly
distinguishable. With stronger light, the discrete nature of the response is lost, mainly due to
the summing of gain deviations of individual pixels

somewhat smoothed. Extrapolation of the linear part of the characteristics of G(V,,)
to the intersection with the horizontal axis is a commonly used method of determining
the breakdown voltage (V},.) of the diode.

The gain values achieved by modern MAPDs are in the range of 10° — 107. This value
depends primarily on the pixel size.

A characteristic feature of the MAPD in comparison to photomultipliers or proportional-
mode APDs are extremely small gain fluctuations (Figure 2.5). In the case of photodiodes
operating in the proportional mode, the gain is dependent on the random nature of the
processes taking place in an avalanche. In Geiger mode, the gain value depends only
on the capacitance of the junction, which is at first stable, and at second — not signif-
icantly different among individual pixels. However, significant signal fluctuations come

from the correlated noise, as described on page 24.

Recovery time. The time needed to recharge the pixel after an avalanche (recovery
time, 7,) can be treated as a dead time when the pixel is not capable to detect following
photons. This effect reduces the amplitude of MAPD under high light intensity. Thus,

the effective number of fired pixels will be smaller than the number of photons hitting
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the MAPD structure at the same time. To illustrate this, the following formula is pre-

sented in various publications:
Ny = Nyt - (1 — ey PPB/Neor) (2.8)

where Ny denotes a real number of activated pixels, Ny, the total number of pixels
in the device, N, the number of photons coming at the same time and PDE the photon
detection efficiency.

In practice, the idea of ‘photons coming at the same time’ is applicable only when we
analyze the response of the device to very short light pulses!®. We can assume that ‘at
the same time’ means events occuring in less than 7,, assuming that at this time the pixel
is completely dead, and then immediately becomes fully operational. However, charging
a capacitor, which we are dealing with, is, of course, not an instant phenomenon, but
a process, which takes some time. This means that the pixel is ‘completely dead’ only
during the avalanche, and then its gain begins to gradually grow as the junction voltage
increases. If the pixel is triggered during this time, it will generate a response, but with
a reduced amplitude.

Following the above assumptions, an effective value of the MAPD gain under heavy
continuous load can be calculated from the time distribution between successive interac-

tions of photons p(t) and the relationship between the gain and the charging time G(t):

Gerr = | o) - Gyt | (2.9)

Assuming that absorptions of particular photons are independent events, the time
between these events should have an exponential distribution. The dependence between

gain and time closely follows the charging curve of the capacitor by a series resistance:

G(t)=Go-(1—e V™). (2.10)
As a result,
+oo ¢
Geff = fpix . eifpiz't . GO . (1 — 6777) dt , (211)
0

which finally leads to following formula:

Gepp=Go- (1 - v ) s (2.12)
fpiﬂc + 1/Tr

where G is the gain of a fully charged pixel, fpi, = f5- % is the counting frequency of a

single pixel ( f, — the rate of photons coming), and 7, is the time constant of pixel recharge,

which is a measure of the pixel dead time. A typical value of 7, is approximately 10 ns

15 Although, this situation is quite common for scintillating detectors.
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(with a pixel capacitance of approximately 0.1 pF and quenching resistance approximately
100 k). Due to the technology the resistors are made (polysilicon), the resistance varies
quite strongly with temperature, which causes some changes of the dead time [10].

Equation 2.12 does not include another phenomenon — a dependence between the PDE
(and more precisely the P,,) and AV. The probability of triggering of a not-fully-charged
pixel is smaller than a fully-charged one and as a result the actual signal is slightly lower
than provided by the equation. The Author could not find an analytical solution of this
case, but very good results can be obtained by introducing an effective time constant — 7. ¢
instead of 7,.. For a linear dependence of PDE(AV'), 7.7 &~ 1.47,. It should be noted, that
in the case of use of 7.ss instead of 7,, the value of G must be meant in accordance with
the definition suitable for analog detectors — as a ratio of the total number of generated
electrons to the number of primary photoelectrons®”.

Another effects that are not taken into account in this analysis are the phenomena
associated with correlated noise, which modify the distribution of time intervals between
the appearance of successive photoelectrons. It can be assumed that the actual dynamic
range of the diode is lower than the calculated value by a factor at least equal to the
CT+AP fraction which is described on page 25.

Figure 2.6 presents the dependence of the detector current on the number of incident
photons per time unit.

Finally, it should also be mentioned, that in the case of strong light pulses, the effective

value of 7. may increase for high load resistance, as described on page 17.

Time resolution is one of the strongest points of the MAPD. Due to the small junction
width (single pm) and strong electric field, both carrier drift and avalanche development
time is very short. Measurements [22] indicate the time resolution of 100 ps FWHM

for a complete system with preamp, achieved even with single photons.

6The values measured for the MPPC diode (Hamamatsu).
ITThis is because we identify some phenomena — like the reduction of P,, — as gain changes. In fact
they are not changes of electron gain.
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Figure 2.6: Dependence of the detector output current on the incident light for three different
detector granularities; the plots show the results obtained analytically from the equation 2.12
(solid line), the data from the Monte-Carlo analysis taking into account the linear relationship
of PDE(AV) (points) and the analytical results obtained after the introduction of 7.¢s instead
of 7 (dashed line)

Parasitic effects

The main undesirable effect associated with MAPD operation is the noise. It can be

divided into two main components:

— dark pulses, giving uncorrelated noise;

— correlated noise, consisting of two characteristic phenomena: crosstalk and after-

pulses.

Dark pulses. Thermal generation of carriers in the depletion layer causes the devel-
opment of carrier avalanches, identically with the case of a photon detection, and the
formation of the so-called dark pulses at the output of the MAPD. So far, the high
background of dark pulses (dark counts) is the biggest drawback of the MAPD, when
compared to the photomultipliers. The MAPD structure with the active area of the or-
der of one millimeter square gives approximately between 10° and 10° dark counts per
second at room temperature, which is by orders of magnitude higher value than in case

of PMTs. The dark rate is approximately a linear function of AV (which is directly re-
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lated to the characteristics of P,,) and an exponential function of temperature. Detector
cooling can bring a measurable impact on reducing this effect (There are MAPD models
with built-in Peltier cooling [5]).

Cross-talk (CT) is one of two mechanisms of correlated noise. It is related to an op-
tical coupling of neighboring pixels. As a result of relaxation in atoms excited during
the build-up of the avalanche, one photon will be generated for about 10° generated car-
riers. Then, this photon can be absorbed in neighboring pixels and cause an avalanche.
The dependence of CT effect on AV can be assumed to be quadratic (linear dependence
of number of photons generated from the electron gain and a linear dependence of P,,
on voltage), which is confirmed by experiments [25]. Common CT values under typical
operating conditions are within 5 - 25%1®. Given number should be understood as the frac-
tion of avalanches caused by crosstalk among the total number of registered avalanches.
A characteristic feature of this parameter is that it is not constant for all pixels (CT is
smaller for pixels at the edge of the structure, where the probability that the photons
escape outside is higher). At constant AV, the crosstalk is independent of temperature.

This means that, unfortunately, cooling of the device will not allow crosstalk reduction.

Afterpulses (AP) arise as a result of trapping of some carriers generated in an avalanche.
Such carrier can be released later (often after a time much longer than 7, ), becoming the
source of a new electron avalanche. A close square-type correlation was found between
the fraction of afterpulses and AV [25][21]. Same as in the case of CT — the fraction
of AP is independent of the temperature at a constant AV

The time at which an afterpulse occurs is described by a combination of few expo-
nential distributions with different expected values; they’re associated with semi-stable
quatum states with different life time. For example, in the case of MPPCs there were
three overlapping distributions found, with time constants of 20 to less than 300 ns.

The afterpulse fraction for typical operating voltage (AV = 1.5V) is about 10% for
the measured MPPC model.

The correlated noise is the main cause of the amplitude fluctuation of the MAPD
output signal. Thus, the oft-cited parameter is its total fraction, CT+AP, at the standard
operating voltage. Note that this parameter will be further understood as the probability

of generating at least one additional avalanche in response to one registered photon.

18The MPPC devices used in T2K experiment.
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Table 2.1: A basic list of an MAPD and photomultiplier tube parameters

PMT MAPD
Parameter H8711 (V, =800V) | S10362-11-050C
Active area 4,2 x 4,2 mm? 1 x 1 mm?
Electron gain 3,5-10° 7,5-10°
Detection efficiency | 25% (QE, 380 nm) | 50% (PDE, 440 nm)
Dark rate 1,4-10% s7t 0,4-10° s 1
(at room temp.) (79 s7'mm~2) (0,4-10° s7'mm~2)
Signal fluctuations 0.53 0.4
(0r¢ for 1 pee.) (1. dynode) (CT+AP)
Time resolution 330 ps 200 - 300 ps
Linear range 0—7,2-10%s7! 0—4-10°s7?
(gain change < 5%)

MAPD parameters and its range of applications

MAPD is intended to be a substitute for the photomultiplier tubes, primarily in various
types of scintillation detectors. Therefore, it seems appropriate to compare these two
devices. Such a comparison is shown in Table 2.1, The chosen representatives are a 400-
pixel MPPC (Hamamatsu) S10362-11-050C and H8711 photomultiplier from the same
company [14]. This model is a multi-channel photomultiplier and is often used to acquire
the optical signal from fibers, widely used in high-energy physics experiments [33] and
seems to be a good subject for comparison with mentioned photodiode.

The numbers in the table should be treated with caution. Both photomultiplier and
MPPC included in this comparison are made in several versions (they differ in spectral
sensitivity, etc.), whose parameters are slightly different from those shown here for the
basic models.

For clarity, the technical parameters, which are normally slightly differently defined
for both devices, were brought to a homogeneous form.

It’s easily noticeable that the only significant difference between the photomultiplier
and MAPD is the dark count rate — if we assume different active areas, the PMT is more
than three orders of magnitude less noisy than the MAPD. Other parameters of the two
instruments are similar. A significant difference in the dark current can seem devastating
for the MAPD. In practice, however, the high background does not need to be a real

problem. It’s because of at least two reasons:

— Most of the dark pulses are single-photon ones. Pulses of light coming from the

scintillator are usually a bit higher, and proper setting of the discrimination level

9The data for multi-channel photomultiplier represents a single channel.
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Table 2.2:
tube

General comparison of selected characteristics of an MAPD and photomultiplier

Attribute PMT MAPD
Electron gain high high
10° — 107 10° — 107
Detection efficiency medium medium-high
10 — 40% 20 — 80%
Dark current low high
Active area any small-medium
up to 0,25 m? 1 - 50 mm?
Temperature impact limited essential
(dark current) (Vir)
Supply voltage high moderate
(=~ 1kV) (=~ 100V)
Power consumption considerable negligible
(voltage divider)
Case size big small
Mechanical strength poor high
Magnetic field immunity poor high
Radiation hardness high moderate
Light immunity poor high
(damage possible)
Price high moderate

solves the problem quite efficiently.

— Often it is possible to supply the scintillator with two photodetectors (typically —
the two ends of an WLS fiber). This allows an elimination of the dark pulses by

coincidence circuits.

The comparison of the gain fluctuations of both devices requires a short comment.
While this statement is reliable for a large number of photons, at low intensities we have
to remember that a completely different kind of phenomena cause these fluctuations.
For the photomultiplier, the variation of the number of electrons generated on the first
dynode can result in fluctuations of the signal at a level which could be lower than the
single-photon pulse. In case of the MAPD, these dispersions have a discrete character and
almost always manifest themselves in the form of increasing the amplitude of the signal
exactly by one p.e. (excepting a low fraction of early afterpulses getting from incompletely

charged pixels).
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Table 2.2 shows the descriptive summary of the characteristics of both types of detec-

tors. On its basis one can draw the following conclusions:

1. MAPDs are unsuitable where a large area of the detector is needed. They are rather
intended to be used in cooperation with fibers (also WLS fibers and Sci-Fis [33][32]).

2. A number of features such as small size, relatively low operating voltage, immunity
to accidental strong light illumination and high mechanical strength, make MAPD

detector much more convenient to use than the photomultiplier.

3. The impact of large dark rate should be analyzed each time before starting a design,

but it does not have to be a real problem in practice.

4. Although this is not a technical parameter, one can not forget the rather large
difference in price, with the benefit to MAPD. Considering continuous development
of MAPD technology, it should be assumed that the difference will be yet more

distinct over time.

These conclusions concern primarily to the application of MAPD in scintillating de-

tectors, which currently represent the main potential field of its applications.

2.4 MAPD modelling

The creation of an appropriate model is crucial for the analysis and simulation of all
instruments. For MAPD, used models can be divided into two groups: electrical and

physical models.

Electrical models

The electrical model allows to simulate the shape of the electrical signal resulting from
avalanche discharge of the MAPD cells (pixels), without investigating the details of the
process of the avalanche development. In contrast to more complex physical models,
it can be easily utilized in the Spice-type software for electronics simulations, making
it especially useful in the design of the front-end electronics; it is also necessary for the
calibration of the measuring apparatus for MAPD tests. Electrical model describes the
process of the pixel charging, which is crucial for the analysis of the operation at high
rates. In the end, together with models that describe the physical phenomena that cause

an avalanche, it makes it possible to create a complete Monte-Carlo simulation model [25].
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Figure 2.8: More accurate MPPC electrical model taking into account the parasitic capacitance
of the quenching resistors, based on the measurements performed at the Warsaw University
of Technology. The values of the elements are related to a single pixel.

The basic model shows the MAPD as a number of diodes with their serial resistors.
Since the diodes are reverse polarized under normal conditions, they are usually reduced
to junction capacitances (figure 2.7). The resulting circuitry can be treated as MAPD
small signal model.

In order to analyze the response of the device to an avalanche, all pixels of the MAPD
are usually divided into two groups — a group of pixels, in which the discharge has oc-

curred, and a group of pixels, in the resting state (‘dark’ pixels). The avalanche discharge
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is usually represented by an appropriate current source.

Due to the linearity of the model, the absolute value of the voltage on the capacitor is
not important. Often the value of V}, is subtracted from the bias voltage and one operates
only with the value of AV.

If more precise model is needed, some parasitic elements are added — the terminal
capacitance and inductance of the leads (due to the small values of these parameters, it is
important to take into account corresponding parasitic elements in the measurement sys-
tem). An interesting parameter is the parasitic capacitance of the quenching resistors [8].
Figure 2.8 presents an MPPC model with element values found basing on the time char-
acteristics of the output pulses and a spectral impedance characteristics measured using

a vector impedance meter.

Physical phenomena models

Physical models allow an analysis of the processes associated with the development of the
electron avalanches and describe all of their sources (photoelectric effect, dark generation,
crosstalk and afterpulses).

Figure 2.9 shows a basic diagram for simulation of the basic phenomena occurring
in the MAPD. Each of the blocks shown on the diagram requires a separate description.
In practice, so far, first of all behavioral models are used, which, while not going into the
essence of the phenomena, allow them to be easily simulated. Examples are the PDE
or CT+AP models used in the simulations [25] defining these values in relationship to the
overvoltage. An example of a model based on physical evidence will be presented later in

section 6.2, with the analysis of the phenomenon of dark pulses.
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Figure 2.9: General scheme of physical phenomena modelling, responsible for a single pixel,
with the basic parameters describing different phenomena. There are at least two feedback loops
in the model (shown by dashed lines); they are responsible for correlated noise, which has a form
of the formation of secondary avalanches — appearing in other pixels or later. Note that some
of the parameters depend on bias voltage, so their values will vary during pixel recharging after
an avalanche discharge
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2.5 Market offer

Multipixel avalanche photodiodes are now produced at least by a few companies around
the world, including Hamamatsu [29][15], Amplification Technologies [4], AdvanSid [1][2],
SensL [23][24] and Voxtel [27], but Hamamatsu seems to be the only big company among
them. MAPDs are available under various market names (the most common — SiPM —
Silicon Photomultiplier or MPPC — Multi-Pixel Photon Counter — in the case of Hama-
matsu?’). There is a very fast progress observed in the offered solutions, both in terms
of refining existing technologies, as well as creating entirely new ones. The most in-
teresting ones include Micro-Pixel Avalanche Photodiodes without quenching resistors,
developed in JINR (Dubna) [7], which were already mentioned. Of course, the rapid
progress makes serious difficulties for the presentation of the current state of development

of this technology and the latest knowledge related to MAPD research and modeling.

