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Abstract

The LHCb experiment investigates the properties of subatomic particles, particularly focusing on heavy-
flavour physics, thanks to the acceleration and collision of protons provided by the Large Hadron Collider
(LHC). A new silicon pixel detector, known as the Vertex Locator (VELO), is currently being commissioned,
with its calibration and optimisation being crucial for its correct operation at LHCb.

In pursuit of characterizing the Velopix, an Application-Specific Integrated Circuit (ASIC) which is a key
component of the VELO'’s silicon pixel modules, controlled scenarios using exposure to a radiation source
were used. A study on the energy deposition is presented, together with an exploration on the behaviour
of the physical parameters of individual pixels is compared to that of the overall ASIC. This paper mainly
investigates the conversion factor or gain K[e-/DAC], which is a relevant parameter for the operation of
the detector. It provides a direct link between analog signal generated by electrons and the digital output,
influencing the ability of the detector to convert the incoming particle signals into meaningful data when it
is operational surrounding the collision point of the LHCb.

This thesis presents a detailed study on the calibration of the gain of the Velopix detector under irra-
diation from the quasi-monochromatic Fe55 source at two different operating temperatures. The gain was
determined to be 14.33 + 0.02 (stat) + 0.16 (sys) [e-/DAC] at -20°C and 13.14 £ 0.01 (stat) £+ 0.44 (sys)
[e-/DAC] at 20°C, demonstrating a temperature dependence. The study also looked into the reliability of
using the ASIC average flux as a predictor of the mean pixel gain, finding it to be a plausible method. Fac-
tors such as exposure time, positional bias of pixels and operating temperature are explored and identified
as influential on the gain measurements. Furthermore, a comparison to the gain estimated on the Velopix
ASIC paper [4] shows a compatibility within 2.07 o of both results.

This research contributes valuable insights on the Velopix ASIC performance under varying conditions,
offering the first measurements of gain from irradiation studies. These findings lay possible groundwork for
future irradiation studies and further optimization of the detector.
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4 Chapter 1 INTRODUCTION

1 Introduction

The Large Hadron Collider (LHC) is the largest particle accelerator in the world, built at the European Or-
ganisation for Nuclear Research (CERN). One of its various experiments, the LHC beauty (LHCDb) experiment,
was designed to study heavy-flavour physics, heavy ion collisions and perform high precision measurements of
electroweak processes.

Various upgrades are planned to be performed on the detector throughout its lifetime. The LHC Run 1 (2010-
2012) and Run 2 (2015-2018) were periods used for particle collisions and data collection. Some flavour physics
observables are limited by data statistics, thus calling for larger datasets to further improve the already estab-
lished measurements. This allows a higher level of precision and tests further the theoretical results derived
from particle physics theories such as the Standard Model. To accomplish this, an increase in the number of
collision events is desired and with it, an upgrade on various sub-detectors. This is referred to as the LHCb
Upgrade I, see Ref. [I] for more information on the full upgrade.

The data taking process of the LHC starts with the acceleration of protons in two beams, each accelerating in
opposite directions until the required energy is achieved. After the protons have been accelerated to relativistic
speeds, they are collided (pp interactions). The exotic new particles and their decay products coming from
the pp collision then travel through LHCb detector, consisting of various sub-detectors distributed along the z
direction. The z axis is defined to be along the beam pipe, pointing towards the muon system. A schematic of
the LHCDb detector cross-section is shown in the figure below.
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Figure 1: Layout of the upgraded LHCb detector [I].

The first sub-detector encountered by the daughter particles from the pp collision is the Vertex Locator (VELO),
which is the silicon pixel detector that surrounds the interaction point. The LHCb Upgrade I implemented an
upgraded version of the VELO, capable of withstanding the increase in luminosity expected to be delivered in
LHCb Run 3-4. The calibration of a key component of the upgraded VELO will be the focus of this study.

1.1 Vertex Locator

The main purpose of the VELO detector is to measure the ionising particles’ paths and, by reconstructing the
tracks using algorithms, obtain information about the location of the primary and secondary vertices. These
vertices correspond to the initial collision point of the protons and the decay points from unstable particles,
respectively.

The VELO consists of 52 Modules distributed along the z axis, surrounding the interaction region as depicted
in Fig. 2
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Figure 2: Left: Schematic top view of VELO showing the Module locations in the z—x plane. Right: Layout
of the ASICs around the z axis in the closed configuration. The grey ASICs are placed on the upstream face,
while the blue ASICs are those in the downstream face. Figure obtained from [I]

One Module contains 4 sensors, two per side. Each sensor contains 3 VeloPix, the name given to the Application-
Specific Integrated Circuits (ASIC). A schematic of the detector and the ASICs layout is shown in Fig. [2 and
Fig. 3] shows some key parts mentioned here. Each ASIC consists of a 256256 grid of silicon pixels, with each
pixel being 55x55 pum? in size and 200 pm thick. The Velopix also has a microchannel cooling system, which
reduces the temperature of the ASICs when operational by using CO5 at —30° C. This operational temperature
will also be referred to as Module temperature. The Velopix was developed based on the Timepix3 [2], thus
sharing some of its characteristics. For further specific details on the characteristics of the Velopix refer to the
LHCb Upgrade I publication [I].
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Figure 3: VELO Module used for data taking at Nikhef.

1.2 Characterization of the ASIC and objectives

The research project here presented aims to study the charge deposition in the detector, looking at the data
from the standpoint of individual pixels and their average behaviour over the whole ASIC considered. This is
achieved by using a controlled setup for the irradiation of the device.

From this, the mean pixel gain K[e-/DAC] is determined, crucial for a better understanding of the detec-
tor. It provides a relationship between the analog signal generated by incident particles, expressed in number
of e~ collected, and the digital output from the ASIC, expressed in an arbitrary unit referred to as DAC. It
is also useful to verify the uniformity of the individual pixels and balance noise rejection and detection efficiency.
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Measurements on the Velopix have been performed by applying test pulses on one of the first Modules using
the Speedy PIxel Detector Readout (SPIDR) developed at Nikhef [3]. This provided the characterization of
some of the ASICs’ attributes [4], presented in the table below. The given estimate from the test pulse study
is Kot [mV /ke-] = 24.6. For a better comparison to the values found later on in this analysis, we convert this
number to Kg [e-/DAC] = 15.45 4+ 0.51, with the uncertainty inferred from the pixel to pixel gain variation
shown in Table [[.21

Pixel gain 24.6 mV / ke-
Pixel to pixel gain variation 3.3 %
Pixel ENC 62.9 e~
Pixel to pixel threshold mismatch 410 e"rms
Pixel to pixel threshold mismatch (calibrated, Threq) 40.3 e"rms
Expected minimum threshold =6 \/ENC2 + Threq * 450 e~

Table 1: Summary of the first measurements. Table obtained from [4]

Nevertheless, the test pulse study performed does not make use of measurements coming from direct energy
deposition from irradiation, which makes the research here presented an important addition for the characteri-
sation of the detector.

The analysis presented here exposed a VeloPix hybrid detector, consisting of sensor + readout ASIC, to a Fe55
source. The data was taken using the test setup designed for the quality assurance during the VELO module
production, which partially took place at Nikhef in Amsterdam. The main objectives of the analysis are:

e Finding the gain K [e-/DAC] for the ASIC from the irradiation exposures to Fe55.

e Test whether one can say anything about the gain K of the individual pixels by considering only the
overall flux on the ASIC.

e Explore possible effects and biases on the data in detail to provide insights on the characteristics and
behaviour of the pixels and ASIC.

e Perform a comparison between the obtained mean gain and the estimate given by the first characterisation
of the Velopix to determine the compatibility of the results.
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2 Theory

2.1 Flux Models
2.1.1 Nominal Model

The flux received by an individual pixel of an ASIC exposed to a radiation source can be modelled using a
Gaussian distribution with mean Ey and width s,

—1(E=moy?
2 s

f(E,s) o (1)

e
sV 2w

A charged particle traversing the sensor deposits ionising radiation in a single pixel. Therefore, neighbouring
pixels can receive a fraction f of the charge, this reflecting on the intensity equation above in the following way,

f(E,s, f)=0—-f)- S\}%e*%(@)z Y f %erfc <E_3EO) o)

where f represents the charge sharing fraction and erfc is the complementary error function,

2 [T
erfc(z) =1— ﬁ/o et dt (3)

often used to model asymmetrical broadening in the response function. The asymmetry arises from the mea-
sured decreasing energy spectrum, accounting for energy loss processes and other electronic effects [5].

The Velopix detects particle hits if the deposited charge is above a set threshold energy. Thus, to obtain the
total flux received, one needs to integrate the differential flux f(FE, s, f) from said threshold to infinity.

F(E.s, ) = /E FE 5. f) dE

Since it is a quasi-monochromatic source of radiation used for this study, there is no need to integrate the
intensity f(F,s, f) over different wavelengths or frequencies. The total particle flux is then,

F(E, s, f) = Af - % (\/37?@(’55“)2 + (B0 — B) - erfc (E;EOD + A - f)- ﬁ - erfe (ﬁ) . ()

where A is the normalization factor to compensate for other effects not present in the model or setup specifics
that were not accounted for during data taking.

The flux model here presented does not have a formal theoretical derivation, and it is empirically derived to
approximate the shape observed in the data. The model contains information on the mean position Ej, but
does not provide information on the energy deposition explicitly. To obtain the energy deposited it is necessary
to delve deeper into the concept of thresholds, noise and the inner workings of the detector, explained in Sec.

