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Abstract

The extensive air shower, or simply the air shower, is a swarm of particles generated

by a high-energy cosmic-ray that hits the atmosphere. Because of their extremely

small flux, a direct detection of high-energy cosmic rays is not realistic, and the

air shower detection technique is the unique solution to observe them. It is known

that the particles in an air shower reach the ground in a rather "thin" structure

compared to its lateral spread, and therefore we can determine the arrival direction

of the primary cosmic ray from the relative time differences of shower particle arrivals

at different positions on the ground. To improve the accuracies in determining the

arrival directions and primary energies, the details of air shower structure, including

the curvature of the shower front and the thickness of the shower disk as a function of

the distance from the center of the shower (the air shower core) are very important,

in particular for air showers initiated by ultra-high energy cosmic rays (UHECRs),

cosmic rays with energies greater than 1018 eV. The center-of-mass energy of the

interaction of a UHECR and the atmospheric nucleus is greater than that of the

present accelerators (e.g. LHC), and we can only use hadronic interaction models

to infer the cosmic ray interaction by extrapolating the accelerator data. Telescope

Array constructed in Utah USA is the largest air shower observatory in the northern

hemisphere aiming at clarifying the origin of UHECRs. The air showers induced

by UHECR above 1018 eV can create a large extensive shower in the order of 1012

secondary particles. This analysis of temporal shower classified data, that was taken

by the Telescope Array Surface Detector from May 2008 to May 2019 that have

zenith angle 0 < θ ≤ 60◦. By analyzing the waveforms measured by FADCs, we

defined two quantities characterizing the shower structure, the curvature of the

shower front and the thickness of the shower disk. This analysis is the first time

performed by selecting the data sample of high-quality from the Telescope Array

events under several geometrical conditions and energies. Firstly we studied the
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curvature of the shower front with the arrival time distribution of particles by using

the empirical AGASA function of residual time. Second, it was studied the thickness

of shower disk in a sampling region of core distance by using the FADC pulse signals.

From both analyses, it was found the features of shower front and shower disk have a

clear zenith angle dependence but it was also found an azimuthal asymmetry around

its shower axis. This feature of extensive air showers is observed with the same

tendency compared with data analysis reported in 2016 by the Auger group. The

study of the extensive air showers of UHECRs was studied by analyzing 3 different

energy intervals for above in averaged at 1019, 1019.30 and 1019.75 eV respectively. It

was no found significant energy dependence based on the 3 energy intervals.
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Chapter 1

Introduction

The cosmic ray (CR) is a crucial clue to understand high-energy phenomena in

the Universe. One of the goal in the cosmic ray physics is to reveal the origins

of cosmic rays by observing their energy spectrum, mass composition, and arrival

direction distributions. Cosmic rays in the energy range below about 1014 eV are

studied with direct observations by balloon-borne or satellite-borne experiments.

However, for cosmic rays above 1014 eV a large detection area and/or long exposure

times are required because of the steep falling primary energy spectrum. A large

detection area can be realized with observations of "extensive air showers EASs"

with ground-based detectors. Such a high energy cosmic ray produces secondary

particles through the interaction with the atmopheric nucleus.

The Telescope Array (TA) has been designed to study cosmic rays with pri-

mary energy greater than 1018 eV by using the hybrid detection technique with the

fluorescence detectors (FD) and the surface detectors (SD). The Telescope Array

experiment is operating since its complete layout in 2008 allowing a complete and

detailed three-dimensional reconstruction of shower front with high space-time reso-

lution. Currently TA SD array is the largest plastic scintillation detector array, and

shower geometry reconstruction are using "AGASA functions". But these functions

were obtained by smaller air shower arrays than TA, and from studies for low ener-

gies than those by TA. Therefore, the studies of these functions by TA SD itself, is

important. The Akeno Giant Air Shower Array (AGASA) experiment, which had

studied primary cosmic rays of energies above 3×1018 eV with a large surface plastic

scintillation detector array covering 100 km2, presented summarized characteristics

of EASs. One of them is an empirical function of shower front curvature, which is
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known as the AGASA function of "time delay". From observations, AGASA group

proposed an empirical parabolic and axisymmetric function centered around the

shower axis. Another formulated feature by AGASA is the shower disk thickness.

Since secondary shower particles generated by repeated interactions have different

originating altitudes and transverse momenta, the shower as an aggregate of the sec-

ondary particles has a lateral extension, and also the particle density distribution

behind the shower front has a finite extension. We can parameterize the distribution

behind the front as "thickness of the shower disk", and it is larger with increasing

the radial distance of the shower axis.

The time structure empirical formulas used by AGASA had been obtained with

Akeno 1 km and 20 km2 array, which were much smaller than TA SD array, and

these were applicable to showers with energies below 1019 eV. Then, for TA SD we

need new formulas applicable to more larger primary energies, based on much higher

event statistics and more detailed studies. In this context, shower parameters are

studied by using the TA SD data. To determine these features of air showers, here I

used timing information measured as FADC traces. One of the observables focused

on the arrival time distribution of the shower particles to study the curvature of the

shower front. Another feature is the thickness of the shower disk. In this thesis I

present the results of these shower properties, and their energy and arrival direction

dependencies. The TA SD array covering an area of 700 km2 consists of 507 detectors

arranged in a square grid on the ground with 1.2 km spacing. Each detector contains

two layers of a plastic scintillator, and each layer has an area of 3 m2 and a thickness

of 1.2 cm. The output signal from a PMT for each layer is digitized by 12bit Flash

Analog to Digital Converters (FADC) with 50 MHz sampling rate. The minimum

recording time range for a waveform is 2.56 µs. The judgements of signal recording

and event triggering are made based on two different threshold, and the lowest 0.3

minimum ionizing particles (MIP) for level-0 trigger, and the other is 3.0 MIPs for

level-1 trigger. When three or more adjacent SDs have the level-1 trigger within 8

µs window, an event trigger called level-2 trigger is established. All level-0 triggered

waveforms within ±32 µs from the event trigger time are sent to the DAQ host and

stored.

Using 11 years of the SD data from 2008-05-11 to 2019-05-10, I analyzed the
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shower front temporal structure. In this thesis, Chapter 2 gives an overview of

cosmic rays and extensive air showers, UHECRs physics and review of recent results.

Descriptions of the Telescope Array experiment and general analysis of air shower

reconstructions for FD and SD data are described in Chapter 3. Chapter 4 is

focussed to describe a general air shower simulation and data collected with 11 years

observations. Air shower analysis of the shower front curvature and the shower disk

thickness are given in Chapters 5 and 6 respectively. Chapter 7 gives discussions

and conclusions of this work.
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Chapter 2

Overview of cosmic ray physics

and air shower phenomenon

The cosmic ray (CR) was discovered by V.F. Hess, an Austrian-American physicist,

in 1912. Hess measured the rate of production of ionization (ion pairs cm−3 s−1) as

a function of altitude using the electroscope with his balloon experiments reaching

over 5 km [1]. Since the total amount of matter from the top of the atmosphere de-

creases with increasing altitude, and the intensity of radiation from Earth decreases,

the result discovered by Hess clearly showed the rate of ionization was some three

times that at sea level and concluded that penetrating radiation was entering the at-

mosphere from outer space. His measurement was also taken at night showing that

the Sun is not the only source of radiation, thus, the ionizing radiation permanently

are hitting the Earth’s atmosphere.

Over the next two consecutive decades, with the invention of Geiger counter en-

abled later the discovery of the extensive air showers (EAS) by P. Auger [2] which

are secondary nuclei generated by the primary cosmic rays generated in the atmo-

sphere. Further studies of cosmic rays radiation led to the discovery of new exotic

particles such as positron, muon, and pion (later also kaon and sigma). The exis-

tence of some of these particles had been predicted by pioneering efforts in quantum

physics (e.g. [3]), and these experimental discoveries (e.g. positron, [4] and muon

[5]) provided the necessary basement for successful development of the theory. Ex-

perimental particle physics emerged as a consequence of the discovery and study of

cosmic rays.

Later lead to the discovery of ultra high energy cosmic rays (UHECRs) typically
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carry energy over 1018 eV and while more higher are very rare. An ultra high energy

primary produces a cascade of secondary particles, EAS, in the atmosphere of the

Earth, and the secondary particles reach the ground level, which makes it possible

to obtain the information of the primary particle using an array with separated

detectors on the ground. B. Rossi [6] pioneered the surface detection technique, and

later the ground array experiment called Volcano Ranch detected primary cosmic

ray particles above 1020 eV [7].

At the present, the highest energy given to particles accelerated at the most pow-

erful accelerator on Earth is around only 10 TeV by the Large Hadron Collider [8],

while the highest energy cosmic ray observed so far is above 1020 eV. The detection

of ultra-high energy particles resulted in substantial theoretical and experimental

efforts aimed at establishing their sources and the meachanisms of the acceleration

and the propagation from their sources to the Earth. These tasks are currently

addressed by measuring and interpreting the primary cosmic ray energy spectrum

(flux), the mass composition, and the arrival directions. Such measurements are

made indirectly by observing and reconstructing the extensive air showers.

Over the past 50 years, a big experimental challenge was found from an important

theory in ultra high energy cosmic rays. In 1966, Greisen [9], and Zapsepin and

Kuzmin [10] predicted a strong suppression (GZK cutoff) in the cosmic ray flux at

6 × 1019 eV due to pion production through the ∆ resonance in the interaction of

protons with the cosmic microwave background of the 2.4× 10−4 eV CMB radiation

(p + γCMB → ∆ → π + p) [11, 12, 13], which corresponds to 2.7 K= 2.4× 10−4 eV

blackbody radiation [14].

For that purpose, several early experiments were carried out as the Volcano

Ranch[7], SUGAR [15] and Yakutsk [16] reporting events above the 6 × 1019 eV

threshold challenged. The High Resolution Fly’s Eye (HiRes) experiment imple-

mented an air fluorescence technique pioneered Cornell university [17], and HiRes

reported seeing an event of energy 3× 1020 eV, which is the highest measured par-

ticle energy to date. In the cosmic ray field, such primaries are called super-GZK

particles. Later, with higher statistics sample of > 1019 eV to prove the existence of

the GZK cutoff was a pressing challenge for this research field. The first experiment,

sufficiently large to measure cosmic ray flux at E > 1019 eV, was the Akeno Giant Air
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Shower Array (AGASA) [18] (with an area of 100 km2). The experiment reported

a continuing unbroken spectrum beyond the predicted GZK threshold [19]. On the

other hand, HiRes was operated for nine years (1997-2006) collecting accumula-

tive exposure more than twice that collected by AGASA above the GZK threshold,

and reported the existence of the GZK cutoff in the resulting cosmic ray spectrum

[20]. Therefore, the results and the statements by these two experiments contra-

dicted. In order to solve this contradiction, these two experiment groups joined to

make a collaboration called "Telescope Array (TA)" with their experimental skillful

thechniques, a scintillation detector array by AGASA and fluorescence telescopes

by HiRes, the TA collaboration carries out a huge "hybrid" experiment.

At present, the ultra high energy cosmic rays (UHECR)s considered with energies

> 1018 eV are still not fully understood, the aim of the present experiments of

the TA in the northern hemisphere and Pierre Auger Observatory in the southern

hemisphere experiments is to reveal the mysteries by observing the spectrum, the

anisotropy and the mass composition of UHECRs with hybrid detectors.

2.1 Energy spectrum of cosmic rays

The differential cosmic ray spectrum is given in Figure 2.1. The CR flux decreases

by approximately 30 orders of magnitude over 12 decades from about 1 particle

cm−2 s−1 for energies E ∼ 100 MeV to in a 1 km2 detector, ∼1 particle per day for

E > 1018 eV, ∼1 particle per year for E > 1019 eV, and ∼1 particle per century for

E > 1020 eV. The energy spectrum form is,

dN/dE ∝ E−α , (2.1)

where α is the index of the spectrum and shows the steepness of the falling of

the flux. The energy spectra is measured by direct detection with balloon space

and through the extensive air showers (EAS) by indirect detection of cosmic rays

with ground-based observations. The flux has been scaled by E2.6 for a better

visualisation of some of detailed features. The flux drops at the rate of ∼ 2.6 orders

of magnitude per energy decade from the solar energetic particle origin (the lowest
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Figure 2.1: The cosmic ray spectrum as a function of energy-per-
nucleus, observed from earth compiled using various experiments [21].

energy region of the spectrum) until to the "knee" at E ' 3×1015 eV. The spectrum

gets steeper with α increasing to 3 at higher energies than knee. Cosmic rays at the

knee energy arrive on the Earth’s atmophere at the rate of ∼ 1 particle m−2yr−1 and

are studied with ground based experiments such Tibet AS γ array, which is currently

working with enough efficiency at the knee energy. The exact location of the knee

is also considered to depend on the particle species, as particles with the higher

charge peaks at the higher energies. It is believed that the origin of these cosmic

rays around "knee" is associated with galactic objects such as supernova remnants

(SNRs). Another characteristic of Figure 2.1 is known as "second knee" at ∼ 8×1016

eV which makes the spectrum even steeper, and this steepening can be explained

by the idea that this structure is due to the knee of heavy primaries [22].

At 1018.69 eV another structure called "ankle", a flattening of the spectrum de-

creasing the index from α = 3.28 to 2.68 [23] with increasing energy, recently re-

ported from TA surface detector data of 11 years. Figure 2.2 shows this result,

multiplied E3 to zoom up the features at the ankle and at higher energies. The solid

line is a fit with the broken power law, where slopes are represented by p1, p2 and
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Figure 2.2: The energy spectrum measured by TA experiment de-
rived from 11 years 2008/05/11 to 2019/05/11.

p3. The second break point was found at E = 1019.81 which is expected as the GZK

cutoff [9, 10] where the spectrum become even steeper to α = 4.84.

2.2 Acceleration Mechanisms

The acceleration of cosmic rays is generally explained by the repeated crossing of

charged particles in astrophysical shocks. It was proposed by Fermi in 1949 [24],

and depending on the geometries of moving plasma, the two processes known as

the first and the second order Fermi accelerations are defined. Both acceleration

mechanisms predict a power-law cosmic ray energy spectrum. However, the first

order is the most promising one to explain the ultra-high-energy cosmic ray flux,

even though it does not manage to predict the observed spectral index [25]. The

diffusive shock acceleration is a realistic model based on astrophysical the first order

Fermi acceleration.

The diffusive shock acceleration involves the propagation of a strong shock in

the interstellar medium, in which a particle gains an energy by a bouncing off a

random magnetic turbulence. The shock can be defined as a non-linear disturbance

that transfers energy and momentum to the particle. A downstream, an upstream

and a shock front region are shown Figure 2.3. The definitons of the condition in



10 Chapter 2. Overview of cosmic ray physics and air shower phenomenon

three different frames of reference are shown in this Figure 2.3. The shock front

is defined as the boundary of the shock. The downstream is the shocked part of

the medium, while upstream is the region where the shock has not interacted with

the medium yet. In the rest frame of the shock front, it can be seen that the

upstream approaches at speed U towards the shock front. The mass is conserved

through the shock front and so ρ1v1 = ρ2v2, where, ρ1, ρ2 and v1, v2 being the mass

densities and the velocities of the upstream and the downstream, respectively. If

we assume the shock front is in a fully ionized monoatomic ideal gas, the specific

heat ratio (γ) of the medium is γ = 5/3. In a strong shocks, the compression factor

results in ρ2/ρ1 ≈ (γ + 1)/(γ − 1) = 4 (more details in [26]). Therefore, one gets

v2 = (1/4)v1 = (1/4)U (as seen in Figure 2.3). In the rest frame of the upstream gas,

the downstream approaches the shock front at speed | v1−v2 |= (3/4)U . This is the

Figure 2.3: A sketch describing the diffusive shock acceleration.
Downstream and upstream show the shocked and yet to be shocked
part of the medium respectively. Left panel: in the rest frame of the
shock front, the upstream and the downstream are moving at velocity
U and (1/4)U , respectively. Middle panel: in the rest frame of the
upstream gas, the shock front is moving at velocity (3/4)U . Right
panel: in the rest frame of the downstream, the shock is moving at
velocity (3/4)U [24] [27].

same the rest frame of the downstream, where the upstream is seen as approaching

in speed (3/4)U . In this case, a particle always gain an energy when even the particle

crosses at the shock front from the upstream to the downstream and returns to the
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upstream bounced by the downstream magnetic field. It can be shown that in the

single round trip cycle around the shock front the particle’s averaged energy gain is,

〈∆E
E

〉
= 4V

3c , (2.2)

where V = (3/4)U is the velocity of the downstream gas in the rest frame of the

upstream (i.e., in the laboratory frame) [28]. After each crossing, the average energy

of the particle can be defined as 〈E〉 = β〈E0〉, where E0 is the initial energy and β is

a dimensionless constant. Now we define the probability of the particle remaining in

the system after each crossing is P . Taking into account turbulent magnetic fields

formed as a result of instabilities in the medium, which allow particles to cross the

shock, a particle crosses the shock front k times. Then the average energy of the

particle reaches 〈E〉 = βk〈E0〉, and the number of particles remaining in the system

will be N = P kN0. Where N0 is the initial number of particles. Combining these

two relations one can obtain the number of particles remaining in the system after

k crossing with energy E as:

ln(N/N0)
ln(〈E〉/〈E0〉)

= lnP
lnβ . (2.3)

Using the Equation 2.3 and a relation between the integral spectrum N = N(≥ E)

and the differential spectrum n(E), N =
∫∞
E n(E)dE, one can obtain the following

power-law relation,

n(E)dE ∝ E−1+lnP/lnβdE . (2.4)

The value of β can be obtained as 1 + U/c using the Equation (2.2). It can

be calculated that the number of particles crossing the shock front with relativistic

speeds is ρc/4, where c is the velocity of light and n is the number density of

particles. It can be seen from Figure 2.3 that the number of particles advected away

in the downstream region would be ρU/4. Therefore the probability of escaping

the system is U/c and hence the probability of remaining in the system would be

P = 1− U/c. Putting the values of β and P back in Equation (2.4), one would get

the power law index of -2 for non-relativistic shocks, where U � c. Since by the

Equation (2.2) that the energy gain is proportional to the velocity of the shock, this
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process is called the first order Fermi acceleration. In the case of the second order

Fermi acceleration, the energy gain is proportional to the square of the velocity of

the shock. This is caused by an assumed geometry of an acceleration site such as

a definite size of a moving magnetized cloud. In the case of the first order Fermi

acceleration, we generally assume that the shower front is infinitely two-dimensional

plane, the depth of the downstream region is infinite and particles return to the

upstream region with probability P . Details can be found in [28].

2.3 Possible origins of UHECRs

Origins of UHECR are still unknown. There are two different types of proposed

models for the explanation of the existence of UHECRs. One idea to explain the

origin of UHECR is that they are accelerated by astrophysical objects, and this

"bottom-up" model is widely disscussed and accepted by the scientific community.

The other idea is associated with new physics beyond the standard model, and it is

known as “top-down model”.

2.3.1 Sites of cosmic ray acceleration

Cosmic rays can be accelerated via Fermi mechanisms as described in the previous

section 2.2 in various known astrophysical environments. The main requirement

here is that the particle’s Larmor radius of gyration in the magnetic field presents

around a source cannot exceed the physical size of the source for the acceleration.

The Larmor radius is defined as the radius of the circular motion of a charged

particle in a uniform magnetic field. The maximum attainable energy (Emax) for a

particle with this scenario is given by the following equation,

Emax = ZeβcBL, (2.5)

where the particle of charge Ze is moving at velocity βc in a magnetic field of B of

an object of scale length L. For a given source property particles with larger Z, and

such as heavier nuclei can be accelerated to higher energies than lighter nuclei.
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Figure 2.4: Hillas plot of maximum energies of particles accelerated
from various objects [29].

Possible source candidates based on this criteria are shown in Figure 2.4 called

Hillas plot, which is a handy tool to characterize the candidates to accelerate CRs.

It displays the various acceleration sites with their magnetic field strength B and

physical size L. It also shows lines for required B and L to accelerate particles to

100 EeV 1 and 1 ZeV 2. For protons the .lines for Emax = 1 ZeV (solid) and for

100 EeV (dashed) and for Iron nuclei the green line for Emax=100 EeV (solid) are

shown. Sources lying upper left of a specified maximum energy line are able to

accelerate CRs up to the energy. Although for the acceleration of highest energy
11E = 1018
21Z = 1021
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CRs, not all of the source types are suitable, they can contribute to the acceleration

of CRs in different energy ranges. Sources can be divided into two main categories

namely "galactic" and "extragalactic". The major and possible galactic sources are

SNRs, pulsar wind nebulae (PWNe), pulsars, binary systems, and young stars. The

Emax to be reachable by the galactic sources is a matter of debate, however, it is

generally believed that they can significantly contribute up to PeV energies of the

CR spectrum. The highest energy part of the CR spectrum is believed to be due to

extragalactic sources. Proposed extragalactic sources are active galaxies, starburst

galaxies, cluster of galaxies and gamma-ray bursts (GRBs).

Active Galaxies

Active Galaxy is believed to be one of the most powerful source of energy in the

current Universe. An active galaxy has a compact region at the center, called "ac-

tive galactic nucleus" (AGN) which produces much higher emission luminosity than

that to be attributed to its stellar content, stellar remnants and interstellar medium.

Each AGN consists of supermassive black hole with around 106 to 109 solar masses

at central region, with an extension of often only 1 pc in diameter. The currently

believed classification scheme for the many observed subclasses of AGNs is based on

the mass of the central black hole, its evolutionary status, its accretion speed, and

on the orientation of the galaxy and the emitting regions with respect to the line of

sight. Charged particles are accelerated by electric fields induced by rotating mag-

netic fields. Candidates of AGNs within 100 Mpc can be correlated with UHECR,

suggested by GZK suppression, through the position of AGNs and the cosmic ray

arrival direction [30]. However, AGN with the hot spots are very rare and usually

exist far from the earth. The nearest concentration of AGNs concentrated around

large scale structure with the typical length of 5 − 15 Mpc in the local universe

including galaxy clusters as Centaurus and Virgo [31].

Starburst galaxies

Starburst galaxies are young and characterized by their comparatively high star for-

mation rate, which is associated to the high density of massive, hot stars and thus

a comparatively high supernova rate. One example of the starburst galaxies is M82
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in which the gas pressure is 100 times greater than in the local neighborhood and

its forming stars at about the same rate as the milky way in a region about 600

parsec across[32]. In recent studies, Pierre Auger experiment reported a correlation

between cosmic rays with energies above 39 EeV with 23 nearby Starburst galaxies

(SBGs) [2]. And some of the SBGs on their list including the brightest M82 from

the northern sky [33].

Gamma-ray bursts

Gamma-ray bursts (GRBs) are the most energetic phenomena observed in the Uni-

verse. The widely accepted current understanding of these highly transient bursts

is given by the fireball model [34] (for other interpretations see [35, 36]), which as-

sumes that a central object produces an ultrarelativistic outflow of an optically thick

plasma shell, which emits the GRB as soon as it becomes optically thin. The short

duration of GRBs (milliseconds to a few hundred seconds) hints at very compact

progenitors. The mean distance of these progenitor objects has been measured to

be z = 2.8 with at least 7% of the GRBs originating at z>5 [34]. Typically, 1051 to

1054 erg s−1 are released within seconds up to tens of seconds. This prompt emis-

sion is followed by an afterglow of less energetic photons, which extends long after

the initial burst and can last for days, from these events scientifics have suggested

that GRBs can produce cosmic rays during this huge energy release. Since for high-

est energy UHECRs sources are required to exist within GZK horizon of about 50

Mpc, and the rate of GRBs is 1 per 100 years in such volume, the arrival direction

distribution would have a strong anisotropy for highest energy UHECRs.

2.3.2 Top-down Model

An alternative theory about the UHECR origin is the top-down model which de-

scribes, that the decay or the annihilation of super heavy relic particles generate

CRs at ultra high energies [37]. This model is based on new physics beyond the

standard model for the existence of such massive particles or topological defects.
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In this model, UHECR sources are hypothetical particles and/or topological de-

fects which are expected to be generated at the beginning of the Universe. Decays

or annihilations of the super heavy particles or the high density topological defects

can induce cascades of UHE particles [38]. Some types of the topological defects

are expected to decay to super heavy gauge bosons or Higgs bosons. A succeeding

hadron jet induced by these particles decays to gamma-rays, electrons and neutrinos

with only a few percent of nucleons. If this contribution dominates the CR spectrum

above GZK cutoff, a transition of mass composition is expected at GZK energy, 4×

1019 eV. Thus with the some kind of propagation models of UHE gamma rays, the

topological defect scenario suggests that proton is the dominant component in en-

ergy region less than GZK energy, and gamma ray is dominant above this energy.

When the super heavy relic particles are rich abundance at the galactic halo and

providing UHECRs, the mass composition is not changed as a function of energy

because of enough short distances to avoid the GZK mechanism.

Z-burst model:

In Z-burst model, UHECRs are generated via interactions between UHE neutrinos

and cosmic background relic neutrinos [39]. In general, these interactions via the

decay of Z0 products UHE photons.

2.4 Extensive Air Showers

Once an UHECR reaches the Earth, the UHECR hits the earth‘s atmosphere and

generates an extensive air shower, a cascade of huge number of particles. As it

was explained in the introduction the air shower phenomenon was studied in the

earliest by pioneers B. Rossi and later by P. Auger using several types of detectors

from Geiger-Muller counters, sophisticated total absortion calorimeters, time track

detectors and so on to observe and measure this phenomenon [40]. One example of

a cascade shower is shown in Figure 2.5 observed in 1947 by a cloud chamber when

a low energy hadron passing through by interacting with lead plates. The ionisation

process creates tracks in the cloud chamber.
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.. . . . . . . . -... _.., -- · ·-· 
" . . ' Figure 2.5: Cloud chamber photograph of cascade shower through

several thicknesses of material from a an incident proton with energy
∼ 4 GeV (1964)[41]

An extensive air shower, EAS, is initiated by a high energy particle interacting

with a nucleus in the upper layers of the atmosphere at an altitude of 20 km (∼ 50

g cm−2 vertically) which depends on energy and the type of primary particle. The

rate of arrival of primary cosmic rays with energy above 1014 eV is too low to

be detected by direct measurements using balloons or satellites at the top of the

atmosphere. When high energy cosmic ray particles enter the atmosphere, they

interact with nuclei in the air and produce cascades of secondary particles. The

produced secondary particles called “air shower” are strongly collimated along the

direction of the incoming particle because of their relativistic energies. They interact

on average after one interaction length.
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Figure 2.6: Left: type of secondaries produced when 1st interaction
of primary, encoded in track color, red: e±, γ, green: µ±, blue:
hadrons. Right: air shower of primary proton of 1015 eV simulated.

This iterative process results in an avalanche of secondaries that traverse the

atmosphere with nearly the speed of light in the vacuum. Since the physical length

between interactions decreases with (air) density, it is useful to express it in terms

of the product of density and distance, called atmospheric depth X. For vertical

incidence, the atmospheric depth at sea level is Xair ≈ 1030 g/cm2. Figure 2.6 shows

an EAS initiated by an extremely energetic CR nucleus followed by hadron multiple

productions, the elementary interaction of which is,

Cosmic ray + Air nucleus −→ π± + π0 +K± + ... (2.6)

with electromagnetic cascades and hadronic multiparticle production [42].

Typically, the first interaction occurs within ∼100 g cm−2 with respect to the top

of the atmosphere. Extensive air showers produced by E > 1018 eV cosmic rays are

cascades of billions of secondary particles, and the maximum number of secondary

charged particles in an EAS, which called "shower size" (Nmax) is known to be

proportional to its primary energy, E0, with

Nmax '
E0 in eV
1 GeV . (2.7)

An air shower is extensive due to the transverse momentum of secondary particles
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and the multiple scattering of electrons components. As result, its lateral spread

reaches several square kilometers for UHE primaries.

Numerical models calculations as well as hadronic physics experiments covers by

LHC Large Hadron Collider have been used to analyze the shower measurements to

investigate the properties of the incoming CRs. However, a centre-of-mass energy

of p-p collision is
√
s ' 14 TeV which corresponds to an energy of 1017 eV in the

laboratory frame is the maximum energy reached by LHC [43]. Thus the interaction

models are extrapolated from accelerator measurements to interpret EAS, and then

there are systematic uncertainty on the hadronic processes for UHECR EAS with

primary energies higher above 1017 to 1020 eV are not yet well understood [44]. In

this context it is important to explore experimentally using many techniques to

study the properties of UHE EAS.

2.4.1 Electromagnetic cascade

The electromagnetic (EM) cascade is part of an EAS initiated by a hadron CR as

the example in the Figure 2.6. Primary gamma-ray generates a pure EM cascade.

The EM consists of γ-rays and leptons (mostly electrons and positrons). In typical

EASs induced by hadronic primaries the start point of EM cascade are neutral pions

(π0), which immediately decay due to its shorter lifetime (8.4× 10−17s) into a pair

of gamma-rays

π0 → 2γ (2.8)

A gamma ray produces e± pairs when passing near nuclei, and e± re-generate

gamma-rays via bremsstrahlung. Thus, repeating these processes, a developing elec-

tromagnetic subcascade is built along the trajectory in the atmosphere. The EM

components in Figure 2.6 right panel is shown in red. The electromagnetic cascade

grows via pair-production and bremsstrahlung. The radiation length λ (from the

Figure 2.7 (a), λ is the distance denoted with the red arrow), then λer is the gram-

mage path length over which e± loses 1/e of its energy (this radiation length λer is ∼

36 g/cm2 in air). And assuming λer = λγr and considering the primary energy E0 and

if we assume the energy of a particle is equally divided into 2 particles at the pair-

creation and bremsstrahlung, the number of particles and the energy of each particle
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Figure 2.7: a) Heitler model for electromagnetic cascade. b) Heitler-Matthews model
for hadronic cascade.

at the n′s step are 2n and E0/2n, respectively. Multiplication causes the energy of the

particles are too low for pair-creation or bremsstrhlung. It called critical energy, Ec,

below which radiative energy loss by bremsstrhlung less than ionization energy loss.

Ec = 85 in the air. Ec is considered the minimum energy at the particles reached

through the multiplication process. The Heitler model describes the electromagnetic

cascade development in the left panel of Figure 2.7. When EM stars with an energy

E0 and the critical point the EM cascade reaches the maximum size N = Nmax of all

particles (electrons and photons), therefore, Eo = EcNmax. The number of genera-

tions n needed to reach this maximum size depends on the total energy E0 as describe

in the diagram (a) of Figure 2.7. Since the number of particles doubles at each gen-

eration, one has at maximum, Nmax = 2n = E0/Ec, therefore, n = ln(E0/Ec)/ln(2).

The maximum size occurs at a slant depth Xγ
max = n× λr × ln(2) = λr × ln(E0/Ec)

[42].

The energy loss of an electron with bremsstrahlung is proportional to its energy:

− dEe
dx = Ee

λer
with λer ∼ 36 g/cm2 in air (2.9)

For pair creation, the relevant free path for γ’s is given by λγr = (7/9)λer. The

elongation rate Λ for electromagnetic cascade is defined as

Λ = dXmax

dlog10E0
= ln2

log102 × λr ' 85 [g/cm2]. (2.10)
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The contribution of EM charged particles to showers induced by primary CRs

of E > 1018 eV is calculated about 85% to 90% of primary energy [45], and these

results can be verified experimentally by counting muons [46]. The energy deposits

in the atmosphere along a shower axis important in energy determination of the

primary particle with the atmospheric fluorescence technique. This method of the

primary energy estimation does not strongly rely on the details of the first interaction

and the subsequent processes in the hadronic core, which constrains the systematic

uncertainty due to the models to 5% [45].

2.4.2 Hadronic component

The hadronic air-shower is produced by a reaction by a charged particle with at-

mospheric nucleus via strong interaction. When the charged particle is the primary

particle were a nucleus of energy E0 and the mass number A, the EAS should be

viewed as a simple superposition of A showers with the primary energy of E0/A

each [47]. The hadronic interactions then continue in the narrow region around the

shower axis (direction of the primary particle) thus forming the hadronic core until

their energies are depleted. The secondaries are pions with ∼ 90% (π±, π0), ∼ 10%

kaons(K±, K0) and light baryons (p, p̄, n, n̄) are created (equation 2.6). The multi-

plicity of the hadron particles follow an approach to similar Heitler model and it has

been described by Matthews [42]. Shown in (b) Figure 2.7 (right), when a hadron

with energy E enters the atmosphere, it travels ∼ one interaction length λI and

collides with a nucleus in the air according Equation 2.6. Through the interaction

at the level where n = 1, if one assumes multiplicity N = 3 (in the graph N = 12)

the primary hadronic energy is split into three equal parts to two charged pions

and a neutral pion. The neutral pion has a very short lifetime τπ0 = 8.4× 10−17

s and decays into two photons. Photons will then create electromagnetic showers

like introduced before (as seen in Figure 2.7 (a)). The charged pions are assumed

to travel a constant distance which is related to the interaction length λr and then

conduct hadronic interactions as indicated at level n = 2. If the number of the
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charged particles produced at each level is Nch, the average energy per pion Eπ is

Eπ = E0[
(3/2)Nch

]n (2.11)

The size of the shower keeps growing since there are more and more hadronic in-

teractions. However, the lifetime of charged pions is τπ± = 2.6× 10−8 s, low energy

pions have larger probability of decaying than interacting. The energy of pions at

this level is called the critical energy Eπ
c , and if one assumes γ is the Lorentz factor

of the pion, one gets

λI/ρ = γcτ (2.12)

where ρ is the density of the atmosphere and Eπ
c is approximatly ∼ 30 GeV. The

interaction length can be calculated from the cross-section and here can be treated

roughly as 80 g/cm2. Charged pions and kaons decay to muons and also creates

neutrinos (ν) in these processes, π± → µ± + νµ/ν̄µ and K± → µ± + νµ/ν̄µ. Thus

the number of muons at the critical level is,

lnNµ = lnNπ = nlnNch = βlnE/Eπ
c (2.13)

where β = ln(Nch)/ln[(3/2)Nch] ∼ 0.85 from simulations. Therefore the number of

muons in the hadronic shower is proportional to the logarithmic primary energy.

The muons as secondaries CRs are usually close to the minimum ionizing energy of

100 MeV to 1 GeV, which make long-lived (muon mass and lifetime are ∼ 106 MeV

and τπ± = 2.2× 10−6 s) and penetrating [48].

Therefore, muons (as well as electrons and gamma) can make a significant con-

tribution to the signal measured by the ground array detectors. Also, the ground

arrays can be designed to measure the electromagnetic component separately from

the muonic component: counters that register signals from the muons only can be

placed underground for shielding them from the EM component [16].
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2.5 Characteristics of EAS

There are two characteristics based on radiation models assuming the air shower is

developing along their travel these properties are: the lateral distribution develop-

ment which is perpendicular to the shower of particles travel and the longitudinal

development along the shower axis through the radiation lenght.

Lateral distribution development

The tranverse development of EM shower, the total number Ne of charged parti-

cles at the shower maximum is approximately 2/3 per GeV of primary energy. We

will also assume equal numbers of 30 MeV positrons and electrons among charged

particles, neglecting an admixture of muons, an excess of electrons and variations

of energies between the particles. Such a simple model serves as a precursor to a

future full scale shower development and radiation simulation similar to a study of

the properties of electromagnetic showers in dense media performed in [49]. Lateral

particle density ρe is parameterized by the age parameter s of the shower(s = 1 for

the shower maximum) and the Molière radius RM

ρe = KN(Γ, N, s)
(
R

RM

)s−2(
1 + R

RM

)s−4.5
(2.14)

where KN(Γ, N, s) that function depends on Γ function, N total number of charged

particles and s age of air shower. R is the distance from the shower axis. The

Molière radius for air is approximately given by RM = 74(ρ0/ρ) m, with ρ0 and ρ

being the air densities at sea level and the altitude under consideration, respectively.

As a shower travels towards the Earth and enters denser layers of the atmosphere,

the age parameter increases while the Molière radius drops. Both processes affect

the spread of the lateral distribution.

EM shower longitudinal development

The longitudinal development which is understand as the rise and fall of the num-

ber of charged particles is frequently approximated by a parametrized GaisserHillas
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function (GH Funtion) form,

Ne(X) = Nmax

(
X −X0

Xmax −X0

)(Xmax−X0)/λr

exp
(
Xmax −X

λr

)
(2.15)

where X0 is the first interaction point of primary particles, and λr is the attenuation

length in g/cm2. The parameter X used above is the grammage distance that an

EAS has traveled in the atmosphere. That is known as slant depth in unit of g/cm2.

Using Monte Carlo simulation is possible infer the properties of lateral distri-

bution of each type of particles on the ground as seen in the Figure a 2.8 and the

longitudinal development of different kind of particles in the air which is shown in

the Figure b 2.8. According the MC simulation and air shower models the hadron

component is composed of long-lived secondary particles (baryons, charged mesons)

that travels along shower axis and contributes to signals at the core. Figure 2.8

shows an example of CR with proton primary of 1019 eV generated by using monte

carlo simulation package CORSIKA [50]. The lateral distribution in the plot a, the

type of secondary particle density changes with respect to core distance for gamma

and electrons are larger than muons. In case of longitudinal development plot, the

number of hadrons, muons, and electrons in the x-axis have been scaled respectively.

Figure 2.8: a: Lateral Distribution Function at ground level and
b: longitudinal distribution of particle density for CR proton of 1019

eV. [50]
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2.5.1 Time structure

The study of extensive air showers of the highest energies is difficult because the

atmosphere is part of detector and the interpretation of measurement is indirectly. A

complex chain of interactions occurs in the atmosphere and the remains of particles

are caught by detectors as footprint of the shower on the ground. From this sample

footprint on detectors, the properties of the air shower develpment can be deduced.

In this sense based on experimental observation by using large array of detectors

are necesary to study the characteristic of particles on the ground. The detectors

record the particle number densities (or the energy deposition into detectors) and

the particle (signal) times. The time profile of signal recordered it is considered the

main observable to understand the extensive air shower phenomenology of UHECR

on this present study. For this purpose it was taken into account two scenarios;

1) the curvature of the shower front by using the residual time with respect to the

shower plane and 2) the thickness of the shower disk by analyzing the observable

rise time based on the accumulated waveforms from the signals.

Shower front

The basic analysis of shower front is very important because the shower arrival

direction of EASs is reconstructed from the relative arrival times of the signals. Then

the precision of arrival direction is very important because is controlled by the time

profile. The traditional method is simple considering the shower front is completly

plane and it consists on any pair of detectors A and B determine the arrival direction

cosine along the direction from A to B as c(tB − tA)/AB, where c is the speed of

the light and tA and tB are the trigger times for detector A and B respectively,

and AB is the distance between them. Then any two independent direction cosines

determine an unique arrival direction (as seen on Figure 5.3). The shower front can

be approximated a plane but based on several air shower experiments for instance

Volcano Ranch and AGASA experiments [7, 51] was observed from the plane shower

front there is a fluctuation of the shower particles around the average [51]. Therefore,

a more realistic model of the shower front is curved shower front moving at the speed

of light as observed on the right Figure 2.9.
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a) b)

Figure 2.9: Scheme of shower front. Left figure: a) representation
of front as plane. Right figure: b) shower front representated as
curved front.

The results presented by the Akeno air shower experiment, in the shower analysis

it is presented an empirical formula (Equation (2.16)), td(R, ρ) is the delay time of

the first particle observed by each detector from the plane shower. And σd(R, ρ) is

the uncertainty of td expressed in the Equation (2.17),

td = 2.6
(

1 + R

30m

)1.5( ρ

m−2

)−0.5
ns (2.16)

σd = 2.6
(

1 + R

30m

)1.5( ρ

m−2

)−0.3
ns (2.17)

where R is the distance in meters from the shower axis and ρ is the particle density

in units of number of particles per unite of m2 [52, 51]. And the particle density

ρ(R, θ) is introduced by AGASA experiment and it is referred the lateral distribution

function AGASA LDF by,

ρ = C
(
R

RM

)−1.2(
1 + R

RM

)−(η(θ)−1.2)(
1 +

[
R

1000m

]2)−0.6
(2.18)

where η(θ) = 3.97 − 1.79[sec(θ) − 1]. RM is the Molière unit (91.6 m at Akeno

site of AGASA experiment), calculated the from the radiation length at the site of

experiment. And C is the normalization factor.

The thickness of the shower disk

In the same region of shower disk, it is formed the thickness of the shower composed

by the secondary particles remained, this temporal property in the front curvature

is not well understood yet. In the earliest studies, it was suggested to use the pulse
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widths to observe the thickness of the shower disk and measure it respect to air

shower impact parameter. As result, this fluctuation of thickness had not have

dependence only on impact to parameter, but it also depends on shower size, and

zenith angle [53]. In the earliest studies, it was suggested to use the pulse widths to

observe the thickness of the shower disk and measure it respect to air shower impact

parameter. As result, this fluctuation of thickness had not have dependence only

on impact to parameter, but it also depends on shower size, and zenith angle [53].

This study was observed with few shower events data by Haverah Park shower array

with energy target of ∼ 1018 eV by using water-Cherenkov detectors [54]. In their

observations [52, 55] the thickness of the shower disk increases with distance from

the shower axis (more detail of this observation see Appendix A.1). Since there is

not enough studies about it, the basic idea of the thickness comes from shower disk,

there is in the front of EAS a thin plane like pancakes which is the thickness of the

shower disk as shown in the Figure 2.10.

td

tplane

tR

Sh
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SD
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t0t0

Figure 2.10: Scheme of shower front with the representation of the
residual time (td) and the thickness of the shower disk as (tR).

Figure 2.10 represents the time structure showing the time delay td or residual

time between the shower plane and the shower disk and the thickness of the shower

disk which is represented by tR. To quantify this feature of thickness of shower

disk is based in the Haverah Park experiment thought his measurement by using

the risetime tR by using the signal height between 10% to 50% of the full integrated

signals [54].
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In the Chapters 5 and 6 will be explained in detail about the shower front disk and

thickness structure because these are the central part of analysis study.

2.6 Observation of extensive air shower

Figure 2.11: Detection of an UHECR by observing an EAS with
surface detector and fluorescence detector [56].