Figure 2.10: Two types of MAPD photodiodes: prototype series created in Dubna — Sipm
in a metal housing (left), and Hamamatsu MPPC in a ceramic housing with flexible window
(right)

20The vast majority of the experience of the Author with MAPDs concerns Hamamatsu product.
In this book, MAPD and MPPC abbreviations will be used interchangeably — depending on whether
it refers to MAPD as such, or to a particular Hamamatsu product.

32



Chapter 3

MAPD measurements

3.1 MAPD measurements description

The aim of the study

The introduction of a new type of item (in this case the MPPC for the T2K experiment,
or generally the MAPD) to a wide market requires its characteristics to be accurately
investigated. Manufacturer’s data are often insufficient, incomplete, and most of all they
are unverified. For this reason, the use of MAPD in new devices, especially to a large scale
as in the case of the T2K experiment, requires a series of tests, which are independent
of the manufacturer’s data. In addition, these studies should be conducted simultaneously
by several institutions to eliminate any mistakes!. On the other hand, the lack of trust-
worthy information on the reliability of the product and the quality of mass-production
requires at least a rough testing of each element intended for installation in the target

application.

Detailed and screening measurements

Referring to the main objectives of measurements, there appears a natural distinction be-
tween detailed measurements (deep and accurate, for a small number of items) and screen-
ing (coarse, but involving the entire production series). This distinction does disappear
with some measurements (eg, distributions of individual parameters can be regarded as
the result of detailed measurements, but it is difficult to get reliable results here without

testing a large number of items).

!Some measurements carried out for the T2K experiment preparation used a selected sample of
few tens of MPPCs, which were exchanged between involved institutions. In addition, the statistics
of a greater number of elements were compared, as well as the final results.
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Detailed measurements are carried out to accurately examine the device characteris-
tics, such as the dependence of various parameters on the supply voltage and temperature.
A strict control of working conditions of the MAPD and changing them within reasonable
limits are needed to perform specific measurements.

The detailed measurements are essential in the creation of the models of the device,
allowing determination of their parameters, as well as a general verification of correctness
of these models. In addition, the ability to control the operating conditions in an ap-
propriately wide range allows to determine practical limits of the applicability of a given
type of tested solution.

A characteristic property of the detailed measurements is the large number of tests
performed with a single specimen under various conditions, allowing further determination
of the characteristics of the device. Hence, the automation of the measurement process is
highly desirable.

Screening measurements are performed to verify proper operation of units to be in-
stalled in the target application, or getting information on basic parameters (for MAPD
the important parameter is, for example, the breakdown voltage — V;,.). In contrast to the
detailed measurements, the time-consuming examination of the dependences between var-
ious parameters is replaced by only one or few measurements under specified conditions.
These conditions usually correspond to the operating conditions in the target application.

The screening measurements contribute to the study of the detailed properties of
the element in a way — they provide information on characteristics such as production
dispersion and reliability.

Due to the huge amount of measurements, the throughput of the measurement system
and a high level of automation are particularly important, during the measurement as
well as at the stage of data processing. Typically, the devices for screening tests are built
as multi-channel systems, enabling simultaneous testing of several elements [30][31]. This
allows to increase throughput, mainly due to paralleling most time-consuming process
throughout the measurement procedure — setting the temperature of the structure after
installing the element on the test bench. Also the reduction of the number of operator’s
interventions is not negligible — the whole batch is replaced every few minutes or even few

hours instead of a continuous changing of single specimens.

Measurement methods

The characteristic features of the MAPD (first of all, very small fluctuations in electron

gain) have become a base for a unique method of measuring of a plenty of various parame-
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Figure 3.1: Pulse amplitude histogram obtained in low light conditions (left) and in darkness
(right). AV =1.09V, T' = 25°C. Hamamatsu MPPC was measured.

ters. A key element of this method is to build a histogram of the amplitudes of the pulses
generated by the MAPD in the dark or when illuminated by low-level pulsed light (fig.
3.1). The resulting histograms, acquired in proper conditions, allow one to specify, among
other parameters, the value of gain, dark rate, photon detection efficiency and correlated
noise level. In practice, more ‘classical’ measurement methods (such as direct measure-
ment of junction capacitance or series resistance of the device) are important rather as a

complementary measurements or for verification of the data obtained from histograms.

Test conditions

Both histogram-based measurements and the majority of supplementary tests require
precise control of the operating conditions, in particular the supply voltage of the MAPD
and the ambient temperature. The limits presented below are estimated basing on the
Author’s experience with the MPPCs (Hamamatsu), but can be regarded as representative

also for the devices offered by other vendors.

Supply voltage (V,,) should be stabilized with an accuracy not worse than 50 mV.
Larger fluctuations, through the mechanism of change of the gain, cause blurring of the
histogram peaks and deterioration of their separation. This has a negative impact on the
accuracy of the calculation of virtually all parameters. The required adjustment range

of the V,, value includes voltage from V}, to a value higher by few volts.
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Ambient temperature requires a stabilization with an accuracy not worse than 1°C.
With a standard slope of the V;,.(T') dependence, the change in temperature of 1°C cor-
responds to a change of voltage of about 50 mV (for MPPC). Determination of the
temperature characteristics of the device requires the ability to control the temperature

in the range of at least £10°C' around a standard operating temperature.

Incident light intensity should be controlled with an accuracy of about 1% for photon
detection efficiency (PDE) measurements. This will be further described in section 3.2.

For another measurements, this parameter is not crucial.

3.2 Histogram-based measurements

Measurements with various light levels

Depending on the parameters to be determined, the histogram-based measurements are
performed either with no light (these measurements are commonly called ‘dark measure-

ments’) or with pulsed light illumination (‘light measurements’).

Dark measurements are performed without any external light source. In this case,
the only source of the MAPD output signal is the thermal generation and the phenomena
responsible for the correlated noise. Under these conditions, one can obtain valuable
informations concerning not only the dark rate, but also the fraction of the correlated

noise, and (with limited precision) the electron gain.

With no light, the MAPD output signal has a form of pulses appearing at random

time, whose amplitude typically (but not always) corresponds to a single photon.

Light measurements are performed with low-level pulsed light illumination of the
MAPD structure. A single pulse contains from few up to tens of photons emitted in a time
not exceeding a few nanoseconds. Such conditions are imposed by a desire to obtain
a histogram with possibly large number of well-separated peaks. Insufficient lighting will
reduce the number of peaks, and too strong one — merging them into one shape. Pulse
duration should be (if possible) significantly less than the 7, value of the MAPD.
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The main purpose of light measurements is to determine the electron gain and the
PDE value?. The measurement performed with at least two properly selected operating
voltages allows one to find the Vj, value.

The signal from the illuminated MAPD consists of pulses with an amplitude corre-
sponding to the number of photons?, correlated in time with the light pulses, and an

overlapping dark signal.

Obtaining the histogram

In the dark or low-light conditions, the MAPD signal has always a form of a series of pulses,
which are usually clearly separated in time. The histogram is created by measuring the
amplitudes (or more often integrals) of these pulses, representing the distribution of the
charge generated by single events.

For the light measurements, the MAPD signal is gated synchronously with the opera-
tion of the light source to eliminate the dark pulses from the statistics as much as possible;
the dark pulses would otherwise be a great majority of counts — a typical light pulse fre-
quency during the measurement is of the order of a few or tens of kHz, and the dark rate
is at 10° — 105571,

With dark measurements, the signal gating is also used, but this time it’s more a side
effect of the measurement method, which comes firstly from the unification of the ap-
paratus, and secondly from the limit of its throughput (usually registering of hundreds
of thousands of pulses per second is not possible). Usually a random trigger (ie uncorre-
lated with the signal) is used to open the gate. In more advanced solutions, it is possible
to use the MAPD pulse for self-triggering (this will be described in section 3.2).

Regardless of lighting conditions, a philosophy, ‘one gate — one measurement’ is used
— the signal, which is collected within the gate open period, is treated as a single pulse.
This means that it is not possible to distinguish a number of pulses occurring in a very
short time. If the signal is integrated, registered value of the integral is the sum of all
pulses. In the case of a peak converter in place an integrator, the amplitude readout will
be strongly dependent on the time delay between the pulses?, which will result in a dete-

rioration of the quality of the histogram (blurred peaks).

2The correct measurement of the PDE also requires a dark measurement to determine the dark rate
and fraction of CT+AP (correlated noise). This will be described in more detail when discussing the
data processing algorithms.

3We will use a notation n p.e. (photoelectrons) whenever we talk about pulse amplitude corresponding
to n original electrons — regardless of the source of their generation. In this context, identifying them
with photoelectrons is basically wrong, but the acronym is generally accepted and the Author is not
going to change it.

4Because of the effect of pulse pile-up.
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Electron gain and breakdown voltage calculation

The electron gain (defined according to the definition given in section 2.1) can be calcu-
lated basing on the distance between the histogram peaks (fig. 2.5).

In the simplest case, the distance between the peaks corresponding to 0 p.e. and
1 p.e. can be used, as they are the sharpest ones. In practice, a greater accuracy can be
achieved with more distant peaks®. Before determining the positions of individual peaks,
the histogram is usually smoothed or approximated by series or Gaussian functions.

The gain measurement has a relative character. To obtain the absolute value of the
gain, the measuring device needs to be calibrated. This calibration turned out to be
a complex and quite inaccurate process®.

The determination of the breakdown voltage requires the gain measurement for at least
two voltages which will be higher than the expected V4,. Since the dependence of G(AV)
is almost linear, simple interpolation of the two points with a straight line should be
sufficient to find the breakdown voltage. Unfortunately, the histogram data are of poor
value for low gains (the peaks are close and unclear, which causes problems with their
automatic recognition and accurate determination of their position) and measurements
at relatively high AV have to be used for the determination of the V;,.. However, under
these circumstances, the method of finding of the V, is ill-conditioned and very sensitive
to variations in the input data. As a result, to obtain a precise measurement of V., it is

useful to take more measurements.

Dark rate measurements

As it has been mentioned, high dark rate is the main drawback of the MAPD. The oper-
ation of any system using the MAPD with a signal threshold less than 1 p.e. is basically
impossible. This is one of the reasons why the manufacturer’s specifications provide two
dark rate values: the basic rate of all counts and the rate of dark pulses with an amplitude
exceeding 1.5 p.e., that means, at least two-photon pulses.

At this point, one must remember the nature of the two-photon (and higher) dark
pulses. Their appearance is not only a result of accidental coincidences of single dark
counts, but first of all, comes from crosstalk and afterpulses. This means that the distri-

bution of registered dark pulses will not have the expected Poisson distribution, like for

5The distance between 0 p.e. and 1 p.e. may be subject to systematic error introduced by the baseline
restorer, which is often used in the signal path of the measurement system (see section 4.3); in this case
it is better not to use the 0 p.e. peak to calculate the gain.

5The absolute gain values presented by Hamamatsu have not been clearly verified as yet, and the
data presented by various research centers differ often by more than 20%.
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Figure 3.2: With the bias voltage increase, the electron gain does change, which is reflected
in the distance between the peaks on the pulse amplitude histogram (left). Extrapolation of the
data points on the G(V,)) plot can lead to the breakdown voltage (V},) determination. The plot
(right) shows 53 measurement points, but usually only two or three measurements ar used for
ordinary measurements of V,

independent events. Giving the 1.5 p.e. dark rate is important, as its value can not be
simply deduced from the knowledge of the dark rate for the threshold of 0.5 p.e.

The measurement of the dark rate can be done in two ways: ‘classically’, with discrim-
inator and scaler, or basing on the histogram coming from a dark measurement. These
two methods are theoretically equivalent, although the differences between them will show

up at higher dark rates.

The discriminator-scaler method. The classical method uses a discriminator with
a threshold set to 0.5 or 1.5 p.e., depending on which of the two characteristic rates one
wants to measure. This method requires the a-priori knowledge about the level of the

thresholds to be set. These values can be determined by two methods:

— By measuring the frequency counts several times, gradually moving the discrimina-
tor level. The obtained curve (fig. 3.37) is a ‘backwards’ integrated dark histogram.
The level of 0.5 p.e. is located in the region of the first plateau. This method is reli-
able, but requies multiple dark rate measurements, so it’s relatively time-consuming

(about one second for each point on the plot).

— By determining the thresholds directly basing on the positions of the pulse histogram

valleys, with the histogram coming from a dark or light measurement. In this case,

"This figure should be regarded as an illustration only. The data from the discriminator and the ADC
came in fact from various measurements and are set together only to illustrate the method of calibration.
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Figure 3.3: The dependence of the dark rate on the discriminator threshold. Every sharp
drop in the number of counts corresponds to one peak in the pulse amplitude distribution.
Theoretically, one can get the distribution of peak amplitudes by differentiating the dark rate
on the threshold value; in practice, however, the quality of these data is quite poor. Amplitude
histogram shown in the plot was obtained with the ADC

it is necessary to cross-calibrate the discriminator and the pulse amplitude readout

system. This operation is performed just once during instrumentation setup.

The histogram-based method. The dark rate can be also calculated on the basis of
the histogram coming from a dark measurement. In this case, the total number of the
collected measurements (total counts) multiplied by the gate time is the time of measure-
ment. The number of counts above the selected threshold (0.5 or 1.5 p.e.) corresponds
to the number of dark counts. We can get the dark rate by dividing the number of counts
above the threshold by the total measurement time.

In practice (not only for the the dark pulses analysis) it is convenient to transform the
histogram into a discrete form, in which the amplitude of the pulse is rounded to the near-
est full photoelectrons; the thresholds between particular numbers of p.e. can be deter-

mined using one of two methods:

— at the valleys (local minima) of the histogram,
— halfway between neighboring peaks.
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None of these methods can be considered impartially better, and the choice depends
on the characteristics of the measuring apparatus®, although the second one is better
suited to the definition of noise at 0.5 and 1.5 p.e. If some peaks are not clearly dis-
tinguishable (which takes place for a greater number of photoelectrons), an information
about well-defined peaks is used and extrapolated for the remainder of the histogram

(if the measurement device’s signal path is linear, all the peaks should be equally spaced).

With both described methods of dark rate measurement, one should always remem-
ber about two phenomena, causing that the measurements from various sources can be

significantly different:

— If no adjustments are made, the measured dark rate includes also the pulses gen-
erated by crosstalk and afterpulsing phenomena, so the measured value can not be
strictly understood as the rate of thermal generation. A measurement which is free
of this error is is possible under proper conditions; the details will be described

below, in the section regarding the correlated noise.

— Depending on the pulse shaping time constant (or integration time), two separate
pulses, which are close in time, can be recorded as the two pulses, or as a single pulse
of higher amplitude. Obviously, this will affect the results of the measurements for
the threshold of 0.5 and 1.5 p.e. This effect will be dependent on the parameters
of the measuring apparatus — in particular on the shaping of the pulses. For this
reason, the target readout system parameters should be taken into account when

performing measurements.

At the same time, thanks to the analysis of the dependence of the count number on
the discriminator threshold level and integration time (or discriminator dead time),

one can get some information related to the correlated noise [25].

Photon detection efficiency

Direct measurement of the photon detection efficiency (PDE) requires a fairly complex
equipment based on nonlinear optics [9] and is performed very rarely®. Typically, the
measurement of the PDE is done indirectly, by comparison with a detector with known
quantum efficiency (usually with a calibrated photomultiplier). For screening measure-

ments (and usually for the detailed measurements, too) the knowledge of the absolute

8For example, under certain conditions, the histogram peaks have asymmetric tails, resulting in
significant displacement of local minima, and with different settings the tails are symmetrical.
9This is true not only for MAPD, but all photodetectors in general.
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PDE value is generally not required — it is sufficient to compare the results of various
measurements.

A naive method of PDE measurement can rely on summing up the counts in each
histogram peak for a light measurement!®. Unfortunately, such an approach is charged
with an error associated with the correlated noise, the same as in the case of the dark
rate measurement. However, it turns out that the PDE value can be determined from the

amplitude of the 0 p.e. and 1 p.e. peaks; this approach will be described in chapter 5.

There is also an alternative method for PDE measurements, based on the measurement
of the MAPD current with relatively strong steady lighting. This method requires a
prior measurement of the electron gain, CT+AP fraction and the knowledge about non-
linearities occuring due to saturation effects. The advantage of this method is that it’s
theoretically less affected by random errors getting from the correlated noise (paid with

an additional gain and linearity measurement error).

