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Abstract

We plan to install MFT (Muon Forward Tracker) at ALICE (A Large Ion
Collider Experiment) for the LHC Run 3 from 2021. It will allow us muon and
di muon measurements in the lower transverse momentum region with a higher
resolution. A new pixel sensor, called ALPIDE (ALICE pixel detector) which is
based on the MAPS (Monolithic Active Pixel Sensor) technology, which satisfies
stringent requirements such as the high detection efficiency, the fast integration
time, and low fake hit rate will be used for MFT. The sensor will be fabricated
using the 180 nm CMOS imaging sensor process by TowerJazz. A particular
advantage of this technology is that it is possible to collect full charges which are
ionized at the epitaxial layer. In addition, ALPIDE provides the possibility to
apply the reverse bias to the collection electrode in order to adjust the depletion
region.

I built the test system for prototypes of ALPIDE (pALPIDE) and charac-
terized them for the first time in Japan. The final ALPIDE design is decided
from prototypes by the ITS group which started the study earlier than the
MFT group, but ALPIDE and pALPIDE still need to be tested to optimize the
settings and it is necessary to accumulate the experience in order to operate
ALPIDE for the MFT institutes. The threshold and the noise or fake hit rate
and efficiency can be adjusted by controlling current and voltage values, called
Veasn and Ipggr in the front end circuit for shaping corrugations, when the
charges generated by ionizing incident particles are detected as the signal. In
this study, I characterized the pALPIDE versions 2 and 3. It was confirmed
that the threshold value increases as Voagn increases, and it decreases as Itygr
decreases. It was also confirmed that the noise occupancy increases when the
temperature of the sensor increases, and the fake hit rate and relative efficiency
decreases by increasing Ityr. These results obtained by the characterization
are very important data for us to operate MFT in the near future
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1 Introduction

The basic acknowledge and the background of this study are described in this section.

1.1 Quark Gluon Plasma(QGP)

All substances such as our body and the star such as the earth and the sun are
collective objects of atoms. An atom is composed of leptons such as electrons . The
nuclei is composed of proton and neurons, and protons and neutrons are composed of
quarks considered to be the smallest particle as shown in Figl. Quarks are bound by
a strong interaction, which is propagated by gluons. According to QCD (Quantum
Chromo-Dynamics) which describes this law of physics, quarks have the property
that they can not be removed alone normally from a nucleon. However, this law
is broken in high temperature, high density, and in the plasma state, called QGP
(Quark Gluon Plasma). QGP is present when the quark and the gluon exist in a
separated state. It is thought that QGP was present inside the neutron star or in
the very early universe between 10~% and 107> seconds where the high temperature
and high density state is maintained. Elucidation of the physical properties related
to QGP is a very important study leading to elucidation of physics such as the
formation of the universe and the generation of various particles, but it is impossible
to see the state which existed more than 10 billion years ago or the star which is far
from tens of thousands light years directly. However, it is possible to generate QGP
which is a high temperature and high density state in a very limited time and space
by colliding heavy nuclei with high energy.

nuclei and electron positron and neutron quark and gluon

Figure 1: A schematic diagram of atomic structure.

1.2 High energy heavy ion collisions

The quarks and gluons break the confinement shell and QGP is generated when
heavy ions collide at a speed of 99.9999% or faster than the speed of light with an
accelerator. These properties are studied by detecting the particles generated in each
process from the start to the end of collisions. Heavy ion collisions follow space time
development as shown in Fig.2. Heavy ions accelerated by the accelerator appear as
flat disks like a pancake due to Lorentz contraction. Immediately after the collision,
the temperature and the energy density of the participant increases. Then the par-
ton, which is the generic name of a quark and gluon, is released from the confinement
of the hadron. They scatter freely and collide with each other, and generate a new
parton. This state is called QGP. QGP expands rapidly, the temperature and the
density decrease, and some partons generate hadrons by recombination. Further-
more, the temperature and the density of the system decreases, inelastic scatterings



of the hadrons disappear, and the interactions between the quarks also disappear.
A scientifically frozen state in which no new particles are generated is obtained.
The expansion continues, elastic collisions between the hadrons also disappear, and
particles obtain a fixed momentum. Generated particles reach the detector while
maintaining the information and are observed. These are being studied every day
using LHC (Large Heavy ion Collider) at CERN (European Organization for Nuclear
Research) etc.

Before collision Immediately Parton scattering QGP generation Hadron generation Expansion and Diffusion
after collision

—

Figure 2: A schematic diagram of space time evolution of a heavy ion collision[1].