To observe EASs, there are several techniques and in case of UHECR a large array

of hybrid detectors are used to detect the secondary particle of extensive air shower.

Therefore, these arrays are deployed in high altitudes in order to observe the depth

of the shower maximum Xmax of the shower by Fluorescence detector. And the main

technique to detect the secondary particles are either using scintillation counters or

by using Water Cherenkov Detectors (WCDs). In the first, PMTs detect the light

from scintillation, while in the second, they detect the Cherenkov light produced

by the secondary particles in water. The time and charge information of the signal

observed by the PMTs is then utilized to estimate the shower properties. A schematic

of the technique is shown in the Figure 2.11.
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Surface detector

The tradional technique that measure the secondaries using a lot of surface detectors

(SDs) spread on the ground. The typical SDs consist of scinitillation matter as

plastic and water as describe in the Figure a) and b) 2.12 respectively. The best

merit of an air shower array is to observe UHECRs with duty factor of detector array

is close to 100%. The vast majority of the energy in EASs is carried to the ground

by photons, electrons and positrons (e−, e+), and muons (µ+ and µ−)[57, 16]. A

typical detector is a scintillation counter sensitive to charged particles and muons.

To measure muons, we can use special scintillation counters shielded by lead, soils,

rocks or other dense materials. Moreover, to measure a hadron flux in the vicinity

of shower axis, hadron calorimeters had been used in several experiments.

Cherenkov light

Secondary charged particles

a) b)

Figure 2.12: Secondary particles initiated by UHECR detection
with ground array technique. a) A surface detector used by TA
experiment based on plastic scintillation [58]. b) Water Charenkov
detector used by Pierre Auger experiment by observing cherenkov
light [59].

In air shower array, an arrival direction of EASs is reconstructed from a timing

distribution of each surface detector because a front of EAS has a thin plane like pan

cakes. The energy of a primary particle is estimated from the air shower size which

is estimated by the shower lateral density distribution of the shower. However, it

is difficult to avoid an uncertainty of from hadron interaction models, because a

particle distribution of EASs is relatively large dependent on hadron interaction

models. Reconstruction of the ultra-high energy cosmic rays (energy and direction)
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relies on measurements of the atmospheric extensive air shower (EAS), induced by

the primary particles by using SD array.

Fluorescence detector

The Figure 2.13 shows the detection technique with fluorescence photon from air

shower. After high energy particles penetrate the atmosphere, atmospheric molecules,

for example nitrogens or oxygens, are excited and emitted ultra-violet fluorescence

photons with wavelengths, 300 ∼ 400 nm. In other word, the atmosphere plays a

role of scintillators. When a single electron with the kinetic energy of 80 MeV passes

through 1 m in the unit atmosphere of 1 atm, 4 fluorescence photons are emitted.

Figure 2.13: Fluorescence detection technique. Fluorescence de-
tection is most accurate method, but duty cycle is ∼10% [60].

Since the fluorescence photon emission is isotropic, we observed the fluorescence

photons from all direction of UHECRs within effective area. In general, there are

two steps of data analysis in the fluorescence technique to obtain the information of

primary cosmic rays, as follows,

• geometrical reconstruction

• longitudinal development reconstruction

The merit of fluorescence detection technique is to detect all processes of longi-

tudinal developing. The fluorescence detector must be operated in moonless nights.

Therefore the duty circle of fluorescence detection technique is ∼10%.
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However, the rich information of primary cosmic rays is measured the mass

composition as well the energy of UHECR by the fluorescence technique. In order to

measure the primary energy and Xmax, it is needed estimate the fluorescence yields,

scattering of ultra-violet photons, reflectivities of mirror, the transmittance of filters

and quantum efficiencies of photomultiplier tubes. The UHECR mass composition is

Figure 2.14: Telescope Array measurement of the UHECR mass
composition. Plot of mean of Xmax vs. energy for 10 years of data.
The black points with error bars are the data and red and blue points
represent the hadronic model predictions for the proton and iron
primary particles [61].

currently inferred, through the fluorescence detector, measurements of the position

of the shower maximum Xmax by using the Equation (2.15). The current report

of the TA experiment shows the mean Xmax measured with fluorescence detectors

in stereo mode as shown in Figure 2.14, this result is in favor of light elements for

E > 1018.4 eV [61] by using 10 years of data. This figure presents the recent result

from the TA experiment and it shows the mean of the observed and the simulated

Xmax versus energy bins. This result is not completely in agreement with the parallel

experiment Auger, measured in the southern hemisphere, where is in favor of heavy

elements for energies higher 1018.33 eV [62]. The possible conflict in the measurement

of Xmax could be attributed to the high energy interaction model [61].
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Figures 2.15 show the measurement of Xmax (left) and σ(Xmax) with hybrid

events mode, TA BR/LR FD telescopes in coincidence with SD array. The black

star mark shows the observed data and the color dots marks are the MC simulations

for different elements from light to heavy, p, He, N, and Fe, all presented in the

energy range of 1018.2 ≤ E < 1019.1 eV.

Figure 2.15: Updated mass composition measurements from TA 10
years hybrid data using mean and fluctuations of Xmax. The black
stars are the data and the colors dots the MC simulated elements
presented for energies 1018.2 - 1019.1 eV [63, 64].
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Chapter 3

The Telescope Array

The Telescope Array (TA) constructed in Utah USA is the largest observatory in

the northern hemisphere aiming at clarifying the origin of UHECRs in wider energy

higher than E > 1018.2 eV, by measuring the energy spectrum, mass composition

and anisotropies in their arrival directions. The TA experiment based on the indirect

method of cosmic ray detection covers an area of 700 km2 and its location Millard

County, Utah,in the middle of the array is located the Central Laser Facility (CLF)

at 39◦11′20” North, 112◦54′31” East, and whose altitude 1370 m above the sea

level which corresponds at 876 g/cm2). The data have been recorded since 11st

May 2008. Firstly TA contains two types of detectors: Surface detectors (SD),

which are deployed in an array of 507 counters, and each counter consists of plastic

scintillators with optic fiber that counts charged particles on the ground with 1200

m spaced on a square grid. And the Fluorescence Detector (FD) is the other types

of detectors mainly to study longitudinal information of the air shower and enable

the determination of calorimetric energy of the shower. However the duty cycle

of fluorescence telescope is limited by weather condition and the main operation is

during dark, moonless and clear nights which reduces to an observation of ∼ 10%.

Figure 3.1 shows the current map of the TA experiment the red area represents

the TA-SD layout with the three TA-FD telescopes represented with blue symbols.

In this analysis, it uses data from surface detectors, which have almost ∼ 100%

duty cycle. This chapter will be introduced information on individuals components

of the TA experiment including its calibration and the trigger judgment. A brief

description of the fluorescence detector will be described. As well as the description

of energy calibration of SD based on the calorimetric energy measured by FD is
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explained. Afterward, it is dedicated to the surface detector, the event trigger and

reconstruction will be explained.

TAx4 - SD
TA - FD

27.6 Km

McCornick

Holden

Fillmore

TA - SD
TALE - SD

TA - SD
TALE - SD

TELESCOPE ARRAY site

BR-FDLR-FD

MD-FD

507 TA-SDs

CLF site

Area of TA ~700 km2

Figure 3.1: Map of the Telescope Array in the western deserts of
Utah, USA. The TA experiment is composed by TA surface detector
TA-SD (red, closely spaced symbols) and fluorescence telescopes TA-
FD (blue symbols) [65].
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3.1 Fluorescence Detector and the energy calibra-

tion

Figure 3.2: A description of fluorescence detector technique [60].

The charged particles in the extensive air shower excite nitrogen molecules in the

atmosphere as represented the Figure 3.2. A fraction of the energy deposited in

the air is then re-emitted during the de-excitation of the nitrogen molecules. The

emission is a band spectrum with many lines from 300 - 420 nm in condition of 304

K and 1 ATM (see the Figure 3.3).

Figure 3.3: The air fluorescence spectrum of two experiments AIR-
FLY [66] and FLASH [67], range of wavelength is from 290 nm ∼ 430
nm. Maximum fluorescence band is 337.1 nm emitting from N2 2P
[68]

Figure 3.3 shows the efficiencies of fluorescence photon emission versus the rela-

tive intensity. In this result presents 34 bands of the wavelenght of air fluorescence

in a range of 290 nm to 420 nm. Maximum intensity is 337.1 nm emitted from N2

2P 0-0 band [68].
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The number of fluorescence photons (Nλ) emitted is proportional to the energy

that is deposited by charged particles from the air shower in the atmosphere ( dE
dX ).

The fluorescence yield Y quantifies the relationship between the intensity of the

fluorescence photons and the energy loss of the charged particle.

Niλ = dE
dXYiλ(Hi)Sλ(Hi)dli (3.1)

where λ is the photons wavelength and i is the ith segment of the telescope and Sλ
is the emmited spectrum response on its height (Hi), dli is the length of segment.

The emission of fluorescence photons is isotropic and only a fraction of them can be

observed using, the Fluorescence detector (FD). The expected signal, the number

of photon Niλ at a FD, with aperture Ai is calculated by,

Niλ = NiλT
Rayleigh
iλ (ri)TMie

iλ (ri)
Ai

4πr2
i

(3.2)

here ri is the distance from the segment to telescope, TRayleighiλ (ri) and TRayleighiλ (ri)

are a transmittance of Rayleigh and Mie scattering for the wavelenght propagating

in a ri. Ai is an effective area of the telescope. The effective area discussed here is

defined as an area assumed the combined mirror as a single spherical mirror[69].

The fluorescence detector must be operated in moonless nights. Consequently

the duty circle of fluorescence detection technique is only 10%. The atmospheric

parameters must be monitored to estimate a yield of the fluorescence light and the

transmittance of Rayleght scattering. Therefore the transmittance is measured by

Light Detection And Ranging (LIDAR) system at the start and the end of daily

operation of FD. LIDAR is host in the CLF site.

The Telescope Array has 3 FDs at the perimeter of SD array. The FD station

northwest corner of the SD array (MD station) consists of 14 telescope refurbished

of High Resolution Fly’s Eye (HiRes) experiment and the southeast (BRM station

Figure 3.4) and southwest (LR station) FD are new developed stations composed of

12 fluorescence telescope in each. Right side of Figure 3.4 shows a schematic of FD

frame equipped with a pair of FD telescopes.

A FD telescope consists of a primary mirror and a photomultiplier tube (PMT)
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Segment mirrors

Camera

Figure 3.4: A picture of BRM FD station (left) with the schematic
view of the 2 FD telescope tower (right). Two telescope in one tower,
the upper FD views 3◦ ∼ 18.5◦ and the lower FD views 17.5◦ ∼ 33◦.
Total 6 towers in a station.

camera. The mirror is designed to detect EASs from a distance of 30 km and with

the primary energy of 1020 eV. The mirror diameter and radius of curvature were

determined to be 3300 mm and 6067 mm. A primary mirror is composed of 18

segment mirrors; the distance between the parallel sides of the segment segment is

660 mm. A PMT camera consisting of 16×16 hexagonal PMTs is set at a distance

of 3 m away from the mirror. The Field of View (FoV) of each PMT with mirror is

approximately 1◦, and an FoV of FD telescope is 15◦ in elevation and 18◦ in azimuth.

The FoV centers of the upper and lower FDs are 10.5◦ and 25.5◦ in elevation. Thus,

total FoV of a station is 3◦ ∼ 33◦in elevation and 108◦ in azimuth. Then the

sensitive part of FD is focus in the PMT camera, and each camera is composed

by 16 by 16 PMTs. The left side of Figure 3.5 shows the proyection on the sky

of the signal produced by one event shower, the colored circles represent "good"

PMTs, the of diameter of each circle is proportional to Npe and the color represents

weighted average signal time: the earliest signals are blue with the last signals (some

13 µs later in this example) colored orange. PMTs that are designated “noise” and

excluded from the reconstruction are marked with the symbol ×. And each gives

the signal that is digitised with a 10Mhz FADC.
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3.1.1 Event reconstruction and energy determination by FD

The start time of each triggered PMT is used to determine the arrival direction

of the air shower by treating the shower development as a series of point source

travelling along the shower axis. The plane that contains both the shower axis and

the telescope is named the shower detector plane (SPD) and shown in Figure 3.5

(right). In the measurement the shower detector plane SDP is taken into account

n̂, shower direction (θ, φ), SDP angle ψ, shower impact parameter Rp, core location

and arrival time. Once the SDP is known, the shower impact parameter and the

(SDP)

Figure 3.5: Light track on the camera (left) and an ilustration of
geometry of an air shower track as viewed by a FD. The color of the
light track indicates the sequence of trigger time on each pixel. The
track t̂ is unit vector which point along the shower in the direction
which the shower travels, c points from the FD to the point on the
ground where de shower inpacts (core), Rp is the impact parameter,
and ψ in the SDP angle. Each PMT that observes the shower has
viewing angle χi and triggers at times ti. The time τi is the difference
btw the PMT trigger and the light travel time from the shower axis
[70, 63].

SDP angle are calcualted by the time vs. angle fit. The expected trigger time of

PMT i is [63],

τi(χi;Rp, ψ, t0) = t0 + Rp

c
tan

(
π − ψ − χi

2

)
(3.3)

The predicted of values τi are then compared to measured values by calculating

χ2. The best fitted values of t0, Rp and ψ are found when χ2 is minimized. Then

this is the reconstruction of the shower based on FD signals, which is named as

the mono-reconstruction. In addition, it is possible to combine SD and FD for

the reconstruction, which is called the hybrid reconstruction. The hybrid analysis
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requires at least one FD and one SD station to be triggered. The shower axis

therefore can be reconstructed with a better precision by including the start time of

the SD stations that are not on SDP in the fitting process.

Once the shower geometry is known, the signal in each pixel is converted in

flux: an example of a shower profile which describes the energy deposited along

the slant depth (the depth of atmosphere) is shown in Figure 3.6. The shower

profile is fitted with the GH function. The calorimetric energy (Ecal) of the primary

UHECR is reconstructed by integrating the curve [70]. However, during the shower

Figure 3.6: Calculated longitudinal shower profile. The flux and
uncertainty vs. function of shower depth for each tube along the
shower detector plane. The solid lines show the simulated flux gen-
erated for the best profile fit. Red is the contribution of fluorescence
flux, blue the contribution of Rayleight scattered flux and green is
Cherenkov flux contribution [63].

development, the energy of neutrinos, neutrons and almost all energy of muons

electrons cannot be measured by using FD. This fraction of energy is known as the

invisible energy or "missing energy" and the fraction depends on the primary energy

and the mass composition of the cosmic ray. Using Monte Carlo simulations, that has

large uncertainty from hadronic models in the air shower simulation, the correction
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has to be made. Thus the energy calibration is by using TA SD energy ESD, which

is evaluated using MC means depend on hadronic model and by other side it is

compared with the calorimetric energy known as EFD of TA FD energy deposited

in the atmosphere (Figure 3.7). In order to match the TA FD energy, from TA SD

energies determined need to be reduced by a factor 1/1.27. In other words, when

Figure 3.7: The energy calibration: the plot shows the scatter of
EFD versus ESD [71].

the energy estimation procedure derived from the MC CORSIKA surface detector

Monte-Carlo is applied to the real data, the predicted event energies are on average

27% higher than those of the fluorescence detector:

EMC,SD = 1.27× EFD (3.4)

Figure 3.7 shows the energy of the TA SD plotted vesus the energy of the TA FD,

by hybrid analysis, in case of TA SD need to be reduced by a factor 1.27. Since

the plot is log-log, the symmetry around the Y = X line indicates that the events

energies are matching on the average.

3.2 The description of Surface Detector

The 507 surface detectors are arranged in a square grid on the ground with 1200 m

spacing. The TA SD has been opperating more than 11 years. The layout of the
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detectors have been proved to be fully sensitive for the detection of showers from

hadronic primaries with energy above 1018eV and zenith angle 0 - 60◦. The Figure 3.8

shows the SD array, it is divided into three subarrays, and each subarray is controlled

by its trigger-decision electronics at the communication tower via wireless LAN

communication; the SK (Smelter Knoll), BR (Black Rock) and LR(Long Ridge)

Communication Tower (CT). The subarrays have 148, 170 and 189 SDs respectively.

Each SD is powered by a battery, which is charged during the daylight with a solar

panel that gives a power of 125W.

Figure 3.8: Layout of the TA-SD. Square symbol denote 507 SDs.
There are three subarrays controlled by the communication towers
denoted by triangles. The star symbols represent the FD telescopes
[72].

Figure 3.9 shows the external parts of a surface detector. The sensitive part

is the scintillator box of 3m2 in dimension, which contains the scintillator and the

photomultiplier tubes (PMTs). A square solar panel 1 m on one side is mounted

on the plataform to supply to the electronics. The electronics and the battery are

contained in a box made of with 1.2 mm thick stainless steel is placed near to

solar panel. And the communication antenna is mounted on a 3-m long iron pole

as shown in Figure 3.9. The figure 3.10 shows the schematic of the inside of a
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Wireless LAN antenna 2.4GHz

Solar panel 120W

Scintillation box

GPS Antenna

Battery & electronics

Figure 3.9: A description by main components of a surface detector
deployed.

scintillator box. Each surface detector box consits of two layers (upper and lower)

of plastic scintillator, which use polyvinyl toluene(C9H10, 1.032g/m2). Each layer

of scintillator has an area of 3 m2 and a thickness of 1.2cm. A stainless-steel (SUS)

plate has 1 mm in thickness and is inserted between layers. As described in Figure

3.10 each scintillator layer consists of two segments is 1.5 m× 1.0 m. On the top

side of the plastic scintillator slab, there are grooves in parallel along the length of

the slab where is setup 104 wavelength-shifting (WLS) fibers (Y-11; Kuraray). The

segment is wrapped with two layer of Tyvek sheet. The end of WLS fibers from both

adges of the slabs are collected together and connected to a PMT(9124SA; Electron

tubes Ltd.) for each layer (upper and lower). The PMTs operate at 1000 V and

provide a gain of 1.2×106 per photoelectron. When the shower of particles hit on

the plastic detector by ionization process light will be generated and those will be

collected and transmit to the PMT. The output signals from PMTs are digitized by
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Figure 3.10: A cartoon for the description of inside scintillation
box with scintillator plates, WLS fibers and PMTs. A total of 104
WLS fibers are laid on each layer to collect and transmit scintillation
light to a PMT. Above picture shown the WLS fibers end collected
to be connected to a PMT.

Flash Analog Digial Converters FADC in 12bits(channels) (AD9235RU-65; Analog

Devices) with a 50 MHz sampling rate on the CPU board. The digitized PMT signal

is called the waveform. The waveform is recorded with 2.56 µs wide that correspond

in length 128 time bin, where each FADC bin is 20 ns.

3.2.1 Calibrations and trigger judgement

The calibration is based on the energy deposition of a vertical muon. Then it is

defined the vertical-equivalent muon (VEM) unit of energy deposition to be 1 VEM

= 2.05 MeV, which is the most probable energy deposition for a vertical muon at the

minimum ionizing energy (300 MeV or 0.3 GeV) (Figure 3.11). Cosmic ray muons

travel at relativistic speeds at ground level, and are typically minimum ionizing par-

ticles. A commonly used approximation for dE/dx is 2 MeV/(g/cm2).

Each SD electronics suite also has a Field-Programmable Gate Array (FPGA)

that continuously monitors the FADC waveforms to monitor pedestals and to de-

termine whether the event trigger condition is met. When an SD measures a signal
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Figure 3.11: Mean energy deposition in a different medium by a
vertical muon plotted versus muon kinetic energy. The minimum
ionizing energy occurs at 300 MeV (0.3 GeV) [73].

above threshold, it can announce it to a remote Data Acquisition (DAQ) via radio

communication. A SD can record two types of low-level triggers:

• A level 0 trigger, in which an integrated signal exceeding 15 FADC counts

above pedestal is measured (∼0.3 MIP Minimum Ionizing Particles).

• A level 1 trigger, in which an integrated signal exceeding 150 FADC (equivalent

to 3 MIPs) counts above the pedestal is measured.

These remote DAQ locations are referred to as communication towers (CTs), as they

monitor and receive data from many SDs and make the decision about high-level

triggers based on the low-level trigger logic of all SDs that it communicates with. If

three or more adjacent SDs announce level 1 triggers within an 8µs window then

• a level 2 event trigger, in which the CT directs all SDs that observed level 0

with ±32 µs of the event to send the waveform data to CT for storage.

Each SD has an onboard GPS unit to time-stamp event triggers, so the time of

particle passage is also recorded by each SD and included as part of the event infor-

mation. Figure 3.12 shows one of the communication towers. The communication

and data transfer between a SD and a communication tower is done through a direc-

tional antenna equipped on 2.4 GHz wireless LAN modem (ADLINK540F). For the
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Figure 3.12: The BR communication tower CT [75].

communication, a custom-made DAQ process is used [74]. The tower-to-tower com-

munication is performed in 5.7 GHz band to avoid interference in the tower-to-SD

communication.

Monitoring data acquisition

The TA SD unit constantly accumulates monitoring data every 10 min. cycle,

during in a day 144 cycles are registered. Figure 3.13 shows an example of a SD

with ID 0712 monitored. The monitoring data is divided into 600 subsets and

all the subsets are sent along with the level-1 trigger tables every second. The

acquisition and transfer of the monitoring data are synchronized by the GPS 1

second pulse (1-PPS). The monitoring data consists of the histograms and the status

variables of every SD. Figure 3.13 shows of the time variations of the monitoring

data. Muons at the minimum ionizing energy (around 300 MeV) are the most

abundant atmospheric particles which penetrates the TA SD scintillator. So the

level-0 triggers are dominated by minimum ionizing particles. Histograms of the

level-0 signals (1 MIP) are used for determining the detector gain in FADC counts

per MeV of energy deposition in each SD. The histogram is generated by integrating

FADC counts of waveforms with the time window ranges between -4 bins from

trigger timing and +8 bins after trigger timing. Here 1 bin corresponds to 20 ns. The

pedestal histogram is also calculated to determine the base line of the FADC counts.

Figure 3.14 shows an example of signal distribution by atmospheric charged particles,

the integrated FADC value from level-0 used to estimate the total energy deposited
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Figure 3.13: Sample of monitor data during 26 Sep. 2019 - 04 Oct.
2019 UTC. The number of detected GPSs is shown in the 1 st panel
from the top. The 2 nd panel shows the communication status. The
3 rd panel, battery voltage, solar panel voltage and battery current.
The temperature measured is shown in 4 th panel. The 5 th and
the 6 th panel shows the pedestal value and 1 MIP FADC value,
respectively. The 7 th panel describes the Level-0 and Level-1 trigger
rate. There is a day-night variation in 1 MIP FADC value which has
temperature dependence.
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[72]. The histogram shape consists of energy loss distribution and zenith angle

distribution of atmospheric muons, the position dependence (non-uniformity) of the

response of the SD, Poisson distribution of the number of photoelectrons generated

at the surface of the PMT and so forth [76]. The MIP peak value histogram as

shown in the 6th panel of figure 3.13. This MIP FADC value variation is caused

mainly by the variation of outside temperature. To understand the status of the

GPS module, the visible number of satellites and conductivity of the antenna are

read out in every 600 s.

Figure 3.14: A typical TA SD counter signal monitored over a
10 min cycle from level-0 trigger events obtained as 1-MIP monitor
data (yellow area). The black dashed area corresponds to pedestal
histogram scaled in the same interval [72].

3.2.2 Event reconstruction using surface detectors

The TA SD air shower events are reconstructed in four steps [77]. At first the SD

signals that are related to air shower events are selected. Then the event geometry

is determined by the arrival time distribution of air shower particles at the SDs.

Following that, the lateral distribution of air shower particles is obtained in the sig-

nal size at each SD. Finally, the energy is determined by reconstructed parameters,

using the energy scale obtained by the hybrid observation.

Signal selection

The first scheme of the event reconstruction is signal selection. For each event, all

the detector waveforms are scanned by 80 ns (4 time bins) sliding window. If all 4

time bins of the sliding window exceed the pedestal by 5σ in both upper and lower

layers, the first time bin is regarded as the time of the signal. Here σ is the RMS

of the pedestal per one time bin. Then if all 4 time bins of the sliding window
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are no longer larger than 5σ, the time bin is considered as the signal end. This

process separates the waveform into the multiple pulses in one waveform and reduce

background signals from the random atmospheric muons, which occur at a rate of

700 Hz × 64 µs ' 0.05 per counter within one event time period (±32µs). After

that, all pulses within 10 µs of the start time of the signal are summed and the

integrated FADC values are obtained in each detector. Lastly, the average pedestal

values are subtracted from the integrated FADC values, and they are converted to

VEM units using calibration data. Next, the SD which belongs to the air shower

event is selected by determining a cluster which is contiguous in space and time. If

the distances of the SDs are into
√

2 times of the detector separation unit (1200 m),

the SDs are included in a cluster in space. Also if the time difference of the SDs are

within their spatial separation divided by the speed of light, the SDs are included

in a cluster in time. This procedure can exclude random atmospheric muons, which

occurs uniformly in space and time. Figure 3.15 shows a display of sample clustered

SDs decided by the above procedure by the event map.

Distance East [km]
7 8 9 10 11 12 13

D
is

ta
nc

e 
N

or
th

 [k
m

]

15−

14−

13−

12−

11−

10−

9−

8−

7−
s]µ [hitt

0

2

4

6

8

10

Shower core

Sh
ow

er
 d

ire
ct

io
n 

az
im

ut
h 

 ! 
= 

25
6.

9 
[d

eg
]

(✓, �) = (43.8�, 256.9�)
<latexit sha1_base64="7rg2VwirGODt8g2YC87jYCGJ0kI="></latexit>

E = 1019.10 eV
<latexit sha1_base64="Di9oqtnfls1qzjNWowQfcNJYvYw=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyFTBRURiiK4rGAf0MQymU7aoZNJmJkIJQT8FTcuFHHrd7jzb5w+Ftp64MLhnHu5954g4Uxp1/22CguLS8srxdXS2vrG5pa9vdNQcSoJrZOYx7IVYEU5E7Sumea0lUiKo4DTZjC4HvnNRyoVi8W9HibUj3BPsJARrI3Usfc8GWU3+SVyHzJ07iA39y5oo2OXXccdA84TNCVlMEWtY3953ZikERWacKxUG7mJ9jMsNSOc5iUvVTTBZIB7tG2owBFVfjY+P4eHRunCMJamhIZj9fdEhiOlhlFgOiOs+2rWG4n/ee1Uh2d+xkSSairIZFGYcqhjOMoCdpmkRPOhIZhIZm6FpI8lJtokVjIhoNmX50mj4qBjp3J3Uq5eTeMogn1wAI4AAqegCm5BDdQBARl4Bq/gzXqyXqx362PSWrCmM7vgD6zPHwJVlDg=</latexit>

Figure 3.15: Example of one shower event recorded in 2019/05/04
E=1019.10 eV and direction (θ, φ): (43.8◦, 256.9◦). The display repre-
sents the triggered TA SD, the color shows the relative hit time and
the size of circles as proportional to the number of charged particles
(VEM).

Event geometry determination

Figure 3.16 represents the shower front description when the core of the shower

hit the ground. The direct observables, when the shower footprint the ground, are
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Figure 3.16: Side view of shower front at the time t0. And the
geometry variables description.

the relative time ti and the particle density ρi on each i SD, they are the starting

values to reconstruct the geometry of a event shower. The first approximation of

core location is derived from the center-of-gravity, where −→R COG = (xCOG, yCOG) and

this vector is defined as;

(−→R COG)k =
∑N
i=1 ρi(ri)k∑N

i=1 ρi
(3.5)

this calculation is from the first calculation of the first moments of the pulse height

distribution ρ, measured by N SDs. The 5 parameters related to the air shower

event geometry are decided by detector time distribution and the particle density

fitting respectively; the time t0 when the core of the shower hits the ground, the

core position −→R = (Rx, Ry), zenith angle θ and azimuth angle φ.The parameters

are obtained while minimizing the function:

χ2
G =

N∑
i=0

(ti − tFiti )2

σ2
ti

+ (−→R −−→R COG)2

σ2−→R COG

, (3.6)

where ti is the ith detector trigger time and tFiti is the time of the ith detector as

predicted by the fit function. The form tFiti is,

tFiti = t0 + li
c

+ td,i (3.7)

here li is the distance between the detector and the shower front plane at t0 = 0,

li = (−→r i −
−→R ) · û (3.8)
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where −→r = (x, y) is the detector position and û(θ, φ) is the unit vector of the shower

axis projected onto the ground, td,i is the residual time, the predicted function is

the modified function from the Equation 2.16 explained from Section 2.5.1, respect

to shower front curvature effect and the function is tuned for TA SD data. The

empirical functions of residual time and its uncertainty that well describe the TA

SD data are,

td,i = (8× 10−4)a(θ)
(

1 + Ri

30m

)1.5
ρ−0.5
i (3.9)

tσ,i = (7× 10−4)a(θ)
(

1 + Ri

30m

)1.5
ρ−0.3
i (3.10)

a(θ) =


3.3836− 0.018148θ : θ < 25

c3θ
3 + c2θ

2 + c1θ + c0 : 25◦ ≤ θ < 35◦

exp(−3.2× 10−2θ + 2.0) : θ > 35◦

where c0, c1, c2 and c3 are constants,

c0 = −7.761668× 10−2, c1 = 2.99113× 10−1

c2 = −8.79358× 10−3, c3 = 6.51127× 10−5.

And the σt is defines as

σi =
√
σ2
e + t2σ,i, (3.11)

where σe = 20 ns is the resolution due to electronics. And σ−→R COG
= 170 m, which is

the uncertainty of the center-of-gravity of pulse height distribution. Figures (a) and

(b) 3.17 show an example of the event time fit and the lateral distribution funtion

fit respectively.

Lateral Distribtution Fit

The next step to event reconstruction is the Lateral fit and the energy reconstruction.

Based on AGASA experiment [18] to fit the shower size by using the definition of

lateral profile

ρ = C
(

Ri

91.6m

)−1.2(
1 + Ri

91.6m

)−(η(θ)−1.2)(
1 +

[
Ri

1000m

]2)−0.6
(3.12)
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Figure 3.17: (a): Plot of plane fit (start residual time with respect
to the shower plane vs core distance). (b): Plot of lateral distribution
fit to the AGASA function. The color of dots represet the relative
hit time as displayed on the event map (Figure 3.15).

where η(θ) = 3.97− 1.79[sec(θ)− 1].

The uncertainties on [78] the pulse height density are adjusted to fit TA SD data by

σρ =
√

0.56ρ+ 6.3× 10−3ρ2. The last two paramters of the geometry reconstruction

is the obtention of LDF factor C and the core location−→R by minimizing the function,

χ2
LDF =

N∑
i=0

(ρi − ρFiti )2

σ2
ρi

+ (−→R −−→R COG)2

σ2−→R COG

(3.13)

After the time and lateral distribution fit, the primary cosmic ray energy is calculated

from the integrated FADC values at 800 m from shower axis, called S800 = ρFit(800

m), and secθ. For the corresponding conversion to energy relation, it was used a

large statistics of MC set to reconstruct the energy estimation E table from these

two parameters (S800 and reconstructed secθ). Figure 3.18 represent the Energy

table estimation, where y-axis in log scale is the S800 versus secθ and the bin color

represent the correspondent energy. More details of Energy reconstruction is studied

in [77].

It was explained in the Section 3.1.1, by comparison between TA SD energy

derived by MC TA CORSIKA and the TA FD energy deposited the energy is esti-

mated. As result the determination of energy for the event reconstruction of surface

detector the energy has been reduced by a factor of 1/1.27.
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Figure 3.18: TA SD UHECR Energy estimation table [79].
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Chapter 4

MC simulation and data status

This chapter describes the simulation technique for TA SD Monte Carlo (MC) to

generate extensive air showers above 1017 eV using CORSIKA and simulation of the

response of the TA surface detector to secondary particles by using Geant4 package.

It also includes the comparison of the simulated distribution of MC and those of

data to get the validation of how faithfully represents the data. The analysis of

the curvature of the shower front, based on the residual time function, leads to the

improvement in the angular resolution. Then, the analysis of time structure requires

to know the accuracy in the determination of geometry as the angular resolution

and core location resolution, then this chapter also shows the resolution of geometry

for different energies binned.

In the sections that follow, it is described the events selection and the data cut

criteria ans well the data condition after cut selection.

4.1 Extensive air shower simulations

In this section we describe shortly the EASs simulations for TA SD. EASs are sim-

ulated with the Cosmic Ray Simulations for KASCADE (CORSIKA) package [80].

It was used Monte Carlo model QGSJET II-03 [81] as reference model for high

energy hadronic interactions. The air shower MC with tracking all secondary par-

ticles, where 1011 particles are generated at shower maximum for a 1020 eV event,

requires too large calculation time. For a single CPU core, one shower simulation for

E ∼ 1020 eV takes part of a decade [82]. In monte carlo is popular used the method
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called thinning, which particles are removed from consideration in the shower gen-

eration and other particles in similar regions of phase space are given weights to

account for the loss.

But the thinning method does not fully reproduce the TA SD signal. The TA

SD measures the lateral distribution of air shower particles at the ground [83]. The

measured particles include those far from the shower axis (∼ km), where the average

number of particles at a TA SD in a shower event is less than unity. The thinning

approximation causes larger artificial fluctuation of the number of particles than

non-thinned air showers [84].

In order to make more accurate simulation of the TA SD, dethinning method is

applied, where each group of thinned particles was regenerated from its weighted

representative (developend by [82, 84]). The idea of replacing the information lost in

thinning is to start with a thinned shower, maintain the average density of particles,

and smooth the distribution to get the correct amount of fluctuations. A brief

description of thinning is described. Let E0 and ε denote the primary energy cosmic

ray energy and thinning level parameter. The simulation is generated for a given

ε value, which is 10−6 for TA SD MC. For each step of the interaction of each

shower particle, two situations are possible; 1) ∑j Ej < εE0 and 2) ∑j Ej > εE0

where j describes the secondary particles generated in the interaction and Ej is

the energy of each particle. If ∑j Ej < εE0, one secondary particle survives with

probability pi = Ei/
∑
j Ej. If

∑
j Ej > εE0, one of the secondary particles of energies

Ei < εE0 survives in the secondary particles with probability pi = Ei/εE0 and all

particles with Ei > εE0 are kept. In both cases, surviving particles have the weight

of wi = 1/pi. The weight of a particle reaching the end of the simulation after

passing through numbers of interaction steps is wi,total=Πk∗1/pk
, where k describes

each step. This algorithm conserves the total energy; the weighted sum is equal

to the energy of the primary particle that initiated the shower. In the dethinning

method, w− 1 particles are inserted to every ground particle of weight w generated

by the simulation with thinning. When this is completed the weight of each particle

is set to 1. To insert these particles we use the following procedure [82].

1. An arbitrary vertex point on the trajectory of the weighted particle is chosen.
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2. A point in a cone centered on the particle’s trajectory is chosen, weighted by a

2-dimensional Gaussian distribution with a sigma of a few degrees. This will

be the inserted particle’s trajectory.

3. Project the inserted particle to ground level, assign it a time and energy, and

add it to the particle list of the dethinned shower.

4. Perform steps 2 and 3 for w − 1 times.

Figure 4.1: Description of thinning method [80]. The thick and
thin solid lines show the primary and secondary particle tracks, re-
spectively.

Figure 4.1 shows the geometry to describe the procedure. The dethinning CORSIKA

simulations are used for the TA-SD simulations. Each CORSIKA shower is used

repeatedly with random different core positions to reduce the calculation time. For

SD simulations with proton (p) primaries, each proton shower is also used repeatedly

with random different zenith and azimuthal angle.

4.2 Detector simulation

After generated the events showers, the energy deposit processes on each TA-SD is

simulated by GEANT4 (simulation package) in geometry and materials. Deposited

energies in scintillator layers for a given particle type, momentum and trajectory.

Then, energies deposited in the scintillators and time dependent SD calibration in-

formation are combined for simulation of digital output waveforms by SD electronics.
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All trigger conditions processes are described in Section 3.2.1 is also included in the

calculations. For each condition, two dimensional histograms of energy deposition

in upper and lower layers are generated and recorded as same FADC waveforms

format as the real data.

Finally, the output file of an air shower event simulated by CORSIKA consits

in the position, momentum and timing (x, y, z, px, py, pz, t) of each particle on the

ground is recorded. Where pn means the momentum in the n direction and t the

relative time when reaches on the ground. The following Table 4.1 summarizes the

input parameters to generated events of TA SD.

Parameters Sampling method

Primary Proton

Energy E−2.81: 1018.65 eV ≤ E < 1019.75 eV

E−5.1: 1019.75 eV

Zenith angle θ: 0◦ − 60◦ (sinθcosθ uniformly distributed)

Azimuth angle φ: 0− 360◦ (random distributed)

Core position Randomly distributed inside a circle of 25 km radius (from CLF).

Table 4.1: Table of TA SD Monte Carlo simulated condition.

4.3 Data and Monte Carlo of TA SD comparison

This section describes the condition of Telescope Array of Surface Detector data

by comparing with MC simulations to ensure that the MC simulations used in the

event reconstruction reproduce accuratly the observable data. The condition of MC

data was described in the Table 4.1 and it was applied the same reconstruction

procedure for the MC dataset. The following set of Figures 4.2, 4.3 and 4.4 show

the typical distribution of reconstructed parameters of TA SD data during 6 years

from May-11-2008 to May-11-2014. These distributions include the TA standard

analysis condition in the process of reconstruction, the geometry reconstruction is

validated for zenith angle θ < 55◦ and energy E > 10 EeV [85].
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Figure 4.2: The distribution of primary energy E > 1018.85 eV
and zenith angle condition θ < 55◦ for data of TA SD and MC SD
recontructed. The comparison corresponds from May 11,2008 to May
11, 2014.
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Figure 4.3: The comparison of reconstructed zenith angle (left) and
azimuth angle (right) of data and MC, black and red dots respectively.
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Figure 4.4: The comparison of χ2
G/d.o.f (left) χ2

LDF /d.o.f (right)
values distribution for data and MC.

Figure 4.2 shows the energy distribution above 1018.85 eV, which is from the



58 Chapter 4. MC simulation and data status

low energy used in the analysis. Figures 4.3 show the zenith and azimuth angles

distribution, and Figure 4.4 gives the distribution of χ2
G/d.o.f andχ2

LDF/d.o.f values

of geometry and lateral distribution fitting.

4.4 Resolutions

In order to see the resolution of TA SD, which is reconstructed Monte Carlo param-

eters set compared with the true variables (thrown), this process is made with the

same data reconstruction programs and it is applied the quality cuts as in the data.

The angular resolution is characterized by considering the distribution of the

opening angle (σθ) between the shower direction thrown n̂thr. and the direction

reconstructed n̂rec.,

σθ = cos−1(n̂rec. · n̂thr.) (4.1)

where n̂rec.(θrec., φrec.) and n̂thr.(θthr., φthr.) are the unit vectors. For the determination

of resolution of core location is used the definition of,

∆R =
√

(Xrec. − Xthr.)2 + (Yrec. − Ythr.)2 (4.2)

Figures 4.5 show two examples of the histograms of opening angle and ∆R of air

shower for a certain energy bin, more plots for different bins is shown in Appendix

A. In both cases of histogram were chosen the 68% confidence limits for TA-SD the

angular resolution and the core location resolution.

Figure 4.6 of right panel shows the summary of angular resolution for different

energy bin calculated from histograms of opening angle and the bias of core location

at 68% as shown on Figure 4.5, the resolution of arrival direction vary from 1.3◦ to

0.9◦ for highest energy. In our analysis of data for shower structure was used mainly

three energy range around 1019, 1019.3 and 1019.8 eV respectively as shown by color

range. The resolution of core position is summarized on right side of Figure 4.6, the

core position is found typically with a resolution of ∼140 m for low energy 1018.8

eV and for highest energy at 1020 eV is ∼ 240 m. More details can be found in the

appendix A.2 and A.7.
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Figure 4.5: Left: Histogram of opening angle, and the blue dash
line at 68% for a bin average of energy E ∼ 1019.05 eV and σθ ' 1.2◦.
Right: Histogram of resolution of core location for a bin average
energy E ∼ 1019.05 eV and ∆R ' 140 m.
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Figure 4.6: Left plot shows angular resolution versus energy. Right
plot shows resolution of core location.

4.5 Event selection and data cuts criteria

During the geometry and energy reconstruction of the event showers, there are con-

taminations of inaccurately reconstructed events even if reconstruction process are

successfully finished. Those events misreconstructed could have large fluctuations on

the determination of different variables. Therefore, it is necessary to exclude these

inaccurately reconstructed events from the analized event data set. The main quality

cuts have been designed and optimized in the event reconstruction process by [77].

TA SD has the standard selection cut of events χ2
G/d.o.f. < 4 and χ2

LDF/d.o.f. < 4

both reduced by χ2 (per degree of freedom) values of geometry and lateral distri-

bution fits. The uncertainty of S800, which is the final cut to improve the energy

resolution, given by the fractional uncertainty on S800 based on the normalization
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constant of the AGASA LDF (denoted by C), which is a fit parameter proportional

to S800 (particle density evaluated at 800 m). This fractional is given by,

σS800/S800 = σC/C, (4.3)

where, σC is the fit parameter uncertainty given by MINUIT (math library) when

the χ2 of Equation (3.13) is minimized. An additional quality cut is for well events

recontruction, it is the border cut, where the event core position should be 1200 m

inside of the TA array as well the minimum number of SDs triggered is 5 to higher

for any event reconstructed, these standard selection criteria is described in details

[86] for TA SD reconstruction.

Besides to main quality cuts described above, in the our main analysis of study

time structure, it was considered other quality cuts for the respective analysis. In

both the shower front and thicknes of the shower disk which were considered some

selection rules based on geometrical parameters as well energies. The following sec-

tion will describe the summary of the selection of shower events in order to study

time structure. Those are applied in the 11 years of TA SD data from 2008-05-11

to 2019-05-10.