Correlated noise

The correlated noise consists of two phenomena: the crosstalk and the afterpulses. Both
of these phenomena have similar effects and are often treated as a whole, as a fraction
of CT+AP, although they are based on completely different mechanisms. The measure-
ment of the CT+AP fraction is particularly important because of its influence on the
measurement results of the dark rate and the photon detection efficiency.

The measurement of the correlated noise is based on the histogram obtained during
a dark measurement. If the described effect didn’t exist, the distribution of the pulse
amplitudes (after a quantization with the bin size of a 1 p.e.) would have a Poisson
distribution. The correlated noise modifies this distribution, moving it towards larger
number of counts (some of the single-photon pulses become two-photon ones, two-photon
ones become three-photon etc.). The only value that is not affected by the correlated
noise is the number of zero-photon counts (no crosstalk nor afterpulse appears without
a primary pulse)!. Tt turns out that the ratio of the 0 p.e. counts to the total count

number is sufficient information to calculate the expected value of the theoretical P oisson

10The problem of the histogram discretization was described on page 40.

UTn fact, with a large fraction of AP, it can happen quite often that a dark pulse will occur before
the opening of the integration gate, and the accompanying afterpulse will be inside of the gate window
and will be registered. In this case, the number of 0 p.e. counts is of course affected. In fact, there
is no method that would determine whether a particular pulse is a result of the dark generation or the
afterpulse.
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distribution. This distribution is described by the equation:

67AAk

P, = o (3.1)
By substituting £ = 0, we can calculate the dependence of Py and \:
N,
Py=e¢or A= —In(Py)) = —In—> |, (3.2)
Ntot

where Nyis the number of 0 p.e. counts and N, is the total number of counts in the
histogram. The knowledge of the expected value of the distribution allows to calculate the
actual value of the dark rate (coming only from thermal generation) at a given threshold.
The ratio of 1 p.e. events in the real histogram and in its Poisson equivalent allows to

specify the probability of CT+AP events:
Perpapy =1— ——, (3.3)

where N, is the actual number of registered avalanches with an amplitude of 1 p.e. and
Nipoiss 1s the same number obtained on the basis of a theoretical Poisson distribution.
Pcr4ap) is the probability to generate at least one, additional avalanche, which is the
requested fraction of correlated noise.

Theoretically, it should be possible to determine the correlated noise basing on the
histogram from the light measurement (in this case the discrete representation would have
a Poisson distribution too, if the phenomena of CT and AP didn’t exist). In practice,
however, for small values of P, (large A) this method is ill-defined and the equation 3.2

gives quite random results.

Dedicated testing devices

All the above measurements can be performed with a single, properly constructed appa-
ratus (fig. 3.5).

The MAPD is closed in a housing which functions as a thermostat and provides an
optical isolation from the environment. A pulsed light source, used for light measurements,
is installed in the same housing . The signal from the MAPD is pre-amplified and shaped,
and then converted to a digital form. For this latter task one of the three devices can be

used:

— Integrating ADC (or QDC, charge-to-digital converter). The integration of the
signal takes place in a time window of a fixed length and is triggered by an external
signal. The use of the MAPD output pulse as a trigger signal requires a delay line
in the ADC analog signal path.
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Figure 3.5: A diagram of an apparatus for measuring the basic parameters of the MAPD
by means of the histogram analysis. 1: pulse generator, 2: regulated power supply for the
MAPD, 3: light-proof housing, 4: temperature control unit, 5: pulsed light source, 6: the MAPD,
7: preamplifier, 8: multichannel amplitude analyzer (MCA)
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— Peak converter. This is a simplified version of the previous solution. The signal
at the input of the converter usually requires gating. With low gate times, the
obtained results are consistent with the results obtained using the integrating ADC,
and with a long gate both solutions will behave differently due to the different

response to multiple pulses.

— High speed sampling ADC, which collects at least few samples for each pulse. This
solution theoretically does not require the trigger signal, but in practice it is still
used because of the extremly high data rate produced by the converter operating
in continuous acquisition mode. In terms of its functionality, the sampling converter
can replace both previously described converters. The operation of pulse integration
or peak recognition can be done digitally. In addition, the sampling ADC does not
require a delay line if the signal itself is used as trigger source, because the delay

can be implemented at the stage of digital signal processing.

The sampling ADC is the most flexible solution among the others and gives the greatest

benefits. Its main advantages are:

— A possibility of emulation of the two previous solutions. The same measurement

can be used to determine both pulse integral and peak value.

— Freely selectable integration time within the time window acquired by the converter.
If all the data flowing from the converter is beeing saved, the choice can be made

in off-line mode, several times for the same data.

— The possibility of recording the data which is coming before the trigger pulse. This
can be useful when registering dark pulses (in the role of the trigger signal, the signal

from the discriminator may be used, so the system is triggered on the pulse itself).

— The possibility to observe the signal shape (limited by the analog path bandwidth
and sampling frequency). This feature is particularly useful for the analysis of
afterpulses, although thorough analysis of this phenomenon requires a sampling
rate of at least 1 GHz.

One of the basic disadvantages of the described solution is very large amount of data
being generated (the converter is required to operate at a sampling frequency of about
100 MHz to several GHz, depending on the desired frequency response and device’s func-
tionality) and a relatively high price. In practice, most of the existing equipment for

MAPD measurements uses pulse converters.
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In parallel with the converter’s signal path, a discriminator can operate, allowing mea-
surements of dark rate, and possibly serving as a trigger source for the converter for
registration of dark pulses. The discriminator’s signal path includes a comparator with
adjustable threshold and a counter (scaler).

The whole electronic equipment is typically made of pre-designed modules for nuclear
electronics (NIM, CAMAC or VME standards). The only exception here is the preampli-
fier, which usually is constructed specifically for the MAPD signals reception. Sometimes,
solutions basing on systems used in the experiments (such as Trip-T chip [26]) are used.

The equipment is typically supervised by one or more PCs.

3.3 Another measurements and tests

Despite the high versatility of measurements based on the histogram, there is a number
of parameters that can not be measured using the apparatus described above. The most

important ones are listed below.

Direct measurement of capacitance and quenching resistance can be performed
using a vector impedance meter and an additional circuitry to bias the MAPD with
the required voltage. The total capacitance of the MPPC as a function of bias voltage
is shown, for example, in [25]. It should be noted that such a measurement gives us
the parameters of the whole MAPD structure (that is all pixels in parallel and also the
parasitic elements).

Quenching resistance measurement can be accomplished also by polarizing the diode
in forward direction — basing on d//dU function slope. Like the junction capacitance, the

result of this measurement will be distorted by the existence of parasitic, serial resistances.

Afterpulses measurement is always done basing on a detailed analysis of the time

intervals between pulses. This analysis may be performed in two ways:

— Directly on the basis of the shape of the MAPD signal in time domain [21]. This
method is particularly useful for short time constants (up to 100 ns). In order
to improve the performance of the method, the time signal is deconvoluted with
a standard pulse response of the MAPD, allowing better separation of the pulses,
even if they appear with a delay less than 7,. Then the distribution of the length
of intervals between pulses is observed. The measurement is performed for dark

pulses, without any light.
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— Using the measurements with the discriminator. In this case, the measurement
is also carried out in the dark, and the basic data is the dark rate. By gradually
changing the discriminator’s dead time, one can determine the distribution of the
time delays between pulses. This method is best with the analysis of longer time

constants.

The study of crosstalk requires the use of specific instrumentation allowing the illu-
mination of only one pixel. Since a single pixel is able to generate only 1 p.e. response,
all higher-amplitude pulses (collected in a sufficiently short time gate, which efficiently
excludes afterpulses) will be the result of stimulation of adjacent pixels through the mech-
anism of crosstalk. Properly designed optics allows to move a well-collimated beam of light

on the surface of the structure in order to study the phenomenon in various places over
the MAPD area [25].

Saturation of the MAPD under high intensity of light can be described by observing
the MAPD’s current dependence on the light level (similar measurement can be done with
pulsed light). This measurement requires an information about electron gain and PDE,
in addition to the intensity of light. Direct observation of the phenomenon basing on the
histogram peaks is not possible, because the characteristic picture of peaks and valleys
disappears completely at about 20 p.e. due to the gain differences between particular
pixels.

The measurement of saturation effects in the pulse mode is theoretically possible
using the equipment described in section 3.2, but it requires a very large dynamics range
(in practice — the possibility of switching between two relatively calibrated ranges and

a very wide range of light intensity adjustment).
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Chapter 4

A device for automated MPPC

measurements

4.1 Initial assumptions

As part of the preparations for the the T2K experiment, a team from the Warsaw Univer-
sity of Technology has designed a specialized, automated apparatus for measuring the pa-
rameters of the MPPC photodiodes [11]. The author was one of the creators of this unit
(see paragraph 4.5).

The goal application of the device

The main task of the designed device was to measure about 1200 MPPCs for the SMRD
subdetector of the T2K experiment®, which were to be tested by the Warsaw team. Fur-
thermore, the device had to have possibly wide capabilities of performing some detailed

measurements.

The demands regarding the functionality

In the first phase of the design of the device, several primary requirements were defined
on the functionality of the equipment and the quality of the data. These requirements,
listed below, were the basis for the selection of specific technical solutions in the design

of the unit.

IThe total number of more than 4000 photodiodes for SMRD was divided into three parts examined
by various institutions, although the initial plan was to examine all the units at one place.
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Optimization for the measurements of MPPC-type elements. Since the device
was constructed to measure one specified model of the MPPC photodiode, the specifica-
tion of this element (both mechanical and electrical) was the base for the design of the
apparatus. To determine the expected performance range of the MPPC, the data pro-
vided by the manufacturer were studied, and then subject to a preliminary verification
using a quick-and-dirty measuring system made of several CAMAC modules and equipped
with a custom-designed preamplifier with an analog integrator.

At the same time it was assumed that the structure of the target device should be
as far as possible able to be be easily modified for use with another types of MAPDs.
The device should work with both 660-pixel MPPC model used in the T2K (inaccessible
at the time of the construction of the apparatus), as well as the 400-pixel prototype
— 510362-11-050C, without any modifications to the hardware of the device. This last
condition is easy to meet as both MPPC models have identical case, and their electrical

parameters should vary only slightly.

The ability to perform screening measurements. [t was assumed that the mini-
mum throughput of the device for screening tests would have to be about 100 specimens
per day. The operation of putting the tested components into the device should be done
as rarely as possible, by whole batches — the size of a single batch was proposed to be 32
specimens. This allowed to reduce the number of the operator interventions to about three
times per day, assumed that the measurement of whole batch would take 4-8 hours (during
the operation, we managed to significantly reduce this time, which allowed to carry out
even six batches a day?). There would also be the ability to control the device remotely,

including remote power off in case a failure or finish of the measurements.

The ability to obtain the detailed MPPC characteristics. To provide an ability
to do the tests in a wide range of working conditions of the MPPC and with high accuracy,

a number of requirements for the control of operating conditions were defined:

— MPPC bias voltage should be adjustable in the range of 60 to 80 V and stabilized
with an absolute accuracy not worse than 25 mV, with a quite small output current
(average current during the measurement of the MPPC does not exceed tens of nA).

The finally achieved absolute accuracy of the voltage regulation was 10 mV.

— The temperature range for the MPPC should be 10-40°C, with an absolute accu-

racy not worse than 1°C. We obtained an accuracy of 0.1°C for temperatures close

°In addition, during the night shift, some longer measurements at several temperatures were per-
formed.
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to room temperature and about 0.5°C for temperatures less than 10°C. The actual
temperature range was much wider than expected and reached from 0 to at least
70°C. The assumed time to change and stabilize the temperature is 30 minutes; this

requirement was also achieved with an excess.

— Light pulses for illuminating the MPPC structure should not be longer than about
5 ns and the spectral characteristics of the light should correspond to the light
generated by WLS fibers used in the T2K experiment (to ensure this condition,
it was decided that there would be exactly the same WLS fiber in the optical path
of the device as in the ND280 detector of T2K). The intensity of light reaching the
structure should be controlled in the range of from about 10 to about 100 photons
per pulse, with a precision of ca 1%. Due to the strong dependence of the light
intensity of LEDs (used as the primary light source to drive the WLS fiber) on the
temperature, we decided to equip the device with a reference measurement system

to monitor the mean light intensity.

The repeatability of the results. The main disadvantage of various multi-channel
measurement systems is a potential problem with providing the same parameters (espe-
cially gain and light intensity) for all channels. Such devices require periodic calibration,
which is a quite time-consuming and laborious process. Therefore, we rejected this con-
cept and decided to design a device with a single, high-performance measurement channel,
working with an automatic specimen feeder. Such a solution requires a single source of
light and only one signal path, and the only part to change is the tested MPPC itself.
Such a solution — as it turned out — has a number of other advantages in addition to the

elimination of the problem of differences between the channels:

— The existence of only one electronic signal path allows for its significant increase of
complexity, without having to make any compromise solution due to price or space
needed. This allows one to achieve good performance of the device and high quality

of the data received without a significant increase of the costs.

— The absence of the light distribution system, which is characteristic for multi-
channel solutions, provides a significant reduction in size of the device. It should
also be noted that the light distribution system, made in a form of a bundle of fibers,
is quite suspect to mechanical damage. The micro-ruptures appearing in the fibers
can lead to a reduction of light intensity and to the need to recalibrate the equip-

ment.
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— The throughput of the proposed solution is not lower than with the multi-channel
devices. In fact, the time of the test of a single MAPD is dependent on the temper-
ature stabilization time and the throughput of the system for data acquisition and
processing (this causes that the data in a single channel system is collected much
faster than data from a single channel of a parallelled system). Because of the ease
of replacement of the tested photodiodes and efficient data processing procedures,

the designed device was even faster than other competitive multichannel solutions.

— An effective reduction of the the amount of electronic circuits in single-channel

solution leads to improvement of the reliability.

Portability. There was a presumption that one may need to re-test at least some
MPPCs already in Japan, immediately prior to their installation in the detector, as in the
design phase of the equipment there were not any unquestionable informations available
on their reliability. It was therefore decided that the unit should have a possibly compact
design for easy transport. It should also be able to work in a non-laboratory conditions
(instable ambient temperature, electromagnetic interference). As it turned out, the device
constructed in Warsaw was the only portable system of this type (though fortunately the

MPPCs are so far working fine3, and on-site tests were not needed).

High immunity to electromagnetic interference. The experiments with the early
quick-and-dirty MPPC testing system have shown that it is essential to shield the whole
entity from interference, and in particular, pay attention to the interference appearing
between individual sub-systems. Therefore, a few assumptions have been made in the

design phase:

— All sub-systems have been divided — depending on the signals they were processing

— into four groups: fast analog, low-frequency analog, digital and power circuits.

— Each group has its own grounding system and a separate power supply. Particular

attention was paid to the proper selection of connection points between the grounds.

— All long-distance lines transmitting high-frequency signals (MPPC output signal,

trigger signals) are implemented as symmetrical lines.

3The ND280 detector survived without major damages the Japan’s strongest earthquake (11 March
2011) and a few weeks of downtime with no air-conditioning, at one hundred percent relative humidity
and water condensing on the electronic components.
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— Switching power supplies were completely eliminated out of the design. All voltage
regulators and power supplies are made as linear systems, with full awareness of the
consequences of this solution (such as the need to dissipate heat from the losses

of the 500-watts power supply).

— Two-stage voltage regulation was used in the power supplies for all analog circuits
— the first regulator stage is located in the power supply, while the other is placed

directly on the printed circuit board of particular module.

Possibility of expanding the functionality of the device. The design of the device
assumed the possibility of its expansion, increase of the functionality, as well as adapting
to measure other types of MAPDs. This was achieved mainly through the design of most
of the electronics in the form of interchangeable modules (see paragraph 4.2). The device’s
case has some free space for additional modules left, and power supply is designed with

significant excess of capacity.

4.2 The design of the device

The mechanical design, MPPC feeder

All components of the unit were deployed into two enclosures connected via a bundle of

cables in order to create a compact, portable design (see figure 4.1).

The electronics box is a standard 19” 3U crate. It contains the vast majority of elec-
tronic systems; most of them have a form of an euro-card and are connected together
via a common motherboard. The elements which dissipate large amounts of heat (power
supply components, the power stage of the temperature control system) were placed

on a common, highly-efficient cooling module equipped with a fan.