2.1.2 Other Flux Models

Variations from the nominal flux model are considered to explore a possible better fit to the data. In this
subsection, various flux equations will be explored. The original function is shown below for reference but
introduced in 4| Note that a subscript has been added to the F'(E).

Fio(E) = Af - % (%Mﬂmf +(EO0 — E) - erfc (E_SEO» +AL-f)- ﬁ erfc (15&;;()) (5)

where the 1 denotes this is the nominal flux model together with the use of one s parameter, and ,0 points
out the inclusion of the first Gaussian term or Oth term in the equation, which remains very small for further
calculations in this analysis. However, it was still included and will be used to study some effects observed in
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the data analysis.

E—-FEO0

Fl(E):Af-;(EO—E)-erfc( E_EO>

)+A(1_f).s\/1§~erfc (S\/i (6)

From a mathematical point of view, it could be advantageous to decouple the normalisation of the two terms.
Therefore, two new scaling factors A* and B* are introduced into a new flux model, substituting the A and f
variables,

A"= A B =(1-fA (7)

The flux equations below are the same as F o in Eq. [] but using A* and B* as introduced above. The Fap o
notation uses AB, as the code name given to this flux equation and to its results.

Fapo(E) = A - (\;e(fjsm)z + (B0 = E) - erfe (E _SE())) +B 1% - erfc (ﬁ) ()

E—-FEOQ 1 E—-FE0
Fap(E)=A" - (E0—-FE erfc( )+B*~ ~erfc<) 9
#(E) = A" (B0 - E) - = . Q
It is important to reassert that in this new flux equations, the terms become more independent than those
considered in F;. Comparing the results coming from these two flux equations Flap,o and F4B to that of the
original equation, Eq. will provide insights on the effect of these new scaling parameters in the fitting and
categorisation of pixels.

Another possible scenario which can be considered is that the third term in the equation takes a different
parameter s than that of the other first two terms, thus the flux equation would have the following form after
implementing s; and ss:

1/ s1 _(EfEO)Z <E—EO>) 1 <E—E0>
Foso(B)=Af - = —=e¢ 51 + (FE0— F) - erfc +A(l—-f) ——-erfc | ——— 10
ol B) = Af 5 (S (B0~ ) - (1= 1) et (S22 (10
Two extra flux equations related to Fys o are also considered, this being Fbs, which as the subscript indicates
does not include term0, and an additional flux equation with double s parameters, this time denoted as Fa; a5,
making use of the scaling factors A* and B* recently introduced.

Fys(E) = %fA (E0 — E) erfc <E ;1E0> + %(1 —HA- 52\1/% . erfe (lz;\/go) (11)
* E—E0 L1 E - E0
Farap() = A7 (B0 = B) e ( 51 ) o s9V/2m orle ( s2v/2 ) (12)

An additional flux equation that implements two scaling factors A and B as well as an f and two s parameters
to the nominal model is shown below:

(13)

a-pB E—EO)

1 E—-EO0 1 1
FQS’AB,f(E)—2fA'(EO_E)‘eI'fC( ) —|—§ -mﬁrfc (Sz\/§

S1
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2.2 Noise, thresholds and the equalisation process

Even when the ASICs are not exposed to radiation, there is a small current being measured, which corresponds
to the electronic noise due to fluctuations within the pixels and the electronics involved. A schematic of said
noise can be found below.

=== Thgioba
1510 4

1500 \ A A ﬂ N | N A

MW )

1490

Noise

1480

1470

Clock

Binary Counts

T i i T T = T
o] 100 200 300 400 500
Time (arbitrary units)

Figure 4: Noise schematic of ASIC showing clock ticks every 25 ns and the binary readout based on Thgiopa
comparison.

This would be an example of the noise from a pixel. The first subplot, labelled as Noise, shows on the y-axis a
schematic of the current that emanates from the noise of a pixel. The noise baseline FEj is the non-zero DAC
(Digital-to-Analog Converter) value or threshold at which the pixels record maximal noise, mainly coming from
fluctuations within them. The DAC values are the internal measurement units used by the Velopix detector for
thresholds and measuring signal levels.

The global threshold T'hgopa; is represented as a horizontal red line at a certain DAC value. This threshold is
necessary for the pixel to decide what is recorded as a particle hit or not. This can be seen from the binary
readout in Fig. [4] corresponding to the peaks of the current which lie above this set DAC. The transition from
the analog to digital signal can be understood better with the following schematic.

Sensor signal (X) —

Thglobal Y)—

Analog :  Digital

Figure 5: Schematic of signal comparison within a Velopix pixel. Signal;,,,: refers to the signal from the pixel.
Portrays the conversion from analog to digital signal.

If the ionisation from the passing particle is shared among pixels, the charge collected per pixel is lower. Thus, a
global threshold that is too high would imply ignoring peaks in the current which are due to actual hits. Setting
Thgiopar too low would imply picking up too much noise. Thus, it is key to find a proper value for this parameter.
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The Velopix only has one global threshold T'hgopq by design. Nevertheless, although there is a careful exami-
nation in the manufacturing of the ASICs, individual pixels tend to have a small shift in the position of their
noise. Some potential causes for the noise position variation from pixel to pixel might be small differences in size
and imperfections, material impurities, thermal fluctuations, their position with respect to other electronics, etc.

The pixels within the ASICs only have one free configuration setting in order for their noise baseline position
to be set around the same value. This setting is called Trim, which can take 16 different values labelled from 0
to F. These values can be understood better as a current offset added to the input signal from the pixel. If this
signal including the Trim offset is greater than the global threshold T'hgopq, a hit is recorded, as shown in Fig.

The equalisation process is the procedure by which it is possible to set the noise baseline position of the pixels
to be around the same DAC value. This is to ensure that the pixels have almost the same response when the
detector is operational. The equalisation process is not the scope of this study, but the concepts and results
obtained from it are relevant, since they are involved in the analysis performed. The equalisation process returns
three main results:

1. Trim setting matrix

2. Global Threshold for the ASIC

3. Masked Pixel matrix

To mask pixels that have anomalous behaviour or are not working, the masked pixel matrix is used in this
analysis.

A better understanding of the concept of thresholds can be obtained from the graphs below. Figure [f] represents
a Velopix ASIC exposed to the Feb5 source. The recorded hits per second are shown as a function of Thgopa-
A high peak in flux is observed at around 1400 DAC which corresponds to the noise baseline position Ej, set
approximately between 1375 and 1425 DAC, around the threshold range at which pixels maximally record hits
coming from the noise fluctuations.

* mean
17.5 1
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12.5 4

2
‘5 10.0 A |I
2
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£ 75 ; .
o
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2.5 i 14
§
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004 '.l '0--..oooo-o-.......-."......-
r r T T T
1400 1450 1500 1550 1600
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Figure 6: Flux vs threshold scan for a Velopix ASIC exposed to a source.
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Figure 7: Flux vs threshold plot with and without source. Threshold axis rescaled to show the range where
drop in flux occurs due to the radiation source.

There is a slight drop in flux in the higher DAC range, which occurs due to the particles coming from the
radiation source used, but it is barely noticeable unless the graph is rescaled to that of Fig. [7] It is located in
between 1500-1550 DAC, and it corresponds to the threshold Fy, previously introduced within the flux model
in Eq. [} As it can be seen from the figure, the data which does not have a source, presents 0 flux and thus the
data points directly lie on the x-axis, whereas the datasets with a source have a non-zero flux, as expected.

So far, two special thresholds have been introduced in this section, these being £y and T'hgiopar. Moreover, by
using the Fj introduced in the flux model in Eq. [4 the energy deposition on the pixel from the ionising particle
can be obtained. The energy deposition in DAC units will be referred to as target, Ey = Ey — Ep found with
difference of Ey and the noise baseline Ej. This can be done since the noise baseline position Ej represents 0
energy deposited in the sensor, while the Fj is determined from a fit to the flux over threshold DAC distribution.

2.3 Source

The source of radiation used is Fe55, which decays with a half-life of 2.74 years with 100% probability to Mn55
by electron capture (EC). The emissions expected are listed in the table below.

6.489 — 6.535 3.40 7 K — MN
6.489 — 6.535 3407 | K—Mss4

i)

# E [keV] I(abs) [%)] Line
1 | 0.556 —0.764 | 0.66 10 L

2 5.888 8.45 16 K —-L,
3 5.899 16.6 3 K-Ls
4

5

Figure 8: Details on X-ray decay modes from Fe55. Obtained from [6].

The most relevant X-ray emission is the Mn Ka X-ray at around 5.9 keV (combining this way the K-L2 and
K-L3 lines shown in the table). There is also a weaker Mn K/ X-ray, not expected to be measured. Other
decay modes include the emission of gamma radiation and Auger electrons. These electrons have an energy of
a few keV and are expected to be absorbed within the enclosure of the source. Thus, the Velopix ASIC will be
irradiated with the quasi-monochromatic source Fe55, predominantly by E, = 5.9 keV X-rays.
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2.4 Detection Process

The emitted X-ray undergoes the photoelectric effect, therefore transferring its total energy to the atom, which
then emits a shell electron. It is the dominant photon interaction process at energies in the lower keV range,
typically above 1 keV [7]. For this process to occur, the incident particle has to lose some of its energy to excite
an electron, which corresponds to the band gap energy Fyandgap- Thus, the energy of this photoelectron will be
slightly less than the energy of the incident particle, calculated by,

E = E’y - Ebandgap

Since the band gap energy for the silicon detector in use is Epgnagep = 1.12 €V, this being substantially smaller
than E,, it was not included in the calculations and E ~ E,. Therefore, from this process, the X-ray photon
has converted all its energy to a photoelectron. This photoelectron, being a charged particle travelling through
the detector, can now create electron-hole pairs (ehp) which then become a measurable current.