1.3 ALICE (A Large Ion Collider Experiment)

Various aspects of physics are studied by six groups (ATLAS and CMS which discov-
ered higgs, LHCb, LHCf, TOTEM and ALICE) in the high energy particle collisions
experiment using LHC. ALICE, which Hiroshima University belongs, is an exper-
imental group specialized for heavy ion collisions and the large scale international
collaborative experiment. In order to detect various particles such as electrons and
muons which are leptons and quarks such as charm and strange generated by heavy
ion collisions, multiple detectors are incorporated around the collision points at AL-
ICE as shown in Fig3. ALICE detectors are roughly divided into central barrels
such as ITS and PHOS that handle the near collision points. The Muon Arm that
handles muons in the forward direction, and global detectors that select events such
as VO detectors. It is expected to elucidate the properties of QGP, the state of the
very early universe, the properties of substances at high temperature and density,
etc.

1.4 Muon measurements

In order to study QGP, particles generated and passed over time in QGP should
be watched in a wide range of transverse momentum shown in Fig.4. Many mea-
surements are performed using electrons and hadrons as probes for analysis, but
in the low transverse momentum region, highly accurate analysis is difficult to ob-
tain because there is a lot of background interactions which makes it difficult to
see. Recently, measurements using muon which is lepton as a probe for analysis are



Figure 3: ALICE detectors[1].

drawing attention. Muon have properties that are very suitable for analysis in the
low transverse momentum region such as having no strong interaction. They hardly
cause bremsstrahlung and have extremely high permeability. Since muons do not
have strong interaction, they do not receive unnecessary influence from others when
passing through QGP. So muons reach the detector with the information at the time
of generation. High permeability allow that only muon is detected by mounted the
absorber in front of the detector. However, it is necessary to have enough momentum
to pass through the absorber. For the above reasons, measurements using muons as
probes in the high momentum and low transverse momentum regions are necessary
for elucidating QGP properties, but research and development such as improving
the resolution of the detector are required.

pr = psind : transverse momentum

[ P momentum

o—; /@

Figure 4: Transverse momentum and momentum.



1.5 Motivation of this thesis

We plan to install MFT (Muon Forward Tracker) at ALICE for the LHC Run3 from
2021. It will allow us muon and di muon measurements in the lower transverse mo-
mentum region with a higher resolution. It is expected to explain the very interesting
physics leading to QGP understanding such as the measurement of heavy flavor in
low transverse momentum regions and chiral symmetry breaking and restoration. I
characterize pixel sensor prototypes for the purpose of accumulating experience and
data to optimize the sensor of the detector mounted on the MFT in this thesis.



2 MFT in ALICE upgrade plans

The outline of upgrade plans of ALICE and the MFT project I participate are
described in this section.

2.1 ALICE upgrade plan

We plan to upgrade ALICE detectors and read out technology. The grate amount of
data has been accumulated and analyzed thus far, but studies such as measurements
in the low transverse momentum region and of rare events are difficult due to low
statistics and resolution. Moreover, it is estimated that the LHC at Run3 will be
improved to 6x10%7 cm™2s~! for luminosity and 50 kHz in the interaction rate, and
it is impossible to read out and accumulate all data for the current one which is the
reading speed of 500 Hz for PbPb collisions. Therefore, in order to improve future
research, it is planned to upgrade the existing detectors such as an upgraded ITS
(Inner Tracking System) and a TPC (Time Projection Chamber), a new detector
MFT and a new method of read out technique during the next long shutdown (2019
-2020). The upgrade plan of ALICE is summarized below.

e The ITS will be improved position and transverse momentum resolution, track-
ing efficiency, and readout rate[2].

e The TPC will be exchanged for a GEM (Gas Electron Multiplier) and new elec-
tronics will be mounted. These allow the improvements for enhanced readout
performancel3].

e The ZDC (Zero Degree Calorimeter) will be upgraded to accommodate the
increased collision rate

o The PHOS (Photon Spectrometer), the TOF (Time of Flight), the TRD (Tran-
sition Radiation detector) and the Muon Spectrometer will be upgraded to
accommodate the increased readout speed[4].

e The MFT will be added as a new tracker in front of the absorber of muon
spectrometer and improve the position resolution[5].

+ The O? (Online Offline) will be upgraded to allow offline reconstruction and
improve continuous readout[6].

2.2 Muon Spectrometer

The Muon Spectrometer is the detector placed in the forward direction of the col-
lision point for muon. As shown in Fig.5, it consists of an absorber, five tracking
chambers, an absorber, a trigger chamber and a magnet. It is possible to observe
particles that pass through the absorber as muon by using the high permeability
of muons. The track of charged particles bent by the magnetic field applied by the
magnet is detected by the tracking chamber, and the momentum and mass are re-
constructed. Then, the charged particles reaching the trigger chamber are identified
as muon.