The feeder box contains the specimen feeding mechanism, the preamp, the light source
and some elements of the temperature control system. Due to the possibility of a signif-
icant temperature difference between the feeder and the environment, the case has been
fitted with a polyurethane foam insulation. The whole unit is mounted in a plywood

outer casing.
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Figure 4.1: The complete device during normal operation. The feeder box (on the right) is
connected to the electronics case (on the left) with a wiring harness. There is an opened pack
of MPPCs on the top of the electronics box

Modular electronic circuitry

The whole electronic equipment has been divided into a number of sub-systems due to

their functions :

— a light source, coupled with an integrated photodetector and an amplifier for feed-

back and control;

analog signal processing circuit, which stays in the electronics box (except for the

preamp installed in the feeder box);

sampling ADC with accompanying digital circuits;

— dual discriminator with counter;

slow-control circuits, responsible for maintaining the desired temperature, MPPC

bias voltage, light intensity, controlling the feeder tray position and cooling fans;

— accompanying systems such as the communication interface and the power supply.
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Figure 4.2: A block diagram showing various electronic components and their interconnec-
tions [11]
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All blocks that require the digital control are connected with the communication in-
terface via an I?C bus. The support for individual modules is providd by 8-bit AVR
microcontrollers: ATmega88 or ATmegal28, depending on the resources required. Each

of the euro-card modules has its own microcontroller to monitor and control its operation.

Communication with the PC and data acquisition

The communication of the device with the controlling computer is provided via a single
Ethernet connection. This enables operating with virtually any computer (including
laptops) without installing additional expansion cards or interfaces. A public network
can be used to exchange the data between the device and the computer, however it is
desirable to use a dedicated connection because of the large data flow (about 80 Mbit/s).

The software designed for the device is able to perform the most laborious operation —
the digital integration of pulses — in real time. Some operations such as the construction
of the histograms and calculating the gain are also carried out during the measurements.
More complex operations can be performed after the measurement, on the operator’s
demand. The data from any stage of processing (except for the raw data from the ADC)
can be exported to disk files, and then processed by other tools. Recording of the raw
data can be performed in parallel with normal processing, but on a separate computer,
equipped with an array of hard disks of sufficient capacity.

In addition to the data processing, the software also provides a clear data management
system that allows to manage over a large number of different measurements of many
MPPCs, supporting data archiving, as well as comparing the results. The management
system is a relic of a world database of MPPC data for T2K experiment, which was

planned but never built.

4.3 Detailed technical solutions

The feeder with integrated electronic circuits

The design of the MPPC feeder is shown in figure 4.3. Its main element is a rotating tray
with sockets for 32 MPPC-type photodiodes, placed in a cylindrical housing. The posi-
tioning of the tray is provided by a stepper motor and a worm gear (the wormwheel’s
rim is mounted directly on the tray). The zero position of the tray system is determined
by an optical sensor (sensor’s transmitter is located in the cover of the housing and the

receiver is placed on a PCB mounted directly on the tray).
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Figure 4.3: Cross-section through the feeder box with basic components. The temperature
stabilization of the feeder tray is achieved by cooling and heating elements placed directly under
the bottom of the housing

The accuracy of the MPPC position setting during the measurement is mainly deter-

mined by the precision of the placement of the MPPC in its socket.

The MPPCs are installed in sockets located on the circumference of the tray. The socket
design provides repeatable position of the inserted specimens (0.2 mm) and a large
area of thermal contact with the feeder tray, ensuring good heat exchange. Electrically
insulating elements of the sockets are made of polyamide-6 — a material characterized
by a relatively easy mechanical processing, good insulating properties and low piezoelectric

effect.

The existence of a rotating feeder excludes a direct, continuous electrical connection
between the tested specimen and the preamplifier. Instead, a solution similar to a com-
mutator of a DC motor was used. The leads of the MPPCs are connected, through the
sockets, to a slip ring on the underside of the feeder’s tray. There is a brush system
directly under the tray, providing electrical contact between the slip ring with photodi-
odes and the preamp. This provides a very short signal route between the diode and
the preamplifier (about 20 mm) and eliminates the need for a connecting cable whose
impedance would determine the input impedance of the amplifier. Less important cables
which provide connections to some electronic circuits mounted on the tray, are routed

by a hollow pivot of the feeder and provide the possibility of the tray rotation up to 360°.

o6



Figure 4.4: The feeder box after removing the cover. The MPPC sockets with inserted spec-
imens are arranged on the circumference of the tray, Also the position sensors, stepper motor,
and the foam coating providing thermal insulation from the environment are visible. The vents
for cooling fans are placed at the bottom of the outer plywood case

Temperature control of the whole feeder box is provided by heaters (power transistors
are used in this role) and cooling elements (Peltier cells), both located at its bottom.
The heat removal from the Peltier cells is ensured by aluminum cooling module with inte-
grated fans. The maximum power delivered to the heating and cooling elements can reach
200 W. To ensure good thermal contact between the feeder tray and the box, a finger-
shaped, cylindrical structure was prepared (shown in figure 4.3), increasing the contact
area. The space between the two parts is filled with a grease. This ensures a sufficient heat
transport to change the temperature of the tray by 10 °C within 10 minutes. The temper-
ature readout is provided by 3 PT-1000 sensors: two (with a tolerance class A) are located
directly on the feeder tray, and the third (additional, with B-class tolerance) is installed

on the bottom of the case.

The feeder box has a removable cover, with the light source installed inside for light
measurements of the MPPCs. Good thermal contact with the main part of the box
ensures maintaining a constant temperature of the cover. After closing, the whole case is

optically tight and additionally acts as a shielding against electromagnetic interference.
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All mechanical components, with the exception of the worm gear elements subject to
friction, are made of duralumin (PA-6). The wormwheel ring is made of brass and the
worm from stainless steel — this guarantees a long life of the gear, and most importantly,
does not require grease, which could contaminate the MPPCs or electrical connectors

inside the box.

Light source

The heart of the light source is a so-called Kapustinsky flasher [16]. This is a simple
and cheap device which generates short pulses of light (from about 1 to a few nanoseconds)
using an LED. A schematic diagram of the circuit used in our device is presented in figure
4.5. The main components are two transistors connected in a manner providing positive
feedback. Their key task is to quickly close the circuit composed of a LED and a capacitor,
which acts as the source of power. The peak current running through the LED after
turning on the switch is over 1 A and decreases as the capacitor discharges. To reduce the
pulse tail, there is an inductor placed in parallel with the diode. It has a form of a small
coil of wire, of several nH in inductance, experimentally selected for minimizing the pulse
length while maintaining a sufficient quantity of light generated. Because the recharging
of the capacitor is performed by a resistor whose resistance must be relatively high, the
circuit can usually operate at trigger frequencies up to several kHz. In our device, the
Kapustinsky circuit is additionally equipped with an LVDS trigger signal receiver, made

of discrete components.

The light intensity can be adjusted by changing the capacitor charging voltage, but the
relationship between these two values is highly non-linear (fig. 4.6). In addition, there is
a strong dependence between the LED efficiency and temperature. For this reason,
it is necessary to control the amount of light emitted by the flasher. It is provided
by a PiN photodiode (BPW-34), which is located close to the LED. The amplifier for the
photodiode is equipped with a low-pass filter with large time constant to measure the

average light intensity.

A WLS fiber tip is inserted between the LED and the PiN photodiode. The fiber acts
as a source of photons illuminating the structure of the MPPC. The length and location
of its tip is chosen to ensure an adequate number of photons reaching the MPPC with
possibly high intensity of the light coming from the LED (a strong beam of light can be
more precisely measured by the PiN photodiode and the flasher is generally more stable

at high intensities). The measured waveform of the light pulse is shown in figure 4.7.
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Figure 4.5: The Kapustinsky flasher used in the MPPC measuring device (without the LVDS
receiver). The pulse provided to C2 capacitor leads to triggering of the transistor switch and
further to discharge of the C1 capacitor through the LED. After discharging, the transistor
switch goes into the open-circuit state, and the capacitor is re-charged through R3 resistor. The
coil inserted in parallel to the LED can significantly reduce the pulse length
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Figure 4.6: Voltage characteristics of the Kapustinsky flasher

99



LED LED + WLS

2000 1200
& 2 1000t
§ 1500 é
2 £ 800
= RN — = -
2 1000 FWHM = 1,28 (1,24) ns 2 00 FWHM = 6,02 (6,01) ns
o 20 400
~ 500 ~
200
0 0 ;
45 46 47 20 25 30
Time [ns] Time [ns]

Figure 4.7: The shape of the light pulse from the built Kapustinsky circuit working with WLS
fiber (right) and without fiber (left). A photomultiplier tube was used for this measurement.
The values of pulse duration (FWHM) given in parentheses takie into account the PMT’s time
spread (310 ps FWHM). Different numbers on the time axis are due to the propagation time
of signals in the apparatus

Analog signal path

The purpose of the analog signal processing circuitry is to amplify the signal from the
MPPC and bring it to an optimal form for the analog-to-digital converter. The analog

circuitry can be divided into several sub-components:

the preamplifier, which is mounted in the feeder box,

the line receiver with the main amplifier,

the baseline restorer (BLR),

the pulse shaping circuitry,

the analog integrator,

— the switching and buffering circuits.

All stages were built using integrated operational amplifiers. The only component with

discrete transistors is a pair of current sources of the baseline restorer.

The preamplifier

The preamplifier circuit is placed as close to the tested photodiode as possible, in the
feeder box, just under the feeder tray. It is based on a current-feedback op-amp, namely

ADS000 [6] by Analog Devices, working as a non-inverting voltage amplifier, which is the
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Figure 4.8: Simplified schematic diagram of the first stage of the preamplifier. R1 and R2 define
the amplifier’s voltage gain, R3 is the load resistor of the diode, and R4 and R5 are inserted to
increase the stability of the amplifier and avoid ringing. R6 and C1 form a low-pass filter for
the photodiode supply

natural configuration for this chip. Compared with the more common solutions based on
discrete transistors, the circuit based on an op-amp has more stable parameters (strong
feedback) and should give less trouble in the debug phase®, which is paid by slightly
worse parameters (primarily higher noise) compared to a well-designed amplifier based
on discrete transistors.

A resistor acting as the MPPC load is inserted in parallel with the input of the op-amp.
The gain of the first amplifier stage is 5.2 kV/A® (for low frequencies). The parameters
of the output pulse depend on the capacitance of MPPC; for the tested diodes, the 1 p.e.
pulse had an amplitude of about 1 mV, and tail time constant of about 25 ns.

Immediately after the first stage of the amplifier, the DC component is removed by a
high-pass filter with cut-off frequency of about 2 kHz. The last element in the preamp’s
signal path is a symmetrical line driver (for a twisted pair with impedance of 10012),
whose task is to transfer the signal to the next stages of the device, which are placed in

the main electronics box. The upper frequency limit of the preamp is 300 MHz.

Preamplifier noise. The preamplifier noise level has a significant impact on the quality
of the results. Figure 4.9 presents a schematic of the preamp with most significant sources
of noise. Due to the subsequent process of signal shaping and integration, the lower-
frequency components of the noise are most significant, for which the serial resistance

of the photodiode is cut off by its capacitance and does not affect the operation of the

4In retrospect, this assumption needs to be considered as false.

5The ability to switch between the input resistance of 220 and 470 Q with a CMOS switch was
planned to change the gain. During tests, however, this solution was abandoned, due to the distortion of
the frequency characteristics introduced by quite large capacitance of the CMOS switch.
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Figure 4.9: Small-signal schematic of the preamp with its noise sources. The values of iy, i,—
and e,, describe the noise of the operational amplifier. The noise of R3 and Rb5 resistors can be
reduced to u,(R3, R5) relating to the resultant resistance of 570 2.

system (the elements marked as gray in the figure). In this case, the total noise of the

preamp can be expressed by the equation:

k- \”
u? =ul(R3,R5) +e2 +i>, - (R3+ R5)* +[i2(R2) +i>_ +i>(R1)] - R* - <k> , (4.1)
u+
where zz; =(1- Rl’fm) is the ratio of the amplifier gain for the inverting and non-

inverting configuration and R_ is the equivalent resistance connected to the opamp’s
inverting input. The individual components of the noise are distributed as follows:

Input resistors:
u,(R3, R5) = VAKT - 570 = 3.0 nV /v Hz . (4.2)
Op-amp’s non-inverting input:

U(ins) = tpy - 570 Q@ = 3.4 pA/VHz - 570Q = 1.9 nV/VHz , (4.3)

u(e,) = 1.6 nV/vHz . (4.4)

Feedback loop:

AKT — AkT R2
FB)=— + 2= 42 "R (1———" )=
wnlEB) =\ gy + gy T B (U= )
= /(10.8 + 108 + 375) - 1020 0,9 = 2.0 nV/VHz . (4.5)
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The input resistance for the inverting input of the op-amp is not directly given by the
producer, but it has no influence on the noise calculation nor the amplifier’s gain.

The noise of the amplifier’s input resistor network is a gently dominant component.
It should however be borne in mind that the value of these resistors (or even the desir-
ability of their use — as in the case of R5) are the result of a number of requirements,
including in particular the amplifier’s stability.

The total noise referred to the amplifier’s input is estimated to be 4.1 nV/ vHz. With
the signal bandwidth of about 5 MHz (resulting from the time constants of the filters
used in the following signal path), the RMS value of the noise is about 10 ©V. However,
it must be kept in mind that directly referencing the noise to the pulse amplitude (around
1.5 mV/p.e.) is problematic due to the complex signal processing operations in the next
stages of the signal path, including its final integration in a given time window. For these
comparisons, the signal RMS value calculated in the integration window seems to be
better better. This RMS value is of about 30% of the amplitude. The measured RMS
value of the equivalent noise charge (ENC) (together with interference) of the entire device
is about 5.6 fC, which is 3.5 x 10* e and is slightly higher than that expected from the
estimates presented above. It corresponds to about 5% of the standard MPPC single-
photon response (in relation to the level of about 2.5% estimated basing on the presented

theoretical calculations).

Main amplifier

The key elements of the main part of the amplifier are the twisted-pair line receiver,
the pole-zero compensation circuit and the voltage amplifier.

The line receiver is based on an AD8130 amplifier operating at a gain of 2 (150 MHz
bandwidth). The CMRR of this amplifier is 70 dB at 10 MHz and 40 dB at 100 MHz,
which ensures sufficient immunity to any common-mode interference appearing in the
cable from the preamp.

The task of the pole-zero compensation circuit is to shorten the tail of the MPPC
pulse. The system’s transmittance has a zero at a frequency of 3 MHz, corresponding to
the approximate time constant of the MPPC pulse tail of 50 ns and introduces a new pole
which is located at the frequency of around 30 MHz. It should be noted, that although
the use of the pole-zero compensation reduces the pulse tail, the quality of its operation
depends on the matching of the pole of the coming signal and the corresponding zero of
the circuit. Since the position of this pole depends on the capacitance of MPPC, this
circuit can not be treated as a panacea that could eliminate the influence of a relatively

large MPPC load resistance on the shape of the signal. However, it shortens the pulse,
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Figure 4.10: The schematic of the pole-zero compensation circuit (left) and the effect of its
operation (right) — the shortening of the pulse tail. The plot is drawn on the basis of computer
simulation.

which is desirable for the baseline restorer proper operation, as well as for better signal
shaping for the ADC.

The voltage amplifier has a single stage with an AD8009 chip®, operating at a gain
of 10. Its bandwidth is 320 MHz.

Baseline restorer

A baseline restorer (BLR) — a typical component of nuclear electronic systems — was used
for the reconstruction of the DC component of the signal (the DC has been previously
cut off in the preamplifier to avoid problems with saturation).

A circuit based on two current sources of 0.1 and 0.2 mA was built (fig. 4.11). The
choice of the current value is the result of a compromise between the minimization of two
effects: the baseline shift at high pulse rates and distortion that affects the distance
between the peaks of 0 p.e. and 1 p.e. on the histogram. A small ‘duty cycle’ of the signal
(ie, the mean interval between the pulses must be large compared to the pulse length)
is required to meet both of these requirements. This is the reason why the baseline restorer
is located before further shaping stages, but after the pole-zero compensation circuit.