Selection rules of the shower front curvature

Measurements of residual time, td, based on observations of nearly 9097 events

above 1018.90 eV without any selection, collected in 11 years after passing stan-

dard selection cut as described previously. It was analized 3 intervals of energy

18.90 ≤ log(E/eV) ≤ 19.08 with 4640 events, 19.15 ≤ log(E/eV) < 19.45 with 2478

events, and 19.45 ≤ log(E/eV) ≤ 20.05 with 795 events. The next list up shows

the summary of the standard selection cut and the total interval of the zenith angle

analyzed.

• Zenith angle cut: 0◦ < θ ≤ 60◦

• Border cut: 1.2 km inside of array

• Geometry and LDF fit quality cut, χ2
G/d.o.f. < 1.5, χ2

LDF/d.o.f. < 4 (d.o.f is

the number of degrees of freedom).
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• Numbers of SD triggered 6 or more.

• The uncertainty estimation of lateral distribution fit (σ800/S(800)) < 25%.

Selection rules for the thickness of the shower disk

It was used a total of 23773 events collected for the analysis of the thickness of

shower disk by measuring the risetime, tR, above 1018.60 eV. The following intervals

of energy 18.60 ≤ log(E/eV ) ≤ 18.85 with 16882 events, 18.85 < log(E/eV ) < 19.15

with approximately 7603 events, 19.15 < log(E/eV ) < 19.45 with 2478 events,

19.45 ≤ log(E/eV ) ≤ 20.05 with 795 events, being the last 3 intervals of energy the

main used in the analysis. The following list up shows the standard event selection

cuts and selection of SDs cut.

• Zenith angle cut: 0◦ < θ ≤ 60◦.

• Border cut: 1.2 km inside of array

• Geometry and LDF fit quality cut, χ2
G/d.o.f. < 1.5, χ2

LDF/d.o.f. < 4 (d.o.f is

the number of degrees of freedom).

• Numbers of SD triggered 6 or more

• For the integration of the waveform was used all continuous waveforms stores

independently as upper/lower layers (cutting ∼11 % of total SD data due to

discontinues waveforms).

• To reduce accidental muons signal: hit time of up/lo layer rejection (tup−tlo) ≤

200 ns (cutting ∼5 % of total SD data).

The following Figures 4.7, 4.8, and 4.9 show an example of the interval of energy

1019.15 − 1019.45 eV used for the analysis, the distribution of energy, zenith angle,

azimuth angle, χ2
G/d.o.f. and χ2

LDF/d.o.f. parameters are reconstructed by data and

MC after selection cuts. The distribution of MC is normalized to data numbers of

events, the number of events during May 11 2008 to May 11 2014 is 1148 events.

Figure 4.10 shows the distribution of core distance calculated for data and MC

for each SD for the same condition of energy interval of 1019.15 − 1019.45 eV.
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Figure 4.7: Distribution of primary energy in the interval of
1019.15 − 1019.45 eV for data of TA SD and MC SD reconstructed
respectively. The comparison corresponds from May 11,2008 to May
11, 2014.
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azimuth angle (right) of data and MC, black and red dots respectively.
The distributions are for energy range 1019.15 − 1019.45 eV.
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Figure 4.10: Distribution of core distance R comparison for data
and MC. The distribution is for energy range 1019.15 − 19.45 eV.

4.6 Events after passing the selection criteria

The following Table 4.2 describes in detail the shower events of TA SD data after

passing the selection criteria and the total events without the cuts, according to the

intervals of energy and zenith angle for the analysis of the curvature of shower.

sec(θ) θ [deg] 1018.90 − 1019.08 eV 1019.15 − 1019.45 eV 1019.45−1020.05 eV

1.0 - 1.2 0 - 33.6 1077/1562 538/799 183/293

1.2 - 1.4 33.6 - 44.4 716/949 363/503 117/165

1.4 - 1.6 44.4 - 51.3 472/634 224/316 88/127

1.6 - 1.8 51.3 - 56.2 402/521 187/234 60/81

1.8 - 2.0 56.2 - 60.0 302/380 207/262 47/66

totals 2969/4046 1519/2114 495/732

Table 4.2: List up of shower events collected in 11 years of data
by TA SD used in the curvature shower front analysis, listed up by
intervals of energy and zenith angle (0◦ < θ ≤ 60◦).

The next Table 4.3 shows the summary of events after selection cut and the total

events without cut in the different intervals of energy and zenith angle in the range

0 < θ ≤ 60◦ used in the analysis of the thickness of the shower disk.
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sec(θ) 1018.60 − 1018.85 eV 1018.85 − 1019.15 eV 1019.15 − 1019.45 eV 1019.45−1020.05 eV

1.0 - 1.2 2856/4250 1758/2541 538/799 183/293

1.2 - 1.4 2231/3100 1171/1563 363/503 117/165

1.4 - 1.6 1577/2083 773/1037 224/316 88/127

1.6 - 1.8 1041/1361 642/848 187/234 60/81

1.8 - 2.0 674/883 500/644 207/262 47/66

totals 8379/11677 4664/6633 1519/2114 495/732

Table 4.3: List up of shower events collected in 11 years of data by
TA SD for the analysis of the thickness of shower disk, listed up by
intervals of energy and interval of zenith angle (0◦ < θ ≤ 60◦).

4.7 Trigger condition of SDs

This section is illustrated the trigger condition of SD for several intervals of zenith

angle and energy, same used in the analysis for the curvature of shower front and

thickness of shower disk.

Figure 4.11 shows the histogram of SDs triggered by a low energy interval of

1018.90 − 1019.08 eV for the curvature of shower front analysis. For close to vertical

shower the typical number of SDs hit is 10 SDs, while increasing the zenith angle

the average number of SDs triggered is 12. In the plot also shows the number of

events in the corresponding interval of zenith angle.

The histogram of SDs triggered for a higher interval of energy is between 1019.15

- 1019.45 eV as shown in Figure 4.12. In this interval of energy, the number of SDs

for vertical showers is about 12 SDs and for inclined showers, the number in average

is 17 SDs. The number of events in each condition of zenith angle interval also

decreases for large zenith angle.

The highest interval of energy is between 1019.45 - 1020.05 eV, for the analysis of

the curvature of shower front and the thickness of shower disk, is shown in Figure

4.13. The frequency of events is low but the distribution of SDs triggered for vertical

goes from 8 to 16 SDs, and for large zenith is in average of 20 SDs hit.
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Figure 4.11: Number of SDs hit for low energy range of 1018.90 -
1019.08 eV. For various intervals in secθ = 1.0− 2.0 in step of 0.2.
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Figure 4.12: Number of SDs hit for higher energy range interval
1019.15 - 1019.45 eV. For various intervals in secθ in step of 0.2.
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Figure 4.13: Number of SDs hit for the highest energy interval of
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Chapter 5

Shower front curvature analysis

with TA SD data

This chapter is dedicated to study the relative times of arrival of shower particles

at large distance (500 to 2500 m) from the shower axis. Based on air shower events

selected from the data taken at the Telescope Array Surface Detector, using the

array of 507 scintillation detectors. The importance of know in details the charac-

teristics of air showers phenomenology at very UHECR with energies higher than

1018 eV and with enough statistics. The particles which are detected in an EAS

array have travelled out to a large radial distances from an origin in the core region

of the shower. The electron-photon from EM component is in general the product

of cascades which have been laterally dispersed by Coulomb scatteting, while a sig-

nificant portion of a lateral spread of the muons is due to the transverse momentum

imparted to them at production. These two types of particles electrons and muons

are generated along the entire length of the core of shower and combine to form the

shower front.

5.1 Time structure of the shower front

The early investigations the time structure with highest energies was made by sev-

eral experiments leaded by [87, 55, 88]. However, this work is merely based on

experimental data and with enough statistics and the main deal is present the char-

acteristics of showers front based on the study of AGASA function of residual time
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and understands its phenomenology by analyzing the dependencies on several geo-

metrical parameters. For this purpose, it is introduced the basic description of the

components of residual time which conform the analysis starting from the signal of

FADC trace, hit time, time at core position and so on.

5.1.1 Definiton of hit time thit

The stamp time on surface detector is stored on the waveform trace which is repre-

sented in the example of the left Figure 5.1, where y-axis is the FADC counts and

x-axis number of bins. The typical waveform is stored in one frame 128 FADC bins.

Right side of Figure 5.1 is the the waveforn accumulated in unit of microsecond since

1 bin is equivalent to 20 ns, then the maximum value of waveform is stored in 2.56

microseconds. The hit time is occurred at the point the waveform start to rise and

it is measured when the signal is greater than 0.3 minimum ionizing particles (MIP)

and this is calculated by

thit =
( clkcnt

mclkcnt × 106 + 0.02× Start Binrise + SDtimecorr.

)
[µs], (5.1)

here the relative time is syncronized using GPS by PPS signals, then the relative

time is denoted clock-counts (clkcnt) and the maximum-clock-count (mclkcnt) which

correspond to 50 MHz sub-clock and the Start Binrise is considered at 0.3 MIP and

SDtime correction due to GPS time offset (-260 ns) and the SD trigger time offset

correction (-600 ns).
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Figure 5.1: Left panel: a typical waveform recorded in TA SD
counter, the y-axis represents FADC counts versus number of bin.
Right panel: FADC waveform in units of time, the blue line is the
hit time.
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The arrival time of the incoming shower front is deduced from the one set of

the signals pulse printed on the ground and collected by SD ground detectors. To

measure the temporal characteristics, it can be considered the delays of particles

arrival times with respect to the earliest arrival in the set of individual events. The

following Equation describes the arrival time distribution.

τni = tni − tnearliest (5.2)

Where τni and tni are the delay and the absolute arrival time respectively of the ith

particle in the nth event. As a result, it is possible determine the delay distribution

in the individual events. The following examples of arrival distribution are measured

from TA SD data for specific events.

Figure 5.2 shows three examples of delay of particles by shower events recorded

by TA SD with different zenith angle for energies around of 1019.0 eV. The left plot

shows the waveforms for an event with zenith angle close to vertical shower with

θ ∼ 1◦, this event shower counts 8 SDs triggered and whose arrival time vary from

0 ∼ 1.2 [µs] this time is very short due this shower almost vertical and all arrival time

sequence is very close each other SD. The second case corresponds to an event of

middle zenith angle θ ∼ 47◦ with 10 SDs triggered and the time arrival duration

is ∼ 11.4 [µs] between the first SD hit and the last SD hit. And the right set of

plots is an example of a typical inclined shower event with θ ∼ 60◦ with 13 SDs

hit where the time duration of arrival time of inclined event is a little longer than

the previous events with approximatly 14 [µs].

It is important to clarify that the time delay distribution or sequence of SD

hit respect to the first particle "locally detected", it does not precisely describe the

particle distribution of the one event shower [89], for this purpose, the residual time

definition is introduced to understand the properties of the temporal structure of

the shower front curvature.
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Figure 5.2: The arrival time distribution represented by FADC
traces of each SD, the three set of plots represent event showers par-
ticles delay. Left figure shows an event recorded in 2008-10-09 with
direction θ = 1.2◦ and φ = 350.7◦ and energy 1019.1 eV. Middle figure
shows an event with zenith and azimuth angle of (θ, φ) = (46.8◦, 263◦)
with primary energy 1019.0 eV recorded in 2017-04-15. Right set of
plots correspond to an inclined shower event recorded in 2017-02-13,
with arrival direction (θ, φ) = (59.5◦, 315.3◦) and energy 1019.0 eV.

5.1.2 Definition of residual time (td)

In order to analize the shape of the arrival time distribution, it has been considered

the time fluctuation respect to the "zero" time or the time at the lowest point from

the shower front. The "zero" time or time at core position is denoted by t0. The

residual time td around the shower plane is found by the hit time thit and times

at core location t0 and time plane-SD tplane as shown in Figure 5.3. The spread of

the arrival time is related to the geometry of each event of the shower, where tplane

is estimated by l/c, where l(θ, φ) is the distance from the shower plane to the SD

along the shower axis direction, and if one assumes particles travel in the speed of
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Figure 5.3: Scheme of shower development in the atmosphere and
the parts of curvature of shower front.

the light c. The following equation describes experimentally the residual time,

td = thit − t0 − tplane. (5.3)

The time at core location (t0) is obtained in the event geometry recontruction process

which was descibed in the Section 3.2.2. The representation of the curvature of the

shower front is described by the residual time as a function of the core distance R.

As first approximation to study the residual time distribution is based in the

empirical AGASA function [51],

td,i = 2.6×
(

1 + Ri

30m

)A( ρi
m−2

)B
[µs.] (5.4)

since the residual time Equation has dependence on particle density (ρ), in the

following analysis it is used the AGASA lateral distribution function given by

ρi = Cn

(
Ri

91.6m

)−1.2(
1 + Ri

91.6m

)−(η(θ)−1.2)(
1 +

[
Ri

1000m

]2)−0.6
[VEM/m2] (5.5)

Figure 5.4 (left) is an example of curvature of shower front measured by the residual

time distribution vs. core distance. Figures 5.4 (right) show the FADC signals with

the respective delay time distribution by using TA SD data.

This shower event was registered in 2014-07-23 (θ, φ) = (7.9◦, 88.6◦) (E = 1019.38
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Figure 5.4: Residual time vs. core distance, the y-error bars is the
the residual time error measured by Equation (3.10). The red and
black line is the simple AGASA fitting function. The color shows the
triggered, the latest is marked in red. Event recorded in 2014-07-23
(θ, φ) = (7.9◦, 88.6◦) (E = 1019.38 eV)

eV), in this event 12 SDs are hit, it is clearly seen the distribution becomes wider

with increasing core distance. The 0 km in the scatter plot represents the core

location and the right side dots represent the particles arrival in the early, the left

side dots are the late triggered. The red and black lines are the simple AGASA

fitting function described by Equation (5.4) where A and B are the AGASA function

free parameters.

5.1.3 Examples of events shower using TA SD data

In this section, we are going to illustrate some sample events and we look into these

events the characteristics and properties by selecting specific events related to the

direction coming from.

Vertical shower event example:

The following event is an air shower registered in 2014-06-18 at 15:32:41.071341 with

direction ∼ 20◦ in zenith angle (in secθ = 1.06) and azimuth angle 192◦ and energy

1.8×1020.0 eV which is the maximum energy registered during 11 years with TA SD.

The average length between 1st and the 18th SD is ∼ 7 [µs]. Figures 5.5 show the

shower event map (the black star mark is the core location), the lateral distribution
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and the arrival time ditribution by the FADC waveforms. Figure 5.6 shows the

residual time measured of this event observed by TA SD.

Middle shower event example:

Figure 5.7 is an event example of real data of TA SD registered in 2019-04-18 at

16:42:57. This event represents an UHECR event with energy 1019.3 eV with zenith

and azimuthal angle of ∼ 43◦ (in secθ = 1.36) and ∼ 137◦ with large SDs hit (15

SDs). These plots show the shower event map, the lateral distribution and the wave-

forms corresponding to the event. In case of residual time it should be taken into

account that the curvature of middle zenith angle shower starts to be is less curved

comparing with showers with zenith nearly close to zenith, the residual time are fit-

ted the early and late side where A free parameter show 1.40 and 1.43 respectively

as shown in Figure 5.8 in comparison with the event of zenith θ ∼ 8◦ is less than ∼

1.5 and in case of power law of density the free parameter B also vary depending

on the different condition in case of early or late.

Inclined shower event example:

The next sample event consists of an inclined shower θ ∼ 50◦ (in secθ = 1.57) com-

ing from the south-east side with primary energy 1019.40 eV recorded 2018-09-15 at

02:23:05, and it is observed in the event map (top right panel of Figure 5.9) where

the dash line shows the separation of the number of SDs hit in the early stage (8

SDs) and the the late triggered (5 SDs). The bottom left Figure shows the lateral

distributionof particles which most of SDs hit have low particle density and the right

Figures show the arrival time distribution sequence. Figure 5.10 shows an asymme-

try respect to the core position in the early (8 SDs) part of the curvature and the

late part of curvature with fewer SDs (5) hit. The characteristic of inclined shower

shows the shower front is less curved by showing the A parameter fitted, A is the

power-law of R, for early and late with 1.33 and 1.35 respectively. And B parame-

ter for early and for late are -0.42 and -1.05 respectively, B being the power-law of

particle density in case of late curvature shows less particle density.



74 Chapter 5. Shower front curvature analysis with TA SD data

20
40
60

510
1520
25

5
10
15

1020
3040

50
100

01000200030004000

0
100
200

0
1000
2000
3000

0
50
100

0
100
200

0
10
20
30

5
10
15
20

20
40

5
10
15
20
25

050
100150200

5
10
15
20

5
10
15
20

0 2 4 6 8
5
10
15
20

SD1118
SD1117
SD1019
SD1119
SD1217
SD1218
SD1219
SD1318
SD1317
SD1319
SD1220
SD1320
SD1418
SD1417
SD1419
SD1121
SD1518
SD1519

20140618 153241.71341

time [µs]
<latexit sha1_base64="4LeN2PBQusU0MytaUmtBxMQXmOQ=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQcFL0YvHCvYDmlA22027dDcJuxOxhPwVLx4U8eof8ea/cdvmoK0PBh7vzTAzL0gE1+A431ZpbX1jc6u8XdnZ3ds/sA+rHR2nirI2jUWsegHRTPCItYGDYL1EMSIDwbrB5Hbmdx+Z0jyOHmCaMF+SUcRDTgkYaWBXPSUz4JLl3nXfkynW/sCuOXVnDrxK3ILUUIHWwP7yhjFNJYuACqJ133US8DOigFPB8oqXapYQOiEj1jc0IpJpP5vfnuNTowxxGCtTEeC5+nsiI1LrqQxMpyQw1sveTPzP66cQXvkZj5IUWEQXi8JUYIjxLAg85IpREFNDCFXc3IrpmChCwcRVMSG4yy+vkk6j7p7XG/cXteZNEUcZHaMTdIZcdIma6A61UBtR9ISe0St6s3LrxXq3PhatJauYOUJ/YH3+APwYlGU=</latexit>

Distance East [km]
3− 2− 1− 0 1 2 3 4 5

D
is

ta
nc

e 
N

or
th

 [k
m

]

1−

0

1

2

3

4

5

6
s]µ [hitt

0

1

2

3

4

5

6

7

R [km]
1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ  61.31 / 17

    1A  1.229e+05± 3.109e+06 

 / ndf 2χ  61.31 / 17

    1A  1.229e+05± 3.109e+06 

Shower direction (✓, �) = (19.6�, 192.4�)
<latexit sha1_base64="GP83OHx+ZF+u1xcVGBfSKUlfvGY="></latexit> 61.7 VEM

<latexit sha1_base64="3RVZ6u2kfTy23qtuJ5PgDVStXMc=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgKiRVrOCmKIIboYJ9QBPLZDpph04mYWailND/cONCEbf+izv/xuljoa0HLhzOuZd77wkSzpR2nG8rt7S8srqWXy9sbG5t7xR39xoqTiWhdRLzWLYCrChngtY105y2EklxFHDaDAZXY7/5SKVisbjXw4T6Ee4JFjKCtZEezly74l14Msoa17ejTrHk2M4EaJG4M1KCGWqd4pfXjUkaUaEJx0q1XSfRfoalZoTTUcFLFU0wGeAebRsqcESVn02uHqEjo3RRGEtTQqOJ+nsiw5FSwygwnRHWfTXvjcX/vHaqw3M/YyJJNRVkuihMOdIxGkeAukxSovnQEEwkM7ci0scSE22CKpgQ3PmXF0mjbLsndvnutFS9nMWRhwM4hGNwoQJVuIEa1IGAhGd4hTfryXqx3q2PaWvOms3swx9Ynz/6m5GI</latexit>

1.9 VEM
<latexit sha1_base64="viyYzfhTt4n38xI1y8Q/sL6c9Vk=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8haQKKl6KIngRKtgPaELZbDft0t1N3N0USujv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KEUaVd99taWl5ZXVsvbBQ3t7Z3dkt7+w0VpxKTOo5ZLFshUoRRQeqaakZaiSSIh4w0w8HNxG8OiVQ0Fo96lJCAo56gEcVIGynwnEv/ypc8a9zejzulsuu4U9iLxMtJGXLUOqUvvxvjlBOhMUNKtT030UGGpKaYkXHRTxVJEB6gHmkbKhAnKsimR4/tY6N07SiWpoS2p+rviQxxpUY8NJ0c6b6a9ybif1471dFFkFGRpJoIPFsUpczWsT1JwO5SSbBmI0MQltTcauM+kghrk1PRhODNv7xIGhXHO3UqD2fl6nUeRwEO4QhOwINzqMId1KAOGJ7gGV7hzRpaL9a79TFrXbLymQP4A+vzB4QlkUo=</latexit>

25.6 VEM
<latexit sha1_base64="W5Izn7j/iPaV8ANkMiBaLSOUwXo=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgKiT1CW6KIrgRKtgHNLFMppN26GQSZiZKCf0PNy4Uceu/uPNvnD4W2nrgwuGce7n3niDhTGnH+bZyC4tLyyv51cLa+sbmVnF7p67iVBJaIzGPZTPAinImaE0zzWkzkRRHAaeNoH818huPVCoWi3s9SKgf4a5gISNYG+mhfGKfeheejLL69e2wXSw5tjMGmifulJRgimq7+OV1YpJGVGjCsVIt10m0n2GpGeF0WPBSRRNM+rhLW4YKHFHlZ+Orh+jAKB0UxtKU0Gis/p7IcKTUIApMZ4R1T816I/E/r5Xq8NzPmEhSTQWZLApTjnSMRhGgDpOUaD4wBBPJzK2I9LDERJugCiYEd/bleVIv2+6RXb47LlUup3HkYQ/24RBcOIMK3EAVakBAwjO8wpv1ZL1Y79bHpDVnTWd24Q+szx/5CZGH</latexit>

119.6 VEM
<latexit sha1_base64="ybS2WaBGt1VMilZwAkvfNgUrD38=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5BU8YGboghuhAr2AU0ok+mkHTozCTMToYZ+iRsXirj1U9z5N07bLLT1wIXDOfdy7z1hwqjSrvttFZaWV1bXiuuljc2t7bK9s9tUcSoxaeCYxbIdIkUYFaShqWaknUiCeMhIKxxeT/zWI5GKxuJBjxIScNQXNKIYaSN17bLnXTin/qUveda8uRt37YrruFPAReLlpAJy1Lv2l9+LccqJ0JghpTqem+ggQ1JTzMi45KeKJAgPUZ90DBWIExVk08PH8NAoPRjF0pTQcKr+nsgQV2rEQ9PJkR6oeW8i/ud1Uh2dBxkVSaqJwLNFUcqgjuEkBdijkmDNRoYgLKm5FeIBkghrk1XJhODNv7xImlXHO3aq9yeV2lUeRxHsgwNwBDxwBmrgFtRBA2CQgmfwCt6sJ+vFerc+Zq0FK5/ZA39gff4A52yR9g==</latexit>

4331.9 VEM
<latexit sha1_base64="DGz6+djO9cDUIPy7Gl6HLULuWHg=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwFZK2oOKmKIIboYJ9QBPKZDpph85MwsykUEL/xI0LRdz6J+78G6dtFtp64MLhnHu5954wYVRp1/22CmvrG5tbxe3Szu7e/oF9eNRScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxzdzvz2mEhFY/GkJwkJOBoIGlGMtJF6tl2rVj3nyr/2Jc9adw/Tnl12HXcOuEq8nJRBjkbP/vL7MU45ERozpFTXcxMdZEhqihmZlvxUkQThERqQrqECcaKCbH75FJ4ZpQ+jWJoSGs7V3xMZ4kpNeGg6OdJDtezNxP+8bqqjyyCjIkk1EXixKEoZ1DGcxQD7VBKs2cQQhCU1t0I8RBJhbcIqmRC85ZdXSavieFWn8lgr12/yOIrgBJyCc+CBC1AH96ABmgCDMXgGr+DNyqwX6936WLQWrHzmGPyB9fkDXOaSMw==</latexit>

386.1 VEM
<latexit sha1_base64="9nQgNf4RvCoJcf1lPxBeKGsPLJ4=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwFZJWtOCmKIIboYJ9QBPKZDpph85MwsxEqKFf4saFIm79FHf+jdM2C209cOFwzr3ce0+YMKq0635bK6tr6xubha3i9s7uXsneP2ipOJWYNHHMYtkJkSKMCtLUVDPSSSRBPGSkHY6up377kUhFY/GgxwkJOBoIGlGMtJF6dqlaO3c8/9KXPGvd3E16dtl13BngMvFyUgY5Gj37y+/HOOVEaMyQUl3PTXSQIakpZmRS9FNFEoRHaEC6hgrEiQqy2eETeGKUPoxiaUpoOFN/T2SIKzXmoenkSA/VojcV//O6qY5qQUZFkmoi8HxRlDKoYzhNAfapJFizsSEIS2puhXiIJMLaZFU0IXiLLy+TVsXxqk7l/qxcv8rjKIAjcAxOgQcuQB3cggZoAgxS8AxewZv1ZL1Y79bHvHXFymcOwR9Ynz/pEZH3</latexit>

113.3 VEM
<latexit sha1_base64="sl/VC/hWF1v7Q+Aouk2elken1k8=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU0laQcFLUQQvQgX7AU0om+2mXbqbhN2NUEN/iRcPinj1p3jz37htc9DWBwOP92aYmRcknCntON/Wyura+sZmYau4vbO7V7L3D1oqTiWhTRLzWHYCrChnEW1qpjntJJJiEXDaDkbXU7/9SKVicfSgxwn1BR5ELGQEayP17JLr1io179KTImvd3E16dtmpODOgZeLmpAw5Gj37y+vHJBU00oRjpbquk2g/w1Izwumk6KWKJpiM8IB2DY2woMrPZodP0IlR+iiMpalIo5n6eyLDQqmxCEynwHqoFr2p+J/XTXV44WcsSlJNIzJfFKYc6RhNU0B9JinRfGwIJpKZWxEZYomJNlkVTQju4svLpFWtmOyq92fl+lUeRwGO4BhOwYVzqMMtNKAJBFJ4hld4s56sF+vd+pi3rlj5zCH8gfX5A9like0=</latexit>

322.4 VEM
<latexit sha1_base64="URQptO+QhYe19arQmMeOJnkdWlE=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5C0BQU3RRHcCBXsA5pQJtNJO3RmEmYmQg39EjcuFHHrp7jzb5y2WWjrgQuHc+7l3nvChFGlXffbKqytb2xuFbdLO7t7+2X74LCt4lRi0sIxi2U3RIowKkhLU81IN5EE8ZCRTji+nvmdRyIVjcWDniQk4GgoaEQx0kbq2+VaterU/Utf8qx9czft2xXXceeAq8TLSQXkaPbtL38Q45QToTFDSvU8N9FBhqSmmJFpyU8VSRAeoyHpGSoQJyrI5odP4alRBjCKpSmh4Vz9PZEhrtSEh6aTIz1Sy95M/M/rpTq6CDIqklQTgReLopRBHcNZCnBAJcGaTQxBWFJzK8QjJBHWJquSCcFbfnmVtKuOV3Oq9/VK4yqPowiOwQk4Ax44Bw1wC5qgBTBIwTN4BW/Wk/VivVsfi9aClc8cgT+wPn8A3hWR8A==</latexit>

12.9 VEM
<latexit sha1_base64="3tir/1OR55yyJRHi18uAQHrot9o=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8haQKKl6KIngRKtgPaGLZbDft0t1N2N0oJfR/ePGgiFf/izf/jds2B219MPB4b4aZeWHCqNKu+20tLC4tr6wW1orrG5tb26Wd3YaKU4lJHccslq0QKcKoIHVNNSOtRBLEQ0aa4eBq7DcfiVQ0Fvd6mJCAo56gEcVIG+nBqzjn/oUveda4vh11SmXXcSew54mXkzLkqHVKX343xiknQmOGlGp7bqKDDElNMSOjop8qkiA8QD3SNlQgTlSQTa4e2YdG6dpRLE0JbU/U3xMZ4koNeWg6OdJ9NeuNxf+8dqqjsyCjIkk1EXi6KEqZrWN7HIHdpZJgzYaGICypudXGfSQR1iaoognBm315njQqjnfsVO5OytXLPI4C7MMBHIEHp1CFG6hBHTBIeIZXeLOerBfr3fqYti5Y+cwe/IH1+QP3cpGG</latexit>

4.2 VEM
<latexit sha1_base64="nlT4wtHR6Ls1TYkHbyuSwdBKAQI=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8haQWFLwURfAiVLAf0ISy2W7apbubuLsplNDf4cWDIl79Md78N27bHLT1wcDjvRlm5oUJo0q77re1srq2vrFZ2Cpu7+zu7ZcODpsqTiUmDRyzWLZDpAijgjQ01Yy0E0kQDxlphcObqd8aEaloLB71OCEBR31BI4qRNlJQdSr+lS951ry9n3RLZddxZ7CXiZeTMuSod0tffi/GKSdCY4aU6nhuooMMSU0xI5OinyqSIDxEfdIxVCBOVJDNjp7Yp0bp2VEsTQltz9TfExniSo15aDo50gO16E3F/7xOqqPLIKMiSTUReL4oSpmtY3uagN2jkmDNxoYgLKm51cYDJBHWJqeiCcFbfHmZNCuOd+5UHqrl2nUeRwGO4QTOwIMLqMEd1KEBGJ7gGV7hzRpZL9a79TFvXbHymSP4A+vzB33zkUY=</latexit>

51.9 VEM
<latexit sha1_base64="5o4pQzom1p0MallzFyDL8ZOGmq8=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgKiRVUXFTFMGNUME+oIllMp20QyeTMDNRSuh/uHGhiFv/xZ1/4/Sx0NYDFw7n3Mu99wQJZ0o7zreVW1hcWl7JrxbW1jc2t4rbO3UVp5LQGol5LJsBVpQzQWuaaU6biaQ4CjhtBP2rkd94pFKxWNzrQUL9CHcFCxnB2kgPJ6597l14Msrq17fDdrHk2M4YaJ64U1KCKart4pfXiUkaUaEJx0q1XCfRfoalZoTTYcFLFU0w6eMubRkqcESVn42vHqIDo3RQGEtTQqOx+nsiw5FSgygwnRHWPTXrjcT/vFaqwzM/YyJJNRVksihMOdIxGkWAOkxSovnAEEwkM7ci0sMSE22CKpgQ3NmX50m9bLtHdvnuuFS5nMaRhz3Yh0Nw4RQqcANVqAEBCc/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8A/CaRiQ==</latexit>

7.9 VEM
<latexit sha1_base64="FUB4koMAzZttxadJoPCDaDQVwI4=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqUMVLUQQvQgX7AU0om+22XbqbxN1NoYT+Di8eFPHqj/Hmv3Hb5qCtDwYe780wMy+IOVPacb6t3Mrq2vpGfrOwtb2zu1fcP2ioKJGE1knEI9kKsKKchbSumea0FUuKRcBpMxjeTP3miErFovBRj2PqC9wPWY8RrI3kV+xL78qTIm3c3k86xZJjOzOgZeJmpAQZap3il9eNSCJoqAnHSrVdJ9Z+iqVmhNNJwUsUjTEZ4j5tGxpiQZWfzo6eoBOjdFEvkqZCjWbq74kUC6XGIjCdAuuBWvSm4n9eO9G9Cz9lYZxoGpL5ol7CkY7QNAHUZZISzceGYCKZuRWRAZaYaJNTwYTgLr68TBpl2z2zyw/npep1FkcejuAYTsGFClThDmpQBwJP8Ayv8GaNrBfr3fqYt+asbOYQ/sD6/AGNhZFQ</latexit>

38.5 VEM
<latexit sha1_base64="9TdxxdemMTOGcxL1z0IbHEdkNCY=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFchaRVLLgpiuBGqGAf0MQymU7aoZNJmJkoJfQ/3LhQxK3/4s6/cfpYaOuBC4dz7uXee4KEM6Ud59taWl5ZXVvPbeQ3t7Z3dgt7+w0Vp5LQOol5LFsBVpQzQeuaaU5biaQ4CjhtBoOrsd98pFKxWNzrYUL9CPcECxnB2kgP5Yp95l14Msoa17ejTqHo2M4EaJG4M1KEGWqdwpfXjUkaUaEJx0q1XSfRfoalZoTTUd5LFU0wGeAebRsqcESVn02uHqFjo3RRGEtTQqOJ+nsiw5FSwygwnRHWfTXvjcX/vHaqw4qfMZGkmgoyXRSmHOkYjSNAXSYp0XxoCCaSmVsR6WOJiTZB5U0I7vzLi6RRst2yXbo7LVYvZ3Hk4BCO4ARcOIcq3EAN6kBAwjO8wpv1ZL1Y79bHtHXJms0cwB9Ynz/9vJGK</latexit>

1.6 VEM
<latexit sha1_base64="MHuWEAp8kihdqTG7/+Jw/lHwnxA=">AAAB9HicbVBNS8NAEJ34WetX1aOXYBE8haSKCl6KIngRKtgPaELZbDft0t1N3N0USujv8OJBEa/+GG/+G7dtDtr6YODx3gwz88KEUaVd99taWl5ZXVsvbBQ3t7Z3dkt7+w0VpxKTOo5ZLFshUoRRQeqaakZaiSSIh4w0w8HNxG8OiVQ0Fo96lJCAo56gEcVIGynwnHP/ypc8a9zejzulsuu4U9iLxMtJGXLUOqUvvxvjlBOhMUNKtT030UGGpKaYkXHRTxVJEB6gHmkbKhAnKsimR4/tY6N07SiWpoS2p+rviQxxpUY8NJ0c6b6a9ybif1471dFlkFGRpJoIPFsUpczWsT1JwO5SSbBmI0MQltTcauM+kghrk1PRhODNv7xIGhXHO3UqD2fl6nUeRwEO4QhOwIMLqMId1KAOGJ7gGV7hzRpaL9a79TFrXbLymQP4A+vzB397kUc=</latexit>

2.2 VEM
<latexit sha1_base64="GTZ1YQTKfLYiBTK7+8tNbuIK/XM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoOClKIIXoYL9gCaUzXbTLt1s4u6mUEJ/hxcPinj1x3jz37htc9DWBwOP92aYmRcknCntON9WYWV1bX2juFna2t7Z3SvvHzRVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQxvpn5rRKVisXjU44T6Ee4LFjKCtZH8ql31rjwZZc3b+0m3XHFsZwa0TNycVCBHvVv+8noxSSMqNOFYqY7rJNrPsNSMcDopeamiCSZD3KcdQwWOqPKz2dETdGKUHgpjaUpoNFN/T2Q4UmocBaYzwnqgFr2p+J/XSXV46WdMJKmmgswXhSlHOkbTBFCPSUo0HxuCiWTmVkQGWGKiTU4lE4K7+PIyaVZt98yuPpxXatd5HEU4gmM4BRcuoAZ3UIcGEHiCZ3iFN2tkvVjv1se8tWDlM4fwB9bnD3rTkUQ=</latexit>

12.8 VEM
<latexit sha1_base64="6GcHbzUfF3IF1CA2Fapwa2RSErs=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4CkkVLHgpiuBFqGA/oIlls920S3eTsLtRSuj/8OJBEa/+F2/+G7dtDtr6YODx3gwz84KEM6Ud59taWl5ZXVsvbBQ3t7Z3dkt7+00Vp5LQBol5LNsBVpSziDY005y2E0mxCDhtBcOrid96pFKxOLrXo4T6AvcjFjKCtZEe3Ipd9S48KbLm9e24Wyo7tjMFWiRuTsqQo94tfXm9mKSCRppwrFTHdRLtZ1hqRjgdF71U0QSTIe7TjqERFlT52fTqMTo2Sg+FsTQVaTRVf09kWCg1EoHpFFgP1Lw3Ef/zOqkOq37GoiTVNCKzRWHKkY7RJALUY5ISzUeGYCKZuRWRAZaYaBNU0YTgzr+8SJoV2z21K3dn5dplHkcBDuEITsCFc6jBDdShAQQkPMMrvFlP1ov1bn3MWpesfOYA/sD6/AH15JGF</latexit>

E = 1020.25eV
<latexit sha1_base64="oJAepn9vCUPUOGcuN5C88DEz4zA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUiiohuhKILLCvYBbSyT6aQdOpOEmYlQQsCNv+LGhSJu/Ql3/o2TNgttPXDhcM693HuPHzMqlW1/G6WFxaXllfJqZW19Y3PL3N5pyigRmDRwxCLR9pEkjIakoahipB0LgrjPSMsfXeV+64EISaPwTo1j4nE0CGlAMVJa6pl7XcHT6wxeQMe+T13bck+zXCLNrGdWbcueAM4TpyBVUKDeM7+6/QgnnIQKMyRlx7Fj5aVIKIoZySrdRJIY4REakI6mIeJEeunkhwweaqUPg0joChWcqL8nUsSlHHNfd3KkhnLWy8X/vE6ignMvpWGcKBLi6aIgYVBFMA8E9qkgWLGxJggLqm+FeIgEwkrHVtEhOLMvz5OmaznHlnt7Uq1dFnGUwT44AEfAAWegBm5AHTQABo/gGbyCN+PJeDHejY9pa8koZnbBHxifP6tDlkQ=</latexit>

21.0 VEM
<latexit sha1_base64="wsBTcUH8b5gfRhtfa5qzazJgh+Y=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0iqoOClKIIXoYL9gCaWzXbTLt1Nwu5GKaH/w4sHRbz6X7z5b9y2OWjrg4HHezPMzAsSzpR2nG+rsLS8srpWXC9tbG5t75R395oqTiWhDRLzWLYDrChnEW1opjltJ5JiEXDaCoZXE7/1SKVicXSvRwn1Be5HLGQEayM9VF3b8S48KbLm9e24W644tjMFWiRuTiqQo94tf3m9mKSCRppwrFTHdRLtZ1hqRjgdl7xU0QSTIe7TjqERFlT52fTqMToySg+FsTQVaTRVf09kWCg1EoHpFFgP1Lw3Ef/zOqkOz/2MRUmqaURmi8KUIx2jSQSoxyQlmo8MwUQycysiAywx0SaokgnBnX95kTSrtntiV+9OK7XLPI4iHMAhHIMLZ1CDG6hDAwhIeIZXeLOerBfr3fqYtRasfGYf/sD6/AHpdZF9</latexit>

2813.0 VEM
<latexit sha1_base64="+xoFdzWoqbIWpXnyGJD3sq0gQM4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69BIvgqSRVsOClKIIXoYL9gCaUzXbTLt3dhN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wMy9MGFXadb+twtr6xuZWcbu0s7u3f2AfHrVUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDke3M789JlLRWDzpSUICjgaCRhQjbaSebVdr3kXF9a99ybPW3cO0Z5fdijuHs0q8nJQhR6Nnf/n9GKecCI0ZUqrruYkOMiQ1xYxMS36qSILwCA1I11CBOFFBNr986pwZpe9EsTQltDNXf09kiCs14aHp5EgP1bI3E//zuqmOakFGRZJqIvBiUZQyR8fOLAanTyXBmk0MQVhSc6uDh0girE1YJROCt/zyKmlVKya76uNluX6Tx1GEEziFc/DgCupwDw1oAoYxPMMrvFmZ9WK9Wx+L1oKVzxzDH1ifP1Oaki0=</latexit>
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Figure 5.5: This event air shower is the highest primary energy
found E = 1020.25 eV observed with 18 SDs triggered. The left top
show the map event display where color bar show the arrival time
sequence. Bottom figure shows the lateral distribution fitted with the
AGASA LFD function. Right plots show all FADC traces showing
the arrival delay.
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Figure 5.6: This plot is the corresponding residual time measured
for the large air shower detected versus the distance to core. Primary
energy E = 1020.25 eV and arrival direction(θ, φ) = (19.6◦, 192.4◦).



5.1. Time structure of the shower front 75
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Figure 5.7: One event shower sample recorded in 2019-04-18
at 16:42:57.524175 (θ, φ) = (42.9◦, 136.9◦) with primary energy of
1019.30 eV. Left top: show the event map. Left bottom: Scatter plot
of particle density versus distance to shower axis. Right panel: the
footprint recorded represented by the waveforms traces.
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Figure 5.8: Distribution of the residual time respect to the air
shower plane measured by the event recorded in 2019-04-18 (θ, φ) =
(42.9◦, 136.9◦) E=1019.30 eV. The red line is the AGASA fitting func-
tion for the early hit SDs and the black line the AGASA function
fitted for late SDs hit.