10
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Absorber_

Figure 5: Structure of Muon Spectrometer

2.3 Positioning resolution

Muons are detected by the muon spectrometer, but since there is a distance from the
point where the muons are generated to the first tracking chamber and the trajectory
of charged particles changes by multiple scattering within the absorber, there is a
possibility to not recognize the real track (red line) but recognize the incorrect track
(blue line) as the correction shown in Fig6 top. Therefore, a big uncertainty is
included in the reconstruction of the generation point. Similarly, since the angle of
the muon pair is erroneously measured, resolution of invariant mass identification
is low. Now, it is possible to improve the position resolution by mounting a new
tracker in front of the absorber as shown in Fig6 bottom. This is MFT.

24 MFT

The MFT is located in front of the absorber, in the range of pseudo rapidity of
-3.6<n<-2.45. The size of the detector is about 300 mm in the beam axis direction
and detects charged particles with five layer structures. The MFT is made up of two
half MFT cones and five disks which are incorporated. The disks have a structure
in which ladders with 1 to 5 sensors attached are lined up, and both the front and
the back of disks have ladders. Tab.l shows a summary of the number of each
component as shown in Fig.7.

Table 1: Number of each component of MFT|6]
Half disk 0 1 2 3 4 Full

Inner radius (mm) 25.0 25.0 25.0 38.2 39.2 -
Outer radius (mm) 92.6 98.0 104.3 130.1 1435 -
Number of ladders 24 24 26 32 34 280
Number of sensors 64 64 76 112 132 896

11
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Figure 6: Particle reconstruction without MFT (top) and with MFT (bottom). The
red line shows the real track and the blue line shoes the incorrect track.

Half MFT

Ladder Half disk

Sensor chip

Figure 7: Structure of MFT

12



3 MAPS technology and ALPIDE development for MFT

Developments of the monolithic silicon pixel chip for the MFT and the improved
ITS is called ALPIDE(ALICE pixel detector). ALPIDE which will be fabricated in
the 180 nm CMOS sensor process by TowerJazz will be described in this section.

3.1 Required pixel sensor performance

It is important to detect many particles generated by nucleus collisions with high
detection efficiency, fast integration time, and low fake hit rate for farther study.
Detectors satisfied with these various performances are required. Specification of
pixel sensor performance requirements for MFT sensors are summarized in Table2.
In order to fulfill these requirements, Monolithic Active Pixel Sensor(MAPS) based
on CMOS technology was adopted as a new pixel sensor for the MFT.

Table 2: Specifications for the MFT sensors[5]

Parameter Value
Spatial resolution 5pm
Pixel pitch 25 nm
Detection efficiency >99.5%
Fake hit rate <10 %event ™! pixel !
Integration time <20ps
Sensor thickness 50 pm
Power density <300 mW /cm?
TID Radiation hardness® 2700 krad

NIEL Radiation hardness® 1.7x10'® Mev Neq/ cm?

# Total Tonizing Dose. Including a safety factor of ten.
> Non ITonizing Energy Loss. Including a safety factor of ten.

3.2 MAPS technology

MAPS for the MFT and the upgraded ITS will be fabricated using the 180 nm
CMOS imaging sensor process by TowerJazz[7] as shown in Fig.8. A epitaxial layer,
a deep pwell, a PMOS transistor, a NMOS transistor and a nwell diode are laminated
on a substrate p™. The process of MAPS allows up to six metal layers and the
ability to mount a high-density, low-power circuity on the pixel. Furthermore, the
transistor gate oxide thickness of about 3 nm can expect a more resistant TID.
The bottom layer is low resistivity(~ 10 Qcm) p-type silicon wafer. The epitaxial
layer is high resistivity(>1 kQcm) and acts as the sensitive layer. The generated
charges reach a nwell diode which is a collection electrode due to the difference of
the applied potential. The deep pwell takes the role as a shield of the nwell of the
PMOS transistor. If the deep pwell dose not exist as a layer, the sensor cannot
collect the ionized charges entirely at the epitaxial layer because not only a nwell
diode but also a nwell which is a bulk of the PMOS transistor absorbs charges.