There is a voltage follower based on an AD8057 amplifier at the output of the BLR,
with a 325 MHz bandwidth. Up to this point, all stages have a relatively high bandwidth,

6Just as in the case of a preamplifier, CMOS switches were installed here to change the gain. Due
to problems with switch capacitance and a lack of real need to change the gain, finally the switches were
completely removed.
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Figure 4.11: The baseline restorer (BLR) used in the device. At the point marked with an
asterisk, the steady state occurs when the total incoming current is equal to zero. This occurs
only when the current from the source based on the T1 divides equally over the two diodes
(D1 and D2), which means that both have the same voltage drop, and the point marked with
an asterisk has a potential equal to zero. If this state of equilibrium is lost (also when a pulse
occurs) a difference between the currents from the two sources will occur, leading to reloading
of the C1 capacitor and bringing the potential back to zero. Because the differential current
is essentially constant and almost independent on the value of the deviation, the BLR circuit
does not significantly affect the useful pulses which are short and have a rather high amplitude

with a single, dominant pole at a frequency of 30 MHz, which is introduced intentionally.
Another poles resulting from the parameters of the amplifiers used are located at frequen-
cies of at least 150 MHz. This allows one to form the frequency response of the signal
path quite easily, without any regard to the parameters of the op-amps. In addition,

the bandwidth margin enables one to quite freely increase the gain if needed.

Pulse shaper

The signal from the baseline restorer is provided to two separate circuits: the pulse shaper
and the integrator.

The pulse shaper is an active, 4th order Butterworth filter, which is built using AD8057
op-amps. Its structure provides so-called quasi-Gaussian pulse shaping. The time con-

stants of individual shaper stages (3.3 or 3.6 ns) give a pulse response of 17.5 ns FWHM
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and a bandwidth of 18 MHz (-3 dB). The signal attenuation for the Nyquist frequency
of the ADC used (100 MHz) is 38 dB. For the frequency of 150 MHz, by which the 50-MHz
component of the signal would have been distorted by aliasing, the filter has an atten-
uation of 52 dB (the frequency of 50 MHz is already quite significant in terms of useful
signal bandwidth). It has been experimentally verified that the parameters of the shaper
allow one to reproduce the sampled signal in the time domain with good-enough quality.

The main aim of the pulse shaper is to act as an anti-aliasing filter for the ADC. From
this point of view it may seem to be a strange decision to use the Butterworth filter, since
there are solutions with narrower spectral characteristics. The reason is the specificity
of the signal processing in nuclear electronics: the object of interest are primarily timing
parameters of the pulses. From this point of view, the best signal shape means short total
time and no waving at fast slopes. Therefore, the quasi-Gaussian shaping is the most
popular solution in this area, which means just a response of a multi-stage Butterworth
filter.

The described pulse shaper is a signal source for both the ADC and the discriminator.

Analog integrator

The integrator provides an alternative signal path, which does not require the digital
integration of the signal. An often encountered solution with a capacitor and CMOS
switch in the feedback loop of an op-amp was implemented. To maintain a positive
polarity of the signal, the circuit is equipped with an additional inverting amplifier. The
signal from the integrator does not require any additional shaping and can be addressed
directly to the ADC.

Due to the fact that the analog integrator was finally not used in the measurement,

it will be not further described.

Switching and buffering circuits

The last stage of the analog signal path is the signal switching and buffering sub-system.
It provides source selection for both ADC and discriminator (the pulse shaper or the
analog integrator can be selected as a source) and buffers the signals for both the ADC and
discriminator”. These signals are further transmitted through motherboard connections,

due to the short distance no differential transmission is required?®.

"The signal selection feature for the discriminator was significant only in the debug phase, when
an oscilloscope was connected instead of the discriminator module. Normally, the discriminator always
uses the signal from the shaping amplifier.

8Tn the case of the ADC connection, a quasi-differential approach is utilized — the ADC has a differen-
tial input, but one of the wires is grounded by a serial terminating resistor on the side of the transmitter.
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Figure 4.12: The frequency response of the whole analog signal path. The suppression of low
frequencies (4OdB /dec) 18 caused, among others, by the BLR circuit, which is non-linear — there-
fore the presented characteristic will depend on the amplitude of the signal. The visible raise
of gain in the range of 10-20 MHz is the effect of the pole-zero compensation. The measurement
of the characteristics up to 10 kHz has been made with a function generator and an oscilloscope,
and for higher frequencies a vector analyzer was used

Sampling analog-to-digital converter

The analog-to-digital converter (ADC) is a key element responsible for the data acqui-
sition. A 10-bit AD9601-200 chip, operating at a sampling frequency of 200 MHz, was
used for this task. The data from the converter is processed by an FPGA chip from
Xilinx Spartan 3E family, namely XC3S500E. It provides data reception and caching,
and then it transfers them to a computer. The data is sent over Ethernet network and
the high bandwidth (10 MB/s) was achieved through a completely hardware implemen-
tation of the transmission protocol. While maintaining full compatibility with Ethernet
standard, the protocol has been simplified — in fact, the communication takses place only
in one direction, without acknowledging, using only the basic Ethernet frame. The higher
layer protocols, such as UDP or TCP/IP, are not used at all. As a result of such an
approach, it is not possible to collect the data beyond the local network — this is the price
paid for a relatively simple, but efficient solution based on the FPGA. The control of the
FPGA is possible via a microcontroller, coupled with the other elements of the device
by the internal I2C bus (see paragraph 4.3).

The data acquisition is performed in triggered mode (just as it is in digital oscil-

loscopes), and enables the measurements to be performed at a repetition frequency
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of 20 kHz, with buffer length of 256 samples per measurement. The triggering signal
is generated internally by the FPGA. Theoretically, external triggering with the discrimi-
nator output is possible — the ADC works continuously and the data is stored in a circular
buffer, so all three common schemes of triggering might be used: pre-, mid- and post-
triggering. This feature was provided for dark pulse registration, but it turned out that
a relatively long buffer of recorded data is capable of accidentally coming across a dark
pulse, so dark pulses acquisition with a random trigger is possible. In addition, the de-
termination of the dark rate based on the histogram requires the use of a trigger which
is uncorrelated with the MAPD dark pulses.

The discriminator-counter module

Although the measurement of dark rate can be achieved on the basis of the histogram, the
device has been fitted with a discriminator and a pulse counter to provide an independent
method of dark rate measurement.

The discriminator is made using a fast comparator: AD96687 with ECL-level output.
The digital pulses are then extended by a monostable ECL flip-flop. The flip-flop provides
a possibility to set the discriminator’s dead time, which is independent of the input pulse
length. Than the pulses are converted to TTL logic levels and counted using a two-stage
counter. The first stage is a 4-bit TTL counter, while the second is based on a built-in
counter of the Atmega88 microcontroller. This solution allows counting the pulses with
the average rate of about 5 MHz, but a dead-time correction is required above about
1 MHz.

The comparator level is set digitally by means of a digital-to-analog converter (DAC)
with 10-bit effective resolution. A proper calibration (see page 39) allows one to set the
threshold in order to measure the dark rate at desired level (e.g. 0.5 p.e.), according
to the previously measured MPPC gain.

The discriminator PCB contains two independent measuring channels with individ-
ually adjustable thresholds, allowing simultaneous measurement of dark counts at two
levels (for example, 0.5 and 1.5 pe). This feature has more to do with the capabilities
of integrated circuits used (dual comparator, dual flip-flop, etc.) than with the intention

of accelerating the measurement, which takes only 1-2 seconds.

The slow-control system

The control of all slowly-varying parameters defining the conditions of the measurement

is done by a dedicated controller. The device is equipped with an Atmegal28 micro-
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Figure 4.13: Temperature stabilization of the feeder tray. The inner (slave) loop controller uses
the TC2 sensor placed on the bottom of the feeder box, close to heaters and Peltier modules.
The outer (master) loop controls the inner one basing on the readouts of the TCO and TC1
sensors placed on the tray, near the measured photodiodes. The controllers, marked as PID, in
fact use only the proportional and integrating blocks (PI)

controller, with a number of external analog-to-digital and digital-to-analog converters.
Among them, a key role is played by a 24-bit A—Y ADC converter — AD7718. It’s a spe-
cialized, precision converter with a built-in preamplifier and 10-channel multiplexer, al-
lowing direct acquiring signals from various sensors which normally require a sensitive
preamplifier (thermocouples, thermistors, strain gauges, etc.). This converter is respon-
sible for temperature measurements as well as MPPC bias voltage monitoring and light
intensity control. The whole system is supplemented by accompanying analog circuits
(mostly input and output buffers).
The detailed tasks of the controller are:

— temperature control of the feeder tray and MPPCs,

— MPPC bias voltage control,

pulsed light intensity control,
— feeder position setting,

— control over cooling fans for various high-power-dissipating elements,

performing the procedure of remote switch-off of the device.

Feeder tray temperature control is performed via a two-stage, cascaded proportional-
integrating controller (PI), whose block diagram is shown in figure 4.13.

The inner control loop sets the heaters or Peltier modules to bring the temperature
of the feeder box to the requested value. This control is possible thanks to the PT-1000

temperature sensor placed on the bottom of the box. Depending on the sign of the error
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signal, the controller enables warming or cooling systems, and the power supplied to them

is continuously adjusted by means of an 8-bit DAC.
The outer loop is to maintain the desired temperature of the MPPC feeder by adjusting

the temperature in the inner loop. To measure the temperature of the tray, two precision
class A PT-1000 sensors are used. The tolerance of the elements used allows to measure

the temperature with an absolute accuracy of 0.2°C without any calibration.

The use of two cascaded controllers improves the stability of the control loop and ease

of tuning, while providing quick response to changes in the temperature setpoint.

An experimental circuit was built-in into the device to allow estimatng the temperature
of the MPPC structure, basing on the voltage drop across the forward-polarized junction
of the MPPC. While the determination of the absolute temperature of the structure using
this method might be problematic, it could measure the voltage drift, showing if the junc-
tion temperature has been stable enough to start the measurement. This system, however,
has never been used, as it was easier to monitor the stability of the temperature of the

die by periodically measuring the MPPC gain.

MPPC bias voltage control. The regulation of the high voltage used to bias the MPPC
is done in two stages. The first stage is a power supply providing constant voltage of 92 V.
The second stage provides a control mechanism with digital feedback loop. This solution
gives a very accurate control, but due to the large time constants (software feedback loop
and an accurate but slow ADC) requires prior stabilization and filtering of the input

voltage to eliminate the voltage ripple.

The output voltage can be continuously adjusted in the range from 30 to 80 V,
while maintaining an absolute accuracy of 10 mV. There are some simple security el-
ements at the output of the controller: a relay, which cuts off the power when the feeder
box is open or the voltage limit is exceeded, and a serial resistor of 10 k{2 to protect
the photodiode in case of putting it in the socket in reverse position (it would cause for-
ward polarization of the junction). The voltage drop across the resistor during normal

operation is a fraction of mV and has no effect on the obtained results.

Light intensity control is provided by a cascaded PI controller, as in the case of the
temperature control system. The inner loop is responsible for setting the supply voltage
for the Kapustinsky circuit. The outer loop stabilizes the average light intensity by chang-
ing the desired voltage. Due to the almost-exponential dependence of the light level from

the supply voltage (figure 4.6), the input data for the regulator is the logarithm of the
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measured light intensity?. This allows the controller to operate with higher gain (which

means it’s faster), while maintaining the stability in a wide range of setpoints.

Feeder position setting is carried out by means of a stepper motor and the previously
mentioned optical sensor. The motor is controlled with half-step resolution; due to the
low power and moderate clocking frequency it is not required to stabilize the winding
current, or to gradually accelerate and break the motor during movement.

The position sensor has two independent channels (two photodiodes at the opposite
sides of the tray surface), which is important for its reliability. Since a free movement
of the feeder could lead to a damage of the cable connections for temperature and posi-
tion sensors, there is a number of software mechanisms to prevent such a situation: the
sequence of both channels activation is detected, and moreover, the drive is automati-
cally stopped if no sensor is detected after turning the tray by more than 180° (the angle
is calculated basing on the number of steps done). The tray will also stop automatically

if the feeder box is opened.

Control of the fans. The whole unit has three independently controlled groups of fans:
for the feeder box cooling, for power supply cooling module and for entire electronics box.
The fan speed in each group is independently controlled by modified proportional con-
trollers'?; it’s set basing on thermistor temperature sensors located in different locations
within the device. The fans are controlled via an 8-bit DAC and power elements located

in the power supply.

Communication with PC — the Ethernet connection

A 100-megabit Ethernet link was chosen to exchange the data with the controlling com-
puter, which is an essential part of the measurement system. This solution was chosen

due to several important advantages:
— virtually all modern computers are equipped with the Ethernet adapter;

— this solution provides sufficient throughput;

9Calculated in an approximate way by straight lines.

10For each group a minimum operating voltage of fans is determined, below which they are switched off.
In addition, the fans for the feeder cooling system are automatically stopped when heating elements are
activated. The main fans of the electronics box are never completely switched off, but only slowed-down
to a minimum speed.
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— it provides galvanic isolation between the device and the PC, so there is no risk
of the appearance of undesired ground loop — which would be a problem for example

in the case of USB connection.

The device contains two modules equipped with Ethernet interface. One is the high-speed
ADC. The second one is the communication interface that provides the interconnection
between the computer and the internal I2C bus of the unit, which is responsible for the con-
trol of individual components. A solution with two separate interfaces (for device control
and data acquisition) is due to the design of the ADC interface — excessive expanding of
the functionality of the interface based on FPGA is difficult. A better solution was to use
a separate puP-based controller, which is quite slow compared with a purely hardware
solution (FPGA), but provides an incomparably greater flexibility and ease of program-
ming. The communications module uses an ATmegal28 microcontroller and a dedicated
Wiznet W-3150 chip which supports the network connection with the TCP /IP protocol.

In order not use two separate cables for communication, a standard 4-port Ethernet
switch was installed in the device. An additional advantage of its operation is that

it eliminates possible network conflicts that the ADC module could cause.

The power supply

The power supply, featuring a total power of about 500W, provides a number of voltages

required for the operation of the device:

— +5 V for digital circuits (other voltages, if required, are made directly on the PCBs

of the individual modules)

— £7.5V for high-speed analog (this voltage is reduced to £5V by the local voltage

regulators of individual modules)
— 18V for other analog sub-systems (this voltage is also locally reduced — to +15V)
— 492V for the MPPC supply,
— 412V and 424V for high-power systems such as heating and cooling

— +5V for power supply’s internal logic (this is a standby voltage which remains active

after the device is turned off).

In addition to the DC voltage regulators, the power supply unit contains all power

elements of the regulators responsible for maintaining the temperature and fan control.
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Due to high power and big capacitance of the power supply’s filtering capacitors,
a soft-start circuit with a fixed-value power resistor was used. After start-up, the resistor
is shorted by a relay.

The idea not to use switching regulators in the power supply results in significant
power losses, reaching about 200 W. To dissipate this heat, all high-power elements have
been placed on a common, high-performance cooling module in a form of tunnel-type heat
sink with a fan.

Due to the sophisticated grounding system, some parts of the power supply were
designed to have floating ground. The various ground subsystems of the device (there
are five, at all) are connected in few different places. Since some of these connections
are placed on removable modules, whose removal would result in a loss of integrity
of the grounding, which is potentially dangerous to the electronics, there is a ground-
control system on the motherboard, which monitors the difference in potentials between
particular grounds. If any of the grounds differs from the case shield potential by more
than 200 mV, the device is automatically switched off.

The power supply includes a number of security systems, which include, besides the
ground control system, the monitoring systems of different voltages and currents in each
circuit. Although the power supply’s logic is quite complex, it is not connected with
the rest of the device via the I2C bus. Instead, it has a simple user interface with an
alphanumeric LCD display, providing the monitoring of all the power supply voltages and
corresponding currents, temperature in various places, as well as diagnostic information

— available even after the emergency switch-off.

4.4 MPPC gain calibration

Measuring the real value of the MPPC electron gain requires a prior calibration of the
measurement circuitry. Theoretical determination of the gain of the entire signal path
proved to be virtually impossible due to the complexity of the system — all attempts
ended with fairly random results, whose accuracy was far from satisfactory. An attempt
to determine the characteristics of the signal path using the vector analyzer also did not
give satisfactory results due to the difficulty of interpretation — the coupling of the preamp
input with 50-ohm cable of the analyzer is different from the coupling with the MPPC.
Finally, an appropriate matching circuit was used to calibrate the system — a simple
device which emulates the MPPC in terms of electrical parameters (with an accuracy
limited by our knowledge on MPPC parameters and the tolerance of small capacitors

used in this matching circuit), and allows the injection of a specified charge into the

73



44,9 47p 43k

"_| To the preamp

55p 370

A\ 4

Input gclo?