76 Chapter 5. Shower front curvature analysis with TA SD data

Distance East [km]
6− 5− 4− 3− 2− 1− 0 1

D
is

ta
nc

e 
N

or
th

 [k
m

]

2

3

4

5

6

7

8

9
s]µ [hitt

0

2

4

6

8

10

12

14

R [km]
1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ   25.9 / 15

    1A   5703± 1.009e+05 

 / ndf 2χ   25.9 / 15

    1A   5703± 1.009e+05 

 / ndf 2χ   25.9 / 15

    1A   5703± 1.009e+05 

 / ndf 2χ   25.9 / 15

    1A   5703± 1.009e+05 

Distance East [km]
6− 5− 4− 3− 2− 1−

D
is

ta
nc

e 
N

or
th

 [k
m

]

13−

12−

11−

10−

9−

8−

7−

6−

5−
s]µ [hitt

0

1

2

3

4

5

R [km]
1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ  9.043 / 11

    1A  6.914e+04± 7.687e+05 

 / ndf 2χ  9.043 / 11

    1A  6.914e+04± 7.687e+05 

5
10
15

5
10
15
20
25

20
40
60

10
20

0
20
40
60
80

0
20
40
60

0
1000
2000
3000
4000

20
40

20
40
60

0
100
200
300

5
10
15

20
40

20
40

10
20
30

0 5 10 15
10
20
30

SD0923
SD0922
SD1023
SD0821
SD1022
SD0921
SD1021
SD1122
SD1020
SD1121
SD1222
SD1120
SD1221
SD1220
SD1219

20190418 164257.524175

10
20
30

0
1000
2000
3000
4000

0

50

100

5

10

15

0
50
100
150

10
20
30

10
20
30

10
20
30
40

5
10
15

5

10

15

10
20
30

0 2 4 6 8
5
10
15
20

SD0910
SD0909
SD0809
SD0810
SD0908
SD1009
SD0808
SD1008
SD0811
SD1007
SD1108
SD1107

20190418 164257.524175

Distance East [km]
3 4 5 6 7 8 9

D
is

ta
nc

e 
N

or
th

 [k
m

]

2−

1−

0

1

2

3

4

5
s]µ [hitt

0

2

4

6

8

10

12

14

R [km]
1−10 1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ  20.87 / 13

    1A   2600± 3.039e+04 

 / ndf 2χ  20.87 / 13

    1A   2600± 3.039e+04 

0
20
40
60

10
20
30

20
40
60

10
20
30

10
20
30

0
50
100

10
20
30
40

0
1000
2000
3000
4000

0
20
40

0
20
40
60
80

0
50
100

20
40
60
80

20
40

0 5 10 15
0
20
40
60
80

SD1815
SD1917
SD1817
SD1716
SD1918
SD1717
SD1818
SD1718
SD1819
SD1719
SD1618
SD1619
SD1720
SD1620

20180915 22305.354795

ear
ly t

rigg
ere

d

late
 tri

gge
red

Shower direction (✓, �) = (50.5�, 314.6�)
<latexit sha1_base64="LHH22mj7p4mSRgW3HQKZxfjb9LA="></latexit>

time [µs]
<latexit sha1_base64="4LeN2PBQusU0MytaUmtBxMQXmOQ=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5JUQcFL0YvHCvYDmlA22027dDcJuxOxhPwVLx4U8eof8ea/cdvmoK0PBh7vzTAzL0gE1+A431ZpbX1jc6u8XdnZ3ds/sA+rHR2nirI2jUWsegHRTPCItYGDYL1EMSIDwbrB5Hbmdx+Z0jyOHmCaMF+SUcRDTgkYaWBXPSUz4JLl3nXfkynW/sCuOXVnDrxK3ILUUIHWwP7yhjFNJYuACqJ133US8DOigFPB8oqXapYQOiEj1jc0IpJpP5vfnuNTowxxGCtTEeC5+nsiI1LrqQxMpyQw1sveTPzP66cQXvkZj5IUWEQXi8JUYIjxLAg85IpREFNDCFXc3IrpmChCwcRVMSG4yy+vkk6j7p7XG/cXteZNEUcZHaMTdIZcdIma6A61UBtR9ISe0St6s3LrxXq3PhatJauYOUJ/YH3+APwYlGU=</latexit>R [km]

1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ  61.31 / 17

    1C  1.229e+05± 3.109e+06 

 / ndf 2χ  61.31 / 17

    1C  1.229e+05± 3.109e+06 

Figure 5.9: This example represents to an inclined event shower
(θ, φ) = (50.5◦, 314.6◦) of energy E = 1019.40 eV with 14 SDs trig-
gered. Left top figure is showing the event map where the arrow show
the direction of UHECR event and the dash line shows the separa-
tion from the early and late hits SDs. Bottom left show the particle
density versus to core distance. Right panel shows the corresponding
FADC traces showing the delay time distribution.
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Figure 5.10: The residual time distribution as function of R for
inclined shower (θ ∼ 50◦) with E = 1019.40 eV, the positive x-axis
represents the curvature for early SDs hit and the negative x-axis are
the latest arrival particles.
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5.2 Residual time dependence on zenith angle (θ)

This section, it is dedicated to study hundreds of shower events, whose method

consists in selecting specific zenith and energies intervals to analyze the zenith angle

dependence by using data taken between May 2008 to May 2019 with 3 intervals of

energy in logarithmic scale 18.90 ≤ log(E/eV ) ≤ 19.08, 19.15 ≤ log(E/eV ) < 19.45

and 19.45 ≤ log(E/eV ) ≤ 20.05 with 0 < θ ≤ 60◦ which corresponds to 1.0 <

secθ ≤ 2.0, this zenith angle interval is divided in 5 intervals of secθ in step of 0.2.

In order to estimate the residual time with respect to the shower plane, all the

total time distributions have been processed in a standard way. We determine the

mean of td residual time in a specific range of R as,

〈td〉 =
N∑
i=1

td,i/N, (5.6)

where td,i is the residual time of the i-th data, and N is the total number of data in

the bin of R. Figure 5.12 show an example of a collection of shower particle arrival

delays in an interval of energy of 18.90 ≤ log(E/eV ) ≤ 19.08 with zenith interval of

secθ = 1.18− 1.20.

R[m]
0 500 1000 1500 2000 2500

s]µ[〉 d t〈

0

1

2

3

4

) = 1.18 - 1.20θLog(E/eV)= 18.90 - 19.08 , sec(
Prof_0_9

Entries  821

Mean     1370

Mean y  0.6632

Std Dev     547.1

Std Dev y  0.7596

Prof_0_9
Entries  821

Mean     1370

Mean y  0.6632

Std Dev     547.1

Std Dev y  0.7596

) = 1.18 - 1.20θLog(E/eV)= 18.90 - 19.08 , sec(

Figure 5.11: Example of residual time distribution as a function of
distance from the shower core for a specific zenith interval in secθ =
1.18−1.20 (θ = 32.1◦ ∼ 33.5◦) including early and late part of shower
front. The black dots is the residual time for each SD and blue dots
correspond to the average of td in an interval of R of 100 m, and the
y-axis error bar correspond to RMS.

The next set of plots show a sequence of zenith angle interval from secθ =

1.0 − 1.18 (equivalent to 0◦ − 32.1◦), it is divided in 9 intervals in step of 0.02
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Figure 5.12: This set of plots correspond td vs. R for zenith angle
intervals in secθ = 1.00− 1.18 divided in step of 0.02.

covering all showers with the short atmospheric depth, the numbers of events in

this interval is ∼800 events (Figure 5.12). According to Figure 5.12 the curvature

of shower front is modified slightly while increase the zenith and R.

The following plots correspond to shower events for energy interval of 1018.90 −

1019.08 eV two examples of residual time as function of core distance for two zenith

angle intervals. Figure 5.13, the left scatter plot shows zenith interval secθ = 1.0−1.2

(θ = 0◦ − 33.6◦) including 848 selected events and the right side plots show the

histograms of td distrbution in a specific range of R. Figure 5.14 is for events

corresponding to inclined showers in secθ = 1.8 − 2.0 (θ = 56.2◦ − 60.0◦) with 160

events showers selected.

Figure 5.15 presents the residual time binned scatter fitted by the AGASA resid-

ual time funtion where A and B are free parameters. The zenith angle interval is

1.0 < secθ ≤ 1.2 this interval corresponds to 0◦ < θ ≤ 33.6◦ for energy interval

between 1018.90 ≤ E ≤ 1019.08 eV which corresponds to energy centered at 1019.0 eV

with ±20% error.
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Figure 5.13: Left plot is an example of residual time distrubution
for secθ = 1.0− 1.2 and the two histograms attached to it represents
to the distribution of td in a bin of 100 m which is shown the red
circle.
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Figure 5.14: Left panel is an example of secθ = 1.8 − 2.0 inclined
event showers. Right plots are the respective histograms of red circles
bins of td.

In the Equation (5.4) A and B are the free parameters to be fitted, and the

particle density ρ was also considered at the time of fitting. Figure 5.16 represents

the particle density versus distance to shower axis in a fix energy and zenith interval

which corresponds to the residual time presented in Figure 5.15. The averaged den-

sity is fitted by the Equation 5.5. The normalization factor Cn of the AGASA LDF

is the free parameter to be fitted. Knowing the free parameter of the averaged den-

sity 〈ρ〉 in the same interval of the residual time distribution, the averaged residual

time is fitted.
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Figure 5.15: Residual time distribution in function of distance of
core position of an interval of energy 1018.90 − 1019.08 eV and zenith
angle interval of secθ = 1.0 − 1.2. The red line is the fitted line of
AGASA residual time function.
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Figure 5.16: Particle density distribution as function of distance of
core position for the interval of energy 1018.90−1019.08 eV and zenith
interval secθ = 1.0 − 1.2 of each SD (black dots) and the blue dots
are the average of particle density binned in each 200 m.

Figures 5.17 (left) show the residual time and core distance distribution for the

energy interval 1018.90−1019.08 eV and the corresponding particle density as function

of core distance (right) for 4 intervals of zenith angle. From top to bottom zenith

intervals: secθ = 1.2 − 2.0 in step of 0.2. Figures 5.18 and 5.19 show the results

of residual time distribution and core distance (left) with the particle density as
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Figure 5.17: Left panel: residual time distribution versus core dis-
tance, the red line is the residual time AGASA function fitted from
500 to 2500 m. Right panel: particle density versus distance to core,
and the red line is the AGASA LDF fitted to the averaged of ρ
binned in intervals of R. From top to bottom various zenith angle,
secθ = 1.2 − 2.0 in step of 0.2. Corresponding to interval of energy
1018.90 − 1019.08 eV.

function core distance (right) for energy intervals of 1019.15−1019.45 eV and 1019.45−

1020.05 eV respectively from top to bottom shows its evolution of td and ρ respect

to R while zenith angle increases from secθ = 1.0− 2.0 in step of 0.2. These results

show the evolution of shower front curvature for different energy intervals.
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Figure 5.18: Left panel: residual time distribution versus distance
to the shower core, the red line is the residual time AGASA function
fitted from 500 to 2500 m. Right panel: particle density versus dis-
tance to the shower core, and the red line is the AGASA LDF fitted
to the averaged of ρ binned in intervals of R. From top to bottom
various zenith angle, secθ = 1.0 − 2.0 in step of 0.2. Corresponding
to interval of energy 1019.15 − 1019.45 eV.
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Figure 5.19: Left panel: residual time distribution versus distance
to the shower core, the red line is the residual time AGASA function
fitted from 500 to 2500 m. Right panel: particle density versus dis-
tance to the shower core, and the red line is the AGASA LDF fitted
to the averaged of ρ binned in intervals of R. From top to bottom
various zenith angle, secθ = 1.0 − 2.0 in step of 0.2. Corresponding
to the highest interval of energy 1019.45 − 1020.05 eV.
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5.2.1 Residual time parameters A and B

To describe the distribution of arrival time of particles that reach ground detec-

tors, the residual time parameters, A and B are introduced during the fitting of

residual time distribution for different zenith angles intervals. By using TA plastic

scintillator surface detectors of 3 m2 were used, this technique to study shower-to-

shower fluctuations of residual time to understand the shower curvature. A and B

parameters are considered to attribute some dependence on zenith angle.

Figure 5.20 is the summary of the analysis made on the first interval of energy

with average in energy bin of 1019.0 eV. Shown on the left of Figure the result of A

parameter versus secθ where can be observed there is a clear dependence by zenith

angle, the 5 points analyzed, a linear fitting. And the right figure shows the B

parameter as function of secθ, in this case there is not clear dependence on zenith

angle.
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Figure 5.20: Parameters A and B as function of secθ, blue dots
represent for average energies in log(E/eV ) = 19.0. Parameter A
represents the power-law of curvature shower and B parameter is the
power-law of particle density.
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Figure 5.21: Values of χ2 from the AGASA residual time function
fitted and the secθ analyzed in the energies 1018.90 − 1019.08 eV.
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Figure 5.21 shows the values of χ2 (n.d.f. = 18) fitted in the residual time

distribution by AGASA function as described in Equation (5.4) with free parameters

A and B, and secθ. It can be observed that the χ2 for the first interval of zenith is

large it is caused at large R (> 2000 m) between the averaged td and the expected

residual time in that interval of zenith (see Figure 5.15) and the rest of zenith

interval are also high for large R (>2400 m) (see Figures of left panel 5.17), this can

be indicated the AGASA function is good fitted for for curvature with the radius

with R < 2000 m for showers of particles with energies centered at 1019 eV.

5.3 Residual time dependence on zeta angle (ζ)

It was studied some samples of shower event on the Section 5.1.3 where it was

observed the shower front is not symmetric depending on its geometry by analyzing

the early and late part of the curvature. As illustrated in that section by observing

with real data, in this section the shower front it is analyzed by considering the

azimuthal angle around the shower axis. It was studied that the arrival time has

dependence on R, zenith angle θ and now we will introduce the azimuthal angle ζ

definition. Considering the a "late" side of the shower, which travelled through more

atmosphere than the part "early" side of shower. The concept of azimuthal angle is

defined in the plane perpendicular to the shower axis or along to the shower plane,

which is represented in the Figure 5.22 (left), and its frontal view of ζ angle in the

Figure (right).

zeta (ζ): azimuthal angle from Shower axis
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Figure 5.22: Description of early and late SD hits and the zeta
angle (ζ) on the shower planes definition. The left figure is a side
view of air shower curvature with "early" side, and "late" side. Right
figure describes the ζ angle definition representing the early/late part
of the shower.
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The center is the core of the shower and all SDs distributed covering 360◦ isotrop-

ically. The SD that was triggered earliest has ζ = 0◦ and the SD that was triggered

the latest has ζ = ±180◦. In the next sections, the method of analysis consists in

dividing the zeta angle into 3 mains parts of the shower, the "early" that covers

|ζ| ≤ 60◦, the "intermediate" covers the zeta angle 60◦ < |ζ| < 120◦ and the interval

in zeta angle the "late" covering 120◦ ≤ |ζ| ≤ 180◦.

Figures 5.23 show three examples of residual time binned in 3 intervals of zeta

angle. The lateral distribution also was analyzed with the same conditions of residual

time distribution for the zeta angle as shown in Figures 5.24, the colored diamond

marks are the averaged of particle density and they are fitted with the AGASA LDF

(red line). R[m]
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Figure 5.23: Residual time distribution versus distance of core
shower. From left to right, the early part of shower corresponding
the interval of zeta angle |ζ| ≤ 60◦, the intermediate part of showers
60◦ < |ζ| < 120◦, and the late part of the curvature 120◦ ≤ |ζ| ≤ 180◦.
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Figure 5.24: Particle density versus distance to core. From left to
right plots, particle density for the early, intermediate and the early
part of showers. For energy in averaged at 1019.0 eV. In the interval
of zenith 1.0 ≤ secθ ≤ 1.2.
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Figure 5.25: Parameters A and B as function of secθ for showers of
early part of shower front for interval of energy 1018.90 − 1019.08 eV.

Figures 5.25 show the residual time dependence on zenith angle for "early" part

of the shower front. By observing the earliest stage of the shower front A and B

parameters present more clear tendency than when it is analyzed all showers. The

green line in the Figures 5.25, show the values of A and B of AGASA residual time

function presented in the Equation 2.16. The A value of AGASA function is valid

for the secθ ' 1.1 (θ ' 24.6◦) and the B values are different between AGASA (B =

-0.5) for energies E > 1018.0 eV and TA (B = -0.36) for energy averaged bin 1019.0

eV and early part of the curvature.

5.4 Results of shower front analysis

This section is divided into three main parts of showers taking into account the

curvature formed by the 3 intervals of zeta angle ζ. Each interval of zeta angle

is analyzed for three main energies binned on average of bin 1019.0 eV, 1019.30 eV

and 1019.75 eV. In order to understand the evolution of shower front considering the

variation of geometry and the energy.

5.4.1 Curvature of the early part of shower front

Figures 5.26 show the results of the early part of the curvature of shower front

presented for different energy intervals from left to right, the lower to higher energy

respectively. Each plot shows the average of residual time binned in 100 m for 5

intervals of zenith angle secθ, the colors from light to dark blue correspond from

vertical to inclined shower events respectively. Each interval of zenith angle in secθ
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Figure 5.26: The curvature of shower front in function of core dis-
tance for "early" part of the shower for 3 intervals of energy. In each
plot, the color from light to dark blue represents the secθ binned
from vertical to inclined shower respectively. Energy interval in log-
arithmic scale 18.90− 19.08 (left), higher energy band 19.15− 19.45
(middle), and the highest energy band 19.45− 20.05 (right).

shows the fit black line with the AGASA function for the residual time, A and B

are the fitting parameters.

The fitted values of A and B are then parametrized with respect to secθ using

a linear function as shown in Figures 5.27. These show the summary of A and B

with respect to secθ for 3 intervals of energies for the early part of showers. Left

Figure shows the summary of A versus secθ for 3 intervals of energies, the black,

blue and red dots correspond from lower to highest energy interval respectively and

they are fitted to linear functions. It can be seen that A has a clear dependence on

zenith angle θ. In the case of B parameter (right) shows, B vs. secθ for 3 bands of

energies from lower to higher and it can be observed there are not dependence on

secθ, where B parameters show a constant tendency.
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Figure 5.27: Parameters A and B of residual time function versus
secθ for "early" part of the shower.
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5.4.2 Curvature of the intermediate part of the shower front

Figures 5.28 show the results of the "intermediate" part of the curvature of shower

front for different intervals of energy, and each "intermediate" part of the shower

various zenith angle intervals.
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Figure 5.28: The curvature of shower front as function of core dis-
tance for "intermediate" part of the shower for various zenith inter-
vals. Energy interval in logarithmic scale 18.90− 19.08 (left), higher
energy band 19.15 − 19.45 (middle), and the highest energy band
19.45− 20.05 (right).

Figures show 5.29 the summary of the analysis fitting to the residual time distri-

bution for intermediate part of the shower, with A and B as free parameters to be

analyzed respect to zenith angle. For the case of A parameter, which is the power-

law of the radius of the curvature decreases as the energy increases. And in the case

B parameter, the power-law of particle density it is shown for low energy centered at

(1019.0 eV) is constant, but for higher energies, there is not a clear tendency, this can

be attributed to low statistics due to two factors, first low statistics of td presented

in this interval of zeta angle (intermediate) notoriously when zenith angle increases

and second factor due to the highest energies, the shower events are low, presenting

only the bias.
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Figure 5.29: Parameters A and B of residual time function versus
secθ for "intermediate" part of the shower.
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5.4.3 Curvature of the late part of the shower front

The complemented part of the shower, the "late" SDs triggered was also analyzed.

In the Figures 5.30, show the summary of curvatures of shower front for the "late"

SDs triggered for different energies, this part of shower presents a deficit of td mainly

when increases the zenith angle θ most of the particles are deposited their energies

in the atmosphere and it may be only muons remained for more inclined showers.

Each "late" part of the shower for different zenith angle intervals.

R[m]
500 1000 1500 2000 2500

s]µ[〉 d t〈

0

1

2

3

4

 180.0≤  ζ  ≤ 19.08, 120.0 ≤ Log(E/eV) ≤18.90 

) = 1.00 ~ 1.20θsec(
) = 1.20 ~ 1.40θsec(
) = 1.40 ~ 1.60θsec(
) = 1.60 ~ 1.80θsec(
) = 1.80 ~ 2.00θsec(

R[m]
500 1000 1500 2000 2500

s]µ[〉 d t〈

0

1

2

3

4

 180.0≤  ζ  ≤ 19.45, 120.0 ≤ Log(E/eV) ≤19.15 

) = 1.00 ~ 1.20θsec(
) = 1.20 ~ 1.40θsec(
) = 1.40 ~ 1.60θsec(
) = 1.60 ~ 1.80θsec(
) = 1.80 ~ 2.00θsec(

R[m]
500 1000 1500 2000 2500

s]µ[〉 d t〈

0

1

2

3

4

 180.0≤  ζ  ≤ 20.05, 120.0 ≤ Log(E/eV) ≤19.45 

) = 1.00 ~ 1.20θsec(
) = 1.20 ~ 1.40θsec(
) = 1.40 ~ 1.60θsec(
) = 1.60 ~ 1.80θsec(
) = 1.80 ~ 2.00θsec(

Figure 5.30: The curvature of shower front as function of core
distance for "late" part of the shower for various zenith intervals.
Energy interval in logarithmic scale 18.90−19.08 (left), higher energy
band 19.15−19.45 (middle), and the highest energy band 19.45−20.05
(right).

The A and B fitting parameters are analyzed with respect to sec θ for the "late"

part of the shower as shown in Figure 5.31. The power-law (A) of the radius of

curvature for "late" increases slightly while the energy increases, being the curvature

wider for higher energies. And the power-law of the particle density B shows large

statistics bias, however, the values of B show a reduction for higher energy.
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Figure 5.31: Parameter A and B of residual time function versus
secθ for "late" part of the shower for different energy intervals.
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5.5 Results of residual time dependence on zeta

angle (ζ)

It was analyzed constants of A(p0, p1) and B(p0) parameters respect to zeta angle

(in cosζ) for each band of energy. The three intervals of zeta angle averaged for

"early" at ζ = 0◦ (|ζ| ≤ 60◦), "intermediate" at ζ = 90◦ (60◦ < |ζ| < 120◦) and "late"

at ζ = 180◦ (120◦ ≤ |ζ| ≤ 180◦).
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Figure 5.32: Results of constants of p0, p1 of A (left) and p0 of
B (right) respect to the zeta angle (cosζ). Top to bottom different
energy intervals.

The analysis of these constants shows a clear dependence on zeta angle and the

Equation form is,

td = 2.6×
(

1 + R

30m

)p0(cosζ)+p1(cosζ)×sec(θ)
×
(
ρi

m−2

)p0B(cosζ)
[µs]. (5.7)
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5.6 Results of residual time dependence on en-

ergy

In Section 5.4 was studied the curvature by parts into zeta angle intervals for different

energy bands. As result, linear fits are found for A parameter respect to secθ, where

A has the form A = p0 + p1 × secθ, and B is constant p0 for 3 intervals of energy.

Then it is analyzed the constants p0 and p1 of A and p0 of B parameters with

respect to average energy bin in logarithm scale at 19.0, 19.30 and 19.75 for each

part of the curvature of shower front as shown in the Figure 5.33.
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Figure 5.33: Results of constants of p0, p1 of A (left) and p0 of
B (right) respect to averaged energy. Top to bottom different zeta
angle intervals.

In the case of constants of A and B for the early part of the shower was found
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a clear tendency in each constant for p1 of A and p0 of B parameter show energy

dependence but not for p0 of A. In the case of the intermediate and late part of the

curvature of shower present no clear tendency. In the case of the early part, it was

found enough statistics but for the intermediate and late part, there are not good

fitting of χ2 comparing with early (see more details Appendix A.4, A.5, and A.6).

In the three parts of the shower studied, the tendency is similar and the Equation

is represented by,

td = 2.6×
(

1 + R

30m

)p0+p1(E)×sec(θ)
×
(
ρi

m−2

)p0B(E)
[µs]. (5.8)

5.7 Summary of θ, ζ angle and energy dependence

Figures 5.34 show a summary of the curvatures of shower front for different zenith

angle intervals, 3 bands of energy from low (top) to high (bottom). From left to

right early, intermediate and late part of the curvature of shower front.
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Figure 5.34: Curvature of shower front for 5 intervals of zenith angle
(by blue color degree, dark blue for large zenith). Top to bottom
are for different energy intervals. Left to right presents in different
intervals of zeta angle.
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Figures 5.35 shows the result of analysis in the curvature of shower front pre-

sented in the Figures 5.34, as summary of A and B versus zenith angles respectively

by 3 intervals of zeta angle as "early"(top), "intermediate" and "late" (bottom) part

of shower front. In each interval of energy was analyzed A and B.
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 / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

 / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

 / ndf 2χ  9.571 / 4
p0        0.004332±0.3915 − 

 / ndf 2χ  9.571 / 4
p0        0.004332±0.3915 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

 / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

 / ndf 2χ  9.571 / 4
p0        0.004332±0.3915 − 

 / ndf 2χ  9.571 / 4
p0        0.004332±0.3915 − 

 / ndf 2χ  9.373 / 4
p0        0.006798±0.4238 − 

 / ndf 2χ  9.373 / 4
p0        0.006798±0.4238 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

 / ndf 2χ  22.84 / 4
p0        0.003454±0.3587 − 

 / ndf 2χ  9.571 / 4
p0        0.004332±0.3915 − 

 / ndf 2χ  9.571 / 4
p0        0.004332±0.3915 − 

 / ndf 2χ  9.373 / 4
p0        0.006798±0.4238 − 

 / ndf 2χ  9.373 / 4
p0        0.006798±0.4238 − 

18.90  log(E/eV)  19.08
<latexit sha1_base64="ncUCZtPP+0lMtVCimdfBdx1iOiA=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhXtbdKJjcgiJ4jGAekA1hdtJJhsw+nJkVwpKzF3/FiwdFvPoF3vwbZ5McNLGgoajqprvLiziTyra/jczS8srqWnY9t7G5tb1j7u7VZRgLCjUa8lA0PSKBswBqiikOzUgA8T0ODW94lfqNBxCShcGdGkXQ9kk/YD1GidJSxzx0SlbZdjncu8JPeNgvXJ9C/WScKtgpW3apY+Zty54ALxJnRvJohmrH/HK7IY19CBTlRMqWY0eqnRChGOUwzrmxhIjQIelDS9OA+CDbyeSVMT7WShf3QqErUHii/p5IiC/lyPd0p0/UQM57qfif14pVr9ROWBDFCgI6XdSLOVYhTnPBXSaAKj7ShFDB9K2YDoggVOn0cjoEZ/7lRVIvWs6ZVbw9z1cuZ3Fk0QE6QgXkoAtUQTeoimqIokf0jF7Rm/FkvBjvxse0NWPMZvbRHxifP5ncmEo=</latexit>

19.15  log(E/eV)  19.45
<latexit sha1_base64="7ZXmZd0gqnVzSrUORcz3DN+lfl4=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey1C3YwztVW7K4rgsoK9QFtKJj3ThmYuJhmhDF278VXcuFDErU/gzrcxvQhV9EDg5/vP4eT8bsSZVLb9aczNLywuLadW0qtr6xub5tZ2VYaxoFChIQ9F3SUSOAugopjiUI8EEN/lUHP7FyO/dgdCsjC4UYMIWj7pBsxjlCiN2uaeU7ScQpPDbVP4CQ+72csjqB4ORwRrL19omxnbsseFZ0TBdoonDnamJIOmVW6bH81OSGMfAkU5kbLh2JFqJUQoRjkM081YQkRon3ShoWVAfJCtZHzKEB9o0sFeKPQLFB7T2YmE+FIOfFd3+kT15G9vBP/yGrHyzloJC6JYQUAni7yYYxXiUS64wwRQxQdaECqY/iumPSIIVTq9tA7h+1L8v6jmLOfYyl3nM6XzaRwptIv2URY56BSV0BUqowqi6B49omf0YjwYT8ar8TZpnTOmMzvoRxnvX7ctmF8=</latexit>

19.45  log(E/eV)  20.05
<latexit sha1_base64="BHILHlTHiXwzxovcMjr8BG08AC0=">AAACCnicdZDLSgMxFIYz9VbrbdSlm2gR6mac6UXbXVEElxXsBdpSMulpG5q5mGSEMnTtxldx40IRtz6BO9/G9CKo6A+BP985h+T8bsiZVLb9YSQWFpeWV5KrqbX1jc0tc3unJoNIUKjSgAei4RIJnPlQVUxxaIQCiOdyqLvD80m9fgtCssC/VqMQ2h7p+6zHKFEadcx9p2TlCy0ONy3hxTzoZy6OoXY0nhCctS270DHTtlWwndKJjfV9qqkpOjkHO3OSRnNVOuZ7qxvQyANfUU6kbDp2qNoxEYpRDuNUK5IQEjokfWhq6xMPZDuerjLGh5p0cS8Q+vgKT+n3iZh4Uo48V3d6RA3k79oE/lVrRqpXbMfMDyMFPp091Is4VgGe5IK7TABVfKQNoYLpv2I6IIJQpdNL6RC+NsX/m1rWcnJW9iqfLp/N40iiPXSAMshBp6iMLlEFVRFFd+gBPaFn4954NF6M11lrwpjP7KIfMt4+AbwwmGI=</latexit>

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  3.036 / 3
p0        0.01118±  1.86 
p1        0.007891±0.3364 − 

 / ndf 2χ  3.036 / 3
p0        0.01118±  1.86 
p1        0.007891±0.3364 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  3.036 / 3
p0        0.01118±  1.86 
p1        0.007891±0.3364 − 

 / ndf 2χ  3.036 / 3
p0        0.01118±  1.86 
p1        0.007891±0.3364 − 

 / ndf 2χ  16.65 / 3
p0        0.02156± 1.869 
p1        0.01575±0.3184 − 

 / ndf 2χ  16.65 / 3
p0        0.02156± 1.869 
p1        0.01575±0.3184 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  6.645 / 3
p0        0.009259± 1.847 
p1        0.006874±0.3512 − 

 / ndf 2χ  3.036 / 3
p0        0.01118±  1.86 
p1        0.007891±0.3364 − 

 / ndf 2χ  3.036 / 3
p0        0.01118±  1.86 
p1        0.007891±0.3364 − 

 / ndf 2χ  16.65 / 3
p0        0.02156± 1.869 
p1        0.01575±0.3184 − 

 / ndf 2χ  16.65 / 3
p0        0.02156± 1.869 
p1        0.01575±0.3184 − 

18.90  log(E/eV)  19.08
<latexit sha1_base64="ncUCZtPP+0lMtVCimdfBdx1iOiA=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhXtbdKJjcgiJ4jGAekA1hdtJJhsw+nJkVwpKzF3/FiwdFvPoF3vwbZ5McNLGgoajqprvLiziTyra/jczS8srqWnY9t7G5tb1j7u7VZRgLCjUa8lA0PSKBswBqiikOzUgA8T0ODW94lfqNBxCShcGdGkXQ9kk/YD1GidJSxzx0SlbZdjncu8JPeNgvXJ9C/WScKtgpW3apY+Zty54ALxJnRvJohmrH/HK7IY19CBTlRMqWY0eqnRChGOUwzrmxhIjQIelDS9OA+CDbyeSVMT7WShf3QqErUHii/p5IiC/lyPd0p0/UQM57qfif14pVr9ROWBDFCgI6XdSLOVYhTnPBXSaAKj7ShFDB9K2YDoggVOn0cjoEZ/7lRVIvWs6ZVbw9z1cuZ3Fk0QE6QgXkoAtUQTeoimqIokf0jF7Rm/FkvBjvxse0NWPMZvbRHxifP5ncmEo=</latexit>

19.15  log(E/eV)  19.45
<latexit sha1_base64="7ZXmZd0gqnVzSrUORcz3DN+lfl4=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey1C3YwztVW7K4rgsoK9QFtKJj3ThmYuJhmhDF278VXcuFDErU/gzrcxvQhV9EDg5/vP4eT8bsSZVLb9aczNLywuLadW0qtr6xub5tZ2VYaxoFChIQ9F3SUSOAugopjiUI8EEN/lUHP7FyO/dgdCsjC4UYMIWj7pBsxjlCiN2uaeU7ScQpPDbVP4CQ+72csjqB4ORwRrL19omxnbsseFZ0TBdoonDnamJIOmVW6bH81OSGMfAkU5kbLh2JFqJUQoRjkM081YQkRon3ShoWVAfJCtZHzKEB9o0sFeKPQLFB7T2YmE+FIOfFd3+kT15G9vBP/yGrHyzloJC6JYQUAni7yYYxXiUS64wwRQxQdaECqY/iumPSIIVTq9tA7h+1L8v6jmLOfYyl3nM6XzaRwptIv2URY56BSV0BUqowqi6B49omf0YjwYT8ar8TZpnTOmMzvoRxnvX7ctmF8=</latexit>

19.45  log(E/eV)  20.05
<latexit sha1_base64="BHILHlTHiXwzxovcMjr8BG08AC0=">AAACCnicdZDLSgMxFIYz9VbrbdSlm2gR6mac6UXbXVEElxXsBdpSMulpG5q5mGSEMnTtxldx40IRtz6BO9/G9CKo6A+BP985h+T8bsiZVLb9YSQWFpeWV5KrqbX1jc0tc3unJoNIUKjSgAei4RIJnPlQVUxxaIQCiOdyqLvD80m9fgtCssC/VqMQ2h7p+6zHKFEadcx9p2TlCy0ONy3hxTzoZy6OoXY0nhCctS270DHTtlWwndKJjfV9qqkpOjkHO3OSRnNVOuZ7qxvQyANfUU6kbDp2qNoxEYpRDuNUK5IQEjokfWhq6xMPZDuerjLGh5p0cS8Q+vgKT+n3iZh4Uo48V3d6RA3k79oE/lVrRqpXbMfMDyMFPp091Is4VgGe5IK7TABVfKQNoYLpv2I6IIJQpdNL6RC+NsX/m1rWcnJW9iqfLp/N40iiPXSAMshBp6iMLlEFVRFFd+gBPaFn4954NF6M11lrwpjP7KIfMt4+AbwwmGI=</latexit>

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  13.57 / 4
p0        0.005584±0.453 − 

 / ndf 2χ  13.57 / 4
p0        0.005584±0.453 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  13.57 / 4
p0        0.005584±0.453 − 

 / ndf 2χ  13.57 / 4
p0        0.005584±0.453 − 

 / ndf 2χ  39.91 / 4
p0        0.008138±0.452 − 

 / ndf 2χ  39.91 / 4
p0        0.008138±0.452 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  16.42 / 4
p0        0.00436±0.3805 − 

 / ndf 2χ  13.57 / 4
p0        0.005584±0.453 − 

 / ndf 2χ  13.57 / 4
p0        0.005584±0.453 − 

 / ndf 2χ  39.91 / 4
p0        0.008138±0.452 − 

 / ndf 2χ  39.91 / 4
p0        0.008138±0.452 − 

19.45  log(E/eV)  20.05
<latexit sha1_base64="BHILHlTHiXwzxovcMjr8BG08AC0=">AAACCnicdZDLSgMxFIYz9VbrbdSlm2gR6mac6UXbXVEElxXsBdpSMulpG5q5mGSEMnTtxldx40IRtz6BO9/G9CKo6A+BP985h+T8bsiZVLb9YSQWFpeWV5KrqbX1jc0tc3unJoNIUKjSgAei4RIJnPlQVUxxaIQCiOdyqLvD80m9fgtCssC/VqMQ2h7p+6zHKFEadcx9p2TlCy0ONy3hxTzoZy6OoXY0nhCctS270DHTtlWwndKJjfV9qqkpOjkHO3OSRnNVOuZ7qxvQyANfUU6kbDp2qNoxEYpRDuNUK5IQEjokfWhq6xMPZDuerjLGh5p0cS8Q+vgKT+n3iZh4Uo48V3d6RA3k79oE/lVrRqpXbMfMDyMFPp091Is4VgGe5IK7TABVfKQNoYLpv2I6IIJQpdNL6RC+NsX/m1rWcnJW9iqfLp/N40iiPXSAMshBp6iMLlEFVRFFd+gBPaFn4954NF6M11lrwpjP7KIfMt4+AbwwmGI=</latexit>

19.15  log(E/eV)  19.45
<latexit sha1_base64="7ZXmZd0gqnVzSrUORcz3DN+lfl4=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey1C3YwztVW7K4rgsoK9QFtKJj3ThmYuJhmhDF278VXcuFDErU/gzrcxvQhV9EDg5/vP4eT8bsSZVLb9aczNLywuLadW0qtr6xub5tZ2VYaxoFChIQ9F3SUSOAugopjiUI8EEN/lUHP7FyO/dgdCsjC4UYMIWj7pBsxjlCiN2uaeU7ScQpPDbVP4CQ+72csjqB4ORwRrL19omxnbsseFZ0TBdoonDnamJIOmVW6bH81OSGMfAkU5kbLh2JFqJUQoRjkM081YQkRon3ShoWVAfJCtZHzKEB9o0sFeKPQLFB7T2YmE+FIOfFd3+kT15G9vBP/yGrHyzloJC6JYQUAni7yYYxXiUS64wwRQxQdaECqY/iumPSIIVTq9tA7h+1L8v6jmLOfYyl3nM6XzaRwptIv2URY56BSV0BUqowqi6B49omf0YjwYT8ar8TZpnTOmMzvoRxnvX7ctmF8=</latexit>

18.90  log(E/eV)  19.08
<latexit sha1_base64="ncUCZtPP+0lMtVCimdfBdx1iOiA=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhXtbdKJjcgiJ4jGAekA1hdtJJhsw+nJkVwpKzF3/FiwdFvPoF3vwbZ5McNLGgoajqprvLiziTyra/jczS8srqWnY9t7G5tb1j7u7VZRgLCjUa8lA0PSKBswBqiikOzUgA8T0ODW94lfqNBxCShcGdGkXQ9kk/YD1GidJSxzx0SlbZdjncu8JPeNgvXJ9C/WScKtgpW3apY+Zty54ALxJnRvJohmrH/HK7IY19CBTlRMqWY0eqnRChGOUwzrmxhIjQIelDS9OA+CDbyeSVMT7WShf3QqErUHii/p5IiC/lyPd0p0/UQM57qfif14pVr9ROWBDFCgI6XdSLOVYhTnPBXSaAKj7ShFDB9K2YDoggVOn0cjoEZ/7lRVIvWs6ZVbw9z1cuZ3Fk0QE6QgXkoAtUQTeoimqIokf0jF7Rm/FkvBjvxse0NWPMZvbRHxifP5ncmEo=</latexit>

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  3.944 / 3
p0        0.01055± 1.856 
p1        0.007204±0.3699 − 

 / ndf 2χ  3.944 / 3
p0        0.01055± 1.856 
p1        0.007204±0.3699 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  3.944 / 3
p0        0.01055± 1.856 
p1        0.007204±0.3699 − 

 / ndf 2χ  3.944 / 3
p0        0.01055± 1.856 
p1        0.007204±0.3699 − 

 / ndf 2χ  3.925 / 3
p0        0.02082± 1.898 
p1        0.01447±0.3693 − 

 / ndf 2χ  3.925 / 3
p0        0.02082± 1.898 
p1        0.01447±0.3693 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

A

1.2

1.4

1.6

1.8  / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  17.78 / 3
p0        0.009154± 1.876 
p1        0.006694±0.4067 − 

 / ndf 2χ  3.944 / 3
p0        0.01055± 1.856 
p1        0.007204±0.3699 − 

 / ndf 2χ  3.944 / 3
p0        0.01055± 1.856 
p1        0.007204±0.3699 − 

 / ndf 2χ  3.925 / 3
p0        0.02082± 1.898 
p1        0.01447±0.3693 − 

 / ndf 2χ  3.925 / 3
p0        0.02082± 1.898 
p1        0.01447±0.3693 − 

18.90  log(E/eV)  19.08
<latexit sha1_base64="ncUCZtPP+0lMtVCimdfBdx1iOiA=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhXtbdKJjcgiJ4jGAekA1hdtJJhsw+nJkVwpKzF3/FiwdFvPoF3vwbZ5McNLGgoajqprvLiziTyra/jczS8srqWnY9t7G5tb1j7u7VZRgLCjUa8lA0PSKBswBqiikOzUgA8T0ODW94lfqNBxCShcGdGkXQ9kk/YD1GidJSxzx0SlbZdjncu8JPeNgvXJ9C/WScKtgpW3apY+Zty54ALxJnRvJohmrH/HK7IY19CBTlRMqWY0eqnRChGOUwzrmxhIjQIelDS9OA+CDbyeSVMT7WShf3QqErUHii/p5IiC/lyPd0p0/UQM57qfif14pVr9ROWBDFCgI6XdSLOVYhTnPBXSaAKj7ShFDB9K2YDoggVOn0cjoEZ/7lRVIvWs6ZVbw9z1cuZ3Fk0QE6QgXkoAtUQTeoimqIokf0jF7Rm/FkvBjvxse0NWPMZvbRHxifP5ncmEo=</latexit>

19.15  log(E/eV)  19.45
<latexit sha1_base64="7ZXmZd0gqnVzSrUORcz3DN+lfl4=">AAACCnicdZDLSgMxFIYzXmu9jbp0Ey1C3YwztVW7K4rgsoK9QFtKJj3ThmYuJhmhDF278VXcuFDErU/gzrcxvQhV9EDg5/vP4eT8bsSZVLb9aczNLywuLadW0qtr6xub5tZ2VYaxoFChIQ9F3SUSOAugopjiUI8EEN/lUHP7FyO/dgdCsjC4UYMIWj7pBsxjlCiN2uaeU7ScQpPDbVP4CQ+72csjqB4ORwRrL19omxnbsseFZ0TBdoonDnamJIOmVW6bH81OSGMfAkU5kbLh2JFqJUQoRjkM081YQkRon3ShoWVAfJCtZHzKEB9o0sFeKPQLFB7T2YmE+FIOfFd3+kT15G9vBP/yGrHyzloJC6JYQUAni7yYYxXiUS64wwRQxQdaECqY/iumPSIIVTq9tA7h+1L8v6jmLOfYyl3nM6XzaRwptIv2URY56BSV0BUqowqi6B49omf0YjwYT8ar8TZpnTOmMzvoRxnvX7ctmF8=</latexit>

19.45  log(E/eV)  20.05
<latexit sha1_base64="BHILHlTHiXwzxovcMjr8BG08AC0=">AAACCnicdZDLSgMxFIYz9VbrbdSlm2gR6mac6UXbXVEElxXsBdpSMulpG5q5mGSEMnTtxldx40IRtz6BO9/G9CKo6A+BP985h+T8bsiZVLb9YSQWFpeWV5KrqbX1jc0tc3unJoNIUKjSgAei4RIJnPlQVUxxaIQCiOdyqLvD80m9fgtCssC/VqMQ2h7p+6zHKFEadcx9p2TlCy0ONy3hxTzoZy6OoXY0nhCctS270DHTtlWwndKJjfV9qqkpOjkHO3OSRnNVOuZ7qxvQyANfUU6kbDp2qNoxEYpRDuNUK5IQEjokfWhq6xMPZDuerjLGh5p0cS8Q+vgKT+n3iZh4Uo48V3d6RA3k79oE/lVrRqpXbMfMDyMFPp091Is4VgGe5IK7TABVfKQNoYLpv2I6IIJQpdNL6RC+NsX/m1rWcnJW9iqfLp/N40iiPXSAMshBp6iMLlEFVRFFd+gBPaFn4954NF6M11lrwpjP7KIfMt4+AbwwmGI=</latexit>

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  39.17 / 4
p0        0.005582±0.4624 − 

 / ndf 2χ  39.17 / 4
p0        0.005582±0.4624 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  39.17 / 4
p0        0.005582±0.4624 − 

 / ndf 2χ  39.17 / 4
p0        0.005582±0.4624 − 

 / ndf 2χ  39.69 / 4
p0        0.008931±0.5162 − 

 / ndf 2χ  39.69 / 4
p0        0.008931±0.5162 − 

)θsec(
1 1.2 1.4 1.6 1.8 2

B

0.6−

0.4−

0.2−

0

0.2  / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  22.49 / 4
p0        0.004442±0.4131 − 

 / ndf 2χ  39.17 / 4
p0        0.005582±0.4624 − 

 / ndf 2χ  39.17 / 4
p0        0.005582±0.4624 − 

 / ndf 2χ  39.69 / 4
p0        0.008931±0.5162 − 

 / ndf 2χ  39.69 / 4
p0        0.008931±0.5162 − 
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Figure 5.35: Results of A (left) and B (right) parameters for various
zenith angle intervals binned. Top to bottom early, intermediate and
late zeta angle intervals, each one for 3 bands of energies.