When an energetic charged particle goes through a pixel, it creates the so-called electron-hole pairs (ehp), as it
can be seen from the schematic cross-section of a Velopix pixel below:

Routing layer

Electric field Al readout strips

p-spray n* strip implants

n-bulk

p*—type backplane

Figure 9: Cross-section of a VELO silicon pixel of type n-on-n. The pn-junction is formed at the interface of
the backplane and the bulk. [§]

An electric field is applied between the backplane and the implants shown in Fig. [9] such that if an ionising
particle travels through the bulk, electrons will drift towards the implant side, inducing a signal on the strips
provided that they did not recombine during the process.

The average energy to produce an ehp by a charged particle, Ecpy, is dependent on the intrinsic properties of the
medium and its temperature. Only an average can be specified due to random phonons being produced which
take away part of the energy. One can find that for a detector made of Si, at room temperature Eepp, = 3.6940.11
eV/ehp [9]. This parameter has been observed to increase, but at significantly lower temperatures [10]. Since
the detector operated at —20°C during data taking, the value used throughout this study is Fepp, = 3.69 £0.11
eV /ehp.

Taking the energy from the irradiated particle £, = 5.9 keV, and dividing by E.p, = 3.69 eV should lead to
the average number of ehp created in the pixel, assuming that the photoelectron is fully stopped in the pixel

thickness:
K, 5900 eV

Eenp  3.69 eV/ehp
This means that every incident X-ray from our Feb5 radiation source will create an average of 1598.92 electrons.
These electrons will then drift towards the read-out and induce an electric signal measured by the ASIC. We
should expect every pixel to release the same amount of electrons per hit, however pixel-to-pixel variations due
to impurities in the silicon or fluctuations within the pixel might slightly change this value.

= 1598.92 ehp (14)

Nehp =

2.5 Gain K[e-/DAC]|

Both the number of electrons released within the pixel and the measured target F; in DAC units by the detector
should be related to the energy deposition on the pixel. Thus, we can divide the number of electrons n._ = nenp,
by the target so that the gain or conversion factor between e- and DAC units can be found:
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e~ T E 1
Kl—| =2t =""__ ~ 1
[DAO] E, Eenp (Eo — Ey) (15)

From the above relationship, it can be concluded that as Fy increases, so does F; and thus, the value of K
decreases. We will come back to this specific relation between Ey and K later in the analysis.

The conversion factor here derived can be used to have a better understanding of the detector. It provides a
direct equivalence between a number of electrons [e-] and a digital value in [DAC], associating the analog signal
amplitude that would be produced by the released electrons within the depletion zone and the digital value
which will be assigned by the electronics.

The objective of this study is to characterize the gain K[e — /DAC] of the Velopix pixels and study their
behaviour to irradiation. On the Velopix ASIC design paper [], the estimation from test pulses found a gain of
Kest [e-/DAC] = 15.45 £ 0.51, with the analysis here shown aimed to compare this value with results obtained
from measurements on energy deposition.
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3 Data and other specifics

3.1 Datasets and data acquisition

Two datasets were used for this analysis, these differing on exposure time to the source and the operating
temperature of the ASICs. The datasets used here are exposures of the ASIC labelled “VP3-1” to a quasi-
monochromatic Fe55 radiation source with an operational temperature of —20°C and another one at room
temperature, labelled cold and warm respectively. The Module is cooled down throughout the data taking
process to prevent it from overheating while operating, thus, labels aforementioned refer to the temperature
acquired by the Module, not the actual usage of the cooling system since this is always active.

The datasets here presented make use of the MiniDAQ2, which is a data acquisition system designed for testing
and debugging the LHCb detector components and electronics. Also, the “Module production” equalisation
is utilized, developed and used during module construction and qualification prior to the installation of the
detector. Since the module construction finished, the equalisation process has been studied in detail and its
algorithm improved. However, it needs a newer version of the read-out firmware, which is not available on the
MiniDAQ2 used here.

The table below compiles the relevant data acquisition information of the two datasets used for this analysis.

Set | Label | Module Temp. | ASIC | Shutter Time | nacq | Thry,n | Thryes | Thrse, | Total time (h)

1 Cold —20°C VP3-1 2 5621 ms 50 1480 1600 1 4.36
2 | Warm +20°C VP3-1 2 5621 ms 100 1480 1600 1 8.73

Table 2: Details concerning the two data sets.

The Shutter Time (ST) refers to the amount of time the ASIC is exposed per acquisition, nacq is the number
of acquisitions per threshold considered, Thr,,;, and Thr,,,, are the extremes of the threshold scan range,
together with Thr, which defines the step size in DAC units taken in the scan. The Total time represents the
exposure time of the dataset, and it is indicative of the quantity of data obtained. Note that not all thresholds
and acquisitions are used, for reasons explained in Sec. The total exposure time can be calculated using
the following formula,

_ Thrmae — Thrimin

Thrstep

The figures below represent the total flux over all thresholds measured by the VP3-1 ASIC to Fe55 irradiation
for both the cold and warm dataset, respectively.

-nacq - ST (16)

VP3-1 ASIC Flux from Fe55 X-rays, cold data 15 VP31 ASIC Flux from FeS5 X-rays, warm data

Pixel rows
Pixel rows

128
Pixel columns Pixel columns

128

(a) Cold dataset. (b) Warm dataset.

Figure 10: Total Flux summed over all thresholds for both the cold and warm dataset.
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The datasets used, named 20230803_coldFe55 and 20230823_warmkFes5, were taken without displacing the ASIC
from the radiation source, a factor relevant to test the influence of exposure time and module temperature.
Future studies should control the ASIC position, together with other variables related to the setup, such that
better assumptions can be made as well as possible extra tests on the data.

3.2 Data Filtering

The first step in the data processing is the removal of artefacts. These can be identified manually, directly
inferred as sudden changes in the flux over threshold scan, and confirmed from the hit map that there was some
issue with the data acquisition process. An example of this is shown in Fig.

CLI-1/VPO-1 2 x 20s971ms

7000000 — 256 1

_ CLIFL/VPO-1_
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5000000
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3000000 n2
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#pixel hits
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o

04——sececee te - NA

et

1350 1400 1450 1500 1550 1650 0 16 32 48 64 80 9 112 128 144 160 176 192 208 224 240 256

DAC Threshold

Figure 11: Noticeable anomalous flux data point observed in threshold scan. The ASIC and ST shown are
different from that of the datasets used but shows what is referred to as a deviation in flux. Figure obtained

from [12]

This problematic data acquisition issue was observed in the warm dataset here considered, shown in Fig. [12]
After these anomalies in the data acquisition have been spotted, the specific problematic threshold and acqui-
sition can be added to the dataset information so that these are not included before delving further into the
data analysis.

VP3-1 (t= 25621ms) _ B VP3-1 (t= 25621ms)

hits [1/s]
3
s
=)
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~ 80 5.0
64 1 641
ol o 23
24 2 0.0
16 1 = NA
] o
o 4
0 16 32 48 64 80 96 112 128 144 160 176 192 208 224 240 256 ¥R WG WO BRI TN I SR
thr=1494, acq=18 thr=1527, acq=78

Figure 12: Outliers in flux measurements for VP3-1 ASIC in the warm dataset. Figure obtained from [I3]

Raw data is further filtered by applying the mask matrix obtained from the equalisation procedure, thereby
neglecting individual pixels that behave oddly. An extra check on the data is performed by looking for empty,
bad and good scans:

e Empty scans: applies to the acquisitions where there are no hits. The mean of all the hits recorded at
said acquisition is found, and then is compared to zero, using a tight tolerance of 107°. If True, skips the
acquisition and does not consider it for the flux files.
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e Bad scans: applies to the acquisitions where the data transfer from pixel to hard drive went wrong.
Reason unknown. These acquisitions can be identified because the mean value of hits in the right-most
last column are (approximately) 18.34 and 17.69 hits for the warm and cold dataset, respectively. These
acquisitions are removed from their respective dataset.

e (Good scans: applies to the acquisitions where none of the above conditions are met. The total number of
good acquisitions per threshold is saved to be taken later into account for the computation of the flux.

After filtering the raw data, it is converted into flux files, which contain information on the flux for each individ-
ual pixel and for the whole ASIC over the threshold scan in which the measurements took place. The distinction
between the overall ASIC and the individual pixels’ flux is important, since it will become relevant when testing
if it is possible to obtain accurate information about the gain of the individual pixels by just studying the ASIC
flux, rather than performing the pixel by pixel analysis. This will be further discussed in Sec.

3.3 Fitting and Pixel Categorisation

After the generation of the flux files for the individual pixels and for the ASIC as a whole, flux over the threshold
scan data can be fitted to the flux equation Pixels are classified based on a x? test, which asserts the goodness
of the fit based on the following equation:

e-x (055,

i

where O is the observed flux, F' is the calculated flux from the fitted parameters, and U is the uncertainty of
the observed flux. This is essentially just comparing the observed value from raw data to the predictions from
the flux equation.