Figure 4.14: The matching circuit used to calibrate the device.

preamplifier. This approach has eliminated the need of the analysis of input preamplifier
circuit by ensuring that it will be operated under the same conditions during calibration
as during MPPC measurements.

The schematic diagram of the matching circuit is shown in figure 4.14. The charge
injected into the preamp is determinded by the amplitude of the pulse applied to the in-
put voltage divider. The divider is used to increase the immunity to interference — when
connecting the matching circuit to the preamp, a ground loop is formed, and it is impor-
tant that the signal sent through the cable has a relatively high amplitude to maximize
the overall SNR. In addition, the existence of the voltage divider reduces the impedance
of the voltage source which drives the output. As shown by Spice computer simulation,
the exact frequency compensation of the divider is not needed, because its possible varia-
tions only slightly affect the shape of the output signal, and completely do not affect the
overall charge. The experiments have shown that the shape of the signal did not have
a noticeable effect on the final result of the calculated charge.

The whole process of the device calibration has led to the following conclusions:

— Although the results obtained by calibration using the circuit mentioned above were
repetitive and computer simulations showed no obvious influence of the components
tolerance to the final gain measurement (with the exception of the input voltage

divider resistors), the accuracy of calibration can be carefully determined at 20% L.

— MPPC parameters, in particular the total capacitance, have an observable impact

on the shape of the system response (this has been shown with 400-pixel MPPC

1 Undoubtedly, many unsuccessful attempts to calibrate the device, similar failed attempts of other
teams have an impact on such a conservative estimate. Of course, a simple error calculation gives much
lower values than 20%, but it does include unexpected error sources.
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measurements: the pole-zero compensation circuit, which was tuned for diodes with
667 pixels, in the case of smaller structures gave a negative overshot in the pulse
tail). At the same time, no impact of the change in the pulse shape on calculated
integral was observed, which in a way confirms the linearity of the measuring system.
Therefore, once the calibration is carried out, it’s valid for structures of various sizes

(different number of pixels).

4.5 Author’s participation in the construction of

the device

The designed device, despite its compact size, is in fact a complex measurement system,
which required many technical problems to be solved and a number of basic questions
about the methods of measurement to be answered. Its construction took over a year
(not including the initial phase of planning and research with a prototype system) to

a four-people team. In this job, the Author was responsible for the following tasks:

— development of the concept of photodiode feeder, design of the feeder with its hous-

ing and mounting of the whole unit;

— design, construction and commissioning of the preamplifier and whole analog cir-

cuitry;
— design, installation, programming and commissioning of the discriminator unit;
— design, installation and commissioning of the pulsed light source;

— design, installation, and commissioning of the slow-control system and associated

elements (with the exception of power end-stages);
— design and installation of the motherboard with the ground control system;

— development of the grounding system.

In addition, the Author invented the concept of a single measurement channel coop-
erating with feeder tray, direct temperature measurement of the structure and the digital
integration of the signal. He is also the creator of the aforementioned prototype testing

system (with the exception of the temperature controller).
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Chapter 5

Measurement data processing

5.1 Data flow

The data processing algorithms are essentially an inherent element of the presented device.
The data from the ADC (256 samples per pulse) are transmitted via Ethernet to the
computer for processing’. There, in real time, the signal is integrated within specified
time window, and integrals of the individual pulses create a pulse amplitude histogram.
This is the basic data for further calculations, which can take place at a time when data
acquisition is not carried out (semi-on-line, eg when changing the position of the tray,
or completely off-line, at any later time).

Thanks to the pulse integration at the very beginning of the processing, the data flow
is reduced from 10 MB/s to about 40 KB /s, which does not require large computing power
requirements for further calculations (a single PC with 1.5 GHz processor was successful

to perform all the tasks in real-time).

5.2 Pulse integration and histogram creation

In the designed device, the signal integration can be performed by the analog integrator,
or digitally, at the stage of digital data processing. Analog integrator has been provided
primarily as an ‘emergency exit’ only if it turns out that the digital integration does not
work well. A very high quality of the results obtained from the digital integration was
confirmed already in the initial testing phase, so the analog solution has never been used
— in all measurements the signal was integrated by means of software.

The pulses are pre-selected prior to the integration — these cases are rejected, where the

range of the ADC is exceeded, or an accidental pulse tail is found at the beginning of the

! As mentioned, they can be simultaneously transmitted to the disk array for archiving.
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integration window. Then, the signal within desired time window (typically 48 samples,
which comprise the entire pulse) is summed, and the result is scaled to the range of 0-1023.
A 1024-bin histogram is then formed basing on the integral values.

Theoretically, it would be desirable to pre-filter the signal to cut-off high frequency
components, where the influence of aliasing effect is quite strong, (quite low attenuation
of the analog filter) and useful information is negligible. This operation would increase
the signal-to-noise-ratio (SNR). In fact, the process of signal integration acts as a low-
pass filter, and additional filtering would involve considerable computational effort, which
could be a major problem regarding the high data flow, and at the same time it would

only slightly increase the data quality.

Before proceeding to the description of the next stages of data processing, it should
be mentioned that the operations described below were performed in most cases twice.
For the first time — automatically during the measurements, allowing to quickly check
the parameters of measured MPPCs (these calculations were often a necessary stage
in the measurement process — for example a dark count rate measurement requires the
prior knowledge of electron gain to set the discriminator threshold). For detailed measure-
ments, including the purposes of this elaboration, these operations have been performed
for the second time, basing on archived histograms, using a number of procedures written
in Matlab environment. This approach enabled a careful selection and optimization of var-
ious data processing procedures to obtain results of possibly highest quality. Since most
of the results presented in this study were obtained basing on this second path, the follow-
ing paragraphs will describe the algorithms and procedures developed in Matlab, which

were in some cases different from these used by on-line processing.

5.3 Electron gain calculation

The key operation to calculate the electron gain of the MAPD is the exact finding of the
positions of the histogram peaks, because the distance between them defines the value
of the gain. In order to find the peaks, an approximation with a number of Gaussian dis-
tributions (one for each histogram peak) is commonly used. The expected values of partic-
ular Gaussian functions are treated as the position of relating peaks. This method works
quite well even with poor data statistics and allows to find peak positions with a resolution

better than the width of the histogram bin, however it has some drawbacks:

— It is a source of systematic errors if the actual peak shape is not symmetrical. The

asymmetric shape of the peaks actually appears for some device settings, which,
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on the other hand, guarantee the smallest width of the peak, ie the best resolution.

— It was noted that a simple iterative algorithm of peak fitting with Gaussian functions
could lose convergence in some cases, which resulted in incorrect results on the one

hand, and on the other in a substantial loss of time on unproductive calculations.

— In general, the process of approximation of the whole histogram takes a relatively
long time, which was also observed by other institutions working on MPPC mea-

surements.

Due to the described problems, we finally decided to use a completely different phi-
losophy of peak searching, which is based on the filtering of the histogram with a FIR
Gaussian filter with adaptive width. The task of the filtering process is to smooth the
histogram to the extent that there are no random local maxima caused by statistical fluc-
tuations in the number of counts in particular bins. By the way, the interpolation filter
allows to increase the resolution of the histogram. In order to ensure a better quality

of filtering, it is performed twice — the process of gain calculation is as follows:

— The first pass of the filtering algorithm is processed by a filter whose width is defined
by the variance of the data in the histogram, which is a very rough measure of the

average distance between the peaks.

— All peaks and valleys of the histogram are located. The search is based on the
analysis of the histogram’s derivative, which is calculated as a convolution of the

histogram with a differentiating filter of the form:

flz) = 55\3/26052(2 ‘1'53563) ) (5.1)

whose shape is shown in figure 5.12. The overall width of the differentiating function

defines the minimum distance between the peaks to be detected by the algorithm.

The value of the derivative can be calculated for any argument — there is no limit
to the discrete points defined as a histogram bin centers. This means that the
positions of the peaks and valleys can be found with a resolution better than the
histogram bin width — the same as in the case of a Gaussian approximation. In order

to determine whether the extreme is a maximum or minimum, the sign of the second

2The presented form of the filter was determined experimentally. The advantage of the presented
function is missing of any sharp edges, so that differentiation is less sensitive to noise contained in the
histogram, and on the other hand, a brief, analytical form of the function allows its calculation for any
specified point. At this moment, the Author is not able to explain, why simply a derivative of Gaussian
function wasn’t used.
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Figure 5.1: The differentiating filter impulse response.

derivative of the histogram is tested — the same differentiating filter is used for the

second time to calculate the second derivative.

The raw histogram is again subjected to the Gaussian smoothing filter, but this
time, the width of the Gaussian function is adapted to the average distance between

the peaks found in the previous iteration.

Again, histogram peaks are located (using the same algorithm as in the previous
pass). ‘Flat’ peaks and valleys are eliminated from the set of found extrema, because
their position usually can not be determined with high accuracy, and consequently
their inclusion in further calculations would reflect negatively on the accuracy of the

final determination of the gain.

The average distance between the peaks is then measured, while the set of distances
is iteratively decreased to reject those distances that differ too much from the average
(in practice, this means rejecting the outer peaks related to high p.e. number,
and sometimes the 0 p.e. peak; the position of the ‘inner’ peaks does not affect

the average distance).

The average distance between the peaks, after a proper scaling, is a measure of the

MPPC'’s electron gain.
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Another issue is the estimation of the gain calculation errors. This problem will be

further described in section 5.5.

5.4 Dark rate measurement

The basic measurement of the dark rate is performed by the discriminator and the counter
and, as such, does not need special data processing, except for the introduction of the
discriminator’s dead-time correction. However, in most of the measurements the dark rate
was independently determined using the histogram obtained in the dark. This is done

in several steps:

— The thresholds of 0.5 and 1.5 p.e. are determined by the position of the 0 p.e. peak

on the dark histogram and the electron gain, which was previously calculated;

— The dark rate is given by the total number of counts above the specified threshold
divided by the total gate time (defined as the product of the number of counts

and a single integration window width);
— The dead-time correction is optionally applied.

Both methods of the dark rate measurement provide the ‘resultant’ dark rate, which
consists of both dark generation and afterpulses, if no correction is applied. However,
the histogram analysis can also help determining the actual rate of thermal generation,
excluding the effects of the correlated noise. This can be done basing on equation (3.2)
from page 43. To obtain the rate in s™!, the resultant value of \ is divided by the length
of the pulse integration window.

The further data processing provides an estimate of the error of the dark rate mea-
surement, taking into account such factors as the accuracy of determining the threshold
of 0.5 p.e., the accuracy of bias voltage setting and MPPC temperature, and the statistical

distribution of pulse count.

5.5 Breakdown voltage calculation

The MAPD breakdown voltage (V},) is determined as the intersection of the extrapolated
characteristics of G(V,,) with the x axis (figure3.2). This characteristics (determined
on the basis of several measurements for different V,,) was approximated using one of three

functions:
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— A linear function: G = A-V,, + B. The assumption of such a model means, in fact,
that we assume that the junction capacitance is constant and the electron gain

depends only on AV,

The fit is performed using the least-square method to minimize the G(V,,) varia-

tions.

— A quadratic function, so that a linear change of the junction capacitance versus bias

voltage is taken into account. Again, the same least-square fitting method is used.

— A quadratic function with changed fitting criteria, which this time do not concern
the electron gain, but the junction capacitance. If the capacitance changes with the

voltage, the electron gain can be described as:

Gv,) = / e (V)Y (5.2)

€ JVp,
where e is the electron charge, and ¢;(V') defines the dynamic capacitance of the

junction. Let’s introduce a quasi-static capacitance:

1 Vop
Ci(Vop) = T /Vb ¢;(V)dV (5.3)

now the gain will be expressed simply as % -Cj - (Vo — Vbr).

The aim of the fit is to find such a value of V4,, where the dependence of C;(V)
is as close to linear function as possible (by the way, this is a function of a possibly

constant value). It turns out that the assumption of bad Vj, results in a significant
‘bending’ of the C;(V') dependence.

This method was developed for verification purposes during the data analysis using

a quadratic fit and should give the same results.

The result of a determination of Vj, may be affected by a large error when measurement
points are quite away from the value of this voltage. Therefore, the error of the V;, was
every time estimated using data bootstrap method, which is a very powerful statistical

tool, especially when error distribution is not known [12].

5.6 Correlated noise analysis

The phenomena related to afterpulses and crosstalk were not analyzed in detail in the
study presented, but the total fraction the correlated noise (CT+AP) was determined.
For this purpose, a dark histogram is used.

The process of calculating the fraction of CT + AP is realized in the following steps:
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— The histogram is brought to a discrete form (see page 40).

— The probability of 0 p.e. (pope) and 1 p.e. (pipe) pulses is calculated.

Basing on pgpe, the actual rate of dark generation is determined. Knowing the
expected value of the theoretical Poisson distribution, one can determine the theo-

retical value of (pipe)-

— CTH+AP fraction is determined by the equation (3.3) — see page 43.

5.7 Photon detection efficiency estimation

The measure of the photon detection efficiency (PDE) is the average number of photons
recorded in the light measurement (of course while maintaining a constant level of il-
lumination), with an obvious correction for the CT4+AP fraction. The mean number
of photons, which is the theoretical expected value of the Poisson distribution of his-
togram peaks, can be calculatd basing on the 0 p.e. peak amplitude, just as in the case
the dark rate estimation. This method, however, has encountered a technical problem
of the dynamic range of the testing device. At high electron gains (eg for high over-
voltage), the histogram’s tail exceeds the limits (see figure 5.2), making it impossible
to determine the total number of counts (V;,;). Further, neither the determination of the
value of pg,., nor the distribution’s A value is possible.

For this reason, the amplitudes of 0 p.e. and 1 p.e. peaks are used. It’s easy to notice,
that for the Poisson distribution, A = %, which means that the ratio of the number
of counts for the first two histogram peaks is enough to find the expected value of the
distribution. The information on the total number of counts is not required, but one
should be aware that the amplitude of the 1 p.e. peak is disturbed by the events associated
with correlated noise and requires a correction for the CT+4+AP fraction. This value
is normally determined by means of a dark measurement.

Finally, the average number of photons recorded in a single time gate in the light

measurement can be calculated as:

N 1
Night = 1

N S 5.4
No 1 — Pcrsap) dark (5.4)

where Ny and N; are the numbers of counts corresponding to 0 p.e. and 1 p.e, Poriap)
is the total fraction of crosstalk and afterpulses (see equation 3.3) and Agq, is the probabil-
ity of a thermal generation in a single time gate.. The calculated value of \jgp; is a direct
measure of the PDE.
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Figure 5.2: An overranged histogram of pulses from a light measurement. Determining the av-
erage number of registered photons is still possible thanks to an analysis based on the amplitude
of the 0 p.e. and 1 p.e. peaks
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Chapter 6

Results of the Measurements

6.1 Introduction

Some results of the measurements were already presented in the previous sections as ex-
amples to illustrate various issues and ideas. Also, some of the MPPC properties, already
presented, have been deduced on the basis of obtained results (waiting for them up to this
point would create uncomfortable insinuations, especially in the chapters regarding the
MAPD operation). In this chapter, more emphasis will be put on the completeness of the
results and their wide representation. Some topics will be described more accurately, such
as the issue of interpretation of the junction capacitance measurement.

Some of the results presented below correspond to the data presented in the pub-
lication [25]. It is because the results presented in both papers come from the same

measurements.

6.2 Measurement results — MPPC characteristics

Measurement series

All the data presented in this chapter come from three series of measurements:

— The first series of screening measurements. These measurements were performed
for a total number of 1206 MPPCs, usually at one temperature (25°C) and one
supply voltage (determined by the nominal value of V,, given by the manufac-
turer). Some specimens were tested at several voltages and several temperatures.
The advantage of this series is that the dark count rate was measured using the two

methods. The biggest drawback is the fact that the measurements were carried out
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before some test equipment modifications to increase its accuracy. Minor correc-
tions to the device, made during these measurements, also resulted that the data
are not always consistent, and usually require a pre-selection before presenting the
results based on them. The results based solely on this measurement series can be
found in the early studies of the MPPC, for example [11].