Based on this analysis, it was found an zeta angle dependence as described in

details in Section 5.5 and it is expressed by the following Equation,

td = 2.6×
(

1 + R

30m

)p0(cosζ)+p1(cosζ)×sec(θ)
×
(
ρi

m−2

)p0B(cosζ)
[µs], (5.9)

Table 5.1 presents the functions of p0 and p1 of A parameter, as well as p0 of B

from the Equation 5.9 for different energy intervals.
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log(E/eV ) A = p0(cosζ) + p1(cosζ)× secθ B = p0(cosζ)

18.90− 19.08
p0 = 1.847− 0.029× cosζ

p1 = −0.349 + 0.058× cosζ
p0 = −0.384 + 0.027× cosζ

19.15− 19.45
p0 = 1.844− 0.019× cosζ

p1 = −0.325 + 0.049× cosζ
p0 = −0.434 + 0.037× cosζ

19.45− 20.05
p0 = 1.864− 0.036× cosζ

p1 = −0.316 + 0.055× cosζ
p0 = −0.464 + 0.045× cosζ

Table 5.1: Table of functions found of p0 and p1 of A and p0 of B
for different energy intervals.

In this study, it was also found that the residual time function has dependence

on energy as shown on the Section 5.6. Each part of the shower was analyzed

independently and the generalized Equation is,

td = 2.6×
(

1 + R

30m

)p0+p1(E)×sec(θ)
×
(
ρi

m−2

)p0B(E)
[µs], (5.10)

Table 5.2 shows the summary of the functions of p1 and value of p0 of A and the

functions of p0 of B parameter for different intervals of zeta angles.

log(E/eV ) A = p0 + p1(E)× secθ B = p0(E)

|ζ| ≤ 60◦
p0 = 1.82

p1 = −1.23 + 0.05× log(E)
p0 = 1.35− 0.09× log(E)

60◦ < |ζ| < 120◦
p0 = 1.85

p1 = −1.21 + 0.04× log(E)
p0 = 1.77− 0.11× log(E)

120◦ ≤ |ζ| ≤ 180◦
p0 = 1.87

p1 = −2.08 + 0.009× log(E)
p0 = 2.28− 0.14× log(E)

Table 5.2: Table of functions found of p0 and p1 of A and p0 of B
for different zeta angle intervals.
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Chapter 6

Shower disk thickness analysis

using SD data

An air shower induced by a UHECR primary develops in the atmosphere, contains

several types of secondaries particles induced by hadron. The Telescope Array array

allows measuring, with the hybrid design (FD and SD), the longitudinal development

of the shower and the footprint of signals of charged particles mainly electrons and

muons on the ground with the SD array. The observables from the data have

been taken from SD is the time profile. The aim of this chapter is to study the

temporal structure of air showers by exploring the thickness of the shower disk.

There are few studies about the thickness of shower disk, this analysis can be related

to shower development and then it derived to infer the type of cosmic rays. However,

there is not exists yet a detailed material from the simulation or data to make this

interpretation. The main motivation to use this definition is to understand the

phenomena of air shower through its thickness formed on the shower disk and how

it affected by its different geometry conditions, its development of the secondaries

particles in the atmosphere when hit on the ground. One of the pioneering works,

to study the longitudinal development features of extensive of air showers using the

definition of width time of the signal deposited on the detector, were the Volcano

Ranch and the Haverah park groups [55, 52] in the 1963s with a small array of CRs

focussing at highest energies. A recent study was reported by Auger experiment [44]

in 2016 with the purpose to investigate the mass composition of UHECR. However,

this work is focused to understand the characteristics of EAS initiated by an UHECR

using good statistics of TA SD data. This analysis has specifically been focussed to
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explore the information on the waveforms of the FADC signals. The entire chapter

will be dedicated to analyze data of the TA SD observed during 11 years from

2008-05-11 to 2019-05-10.

As introduced in Section 5.1.3 FADC traces which are used to measure the

signal responses from SD. Figure 6.1 shows the FADC waveforms stored in one

event shower, where the typical TA SD signals response to the upper and lower

layer as is shown the black and red area respectively.
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Figure 6.1: An example of FADC waveforms of one vertical event
shower. The black area fill represents the upper layer and the red
area is the lower layer of the SD counter.

This is an illustration of the traces from a vertical event shower with zenith

θ ∼ 1◦ by showing both signals of response, upper and lower layer. The standard

way in TA to measure the charge VEM is the average of the integral area of both

signals in each SD. In the analysis of the thickness of shower disk uses each signal

upper/lower layer independently.

6.1 Definition of risetime (tR)

In the early the risetime definition (t1/2) was introduced during Haverah Park ex-

periment based on water-Cherenkov detectors to study the mass composition using
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t1/2, but it was impossible to deduce it due to limited data [55]. Today it is still

in debate to use this definition of risetime as parameter to understand the mass

compostion. However, the risetime is rather useful to understand the features of the

EAS. The main idea of the risetime definition tR is that the time takes for signal

trace to rise to 10%, which is the pulse generated when at least pass one particle

through of detector, from the total signal is t10 and the time it takes for the signal

to rise to 50% of the total signal is t50, the point of the half of the total pulse is

deposited on the detector [87, 55]. The thickness of the shower disk increases with

the distance from the shower axis and this arises because the primary CRs particles

at a large axial distances moves deeper in the atmosphere [54]. Therefore, the tR
is defined as the width of a certain time of accumulated waveform. In this study

we use the risetime defined as the time interval in which the accumulated waveform

reaches from 10% to 50% of the total SD signal as represented in the right panel of

6.2.
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Figure 6.2: (Left) Typical FADC waveforms of a TA SD counter as
a function of time-bin. The black and red lines represent the upper
and lower layers response signals of PMTs of one SD. (Right) The
accumulated waveforms of the left figure.

6.2 Quality of waveform to determine the rise-

time

Before starting the analysis it was studied some events to verify the quality of the

FADC traces for the calculation of the risetime. In this section, two types of signals

of waveform do not contribute to the study of the risetime tR.
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\zeta = -92, \quad R=2393\rm{m}, \quad\rm{VEM} = 6.3
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<latexit sha1_base64="GscMoBH4tuzZCcUsWEsUpRwUQ/k=">AAAB/HicbVA9SwNBEJ2LXzF+nQZsbA6DYBXu0mgjBG0sEzEfkBxxb7NJluztHbtzYjjiX7GxUMTWH2Jn429x81Fo4oOBx3szzMwLYsE1uu6XlVlZXVvfyG7mtrZ3dvfs/YO6jhJFWY1GIlLNgGgmuGQ15ChYM1aMhIFgjWB4NfEb90xpHslbHMXMD0lf8h6nBI3UsfPYSW/GF17JbSN7wFTqca5jF9yiO4WzTLw5KZQPq993AFDp2J/tbkSTkEmkgmjd8twY/ZQo5FSwca6daBYTOiR91jJUkpBpP50eP3ZOjNJ1epEyJdGZqr8nUhJqPQoD0xkSHOhFbyL+57US7J37KZdxgkzS2aJeIhyMnEkSTpcrRlGMDCFUcXOrQwdEEYomr0kI3uLLy6ReKnpu0auaNC5hhiwcwTGcggdnUIZrqEANKIzgCV7g1Xq0nq03633WmrHmM3n4A+vjB5O0ljs=</latexit><latexit sha1_base64="tIbX16rELHL+tlG2KIecMkcm/UM=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJWkG90IpW5ctmIf0JYymU7aoZNJmLkRQ4i/4saFIt36BX6BOzd+i5O2C209cOFwzr3ce48bcqbAtr+M3Nr6xuZWfruws7u3f2AeHrVUEElCmyTggey4WFHOBG0CA047oaTYdzltu5PrzG/fU6lYIO4gDmnfxyPBPEYwaGlgFmGQ3KZXTsXuAX2ARKi0MDBLdtmewVolzoKUqseNbzatfdQH5mdvGJDIpwIIx0p1HTuEfoIlMMJpWuhFioaYTPCIdjUV2Keqn8yOT60zrQwtL5C6BFgz9fdEgn2lYt/VnT6GsVr2MvE/rxuBd9lPmAgjoILMF3kRtyCwsiSsIZOUAI81wUQyfatFxlhiAjqvLARn+eVV0qqUHbvsNHQaNTRHHp2gU3SOHHSBqugG1VETERSjJ/SCXo1H49l4M6bz1pyxmCmiPzDefwDk9Zf3</latexit><latexit sha1_base64="tIbX16rELHL+tlG2KIecMkcm/UM=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJWkG90IpW5ctmIf0JYymU7aoZNJmLkRQ4i/4saFIt36BX6BOzd+i5O2C209cOFwzr3ce48bcqbAtr+M3Nr6xuZWfruws7u3f2AeHrVUEElCmyTggey4WFHOBG0CA047oaTYdzltu5PrzG/fU6lYIO4gDmnfxyPBPEYwaGlgFmGQ3KZXTsXuAX2ARKi0MDBLdtmewVolzoKUqseNbzatfdQH5mdvGJDIpwIIx0p1HTuEfoIlMMJpWuhFioaYTPCIdjUV2Keqn8yOT60zrQwtL5C6BFgz9fdEgn2lYt/VnT6GsVr2MvE/rxuBd9lPmAgjoILMF3kRtyCwsiSsIZOUAI81wUQyfatFxlhiAjqvLARn+eVV0qqUHbvsNHQaNTRHHp2gU3SOHHSBqugG1VETERSjJ/SCXo1H49l4M6bz1pyxmCmiPzDefwDk9Zf3</latexit><latexit sha1_base64="JJV5LdscatF4dgkD9TcnZdDiOVI=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9n0oheh6MVjFfsBbQib7aZdutmE3YkYQvwrXjwo4tUf4s1/Y9LmoK0PBh7vzTAzz4sE14Dxt1FZW9/Y3Kpu13Z29/YPzMOjng5jRVmXhiJUA49oJrhkXeAg2CBSjASeYH1vdl34/QemNA/lPSQRcwIykdznlEAuuWYd3PQuu7RbeATsEVKps5prNnATz2GtErskDVSi45pfo3FI44BJoIJoPbRxBE5KFHAqWFYbxZpFhM7IhA1zKknAtJPOj8+s01wZW36o8pJgzdXfEykJtE4CL+8MCEz1sleI/3nDGPwLJ+UyioFJuljkx8KC0CqSsMZcMQoiyQmhiue3WnRKFKGQ51WEYC+/vEp6raaNm/YtbrSvyjiq6BidoDNko3PURjeog7qIogQ9o1f0ZjwZL8a78bForRjlTB39gfH5AwUclFY=</latexit>

tR = 140ns
<latexit sha1_base64="5CPTCH/aOFrbwI+aihoY9G1ahII=">AAAB/HicdVA9SwNBEJ3z2/gVFWxsFoNgFfZiMFoIoo2lijGBJMS9zSYu7u0du3NiOOJfsbFQxNYfYmfjb3HPKKjog4HHezPMzAtiJS1S+uqNjI6NT0xOTedmZufmF/KLS2c2SgwXVR6pyNQDZoWSWlRRohL12AgWBkrUgsuDzK9dCWNlpE+xH4tWyHpadiVn6KR2fhnb6clg1y/TJoprTLUd5Nr5Ai3ubG+VyluEFimt+CU/I6VKebNMfKdkKOytHL+dA8BRO//S7EQ8CYVGrpi1DZ/G2EqZQcmVGOSaiRUx45esJxqOahYK20o/jh+Qdad0SDcyrjSSD/X7RMpCa/th4DpDhhf2t5eJf3mNBLvbrVTqOEGh+XBRN1EEI5IlQTrSCI6q7wjjRrpbCb9ghnF0eWUhfH1K/idnpaJPi/6xS2MfhpiCVViDDfChAntwCEdQBQ59uIV7ePBuvDvv0Xsato54nzPL8APe8zv24ZZ/</latexit><latexit sha1_base64="RRSh24RzRf1NyuGFNr+HBpVC6gA=">AAAB/HicdVBNSwMxEM3Wr1q/qgUvXoJF8FSytdh6EEq9eFSxttCWkk3TNpjNLsmsWJb6V7x4UKRXf4G/wJsXf4tZq6CiDwYe780wM88LpTBAyKuTmpmdm19IL2aWlldW17LrGxcmiDTjdRbIQDc9argUitdBgOTNUHPqe5I3vMujxG9ccW1EoM5hFPKOTwdK9AWjYKVuNgfd+Gx86JZIG/g1xMqMM91snhQOKvvF0j4mBULKbtFNSLFc2ith1yoJ8tXN0zcxqT2fdLMv7V7AIp8rYJIa03JJCJ2YahBM8nGmHRkeUnZJB7xlqaI+N5344/gx3rFKD/cDbUsB/lC/T8TUN2bke7bTpzA0v71E/MtrRdCvdGKhwgi4YtNF/UhiCHCSBO4JzRnIkSWUaWFvxWxINWVg80pC+PoU/08uigWXFNxTm0YNTZFGW2gb7SIXlVEVHaMTVEcMjdAtukcPzo1z5zw6k2lryvmcyaEfcJ7eAUgxmDs=</latexit><latexit sha1_base64="RRSh24RzRf1NyuGFNr+HBpVC6gA=">AAAB/HicdVBNSwMxEM3Wr1q/qgUvXoJF8FSytdh6EEq9eFSxttCWkk3TNpjNLsmsWJb6V7x4UKRXf4G/wJsXf4tZq6CiDwYe780wM88LpTBAyKuTmpmdm19IL2aWlldW17LrGxcmiDTjdRbIQDc9argUitdBgOTNUHPqe5I3vMujxG9ccW1EoM5hFPKOTwdK9AWjYKVuNgfd+Gx86JZIG/g1xMqMM91snhQOKvvF0j4mBULKbtFNSLFc2ith1yoJ8tXN0zcxqT2fdLMv7V7AIp8rYJIa03JJCJ2YahBM8nGmHRkeUnZJB7xlqaI+N5344/gx3rFKD/cDbUsB/lC/T8TUN2bke7bTpzA0v71E/MtrRdCvdGKhwgi4YtNF/UhiCHCSBO4JzRnIkSWUaWFvxWxINWVg80pC+PoU/08uigWXFNxTm0YNTZFGW2gb7SIXlVEVHaMTVEcMjdAtukcPzo1z5zw6k2lryvmcyaEfcJ7eAUgxmDs=</latexit><latexit sha1_base64="6+yL5C/DaXCk3JXKLJ06EcxTP90=">AAAB/HicdVBNSwMxEM36WetXtUcvwSJ4Ktla2noQil48VrEf0JaSTdM2NJtdklmxLPWvePGgiFd/iDf/jdm2goo+GHi8N8PMPC+UwgAhH87S8srq2npqI725tb2zm9nbb5gg0ozXWSAD3fKo4VIoXgcBkrdCzanvSd70xheJ37zl2ohA3cAk5F2fDpUYCEbBSr1MFnrx9fTMLZIO8DuIlZmme5kcyZ9WSoViCZM8IWW34CakUC6eFLFrlQQ5tECtl3nv9AMW+VwBk9SYtktC6MZUg2CST9OdyPCQsjEd8ralivrcdOPZ8VN8ZJU+HgTalgI8U79PxNQ3ZuJ7ttOnMDK/vUT8y2tHMKh0Y6HCCLhi80WDSGIIcJIE7gvNGciJJZRpYW/FbEQ1ZWDzSkL4+hT/TxqFvEvy7hXJVc8XcaTQATpEx8hFZVRFl6iG6oihCXpAT+jZuXcenRfndd665CxmsugHnLdPaEmUmg==</latexit>
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⇣ = �50.4�, R = 1066m, VEM = 56.01
<latexit sha1_base64="+W3ohnThEO7OI0usGxw0hfe3TZo="></latexit><latexit sha1_base64="gjUyIw0iRWGVzdbFZtgS7QX+Arg="></latexit><latexit sha1_base64="gjUyIw0iRWGVzdbFZtgS7QX+Arg="></latexit><latexit sha1_base64="H6VX8mGQTfNoYmrj+qEoinsJhxg="></latexit>

tR = 280ns
<latexit sha1_base64="ypyXhonVc8SI7uSvnofAC4tv0r8=">AAAB/HicbVA9SwNBEJ3zM8av04CNzWEQrMJdGtMIQRvLRMwHJEfc22ySJXt7x+6cGI74V2wsFLH1h9jZ+FvcfBSa+GDg8d4MM/OCWHCNrvtlrayurW9sZray2zu7e/v2wWFdR4mirEYjEalmQDQTXLIachSsGStGwkCwRjC8mviNe6Y0j+QtjmLmh6QveY9Tgkbq2DnspDfji2LJbSN7wFTqcbZj592CO4WzTLw5yZePqt93AFDp2J/tbkSTkEmkgmjd8twY/ZQo5FSwcbadaBYTOiR91jJUkpBpP50eP3ZOjdJ1epEyJdGZqr8nUhJqPQoD0xkSHOhFbyL+57US7JX8lMs4QSbpbFEvEQ5GziQJp8sVoyhGhhCquLnVoQOiCEWT1yQEb/HlZVIvFjy34FVNGpcwQwaO4QTOwINzKMM1VKAGFEbwBC/waj1az9ab9T5rXbHmMzn4A+vjB56elkI=</latexit><latexit sha1_base64="LG4Yk97CH+oAelUMcim1+ktJZiI=">AAAB/HicbVC7TgJBFJ31ifhCSWxsJhITK7JLI40JwcYSjDwSIGR2mIUJs7ObmbtGsll/xcZCY2j9Ar/AzsZvcRYoFDzJTU7OuTf33uOGgmuw7S9rbX1jc2s7s5Pd3ds/OMwdHTd1ECnKGjQQgWq7RDPBJWsAB8HaoWLEdwVruePr1G/dM6V5IO9gErKeT4aSe5wSMFI/l4d+fJtclcp2F9gDxFIn2X6uYBftGfAqcRakUDmpf/Np9aPWz312BwGNfCaBCqJ1x7FD6MVEAaeCJdlupFlI6JgMWcdQSXyme/Hs+ASfG2WAvUCZkoBn6u+JmPhaT3zXdPoERnrZS8X/vE4EXrkXcxlGwCSdL/IigSHAaRJ4wBWjICaGEKq4uRXTEVGEgskrDcFZfnmVNEtFxy46dZNGFc2RQafoDF0gB12iCrpBNdRAFE3QE3pBr9aj9Wy9WdN565q1mMmjP7DefwDv35f+</latexit><latexit sha1_base64="LG4Yk97CH+oAelUMcim1+ktJZiI=">AAAB/HicbVC7TgJBFJ31ifhCSWxsJhITK7JLI40JwcYSjDwSIGR2mIUJs7ObmbtGsll/xcZCY2j9Ar/AzsZvcRYoFDzJTU7OuTf33uOGgmuw7S9rbX1jc2s7s5Pd3ds/OMwdHTd1ECnKGjQQgWq7RDPBJWsAB8HaoWLEdwVruePr1G/dM6V5IO9gErKeT4aSe5wSMFI/l4d+fJtclcp2F9gDxFIn2X6uYBftGfAqcRakUDmpf/Np9aPWz312BwGNfCaBCqJ1x7FD6MVEAaeCJdlupFlI6JgMWcdQSXyme/Hs+ASfG2WAvUCZkoBn6u+JmPhaT3zXdPoERnrZS8X/vE4EXrkXcxlGwCSdL/IigSHAaRJ4wBWjICaGEKq4uRXTEVGEgskrDcFZfnmVNEtFxy46dZNGFc2RQafoDF0gB12iCrpBNdRAFE3QE3pBr9aj9Wy9WdN565q1mMmjP7DefwDv35f+</latexit><latexit sha1_base64="kxGtrTwj7lVa9uRZ9Htt/u0wjCE=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4Kpte7EUoevFYxX5AG8Jmu2mXbjZhdyKGEP+KFw+KePWHePPfmLQ5aOuDgcd7M8zM8yLBNWD8baytb2xubVd2qrt7+weH5tFxT4exoqxLQxGqgUc0E1yyLnAQbBApRgJPsL43uy78/gNTmofyHpKIOQGZSO5zSiCXXLMGbnqXXTZbeATsEVKps6pr1nEDz2GtErskdVSi45pfo3FI44BJoIJoPbRxBE5KFHAqWFYdxZpFhM7IhA1zKknAtJPOj8+ss1wZW36o8pJgzdXfEykJtE4CL+8MCEz1sleI/3nDGPyWk3IZxcAkXSzyY2FBaBVJWGOuGAWR5IRQxfNbLTolilDI8ypCsJdfXiW9ZsPGDfsW19tXZRwVdIJO0Tmy0QVqoxvUQV1EUYKe0St6M56MF+Pd+Fi0rhnlTA39gfH5AxAGlF0=</latexit>

tR = 380ns
<latexit sha1_base64="y4WUmj+zfVep0QkdX79YL6xQeKk=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfZiMLEQRBvLKEaFJMS9zUaX7O0du3NiOOJfsbFQxNYfYmfjb3HPKKjog4HHezPMzAtiJS1S+uqNjI6NT0xOTedmZufmF/KLSyc2SgwXdR6pyJwFzAoltaijRCXOYiNYGChxGvT2M//0ShgrI32M/Vi0QnahZVdyhk5q5wvYTo8GO5tV2kRxjam2g1w7v0aL29WtUnmL0CKlFb/kZ6RUKW+Wie+UDGu7y4dv5wBQa+dfmp2IJ6HQyBWztuHTGFspMyi5EoNcM7EiZrzHLkTDUc1CYVvpx/EDsu6UDulGxpVG8qF+n0hZaG0/DFxnyPDS/vYy8S+vkWC32kqljhMUmg8XdRNFMCJZEqQjjeCo+o4wbqS7lfBLZhhHl1cWwten5H9yUir6tOgfujT2YIgpWIFV2AAfKrALB1CDOnDowy3cw4N34915j97TsHXE+5wpwA94z+8ATJaF</latexit><latexit sha1_base64="8GadM1zeYH+ugzIkQflJogMmpNk=">AAAB/HicdVBNSwMxEM36WevXasGLl6AInkq2FlsPQqkXj1asLbSlZNNUQ7PZJZkVy1L/ihcPinj1F/gLvHnxt5htFVT0wcDjvRlm5vmRFAYIeXOmpmdm5+YzC9nFpeWVVXdt/dyEsWa8zkIZ6qZPDZdC8ToIkLwZaU4DX/KGPzhK/cYV10aE6gyGEe8E9EKJvmAUrNR1c9BNTkeHe2XSBn4NiTKjbNfdJvmD8n6huI9JnpCSV/BSUigV94rYs0qK7cpG7V08VV9Ouu5ruxeyOOAKmKTGtDwSQSehGgSTfJRtx4ZHlA3oBW9ZqmjATScZHz/CO1bp4X6obSnAY/X7REIDY4aBbzsDCpfmt5eKf3mtGPrlTiJUFANXbLKoH0sMIU6TwD2hOQM5tIQyLeytmF1STRnYvNIQvj7F/5PzQt4jea9m06iiCTJoE22hXeShEqqgY3SC6oihIbpF9+jBuXHunEfnadI65XzO5NAPOM8fUY2YQQ==</latexit><latexit sha1_base64="8GadM1zeYH+ugzIkQflJogMmpNk=">AAAB/HicdVBNSwMxEM36WevXasGLl6AInkq2FlsPQqkXj1asLbSlZNNUQ7PZJZkVy1L/ihcPinj1F/gLvHnxt5htFVT0wcDjvRlm5vmRFAYIeXOmpmdm5+YzC9nFpeWVVXdt/dyEsWa8zkIZ6qZPDZdC8ToIkLwZaU4DX/KGPzhK/cYV10aE6gyGEe8E9EKJvmAUrNR1c9BNTkeHe2XSBn4NiTKjbNfdJvmD8n6huI9JnpCSV/BSUigV94rYs0qK7cpG7V08VV9Ouu5ruxeyOOAKmKTGtDwSQSehGgSTfJRtx4ZHlA3oBW9ZqmjATScZHz/CO1bp4X6obSnAY/X7REIDY4aBbzsDCpfmt5eKf3mtGPrlTiJUFANXbLKoH0sMIU6TwD2hOQM5tIQyLeytmF1STRnYvNIQvj7F/5PzQt4jea9m06iiCTJoE22hXeShEqqgY3SC6oihIbpF9+jBuXHunEfnadI65XzO5NAPOM8fUY2YQQ==</latexit><latexit sha1_base64="hT66VHA6vygIx6WXuatwD7JRvbA=">AAAB/HicdVBNSwMxEM36bf1a9eglWARPJduWth4E0YtHFdsK7VKyaaqh2eySzIplWf+KFw+KePWHePPfmG0rqOiDgcd7M8zMC2IpDBDy4czMzs0vLC4tF1ZW19Y33M2tlokSzXiTRTLSVwE1XArFmyBA8qtYcxoGkreD4Unut2+5NiJSlzCKuR/SayUGglGwUs/dhl56kR1WGqQL/A5SZbJCzy2S0kGjVq7WMCkRUvfKXk7K9Wqlij2r5CiiKc567nu3H7Ek5AqYpMZ0PBKDn1INgkmeFbqJ4TFlQ3rNO5YqGnLjp+PjM7xnlT4eRNqWAjxWv0+kNDRmFAa2M6RwY357ufiX10lg0PBToeIEuGKTRYNEYohwngTuC80ZyJEllGlhb8XshmrKwOaVh/D1Kf6ftMolj5S8c1I8Op7GsYR20C7aRx6qoyN0is5QEzE0Qg/oCT07986j8+K8TlpnnOnMNvoB5+0TcaWUoA==</latexit>
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⇣ = 19�, R = 1273m, VEM = 38.1
<latexit sha1_base64="hbRmadojHZqZ3QGbdE2eM+NsjIQ="></latexit><latexit sha1_base64="aiZXvEFXHi/MCzyxUqbN/UW0yo0="></latexit><latexit sha1_base64="aiZXvEFXHi/MCzyxUqbN/UW0yo0="></latexit><latexit sha1_base64="Pa0QJOjQCvcQPYBs4T4ZWa7gwsE="></latexit>

tR = 420ns
<latexit sha1_base64="PvNIOZ3bpDaXVqe1ehntNXysgo0=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfbOYLQQgjaWKkaFJMS9zUYX9/aO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hWMbp4aLOo9VbE5DZoWSWtRRohKniREsCpU4CS93c//kShgrY32EvUS0InauZVdyhk5qF0vYzg7725WANlFcY6Ztv9AurtDy1uZGUNkgtExp1Q/8nATVynqF+E7JsVJbPHg7A4D9dvGl2Yl5GgmNXDFrGz5NsJUxg5Ir0S80UysSxi/ZuWg4qlkkbCv7OL5PVp3SId3YuNJIPtTvExmLrO1FoeuMGF7Y314u/uU1UuxutjKpkxSF5oNF3VQRjEmeBOlIIziqniOMG+luJfyCGcbR5ZWH8PUp+Z8cB2Wflv0Dl8YODDABS7AMa+BDFWqwB/tQBw49uIV7ePBuvDvv0XsatA55nzMl+AHv+R34c5aA</latexit><latexit sha1_base64="iTm9gKzn2HKu+jW+D9EuBRkTf9w=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/JIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7ScOYPA==</latexit><latexit sha1_base64="iTm9gKzn2HKu+jW+D9EuBRkTf9w=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/JIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7ScOYPA==</latexit><latexit sha1_base64="EA23Q2rg5ZzXyoyFD9ILBk3sU3A=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPZROD1YMgevGoYj+gDWWz3dbFzSbsTsQS6l/x4kERr/4Qb/4bN20FFX0w8Hhvhpl5USqFAUI+nKnpmdm5+YXF0tLyyuqau75RN0mmGa+xRCa6GVHDpVC8BgIkb6aa0ziSvBHdnBZ+45ZrIxJ1BYOUhzHtK9ETjIKVOu4mdPLL4VHgkzbwO8iVGZY6bplUDg/2/WAfkwohVc/3CuJXg70Ae1YpUEYTnHfc93Y3YVnMFTBJjWl5JIUwpxoEk3xYameGp5Td0D5vWapozE2Yj44f4h2rdHEv0bYU4JH6fSKnsTGDOLKdMYVr89srxL+8Vga9gzAXKs2AKzZe1MskhgQXSeCu0JyBHFhCmRb2VsyuqaYMbF5FCF+f4v9J3a94pOJdkPLxySSOBbSFttEu8lAVHaMzdI5qiKEBekBP6Nm5dx6dF+d13DrlTGY20Q84b59p25Sb</latexit>

tR = 560ns
<latexit sha1_base64="Vcx4s6BJF3lPuu6yIpsblIp0+gQ=">AAAB/HicbVDJSgNBEK1xjXGLBrx4GQyCpzAjuFyEoBePiZgFkiH2dDpJk56eobtGDMP4K148KOLVD/HmxW+xsxw08UHB470qqur5keAaHefLWlhcWl5Zzaxl1zc2t7ZzO7s1HcaKsioNRagaPtFMcMmqyFGwRqQYCXzB6v7gauTX75nSPJS3OIyYF5Ce5F1OCRqpnctjO7lJL05OnRayB0ykTrPtXMEpOmPY88SdkkJpr/J9BwDldu6z1QlpHDCJVBCtm64ToZcQhZwKlmZbsWYRoQPSY01DJQmY9pLx8al9aJSO3Q2VKYn2WP09kZBA62Hgm86AYF/PeiPxP68ZY/fcS7iMYmSSThZ1Y2FjaI+SsDtcMYpiaAihiptbbdonilA0eY1CcGdfnie146LrFN2KSeMSJsjAPhzAEbhwBiW4hjJUgcIQnuAFXq1H69l6s94nrQvWdCYPf2B9/ACgMJZD</latexit><latexit sha1_base64="wd6zzFFvJf2lryoGqtBVXaPdUzk=">AAAB/HicbVDJSgNBEO1xjXEbDXjx0hgET2FGcLkIIV48JmIWSELo6XSSJj09Q3eNOAzjr3jxoEiufoFf4M2L32JnOWjig4LHe1VU1fNCwTU4zpe1tLyyurae2chubm3v7Np7+zUdRIqyKg1EoBoe0UxwyarAQbBGqBjxPcHq3vB67NfvmdI8kHcQh6ztk77kPU4JGKlj56CT3KZXZ+dOC9gDJFKn2Y6ddwrOBHiRuDOSLx5Uvvmo9FHu2J+tbkAjn0mggmjddJ0Q2glRwKlgabYVaRYSOiR91jRUEp/pdjI5PsXHRuniXqBMScAT9fdEQnytY98znT6BgZ73xuJ/XjOC3mU74TKMgEk6XdSLBIYAj5PAXa4YBREbQqji5lZMB0QRCiavcQju/MuLpHZacJ2CWzFplNAUGXSIjtAJctEFKqIbVEZVRFGMntALerUerWfrzRpNW5es2UwO/YH1/gPxcZf/</latexit><latexit sha1_base64="wd6zzFFvJf2lryoGqtBVXaPdUzk=">AAAB/HicbVDJSgNBEO1xjXEbDXjx0hgET2FGcLkIIV48JmIWSELo6XSSJj09Q3eNOAzjr3jxoEiufoFf4M2L32JnOWjig4LHe1VU1fNCwTU4zpe1tLyyurae2chubm3v7Np7+zUdRIqyKg1EoBoe0UxwyarAQbBGqBjxPcHq3vB67NfvmdI8kHcQh6ztk77kPU4JGKlj56CT3KZXZ+dOC9gDJFKn2Y6ddwrOBHiRuDOSLx5Uvvmo9FHu2J+tbkAjn0mggmjddJ0Q2glRwKlgabYVaRYSOiR91jRUEp/pdjI5PsXHRuniXqBMScAT9fdEQnytY98znT6BgZ73xuJ/XjOC3mU74TKMgEk6XdSLBIYAj5PAXa4YBREbQqji5lZMB0QRCiavcQju/MuLpHZacJ2CWzFplNAUGXSIjtAJctEFKqIbVEZVRFGMntALerUerWfrzRpNW5es2UwO/YH1/gPxcZf/</latexit><latexit sha1_base64="/tJCRmfJDMVHs0R9Fo//x/Ja5hE=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVSaCj41QdOOyin1AG8JkOmmHTiZh5kYMIf6KGxeKuPVD3Pk3Jm0WWj1w4XDOvdx7jxcJrgHjL6OytLyyulZdr21sbm3vmLt7XR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Krwe/dMaR7KO0gi5gRkLLnPKYFccs06uOltdnFyiofAHiCVOqu5ZgM38QzWX2KXpIFKtF3zczgKaRwwCVQQrQc2jsBJiQJOBctqw1iziNApGbNBTiUJmHbS2fGZdZgrI8sPVV4SrJn6cyIlgdZJ4OWdAYGJXvQK8T9vEIN/7qRcRjEwSeeL/FhYEFpFEtaIK0ZBJDkhVPH8VotOiCIU8ryKEOzFl/+S7nHTxk37Bjdal2UcVbSPDtARstEZaqFr1EYdRFGCntALejUejWfjzXift1aMcqaOfsH4+AYRmJRe</latexit>

Bin
0 50 100 150 200 250

Fa
dc

0

500

1000

1500

2000

SD 618
Upper Layer
Lower Layer

SD 618

Bin
0 50 100 150 200 250

In
te

gr
al

 o
f W

av
ef

or
m

0

10000

20000

⇣ = �173�, R = 518m, VEM = 682.8
<latexit sha1_base64="hwzzRcchpsIVgy962DVqQMwT2M8="></latexit><latexit sha1_base64="riGhtmSs8AUl79WxEIaSeNq2wHI="></latexit><latexit sha1_base64="riGhtmSs8AUl79WxEIaSeNq2wHI="></latexit><latexit sha1_base64="+Epgu/kwXwTvoT+oUHzZdM1A2MA="></latexit>

tR = 120ns
<latexit sha1_base64="GscMoBH4tuzZCcUsWEsUpRwUQ/k=">AAAB/HicbVA9SwNBEJ2LXzF+nQZsbA6DYBXu0mgjBG0sEzEfkBxxb7NJluztHbtzYjjiX7GxUMTWH2Jn429x81Fo4oOBx3szzMwLYsE1uu6XlVlZXVvfyG7mtrZ3dvfs/YO6jhJFWY1GIlLNgGgmuGQ15ChYM1aMhIFgjWB4NfEb90xpHslbHMXMD0lf8h6nBI3UsfPYSW/GF17JbSN7wFTqca5jF9yiO4WzTLw5KZQPq993AFDp2J/tbkSTkEmkgmjd8twY/ZQo5FSwca6daBYTOiR91jJUkpBpP50eP3ZOjNJ1epEyJdGZqr8nUhJqPQoD0xkSHOhFbyL+57US7J37KZdxgkzS2aJeIhyMnEkSTpcrRlGMDCFUcXOrQwdEEYomr0kI3uLLy6ReKnpu0auaNC5hhiwcwTGcggdnUIZrqEANKIzgCV7g1Xq0nq03633WmrHmM3n4A+vjB5O0ljs=</latexit><latexit sha1_base64="tIbX16rELHL+tlG2KIecMkcm/UM=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJWkG90IpW5ctmIf0JYymU7aoZNJmLkRQ4i/4saFIt36BX6BOzd+i5O2C209cOFwzr3ce48bcqbAtr+M3Nr6xuZWfruws7u3f2AeHrVUEElCmyTggey4WFHOBG0CA047oaTYdzltu5PrzG/fU6lYIO4gDmnfxyPBPEYwaGlgFmGQ3KZXTsXuAX2ARKi0MDBLdtmewVolzoKUqseNbzatfdQH5mdvGJDIpwIIx0p1HTuEfoIlMMJpWuhFioaYTPCIdjUV2Keqn8yOT60zrQwtL5C6BFgz9fdEgn2lYt/VnT6GsVr2MvE/rxuBd9lPmAgjoILMF3kRtyCwsiSsIZOUAI81wUQyfatFxlhiAjqvLARn+eVV0qqUHbvsNHQaNTRHHp2gU3SOHHSBqugG1VETERSjJ/SCXo1H49l4M6bz1pyxmCmiPzDefwDk9Zf3</latexit><latexit sha1_base64="tIbX16rELHL+tlG2KIecMkcm/UM=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJWkG90IpW5ctmIf0JYymU7aoZNJmLkRQ4i/4saFIt36BX6BOzd+i5O2C209cOFwzr3ce48bcqbAtr+M3Nr6xuZWfruws7u3f2AeHrVUEElCmyTggey4WFHOBG0CA047oaTYdzltu5PrzG/fU6lYIO4gDmnfxyPBPEYwaGlgFmGQ3KZXTsXuAX2ARKi0MDBLdtmewVolzoKUqseNbzatfdQH5mdvGJDIpwIIx0p1HTuEfoIlMMJpWuhFioaYTPCIdjUV2Keqn8yOT60zrQwtL5C6BFgz9fdEgn2lYt/VnT6GsVr2MvE/rxuBd9lPmAgjoILMF3kRtyCwsiSsIZOUAI81wUQyfatFxlhiAjqvLARn+eVV0qqUHbvsNHQaNTRHHp2gU3SOHHSBqugG1VETERSjJ/SCXo1H49l4M6bz1pyxmCmiPzDefwDk9Zf3</latexit><latexit sha1_base64="JJV5LdscatF4dgkD9TcnZdDiOVI=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9n0oheh6MVjFfsBbQib7aZdutmE3YkYQvwrXjwo4tUf4s1/Y9LmoK0PBh7vzTAzz4sE14Dxt1FZW9/Y3Kpu13Z29/YPzMOjng5jRVmXhiJUA49oJrhkXeAg2CBSjASeYH1vdl34/QemNA/lPSQRcwIykdznlEAuuWYd3PQuu7RbeATsEVKps5prNnATz2GtErskDVSi45pfo3FI44BJoIJoPbRxBE5KFHAqWFYbxZpFhM7IhA1zKknAtJPOj8+s01wZW36o8pJgzdXfEykJtE4CL+8MCEz1sleI/3nDGPwLJ+UyioFJuljkx8KC0CqSsMZcMQoiyQmhiue3WnRKFKGQ51WEYC+/vEp6raaNm/YtbrSvyjiq6BidoDNko3PURjeog7qIogQ9o1f0ZjwZL8a78bForRjlTB39gfH5AwUclFY=</latexit>

tR = 120ns
<latexit sha1_base64="04w4epvMf3oXRol0HUUGMaDzoBw=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfbOYLQQgjaWKkaFJMS9zUYX9/aO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hWMbp4aLOo9VbE5DZoWSWtRRohKniREsCpU4CS93c//kShgrY32EvUS0InauZVdyhk5qF0vYzg77235AmyiuMdO2X2gXV2h5a3MjqGwQWqa06gd+ToJqZb1CfKfkWKktHrydAcB+u/jS7MQ8jYRGrpi1DZ8m2MqYQcmV6BeaqRUJ45fsXDQc1SwStpV9HN8nq07pkG5sXGkkH+r3iYxF1vai0HVGDC/sby8X//IaKXY3W5nUSYpC88GibqoIxiRPgnSkERxVzxHGjXS3En7BDOPo8spD+PqU/E+Og7JPy/6BS2MHBpiAJViGNfChCjXYg32oA4ce3MI9PHg33p336D0NWoe8z5kS/ID3/A7zw5Z9</latexit><latexit sha1_base64="BHsrwBiqJxseuerRrKESeZ3SaZg=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS073qkDfwaEmVG2W6uQIp71bJXKmNSJKTiem5KvEppt4Rdq6Qo1DaO38S4/nzUzb20eyGLA66ASWpMyyURdBKqQTDJR9l2bHhE2YBe8JaligbcdJKP40d42yo93A+1LQX4Q/0+kdDAmGHg286AwqX57aXiX14rhn61kwgVxcAVmyzqxxJDiNMkcE9ozkAOLaFMC3srZpdUUwY2rzSEr0/x/+TMK7qk6B7bNOpoggzaRFtoB7mogmroEB2hBmJoiG7RPXpwbpw759EZT1qnnM+ZPPoB5+kdRROYOQ==</latexit><latexit sha1_base64="BHsrwBiqJxseuerRrKESeZ3SaZg=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS073qkDfwaEmVG2W6uQIp71bJXKmNSJKTiem5KvEppt4Rdq6Qo1DaO38S4/nzUzb20eyGLA66ASWpMyyURdBKqQTDJR9l2bHhE2YBe8JaligbcdJKP40d42yo93A+1LQX4Q/0+kdDAmGHg286AwqX57aXiX14rhn61kwgVxcAVmyzqxxJDiNMkcE9ozkAOLaFMC3srZpdUUwY2rzSEr0/x/+TMK7qk6B7bNOpoggzaRFtoB7mogmroEB2hBmJoiG7RPXpwbpw759EZT1qnnM+ZPPoB5+kdRROYOQ==</latexit><latexit sha1_base64="ZJaHHNaW0ZnM6ZqPWGxM77wJqHY=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPZROL1YMgevGoYj+gDWGz3dbFzSbsTsQS6l/x4kERr/4Qb/4bN20FFX0w8Hhvhpl5USqFAUI+nKnpmdm5+YXF0tLyyuqau77RMEmmGa+zRCa6FVHDpVC8DgIkb6Wa0ziSvBndnBZ+85ZrIxJ1BYOUBzHtK9ETjIKVQncTwvxyeOT5pAP8DnJlhqXQLZPK4cG+X93HpEJIzfO9gvi16l4Ve1YpUEYTnIfue6ebsCzmCpikxrQ9kkKQUw2CST4sdTLDU8puaJ+3LVU05ibIR8cP8Y5VuriXaFsK8Ej9PpHT2JhBHNnOmMK1+e0V4l9eO4PeQZALlWbAFRsv6mUSQ4KLJHBXaM5ADiyhTAt7K2bXVFMGNq8ihK9P8f+k4Vc8UvEuSPn4ZBLHAtpC22gXeaiGjtEZOkd1xNAAPaAn9OzcO4/Oi/M6bp1yJjOb6Aect09lK5SY</latexit>
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⇣ = 134�, R = 1307m, VEM = 33.2
<latexit sha1_base64="hKuTCBTeqHqZgxQIeunFrD8LyYM="></latexit><latexit sha1_base64="P9TssDrV+q92KIpD1t5lCw6wo+8="></latexit><latexit sha1_base64="P9TssDrV+q92KIpD1t5lCw6wo+8="></latexit><latexit sha1_base64="Y30+RpP5N6zlmDTnyGv0JXnyjP8="></latexit>