With the parameters found from the fit to the flux data points and their associated uncertainties, one obtains
the expected theoretical flux F. Thus, it becomes possible to obtain a value for the x2 of that pixel and compare
it to some critical value x2. The x? is found using a confidence interval parameter of o = 0.05 and the number
of degrees of freedom is fixed to be the number of flux data points being analysed minus the constraints, these
being the 4 fitted parameters A, Ey, f and s. However, the number of constraints might change when considering
other flux equations, such as those considered in Sec. later on. Based on this comparison, a pixel can be
assigned with one of the 4 different labels below presented:

e Good: fit found for the individual pixel and passed x? test.

e Bad: fit found for the individual pixel but not passed x? test or unphysical parameters (negative values
found for the flux equation parameters).

e F'it Not Found: fit not found for the individual pixel, since it could not converge when fitting data to the
flux equation provided.

e Cut data: pixels that were cut due to masking, data anomalies, no hits recorded or other specific reasons.

However, for the sake of this analysis, we are only interested in the behaviour of the good pixels and in that
of the whole ASIC, thus we will ignore the 3 other categories of pixels. After the data was processed, matrices
containing the various parameters involved in the flux equation are saved, only considering good pixels. These
can later be plotted as heatmaps, as shown in the Appendix [B] and throughout this study, to obtain a better
understanding of the behaviour of the pixels and ASIC.

One extra point to be made is that, it is expected that the number of pixels categorised as good is not greatly
influenced by the exposure time of the ASIC to the source, but rather to how well the data fits the flux
equation, based on the above categorisation. Thus, it would be reasonable to assume that, when analysing the
cold data, since there are fewer fluctuations within the pixels, this would lead to more physically precise data
taking (referring to the DAC threshold at which the hits are recorded) leading to more pixels receiving the good
category (since the model should describe better the flux behaviour). This assumption is tested in Sec. and
it is introduced here to be used as an argument later on.
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3.4 Average behaviour of pixels: Mean, ASIC and ASICgood

There are various parameters that can be used to portray the overall behaviour of the 65.536 individual pixels.
The first measure that comes to mind is of course the mean. This mean value for the various physical parameters
gives a realistic representation of how the pixels behave on average from the measurements taken.

When the flux files are being generated from raw data, an average flux can be calculated by summing up the
hits recorded by all the pixels over each threshold and dividing by the total number of pixels in the ASIC, i.e.
65.536. This average flux is what will be referred to as “ASIC” value. This average flux is fitted to the Eq.
also used by the individual pixels, and its physical parameters are carried throughout the analysis.

Another option to be explored regarding the ASIC value is to only consider those pixels categorised as good,
which will be referred to as “ASICgood” value. This would essentially make the ASICgood parameter less
biased from the true average than the original ASIC value due to the lack of contributions from other bad fit
categories. Nevertheless, for the calculation of this new average flux, information on the category of each pixel
is needed, which requires the individual pixel analysis to take place.

Performing the analysis on the ASIC flux is a computationally fast process, whereas carrying it out on all the
individual pixels is more time-consuming, since the computation needs to be reiterated for 65.536 individual
pixels. If it were possible to retrieve information about the gain of the individual pixels by exclusively looking
at the ASIC flux, it would not be necessary to go over all pixels to have an understanding of their mean gain.
This idea will be further explored by looking at the parameter distributions coming from the individual pixels
together with the mean, ASIC and ASICgood, although the latter value requires the full analysis of individual
pixels.
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4 Analysis

4.1 Individual vs Average Flux

The flux over the threshold scan is shown below, with pink representing an individual pixel of choice and green
the sum over all pixels, previously defined as ASIC in Sec. Both flux curves have their respective fits using
the flux equation Eq. [ plotted.

ST=2s621ms from resultscalibration cold ST=2s621ms from resultscalibration warm
Flux and fit on pixel 127x128 Flux and fit on pixel 127x128
1.6 E0=1530.4£0.3, f=0.00342+0.00086, s=2.16+0.36 1.6 E0=1547.6+0.2, f=0.00214+0.00027, s=2.82+0.25

Fit on average pixel, ASIC.

Fit on average pixel, ASIC.
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(a) Flux over threshold from the cold dataset. (b) Flux over threshold from the warm dataset.

Figure 13: Comparison of the flux between the average (green) and individual pixel 127 x 128 (pink), for both
the cold and warm dataset. The green/pink line correspond to the best fit of the flux model to the data.

The pixel chosen here is 127x128, which is located in the region with most exposure to the source, but any
arbitrary pixel should exhibit similar flux curves, with slight differences coming from pixel to pixel variations.
There are no significant dissimilitudes coming from the temperature difference regarding these fit curves, except
for a major one, the Ej location, but a more detailed comparison between cold and warm parameters is shown
in Sec. From the statements in Sec. it is known that the pixels will have variability on the measured
Ey due to pixel-to-pixel variations, even though there should be an agreement on this value. The differences
between various pixels regarding their flux curves are shown below for the cold and warm datasets.
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Figure 14: Flux curves over threshold scan for 5 different pixels, for the cold dataset.
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ST=2s621ms from resultscalibration warm
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Figure 15: Flux curves over threshold scan for 5 different pixels, for the warm dataset.

There are various reasons that can explain the tendency of pixels to show higher DAC values for the drop in flux
in warm data: increased thermal noise, increase of leakage current, extra phonon interactions and changes in
charge trapping or in the depletion zones. Even though the agreement on the location of this flux drop would be
the ideal scenario for this analysis, it is known that the detector presents pixel-to-pixel differences and it is de-
signed to operate at lower temperatures. Thus, the warm data is showing the possible temperature influence on
the data and not the true expected pixel characteristics, while the cold pixels do show the expected Fy variation.

The ASIC flux does seem to slightly change from one dataset to another, mainly due to the already shown
tendency of the pixels towards higher DAC values in the warm data, which can be seen from Figures [14] and
Additionally, aside from the Ej variation, the s parameter also changes noticeably for some pixels, which
accounts for the sharpness of the drop in flux. However, there are not many pixels that find a significantly
higher s value, shown later in Sec. [£.3] therefore, the flatness of the ASIC flux curve comes from the obvious
variability in the Ey value from pixel-to-pixel, washing out the abrupt drop in flux.

4.1.1 Detailed Analysis on the Flux Equation: Residuals and Pulls

There is no proper derivation for the flux equation shown in Eq. and it is taken to be a decently working
model to fit the data. The residuals and pulls are computed, determining the goodness of the fit using the flux
model to the data, which might provide insights on future improvements to this flux equation.

The residual r4p, provides a clear measure on how much the flux equation used deviates from the actual data
points. The pulls are also calculated when the uncertainty related to the measured data points obtained was
provided. The pull psp, is the ratio between the residuals over the uncertainty, a measure of how far the model
equation being fitted is from the recorded data. Both the residual and pull expressions can be seen below,

Tthr _ F’raw,th'r - Ffit,thr
AFraw,thr AFraw,thr

DPthr =

where Fiqw thr and AF,qu he is the flux and its associated uncertainty obtained from raw data and Fp ¢nr
comes from the fitted curve. The flux, residuals and pulls over the threshold range are shown below for the
main/calibration flux model shown throughout this study, introduced as Eq. El The pulls are computed for the
ASIC and ASICgood average flux curves, both for warm and cold datasets, as well as for a set of pixels from
the centre of the Velopix to assess the accuracy of fit to the data of individual pixels.
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Figure 16: Flux, residuals and pulls for ASIC and ASICgood with warm data.
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Figure 17: Flux and pulls for ASIC and ASICgood and some centre pixels with cold data.
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Figure [16] gives a better overview of the failure of the flux equation to fit the data in some threshold regions,
while in other locations the fit is decently close to the raw data points. The main concern coming from these
plots is the fact that the model used does a worse job at fitting the ASICgood flux curve, which is intended
to be a less biased measure of the average flux of the individual pixels, compared to the original ASIC curve
considered. This can be concluded by looking at the residuals and the pulls of the ASIC curve being smaller
than that of ASICgood.

Another issue that can be seen from comparing Figs. [I6] and [I7]is the fact that the cold ASIC and ASICgood
pulls are greater than that of the warm dataset, with this feature being more prominent in the 1545-1560 DAC
region. Considering that in the cold dataset it is expected to have more accurate data, this is an issue to be
resolved since the opposite is observed from these subplots on the ASIC and ASICgood flux curves.

Since the ASICgood flux curve exhibits a greater amount of flux as well as a sharper drop, due to the contri-
butions to this curve coming from only good pixels, it is certainly more similar in shape to the flux curves of
individual pixels, which then raises the question of what the residuals and pulls will look like for the individual
pixels. This is shown in Fig. and it is easy to see that the individual pixels’ pulls shown it is a decently
good fit.

Therefore, one can conclude that since the fit of our flux equation performs decently well on the individual
pixels, it is safe to use results coming from the mean of all the pixels considered, whereas the use of the ASIC
and ASICgood values now become somewhat questionable, and suggest the need for improvements if one wants
to have an accurate description of the overall ASIC flux.

4.2 Fitting to data

Performing the x? test aforementioned gives a categorisation of the pixels, this being represented in the plots
below:

Fittype parameter Fittype parameter
256 ype p 256 ype p

Good fit, 19.17% Good fit, 14.32%
192 1 192 4
Bad fit, 43.4% Bad fit, 55.48%

1284 .- 128 A

Pixel rows
Pixel rows

Fit not found, 0.31% Fit not found, 0.2%

64 1 64 1

Cut data, 37.12% Cut data, 30.0%

0 64 128 192 256 0 64 128 192 256

Pixel columns Pixel columns
(a) Cold dataset. (b) Warm dataset.