— The supplementary series of screening measurements after device modifications —
these were mainly the changes in the pulse shaping and integration window length.
221 MPPCs were examined at a constant temperature (25°C), but with a num-
ber of supply voltages (usually 7 values, covering the range of 800 mV around the
nominal V,,). This series enables one to determine the breakdown voltage of the
diodes. Unfortunately, the histograms for dark measurements were not acquired,

which makes this series hardly useful in terms of determining the parameters asso-
ciated with the MPPC noise.

— The series of detailed measurements. 7 MPPCs have been studied — one 400-
pixel prototype (1x1 mm structure) and 6 specimens of the final 667-pixel model
(1.3 x 1.3 mm) with serial numbers TA8092, TA8120, TA8160, TA8584, TA8744 and
TA9314. The measurements were carried out for 11 temperatures from 0 to 50°C
and bias voltage distributed in the range of approximately 2V (about 50 values),
which is virtually the entire useful range for these elements. A great number of
measurements, even redundant ones, allowed to eliminate random errors to a great

extent.

Electron gain, breakdown voltage and junction capacitance

Electron gain. The electron gain dependence on the bias voltage for a single diode and
several different temperatures is shown in figure 6.1. The extrapolation of the character-
istics down to the intersection with the x axis (G = 0) allows to determine the breakdown
voltage of the diode (V},.) for a given temperature. The calculation of Vj, allows one

to plot a new characteristics of gain, this time as a function of AV? (fig. 6.2).

It is easy to note, that in this coordinates, the gain is strictly dependent on AV, and

at least at first glance, independent of the temperature.

AV =V, — Vi
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Figure 6.1: The dependence between the electron gain and the supply voltage for one MPPC
measured at different temperatures. An extrapolation (here — linear) of the measurement series
to the x-axis indicates the breakdown voltage for each temperature
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Figure 6.2: A typical dependence of the electron gain and overvoltage. No noticeable effect
of temperature change on the characteristics can be observed
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Figure 6.3: The residua (deviations of the measured values from the approximated curve) for the
linear and quadratic model of the G(V,,) dependence. The vertical axis is scaled in electron
gain units

The dependence between the electron gain and AV can be considered linear with
satisfactory precision, but a quadratic function gives a better approximation? (figure 6.3),
as it takes into account the changes in capacitance as a function of the junction bias
voltage. For typical operating voltages® (AV = 0.5 — 2V), the electron gain values are
estimated to be 3 x 10° to 1.2 x 10%. The nominal value given by Hamamatsu, which is
7.5 x 10°, was reached for the AV of about 1.3 V.

Breakdown voltage. As shown in Figure 6.1, the value of the breakdown voltage
is a function of temperature. This dependence can be considered linear in the observed
temperature range (Fig. 6.4); the temperature growth of 1°C leads to an increase of Vj,. by
about 54.5 mV. The described effect can be explained by a relationship between temper-
ature and the mean free path of carriers in silicon (the mean free path generally decreases

with the temperature; the slope of this function is variable and depends on the temp er-

2 Although the fit with a quadratic function is more accurate than a linear one, it requires high-quality
data; otherwise the value of V3, determined on its basis has a relatively high dispersion. The practice has
shown that it should be considered every time, which function to use to obtain reasonable results of V.,
remembering about the systematic error made by linear fit on one hand and the dispersion associated
with a quadratic fit on another hand. An example, how the errors made by bad fit look like, is presented
in section 6.2.

3An attempt to determine the optimal supply voltage is shown on page 103.
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Figure 6.4: The dependence between the breakdown voltage (V4,) and the temperature for a few
specimens of the MPPC. The slope (about 54.5 mV/°C) can be considered as fairly universal
value and applied to all MPPCs

ature and dopants concentration [28]). Figure 6.5 shows the distribution of the Vj, value
at a constant temperature of 25°C for 64 photodiodes.

Given that the practical range of the MPPC operating voltage is of about £0.5V
around the nominal voltage, a spread in V},. of almost 2 volts means that the supply
voltage of various MPPCs must be independently set in the final application. If the unit
operates in a wide temperature range, it may be necessary to constantly tune the supply

voltage to maintain constant electron gain.

Junction capacitance. The slope of the G(AV') function can be considered as a mea-
sure of the capacitance of the junction (section 2.1).

If the gain of the testing device is absolutely calibrated, it is possible to determine
the value of the junction capacitance. On the basis of the performed calibration (section
4.4), it can be stated that the value of the pixel capacitance of 90 fF, given by the
manufacturer, is reasonable. Due to the limited accuracy of the calibration, presenting
any numbers appears to be pointless at this moment.

A detailed analysis of the gain dependence on temperature and junction bias voltage

lets one to pay attention to two phenomena:
— The fact that the dependence of G(AV) is approximately quadratic, means that
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Figure 6.5: The breakdown voltage histogram for 64 photodiodes. The distribution has trun-
cated, tails, suggesting a rejection of the units with extreme values of the V4, by the manufacturer

there is a linear dependence of the junction capacitance on the bias voltage. Indeed,
it appears that the correlation is surprisingly strong — a relative change in capaci-
tance as a function of the voltage is approximately -10%/V. Such a large change can
not be explained by changes in the width of the depleted region. Instead, we should
state that the model in which the electron gain depends only on the AV and the
junction capacitance, is imperfect — in fact, the gain depends on some other fac-
tors*. However, as the simple model we use is very convenient, the Author proposes
to stay using it, noting that the size which was previously called simply ‘junction

capacitance’ will be called, from now on, the ‘effective junction capacitance’.

As shown in figure 6.6, the measured voltage drift of the effective capacitance is de-
pendent on the temperature and varies almost twice in the temperature range of 0
to 50 degrees. A more accurate description of this dependence can not be determined

due to quite high dispersion of the data.

4Unfortunately, at the present stage of research, the author is not able to provide an alternative model,
which would have physical background. At this point one should to take into account the limitations of the
used model, and use use the experimentally determined quadratic dependence to accurately determine
the gain.
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Finally, it should be noted that the results have been repeatedly verified, in par-
ticular the linearity of the testing device over its whole dynamic range was checked

very carefully.

— One can expect a drift of the junction capacitance with the temperature, as a result
of changes in dielectric permittivity of silicon [17]. Unfortunately, any attempts
to measure this dependence gave the results of a large dispersion, which do not

allow to verify this hypothesis for sure.

Although some consistent results were obtained in a long series of measurements
carried out for one MPPC and specific measurement conditions (presented in [25],
also shown in fig. 6.7), a similar analysis for a larger number of specimens gave
quite random results. The author is of the opinion that the issue of capacitance

dependence on the temperature requires additional measurements?.

Dark pulses

Measurement of the the dark rate (DR) could be carried out by two techniques, as already
mentioned — using a discriminator and a counter or basing on the histogram (an example
of a dark pulse histogram is shown in figure 6.8). Figure 6.9 illustrates a comparison
of the results obtained with both methods. Although these results are highly correlated,
they have quite clearly different values. It turns out that due to afterpulsing, the dead
time of the measuring system has a strong influence on the measured dark rate (a system
with lower dead time will record more afterpulses) and this effect occurs in a very wide
range of measured count rates. One should keep this in mind when comparing results
obtained by different methods and with different devices (in particular, it is difficult

to compare the values measured by different labs.)

The dependence of DR on the voltage. Figure 6.10 shows the dependence of the
real dark generation rate on AV for several temperatures. It’s easy to observe that the
dependence can be described by a linear function for reasonable values of AV. The dis-
tortion of the characteristics visible at higher voltages is an apparatus effect — along with
the overvoltage increase, more pulses in the integrator time window begin to appear,
which are not actual dark counts, but the afterpulses coming from the dark pulses which

appeared earlier. This artifact can not be eliminated with used measurement method.

5Probably, the determining of the dependence of the real junction capacitance on the bias voltage,
and thus creation of a new, improved MPPC gain model will be needed, because the temperature drift
of V4, leads to the inability to measure the capacitance always at the same voltage.
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Figure 6.9: The mutual dependence of the dark rate measured by two methods (using data
from the discriminator or histogram) for two thresholds (0.5 and 1.5 p.e.). The data come from
the early measurements — some outliers can be seen, especially for the threshold of 0.5 p.e.
The differences in the count rates measured by two methods due to the different dead times

are clearly visible

The chart points out that a simple extrapolation of the dependence of DR(AV') does
not converge at AV = 0, as could be expected® — but at another point. This is the result
of systematic errors in the calculation of V},. on the basis of gain-voltage characteristics,

resulting from the imperfection of the function used to approximate the measurement

6See also page 102.
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Figure 6.11: Comparison of determining the breakdown voltage (Vj,.) with two methods
for 7 MPPCs in various temperatures. The results come from a series of detailed measure-
ments and the value of DR is determined by means of histogram. The value of V;,. from gain
characteristics was based on linear (left) or quadratic fit (right). To find the V. from the
DR characteristics, a linear extrapolation was used in both cases
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points. This phenomenon has been quite thoroughly analyzed, and some results are
shown in figure 6.11. Basing on the DR dependence on (V,,), the breakdown voltage
(Vi) can be defined — in the same way as basing on the dependence of G(V,,). Then
both V. values can be compared and the average difference between the results can be
calculated. The measured value of the difference is quite random — for other test series (in
which the apparatus was set up slightly differently) the difference between the Vj,. values
calculated by two methods were quite different. Figure 6.11 shows such a comparison
using a linear and quadratic model of G(V},.). The value of the difference is quite random
— for the other test series (in which the apparatus settings were slightly changed) the

difference between the V},. calculated by two methods were quite different.

Another issue to be noted is that the dependence of the dark rate on voltage” should
be at least roughly consistent with the corresponding dependence for the PDE?®. Basically,
the dark rate is defined by the rate of thermal generation of carriers, and the probability
of generating an avalanche. Thermal generation rate of primary carriers depends only
on the temperature, and the resulting change in the total dark rate is a function of the
voltage-related change of avalanche generation probability — the same factor, which de-
termines the dependence of PDE on AV (see page 19). It can be assumed that there
should be a linear dependence between the DR and the PDE (of course, one should keep
in mind the above-mentioned problems of measuring the real DR at large values of AV').

The actual shape of the measured dependence is shown in figure 6.12.

The dependence of DR on the temperature. Figure 6.13 shows the dependence
of the dark rate on the temperature for several bias voltages. In contrast to previously
presented voltage dependence, which was associated with PDE, the changes of DR with
temperature are directly related to changes in the rate of thermal generation of carriers in
the depletion layer?. The measurement points are arranged on a curve, whose general form
can be determined theoretically, but this requires some understanding of the mechanisms
of thermal generation in the semiconductor.

In silicon, the dominant mechanism of generation and recombination is the genera-

tion/recombination with traps due to the indirect bandgap of the semiconductor. The re-

combination (or generation) rate is given by the following equation:

"We are talking about the real dark generation rate, ie after the corrections of the measurement
results for CT+AP.

8The dependence of PDE on voltage is described in section 6.2.

9A second factor that could affect the dark current — diffusion of minority carriers from the boundaries
of the depleted area — is negligible in silicon.
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linear. Fairly strong deflection of the characteristics under extreme conditions (high AV, large
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fully eliminated. It may happen that an afterpulse coming from an unregistered dark pulse
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This phenomenon happens quite often with large values of AV and unfortunately it can not
be detected in the context of a single event

_ 2
R= np , (6.1)
Tp(n +n1) + 7 (p + p1)

where n and p are carrier concentrations (electrons and holes, respectively), n; is the

intrinsic carrier concentration, 7, and 7, are the minority carrier lifetimes (they’re constant

for a given material), and the coefficients denoted as ny and p; are defined as follows:

Ep—E4
ny=mn;-e kT
Ep—E;
pr=mn;-e T, (6.2)

where Ep where is the energy level associated with trapping centers, and Ej; is the intrinsic
level of the semiconductor.

Making two assumptions:

— the concentration of free carriers in the junction area is very small (strong electric

field immediately removes all carriers)
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Figure 6.13: The dependence of the dark rate on temperature for several values of AV and one
particular MPPC

— the trap level is located near to the middle of the bandgap (this level is the most

effective from the point of carrier generation)

we can transform equation (6.1) to:

2 2
Re—— i n; _
T s+ BEr—E; Br—B;
plt1 nP1 Tynie KT+ T n;e kT
2
S LA (6.3)
TN + TNy Tn + Tp

In general, the value of R may be positive or negative — in the latter case, this means
that we have to deal with the carrier generation. In our case, the value of R is actually
negative, so we're talking about generation. Since the minority carrier lifetimes are con-
stants, the generation rate will depend only on the changing intrinsic concentration — n;.

This is given by the equation:

n; = \/N.N,esr | (6.4)

where E; is the bandgap energy. Effective density of states in the conduction band (N,)

and valence band (NN,) are defined as:
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2rmi kT \ 3
Ne=2 (h>

2rm* kT 3
N, =2 (”"}jg) , (6.5)

where my, and m;, are the effective masses of carriers, constant for a given material, and h
is the Planck’s constant. Since all other parameters are fixed, the values of N, and N,
depend only on the factor of T2/3. Finally, the equation 6.3 can be shown as:
2 —Eg
R=—«a T3 ezt | (6.6)
where « is a constant factor for a given material.
The dependence of the dark generation rate on the temperature at a constant voltage

will have the same shape as the given R value. Finally, the dependence of the dark rate

on the voltage and temperature can be described as:

DR=A-AV*.-T5 . ent | (6.7)

where AV* =V, — V., while V;» is the breakdown voltage defined by means of the dark
rate characteristics, T is the temperature in Kelvin, and A is a fixed factor determining
the noise level of the MPPC, different for each specimen.

In the T2K workgroup an idea has been raised to present equation (6.7) in a slightly
modified form:
TNG  —m my
o) e (6.8)
In this case, DR, denotes the dark rate at T = 25°C (298K) and AV =1V .
Analyzing equation (6.7) one can see that the dependence of DR(T') should be pre-

DR = DRy - AV* - (

sented (in a reasonable temperature range) as an almost straight line on the plot in which
the horizontal axis is the inverse of temperature, and the vertical axis — the logarithm
of the dark rate. This form of presentation of this dependence is shown in figure 6.14.

Two coefficients should be found in order to properly fit the theoretical curve to the
data points: DR;,om and Ej,, where the value of E, should agree with the known bandgap
energy for silicon, unless a mistake was made. Actually, for a sample of five carefully
measured MPPCs, the average bandgap was estimated to be 1.127 eV, with the value
given by literature of 1.1 eV.
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Production dispersions. Figure 6.15 shows the actual dark rate dependence on AV
for a few specimens of the MPPC, highlighting significant production dispersion. For sta-
tistical purposes, the dark rate was measured for all tested elements (first screening mea-
surement series, more than 1200 pieces). Unfortunately, after analyzing the data, it turned

out that they were useless for this purpose.

The problem is shown in figure 6.16 — the measurement data shows two distinct mean
level changes during the data taking and it could not be found if they are the result of
changes in the Hamamatsu’s technology (this is unlikely — the changes occur in the middle
of the production series) or from accidental changes in equipment calibration (more likely
— some minor changes to the software were made during measurements). For this reason,
another series of measurements was used to see the statistics (this was the second screening
series, more than 200 pieces, of which 58 could be used for this purpose). Figure 6.17
shows a histogram of dark rate at 0.5 p.e., normalized to AV* = 1V, at a temperature
of 25°C (ie, the histogram presents the DR,,,.,, values). As one can see, the distribution
appears to be ‘cut’ at higher dark rates. This is probably an intentional action of the
manufacturer, who eliminated the pieces with the dark current exceeding a particular

value.
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on the basis of DR(V),) — determined basing on measurements of 58 specimens of the MPPC at
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Correlated noise — CT+AP

The dependence of the fraction of CT4+AP on AV is shown in figure 6.18. The plot
is based on the data for one MPPC tested at 6 different temperatures. The data is fairly
consistent (in particular showing no CT+AP dependence on the temperature), and the
dependence of CT+AP(AV) is close to quadratic in the initial phase, and at higher values
of AV it becomes almost linear. One can find an arbitrary analytic function to fit the
presented data, it seems better, however, to look for a reason for this particular shape.

The CT+AP fraction is dependent on two phenomena:

— The generation of primary electrons (photoelectrons generated by photons from
neighboring cells for crosstalk, or electrons released from the trapped state for af-
terpulses). The number of electrons generated is directly proportional to the total
number of charges in the primary avalanche, so the whole fraction of CT4+AP should

be linearly dependent on the electron gain.