3.3 ALPIDE design

A discriminator can be installed in each cell by high MAPS technology. So a digital
signal converted from an analog signal within the pixel directly reaches the encoding

13



PMOS NMOS
nwell diode transistor transistor nwell diode
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deep pwell
N—

depletion layer

et epitaxial layer p~

Figure 8: A schematic cross section of a pixel sensor with MAPS technology

circuit which generates the information of the hit point as output data as shown in
Fig.9. This makes it possible to improve readout speed and reduce power consump-
tion. The pixel sensor design with these technologies is called an ALPIDE(ALICE
pixel detector) design. It is also important to be able to apply reverse substrate bias
to the collection diode to manipulate the depletion layer for ALPIDE. An electric
field is generated when a reverse bias is applied to a depletion layer formed between
the pn junction diode and then diffused charges drift to the collection electrode as
shown in Fig.8.

Amplifier  Discriminator Memory

e
R o
T o e [ [ [N
DOOO0O0000a

Figure 9: A pixel chip architecture of ALPIDE

3.4 Matrix isolation of ALPIDE chip

SUB (substrate) is biased through the PWELL ring surrounding the peripheral
circuit and the NWELL ring as shown in Figl0. The NWELL ring provides isolation
of the matrix from the edge of the ALPIDE chip. The PWELL and the deep PWELL

14



are biased using PWELL contact. SUB and the PWELL are connected through the
epitaxial layer if it is not a filled depletion region. The peripheral circuit is mounted
in the NWELL and the deep NWELL. This also isolated from the substrate.

. . . Nwell ring
Footprint of sensor in the pixel Pwell ring ?
T

PWELL = L7 L7 TTTTTTTT
Pixel matrix

Epitaxial layer

SUB

Low resistivity substrate

Figure 10: A schematic of matrix isolation in the ALPIDE design.

3.5 Charge generation in the epitaxial layer

The principle of the silicon detectors is based on the energy loss of particles crossing
sensory material. As some of the energy is lost it changes the electron-hole pairs. It
is then sucked as a current to near collection electrodes. This energy loss of particles
is due to the ionization in the substance and the scattering process with electrons
in the material. This process is described by the Bethe-Bloch formula

1 dE Z1 1 2mec?629°Thax
_; < o >= 47rNATgmeczz2A62(§ln( © o —) — 52) (1)
2mec? 3272
Tmax = - 2 (2)
14 2yme/M + (me/M)
1

" e (3)
where N4 is the Avogadro’s number, 7 is the classical electron radius, mec? is the
rest energy of the electron, z is the charge of the traversing particle in terms of unit
charge, Z is the atomic number of the absorption medium(14 for silicon), A is the
atomic mass of the absorption medium(28 g/mol for silicon), (5 is the velocity of the
traversing particle in units of ¢, v is the Lorentz factor, I is the mean excitation
energy(137 eV for silicon) and T}y, is the maximum energy loss for a particle with
mass M in a single silicon. Eq.1 describes only the mean energy loss but not its
fluctuations. These fluctuations around the mean value are well described in a
Landau distribution[8] for an absorber which is about 300 pm silicone. For thinner

absorbers that have approximately 20 pm, fluctuations increase and energy loss is
better described by the Bichsel model[9].

3.6 Reverse substrate bias and depletion region

The movement of ionized charges changes with the potential difference between
pwell and substrate. Bias is applied to each part as shown in Fig.10 and Fig.11.
Then a potential difference is generated due to the difference of resistance values.
In a ALPIDE design, The reverse bias voltage Vgrp is the bias applied to collection
electrode determined by the pixel reset voltage Vgst. This then determines the

15
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epitaxial layer p~

substrate p**

Figure 11: Schematics cross section of ALPIDE design

performance of the NMOS transistor and the reverse substrate bias voltage Vgg
with VrRp~VgrsT+VBB. A depletion region where the electric field is generated to
the collection electrode direction dependent on Vpp is generated between pwell and
substrate. This affects the threshold value which is one of the important parameters
for characterization. In a case of low Vgg as shown in Fig.12 above, since the
depletion region is small, there is almost no potential difference required to collect
electric charges. The epitaxial layer is filled with the depletion region and a pwell
has the lower potential than that of the substrate when higher Vpp is applied.
Hence, charges can easily flow to the nearby collection electrodes as shown in Fig.12
below. However, it is impossible to apply much high Vg because it can cause a
serious breakdown within the structure. In this prototype of ALPIDE, the voltage
is operated within -8 V.

}
L

Figure 12: The depletion region of ALPIDE with low (top) and high (bottom)
reverse substrate bias.

3.7 Roadmap of ALPIDE development

So far prototypes have been developed and tested in order to install to the MFET
and the upgraded ITS. The time line of development and the main features of the
prototype are shown in the Fig.13. The final ALPIDE design has already been
decided from prototypes by the I'TS group.