Figure 18: Heatmaps showing fit type category given to the individual pixels for the cold and warm dataset.

As it can be inferred from the heatmaps, there does not seem to be a great difference between the fit type
heatmaps of the cold and warm datasets. However, there is a difference on the number of pixels that found a
good fit, greater in the cold data. One finds 19.17% and 14.32% of good pixels with respect to the total number
of pixels of the ASIC, for the cold and warm datasets respectively.

The assumption stated in Sec. [3.3] expecting a higher number of good pixels from the cold data due to its more
physically accurate measurements with less thermal fluctuations involved within the pixels, can now be tested.
This is supported by observation of the exposure time difference in Table [2| with warm data having almost
twice as much as the cold, while the latter finds a greater number of good pixels. Hence, a greater exposure time
is correlated with more good pixels, but not strongly. Thus, it can be argued that the main influencing factor
for finding good pixels is the Module temperature. To fully test this assumption, it would have to be proven
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that the variation of the exposure time of the ASIC to the radiation source does indeed not greatly influence
the amount of pixels classified as good, which is confirmed in Sec[5.1]

Furthermore, we see a circular distribution of the fit categories, with its centre being the point where the source
was located and from where the pixels will start to receive less radiation moving radially outwards. The plot
can be broken down into four different sub-circles, corresponding to good, bad, fit not found and cut pixels. The
pixels categorised as fit not found exhibit this circular pattern, but with a specific radial location and with a
ring-like structure. This is briefly explored in Appendix [C]

The results on the gain coming from this study will depend on the flux equation used and their behaviour
when used as models to fit the data. Therefore, it becomes important to test the other possible flux equation
variations shown in Sec. to find the most appropriate candidate, from which the in depth analysis will be
performed.

4.2.1 Testing various flux models

The same analysis as for the original flux equation and calibration approach was performed, using the flux
equations defined in Sec. and the amount of good pixels found for both cold and warm datasets are
shown below.
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Figure 19: Summary of percentages of good pixels found for variations to the flux equation. The specific number
of good pixels found is shown within its corresponding bar.

First, comparing the original flux equation Fj o to Fap,, it shows that the inclusion of A* and B* as two
independent scaling factors does not seem to influence much the amount of good pixels found. Of course, in the
original flux equation, the A and f parameter can also freely vary to fit the data better but not as independently
of each other since the terms are governed by them. This essentially shows that, even though one would think
that having the terms in the flux equation being independent of each other would lead to more freedom while
fitting the data and thus find more good pixels, the F} ¢ using A and f, with the individual terms involved being
more constrained by their related scaling factors Af and A(1 — f), seem to provide slightly more good pixels.
From this, it is shown that the two models are equivalent parametrisations, which is not obvious yet expected,
and that one can assume that the various terms in the flux equation should be directly related, such as in Fj o
in the calibration approach.

When comparing the original flux equation to Fapo and Fap, with and without including the term0 respec-
tively, they seem to be finding approximately the same percentage of good pixels with respect to F} o or Fi, with
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the cold dataset consistently finding more good pixels than that of the warm dataset, which is an anticipated
but expected feature explored in Sec. [5.1] From the differences between the functions which include the term0
or not, it can be inferred that its inclusion in the flux equation is reflected in a minimal increase of good pixels,
which will only make a deviation in the mean gain of the datasets in the decimal places, so the explicit con-
tribution of this term0 is very small and only contributes to a possible better understanding of the flux equation.

Secondly, Fys and Fys o seem to find a number of good pixels which differs greatly to that of calibration, together
with the fact that they are inconsistent with the reasonably established feature that there should be more good
pixels found in the cold rather than in the warm dataset. These generalisations of the flux model F; should
be describing the data as equally well as their original counterparts. Nevertheless, this is not observed in the
amount of good pixels and, for the aforementioned reasons, it is safe to conclude that flux equations that involve
two s parameters, s; and s, such as those presented as F, 9, Fbs, Fos ap in Egs. are not adequate
models to represent the datasets, at least with the equation structure used. It might be that an improved flux
equation with 2 s parameters describes the data well, nevertheless, it presents issues finding a fit, due to failure
of convergence due to the extra degree of freedom, taken into account in the y? test.

The last flux model in Sec. shown in Eq. was used but not included in the results above. This flux
model did not provide any insights since it has trouble converging to a fit due to other possible reparametrisa-
tions which will give identical solutions (e.g. f — 2f, A — g, B — B- 11_72];). It is left as a remark for future
exploration of models to describe the flux data.

The main conclusion obtained from testing the different flux models is that the main flux equation, F} ¢ shown
in Eq[] performs best compared to its variations, finding a greater quantity of good pixels while not having too
many free parameters involved, leaving the model highly constrained.

4.3 Parameter Analysis

The following distributions for good pixels were found using the main flux model Eq. , showing the parameters
Ey, f and s which determine the flux equation, both for the cold and warm dataset respectively. Note that the
error given with the mean values found is the SEM = o/+/n, while the errors of the ASIC values are obtained
from the fit of the flux curve directly.
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Figure 20: Cold dataset parameter distributions showing the mean, ASIC and ASICgood values.
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Figure 21: Warm dataset parameter distributions showing the mean, ASIC and ASICgood values.

Looking at the three histograms and comparing the found mean, ASIC and ASICgood values, it is clear that,
even though in the Ej distribution all of these vertical lines lie close to each other and seem to be almost
consistent on a value, there is a clear disagreement on the f and s mean and the ASIC or ASICgood values.
This is due to the differences in behaviour between the individual and the average flux, which have a somewhat
distinct flux to threshold curve, a dissimilarity already portrayed in Fig. specially on the s parameter,
associated with the sharpness of the drop in flux.

The distributions of the f charge sharing parameter revealed similar distributions for both datasets, with some
pixels finding smaller f values in the warm dataset, slightly lowering the mean f. Looking into the drop in flux
using its associated parameter s, the mean found by both datasets are close to each other, but with a higher
value on the warm dataset. This comes from some pixels finding a higher s parameter, associated with the
tendency of flux data points towards higher DAC values due to Module Temperature influence, which can lead
to widening in the flux drop, explained in Sec.

The shape of the distributions is very similar between cold and warm data, however, the Fy distribution does
present a prominent change. It becomes obvious that the warm dataset finds a more skewed distribution than
that of the cold data, linked to the shift in Ey towards higher DAC values due to Module temperature influence.
From this, it is certain that the dataset which will provide more physically accurate results is the cold dataset,
due to its greater amount of good pixels and the resemblance of the Ej distribution to that of a Gaussian, as
expected from the Central Limit Theorem for an energy deposition measurement. Nevertheless, a much smaller
spread on the Ej distribution is expected from a quasi-monochromatic source of radiation, suggesting a possible
bias and need for correction to have a more reliable determination of the energy deposition.

4.4 Parameter heatmaps and FEj

The parameters found for the good pixels can be also represented as a heatmap distribution over the ASIC,
which might reveal some information on the spatial pattern of these values. If there were to be any discernible
structure in the spatial distribution, it would imply that there exist local biases in the detector, which would
not be suitable for its operation. Nonetheless, this scenario is not expected since the ASICs undergo careful
inspection during the production process.

The heatmaps for the parameters involved in the flux equation are shown in Appendix [Bl All of them are just
randomly distributed values over the detector, with only minor variations in the parameter values from pixel to
pixel. The only somewhat relevant heatmap to be shown in this subsection would be the difference between the
individual Ej values and the found Eyas;c value, since, if there were to be any observable pattern, it would
suggest that there might be a systematic uncertainty related to the position of the pixel.
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Figure 22: Difference heatmap between Ey and Eyasrc for both cold and warm datasets. The spread shown in
the top of the graph refers to the difference between the maximum and minimum difference value.

From the above figures, there is not any noticeable structure observed, meaning that there is no correlation
between the pixel coordinate and their value of Ey. Nevertheless, this topic is further explored in Sec. [5.2]

In order to explore in a quantifiable manner how far each pixel lies from the ASIC, a z-score test can be applied,

that is,
r—yY . _ 2 2
X with Az =/ Az” + Ay (18)

z

where Eg = x + Az and Egasrc = y = Ay, and the result being the closeness of the pixel value to Egagrc in
number of standard deviations . The found distributions are shown below:
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Figure 23: Discrepancy of Ejy between the pixel and Eyag;c in number of standard deviations. The legend
shows the percentage of pixels within 30 of the ASIC value, compared to good and the total amount of pixels.
Note the difference in scale of the x and y axis between the figures.

From this, it can be inferred that the found value of Fyas7¢ is not so representative of the individual Fy values
from the pixels when taking into account their uncertainty. The spread in number of standard deviations o,



26 Chapter 4 ANALYSIS

as it can be seen from the z-axis range, is extremely large, with pixels deviating more than a 1000 from Egas;c-

From the parameter distributions shown in Fig. 20] it was already anticipated that there might be a bias to
correct for, since there is a big spread found on the Ej distribution, while a narrower distribution is expected
from a quasi-monochromatic source of radiation. This previous observation together with these two extra plots
show that it is wiser to look for another parameter which will have a better representation of individual pixel
values when comparing them to the average/ASIC. The next obvious parameter to do so would be the target
FEy, due to the inclusion of the noise baseline Ej} correction to the Ey values.