tR = 260ns
<latexit sha1_base64="VaNNw9raRT9S6A3nGmaGOFvj+WE=">AAAB/HicdVA9SwNBEJ3z2/gVFWxsFkWwCntnSLQQRBtLFaNCEuLeZqNL9vaO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hRMbp4aLGo9VbM5CZoWSWtRQohJniREsCpU4Dbt7uX96JYyVsT7GXiKaEbvQsiM5Qye1iovYyo7620GFNlBcY6Ztv9AqrtLS1mYlKFcILVFa9QM/J0G1vFEmvlNyrO4sHb6dA8BBq/jSaMc8jYRGrpi1dZ8m2MyYQcmV6BcaqRUJ4112IeqOahYJ28w+ju+TNae0SSc2rjSSD/X7RMYia3tR6Dojhpf2t5eLf3n1FDubzUzqJEWh+WBRJ1UEY5InQdrSCI6q5wjjRrpbCb9khnF0eeUhfH1K/icnQcmnJf/QpbELA0zAMqzAOvhQhR3YhwOoAYce3MI9PHg33p336D0NWoe8z5lF+AHv+R37j5aC</latexit><latexit sha1_base64="kFXtwRI+XkOvkDJILVh0nhArJpo=">AAAB/HicdVBNSwMxEM3Wr1q/qgUvXoJF8FSya2n1IEi9eFSxVmhLyaapDc1ml2RWLEv9K148KNKrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK/nVtXMTxprxOgtlqC98argUitdBgOQXkeY08CVv+IPD1G9ccW1EqM5gGPF2QC+V6AlGwUqdfAE6yelo36uQFvBrSJQZ5Tr5Iint7Va8cgWTEiFV13NT4lXLO2XsWiVF8WD95E2Ma8/HnfxLqxuyOOAKmKTGNF0SQTuhGgSTfJRrxYZHlA3oJW9aqmjATTv5OH6Et6zSxb1Q21KAP9TvEwkNjBkGvu0MKPTNby8V//KaMfR224lQUQxcscmiXiwxhDhNAneF5gzk0BLKtLC3YtanmjKweaUhfH2K/yfnXsklJffEplFDE2TRBtpE28hFVXSAjtAxqiOGhugW3aMH58a5cx6d8aQ143zOFNAPOE/vTN+YPg==</latexit><latexit sha1_base64="kFXtwRI+XkOvkDJILVh0nhArJpo=">AAAB/HicdVBNSwMxEM3Wr1q/qgUvXoJF8FSya2n1IEi9eFSxVmhLyaapDc1ml2RWLEv9K148KNKrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK/nVtXMTxprxOgtlqC98argUitdBgOQXkeY08CVv+IPD1G9ccW1EqM5gGPF2QC+V6AlGwUqdfAE6yelo36uQFvBrSJQZ5Tr5Iint7Va8cgWTEiFV13NT4lXLO2XsWiVF8WD95E2Ma8/HnfxLqxuyOOAKmKTGNF0SQTuhGgSTfJRrxYZHlA3oJW9aqmjATTv5OH6Et6zSxb1Q21KAP9TvEwkNjBkGvu0MKPTNby8V//KaMfR224lQUQxcscmiXiwxhDhNAneF5gzk0BLKtLC3YtanmjKweaUhfH2K/yfnXsklJffEplFDE2TRBtpE28hFVXSAjtAxqiOGhugW3aMH58a5cx6d8aQ143zOFNAPOE/vTN+YPg==</latexit><latexit sha1_base64="R5WzfDl2G1YTJi2HvkXciuPEi78=">AAAB/HicdVBNS8NAEN34bf2K9uhlsQiewiaWth4E0YvHKlYLbSmb7bYubjZhdyKGUP+KFw+KePWHePPfuNEKKvpg4PHeDDPzwkQKA4S8OVPTM7Nz8wuLpaXlldU1d33j3MSpZrzFYhnrdkgNl0LxFgiQvJ1oTqNQ8ovw6qjwL665NiJWZ5AlvBfRkRJDwShYqe+WoZ+fjveDGukCv4FcmXGp71aIt9eoBdUaJh4hdT/wCxLUq7tV7FulQAVN0Oy7r91BzNKIK2CSGtPxSQK9nGoQTPJxqZsanlB2RUe8Y6miETe9/OP4Md62ygAPY21LAf5Qv0/kNDImi0LbGVG4NL+9QvzL66QwbPRyoZIUuGKfi4apxBDjIgk8EJozkJkllGlhb8XskmrKwOZVhPD1Kf6fnAeeTzz/hFQODidxLKBNtIV2kI/q6AAdoyZqIYYydIce0KNz69w7T87zZ+uUM5kpox9wXt4BbPeUnQ==</latexit>

tR = 240ns
<latexit sha1_base64="oMNV7BSVCTvvnRr0Y6ybamUtwYA=">AAAB/HicbVDLSgNBEOz1GeMrGvDiZTEInsJuEPQiBL14TMQ8IFni7GSSDJmdXWZ6xWWJv+LFgyJe/RBvXvwWJ4+DJhY0FFXddHf5keAaHefLWlpeWV1bz2xkN7e2d3Zze/t1HcaKshoNRaiaPtFMcMlqyFGwZqQYCXzBGv7wauw37pnSPJS3mETMC0hf8h6nBI3UyeWxk96MLkqnThvZA6ZSj7KdXMEpOhPYi8SdkUL5oPp9BwCVTu6z3Q1pHDCJVBCtW64ToZcShZwKNsq2Y80iQoekz1qGShIw7aWT40f2sVG6di9UpiTaE/X3REoCrZPAN50BwYGe98bif14rxt65l3IZxcgknS7qxcLG0B4nYXe5YhRFYgihiptbbTogilA0eY1DcOdfXiT1UtF1im7VpHEJU2TgEI7gBFw4gzJcQwVqQCGBJ3iBV+vRerberPdp65I1m8nDH1gfP5hilj4=</latexit><latexit sha1_base64="yPNITBtmSehZYhKz2dGrfPBSxEM=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5IUQTdCqRuXrdgHtKVMppN26GQSZm7EEOKvuHGhSLd+gV/gzo3f4qTtQlsPXDiccy/33uOGnCmw7S9jZXVtfWMzt5Xf3tnd2zcPDpsqiCShDRLwQLZdrChngjaAAaftUFLsu5y23PF15rfuqVQsEHcQh7Tn46FgHiMYtNQ3C9BPbtOr8rndBfoAiVBpvm8W7ZI9hbVMnDkpVo7q32xS/aj1zc/uICCRTwUQjpXqOHYIvQRLYITTNN+NFA0xGeMh7WgqsE9VL5ken1qnWhlYXiB1CbCm6u+JBPtKxb6rO30MI7XoZeJ/XicC77KXMBFGQAWZLfIibkFgZUlYAyYpAR5rgolk+laLjLDEBHReWQjO4svLpFkuOXbJqes0qmiGHDpGJ+gMOegCVdANqqEGIihGT+gFvRqPxrPxZkxmrSvGfKaA/sB4/wHpo5f6</latexit><latexit sha1_base64="yPNITBtmSehZYhKz2dGrfPBSxEM=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5IUQTdCqRuXrdgHtKVMppN26GQSZm7EEOKvuHGhSLd+gV/gzo3f4qTtQlsPXDiccy/33uOGnCmw7S9jZXVtfWMzt5Xf3tnd2zcPDpsqiCShDRLwQLZdrChngjaAAaftUFLsu5y23PF15rfuqVQsEHcQh7Tn46FgHiMYtNQ3C9BPbtOr8rndBfoAiVBpvm8W7ZI9hbVMnDkpVo7q32xS/aj1zc/uICCRTwUQjpXqOHYIvQRLYITTNN+NFA0xGeMh7WgqsE9VL5ken1qnWhlYXiB1CbCm6u+JBPtKxb6rO30MI7XoZeJ/XicC77KXMBFGQAWZLfIibkFgZUlYAyYpAR5rgolk+laLjLDEBHReWQjO4svLpFkuOXbJqes0qmiGHDpGJ+gMOegCVdANqqEGIihGT+gFvRqPxrPxZkxmrSvGfKaA/sB4/wHpo5f6</latexit><latexit sha1_base64="gPBdbnzP9qAiyHtRD7AJqMAWTx0=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4Kpsi6EUoevFYxX5AG8Jmu2mXbjZhdyKGEP+KFw+KePWHePPfmLQ5aOuDgcd7M8zM8yLBNWD8baysrq1vbFa2qts7u3v75sFhV4exoqxDQxGqvkc0E1yyDnAQrB8pRgJPsJ43vS783gNTmofyHpKIOQEZS+5zSiCXXLMGbnqXXTbP8BDYI6RSZ1XXrOMGnsFaJnZJ6qhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw6jDWLCJ2SMRvkVJKAaSedHZ9ZJ7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0mw0bN+xbXG9dlXFU0BE6RqfIRueohW5QG3UQRQl6Rq/ozXgyXox342PeumKUMzX0B8bnDwnKlFk=</latexit>
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⇣ = �168�, R = 1397m, VEM = 21.0
<latexit sha1_base64="yL5Z4u4/pW8+9lm2k39y+Qy4+LM="></latexit><latexit sha1_base64="kIXhLmiUmsZoarbiNMqv89jVOxQ="></latexit><latexit sha1_base64="kIXhLmiUmsZoarbiNMqv89jVOxQ="></latexit><latexit sha1_base64="HjfB7xcspxhPynKTgT+kgP7md6M="></latexit>

tR = 380ns
<latexit sha1_base64="h5DZ2xFTUA2Gn5/eptr+LhJqdRA=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WphGCNpYJmI+IDni3maTLNnbO3bnxOOIf8XGQhFbf4idjb/FTWKhiQ8GHu/NMDPPjwTX6DifVmZpeWV1Lbue29jc2t7J7+41dBgryuo0FKFq+UQzwSWrI0fBWpFiJPAFa/qjy4nfvGNK81DeYBIxLyADyfucEjRSN1/Abno9Pj8tOx1k95hKPc5180Wn5ExhLxL3hxQr+7WvWwCodvMfnV5I44BJpIJo3XadCL2UKORUsHGuE2sWEToiA9Y2VJKAaS+dHj+2j4zSs/uhMiXRnqq/J1ISaJ0EvukMCA71vDcR//PaMfbLXsplFCOTdLaoHwsbQ3uShN3jilEUiSGEKm5utemQKELR5DUJwZ1/eZE0TkquU3JrJo0LmCELB3AIx+DCGVTgCqpQBwoJPMIzvFgP1pP1ar3NWjPWz0wB/sB6/wagLpZD</latexit><latexit sha1_base64="yQKgQ5s9OFsWd60dFpShU/Fns2o=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5Lowm6EUjcuW7EPaEOYTKft0MkkzNyIIdRfceNCkW79Ar/AnRu/xUnbhbYeuHA4517uvcePOFNg21/Gyura+sZmbiu/vbO7t28eHDZVGEtCGyTkoWz7WFHOBG0AA07bkaQ48Dlt+aPrzG/dU6lYKO4giagb4IFgfUYwaMkzC+Clt+Ori7LdBfoAqVDjvGcW7ZI9hbVMnDkpVo7q32xS/ah55me3F5I4oAIIx0p1HDsCN8USGOF0nO/GikaYjPCAdjQVOKDKTafHj61TrfSsfih1CbCm6u+JFAdKJYGvOwMMQ7XoZeJ/XieGftlNmYhioILMFvVjbkFoZUlYPSYpAZ5ogolk+laLDLHEBHReWQjO4svLpHlecuySU9dpVNEMOXSMTtAZctAlqqAbVEMNRFCCntALejUejWfjzZjMWleM+UwB/YHx/gPxb5f/</latexit><latexit sha1_base64="yQKgQ5s9OFsWd60dFpShU/Fns2o=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5Lowm6EUjcuW7EPaEOYTKft0MkkzNyIIdRfceNCkW79Ar/AnRu/xUnbhbYeuHA4517uvcePOFNg21/Gyura+sZmbiu/vbO7t28eHDZVGEtCGyTkoWz7WFHOBG0AA07bkaQ48Dlt+aPrzG/dU6lYKO4giagb4IFgfUYwaMkzC+Clt+Ori7LdBfoAqVDjvGcW7ZI9hbVMnDkpVo7q32xS/ah55me3F5I4oAIIx0p1HDsCN8USGOF0nO/GikaYjPCAdjQVOKDKTafHj61TrfSsfih1CbCm6u+JFAdKJYGvOwMMQ7XoZeJ/XieGftlNmYhioILMFvVjbkFoZUlYPSYpAZ5ogolk+laLDLHEBHReWQjO4svLpHlecuySU9dpVNEMOXSMTtAZctAlqqAbVEMNRFCCntALejUejWfjzZjMWleM+UwB/YHx/gPxb5f/</latexit><latexit sha1_base64="eGpu4wnJ6jlRPPHSRsXg2861/mc=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4Khs92ItQ9OKxiv2ANoTNdtMu3WzC7kQMIf4VLx4U8eoP8ea/MWlz0NYHA4/3ZpiZ50WCa8D421hZXVvf2KxsVbd3dvf2zYPDrg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vel34vQemNA/lPSQRcwIyltznlEAuuWYN3PQuuzxv4iGwR0ilzqquWccNPIO1TOyS1FGJtmt+DUchjQMmgQqi9cDGETgpUcCpYFl1GGsWETolYzbIqSQB0046Oz6zTnJlZPmhykuCNVN/T6Qk0DoJvLwzIDDRi14h/ucNYvCbTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0zxo2bti3uN66KuOooCN0jE6RjS5QC92gNuogihL0jF7Rm/FkvBjvxse8dcUoZ2roD4zPHxGWlF4=</latexit>

tR = 600ns
<latexit sha1_base64="1cEW04ypt/kmtfxMH7pE5of6gmU=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfZiSLQQgjaWKkaFJMS9zUaX7O0du3NiOOJfsbFQxNYfYmfjb3HPKKjog4HHezPMzAtiJS1S+uqNjI6NT0xOTedmZufmF/KLSyc2SgwXdR6pyJwFzAoltaijRCXOYiNYGChxGvT2Mv/0ShgrI32M/Vi0QnahZVdyhk5q5wvYTo8GOxVKmyiuMdV2kGvn12hxe6tSKlcILVJa9Ut+RkrV8maZ+E7JsFZbPnw7B4CDdv6l2Yl4EgqNXDFrGz6NsZUyg5IrMcg1EytixnvsQjQc1SwUtpV+HD8g607pkG5kXGkkH+r3iZSF1vbDwHWGDC/tby8T//IaCXa3WqnUcYJC8+GibqIIRiRLgnSkERxV3xHGjXS3En7JDOPo8spC+PqU/E9OSkWfFv1Dl8YuDDEFK7AKG+BDFWqwDwdQBw59uIV7ePBuvDvv0Xsato54nzMF+AHv+R34dZaA</latexit><latexit sha1_base64="IjWXsQLenAl27GzbWHI/H+MdZJw=">AAAB/HicdVBNSwMxEM3Wr1q/VgtevASL4Klka2n1IEi9eFSxVmhLyaapDc1ml2RWLEv9K148KNKrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK+7q2rkJY814nYUy1Bc+NVwKxesgQPKLSHMa+JI3/MFh6jeuuDYiVGcwjHg7oJdK9ASjYKWOm4dOcjrarxDSAn4NiTKjXMctkOLebqVUrmBSJKTqlbyUlKrlnTL2rJKicLB+8ibGtefjjvvS6oYsDrgCJqkxTY9E0E6oBsEkH+VaseERZQN6yZuWKhpw004+jh/hLat0cS/UthTgD/X7REIDY4aBbzsDCn3z20vFv7xmDL3ddiJUFANXbLKoF0sMIU6TwF2hOQM5tIQyLeytmPWppgxsXmkIX5/i/8l5qeiRondi06ihCbJoA22ibeShKjpAR+gY1RFDQ3SL7tGDc+PcOY/OeNKacT5n8ugHnKd3ScWYPA==</latexit><latexit sha1_base64="IjWXsQLenAl27GzbWHI/H+MdZJw=">AAAB/HicdVBNSwMxEM3Wr1q/VgtevASL4Klka2n1IEi9eFSxVmhLyaapDc1ml2RWLEv9K148KNKrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK+7q2rkJY814nYUy1Bc+NVwKxesgQPKLSHMa+JI3/MFh6jeuuDYiVGcwjHg7oJdK9ASjYKWOm4dOcjrarxDSAn4NiTKjXMctkOLebqVUrmBSJKTqlbyUlKrlnTL2rJKicLB+8ibGtefjjvvS6oYsDrgCJqkxTY9E0E6oBsEkH+VaseERZQN6yZuWKhpw004+jh/hLat0cS/UthTgD/X7REIDY4aBbzsDCn3z20vFv7xmDL3ddiJUFANXbLKoF0sMIU6TwF2hOQM5tIQyLeytmPWppgxsXmkIX5/i/8l5qeiRondi06ihCbJoA22ibeShKjpAR+gY1RFDQ3SL7tGDc+PcOY/OeNKacT5n8ugHnKd3ScWYPA==</latexit><latexit sha1_base64="0L6d2a/LVPAvKZJ9pti/EVz1ibE=">AAAB/HicdVBNSwMxEM36WetXtUcvwSJ4Ktla2noQil48VrEf0JaSTdM2NJtdklmxLPWvePGgiFd/iDf/jdm2goo+GHi8N8PMPC+UwgAhH87S8srq2npqI725tb2zm9nbb5gg0ozXWSAD3fKo4VIoXgcBkrdCzanvSd70xheJ37zl2ohA3cAk5F2fDpUYCEbBSr1MFnrx9fSsREgH+B3EykzTvUyO5E8rpUKxhEmekLJbcBNSKBdPiti1SoIcWqDWy7x3+gGLfK6ASWpM2yUhdGOqQTDJp+lOZHhI2ZgOedtSRX1uuvHs+Ck+skofDwJtSwGeqd8nYuobM/E92+lTGJnfXiL+5bUjGFS6sVBhBFyx+aJBJDEEOEkC94XmDOTEEsq0sLdiNqKaMrB5JSF8fYr/J41C3iV594rkqueLOFLoAB2iY+SiMqqiS1RDdcTQBD2gJ/Ts3DuPzovzOm9dchYzWfQDztsnad2Umw==</latexit>
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 720ns
<latexit sha1_base64="GpE8v3ECqyqy/rvyv0E6fEYmrEo=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfbOYLQQgjaWKkaFJMS9zUYX9/aO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hWMbp4aLOo9VbE5DZoWSWtRRohKniREsCpU4CS93c//kShgrY32EvUS0InauZVdyhk5qF0vYzg7729WANlFcY6Ztv9AurtDy1uZGUNkgtExp1Q/8nATVynqF+E7JsVJbPHg7A4D9dvGl2Yl5GgmNXDFrGz5NsJUxg5Ir0S80UysSxi/ZuWg4qlkkbCv7OL5PVp3SId3YuNJIPtTvExmLrO1FoeuMGF7Y314u/uU1UuxutjKpkxSF5oNF3VQRjEmeBOlIIziqniOMG+luJfyCGcbR5ZWH8PUp+Z8cB2Wflv0Dl8YODDABS7AMa+BDFWqwB/tQBw49uIV7ePBuvDvv0XsatA55nzMl+AHv+R39I5aD</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="L4eEZgSWZaaUBpxEieN8+Cf1PGQ=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPZROL0YMgevGoYj+gDWWz3dbFzSbsTsQS6l/x4kERr/4Qb/4bN20FFX0w8Hhvhpl5USqFAUI+nKnpmdm5+YXF0tLyyuqau75RN0mmGa+xRCa6GVHDpVC8BgIkb6aa0ziSvBHdnBZ+45ZrIxJ1BYOUhzHtK9ETjIKVOu4mdPLL4VHgkzbwO8iVGZY6bplUDg/2/eo+JhVCAs/3CuIH1b0q9qxSoIwmOO+47+1uwrKYK2CSGtPySAphTjUIJvmw1M4MTym7oX3eslTRmJswHx0/xDtW6eJeom0pwCP1+0ROY2MGcWQ7YwrX5rdXiH95rQx6B2EuVJoBV2y8qJdJDAkuksBdoTkDObCEMi3srZhdU00Z2LyKEL4+xf+Tul/xSMW7IOXjk0kcC2gLbaNd5KEAHaMzdI5qiKEBekBP6Nm5dx6dF+d13DrlTGY20Q84b59ui5Se</latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>
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⇣ = �108�, R = 1267m, VEM = 35.67
<latexit sha1_base64="DfUwtUEwiNGTOQ3mARqayO4BBzI="></latexit><latexit sha1_base64="l5L5MmSX0kwCT0Qo1kIHd9DcCsc="></latexit><latexit sha1_base64="l5L5MmSX0kwCT0Qo1kIHd9DcCsc="></latexit><latexit sha1_base64="s8/6lJDQtma5p8bYkTSK1Z5CzRo="></latexit>

tR = 480ns
<latexit sha1_base64="OBG97hGcEu8U0ETzPz8s1DhMFVM=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfZiMLEQgjaWKkaFJMS9zUaX7O0du3NiOOJfsbFQxNYfYmfjb3HPKKjog4HHezPMzAtiJS1S+uqNjI6NT0xOTedmZufmF/KLSyc2SgwXdR6pyJwFzAoltaijRCXOYiNYGChxGvT2Mv/0ShgrI32M/Vi0QnahZVdyhk5q5wvYTo8GO+UqbaK4xlTbQa6dX6PF7epWqbxFaJHSil/yM1KqlDfLxHdKhrXa8uHbOQActPMvzU7Ek1Bo5IpZ2/BpjK2UGZRciUGumVgRM95jF6LhqGahsK304/gBWXdKh3Qj40oj+VC/T6QstLYfBq4zZHhpf3uZ+JfXSLBbbaVSxwkKzYeLuokiGJEsCdKRRnBUfUcYN9LdSvglM4yjyysL4etT8j85KRV9WvQPXRq7MMQUrMAqbIAPFajBPhxAHTj04Rbu4cG78e68R+9p2Drifc4U4Ae853cB3JaG</latexit><latexit sha1_base64="BMP6S6qbeQ5IuFUso4v0WlPCSeY=">AAAB/HicdVBNSwMxEM3Wr1q/qoIXL0ERPJVsXdp6EEq9eFSxWmhLyaZpG5rNLsmsWJb6V7x4UMSrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK/nVtXMTxprxOgtlqBs+NVwKxesgQPJGpDkNfMkv/OFh6l9ccm1EqM5gFPF2QPtK9ASjYKVOfh06yen4wKuQFvArSJQZ5zr5bVLYr5SKXgmTAiFlt+impFj29jzsWiXFdnXj5E081p6PO/mXVjdkccAVMEmNabokgnZCNQgm+TjXig2PKBvSPm9aqmjATTv5OH6Md6zSxb1Q21KAP9TvEwkNjBkFvu0MKAzMby8V//KaMfQq7USoKAau2GRRL5YYQpwmgbtCcwZyZAllWthbMRtQTRnYvNIQvj7F/5PzYsElBffEplFDE2TRJtpCu8hFZVRFR+gY1RFDI3SD7tC9c+3cOg/O46Q143zOrKMfcJ7eAVMdmEI=</latexit><latexit sha1_base64="BMP6S6qbeQ5IuFUso4v0WlPCSeY=">AAAB/HicdVBNSwMxEM3Wr1q/qoIXL0ERPJVsXdp6EEq9eFSxWmhLyaZpG5rNLsmsWJb6V7x4UMSrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK/nVtXMTxprxOgtlqBs+NVwKxesgQPJGpDkNfMkv/OFh6l9ccm1EqM5gFPF2QPtK9ASjYKVOfh06yen4wKuQFvArSJQZ5zr5bVLYr5SKXgmTAiFlt+impFj29jzsWiXFdnXj5E081p6PO/mXVjdkccAVMEmNabokgnZCNQgm+TjXig2PKBvSPm9aqmjATTv5OH6Md6zSxb1Q21KAP9TvEwkNjBkFvu0MKAzMby8V//KaMfQq7USoKAau2GRRL5YYQpwmgbtCcwZyZAllWthbMRtQTRnYvNIQvj7F/5PzYsElBffEplFDE2TRJtpCu8hFZVRFR+gY1RFDI3SD7tC9c+3cOg/O46Q143zOrKMfcJ7eAVMdmEI=</latexit><latexit sha1_base64="cEbWwTin7xbJEuP1+tXXZvcAtK0=">AAAB/HicdVBNSwMxEM36WetXtUcvwSJ4Ktla2noQil48VrEf0JaSTdM2NJtdklmxLPWvePGgiFd/iDf/jdm2goo+GHi8N8PMPC+UwgAhH87S8srq2npqI725tb2zm9nbb5gg0ozXWSAD3fKo4VIoXgcBkrdCzanvSd70xheJ37zl2ohA3cAk5F2fDpUYCEbBSr1MFnrx9fSsWCEd4HcQKzNN9zI5kj+tlArFEiZ5QspuwU1IoVw8KWLXKglyaIFaL/Pe6Qcs8rkCJqkxbZeE0I2pBsEkn6Y7keEhZWM65G1LFfW56caz46f4yCp9PAi0LQV4pn6fiKlvzMT3bKdPYWR+e4n4l9eOYFDpxkKFEXDF5osGkcQQ4CQJ3BeaM5ATSyjTwt6K2YhqysDmlYTw9Sn+nzQKeZfk3SuSq54v4kihA3SIjpGLyqiKLlEN1RFDE/SAntCzc+88Oi/O67x1yVnMZNEPOG+fczWUoQ==</latexit>

tR = 420ns
<latexit sha1_base64="ejkL+u7msnLvvXj2iSkH1MOc2Nw=">AAAB/HicbVDLSgNBEOz1GeMrGvDiZTEInsJuEPQiBL14TMQ8IFni7GSSDJmdXWZ6xWWJv+LFgyJe/RBvXvwWJ4+DJhY0FFXddHf5keAaHefLWlpeWV1bz2xkN7e2d3Zze/t1HcaKshoNRaiaPtFMcMlqyFGwZqQYCXzBGv7wauw37pnSPJS3mETMC0hf8h6nBI3UyeWxk96MLk5LThvZA6ZSj7KdXMEpOhPYi8SdkUL5oPp9BwCVTu6z3Q1pHDCJVBCtW64ToZcShZwKNsq2Y80iQoekz1qGShIw7aWT40f2sVG6di9UpiTaE/X3REoCrZPAN50BwYGe98bif14rxt65l3IZxcgknS7qxcLG0B4nYXe5YhRFYgihiptbbTogilA0eY1DcOdfXiT1UtF1im7VpHEJU2TgEI7gBFw4gzJcQwVqQCGBJ3iBV+vRerberPdp65I1m8nDH1gfP5hklj4=</latexit><latexit sha1_base64="jMuicXYimeVszYT+d92ZRUNrbAY=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5IUQTdCqRuXrdgHtKVMppN26GQSZm7EEOKvuHGhSLd+gV/gzo3f4qTtQlsPXDiccy/33uOGnCmw7S9jZXVtfWMzt5Xf3tnd2zcPDpsqiCShDRLwQLZdrChngjaAAaftUFLsu5y23PF15rfuqVQsEHcQh7Tn46FgHiMYtNQ3C9BPbtOr87LdBfoAiVBpvm8W7ZI9hbVMnDkpVo7q32xS/aj1zc/uICCRTwUQjpXqOHYIvQRLYITTNN+NFA0xGeMh7WgqsE9VL5ken1qnWhlYXiB1CbCm6u+JBPtKxb6rO30MI7XoZeJ/XicC77KXMBFGQAWZLfIibkFgZUlYAyYpAR5rgolk+laLjLDEBHReWQjO4svLpFkuOXbJqes0qmiGHDpGJ+gMOegCVdANqqEGIihGT+gFvRqPxrPxZkxmrSvGfKaA/sB4/wHppZf6</latexit><latexit sha1_base64="jMuicXYimeVszYT+d92ZRUNrbAY=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5IUQTdCqRuXrdgHtKVMppN26GQSZm7EEOKvuHGhSLd+gV/gzo3f4qTtQlsPXDiccy/33uOGnCmw7S9jZXVtfWMzt5Xf3tnd2zcPDpsqiCShDRLwQLZdrChngjaAAaftUFLsu5y23PF15rfuqVQsEHcQh7Tn46FgHiMYtNQ3C9BPbtOr87LdBfoAiVBpvm8W7ZI9hbVMnDkpVo7q32xS/aj1zc/uICCRTwUQjpXqOHYIvQRLYITTNN+NFA0xGeMh7WgqsE9VL5ken1qnWhlYXiB1CbCm6u+JBPtKxb6rO30MI7XoZeJ/XicC77KXMBFGQAWZLfIibkFgZUlYAyYpAR5rgolk+laLjLDEBHReWQjO4svLpFkuOXbJqes0qmiGHDpGJ+gMOegCVdANqqEGIihGT+gFvRqPxrPxZkxmrSvGfKaA/sB4/wHppZf6</latexit><latexit sha1_base64="HwL0N8Im+AvbVw/OOjX4vl06qos=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4Kpsi6EUoevFYxX5AG8Jmu2mXbjZhdyKGEP+KFw+KePWHePPfmLQ5aOuDgcd7M8zM8yLBNWD8baysrq1vbFa2qts7u3v75sFhV4exoqxDQxGqvkc0E1yyDnAQrB8pRgJPsJ43vS783gNTmofyHpKIOQEZS+5zSiCXXLMGbnqXXZ418RDYI6RSZ1XXrOMGnsFaJnZJ6qhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw6jDWLCJ2SMRvkVJKAaSedHZ9ZJ7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0mw0bN+xbXG9dlXFU0BE6RqfIRueohW5QG3UQRQl6Rq/ozXgyXox342PeumKUMzX0B8bnDwnMlFk=</latexit>
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⇣ = 85�, R = 1402m, VEM = 16.6
<latexit sha1_base64="iT1mi2RY2ruDn9lqkqvumvd2Atg="></latexit><latexit sha1_base64="ayHrG0pAk9x4MjOY79KLJoEZsqc="></latexit><latexit sha1_base64="ayHrG0pAk9x4MjOY79KLJoEZsqc="></latexit><latexit sha1_base64="R013qdJN/o8f9/xoeW6jxg/+tPE="></latexit>

tR = 380ns
<latexit sha1_base64="h5DZ2xFTUA2Gn5/eptr+LhJqdRA=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WphGCNpYJmI+IDni3maTLNnbO3bnxOOIf8XGQhFbf4idjb/FTWKhiQ8GHu/NMDPPjwTX6DifVmZpeWV1Lbue29jc2t7J7+41dBgryuo0FKFq+UQzwSWrI0fBWpFiJPAFa/qjy4nfvGNK81DeYBIxLyADyfucEjRSN1/Abno9Pj8tOx1k95hKPc5180Wn5ExhLxL3hxQr+7WvWwCodvMfnV5I44BJpIJo3XadCL2UKORUsHGuE2sWEToiA9Y2VJKAaS+dHj+2j4zSs/uhMiXRnqq/J1ISaJ0EvukMCA71vDcR//PaMfbLXsplFCOTdLaoHwsbQ3uShN3jilEUiSGEKm5utemQKELR5DUJwZ1/eZE0TkquU3JrJo0LmCELB3AIx+DCGVTgCqpQBwoJPMIzvFgP1pP1ar3NWjPWz0wB/sB6/wagLpZD</latexit><latexit sha1_base64="yQKgQ5s9OFsWd60dFpShU/Fns2o=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5Lowm6EUjcuW7EPaEOYTKft0MkkzNyIIdRfceNCkW79Ar/AnRu/xUnbhbYeuHA4517uvcePOFNg21/Gyura+sZmbiu/vbO7t28eHDZVGEtCGyTkoWz7WFHOBG0AA07bkaQ48Dlt+aPrzG/dU6lYKO4giagb4IFgfUYwaMkzC+Clt+Ori7LdBfoAqVDjvGcW7ZI9hbVMnDkpVo7q32xS/ah55me3F5I4oAIIx0p1HDsCN8USGOF0nO/GikaYjPCAdjQVOKDKTafHj61TrfSsfih1CbCm6u+JFAdKJYGvOwMMQ7XoZeJ/XieGftlNmYhioILMFvVjbkFoZUlYPSYpAZ5ogolk+laLDLHEBHReWQjO4svLpHlecuySU9dpVNEMOXSMTtAZctAlqqAbVEMNRFCCntALejUejWfjzZjMWleM+UwB/YHx/gPxb5f/</latexit><latexit sha1_base64="yQKgQ5s9OFsWd60dFpShU/Fns2o=">AAAB/HicbVDLSsNAFJ34rPUVLbhxEyyCq5Lowm6EUjcuW7EPaEOYTKft0MkkzNyIIdRfceNCkW79Ar/AnRu/xUnbhbYeuHA4517uvcePOFNg21/Gyura+sZmbiu/vbO7t28eHDZVGEtCGyTkoWz7WFHOBG0AA07bkaQ48Dlt+aPrzG/dU6lYKO4giagb4IFgfUYwaMkzC+Clt+Ori7LdBfoAqVDjvGcW7ZI9hbVMnDkpVo7q32xS/ah55me3F5I4oAIIx0p1HDsCN8USGOF0nO/GikaYjPCAdjQVOKDKTafHj61TrfSsfih1CbCm6u+JFAdKJYGvOwMMQ7XoZeJ/XieGftlNmYhioILMFvVjbkFoZUlYPSYpAZ5ogolk+laLDLHEBHReWQjO4svLpHlecuySU9dpVNEMOXSMTtAZctAlqqAbVEMNRFCCntALejUejWfjzZjMWleM+UwB/YHx/gPxb5f/</latexit><latexit sha1_base64="eGpu4wnJ6jlRPPHSRsXg2861/mc=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4Khs92ItQ9OKxiv2ANoTNdtMu3WzC7kQMIf4VLx4U8eoP8ea/MWlz0NYHA4/3ZpiZ50WCa8D421hZXVvf2KxsVbd3dvf2zYPDrg5jRVmHhiJUfY9oJrhkHeAgWD9SjASeYD1vel34vQemNA/lPSQRcwIyltznlEAuuWYN3PQuuzxv4iGwR0ilzqquWccNPIO1TOyS1FGJtmt+DUchjQMmgQqi9cDGETgpUcCpYFl1GGsWETolYzbIqSQB0046Oz6zTnJlZPmhykuCNVN/T6Qk0DoJvLwzIDDRi14h/ucNYvCbTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0zxo2bti3uN66KuOooCN0jE6RjS5QC92gNuogihL0jF7Rm/FkvBjvxse8dcUoZ2roD4zPHxGWlF4=</latexit>

tR = 480ns
<latexit sha1_base64="OBG97hGcEu8U0ETzPz8s1DhMFVM=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfZiMLEQgjaWKkaFJMS9zUaX7O0du3NiOOJfsbFQxNYfYmfjb3HPKKjog4HHezPMzAtiJS1S+uqNjI6NT0xOTedmZufmF/KLSyc2SgwXdR6pyJwFzAoltaijRCXOYiNYGChxGvT2Mv/0ShgrI32M/Vi0QnahZVdyhk5q5wvYTo8GO+UqbaK4xlTbQa6dX6PF7epWqbxFaJHSil/yM1KqlDfLxHdKhrXa8uHbOQActPMvzU7Ek1Bo5IpZ2/BpjK2UGZRciUGumVgRM95jF6LhqGahsK304/gBWXdKh3Qj40oj+VC/T6QstLYfBq4zZHhpf3uZ+JfXSLBbbaVSxwkKzYeLuokiGJEsCdKRRnBUfUcYN9LdSvglM4yjyysL4etT8j85KRV9WvQPXRq7MMQUrMAqbIAPFajBPhxAHTj04Rbu4cG78e68R+9p2Drifc4U4Ae853cB3JaG</latexit><latexit sha1_base64="BMP6S6qbeQ5IuFUso4v0WlPCSeY=">AAAB/HicdVBNSwMxEM3Wr1q/qoIXL0ERPJVsXdp6EEq9eFSxWmhLyaZpG5rNLsmsWJb6V7x4UMSrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK/nVtXMTxprxOgtlqBs+NVwKxesgQPJGpDkNfMkv/OFh6l9ccm1EqM5gFPF2QPtK9ASjYKVOfh06yen4wKuQFvArSJQZ5zr5bVLYr5SKXgmTAiFlt+impFj29jzsWiXFdnXj5E081p6PO/mXVjdkccAVMEmNabokgnZCNQgm+TjXig2PKBvSPm9aqmjATTv5OH6Md6zSxb1Q21KAP9TvEwkNjBkFvu0MKAzMby8V//KaMfQq7USoKAau2GRRL5YYQpwmgbtCcwZyZAllWthbMRtQTRnYvNIQvj7F/5PzYsElBffEplFDE2TRJtpCu8hFZVRFR+gY1RFDI3SD7tC9c+3cOg/O46Q143zOrKMfcJ7eAVMdmEI=</latexit><latexit sha1_base64="BMP6S6qbeQ5IuFUso4v0WlPCSeY=">AAAB/HicdVBNSwMxEM3Wr1q/qoIXL0ERPJVsXdp6EEq9eFSxWmhLyaZpG5rNLsmsWJb6V7x4UMSrv8Bf4M2Lv8WsVVDRBwOP92aYmedHUhgg5NXJTE3PzM5l53MLi0vLK/nVtXMTxprxOgtlqBs+NVwKxesgQPJGpDkNfMkv/OFh6l9ccm1EqM5gFPF2QPtK9ASjYKVOfh06yen4wKuQFvArSJQZ5zr5bVLYr5SKXgmTAiFlt+impFj29jzsWiXFdnXj5E081p6PO/mXVjdkccAVMEmNabokgnZCNQgm+TjXig2PKBvSPm9aqmjATTv5OH6Md6zSxb1Q21KAP9TvEwkNjBkFvu0MKAzMby8V//KaMfQq7USoKAau2GRRL5YYQpwmgbtCcwZyZAllWthbMRtQTRnYvNIQvj7F/5PzYsElBffEplFDE2TRJtpCu8hFZVRFR+gY1RFDI3SD7tC9c+3cOg/O46Q143zOrKMfcJ7eAVMdmEI=</latexit><latexit sha1_base64="cEbWwTin7xbJEuP1+tXXZvcAtK0=">AAAB/HicdVBNSwMxEM36WetXtUcvwSJ4Ktla2noQil48VrEf0JaSTdM2NJtdklmxLPWvePGgiFd/iDf/jdm2goo+GHi8N8PMPC+UwgAhH87S8srq2npqI725tb2zm9nbb5gg0ozXWSAD3fKo4VIoXgcBkrdCzanvSd70xheJ37zl2ohA3cAk5F2fDpUYCEbBSr1MFnrx9fSsWCEd4HcQKzNN9zI5kj+tlArFEiZ5QspuwU1IoVw8KWLXKglyaIFaL/Pe6Qcs8rkCJqkxbZeE0I2pBsEkn6Y7keEhZWM65G1LFfW56caz46f4yCp9PAi0LQV4pn6fiKlvzMT3bKdPYWR+e4n4l9eOYFDpxkKFEXDF5osGkcQQ4CQJ3BeaM5ATSyjTwt6K2YhqysDmlYTw9Sn+nzQKeZfk3SuSq54v4kihA3SIjpGLyqiKLlEN1RFDE/SAntCzc+88Oi/O67x1yVnMZNEPOG+fczWUoQ==</latexit>

ea
rly

lat
e

log(E/eV) = 19.50, (✓, �) = (44.35�, 344.61�)
<latexit sha1_base64="yGulBhOZH2YSJ6YvZBMaxyaGX6o="></latexit>

Figure 6.3: An example of an event map with 16 SDs triggered.
Around the map, the waveforms FADC with the integration of sig-
nals. The black star mark is the core location and the waveforms
correspond to all SDs close to the core. The SDs marked in circles
with red represent those weak signals and those with black circles are
possible accidental particles.
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 720ns
<latexit sha1_base64="GpE8v3ECqyqy/rvyv0E6fEYmrEo=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfbOYLQQgjaWKkaFJMS9zUYX9/aO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hWMbp4aLOo9VbE5DZoWSWtRRohKniREsCpU4CS93c//kShgrY32EvUS0InauZVdyhk5qF0vYzg7729WANlFcY6Ztv9AurtDy1uZGUNkgtExp1Q/8nATVynqF+E7JsVJbPHg7A4D9dvGl2Yl5GgmNXDFrGz5NsJUxg5Ir0S80UysSxi/ZuWg4qlkkbCv7OL5PVp3SId3YuNJIPtTvExmLrO1FoeuMGF7Y314u/uU1UuxutjKpkxSF5oNF3VQRjEmeBOlIIziqniOMG+luJfyCGcbR5ZWH8PUp+Z8cB2Wflv0Dl8YODDABS7AMa+BDFWqwB/tQBw49uIV7ePBuvDvv0XsatA55nzMl+AHv+R39I5aD</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="L4eEZgSWZaaUBpxEieN8+Cf1PGQ=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPZROL0YMgevGoYj+gDWWz3dbFzSbsTsQS6l/x4kERr/4Qb/4bN20FFX0w8Hhvhpl5USqFAUI+nKnpmdm5+YXF0tLyyuqau75RN0mmGa+xRCa6GVHDpVC8BgIkb6aa0ziSvBHdnBZ+45ZrIxJ1BYOUhzHtK9ETjIKVOu4mdPLL4VHgkzbwO8iVGZY6bplUDg/2/eo+JhVCAs/3CuIH1b0q9qxSoIwmOO+47+1uwrKYK2CSGtPySAphTjUIJvmw1M4MTym7oX3eslTRmJswHx0/xDtW6eJeom0pwCP1+0ROY2MGcWQ7YwrX5rdXiH95rQx6B2EuVJoBV2y8qJdJDAkuksBdoTkDObCEMi3srZhdU00Z2LyKEL4+xf+Tul/xSMW7IOXjk0kcC2gLbaNd5KEAHaMzdI5qiKEBekBP6Nm5dx6dF+d13DrlTGY20Q84b59ui5Se</latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>