16
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Start of pixel chip development by ALICE upgrade project

First pixel chip with Towerlazz technology

Explore-0 :
analog readout
several pixel geometries
reverse substrate bias

Explore-1:
epitaxial layer with thickness and resistivity

pALPIDEss-0 :
Matrix of 512 rows by 64 columns of 22 um x 22 um pixels
first version of ALPIDE architecture

pALPIDE-1 :
first full scale matrix of 512 X 1024 of 28 pm x 28 um pixels
4 sectors with different pixel variants
no final interface

PALPIDE-2 :
final interface except high speed output 40 Mbit /s
4 sectors with different pixel variants
optimization of circuit blocks

pPALPIDE-3 :
final interface with high speed output
8 sectors with different pixel variants 1.2 Gbit /s

pALPIDE-4 :
ALPIDE

Figure 13: The roadmap of ALPIDE development and features.
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4 ALPIDE and pALPIDE structure

In this section, the flow of incident particles that are detected as signals and the
ALPIDE and pALPIDE structure are described.

Figure 14: The real pALPIDE-2 chip.

4.1 ALPIDE and pALPIDE rough structure

The very small pixel of approximately 20 pm square consisting ALPIDE or pALPIDE
as shown in Fig.15 is made up of the collection electrode, the wave shaping, the
amplifier, the discriminator, the state register and the AERD (Address Encoder
Reset Decoder). ALPIDE and pALPIDE are an aggregate of 512 x 1024 pixels and
are 15.3 mm x 30 mm in size. The flying particles ionize and charges are created
and sucked into the collection electrodes to form a signal as mentioned above. The
potential drops in about 100 ns from a base line and the potential return to its
original position in about 100 ps by the reset voltage as shown in bottom left of
Figl6. Next, at the front end part, the signal is amplified and converted from the
analog signal to digital signal as shown in lower middle section of Fig.16. Then, it is
discriminated by the external signal STROBE which is the trigger in state register
as shown in bottom right of Figl6. There are two modes in the strobe, one is
determined by the pulse width of the above trigger. Another is always active except
during the AERD read out. Finally, the AERD sends the hit point and timing to
chip periphery.

sl

s | oL v .
0 1 State ft od o i
 Regeer i
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Diameter e i - Pixel i Pixel
1 - =g
Spacing ‘;aEII‘Q‘I))f 1 i
’Ll Re ) Pix.el 1 Pixel i .
e ] —_— H: 3 aills % «Bls
i - *{ | FrontEnd / = | =N =
ol . » y | — - 4

Figure 15: The pixel layout and pixel matrix details of a pALPIDE-2[10].
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Figure 16: The schematic of a pixel circuit of pALPIDE and its signal flow.

4.2 Detail of the front end circuit of pALPIDE

A pALPIDE is divided into 4 sectors (512 x 256 pixels) for versio 2 and 8 sectors (512
x 128 pixels) for version 3, and different front end circuits are mounted respectively.
The details of the front end circuit of version 2 and 3 of pALPIDE used in this thesis

are described below.

4.2.1 pALPIDE-2

The pixel standard of pALPIDE-1 and pALPIDE-2 are 28 pm x 28 nm and the pALPIDE-
2 front end circuits are similar to version 1.

D HITb
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Figure 17: A front end circuit diagram of a pALPIDE-2 including all possible
variations[11].

Table 3: Details of the front end circuit of pALPIDE-2
Sector Diameter [pm] Spacing [pnm] Reset Input transistor width [pm)]

0 2 2 PMOS 0.22
1 2 2 PMOS 0.92
2 2 4 PMOS 0.22
3 2 4 Diode 0.22

The reset current depends on the sensor leakage and the signal amplitude for the
diode reset mechanism as shown in Fig.18 left. It is limited by adjusting the current
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IreseT for PMOS reset mechanism as shown in Fig.18 right. The charge can be
injected by applying voltage Vpyrsgk to the capacitor Ci,; when testing the property
evaluation. By manipulating the volume of the current Itgr flowing to the input
PMOS transistor M1 and the current Igrag flowing to the NMOS transistor M5, it
is possible to change the amplification and shaping factor of the signal affecting its
threshold and noise. The NMOS transister M5 in the circuit can also adjust the
Vcasn which affects the threshold and noise. The variation of Voasn allows the
base line change of the signal flowing to the gate of the NMOS transistor M8. The
transistor M6 limits the pulse which reaches M8 when Vygrr exceeds VcoURFEED-
The current source M7 and the transistor M8 are present to discriminate and invert
the signal. All of these parameters can not be adjusted for each pixel, and they are
applied to the whole chip. The diameter is equal to the collection electrode diameter
and the spacing is the distance between NWELL and PWELL. The input transistor
indicates the size of the PMOS transistor M1 in the circuit.