4.5 Target E; and E,s5;¢

In this section, the introduction of the noise baseline shift is explored. Its implementation allows for an energy
deposition measurement in DAC units and the correction for biases that arise from pixel variations, as explained
in Sec. 2:2] The individual value of Ej, for each pixel can be obtained from two approaches.

One option is to extract it from the location of the high peak in flux located around 1400 DAC, as shown in
Fig. [6] corresponding to the noise baseline position. However, these threshold scan regions are not part of the
datasets shown in Table [2] but are rather from two other datasets not included in this analysis. Since there
could be influences from the predicted location of the maximum in the flux distribution, such as exposure time
influence or assuming that the model and fit are correct in said region, this approach is not taken. A threshold
scan with better resolution in the noise domain, as well as having a single scan covering both the noise and
source regions would be best for this approach, given that the best flux model used to fit the data is found.

The second and most practical choice is to obtain it from the best Trim choice that results from the equalisation
process, briefly introduced in Sec. 2:2] Since one of the main purposes of equalisation process is to accurately
study and find Ej, it was the approach taken and thus the best Trim setting for each pixel, is used. The
predicted Trim value can be off by 1 in the MiniDAQ2 equalisation, but the prediction from MiniDAQ3 should
be slightly more reliable. The baseline for the whole ASIC is chosen to be the mean of the baselines of all pixels
Eyasic = By 4, such that Eyasrc = Eoasic — Eyasic-

Finding the value of Ey from the fit to the flux curve and then shifting by the baseline E; is mathematically
equivalent to subtracting the DAC position of all the flux data points by the baseline and then performing the
fit, from which the target E; is determined right away. This allows us to obtain the error associated to the
individual pixels and for the ASIC values without having to perform error propagation. The found target F;
distributions are shown below:
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Figure 24: Target E; distributions showing mean, ASIC and ASICgood value.
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A z-score test such as that shown in Eq. is used, but now being applied to the target F;. This allows to
determine how close a set value of x is to F;457¢c in terms of standard deviations o. The individual and ASIC

target uncertainties are obtained from the fit to the flux data points. The found discrepancy distributions are

shown below:
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Figure 25: Discrepancy of E; between the pixel and E;sg57¢ in number of standard deviations.

There has been a significant improvement on the representation of F;as;c with respect to the individual F;
when comparing it to the discrepancy distribution of the Fy show in Fig. There are now 93.75% and 96.82%
of good pixels within the 30 range, for the cold and warm dataset respectively. The distributions are closer to

the 99.7% representation expected from a Gaussian distribution.

4.6 From Target E; [DAC] to Gain K[e-/DAC]

The target E; can be used to obtain the conversion factor or gain K[e-/DAC] using Eq From this equation, it
is obvious that the gain and the target are inversely related up to some proportionality constant. Nevertheless,
both the target and the gain are shown in the plot below for the cold and warm dataset.
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Figure 26: Summary of target and K distributions. The mean and error of the mean shown in plot and legend.
The ASIC and ASICgood values and uncertainties obtained from fit to the flux curves.

Here are plotted the mean and its uncertainty, the error of the mean, calculated as o/+/n, with n being the
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number of good pixels considered in the distribution.

First looking at the target distribution, it is obvious from the plot that the cold dataset tends towards a lower
DAC value than that of the warm data, this again being most likely due to less thermal influence on the mea-
surements. This can be further confirmed by noticing that the warm distribution is more asymmetric, rather
than presenting an overall shift by some constant with respect to the cold data. Such an assumption can also
be confirmed by looking at the higher DAC extreme of the cold and warm distributions, which they seem to
agree on. This can quite possibly be explained by the temperature influence, which introduces extra phonons
appearing in warm data and therefore, those hits which would have been recorded at a lower DAC value are
shifted towards higher DACs.

If the mean and ASIC values disagree while taking into account the uncertainties associated with them, it
would imply that the mean pixel would differ in gain Kle-/DAC] to that of the found value from the ASIC
average curve, which implies that we cannot say anything about the gain of the individual pixels by exclusively
performing an analysis on the overall ASIC data. Since the ASICgood flux curve still relies on the individual
analysis and categorisation of the pixels, it cannot provide further insights on this topic but rather it represents
another measure describing the average pixel and hopefully contribute for a better understanding on the flux
of the ASIC and the pixels.

4.7 Performance

From the analysis developed in the next section, studies on irradiations of ASICs can be conducted to further
explore their characteristics, including the characterization of their gain K[e-/DAC]. This would enable a better
understanding of the differences between ASICs and their respective gain from real measurements.

The analysis shown analyses 1.71 rows/s on average and takes approximately 8 minutes to go over the entire
ASIC using the best flux model chosen. The analysis time is given on average since there are rows containing
more masked pixels or cut data, which take less time to analyse.

This makes the analysis on all pixels feasible, as it is not overly time-consuming, and it allows examining the pixel
variations closely. However, choosing other flux models or other approaches might lead to longer data processing
time if one has to go pixel by pixel, making the ASIC average value introduced in Sec. [3-4]a possible reliable and
efficient choice instead of performing the analysis on all pixels. Nevertheless, this is only a plausible scenario if
the ASIC gain value does make a suitable prediction of the mean gain, which is explored at the end of this study.
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5 Systematic uncertainties and biases

An overview of the various steps and assumptions made throughout the data processing has been given in
the above sections, as well as some early results on the statistical behaviour of the parameters involved. The
approach used so far, this referring to the flux equation as well as other data specifics, will be referred to as
calibration. The topics here presented explore the exposure time influence on the results and impact of pixel
separation in different groups on the gain.

5.1 Exposure time influence

One of the main reasons to explore exposure time variation on the datasets, is to see its effects on the pixel
categorisation. If the cold and warm datasets were to have the same exposure time, it would be possible to verify
the reasonable assumption of temperature influence in the quality of data and pixel categorisation, rather than
assuming that it is mainly the amount of exposure time to the radiation source what determines the percentage
of good pixels, as mentioned in Sec. [3:3]

It was made clear in Table [2| that the warm dataset received more exposure time to the radiation source
compared to the cold data. More explicitly, following from Eq. [I6] it received twice as much exposure than the
cold dataset,

t nac 100
warm Guwarm _ =2 = twarm = 2 teold

tcold nacqcold 50

To test the influence of exposure time on the results, the number of acquisitions considered for each dataset
was modified. The various modifications to the datasets and their code names for the results are listed below:

e calibration: original approach considering the nacg shown in Table[2] Both datasets have different exposure
time ¢, with warm dataset having twice as much.

e calibration_nacq50: same as calibration, but using acquisitions in the [0,50] range. Both warm and cold
datasets have equal exposure time t.

e calibration_acq0to25: same as calibration_nacq50, but using acquisitions in the [0,25] range. Both warm
and cold datasets have equal exposure time t.

e calibration_acq25t050: same as calibration_nacq50, but using acquisitions in the [25,50] range. Both warm
and cold datasets have equal exposure time t.

Using all these variations of the calibration datasets, it is possible to test the effects of exposure time difference
on the results of this analysis. Note that a comparison between cold and warm data is only possible knowing
that the overall position of the ASIC to the radiation source is the same in both datasets, as clarified in Sec.
The following results were obtained for the gain K[e — /DAC] and the amount of good pixels, shown in
the figures below.
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Figure 27: Summary of percentages of good pixels found for variations in exposure time, using the calibration
dataset as reference for the different acquisition ranges considered. The specific number of good pixels found is
shown within its corresponding bar.

Looking at Fig. it is easy to see the influence of exposure time on the data quality. First, doing a comparison
of the calibration datasets, where they differ in exposure time t, to the calibration_nacq50 variant, where both
datasets have equal t, it is clear that the warm dataset having twice as much exposure time in calibration made
a difference. While the amount of good pixels remains the same in the cold data (since its number of acquisition
was not changed), in the warm data, we see an increase of good pixels with the reduction of exposure time,
which is not immediately expected, making this an observation worth exploring.

Now comparing calibration to the other variations (which contain less exposure time), more explicitly looking
at the warm data, one can see the high difference in the amount of pixels categorised as good. While this
difference in the number of good pixels also occurs in the cold data, there is certainly less variability. The high
variation only present in warm exposures points towards the temperature having an effect on the quality of
data, referring to how physically accurate the measurements on energy deposition are.
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Figure 28: Summary of gain K[e — /DAC| mean values for variations in exposure time, using the calibration
dataset as reference for the different acquisition ranges considered.

In the figure above, the mean gain for each exposure time variation dataset considered is presented. Considering
the cold and warm data separately, and explicitly comparing calibration_acq0to25 and calibration_acq25t050,
it is not difficult to verify that the mean gains agree within their uncertainties, which is expected from a sta-
tistical process such as the irradiation here performed, since both of them contain the same exposure time but
in different acquisitions. From comparison with calibration_nacq50, the inclusion of more exposure time does
influence the amount of good pixels found and thus the mean gain K.
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For the above reasons, it is fair to conclude that, although the exposure time of the ASIC to the source does
influence the number of pixels categorised as good, it is the temperature related effects mainly influencing the
quality of data acquisition. The inclusion of greater exposure time on the warm dataset most certainly lead
to better data quality, since more hits coming from the incident particles can be recorded, which then lead to
higher chance for the flux model to find a good fit, while for the cold dataset, less exposure time would have
lead to similar quality of data, as shown in Fig. but still making a difference on the mean gain value found.