Lower layer tRUpper layer tR

R [km]
1

]2
 [V

EM
/m

ρ

1

10

210

310

R [km]
1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ  34.73 / 16

    1A   4823± 9.049e+04 

 / ndf 2χ  34.73 / 16

    1A   4823± 9.049e+04 

R [km]
1

]2
 [V

EM
/m

ρ

1

10

210

310

 / ndf 2χ  34.73 / 16

    1A   4823± 9.049e+04 

 / ndf 2χ  34.73 / 16

    1A   4823± 9.049e+04 

Bin
0 20 40 60 80 100 120

Fa
dc

0

50

100

150

SD 517
Upper Layer
Lower Layer

SD 517

Bin
0 20 40 60 80 100 120

In
te

gr
al

 o
f W

av
ef

or
m

0

200

400

600

⇣ = �135�, R = 1910m, VEM = 11.8
<latexit sha1_base64="lZXC0sy5XWex8Y5Od/KsEYXBqks="></latexit><latexit sha1_base64="6iq1HtfQo1zo191mhZXNabLAuak="></latexit><latexit sha1_base64="6iq1HtfQo1zo191mhZXNabLAuak="></latexit><latexit sha1_base64="1f/fk7xOO7DGEObMLdNvyCputbw="></latexit>

tR = 1520ns
<latexit sha1_base64="TUdm1qaxHSXrN5fp7wpvZviGmzM=">AAAB/XicbVDJSgNBEK2JW4xbXPDiZTAInsJMQPQiBL14TMQskITY0+kkTXp6hu4aMQ6Dv+LFgyJe/Q9vXvwWO8tBEx8UPN6roqqeFwqu0XG+rNTC4tLySno1s7a+sbmV3d6p6iBSlFVoIAJV94hmgktWQY6C1UPFiO8JVvMGlyO/dseU5oG8wWHIWj7pSd7llKCR2tk9bMfXybl7UnCayO4xljrJtLM5J++MYc8Td0pyxf3y9y0AlNrZz2YnoJHPJFJBtG64ToitmCjkVLAk04w0CwkdkB5rGCqJz3QrHl+f2EdG6djdQJmSaI/V3xMx8bUe+p7p9An29aw3Ev/zGhF2z1oxl2GETNLJom4kbAzsURR2hytGUQwNIVRxc6tN+0QRiiawUQju7MvzpFrIu07eLZs0LmCCNBzAIRyDC6dQhCsoQQUoPMATvMCr9Wg9W2/W+6Q1ZU1nduEPrI8fDkWWeg==</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="o9pmPZeApt3gBtmJAb9FPwbdttg=">AAAB8nicbZDNSsNAFIVv6l+tVaO4cxMsgqsyKYhuBMGNyyq2FdoQJtNpO3QyCTM3Yg3BV3HjQhEfxp1vY9J2oa0HBj7OmeHeOUEshUFCvq3Syura+kZ5s7JV3d7ZtfeqbRMlmvEWi2Sk7wNquBSKt1Cg5Pex5jQMJO8E46si7zxwbUSk7nAScy+kQyUGglHMLd8+QD+9zS7c0wbpIX/EVJms4ts1UidTOcvgzqEGczV9+6vXj1gScoVMUmO6LonRS6lGwSTPKr3E8JiyMR3ybo6Khtx46XT7zDnOnb4ziHR+FDpT9/eLlIbGTMIgvxlSHJnFrDD/y7oJDs69VKg4Qa7YbNAgkQ5GTlGF0xeaM5STHCjTIt/VYSOqKcO8sKIEd/HLy9Bu1F1Sd28IlOEQjuAEXDiDS7iGJrSAwRO8wBu8W8/Wq/Uxq6tkzXvbhz+yPn8AHD+TMQ==</latexit><latexit sha1_base64="o9pmPZeApt3gBtmJAb9FPwbdttg=">AAAB8nicbZDNSsNAFIVv6l+tVaO4cxMsgqsyKYhuBMGNyyq2FdoQJtNpO3QyCTM3Yg3BV3HjQhEfxp1vY9J2oa0HBj7OmeHeOUEshUFCvq3Syura+kZ5s7JV3d7ZtfeqbRMlmvEWi2Sk7wNquBSKt1Cg5Pex5jQMJO8E46si7zxwbUSk7nAScy+kQyUGglHMLd8+QD+9zS7c0wbpIX/EVJms4ts1UidTOcvgzqEGczV9+6vXj1gScoVMUmO6LonRS6lGwSTPKr3E8JiyMR3ybo6Khtx46XT7zDnOnb4ziHR+FDpT9/eLlIbGTMIgvxlSHJnFrDD/y7oJDs69VKg4Qa7YbNAgkQ5GTlGF0xeaM5STHCjTIt/VYSOqKcO8sKIEd/HLy9Bu1F1Sd28IlOEQjuAEXDiDS7iGJrSAwRO8wBu8W8/Wq/Uxq6tkzXvbhz+yPn8AHD+TMQ==</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit>

tR = 80ns
<latexit sha1_base64="WX7DF4EsnUp0V4QmPwI38toq8S4=">AAAB+3icdVA9SwNBEJ3z2/gVI9jYLIpgFfZiMLEQRBtLFaNCEuLeZqOLe3vH7pwkHPdXbCwUsfWP2Nn4W9wzCir6YODx3gwz84JYSYuUvnojo2PjE5NT04WZ2bn5heJi6dRGieGiwSMVmfOAWaGkFg2UqMR5bAQLAyXOguv93D+7EcbKSJ/gIBbtkF1q2ZOcoZM6xRJ20uNsp05bKPqYapsVOsU1Wt6ub1WqW4SWKa35FT8nlVp1s0p8p+RY210+ersAgMNO8aXVjXgSCo1cMWubPo2xnTKDkiuRFVqJFTHj1+xSNB3VLBS2nX7cnpF1p3RJLzKuNJIP9ftEykJrB2HgOkOGV/a3l4t/ec0Ee/V2KnWcoNB8uKiXKIIRyYMgXWkERzVwhHEj3a2EXzHDOLq48hC+PiX/k9NK2adl/8ilsQdDTMEKrMIG+FCDXTiAQ2gAhz7cwj08eJl35z16T8PWEe9zZgl+wHt+B4kOlkg=</latexit><latexit sha1_base64="ktBBSUqjUm/p+G/snK+sei8vZPs=">AAAB+3icdVBNSwMxEM3Wr1q/agUvXoJF8FSytdh6EEq9eFSxVmhLyaapDc1ml2RWLMv+FS8eFNGj/8Bf4M2Lv8WsVVDRBwOP92aYmeeFUhgg5NXJTE3PzM5l53MLi0vLK/nVwpkJIs14kwUy0OceNVwKxZsgQPLzUHPqe5K3vNFB6rcuuTYiUKcwDnnXpxdKDASjYKVevgC9+CTZr5EO8CuIlUlyvXyRlPZqu+XKLiYlQqpu2U1JuVrZqWDXKimK9fXjN/HYeD7q5V86/YBFPlfAJDWm7ZIQujHVIJjkSa4TGR5SNqIXvG2poj433fjj9gRvWaWPB4G2pQB/qN8nYuobM/Y92+lTGJrfXir+5bUjGNS6sVBhBFyxyaJBJDEEOA0C94XmDOTYEsq0sLdiNqSaMrBxpSF8fYr/J2flkktK7rFNo4EmyKINtIm2kYuqqI4O0RFqIoau0DW6RXdO4tw4987DpDXjfM6soR9wnt4B2k+YBA==</latexit><latexit sha1_base64="ktBBSUqjUm/p+G/snK+sei8vZPs=">AAAB+3icdVBNSwMxEM3Wr1q/agUvXoJF8FSytdh6EEq9eFSxVmhLyaapDc1ml2RWLMv+FS8eFNGj/8Bf4M2Lv8WsVVDRBwOP92aYmeeFUhgg5NXJTE3PzM5l53MLi0vLK/nVwpkJIs14kwUy0OceNVwKxZsgQPLzUHPqe5K3vNFB6rcuuTYiUKcwDnnXpxdKDASjYKVevgC9+CTZr5EO8CuIlUlyvXyRlPZqu+XKLiYlQqpu2U1JuVrZqWDXKimK9fXjN/HYeD7q5V86/YBFPlfAJDWm7ZIQujHVIJjkSa4TGR5SNqIXvG2poj433fjj9gRvWaWPB4G2pQB/qN8nYuobM/Y92+lTGJrfXir+5bUjGNS6sVBhBFyxyaJBJDEEOA0C94XmDOTYEsq0sLdiNqSaMrBxpSF8fYr/J2flkktK7rFNo4EmyKINtIm2kYuqqI4O0RFqIoau0DW6RXdO4tw4987DpDXjfM6soR9wnt4B2k+YBA==</latexit><latexit sha1_base64="pS72CnjdejZmZuMjoHDRleDnVok=">AAAB+3icdVBNSwMxEM36WetX1aOXYBE8lWwtth6EohePKtYK7bJk07QNzWaXZFYsy/4VLx4U8eof8ea/MdtWUNEHA4/3ZpiZF8RSGCDkw5mbX1hcWi6sFFfX1jc2S1vbNyZKNOMtFslI3wbUcCkUb4EAyW9jzWkYSN4ORme5377j2ohIXcM45l5IB0r0BaNgJb+0DX56lZ00SBf4PaTKZEW/VCaV48ZRtXaESYWQult1c1Kt1w5r2LVKjjKa4cIvvXd7EUtCroBJakzHJTF4KdUgmORZsZsYHlM2ogPesVTRkBsvndye4X2r9HA/0rYU4In6fSKloTHjMLCdIYWh+e3l4l9eJ4F+w0uFihPgik0X9ROJIcJ5ELgnNGcgx5ZQpoW9FbMh1ZSBjSsP4etT/D+5qVZcUnEvSbl5OoujgHbRHjpALqqjJjpHF6iFGLpHD+gJPTuZ8+i8OK/T1jlnNrODfsB5+wT6Z5Rj</latexit>
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⇣ = 121, R = 2464m, VEM = 4.7

<latexit sha1_base64="mk4Tc8sp/7W4/HQJqwG4ez3fyDQ="></latexit>

tR = 40ns
<latexit sha1_base64="pXOtXyDEoX73nlJHrqlPTXeILWM=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkt6EUoevFYxX5AG8Jmu2mXbjZhd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxnczvzOhUrFYPOlpQr0IDwULGcHaSL5taz97zNFN3enLKBMq9+2KU3XmQKvELUgFCjR9+6s/iEkaUaEJx0r1XCfRXoalZoTTvNxPFU0wGeMh7RkqcESVl80vz9G5UQYojKUpodFc/T2R4UipaRSYzgjrkVr2ZuJ/Xi/V4bWXMZGkmgqyWBSmHOkYzWJAAyYp0XxqCCaSmVsRGWGJiTZhlU0I7vLLq6Rdq7qX1dpDvdK4LeIowSmcwQW4cAUNuIcmtIDABJ7hFd6szHqx3q2PReuaVcycwB9Ynz8BxJNB</latexit>

tR = 40ns
<latexit sha1_base64="2oUcK8zxZpXrhM9evd7IxOgWRe0=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0UQFyVJQ1sXQsGNyyr2AW0ok+mkHTqZhJlJoYT8iRsXirj1T9z5N07aCip64MLhnHu59x4/ZlQqy/owCmvrG5tbxe3Szu7e/oF5eNSRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj+9zv3ujAhJI36v5jHxQjTmNKAYKS0NTVMN07sMXrnWQIQpl9nQLFuVy0bNcWvQqlhW3XbsnDh1t+pCWys5ymCF1tB8H4winISEK8yQlH3bipWXIqEoZiQrDRJJYoSnaEz6mnIUEumli8szeKaVEQwioYsruFC/T6QolHIe+rozRGoif3u5+JfXT1TQ8FLK40QRjpeLgoRBFcE8BjiigmDF5pogLKi+FeIJEggrHVZJh/D1KfyfdJyKXa04t265ebGKowhOwCk4Bzaogya4AS3QBhjMwAN4As9GajwaL8brsrVgrGaOwQ8Yb59am5Nr</latexit>
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⇣ = �5, R = 2197m, VEM = 7.3

<latexit sha1_base64="W5BhnFC80XEm524xA6Ysnn9NdZY="></latexit>

tR = 1440ns
<latexit sha1_base64="CZAYDqMHLI3Yrj47hugS4fPDbPc=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5LUgl6EohePVewHtCFsttt26WYTdidiCfkrXjwo4tU/4s1/47bNQVsfDDzem2FmXhALrsFxvq3C2vrG5lZxu7Szu7d/YB+W2zpKFGUtGolIdQOimeCStYCDYN1YMRIGgnWCyc3M7zwypXkkH2AaMy8kI8mHnBIwkm+XwU/vM3zl1utOX4Wp1JlvV5yqMwdeJW5OKihH07e/+oOIJiGTQAXRuuc6MXgpUcCpYFmpn2gWEzohI9YzVJKQaS+d357hU6MM8DBSpiTgufp7IiWh1tMwMJ0hgbFe9mbif14vgeGll3IZJ8AkXSwaJgJDhGdB4AFXjIKYGkKo4uZWTMdEEQomrpIJwV1+eZW0a1X3vFq7q1ca13kcRXSMTtAZctEFaqBb1EQtRNETekav6M3KrBfr3fpYtBasfOYI/YH1+QPtzpO6</latexit>

tR = 1400ns
<latexit sha1_base64="WteG4Db/jaK3vLzWbRKJKkIOmtQ=">AAAB+3icdVBNSwMxEM3Wr1q/1nr0EixCTyW7Xdp6EApePFaxrdCWkk3TNjSbXZKsWJb9K148KOLVP+LNf2O2raCiDwYe780wM8+POFMaoQ8rt7a+sbmV3y7s7O7tH9iHxY4KY0lom4Q8lLc+VpQzQduaaU5vI0lx4HPa9WcXmd+9o1KxUNzoeUQHAZ4INmYEayMN7aIeJtcpPHc8hPoySIRKh3YJVc4aNderQVRBqO64Tkbculf1oGOUDCWwQmtov/dHIYkDKjThWKmegyI9SLDUjHCaFvqxohEmMzyhPUMFDqgaJIvbU3hqlBEch9KU0HChfp9IcKDUPPBNZ4D1VP32MvEvrxfrcWOQMBHFmgqyXDSOOdQhzIKAIyYp0XxuCCaSmVshmWKJiTZxFUwIX5/C/0nHrTjVinvllZrlVRx5cAxOQBk4oA6a4BK0QBsQcA8ewBN4tlLr0XqxXpetOWs1cwR+wHr7BD/qk94=</latexit>
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⇣ = �92, R = 2393m, VEM = 6.3

<latexit sha1_base64="R7PdnlhV6VUC8wvqy7/C5k1yVEE="></latexit>

tR = 920ns
<latexit sha1_base64="ZhFwvspgCGhoSiRlJHMupfnKikI=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIqqAeh6MVjFfsBbSib7aZdutmE3Y1SYn6KFw+KePWXePPfuG1z0NYHA4/3ZpiZ58ecKe0439bS8srq2npho7i5tb2za5f2mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9cTv/VApWKRuNfjmHohHggWMIK1kXp2SffSuwxdXlSdrgxTobKeXXYqzhRokbg5KUOOes/+6vYjkoRUaMKxUh3XibWXYqkZ4TQrdhNFY0xGeEA7hgocUuWl09MzdGSUPgoiaUpoNFV/T6Q4VGoc+qYzxHqo5r2J+J/XSXRw7qVMxImmgswWBQlHOkKTHFCfSUo0HxuCiWTmVkSGWGKiTVpFE4I7//IiaVYr7kmlentarl3lcRTgAA7hGFw4gxrcQB0aQOARnuEV3qwn68V6tz5mrUtWPrMPf2B9/gB+rJOC</latexit>

tR = 1420ns
<latexit sha1_base64="GkzImUC6g0YHQrR4GbwezY9LD5s=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBHERUnS0NaFUHDjsop9QBvCZDpth04mYWYilpBfceNCEbf+iDv/xklbQUUPXDiccy/33hPEjEplWR/Gyura+sZmYau4vbO7t28elDoySgQmbRyxSPQCJAmjnLQVVYz0YkFQGDDSDaaXud+9I0LSiN+qWUy8EI05HVGMlJZ8s6T89CaDF7brWAMRplxmvlm2KueNmuPWoFWxrLrt2Dlx6m7VhbZWcpTBEi3ffB8MI5yEhCvMkJR924qVlyKhKGYkKw4SSWKEp2hM+ppyFBLppfPbM3iilSEcRUIXV3Cufp9IUSjlLAx0Z4jURP72cvEvr5+oUcNLKY8TRTheLBolDKoI5kHAIRUEKzbTBGFB9a0QT5BAWOm4ijqEr0/h/6TjVOxqxbl2y82zZRwFcASOwSmwQR00wRVogTbA4B48gCfwbGTGo/FivC5aV4zlzCH4AePtE0Ock+I=</latexit>
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⇣ = �62, R = 2204m, VEM = 1.9

<latexit sha1_base64="tJi9/rTal9r37pQjRcCrBZ4Feus="></latexit>

tR = 60ns
<latexit sha1_base64="Zn6oogt6ZBHHDLA492cy4c6tuMs=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkkV9SIUvXisYj+gDWGz3bRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t2weHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho7up3x5TqVgsnvQkoV6EB4KFjGBtJN+2tZ895ujm0unJKBMq9+2KU3VmQMvELUgFCjR8+6vXj0kaUaEJx0p1XSfRXoalZoTTvNxLFU0wGeEB7RoqcESVl80uz9GpUfoojKUpodFM/T2R4UipSRSYzgjroVr0puJ/XjfV4bWXMZGkmgoyXxSmHOkYTWNAfSYp0XxiCCaSmVsRGWKJiTZhlU0I7uLLy6RVq7rn1drDRaV+W8RRgmM4gTNw4QrqcA8NaAKBMTzDK7xZmfVivVsf89YVq5g5gj+wPn8ABNyTQw==</latexit>

tR = 40ns
<latexit sha1_base64="2oUcK8zxZpXrhM9evd7IxOgWRe0=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0UQFyVJQ1sXQsGNyyr2AW0ok+mkHTqZhJlJoYT8iRsXirj1T9z5N07aCip64MLhnHu59x4/ZlQqy/owCmvrG5tbxe3Szu7e/oF5eNSRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj+9zv3ujAhJI36v5jHxQjTmNKAYKS0NTVMN07sMXrnWQIQpl9nQLFuVy0bNcWvQqlhW3XbsnDh1t+pCWys5ymCF1tB8H4winISEK8yQlH3bipWXIqEoZiQrDRJJYoSnaEz6mnIUEumli8szeKaVEQwioYsruFC/T6QolHIe+rozRGoif3u5+JfXT1TQ8FLK40QRjpeLgoRBFcE8BjiigmDF5pogLKi+FeIJEggrHVZJh/D1KfyfdJyKXa04t265ebGKowhOwCk4Bzaogya4AS3QBhjMwAN4As9GajwaL8brsrVgrGaOwQ8Yb59am5Nr</latexit>
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⇣ = �38, R = 2360m, VEM = 4.0

<latexit sha1_base64="TdHxpkkESCb8ccQ3dnK8uIXjHrI="></latexit>

tR = 180ns
<latexit sha1_base64="RWKtkfkDG+aS3vHSiIKHrbxfx/A=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwIcPMtLR1IRTcuKxiH9CWIZOmbWiSGZKMUsZ+ihsXirj1S9z5N2baCip64MLhnHu5954gYlRpx/mwMiura+sb2c3c1vbO7l6+sN9SYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIO5hcpH77lkhFQ3GjpxHpczQSdEgx0kby8wXtJ9czeO7WnJ7kiVAzP1907LNaxStXoGM7TtX13JR41XKpDF2jpCiCJRp+/r03CHHMidCYIaW6rhPpfoKkppiRWa4XKxIhPEEj0jVUIE5UP5mfPoPHRhnAYShNCQ3n6veJBHGlpjwwnRzpsfrtpeJfXjfWw1o/oSKKNRF4sWgYM6hDmOYAB1QSrNnUEIQlNbdCPEYSYW3SypkQvj6F/5OWZ7sl27sqF+unyziy4BAcgRPggiqog0vQAE2AwR14AE/g2bq3Hq0X63XRmrGWMwfgB6y3T9T9k6w=</latexit>

tR = 200ns
<latexit sha1_base64="06JP6yEagOfKRno93oOghQ/T9NU=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCeChJFfQiFLx4rGI/oA1hs922SzebsDtRSsxP8eJBEa/+Em/+G7dtDtr6YODx3gwz84JYcA2O820VVlbX1jeKm6Wt7Z3dPbu839JRoihr0khEqhMQzQSXrAkcBOvEipEwEKwdjK+nfvuBKc0jeQ+TmHkhGUo+4JSAkXy7DH56l+GrmuP0VJhKnfl2xak6M+Bl4uakgnI0fPur149oEjIJVBCtu64Tg5cSBZwKlpV6iWYxoWMyZF1DJQmZ9tLZ6Rk+NkofDyJlSgKeqb8nUhJqPQkD0xkSGOlFbyr+53UTGFx6KZdxAkzS+aJBIjBEeJoD7nPFKIiJIYQqbm7FdEQUoWDSKpkQ3MWXl0mrVnXPqrXb80r9NI+jiA7RETpBLrpAdXSDGqiJKHpEz+gVvVlP1ov1bn3MWwtWPnOA/sD6/AFpgZNh</latexit>

Figure 6.4: These plots are the scatter plot is the risetime versus
R measured for the upper and lower layer.

Figure 6.3 is one example of event with the respective waveforms and the calcu-

lation of the width time of risetime through of the integrated waveform from 10 %



6.2. Quality of waveform to determine the risetime 101

to 50 %. The risetime as function core distance is calculated for upper and lower

signals respectively as shown on Figure 6.4. At 0 km is located the core and the

right side of risetime are the early SDs hit and the left are the late and both data

are fitted with a linear function.

While the distance to core increases the signals become weaker, in the event

example at distance closely to 2 km and higher, the FADC pulses decrease which

causes the width of risetime, (tR), become smaller as shown in the Figure 6.4 for

both cases of the upper and lower layer. Figures 6.5, both the VEM charge are 4.7

and 1.9 respectively. And the risetime calculated for the respective is also low in the

order of 0.04 [µs] and this example vary considering the primary energy, this case

corresponds to 1019.50 eV, but for energy (E < 1019.00 eV) the signals of secondary

particles also are become weaks signals starting at a close distance to core e.g. at

1200 m.
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 720ns
<latexit sha1_base64="GpE8v3ECqyqy/rvyv0E6fEYmrEo=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfbOYLQQgjaWKkaFJMS9zUYX9/aO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hWMbp4aLOo9VbE5DZoWSWtRRohKniREsCpU4CS93c//kShgrY32EvUS0InauZVdyhk5qF0vYzg7729WANlFcY6Ztv9AurtDy1uZGUNkgtExp1Q/8nATVynqF+E7JsVJbPHg7A4D9dvGl2Yl5GgmNXDFrGz5NsJUxg5Ir0S80UysSxi/ZuWg4qlkkbCv7OL5PVp3SId3YuNJIPtTvExmLrO1FoeuMGF7Y314u/uU1UuxutjKpkxSF5oNF3VQRjEmeBOlIIziqniOMG+luJfyCGcbR5ZWH8PUp+Z8cB2Wflv0Dl8YODDABS7AMa+BDFWqwB/tQBw49uIV7ePBuvDvv0XsatA55nzMl+AHv+R39I5aD</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="L4eEZgSWZaaUBpxEieN8+Cf1PGQ=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPZROL0YMgevGoYj+gDWWz3dbFzSbsTsQS6l/x4kERr/4Qb/4bN20FFX0w8Hhvhpl5USqFAUI+nKnpmdm5+YXF0tLyyuqau75RN0mmGa+xRCa6GVHDpVC8BgIkb6aa0ziSvBHdnBZ+45ZrIxJ1BYOUhzHtK9ETjIKVOu4mdPLL4VHgkzbwO8iVGZY6bplUDg/2/eo+JhVCAs/3CuIH1b0q9qxSoIwmOO+47+1uwrKYK2CSGtPySAphTjUIJvmw1M4MTym7oX3eslTRmJswHx0/xDtW6eJeom0pwCP1+0ROY2MGcWQ7YwrX5rdXiH95rQx6B2EuVJoBV2y8qJdJDAkuksBdoTkDObCEMi3srZhdU00Z2LyKEL4+xf+Tul/xSMW7IOXjk0kcC2gLbaNd5KEAHaMzdI5qiKEBekBP6Nm5dx6dF+d13DrlTGY20Q84b59ui5Se</latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>
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⇣ = �135�, R = 1910m, VEM = 11.8
<latexit sha1_base64="lZXC0sy5XWex8Y5Od/KsEYXBqks="></latexit><latexit sha1_base64="6iq1HtfQo1zo191mhZXNabLAuak="></latexit><latexit sha1_base64="6iq1HtfQo1zo191mhZXNabLAuak="></latexit><latexit sha1_base64="1f/fk7xOO7DGEObMLdNvyCputbw="></latexit>

tR = 1520ns
<latexit sha1_base64="TUdm1qaxHSXrN5fp7wpvZviGmzM=">AAAB/XicbVDJSgNBEK2JW4xbXPDiZTAInsJMQPQiBL14TMQskITY0+kkTXp6hu4aMQ6Dv+LFgyJe/Q9vXvwWO8tBEx8UPN6roqqeFwqu0XG+rNTC4tLySno1s7a+sbmV3d6p6iBSlFVoIAJV94hmgktWQY6C1UPFiO8JVvMGlyO/dseU5oG8wWHIWj7pSd7llKCR2tk9bMfXybl7UnCayO4xljrJtLM5J++MYc8Td0pyxf3y9y0AlNrZz2YnoJHPJFJBtG64ToitmCjkVLAk04w0CwkdkB5rGCqJz3QrHl+f2EdG6djdQJmSaI/V3xMx8bUe+p7p9An29aw3Ev/zGhF2z1oxl2GETNLJom4kbAzsURR2hytGUQwNIVRxc6tN+0QRiiawUQju7MvzpFrIu07eLZs0LmCCNBzAIRyDC6dQhCsoQQUoPMATvMCr9Wg9W2/W+6Q1ZU1nduEPrI8fDkWWeg==</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="o9pmPZeApt3gBtmJAb9FPwbdttg=">AAAB8nicbZDNSsNAFIVv6l+tVaO4cxMsgqsyKYhuBMGNyyq2FdoQJtNpO3QyCTM3Yg3BV3HjQhEfxp1vY9J2oa0HBj7OmeHeOUEshUFCvq3Syura+kZ5s7JV3d7ZtfeqbRMlmvEWi2Sk7wNquBSKt1Cg5Pex5jQMJO8E46si7zxwbUSk7nAScy+kQyUGglHMLd8+QD+9zS7c0wbpIX/EVJms4ts1UidTOcvgzqEGczV9+6vXj1gScoVMUmO6LonRS6lGwSTPKr3E8JiyMR3ybo6Khtx46XT7zDnOnb4ziHR+FDpT9/eLlIbGTMIgvxlSHJnFrDD/y7oJDs69VKg4Qa7YbNAgkQ5GTlGF0xeaM5STHCjTIt/VYSOqKcO8sKIEd/HLy9Bu1F1Sd28IlOEQjuAEXDiDS7iGJrSAwRO8wBu8W8/Wq/Uxq6tkzXvbhz+yPn8AHD+TMQ==</latexit><latexit sha1_base64="o9pmPZeApt3gBtmJAb9FPwbdttg=">AAAB8nicbZDNSsNAFIVv6l+tVaO4cxMsgqsyKYhuBMGNyyq2FdoQJtNpO3QyCTM3Yg3BV3HjQhEfxp1vY9J2oa0HBj7OmeHeOUEshUFCvq3Syura+kZ5s7JV3d7ZtfeqbRMlmvEWi2Sk7wNquBSKt1Cg5Pex5jQMJO8E46si7zxwbUSk7nAScy+kQyUGglHMLd8+QD+9zS7c0wbpIX/EVJms4ts1UidTOcvgzqEGczV9+6vXj1gScoVMUmO6LonRS6lGwSTPKr3E8JiyMR3ybo6Khtx46XT7zDnOnb4ziHR+FDpT9/eLlIbGTMIgvxlSHJnFrDD/y7oJDs69VKg4Qa7YbNAgkQ5GTlGF0xeaM5STHCjTIt/VYSOqKcO8sKIEd/HLy9Bu1F1Sd28IlOEQjuAEXDiDS7iGJrSAwRO8wBu8W8/Wq/Uxq6tkzXvbhz+yPn8AHD+TMQ==</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit>

tR = 80ns
<latexit sha1_base64="WX7DF4EsnUp0V4QmPwI38toq8S4=">AAAB+3icdVA9SwNBEJ3z2/gVI9jYLIpgFfZiMLEQRBtLFaNCEuLeZqOLe3vH7pwkHPdXbCwUsfWP2Nn4W9wzCir6YODx3gwz84JYSYuUvnojo2PjE5NT04WZ2bn5heJi6dRGieGiwSMVmfOAWaGkFg2UqMR5bAQLAyXOguv93D+7EcbKSJ/gIBbtkF1q2ZOcoZM6xRJ20uNsp05bKPqYapsVOsU1Wt6ub1WqW4SWKa35FT8nlVp1s0p8p+RY210+ersAgMNO8aXVjXgSCo1cMWubPo2xnTKDkiuRFVqJFTHj1+xSNB3VLBS2nX7cnpF1p3RJLzKuNJIP9ftEykJrB2HgOkOGV/a3l4t/ec0Ee/V2KnWcoNB8uKiXKIIRyYMgXWkERzVwhHEj3a2EXzHDOLq48hC+PiX/k9NK2adl/8ilsQdDTMEKrMIG+FCDXTiAQ2gAhz7cwj08eJl35z16T8PWEe9zZgl+wHt+B4kOlkg=</latexit><latexit sha1_base64="ktBBSUqjUm/p+G/snK+sei8vZPs=">AAAB+3icdVBNSwMxEM3Wr1q/agUvXoJF8FSytdh6EEq9eFSxVmhLyaapDc1ml2RWLMv+FS8eFNGj/8Bf4M2Lv8WsVVDRBwOP92aYmeeFUhgg5NXJTE3PzM5l53MLi0vLK/nVwpkJIs14kwUy0OceNVwKxZsgQPLzUHPqe5K3vNFB6rcuuTYiUKcwDnnXpxdKDASjYKVevgC9+CTZr5EO8CuIlUlyvXyRlPZqu+XKLiYlQqpu2U1JuVrZqWDXKimK9fXjN/HYeD7q5V86/YBFPlfAJDWm7ZIQujHVIJjkSa4TGR5SNqIXvG2poj433fjj9gRvWaWPB4G2pQB/qN8nYuobM/Y92+lTGJrfXir+5bUjGNS6sVBhBFyxyaJBJDEEOA0C94XmDOTYEsq0sLdiNqSaMrBxpSF8fYr/J2flkktK7rFNo4EmyKINtIm2kYuqqI4O0RFqIoau0DW6RXdO4tw4987DpDXjfM6soR9wnt4B2k+YBA==</latexit><latexit sha1_base64="ktBBSUqjUm/p+G/snK+sei8vZPs=">AAAB+3icdVBNSwMxEM3Wr1q/agUvXoJF8FSytdh6EEq9eFSxVmhLyaapDc1ml2RWLMv+FS8eFNGj/8Bf4M2Lv8WsVVDRBwOP92aYmeeFUhgg5NXJTE3PzM5l53MLi0vLK/nVwpkJIs14kwUy0OceNVwKxZsgQPLzUHPqe5K3vNFB6rcuuTYiUKcwDnnXpxdKDASjYKVevgC9+CTZr5EO8CuIlUlyvXyRlPZqu+XKLiYlQqpu2U1JuVrZqWDXKimK9fXjN/HYeD7q5V86/YBFPlfAJDWm7ZIQujHVIJjkSa4TGR5SNqIXvG2poj433fjj9gRvWaWPB4G2pQB/qN8nYuobM/Y92+lTGJrfXir+5bUjGNS6sVBhBFyxyaJBJDEEOA0C94XmDOTYEsq0sLdiNqSaMrBxpSF8fYr/J2flkktK7rFNo4EmyKINtIm2kYuqqI4O0RFqIoau0DW6RXdO4tw4987DpDXjfM6soR9wnt4B2k+YBA==</latexit><latexit sha1_base64="pS72CnjdejZmZuMjoHDRleDnVok=">AAAB+3icdVBNSwMxEM36WetX1aOXYBE8lWwtth6EohePKtYK7bJk07QNzWaXZFYsy/4VLx4U8eof8ea/MdtWUNEHA4/3ZpiZF8RSGCDkw5mbX1hcWi6sFFfX1jc2S1vbNyZKNOMtFslI3wbUcCkUb4EAyW9jzWkYSN4ORme5377j2ohIXcM45l5IB0r0BaNgJb+0DX56lZ00SBf4PaTKZEW/VCaV48ZRtXaESYWQult1c1Kt1w5r2LVKjjKa4cIvvXd7EUtCroBJakzHJTF4KdUgmORZsZsYHlM2ogPesVTRkBsvndye4X2r9HA/0rYU4In6fSKloTHjMLCdIYWh+e3l4l9eJ4F+w0uFihPgik0X9ROJIcJ5ELgnNGcgx5ZQpoW9FbMh1ZSBjSsP4etT/D+5qVZcUnEvSbl5OoujgHbRHjpALqqjJjpHF6iFGLpHD+gJPTuZ8+i8OK/T1jlnNrODfsB5+wT6Z5Rj</latexit>
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⇣ = �92, R = 2393m, VEM = 6.3

<latexit sha1_base64="R7PdnlhV6VUC8wvqy7/C5k1yVEE="></latexit>

tR = 920ns
<latexit sha1_base64="ZhFwvspgCGhoSiRlJHMupfnKikI=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIqqAeh6MVjFfsBbSib7aZdutmE3Y1SYn6KFw+KePWXePPfuG1z0NYHA4/3ZpiZ58ecKe0439bS8srq2npho7i5tb2za5f2mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9cTv/VApWKRuNfjmHohHggWMIK1kXp2SffSuwxdXlSdrgxTobKeXXYqzhRokbg5KUOOes/+6vYjkoRUaMKxUh3XibWXYqkZ4TQrdhNFY0xGeEA7hgocUuWl09MzdGSUPgoiaUpoNFV/T6Q4VGoc+qYzxHqo5r2J+J/XSXRw7qVMxImmgswWBQlHOkKTHFCfSUo0HxuCiWTmVkSGWGKiTVpFE4I7//IiaVYr7kmlentarl3lcRTgAA7hGFw4gxrcQB0aQOARnuEV3qwn68V6tz5mrUtWPrMPf2B9/gB+rJOC</latexit>

tR = 1420ns
<latexit sha1_base64="GkzImUC6g0YHQrR4GbwezY9LD5s=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBHERUnS0NaFUHDjsop9QBvCZDpth04mYWYilpBfceNCEbf+iDv/xklbQUUPXDiccy/33hPEjEplWR/Gyura+sZmYau4vbO7t28elDoySgQmbRyxSPQCJAmjnLQVVYz0YkFQGDDSDaaXud+9I0LSiN+qWUy8EI05HVGMlJZ8s6T89CaDF7brWAMRplxmvlm2KueNmuPWoFWxrLrt2Dlx6m7VhbZWcpTBEi3ffB8MI5yEhCvMkJR924qVlyKhKGYkKw4SSWKEp2hM+ppyFBLppfPbM3iilSEcRUIXV3Cufp9IUSjlLAx0Z4jURP72cvEvr5+oUcNLKY8TRTheLBolDKoI5kHAIRUEKzbTBGFB9a0QT5BAWOm4ijqEr0/h/6TjVOxqxbl2y82zZRwFcASOwSmwQR00wRVogTbA4B48gCfwbGTGo/FivC5aV4zlzCH4AePtE0Ock+I=</latexit>
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⇣ = 121, R = 2464m, VEM = 4.7

<latexit sha1_base64="mk4Tc8sp/7W4/HQJqwG4ez3fyDQ="></latexit>

tR = 40ns
<latexit sha1_base64="pXOtXyDEoX73nlJHrqlPTXeILWM=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4Kkkt6EUoevFYxX5AG8Jmu2mXbjZhd1MoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI+O2ypOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxnczvzOhUrFYPOlpQr0IDwULGcHaSL5taz97zNFN3enLKBMq9+2KU3XmQKvELUgFCjR9+6s/iEkaUaEJx0r1XCfRXoalZoTTvNxPFU0wGeMh7RkqcESVl80vz9G5UQYojKUpodFc/T2R4UipaRSYzgjrkVr2ZuJ/Xi/V4bWXMZGkmgqyWBSmHOkYzWJAAyYp0XxqCCaSmVsRGWGJiTZhlU0I7vLLq6Rdq7qX1dpDvdK4LeIowSmcwQW4cAUNuIcmtIDABJ7hFd6szHqx3q2PReuaVcycwB9Ynz8BxJNB</latexit>

tR = 40ns
<latexit sha1_base64="2oUcK8zxZpXrhM9evd7IxOgWRe0=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0UQFyVJQ1sXQsGNyyr2AW0ok+mkHTqZhJlJoYT8iRsXirj1T9z5N07aCip64MLhnHu59x4/ZlQqy/owCmvrG5tbxe3Szu7e/oF5eNSRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj+9zv3ujAhJI36v5jHxQjTmNKAYKS0NTVMN07sMXrnWQIQpl9nQLFuVy0bNcWvQqlhW3XbsnDh1t+pCWys5ymCF1tB8H4winISEK8yQlH3bipWXIqEoZiQrDRJJYoSnaEz6mnIUEumli8szeKaVEQwioYsruFC/T6QolHIe+rozRGoif3u5+JfXT1TQ8FLK40QRjpeLgoRBFcE8BjiigmDF5pogLKi+FeIJEggrHVZJh/D1KfyfdJyKXa04t265ebGKowhOwCk4Bzaogya4AS3QBhjMwAN4As9GajwaL8brsrVgrGaOwQ8Yb59am5Nr</latexit>

Bin
0 20 40 60 80 100 120

Fa
dc

0

10

20

30

SD 716
Upper Layer
Lower Layer

SD 716

Bin
0 20 40 60 80 100 120

In
te

gr
al

 o
f W

av
ef

or
m

0

50

100

150
⇣ = �62, R = 2204m, VEM = 1.9

<latexit sha1_base64="tJi9/rTal9r37pQjRcCrBZ4Feus="></latexit>

tR = 60ns
<latexit sha1_base64="Zn6oogt6ZBHHDLA492cy4c6tuMs=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSJ4KkkV9SIUvXisYj+gDWGz3bRLN5uwuymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt7Wyura+sVnaKm/v7O7t2weHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0Ho7up3x5TqVgsnvQkoV6EB4KFjGBtJN+2tZ895ujm0unJKBMq9+2KU3VmQMvELUgFCjR8+6vXj0kaUaEJx0p1XSfRXoalZoTTvNxLFU0wGeEB7RoqcESVl80uz9GpUfoojKUpodFM/T2R4UipSRSYzgjroVr0puJ/XjfV4bWXMZGkmgoyXxSmHOkYTWNAfSYp0XxiCCaSmVsRGWKJiTZhlU0I7uLLy6RVq7rn1drDRaV+W8RRgmM4gTNw4QrqcA8NaAKBMTzDK7xZmfVivVsf89YVq5g5gj+wPn8ABNyTQw==</latexit>

tR = 40ns
<latexit sha1_base64="2oUcK8zxZpXrhM9evd7IxOgWRe0=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0UQFyVJQ1sXQsGNyyr2AW0ok+mkHTqZhJlJoYT8iRsXirj1T9z5N07aCip64MLhnHu59x4/ZlQqy/owCmvrG5tbxe3Szu7e/oF5eNSRUSIwaeOIRaLnI0kY5aStqGKkFwuCQp+Rrj+9zv3ujAhJI36v5jHxQjTmNKAYKS0NTVMN07sMXrnWQIQpl9nQLFuVy0bNcWvQqlhW3XbsnDh1t+pCWys5ymCF1tB8H4winISEK8yQlH3bipWXIqEoZiQrDRJJYoSnaEz6mnIUEumli8szeKaVEQwioYsruFC/T6QolHIe+rozRGoif3u5+JfXT1TQ8FLK40QRjpeLgoRBFcE8BjiigmDF5pogLKi+FeIJEggrHVZJh/D1KfyfdJyKXa04t265ebGKowhOwCk4Bzaogya4AS3QBhjMwAN4As9GajwaL8brsrVgrGaOwQ8Yb59am5Nr</latexit>
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⇣ = �5, R = 2197m, VEM = 7.3

<latexit sha1_base64="W5BhnFC80XEm524xA6Ysnn9NdZY="></latexit>

tR = 1440ns
<latexit sha1_base64="CZAYDqMHLI3Yrj47hugS4fPDbPc=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5LUgl6EohePVewHtCFsttt26WYTdidiCfkrXjwo4tU/4s1/47bNQVsfDDzem2FmXhALrsFxvq3C2vrG5lZxu7Szu7d/YB+W2zpKFGUtGolIdQOimeCStYCDYN1YMRIGgnWCyc3M7zwypXkkH2AaMy8kI8mHnBIwkm+XwU/vM3zl1utOX4Wp1JlvV5yqMwdeJW5OKihH07e/+oOIJiGTQAXRuuc6MXgpUcCpYFmpn2gWEzohI9YzVJKQaS+d357hU6MM8DBSpiTgufp7IiWh1tMwMJ0hgbFe9mbif14vgeGll3IZJ8AkXSwaJgJDhGdB4AFXjIKYGkKo4uZWTMdEEQomrpIJwV1+eZW0a1X3vFq7q1ca13kcRXSMTtAZctEFaqBb1EQtRNETekav6M3KrBfr3fpYtBasfOYI/YH1+QPtzpO6</latexit>

tR = 1400ns
<latexit sha1_base64="WteG4Db/jaK3vLzWbRKJKkIOmtQ=">AAAB+3icdVBNSwMxEM3Wr1q/1nr0EixCTyW7Xdp6EApePFaxrdCWkk3TNjSbXZKsWJb9K148KOLVP+LNf2O2raCiDwYe780wM8+POFMaoQ8rt7a+sbmV3y7s7O7tH9iHxY4KY0lom4Q8lLc+VpQzQduaaU5vI0lx4HPa9WcXmd+9o1KxUNzoeUQHAZ4INmYEayMN7aIeJtcpPHc8hPoySIRKh3YJVc4aNderQVRBqO64Tkbculf1oGOUDCWwQmtov/dHIYkDKjThWKmegyI9SLDUjHCaFvqxohEmMzyhPUMFDqgaJIvbU3hqlBEch9KU0HChfp9IcKDUPPBNZ4D1VP32MvEvrxfrcWOQMBHFmgqyXDSOOdQhzIKAIyYp0XxuCCaSmVshmWKJiTZxFUwIX5/C/0nHrTjVinvllZrlVRx5cAxOQBk4oA6a4BK0QBsQcA8ewBN4tlLr0XqxXpetOWs1cwR+wHr7BD/qk94=</latexit>
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⇣ = �38, R = 2360m, VEM = 4.0

<latexit sha1_base64="TdHxpkkESCb8ccQ3dnK8uIXjHrI="></latexit>

tR = 180ns
<latexit sha1_base64="RWKtkfkDG+aS3vHSiIKHrbxfx/A=">AAAB+nicdVDLSgMxFM3UV62vVpdugkVwIcPMtLR1IRTcuKxiH9CWIZOmbWiSGZKMUsZ+ihsXirj1S9z5N2baCip64MLhnHu5954gYlRpx/mwMiura+sb2c3c1vbO7l6+sN9SYSwxaeKQhbITIEUYFaSpqWakE0mCeMBIO5hcpH77lkhFQ3GjpxHpczQSdEgx0kby8wXtJ9czeO7WnJ7kiVAzP1907LNaxStXoGM7TtX13JR41XKpDF2jpCiCJRp+/r03CHHMidCYIaW6rhPpfoKkppiRWa4XKxIhPEEj0jVUIE5UP5mfPoPHRhnAYShNCQ3n6veJBHGlpjwwnRzpsfrtpeJfXjfWw1o/oSKKNRF4sWgYM6hDmOYAB1QSrNnUEIQlNbdCPEYSYW3SypkQvj6F/5OWZ7sl27sqF+unyziy4BAcgRPggiqog0vQAE2AwR14AE/g2bq3Hq0X63XRmrGWMwfgB6y3T9T9k6w=</latexit>

tR = 200ns
<latexit sha1_base64="06JP6yEagOfKRno93oOghQ/T9NU=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16WSyCeChJFfQiFLx4rGI/oA1hs922SzebsDtRSsxP8eJBEa/+Em/+G7dtDtr6YODx3gwz84JYcA2O820VVlbX1jeKm6Wt7Z3dPbu839JRoihr0khEqhMQzQSXrAkcBOvEipEwEKwdjK+nfvuBKc0jeQ+TmHkhGUo+4JSAkXy7DH56l+GrmuP0VJhKnfl2xak6M+Bl4uakgnI0fPur149oEjIJVBCtu64Tg5cSBZwKlpV6iWYxoWMyZF1DJQmZ9tLZ6Rk+NkofDyJlSgKeqb8nUhJqPQkD0xkSGOlFbyr+53UTGFx6KZdxAkzS+aJBIjBEeJoD7nPFKIiJIYQqbm7FdEQUoWDSKpkQ3MWXl0mrVnXPqrXb80r9NI+jiA7RETpBLrpAdXSDGqiJKHpEz+gVvVlP1ov1bn3MWwtWPnOA/sD6/AFpgZNh</latexit>

Figure 6.5: The FADC waveforms and the corresponding integra-
tion of the weak signals at higher distance to core the color marked
match with the map event display.