— The probability of triggering the avalanche by these electrons ( P,,) — so again there
is a dependence on the PDE.
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Figure 6.18: The CT+AP fraction as a function of AV and temperature for one MPPC: TA8744

Finally, the fraction of CT+AP should be eventually represented as:

CT+AP = A-G -PDE , (6.9)

where A is a factor characterizing the fraction of CT+AP (determined probably separately
for each MPPC).

To be precise, equation (6.9) is true only for small values of CT+AP — the reason
is hidden in the specific definition of this parameter, because it is not talking about aver-
age number of secondary avalanches generated, but about the likelihood of generating at
least one avalanchee. Therefore, the equation (6.9) can not be longer justified, if there is
a significant fraction of events where at least two secondary avalanches are generated.
Nevertheless, assuming that the number of secondary avalanches has a Poisson distri-
bution, a corrected model can be derived, which is consistent with the given definition
of CT+AP:

CT+AP =1 — ¢ 4CPPE (6.10)

Figure 6.19 shows an attempt to verify the described dependence. As it’s shown,
the dependence of CT4+AP on the product G - PDE is almost linear (most probably,

the systematic errors associated with relatively complex calculations leading to calculate
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acquired for 11 temperatures from 0 up to 50°C

the value of PDE are one of the reasons for slight non-linearity'?, another one is the
aforementioned issue of the definition of CT+AP). The plot shows the data for two
MPPCs to show existing production dispersion.

Since only the series of detailed measurementsthe is suitable for calculations of CT4+AP
and PDE, and this series consists of only seven MPPCs, it was not possible to plot

a distribution of CT4+AP among specimens, as it was done for the dark rate.

Photon detection efficiency

Although the results of determining the photon detection efficiency (PDE) have been used
already in previous sections, they are presented at the end due to the hierarchy of the
calculations (to calculate PDE, one needs to calculate the gain, dark rate and CT+AP
first, as it was described in section 5.7).

Figure 6.20 shows the dependence between PDE and AV at six different temperatures
for a single MPPC. A quite large dispersion at higher voltages is observed, but the shape
of the function is consistent with earlier assumptions and also with data reported by other

institutes.

10At the same time, high data dispersion at larger values of CT+AP indicate an increase in random
errors. They are also primarily related to the calculation of PDE.
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Figure 6.20: Dependence of photon detection efficiency (PDE) on AV and temperature for one
MPPC: TA8160

— For low values of AV (not exceeding 0.8 V), the dependence of PDE(AV) is almost

linear.
— For higher voltages, the curve gradually bends, up to saturation.

The presented curve can be fairly well approximated with a quadratic function, but one
has to remember the limitations of such an approximation for large valuesof AV (large
enough to go beyond the normal working conditions of the MPPC), where analytical
function’s value falls, which has no reflection in reality. The data can also be approximated

¥ which asymptotically tends to a constant

with acceptable accuracy by a function of 1—e™
value. It should be borne in mind that both of the functions have no physical basis,
but were chosen arbitrarily.

Unfortunately, the collected data does not allow to plot the distribution of PDE

for a large quantity of MPPCs.

Useful range of operating conditions

The measured characteristics of MPPC make it possible to determine the conditions under
which the device should work with best performance. When searching for such optimal

conditions, the following factors should be taken into account:
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— Maintaining a moderate dark rate, or rather moderate value of DR/PDE. At a con-
stant DR/PDE ratio, these conditions are better where higher PDE is achieved.
In this case, the point of interrest is not the actual dark generation rate, but the
total rate — including the effects of CT+AP. Moreover, this value should be given
for a particular discriminator threshold level, which will be set basing on the pulse
amplitude in the target application. When analyzing the dark rate at higher thresh-

olds, one should also take into account the pulse shaping.

— Maintaining low values of CT+AP. A high fraction of CT4+AP will result in signifi-
cant pulse amplitude spread, and thus, a significant decrease in the energy resolution
of the entire scintillating detector equipped with the MPPC, especially when work-
ing with very weak pulses of light (few photons).

— Achieving possibly high electron gain. High gain allows one to reduce the require-

ments regarding the noise of the preamplifier coneccted to the MPPC.

The MPPC working conditions are determined by two parameters: the bias volt-
age (V,p) and the temperature. The temperature should be as low as possible, because
the lower the temperature, the lower is the dark rate. In practice, the MPPC can easily
operate at a room temperature (20-25°C). Cooling down the structure by a few degrees
can significantly reduce the dark noise. On the other hand, raising the temperature
to above 45°C will make the MPPC virtually useless for most purposes.

Selection of an appropriate bias voltage requires a deeper analysis. Figure 6.21 shows
the dependence of various parameters on the MPPC overvoltage (AV') at a temperature
of 20°C. As one can see, from the point of view of the MPPC noise (PDE/DR), operation
at rather low overvoltage is reasonable. This is important especially at higher discrimi-
nator thresholds, which are characterized by a strong dependence of the dark rate on the
overvoltage. On the other hand, limiting the bias voltage leads to a decrease of electron
gain, which puts high requirements on the noise performance of the preamplifier and good
shielding from interference. In practice, it may be even more important that working with
low AV leads to PDE reduction — when working with small pulses, it will cause a dete-
rioration of counting statistics, which will affect the overall SNR and energy resolution
of the scintillating detector.

As a result, the bias voltage should be selected so as to find a compromise between
a number of phenomena, and the optimum value will depend on the average number
of photons, and the pre-amplifier noise. The operation at low light levels (typical for
MPPC) requires the AV to be around 1.3 - 1.5V (fig. 6.22), while working with larger

number of photons may be a reason to reduce this voltage. Eventual increasing of AV
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expressed in p.e. This line can be regarded as the relative noise of the MPPC. The integration
window length is set to 500 ns. The analysis does not take into account the preamplifier noise

105



may be desirable for small signals due to the preamplifier noise. Figure 6.22 shows an at-
tempt to find an optimum, defined as the place where the relative amplitude fluctuations
are smallest (excluding preamplifier noise). The curves are plotted basing on fitted mea-
surement data; small dispersions observed in the plot are a result of using Monte Carlo
methods to calculate the effects of a CT+AP. A similar analysis, but done by another
research centre, with a bit more complicated assumptions and based entirely on data
obtained by computer simulation, is presented in the work [25].

The value of V,,, given by Hamamatsu, is higher than the V,, by 1.3 V (AV = 1.3V)
for all tested MPPCs. In general, it seems to be a quite reasonable value (this is more
or less the middle of the area of the proper MPPC operation), but it does not give
any special features — which is why it should be regarded more as a ‘initial value’ for further
improvements, rather than as universal optimum. As shown in figure 6.22, the dependence
of the relative noise on the bias voltage of the MPPC is not very strong.

The useful values of AV for operation with weak light pulses (few photons) are com-
prised in the range of 0.5-2.5V. At lower voltages, the electron gain becomes so low that
the SNR of the detector will be determined by the preamplifier noise (by the way, it should
be noted that the analysis of data from various institutes shows that the pre-amplifier
presented in chapter 4 and used for our MPPC tests, had very good parameters). When
the voltage is too high, the fraction of CT+AP begins to affect dramatically all the

characteristics, and to increase the dispersion of the pulse amplitude.

6.3 The quality of performed measurements

The range of utility of the results

The designed device allowed for a fairly comprehensive examination of MPPC photodi-
odes, allowing measurements of such parameters as electron gain, relative photon detection
efficiency, dark rate (measured at any given threshold, but also the actual rate of thermal
generation), the fraction of CT+AP — all in a wide temperature range and with practically
any reasonable bias voltage. An ability to examine 1200 photodiodes gave an opportunity
for a reliable statistical analysis of at least some of these parameters, as well as to estimate
the the production dispersions.

Unfortunately, it was not possible to perform a thorough analysis of the dark rate,
PDE and CT+AP phenomena for a large number of MPPCs (in particular, we could not
determine production dispersions of some of these these parameters). It is not without

significance that the data acquisition of the first measurement series and their detailed
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analysis were two activities separated in time. In the process of data analysis, it became
clear what kind of measurements should be made to complete a set of results. Unfor-
tunately, at that moment most of the photodiodes were already installed at the target
device (SMRD sub-detector of T2K) and more detailed measurements could be carried
out only on a small number of a few MPPCs.

The testing device was not able to perform some more detailed measurements, such
as the separation of crosstalk and the afterpulse phenomena. It should be noted, that
the designers were not going to provide such a functionality. The study of the crosstalk re-
quires a fairly complicated optical setup, which greatly complicates an automated device,
reducing its reliability. The analysis of afterpulses requires an analysis of signal timing
with a resolution exceeding the performance of the 200-MHz ADC converter used.

The apparatus did not provide tests of the MPPC properties under forward polariza-
tion, which would allow for a direct measurement of the series resistance. Similarly, it was
not possible to directly measure the terminal capacitance. Such studies require a separate
sub-system to be installed into the device. It is possible that it will be developed in the

future. This is allowed by the open architecture of the electronics.

The accuracy of the measurements

In general, the results obtained by the device can be considered very accurate, if compared
with today’s knowledge. The main factor determining the measurement accuracy is the
amplitude resolution of the equipment, which conditions obtaining a good separation
between the peaks in the pulse amplitude histograms. This allows one to determine the
position of the peaks with high accuracy, which directly reflects in the accuracy of gain
measurement. This, in turn, affects the determination of V,,., and the setting of the
discriminator level in the dark rate measurement. Any error is transferred to next steps
of calculations — like these for CT+AP and PDE.

The PDE value has the lowest accuracy among all the parameters (especially for rela-
tively large values of AV'). It is associated with quite complicated and poorly conditioned
method of its determination. Therefore, some institutes use other methods for measur-
ing the PDE, utilizing current measurement under a constant light illumination, after
previous estimation of electron gain and saturation effects. It must be remembered that
despite of quite considerable errors, a large sample of the data collected by us, allows at
least rough definition of the nature the PDE(AV') dependence.

We could not avoid some problems during the measurements, that caused some de-

terioration in the quality of the data. The first problem was a sudden change in dark
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Figure 6.23: Comparison of the measured values of dark rate (0.5 p.e.) with the data provided
by the manufacturer. The systematic difference between the data from both sources is mainly
due to the different dead times of the discriminator

rate measurement results, probably due to unmeant equipment re-calibration, which was
already mentioned. The second case concerned one of the temperature sensors, which
gave uncertain readout due to a broken cable. This resulted in some smalll tempera-
ture variations, which, fortunately, had not a great influence on the overall measurement
accuracy.

In retrospect, it’s rather obvious that the data from the slow-control system should
be stored together with the measurement data. Perhaps this would further increase
the accuracy of some measurements. After all, it should be noted that the slow-control
system was operating very well and the actual values of voltage and temperature were
always very close to their setpoints.

The results of the measurements were continuously compared (whenever it was pos-
sible) with the data provided by the manufacturer. While the purpose of the study was
to obtain accurate and comprehensive data independently from Hamamatsu, and to detect
possible errors in the specifications provided, a quick comparison of the results with the
manufacturer’s documentation allowed to avoid accidental mistakes. An example of such

a comparison, made during the first series of measurements, is shown in figure 6.23.
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Chapter 7
Summary

The project related to the studies of MPPC properties took about three years. The results,
obtained during the measurement process, undoubtedly helped to better understand the
operation of tested elements. The process of data analysis has contributed to better
understanding of the mechanisms that have been unclear, unexplored, or even unnoticed.
It was possible to determine the analytical form of the various relationships, and in some
cases (such as dark rate dependence on temperature) to find their physical explanation.
With a small spread of the data it was possible to analyze the characteristics of non-
linearity in the gain-voltage characteristics of the MPPC, which has so far been defined
more qualitatively than quantitatively.

The results of the measurements enable us to determine the working conditions of the
MPPC and optimize them for specific applications. A large number of measured elements
allowed to find the production dispersion of some parameters and their typical values.

The author may include as his personal achievements in particular:

— a concept of a single-channel measuring device with a specimen feeder, allowing
to maintain a high repeatability and precision of the measurements while providing

adequate throughput and relative simplicity;

— good quality of the results delivered by a carefully selected methods of data pro-

cessing;

— development and verification of the physical model of dark generation, improved
electrical model of the MPPC including parasitic capacitances, and the determi-
nation of the parameters of the quadratic electron gain dependence on the supply

voltage.

109



Meanwhile, the MAPDs begin to be more widely used in science. Currently, the Au-
thor participates in the construction of the electromagnetic calorimeter ECALO for the
COMPASS experiment at CERN. The MAPD photodiodes without quenching resistor
with a very high density of pixels will be used there. So far, most of the calorimeters were
built based on photomultipliers, which were sometimes replaced with proportional-mode
avalance photodiodes.

Increasingly, there are new attempts to use MAPD in industrial and commercial ap-
plications. The idea of using the new photodiodes for PET is one of most interesting.
It seems that the MAPDs have a great chance to succeed in this application.

A fast-growing market offer, the regular publication of new solutions by the producers
and intensive promotion seem to confirm the wide range of potential applications of the
described photodetectors. It seems that the MAPDs are able to find application in the

majority of devices, which measure weak light, often replacing photomultiplier tubes.

On the basis of the experience with the MAPD), one could try to answer the question:
Is the new element able to win the competition with the photomultiplier?

Indeed, it seems that it is able to replace it in many cases. Its parameters such as
the electron gain or the photon detection efficiency, stable performance, proven reliability,
no high demands on the operating environment or — finally — ease of application, can easily
convince the designers to introduce them to the newly built installations. However, some
flaws of semiconductor devices, such as high dark generation, cause that photomultipliers
will continue to be indispensable in some cases.

Certainly, the MAPD can be used in these applications where the vacuum technology
of PMTs is a drawback, for example because of the price. The models with a high
pixel density can be used in these solutions, where previously ordinary PiN or avalanche
photodiodes and sensitive preamplifiers were used.

A novel PMT made using MEMS technology can be a potential competitor for the
MAPD, although one should wait with this opinion until the wide market introduction

of these elements.
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Appendix A

List of abbreviations and symbols

AV

€0

Er

ADC

AP

APD
BLR
CAMAC

CMRR

Chia

CT
CT+AP
DR
DAC
ENC

FF

FIR
FPGA
FWHM

Overvoltage, the difference between working voltage and breakdown voltage
for Geiger-mode photodiodes.

Vacuum electrical permitivity.

Relative electrical permitivity (of the semiconductor)
Poisson distribution’s expected value

Recovery Time

Analog-to-Digital Converter

Afterpulses

Avalanche Photodiode

Baseline Restorer

Computer Aided Measurements and Control,

a standard for a digital bus and modular electronic devices
Common Mode Rejection Ratio

Junction capacitance

Pixel capacitance

Cross-Talk

The total fraction of Cross-Talk and Afterpulses
Dark Rate

Digital-to-Analog Converter

Equivalent Noise Charge

Excess Noise Factor

Fill Factor

Finite Impulse Response (filter)

Field-Programmable Gate Array

Full Width at Half Maximum
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G
GAPD
I?C

LCD
LED
LVDS
M
MAPD
MPPC
MRS-APD
N

Ny

n;

Pay
p-e.
PDE
PiN
QE
Rypix
SIPM
SPAD
VME

T
TTL
TCP/IP
Vir

Vi

Vop

Va

V.

Wy
WLS

Electron Gain

Geiger-Mode Avalanche Photodiode
Inter-Integrated Circuit,

a type of a serial bus

Liquid-Crystal Display

Light-emitting Diode

Low-Voltage Differential Signaling
Multiplication Ratio

Multi-Pixel Avalanche Photodiode

Multi-Pixel Photon Counter
Metal-Resistor-Semiconductor Avalanche Photodiode
Acceptor concentration.

Donor concentration

Intrinsic concentration

Avalanche generation probability

Photoelectrons

Photon Detection Efficiency

A diode with intrinsic layer

Quantum Efficiency

Quenching resistance.

Silicon Photomultiplier

Single Photon Avalanche Diode

earlier VERSAmodule Eurocard bus,

a standard for digital bus and electronic equipment
Temperature

Transistor-Transistor Logic

Transmission Control Protocol/Internet Protocol

Breakdown voltage

Breakdown voltage calculated basing on dark rate characteristics

Operating voltage
Diffusion voltage
Reverse voltage
Depleted layer depth
Wavelength Shifter
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