Performing this study again with datasets of greater exposure time would lead to smaller differences on their
mean gains, as observed in the warm data from Fig. and eventually to a convergence to the true mean gain
value both for cold and warm data. The study here presented takes into account the maximum exposure time
available, which should provide the most accurate determination of the gain K[e-/DAC] possible.

From the differences calculated between the mean gain of the exposure time variation datasets with respect to
the main/calibration value, a systematic uncertainty can be assigned to account for the exposure time influence.
The systematic uncertainty is calculated using quadrature, obtaining + 0.16 and £ 0.44 [e-/DAC] for the cold
and warm dataset respectively. These are included with the final results in Table [6.1] and in Figure [33]as a gray
band next to the error of the mean.

5.2 Groups of pixels: even, odd and 16th rows

During the equalisation process run on the real VELO, it was noticed that different groups of pixels behave
slightly different from each other when it comes to the noise width [II]. This effect is said to arise due to
the simultaneous firing of all pixels in the ASIC when the equalisation takes place, however, this is not the
case when taking data such as the exposure to a radiation source, since only individual pixels are hit by the
incident particles with a small charge sharing component to neighbouring pixels. Nevertheless, this fact can be
cross-checked with the data taken for this study.

In order to do so, pixels are grouped in the same categories as in the equalisation study aforementioned, that
being a separation of even and odd columns as well as a group containing data from every 16th row in the
ASIC.The even and odd groups of pixels are mutually exclusive, while the 16th rows is not. One obvious
remark that needs to be made is the fact that there are more pixels to be considered in the even/odd group
than in the 16th rows category, and this will be reflected in the histograms and other measures such as the error
associated to the mean. The analysis shown so far throughout this study is performed for the 3 groups, with
the histogram for target and gain presented below.
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Figure 29: Target[DAC] and gain K[e-/DAC] histograms for cold dataset using calibration approach including
pixel separation in groups: even, odd and 16th rows. The mean and its associated error for each group is shown
underneath the colour label in the legend.

The above figure only shows the found distributions for the cold dataset, however, the warm dataset looks very
much alike, differing slightly in shape as previously seen in Fig. 26 In order to see the differences between
the even and odd group, it is possible to normalise the distributions by dividing the counts over the amount of
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pixels of its corresponding group. The distributions below show the normalised difference in counts within each
bin between the even and odd group for the target and gain of the cold and warm dataset.
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Figure 30: Normalised difference in counts between even and odd group for target and gain of the cold dataset.
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Figure 31: Normalised difference in counts between even and odd group for target and gain of the warm dataset.

The even group tends to find lower values for the gain, while the odd group tends towards higher gain values,
an effect visible in both cold and warm data. Looking at the mean gain from each group, it is obvious that the
different groups do not agree in value, which is shown better in the plot below.
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Figure 32: Summary of gain K[e-/DAC] values and uncertainties compared to the separated categories.
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From Fig. it is clear that the mean gain of the various groups considered differ from the mean of the
main/calibration dataset when there is no separation in groups. This shows that there is a bias coming from
the pixel position, shown with the various groups of pixels.

The equalisation process has been improved for the data acquisition system used by the full VELO detec-
tor(MiniDAQ3). This system runs on different firmware and software, fixing this apparent bias. Implementing
all the improvements on the MiniDAQ2 system as well cannot be justified given the available person power,
resources and limited used case. Therefore, it would be of interest to repeat this same separation in groups with
new data taken using the MiniDAQ3 and the new equalisation process to ensure that this bias is not present.
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6 Results

6.1 Measurements on the Gain K[e-/DAC] and Comparison to Estimate

This study has shown insights into the determination of the mean gain of the Velopix pixels when exposed to
irradiation from a Feb5 source, analysed at two Module temperatures. The found values for the conversion
factor or gain corresponding to each dataset are summarized in the table below.

Label Module Temp. ASIC Total time(h) Gain Kypean [e-/DAC]
Cold -20°C VP3-1 4.36 14.334+0.02 £ 0.16
Warm 20°C VP3-1 8.73 13.144+0.01 + 0.44

Table 3: Details concerning the datasets including the found results for the gain.

The higher gain found at lower Module temperatures can be understood as the pixels being more responsive at
such conditions, which can be relevant information for the calibration and optimization of the Velopix for its
correct operation.

From Figure one can verify the compatibility of the mean gain measurements from the datasets considered
to the paper estimate K¢ [e-/DAC] = 15.45+0.51 [4]. The distance in number of standard deviations between
them is calculated. The warm mean gain lies further than that of the cold, so the comparison is made to the
latter value. The cold mean gain and the paper estimate are found to deviate from each other with 2.07 ¢. This
shows that the mean gain obtained from the cold measurements is somewhat compatible to the estimate given
by the paper.

It is possible that with a further reduction of temperatures closer to those reached at LHCb when the detector
is operational, the mean gain found would be closer to that given by the paper estimate. Nevertheless, this
cannot be verified or extrapolated since only two temperatures were considered in this analysis.

6.2 Mean pixel vs ASIC Gain

The figure below shows the gain found by the calibration dataset, including the mean, ASIC and ASICgood
values and associated uncertainties. The ASIC and ASICgood gains are plotted in red and purple respectively
underneath the mean gain found by each dataset, such that the comparison of these values becomes more readily
apparent. The gain estimate predicted by the VeloPix ASIC design paper [4] is included in green.
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Figure 33: Mean, ASIC and ASICgood gain values for the cold and warm dataset. The mean gain and its
statistical uncertainty are plotted in yellow for warm and in blue cold dataset. The systematic uncertainty
shown as a grey band for each gain measurement. Values obtained from Table [6.1] Estimated gain from paper
in green.

The warm ASIC gain is slightly separated from the mean gain found by the dataset. Even including its error
bar does not exactly allow these two results to be compatible with each other, which is only the case in the cold
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dataset. It is the systematic uncertainty associated to the means that allow the ASIC gain to be in agreement
with the mean gain for both datasets, although this was already the case in cold measurements. The bias from
bad pixels is still embedded within the found ASIC gain, yet still making a good prediction of the mean gain
for a given dataset.

The ASICgood gain found by each dataset is obviously lying really close to that of the mean. The gain is
computed as the inverse of the target F; up to some proportionality constant. From this, it is obvious that
the mean of the targets found by the various pixels and the ASICgood target, which comes from the fit to
the average flux curve, will find values close to each other since they should be equivalent approaches. The
disagreement among the mean and ASICgood might come from issues in the inclusion of the noise baseline
position during the data analysis, or from the clear fitting issues shown in Fig.

From this, it is possible to confirm that the ASIC gain does make a decently good prediction for the mean
gain of the dataset, since there is agreement within the uncertainties explored. This becomes of importance
if further studies on irradiation to the ASICs are performed, from which the ASIC gain can be used to have
a fast prediction of the mean gain rather than performing the analysis over all the pixels, which can become
time-consuming depending on the quantity of data and specifics of the analysis applied.
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7 Conclusions

7.1 Summary of Findings

The analysis has shown a distinct variation in the mean gain of the Velopix pixels when using different Module
temperatures when irradiated by X-rays from a Feb5 source. The mean gain for the VP3-1 ASIC was found to
be higher for the cold dataset, with a value of 14.33 4 0.02 (stat) £ 0.16 (syst) [e-/DAC] at -20°C, compared to
the gain of the warm dataset, which found 13.14 + 0.01 (stat) & 0.44 (syst) [e-/DAC] at a Module temperature
of 20°C. The systematic uncertainty was determined from investigation of the exposure time influence of the
ASIC to the radiation source.

Various flux models were considered to fit the data. It is concluded, based on the residuals and pulls, that the
best flux model is that of Eq. and that the model fits decently well to the individual pixels but does not
describe accurately the average flux curve of the ASIC in specific threshold regions.

Another measure of the average behaviour has been explored using the ASIC value, introduced in Sec.
From the results shown in Sec. comparing the mean and ASIC gain within uncertainties, it is established
that the ASIC average flux can indeed provide reliable information on the gain of the pixels. This can be of use
for reasons explained in Sec. [£.7]

Furthermore, it has been established that Module temperature is a major influence regarding the categorisation
of pixels in the data processing, and that exposure time does have an impact on the data, from which a sys-
tematic uncertainty has been assigned to the mean gain measurements. Positional bias between pixels in even
and odd columns has been investigated, and its presence is confirmed when looking at the mean gain of the pixels.

Last but not least, this study required the analysis of datasets, from which all the presented results and plots
were obtained. This was made possible by development of a Python framework for analysing datasets from
irradiation tests on ASICs from the Velopix, which can be modified and extended further for future radiation
studies on the detector.

7.2 Outlook

This study has provided insights into the determination of the mean gain of a Velopix ASIC pixels under
irradiation. However, there are several areas which remain open for further investigation.
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Figure 34: Energy of incident radiated particle vs target F; in DAC units. The mean gains found by the cold
and warm dataset are shown. The error bars represent the combined uncertainties by quadrature. The green
vertical line represents the Estimate from paper while the horizontal dashed line shows the energy of the source
used for this analysis as well as the energy of its X-rays. The y-axis represent energy deposited in eV and in
number of electrons n._ for better comprehension.



Chapter 7 CONCLUSIONS 37

Since a code framework for this analysis has been developed, it can now be used to conduct comparative stud-
ies. Using various radiation sources and other ASICs, these becoming extra measures for Figure [34] providing
insights on the dissimilarities and performance of the different ASICs considered.