Ireser  Vppa

Vs VREsET Ves  Vmz VppaVsource Vis VBB iVRESETi Vmz Vsource
IN : :Ml IN : 1 : : M1 Vbpa

[ t | — |

| | [ ! | i == [l
R ECEEEEL ] RN BECRGECL (GREL

Figure 18: A schematic of the diode reset (left) and PMOS reset (right).

4.2.2 pALPIDE-3

Since the number of transistors for a good shaping pulse is added, the pixel standard
is larger than version 2 and it is 29.24 nm x26.88 pm (W xH).

VPULSE_* j AVDD
| Di ITHR IDB
Ma

M7

Mo >—] D—]
source

HIT_PIX_B

‘Efﬂ”: MSEVCE‘;S_NZ“: M 91

pix_out |
||: M8

AVSS

M3 F curfeed

Figure 19: The front end circuit of pALPIDE-3 including all possible variations[11].

The spacing between NWELL and PWELL in the collection diode affects the change
of the pixel input with the reverse bias voltage. The size is 2 pm for all sectors except
sector 5. The body terminal of the transistor which affects the threshold is connected
to Vppa or Vsourck as shown in Fig.20. The PMOS transistor M6 allows to get a
more uniform pulse duration for sector 3,4,5 and 7 with V;,. Without this clipping,
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Table 4: Details of the front end circuit of pALPIDE-3.

Sector size (M3, M5, M6, M8) Vcasne  Clipping M1 bulk  Reset  Spacing
0 optimized size yes diode conn. AVDD  Diode 2 um
1 optimized size no diode conn. AVDD  Diode 2 pm
2 as in pALPIDE-1,2 no diode conn. AVDD  Diode 2 um
3 optimized size yes Vaip AVDD  Diode 2 pm
4 optimized size yes Vaip Source  Diode 2 pm
5 optimized size yes Veiip Source  Diode 3m
6 as in pALPIDE-1,2 no diode conn. AVDD PMOS 2 pum
7 optimized size yes Vaip AVDD PMOS 2 m

the high current would flow into the circuit and the pulse would quickly rise. Then
it would takes a long time to return to baseline. A NMOS transistor is added
between M7 and M8 but there is no significant impact on the characterization in
these tests. In addition, the size of the transistor M3, M5, M6 and M8 was optimized
via simulation study.

Visr Vst

Vsource Vsource

Vbpa

Vg Veg

Figure 20: The schematic of the input transistor M1. Connect Vppa (right) or
connect Vsource (left) to the body terminal.

4.2.3 Front end biasing parameters

The ALPIDE and pALPIDE have eleven 8 bit DACs (Digital Analog Converter), 6
voltage and 5 current DACs on the chip periphery. The current voltage in the front
end circuit can be controlled by manipulating the value of the DAC shown in Tab.5
and Tab.6 from the outside raging from 0 to 255.

4.3 Digital part of pALPIDE

The digital part of the pALPIDE containing three registers : a state register, a
mask register, and a pulse register as shown Fig.21. When there is a part where
the signal PIX_OUT_B comes from the front end circuit and the STROBE signal
STROBE_ B sent from the chip peripheral overlap, The hit information is created
in the state register and then out put to AERD. The state is reset by the reset
signal PRST or PIXRST generated by AERD. When a mask register is activated,
it prevents the information in the state register from being sent to AERD. This
allows for restriction readings of hot pixels that cause malfunction or intense noise.
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Table 5: Overview of the biasing parameters

Bias Minimum Maximum Nominal setting Nominal value
Ip1as 0 nA 80 nA 64 20 nA
ITHR 0 nA 80 nA 51 0.5 nA
Ips 0 nA 80 nA 64 10 nA
IRESET 0.7 nA 26 pA 50 5 pA
Taux - - - -
Vcasp ov 1.8V 86 0.6 V
Veasn oV 1.8V 57 04V
Veoasne oV 1.8V 62 044V
Verip oV 1.8V 0 ov
VRESET_P 0.37V 18V 117 1.2V
VRESET D 037V 1.8V 147 1.4V
VPULSE LOW 0.37V 1.8V 0 037V
VpULSE HIGH 037V 1.8V 255 1.8V

Table 6: Scaling factors of current DAC
DAC  Scaling from DAC to matrix

IgiAs 1:128
ITHR 1:4096
Ips 1:256

IRESET ~1:4x10°
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The function of the front end or state register can be tested by activating the pulse
register. The charge reaches Ci,; in Fig.17 and Fig.19 when this is operated.

PULSE_TYPE

PIXCNFG_DATA 4]

CNFG_COLSEL
CNFG_ROWSEL

LWMI SE
PLSCNFG_REGSEL
STATE
PIX_OUT B s 0 STA[I’_INTl f
STROBE_B
R

Figure 21: A schematic of a section of the state register in a pALPIDE[12].

4.4 Front end circuit of ALPIDE

The final ALPIDE design is decided from prototypes by the ITS group which started
the study earlier than the MFT group, but ALPIDE and pALPIDE still need to be
tested to optimize the settings and it is necessary to accumulate the experience in
order to operate ALPIDE for the MFT institutes. The last design of the circuit is
shown in Fig.22 and the parameters that are used for sector 5 of pALPIDE-3 : diode
reset, optimized size for M3, M5, M6 and M8, M1 bulk connected to source, input
transistor M1 size of 0.92 pmx0.18 pm, clipping point by Vcrip, including Vcoasne
and spacing of 3 pm.

VPULSE_*
Diode Reset 2:;‘"1' E
a
VRESET_D IBIAS

Bos |

M7

DO
HIT_PIX_B

VCASN%|
M5

pix_out |

PWELL

AVSS

curfee
M3 |—

Figure 22: A schematic of the front end circuit in pALPIDE[11].
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5 pALPIDE version 2 and 3 characterization

Results of the characterization of the pALPIDE-2 and the pALPIDE-3 are described

in this section.

5.1 Construction of the experimental environment for pALPIDE

In the pALPIDE characterization, we used a board, called a carrier board shown in
Fig.23 left, loaded with the chip, a DAQ (Data Acquisition) board shown in Fig.23
right to read and write data and control the current voltage value on the front end
circuit. A power supply is used to apply the current to the circuit of the chip and
a computer for accumulating the data and giving orders to the DAQ board. The
DAQ board with the FPGA (Field Programmable Gate Array) manufactured by
ALTERA company is used in this characterization. The carry board and the DAQ
board are directly connected, and the DAQ board and the PC are connected by a
USB cable. The current and the voltage are supplied from a power supply as shown
in Fig24. Fig25 shows the first experimental system built in Japan by me. In order
to start the experiment, since a lot of noise is detected, the carrier board and the
DAQ board must be characterized in the black box.

Figure 23: The carrier board (left) and DAQ board (right).

DAQ board

carrier board IIII

power supply

Figure 24: The wiring diagram of the equipment.
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Figure 25: The test environment at Hiroshima University.

5.2 Threshold scan

The threshold value is one of the most important parameters for the sensor design.
The low threshold value allows a high detection efficiency, but the fake hit rate is
also higher at the same time. The value of the threshold is calculated with the
following function using charges q;,; which then are injected to Ciyj on the front end
circuit and then charges q;;,, when the pixel recognizes the hit.

() = 5Ny (1 +exf( 2200 @
However Nj,; equals the number of trials to pass one charge to the circuit but in this
characterization set to 50. gy, is treated as the threshold value and o is used as the
noise. The relationship between number of trials, the injected charges, the threshold,
and the noise values at that pixel are shown in the Fig.26. The intermediate charge
from the beginning of rise to the end is a threshold value and its fluctuation is thee
noise value. In other words, the threshold is a value indicating the easiness of a hit
detection. If the threshold value is small, it is possible to recognize a smaller signal
which has not been recognized so far as a hit.

5.3 Threshold and noise

In order to optimize the front end circuit on a pixel, we need to know how the
threshold depends on the settings such as back bias, Itpyr, Vcasn, etc. In this
study, only the Ityr was changed, and the behavior of the threshold was examined.
Fig.27 shows the threshold value distribution in each sector for pALPIDE-2. Values
were measured with three Itgr values of 10, 50 and 100 respectively. The peaks
of the distribution became gentler as the current value increased. Fig.28 shows the
results of measurements with Vgg = —3V and -6V, and the changing Vgrgr for the
applied back bias for pALPIDE-2. Since only a large change is seen in sector 3,
diode reset is greatly affected by back bias and Vrgr. Fig.29 and Fig.30 are plots
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Figure 26: The number of hit charges
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Figure 27: Threshold values and their numbers in each sector for pALPIDE-2 with
Itur = 10 (upper left), Itgr = 50 (upper right) and Itgr = 100 (bottom left).
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Figure 28: Threshold values and their numbers in each sector for pALPIDE-2 with
Itgr =50 / Vg = =3V / Vggr = 117 (upper left) and Vgrgp = 140 (upper right),
and Itpgr =50 / Vg = =6V / Vg = 117 (bottom left) and Vrgr = 180 (bottom
right).

of Itpr as a function of threshold and noise values for pALPIDE-2 with changing
back bias. From both results it turned out that VBB contributed significantly to
sector 3. Next, the threshold value of pALPIDE-3 was measured. Fig.31 shows the
results of the threshold and noise measured in the same way as in Fig.28. Since the
thresholds of sectors 4 and 5 are lower, we can see that the bulk of M1 on the front
end relates to the contribution to the circuit of the source connection. It also turns
out that the noise increases with a diode reset. Fig.32 and Fig.33 are plots of Itpr
as a function of the threshold and noise values for pALPIDE-3 with changing back
bias. In sector 5, as the back bias decreases, the threshold changes in the decreasing
direction, and the noise also decreases.