The flux model used throughout this analysis can be improved, specially if one wants to model the average flux
on the ASIC accurately. Exploring other models to fit the measurements of the overall ASIC flux could provide
a better understanding of physical processes or influences that might have not been taken into account for this
analysis.

The positional bias between pixels in even and odd columns has been observed in Sec. and it is likely due
to not utilizing the latest developments in the equalisation process. Therefore, it would be suitable for future
irradiation studies if the data taking is done with the MiniDAQ3 and using the new equalisation process, with
hopes of improved data acquisition measurements and a fix for the positional bias.

While the systematic uncertainty was obtained from the exposure time variation, a more detailed investigation
into the relation between exposure time and data quality or gain measurements will be valuable. Measurements
with greater exposure times and variability in the number of acquisitions or shutter time used might provide
useful information for a more precise assessment of the systematic uncertainty.

It would also be interesting to investigate a wider range of temperatures, specially closer to the operational
conditions at LHCb (at <-30°C), since the lowest Module temperature used in one of the datasets is -20°C.
This could help to verify if the mean pixel gain of the ASIC does converge to that of the estimated gain from

.
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Appendix

A Error propagation
The uncertainty on the average number of ehp created nepy is derived from Eq to be,

AEN\? [ AEap\’ AE,
ANepp = Nep, ( W)-‘r( ep) = Nep P 19
o ‘ P\/ E’y Eehp o Eehp ( )
The uncertainty related to the average ehp creation energy FEcp, has to be taken into account, however, since
AFE, is much smaller than AFE,},), it is neglected. This can then be used to find the uncertainty related to the

conversion factor K from Eq.
Anewp > (AEN?
AK = K <” ’“’) +< t) (20)
Nehp Et

Some extra error propagation was needed to combine the statistical and systematic uncertainties found by the
mean gain, shown in

A-l:(total - \/(Al(stat)2 + (A]:{sys)2 (21)

and then converted to a target value using,

Aneh ) 2 (AKtotal ) ?
AE,=F )+ 22
! t\/< Nehp Ktotal ( )
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B Parameter Heatmaps

Note: the average of the corresponding parameter is shown on the title of the graph, this being calculated taking
into account a weight for each individual value found to be w; = 1/(0;)?, with o; being the uncertainty related
to the parameter at said pixel. This choice for the weight of each individual value is not arbitrary, but rather
the value such that the mean maximizes the Maximum Likelihood estimator.

EQ parameter, mean=1532.2673+13.9509 EO parameter, mean=1545.7275+11.4825
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Figure 35: Heatmaps of Ey.
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Figure 36: Heatmaps of target.
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Figure 37: Heatmaps of f.
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Figure 38: Heatmaps of s.
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Figure 39: Heatmaps of Fit type.
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VP3-1 ASIC Flux from Fe55 X-rays, warm data
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Figure 40: Heatmaps of Flux summed over all thresholds. Includes mask of pixels which flux <= 0.

An important note to be made is the fact that there is a small dent observable in the fit type heat map Fig.
in the upper right perimeter of the bad fit pixel circle. This can be explained by a lack of flux coming from this
very same area within the ASIC, as it can be seen from the flux heatmaps shown in Fig. [39] where the flux was
masked if it was less or equal than 0. It is possible that there was an object covering that specific area during
irradiation and therefore did not receive any hits.
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C On the Fit Not Found Ring

As previously mentioned in Sec. [£.2] there is a certain structure which can be observed in the heatmap repre-
sentation of the ASIC, more explicitly regarding the category assigned to each of the individual pixel during the
data analysis. A circular pattern for the various categories considered can be seen, as well as the appearance of
a ring, lying at some distance from the centre of the ASIC, which exclusively corresponds to those pixels that
were assigned the fit not found category.

Since various flux equations have been introduced in Sec. and used to run the data analysis, it might be
possible to obtain insights regarding the appearance of this fit not found ring. The flux equations F3 ¢ and Fj,
given by Egs. [§ and [J] respectively, provide similar results while still having minor differences on their structure
compared to that of the original flux equation F; g and F;. This can be exploited to try to obtain insights on
the appearance of said ring, if it is closely associated to some factor involved in the equation which makes the fit
diverge more easily. The fit type heatmaps for the various flux equations are shown below, with the percentage
of pixels in each category displayed next to the colour bar.
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Figure 41: Comparison of fittype for calibration Fi o
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Figure 42: Comparison of fittype for calibration no term0 F}
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Figure 44: Comparison of fittype for Fup
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It is very difficult to obtain any insights from direct observation and comparison of these plots. For an easier
comparison, an overlay of these heat maps could be performed such that the differences in the pixel categorisa-
tion become more prominent. Overlaying the various fit functions used on the flux data points of the individual
pixels could also provide insights in this topic. It is possible that this is an accidental result coming from the
fitter section of the code, due to how your fitter decides when the fit converged or not.

This was not explored further in the analysis shown and left as remark for possible future irradiation studies

performed.
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D Approaches on baseline inclusion

Since the analysis relies on the calculation of the target, the inclusion of the baseline is certainly important for
the calculations. The two approaches taken throughout the above analysis as well as an extra are described

below:

e calibration/main: Approach explored so far. Get Ey, — target = Fy — E, error propagation needed for
uncertainty. Uses ASICbaseline = baseline; ; for target asrc

e baseline_while_fit: Get target directly from fit, the shift is performed on the Threshold range. No need
for error propagation, uncertainty comes from fit.

e newbaseline: baseline shift included in generation of Flux files.

The second approach, baseline_while_fit, uses the information of the baseline for each individual pixel to shift
the original threshold range in which the data is taken to a new threshold range, thrshift. This is done for all of
the pixels and their target as well as uncertainty is obtained from here. The ASIC value is still considered in the
same way as in calibration/main approach, the hits from all the pixels are summed over the original threshold
range, but then it is shifted by baseline 45;c before performing the fit from which the target is obtained. This
is the approach from which the final results described in Sec. are calculated.
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Figure 45: Calibration baseline while fit approach schematic. Each individual pixel is mapped to the new
thrshift line by their corresponding baseline position. The ASIC hits are calculated on the original threshold

range, and then the ASIC flux is mapped with the average of all the pixel baselines.

The third approach, named newbaseline, introduces a new way of finding the ASIC value. This value is calculated
by summing over the hits from all pixels at a certain threshold in the thrshift range, after all the pixels have
been remapped. This leads to a possibly more accurate measure of the ASIC/average value.
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Figure 46: Newbaseline approach schematic. Same a the previous approach shown, expect in this one, the ASIC
flux is calculated after the pixels have been mapped to the thrshift line, leading to difference ASIC fluxes.

Nevertheless, the newbaseline approach also has its imperfections. Since not all the pixels agree on where their
corresponding noise baseline position lies, there will be very few pixels being mapped to the extremes of thrshift,
leading to less pixels to sum their hits over and thus, the ASIC flux curve does not look the same in the low
threshold range to that of the flux curve in the two other approaches. This can be fixed in a 'manual’ way by
including a cutoff in the code such that the fit over this ASIC flux curve is performed from the thrshift value at
which the ASIC flux peaks and starts to decrease. The objective of this newbaseline approach is to also correct
for the pixel to pixel variations, with the introduction of the individual baselines as aforementioned, which can
be observed by comparing the ASIC flux curve from the other two approaches to that found in this one, as
shown in the figure below.
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Figure 47: Comparison of ASIC flux curve from calibration/main vs newbaseline. The dim curves and data-
points in the background are that of the calibration approach, while the more prominent are from newbaseline.
CHANGE GRAPH AND MAKE IT MORE NEATLY.

As it can be observed, the ASIC curve presents a slightly sharper drop in flux, this coming from the baseline
corrections, since the disagreement of pixels on the value of Ey made the curve smoother than it should. The
pixels still exhibit differences regarding the value of the target, as it can be seen from the individual pixels
plotted, this being due to the statistical nature of the X-ray detection by the ASIC/pixel’s energy resolution,
related to the s parameter in the flux equation Eq. [4
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Regarding these two first approaches, subtracting the baseline value from the Ey value after the fit should lead
to exactly the same results as if the baseline is subtracted right before performing the fit on the flux for the
pixels, since both are mathematically equivalent. Therefore, the results coming out from these two approaches
should not be different, which is observed in the values from Fig. The mean and ASIC for both approaches
are the same, only differing in the uncertainty of the ASIC values considered, since it comes directly from the
fit to the flux curve.
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Figure 48: Summary of K[e-/DAC] results from the various approaches considered. The mean and its associated
error is shown together with the ASIC and ASICgood values. Both the warm and cold datasets are represented.

When looking at the results coming from the newbaseline approach, it is easy to see from Fig. that its K[e-
/DAC] ASIC value now seems to be making a closer prediction to the mean of the calibration/main approach,
which is assumed to be the most accurate representation of the data. This is true for the cold dataset, since
the warm data seems to still be lying off from the mean of calibration/main approach, but with its uncertainty
being within the mean value. The mean of this newbaseline approach seems to be finding a slightly lower value
for the cold dataset compared to the calibration/main approach, even thought both should have found the same
value. This thought to come from a possible error on the analysis code.

Since not too many insights were obtained from exploring the introduction of the baseline shift with another
approach, this is left as a remark for future studies. The results here presented are not shown throughout the
rest of the study.
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