5.4 Fake hit rate

The fake hit rate is a value indicating the rate at which pixel erroneously recognizes
hit. The fake hit has some causes such as pixel breakdown, and it is very important
to study this ratio because it must be eliminated for measurement. The rate is
calculated by Eq.5.
Fake hit rate = l'ut (5)
event x pixels/sector

where hit is number of recognized hit. Event is number of trial of measurements.
Pixels are the numbers in 1024x512 pixels and sector is 8 for pALPIDE-3. Itpr
or Voasn dependence of the rate in each sector for pALPIDE-3 are shown in Fig34
and Fig35. MFT will require a fake hit rate < 107°. The rate increases as Vpp
decreases for vs Itggr, and for vs Voagn the rate decreases as Ityr increases. In
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Figure 33: The noise values vs Itgg in each sector for pALPIDE-3 with Vgg = —0V
(upper left) -3 V (upper right) and -6 V (bottom left).

addition, it is a volume of 107> or less except for sector 6 in the Voasn dependence.

5.5 Temperature dependence

The carrier board has a function to measure the temperature of the whole chip.
The relationship between temperature change and the noise from the start of the
measurement was investigated. The time dependence of temperature is shown in the
left Fig.36, and the time dependence of the noise is shown in the right figure. The
temperature rises with the passage of time, reaching equilibrium in about 7 hours.
The noise also rises as the temperature rises. However, even when the temperature
reaches equilibrium, the noise fluctuates in a range of several percentage points.

5.6 Source measurement

The radioactive source of 1 MBq shown in Fig.37 was used and, it is separated by
more than 5mm from pALPIDE so that the particles spread throughout the plate.
The plot of the hit map when the source is placed and it is not placed is shown
in Fig.38. It is obvious that a large amount of radiation was detected on the side
using a radiation source. Since it was confirmed that radiation could be detected,
I clustered simultaneously detected particles together to know where the incident
took place. A hit pixel adjoins neighboring hit pixels as a cluster and repeats in
the same event as shown in Fig39. Fig40 is a hit map and a plot that shows a
cluster in it. However, since the difference in the number of ionized charges can
not be identified, the center of the cluster is the injected point. The number of
pixels included in the cluster is called the cluster size and its distribution is shown
in left of Figdl. It can be seen that there is a large amount of one pixel which
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Figure 36: Temperature of pALPIDE over time and number of hits without a source
at that time.

Figure 37: Source (Fe55) used in the experiment.
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Figure 38: Hit map without source (left) and with source (right) for pALPIDE-3.
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Figure 40: Hit map (left) and cluster (right) map for pALPIDE-3 with source.

is recognized as a pixel causing malfunction in the left plot. Therefore, the value
obtained by subtracting the distribution with source (blue line) from the distribution
without source (red line) can be a correct cluster size distribution shown in right
of Figdl. The Ityr dependence of cluster size distribution differentiated in each
sector is shown in Fig.42. The maximum size was at around Itgr = 50, and it had
approximately 2 pixels in each cluster.
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Figure 41: Cluster size distribution for pALPIDE-3 with source (left, red line) and
without source (left, blue line), and its difference (right).

5.7 Relative efficiency

Efficiency is generally an indicator showing how accurately the incident particle is
detected, but the relative efficiency mentioned here is the ratio of the efficiency
based on the lowest Ipyr value. Both the relative efficiency and the fake hit rate
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are decreasing with increasing Itgr as shown in Fig.43.
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6 Summary and Outlook

pALPIDE version 2 and 3 are characterized in this thesis. The pALPIDE charac-
terization is the first attempt in Japan. I checked the ALPIDE design performance
because we use the ALPIDE design decided by the ITS group which started the
study earlier than the MFT group. pALPIDE had a small percentage of uncertainty
for each measurement even at a constant temperature. The relative efficiency and
fake hit rate decreased due to the decrease of the threshold with the rise of Ityg.
These results obtained by the characterization are very important data for us to op-
erate MFT. In the future, we will characterize the multiple ALPIDE such as ladder
and disk at the same time and aim for implementation in 2019.
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