Figures 6.6 are the FADC traces formed for the shower event in the map display

(Figure 6.3) for the possible accidental signals, the second or third peaks in the

waveforms. In the case SD 517 ID (shown in the top left of Figure 6.6) the second

peak isolated from the first is produced at bin 110 (1 bin = 20 ns) with high pulse

by the upper layer (black line) than lower layer, which corresponds to 2200 ns or 2.2

[µs]. The corresponding integration of FADC signals fluctuate more for the upper

layer that causes the width of risetime correspond to 76 bin between 10% to 50%

and the bin-time is 1520 ns, in case of lower layer is 80 ns. In case of SD 616 ID

(bottom left side of Figure 6.6) shows 3 single FADC pulses for upper/lower layer
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and the integration of the waveforms fluctuates producing high risetime of 0.92 µs

and 1.42 µs for up/lo layer respectively. The SD 917 ID (top of right Figure 6.6)

with VEM charge 7.3 shows 3 extra FADC pulses after first peak, the risetime is 1.44

and 1.4 µs up/lo layer respectively, this case probably considered as miscalculated

of risetime. Last SD 816 (bottom of right 6.6) located at 2360 m from core with

VEM charge 4.0, it has two consecutive FADC pulses determining the risetime of

0.2 and 1.8 µs being not enough but also in this example of FADC trace anf for cases

of weak pulses can cause an unstable from the baseline due the constant fluctuation

of signal.
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 720ns
<latexit sha1_base64="GpE8v3ECqyqy/rvyv0E6fEYmrEo=">AAAB/HicdVA9SwNBEJ3z2/gVDdjYLIpgFfbOYLQQgjaWKkaFJMS9zUYX9/aO3TkxHPGv2FgoYusPsbPxt7hnFFT0wcDjvRlm5oWJkhYpffWGhkdGx8YnJgtT0zOzc8X5hWMbp4aLOo9VbE5DZoWSWtRRohKniREsCpU4CS93c//kShgrY32EvUS0InauZVdyhk5qF0vYzg7729WANlFcY6Ztv9AurtDy1uZGUNkgtExp1Q/8nATVynqF+E7JsVJbPHg7A4D9dvGl2Yl5GgmNXDFrGz5NsJUxg5Ir0S80UysSxi/ZuWg4qlkkbCv7OL5PVp3SId3YuNJIPtTvExmLrO1FoeuMGF7Y314u/uU1UuxutjKpkxSF5oNF3VQRjEmeBOlIIziqniOMG+luJfyCGcbR5ZWH8PUp+Z8cB2Wflv0Dl8YODDABS7AMa+BDFWqwB/tQBw49uIV7ePBuvDvv0XsatA55nzMl+AHv+R39I5aD</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="+WNK93s+liKtHcBtfdlo7knOTuA=">AAAB/HicdVBNSwMxEM36WetXteDFS7AInkp2LW09CKVePKpYK7SlZNNUQ7PZJZkVy1L/ihcPivTqL/AXePPibzFrFVT0wcDjvRlm5vmRFAYIeXWmpmdm5+YzC9nFpeWV1dza+pkJY814g4Uy1Oc+NVwKxRsgQPLzSHMa+JI3/cFB6jevuDYiVKcwjHgnoBdK9AWjYKVuLg/d5GS0X/FIG/g1JMqMst1cgRT3qmWvVMakSEjF9dyUeJXSbgm7VklRqG0cv4lx/fmom3tp90IWB1wBk9SYlksi6CRUg2CSj7Lt2PCIsgG94C1LFQ246SQfx4/wtlV6uB9qWwrwh/p9IqGBMcPAt50BhUvz20vFv7xWDP1qJxEqioErNlnUjyWGEKdJ4J7QnIEcWkKZFvZWzC6ppgxsXmkIX5/i/8mZV3RJ0T22adTRBBm0ibbQDnJRBdXQITpCDcTQEN2ie/Tg3Dh3zqMznrROOZ8zefQDztM7TnOYPw==</latexit><latexit sha1_base64="L4eEZgSWZaaUBpxEieN8+Cf1PGQ=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPZROL0YMgevGoYj+gDWWz3dbFzSbsTsQS6l/x4kERr/4Qb/4bN20FFX0w8Hhvhpl5USqFAUI+nKnpmdm5+YXF0tLyyuqau75RN0mmGa+xRCa6GVHDpVC8BgIkb6aa0ziSvBHdnBZ+45ZrIxJ1BYOUhzHtK9ETjIKVOu4mdPLL4VHgkzbwO8iVGZY6bplUDg/2/eo+JhVCAs/3CuIH1b0q9qxSoIwmOO+47+1uwrKYK2CSGtPySAphTjUIJvmw1M4MTym7oX3eslTRmJswHx0/xDtW6eJeom0pwCP1+0ROY2MGcWQ7YwrX5rdXiH95rQx6B2EuVJoBV2y8qJdJDAkuksBdoTkDObCEMi3srZhdU00Z2LyKEL4+xf+Tul/xSMW7IOXjk0kcC2gLbaNd5KEAHaMzdI5qiKEBekBP6Nm5dx6dF+d13DrlTGY20Q84b59ui5Se</latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>
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⇣ = �17�, R = 1495m, VEM = 18.6
<latexit sha1_base64="GyS1xFE/Es2Tp8hAqaUpHMNKFh4="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="lUaW0aI+gjpeWik+zpet2snfl0M="></latexit><latexit sha1_base64="CwMPGt9dcQcLRqVUUMud0Sy0VZU="></latexit>

tR = 300ns
<latexit sha1_base64="OpGO2wJzRmT6sbGBA4mmRk8Tmcg=">AAAB/HicbVA9SwNBEJ2LXzF+RQM2NodBsAp3WmgjBG0sEzEfkBxxb7NJluztHbtzYjjOv2JjoYitP8TOxt/i5qPQxAcDj/dmmJnnR4JrdJwvK7O0vLK6ll3PbWxube/kd/fqOowVZTUailA1faKZ4JLVkKNgzUgxEviCNfzh1dhv3DOleShvcRQxLyB9yXucEjRSJ1/ATnKTXpw6ThvZAyZSp7lOvuiUnAnsReLOSLG8X/2+A4BKJ//Z7oY0DphEKojWLdeJ0EuIQk4FS3PtWLOI0CHps5ahkgRMe8nk+NQ+MkrX7oXKlER7ov6eSEig9SjwTWdAcKDnvbH4n9eKsXfuJVxGMTJJp4t6sbAxtMdJ2F2uGEUxMoRQxc2tNh0QRSiavMYhuPMvL5L6Scl1Sm7VpHEJU2ThAA7hGFw4gzJcQwVqQGEET/ACr9aj9Wy9We/T1ow1mynAH1gfP5O2ljs=</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="w4pyAKsv852b7Vpw5lq/5JNh/BQ=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm2ARXJVEF7oRSt24bMU+oA1lMp22QyeTMHMjhhB/xY0LRbr1C/wCd278FidtF9p64MLhnHu59x4v5EyBbX8ZuZXVtfWN/GZha3tnd8/cP2iqIJKENkjAA9n2sKKcCdoABpy2Q0mx73Ha8sbXmd+6p1KxQNxBHFLXx0PBBoxg0FLPLEIvuU2vzm27C/QBEqHSQs8s2WV7CmuZOHNSqhzWv9mk+lHrmZ/dfkAinwogHCvVcewQ3ARLYITTtNCNFA0xGeMh7WgqsE+Vm0yPT60TrfStQSB1CbCm6u+JBPtKxb6nO30MI7XoZeJ/XieCwaWbMBFGQAWZLRpE3ILAypKw+kxSAjzWBBPJ9K0WGWGJCei8shCcxZeXSfOs7Nhlp67TqKIZ8ugIHaNT5KALVEE3qIYaiKAYPaEX9Go8Gs/GmzGZteaM+UwR/YHx/gPk95f3</latexit><latexit sha1_base64="NEMjpNoDNBW/9VQRq0Vya98Yg14=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU9noQS9C0YvHKvYD2hA22027dLMJuxMxhPhXvHhQxKs/xJv/xqTNQVsfDDzem2FmnhcJrgHjb6Oysrq2vlHdrG1t7+zumfsHXR3GirIODUWo+h7RTHDJOsBBsH6kGAk8wXre9Lrwew9MaR7Ke0gi5gRkLLnPKYFccs06uOlddnmG8RDYI6RSZzXXbOAmnsFaJnZJGqhE2zW/hqOQxgGTQAXRemDjCJyUKOBUsKw2jDWLCJ2SMRvkVJKAaSedHZ9Zx7kysvxQ5SXBmqm/J1ISaJ0EXt4ZEJjoRa8Q//MGMfgXTsplFAOTdL7Ij4UFoVUkYY24YhREkhNCFc9vteiEKEIhz6sIwV58eZl0T5s2btq3uNG6KuOookN0hE6Qjc5RC92gNuogihL0jF7Rm/FkvBjvxse8tWKUM3X0B8bnDwUelFY=</latexit>
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⇣ = �135�, R = 1910m, VEM = 11.8
<latexit sha1_base64="lZXC0sy5XWex8Y5Od/KsEYXBqks="></latexit><latexit sha1_base64="6iq1HtfQo1zo191mhZXNabLAuak="></latexit><latexit sha1_base64="6iq1HtfQo1zo191mhZXNabLAuak="></latexit><latexit sha1_base64="1f/fk7xOO7DGEObMLdNvyCputbw="></latexit>

tR = 1520ns
<latexit sha1_base64="TUdm1qaxHSXrN5fp7wpvZviGmzM=">AAAB/XicbVDJSgNBEK2JW4xbXPDiZTAInsJMQPQiBL14TMQskITY0+kkTXp6hu4aMQ6Dv+LFgyJe/Q9vXvwWO8tBEx8UPN6roqqeFwqu0XG+rNTC4tLySno1s7a+sbmV3d6p6iBSlFVoIAJV94hmgktWQY6C1UPFiO8JVvMGlyO/dseU5oG8wWHIWj7pSd7llKCR2tk9bMfXybl7UnCayO4xljrJtLM5J++MYc8Td0pyxf3y9y0AlNrZz2YnoJHPJFJBtG64ToitmCjkVLAk04w0CwkdkB5rGCqJz3QrHl+f2EdG6djdQJmSaI/V3xMx8bUe+p7p9An29aw3Ev/zGhF2z1oxl2GETNLJom4kbAzsURR2hytGUQwNIVRxc6tN+0QRiiawUQju7MvzpFrIu07eLZs0LmCCNBzAIRyDC6dQhCsoQQUoPMATvMCr9Wg9W2/W+6Q1ZU1nduEPrI8fDkWWeg==</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="o9pmPZeApt3gBtmJAb9FPwbdttg=">AAAB8nicbZDNSsNAFIVv6l+tVaO4cxMsgqsyKYhuBMGNyyq2FdoQJtNpO3QyCTM3Yg3BV3HjQhEfxp1vY9J2oa0HBj7OmeHeOUEshUFCvq3Syura+kZ5s7JV3d7ZtfeqbRMlmvEWi2Sk7wNquBSKt1Cg5Pex5jQMJO8E46si7zxwbUSk7nAScy+kQyUGglHMLd8+QD+9zS7c0wbpIX/EVJms4ts1UidTOcvgzqEGczV9+6vXj1gScoVMUmO6LonRS6lGwSTPKr3E8JiyMR3ybo6Khtx46XT7zDnOnb4ziHR+FDpT9/eLlIbGTMIgvxlSHJnFrDD/y7oJDs69VKg4Qa7YbNAgkQ5GTlGF0xeaM5STHCjTIt/VYSOqKcO8sKIEd/HLy9Bu1F1Sd28IlOEQjuAEXDiDS7iGJrSAwRO8wBu8W8/Wq/Uxq6tkzXvbhz+yPn8AHD+TMQ==</latexit><latexit sha1_base64="o9pmPZeApt3gBtmJAb9FPwbdttg=">AAAB8nicbZDNSsNAFIVv6l+tVaO4cxMsgqsyKYhuBMGNyyq2FdoQJtNpO3QyCTM3Yg3BV3HjQhEfxp1vY9J2oa0HBj7OmeHeOUEshUFCvq3Syura+kZ5s7JV3d7ZtfeqbRMlmvEWi2Sk7wNquBSKt1Cg5Pex5jQMJO8E46si7zxwbUSk7nAScy+kQyUGglHMLd8+QD+9zS7c0wbpIX/EVJms4ts1UidTOcvgzqEGczV9+6vXj1gScoVMUmO6LonRS6lGwSTPKr3E8JiyMR3ybo6Khtx46XT7zDnOnb4ziHR+FDpT9/eLlIbGTMIgvxlSHJnFrDD/y7oJDs69VKg4Qa7YbNAgkQ5GTlGF0xeaM5STHCjTIt/VYSOqKcO8sKIEd/HLy9Bu1F1Sd28IlOEQjuAEXDiDS7iGJrSAwRO8wBu8W8/Wq/Uxq6tkzXvbhz+yPn8AHD+TMQ==</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="jQ6PvmoVFlFHzhtGgLhmx634v2w=">AAAB/XicbVDJSgNBEO2JW4xbXPDipTEInsJMQPQihHjxmIhZIAlDT6eTNOnpGbprxDgM/ooXD4p69Qf8Am9e/BY7y0ETHxQ83quiqp4XCq7Btr+s1MLi0vJKejWztr6xuZXd3qnpIFKUVWkgAtXwiGaCS1YFDoI1QsWI7wlW9wYXI79+w5TmgbyGYcjaPulJ3uWUgJHc7B648VVy7pwU7BawW4ilTjJuNmfn7THwPHGmJFfcr3zz19JH2c1+tjoBjXwmgQqiddOxQ2jHRAGngiWZVqRZSOiA9FjTUEl8ptvx+PoEHxmlg7uBMiUBj9XfEzHxtR76nun0CfT1rDcS//OaEXTP2jGXYQRM0smibiQwBHgUBe5wxSiIoSGEKm5uxbRPFKFgAhuF4My+PE9qhbxj552KSaOEJkijA3SIjpGDTlERXaIyqiKK7tADekLP1r31aL1Yb5PWlDWd2UV/YL3/AF+GmDY=</latexit><latexit sha1_base64="f3SFwU/XmH4wN6ZwiyQhvZrWtJw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBVZkURDdC0Y3LKvYBbQiT6aQdOpmEmRuxhuCvuHGhiFv/w51/Y9Jmoa0HLhzOuZd77/EiwTVg/G2UlpZXVtfK65WNza3tHXN3r63DWFHWoqEIVdcjmgkuWQs4CNaNFCOBJ1jHG1/lfueeKc1DeQeTiDkBGUruc0ogk1zzANzkNr2wT+u4D+wBEqnTimtWcQ1PYS0SuyBVVKDpml/9QUjjgEmggmjds3EETkIUcCpYWunHmkWEjsmQ9TIqScC0k0yvT63jTBlYfqiykmBN1d8TCQm0ngRe1hkQGOl5Lxf/83ox+OdOwmUUA5N0tsiPhQWhlUdhDbhiFMQkI4Qqnt1q0RFRhEIWWB6CPf/yImnXazau2Te42rgs4iijQ3SETpCNzlADXaMmaiGKHtEzekVvxpPxYrwbH7PWklHM7KM/MD5/AH+elJU=</latexit>

tR = 80ns
<latexit sha1_base64="WX7DF4EsnUp0V4QmPwI38toq8S4=">AAAB+3icdVA9SwNBEJ3z2/gVI9jYLIpgFfZiMLEQRBtLFaNCEuLeZqOLe3vH7pwkHPdXbCwUsfWP2Nn4W9wzCir6YODx3gwz84JYSYuUvnojo2PjE5NT04WZ2bn5heJi6dRGieGiwSMVmfOAWaGkFg2UqMR5bAQLAyXOguv93D+7EcbKSJ/gIBbtkF1q2ZOcoZM6xRJ20uNsp05bKPqYapsVOsU1Wt6ub1WqW4SWKa35FT8nlVp1s0p8p+RY210+ersAgMNO8aXVjXgSCo1cMWubPo2xnTKDkiuRFVqJFTHj1+xSNB3VLBS2nX7cnpF1p3RJLzKuNJIP9ftEykJrB2HgOkOGV/a3l4t/ec0Ee/V2KnWcoNB8uKiXKIIRyYMgXWkERzVwhHEj3a2EXzHDOLq48hC+PiX/k9NK2adl/8ilsQdDTMEKrMIG+FCDXTiAQ2gAhz7cwj08eJl35z16T8PWEe9zZgl+wHt+B4kOlkg=</latexit><latexit sha1_base64="ktBBSUqjUm/p+G/snK+sei8vZPs=">AAAB+3icdVBNSwMxEM3Wr1q/agUvXoJF8FSytdh6EEq9eFSxVmhLyaapDc1ml2RWLMv+FS8eFNGj/8Bf4M2Lv8WsVVDRBwOP92aYmeeFUhgg5NXJTE3PzM5l53MLi0vLK/nVwpkJIs14kwUy0OceNVwKxZsgQPLzUHPqe5K3vNFB6rcuuTYiUKcwDnnXpxdKDASjYKVevgC9+CTZr5EO8CuIlUlyvXyRlPZqu+XKLiYlQqpu2U1JuVrZqWDXKimK9fXjN/HYeD7q5V86/YBFPlfAJDWm7ZIQujHVIJjkSa4TGR5SNqIXvG2poj433fjj9gRvWaWPB4G2pQB/qN8nYuobM/Y92+lTGJrfXir+5bUjGNS6sVBhBFyxyaJBJDEEOA0C94XmDOTYEsq0sLdiNqSaMrBxpSF8fYr/J2flkktK7rFNo4EmyKINtIm2kYuqqI4O0RFqIoau0DW6RXdO4tw4987DpDXjfM6soR9wnt4B2k+YBA==</latexit><latexit sha1_base64="ktBBSUqjUm/p+G/snK+sei8vZPs=">AAAB+3icdVBNSwMxEM3Wr1q/agUvXoJF8FSytdh6EEq9eFSxVmhLyaapDc1ml2RWLMv+FS8eFNGj/8Bf4M2Lv8WsVVDRBwOP92aYmeeFUhgg5NXJTE3PzM5l53MLi0vLK/nVwpkJIs14kwUy0OceNVwKxZsgQPLzUHPqe5K3vNFB6rcuuTYiUKcwDnnXpxdKDASjYKVevgC9+CTZr5EO8CuIlUlyvXyRlPZqu+XKLiYlQqpu2U1JuVrZqWDXKimK9fXjN/HYeD7q5V86/YBFPlfAJDWm7ZIQujHVIJjkSa4TGR5SNqIXvG2poj433fjj9gRvWaWPB4G2pQB/qN8nYuobM/Y92+lTGJrfXir+5bUjGNS6sVBhBFyxyaJBJDEEOA0C94XmDOTYEsq0sLdiNqSaMrBxpSF8fYr/J2flkktK7rFNo4EmyKINtIm2kYuqqI4O0RFqIoau0DW6RXdO4tw4987DpDXjfM6soR9wnt4B2k+YBA==</latexit><latexit sha1_base64="pS72CnjdejZmZuMjoHDRleDnVok=">AAAB+3icdVBNSwMxEM36WetX1aOXYBE8lWwtth6EohePKtYK7bJk07QNzWaXZFYsy/4VLx4U8eof8ea/MdtWUNEHA4/3ZpiZF8RSGCDkw5mbX1hcWi6sFFfX1jc2S1vbNyZKNOMtFslI3wbUcCkUb4EAyW9jzWkYSN4ORme5377j2ohIXcM45l5IB0r0BaNgJb+0DX56lZ00SBf4PaTKZEW/VCaV48ZRtXaESYWQult1c1Kt1w5r2LVKjjKa4cIvvXd7EUtCroBJakzHJTF4KdUgmORZsZsYHlM2ogPesVTRkBsvndye4X2r9HA/0rYU4In6fSKloTHjMLCdIYWh+e3l4l9eJ4F+w0uFihPgik0X9ROJIcJ5ELgnNGcgx5ZQpoW9FbMh1ZSBjSsP4etT/D+5qVZcUnEvSbl5OoujgHbRHjpALqqjJjpHF6iFGLpHD+gJPTuZ8+i8OK/T1jlnNrODfsB5+wT6Z5Rj</latexit>
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⇣ = �92, R = 2393m, VEM = 6.3

<latexit sha1_base64="R7PdnlhV6VUC8wvqy7/C5k1yVEE="></latexit>

tR = 920ns
<latexit sha1_base64="ZhFwvspgCGhoSiRlJHMupfnKikI=">AAAB+nicbVBNS8NAEJ34WetXqkcvi0XwVJIqqAeh6MVjFfsBbSib7aZdutmE3Y1SYn6KFw+KePWXePPfuG1z0NYHA4/3ZpiZ58ecKe0439bS8srq2npho7i5tb2za5f2mipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR9cTv/VApWKRuNfjmHohHggWMIK1kXp2SffSuwxdXlSdrgxTobKeXXYqzhRokbg5KUOOes/+6vYjkoRUaMKxUh3XibWXYqkZ4TQrdhNFY0xGeEA7hgocUuWl09MzdGSUPgoiaUpoNFV/T6Q4VGoc+qYzxHqo5r2J+J/XSXRw7qVMxImmgswWBQlHOkKTHFCfSUo0HxuCiWTmVkSGWGKiTVpFE4I7//IiaVYr7kmlentarl3lcRTgAA7hGFw4gxrcQB0aQOARnuEV3qwn68V6tz5mrUtWPrMPf2B9/gB+rJOC</latexit>

tR = 1420ns
<latexit sha1_base64="GkzImUC6g0YHQrR4GbwezY9LD5s=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBHERUnS0NaFUHDjsop9QBvCZDpth04mYWYilpBfceNCEbf+iDv/xklbQUUPXDiccy/33hPEjEplWR/Gyura+sZmYau4vbO7t28elDoySgQmbRyxSPQCJAmjnLQVVYz0YkFQGDDSDaaXud+9I0LSiN+qWUy8EI05HVGMlJZ8s6T89CaDF7brWAMRplxmvlm2KueNmuPWoFWxrLrt2Dlx6m7VhbZWcpTBEi3ffB8MI5yEhCvMkJR924qVlyKhKGYkKw4SSWKEp2hM+ppyFBLppfPbM3iilSEcRUIXV3Cufp9IUSjlLAx0Z4jURP72cvEvr5+oUcNLKY8TRTheLBolDKoI5kHAIRUEKzbTBGFB9a0QT5BAWOm4ijqEr0/h/6TjVOxqxbl2y82zZRwFcASOwSmwQR00wRVogTbA4B48gCfwbGTGo/FivC5aV4zlzCH4AePtE0Ock+I=</latexit>
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⇣ = 121, R = 2464m, VEM = 4.7

<latexit sha1_base64="mk4Tc8sp/7W4/HQJqwG4ez3fyDQ="></latexit>

tR = 40ns
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Figure 6.6: The FADC waveforms and the corresponding integrated
signal, the color marked matches with the map event display.

Another clear example of a weak FADC signal that can cause a miscalculation

of risetime due to fluctuation of baseline is presented in Figure 6.7. This waveform

has a single peak and the accumulated waveform is reached at bin ∼ 40, and the

accumulated along all bins are found at bin ∼ 100, then the width of risetime can

be miscalculated by this last accumulated due to the fluctuation from the baseline

FADC.
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Figure 6.7: Example of weak signal (upper panel) and the inte-
grated signal (low panel) the color marked matches with the event
map display.

6.2.1 Bad quality of FADC signals

A typical waveform duration is 2.56 microsecond equivalent to 1 frame of waveform

stored in 128 time-bins. However, some waveform’s duration is extended to several

waveform frames. Some cases were found interrupted waveforms during taking data,

causing the missing information of the tail of longer FADC traces or in other cases

storing accidental FADC traces pulses possible belonging to another event shower.

In the present analysis was rejected these pulses with missing information of the

waveforms or discontinued waveforms as explained in Section 4.5.

The following FADC traces are examples of interrupted waveform. Figures 6.8

shows examples of waveforms interrupted, by assumig these waveforms stored are

accidental-signal.

It was explained in Section 3.2.1, the triggered condition during collecting the

waveforms during the event ±32 µs. In the process of data analysis was applied to

reject these accidental signals.

Figure 6.8 (left) is a waveform stored in the 580 bins, with 2 FADC traces

interrupted from bin 128 to 450. Figure 6.8 (right) shows the waveform recordered

from bin 0 to 1675, the first pulse is weak and the second pulse is big pulse probably

cause by other event.
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Figure 6.8: Two example of interrupted waveforms during collect-
ing data at CT. Left figure shows the waveform interrupted after 1
frame at 129 bin and continue at bin 450 (∼9 µs) and collecting this
accidental-singal. Right figure is other example when the first FADC
signal is weak, the total bins are 1675 which correspond 33.5 µs and
the second big pulse is at bin 1330.
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Figure 6.9: A FADC trace belongs to a high signal pulse, but the
signal is interrupted after the 2nd. frame.

Figure 6.9 represents a high pulse and from the 3rd frame of waveform is inter-

rupted which caused the miscalculation of the risetime.
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6.3 Risetime dependence of zenith angle

Results of the risetime as a function of the distance from the shower core is shown in

6.10 for upper and lower layer time-traces. As it can be seen, the risetime increases

as R increases at least up to the distance R = 1200 m for both cases upper/lower

layer. The black and red dots are the average of risetime with a 100 m binning.

These examples represent the risetime distribution for events with average energy

of log(E/eV ) = 19.0 for vertical showers with zenith angles 1.0 < secθ ≤ 1.1

(0◦ − 24.6◦. The average of risetime (black and red dots) are fitted with a linear

function. 〈tR〉 = b+ a× R as a first approximation in an interval of 500 to 1200 m

of distance from the core R.
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Figure 6.10: The distribution of risetime as function of distance to
core for an fix interval of energy of 18.90 ≤ log(E/eV ) ≤ 19.08 and
zenith angle in 1.0 < sec θ ≤ 1.1 (0◦ < θ ≤ 24.6◦). Left and right
plots correspond to upper and lower layer, the black and the red dots
represent the averaged of risetime in a bin of 100 m. Both is fitted
with a linear function in R range of 500 - 1200 m.

The risetime increases with the core distance and decreases with respect to in-

creasing the zenith angle as it was shown on Figure 6.11. This Figure (left) shows

the mean of risetime from the data and it is fitted with the first approximation of

first-order-polynomial from 500 to 1200 m, at higher distance of 1200 m the the

binned risetime decreased due to the weak time-signal. The averaged risetime can

also be fitted to second-order-polynomial from 100 - 1500 m as shown in Figure

6.11(right). For our analysis we have been taken into account the results of linear

function fitting in the range of 500 - 1200 m. Figures ?? show the results of linear

fitting as function of secθ, in both cases of a and b has dependence on zenith angle.
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Figure 6.11: Mean of risetime for SDs binned in R and secθ for an
interval of energy 18.90 ≤ log(E/eV ) ≤ 19.08. Left plot is fitted with
a linear function in a range of 500 - 1200 m. Right plot is fitted each
zenith interval with a quadratic polynomial function in the range 100
to 1500 m.

The thickness of the shower disk refers to the bulk swarm of secondary particles

propagating towards the ground. Therefore in this analysis, it is used as parameter

of the thickness of the shower disk, the slope a, from linear fitting observed in the

interval R (500 − 1200 m). Figures 6.12 show the results of a (left) and b (right)

respect to secθ for 3 intervals of energies averaged at 1019.0 eV (black square marks),

1019.30 eV (blue square mark) and 1019.75 eV (red square mark). Comparing these

3 energies averaged, the tendency of dependence in secθ is clearly observed for any

energy interval. Thus, the following Equation shows the slope, a, and the offset, b,

has dependence on secθ,

〈tR〉 = b(θ) + a(θ)×R. (6.1))θsec(
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Figure 6.12: The superposition of results of the slope, a, and the
offset, b versus secθ of 3 intervals of energy averaged in 1019.0, 1019.30

and 1019.75 eV.
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However, for understanding the parameter of thickness of shower disk there is

not clear variation comparing the 3 intervals of energy.

To understand of the thickness of shower disk has dependence on the zenith

angle, it is necessary to look up the lateral distribution to understand this tendency.

The Figures 6.13 show the particles densities binned in 150 m for 5 interval of

secθ = 1.0 − 2.0 in step of 0.2 for 3 intervals of energy (plots from left to right).

We can expect for vertical showers the particles density is higher than for inclined

shower and the thickness of showers for vertical also should be thicker than that

inclined showers.
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Figure 6.13: Particle density distribution averaged as function of
core distance binned in bins of 150 m, and various zenith intervals in
secθ 1.0 < secθ ≤ 2.0 in steps of 0.2. Lateral distribution of particles
in the interval of energy 18.90 ≤ log(E/eV ) ≤ 19.08 (left), 19.15 ≤
log(E/eV ) < 19.45 (middle), and 19.45 ≤ log(E/eV ) ≤ 20.05 (right).

In order to understand with more details the characteristics of shower disk, in

the next section it is decided to make an analysis based on the azimuthal angle (ζ),

whose definition was described in the previous Chapter Section 5.3.

6.4 Analysis of azimuthal angle (ζ)

It was made a similar analysis made on residual time, the dependence on zeta angle

to analyze the thickness of shower disk calculating the variance of a slope of risetime

assuming the angle around the shower axis (ζ). For this purpose, it was studied the

distribution of zeta angle for "early", |ζ| ≤ 60◦, "intermediate", 60◦ < |ζ| < 120◦, and

"late", 120◦ ≤ |ζ| ≤ 180◦, SDs triggered. Firstly, if we considered an event shower

and its azimuthal angle (ζ) is projected on the ground of each SD as shown in the

Figure 6.14.
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Figure 6.14: An event map display with the zeta angle projected
on the ground.
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Figure 6.15: An example of ζ distribution for early (ζ = −60 to
60), intermediate (ζ = ±60 to ±120) and late (ζ = 120 to -120)
triggered SDs for fix interval in energy 1019.15−1019.45 eV and zenith
angle 1.0 ≤ secθ ≤ 1.2.

Figures 6.15 show the zeta angle distribution for the early SDs triggered (|ζ| ≤

60◦) (left), the intermediate SDs triggered (60◦ < |ζ| < 120◦) (middle), and for

late 120◦ ≤ |ζ| ≤ 180◦) (right) for all event of showers in the energy range of

1019.15 − 1019.45 eV for a fix zenith interval secθ = 1.0 − 1.2. Figures 6.16 show all

distribution of zeta angle for various intervals of zenith angle in secθ = 1.0− 2.0 in

steps of 0.2 from top to bottom, and from left to right different intervals of energy.

And Figures 6.17 show the distribution of core distance respect to zeta angle for

various intervals of zenith angle and different intervals of energy.

As introduced previously the azimuthal angle, ζ, close at 0◦ are triggered the

"earliest" SDs counters, ζ close at ±90◦ corresponds to SDs triggered in the "inter-

mediate" part of shower event, and ζ close at ±180◦ corresponds to all triggered

"lately". It was observed from the distribution of zeta angle in Figure 6.16, when

zenith increases the distribution of zeta changes gradually observing a deficit in the

distribution at "intermediate", for zeta angle around ζ = ±90◦ as zenith is going to
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be large and its tendency is presented in different intervals of energy. In the same

way, the distribution of core distance R has the same tendency along to the all ζ

distribution, for vertical showers, R is distributed uniformly but while increasing

the zenith angle this distribution becomes asymmetric.
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Figure 6.16: Histograms of ζ distribution in bins of log(E/eV )
for various zenith angle intervals. Left column of plots show at in-
terval 18.90 ≤ log(E/eV ) ≤ 19.15. Middle column of plots show
at interval 19.15 < log(E/eV ) < 19.45. Right column of plots at
interval 19.45 ≤ log(E/eV ) ≤ 20.05. From top to bottom binned:
1.0 ≤ secθ ≤ 1.2, 1.2 < secθ < 1.4, 1.4 < secθ < 1.6, 1.6 < secθ < 1.8
and 1.8 < secθ ≤ 2.0.
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Figure 6.17: Scatter distribution of core distance (R) values and az-
imuthal angle (ζ) in bins of log(E/eV ) for various zenith angle inter-
vals. Left plots correspond to energy interval 18.90 ≤ log(E/eV ) ≤
19.15. Middle plots in bins at interval of 19.15 < log(E/eV ) < 19.45.
Right plots in energy bins 19.45 < log(E/eV ) ≤ 20.05. From top
to botom: 1.0 ≤ secθ ≤ 1.2, 1.2 < secθ < 1.4, 1.4 < secθ < 1.6,
1.6 < secθ < 1.8 and 1.8 < secθ ≤ 2.0.

Figures 6.18 show some cartoons that represent the shape roughly projected on

the ground when the EASs hit the ground considering the different zenith angles

condition according to the zeta angle distribution shown on 6.16.
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vertical shower middle shower inclined shower

Figure 6.18: Scheme of shower shape and the effect of zeta angle
projected on the ground.

6.5 Thickness of shower disk dependence on ζ

Data used in the thickness of shower disk are from May 2008 to May 2019 using

different selection rules detailed in Section 4.5. We have performed the risetime

profile to analyze the thickness using the slope a variation on the zenith angle, R

and zeta angle. Considering a determined band of energy, those events showers are

selected into 5 intervals of zenith angle and each one is divided into the SDs triggered

by "early", "intermediate" and "late" triggered as parts of an event shower, and tR is

analyzed. The FADC traces of TA SDs have two signals and in the present analysis

were considered both independently as the upper and lower layer for the calculation

of the risetime tR. The next measurement of risetime is based on lower layer results.

The set of plots presented in Figures 6.19 shows an example of how is the varia-

tion of risetime, tR, for three intervals of zeta angle and for a fix interval of energy

between 19.15 ≤ log(E/eV) ≤ 19.45. From the top to bottom panel of plots are

measured for 5 intervals of zenith angle and the 3 columns divided are intervals of

zeta angle from early (left), intermediate (middle) and late (right).

In all cases of risetime of analysis, we have focused in a specific range of R from

500 to 1200 m for the linear fitting. The next step is to parameterize the thickness

parameter, a, with the zeta angle. To understand it, we can see a simple case from

the Figure 6.19 the third row, which corresponds to showers with middle zenith angle

44.4◦ ≤ θ ≤ 51.3◦, the fitting in the 3 cases for early, intermediate and late, it can

be observed the slope a changes clearly in the 3 cases for "early" a = (0.52 ± 0.02)
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[ns/m], intermediate a = (0.32 ± 0.02) [ns/m] and late a = (0.23 ± 0.01) [ns/m]

respectively.
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Figure 6.19: The scatter plots of the risetime vs. core distance
for an interval of the energy of 1019.15 − 1019.45 eV. Divided into 5
intervals of zenith angle from top to bottom in secθ = 1.0 − 2.0 in
steps of 0.2. From left to right differents intervals of zeta angle for
"early", |ζ| ≤ 60◦, (left), "intermediate", 60◦ < |ζ| < 120◦, (middle),
and "late", 120◦ ≤ |ζ| ≤ 180◦ (right). Each plot with linear fits in the
range of R of 500 - 1200 m.
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6.5.1 Thickness parameter parameterized to zeta angle

In order to study the thickness parameter, a, from the following analysis, the showers

are divided into 6 bands of zeta angle. The following example is based in 6 intervals

of zeta angle in steps of 60◦.

Then the fitted values of a are parameterized with respect to ζ (left) and cosζ

(right) as shown in the Figures 6.20. This is an example analyzed for a fix energy

interval centered at 1019.30 eV and fix zenith close to vertical showers. Both cases

are fitted with a second and first order cosine function expressed in the Equations

(6.2) and (6.3) respectively.

a = (c0 + c1cosζ + c2cos2ζ) [ns/m] (6.2)

a = (a0 + a1cosζ) [ns/m] (6.3)

For the case of early, from the Figures 6.20 the gray area, the thickness parameter

is higher than for late, it can be interpreted as the thickness of shower disk for early

is slightly thicker than for late thickness.
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Figure 6.20: Thickness parameter a and azimuthal angle ζ, for
the interval of energy 1019.15 − 1019.45 eV, and zenith angle band
in secθ : 1.0 − 1.2. Left plot a vs. zeta, the upper layer FADC
traces result (black dots) and the lower layer FADC traces result
(red dots). Right plot a vs. cosζ, the upper and lower layer results
are represented by black and red dots respectively.
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Figure 6.21: The values of offset, b, respect to zeta angle ζ, for
the interval of energy 1019.15 − 1019.45 eV, and zenith angle band in
secθ = 1.0− 1.2.

Figure 6.21 shows the values of b parameterized with respect to ζ. In case of the

offset, b, parameterized with zeta angle as shown on the Figure 6.21, shows it does

not have dependency on zeta angle for this zenith angle interval, it was observed for

others intervals of zenith angle, the values of b show a variation in zeta, but it does

not hold a specific tendency as in case of a. It should be noted that the distribution

of tR respect to R is not linear from the origin, being the values of b negative by

this zenith interval and as zenith interval change b is also changed. In this work has

not analyzed the offset time, b, of the risetime tR.

The following figures show the results the thickness parameter a variation with

zeta angle, for 4 intervals of energy by using 6 intervals of zeta angle ζ in steps 60◦,

the details of the risetime distribution for the corresponding zeta angle are shown

in the Appendix A.8 (E = 1019.0 eV) and Appendix A.9 (E = 1019.75 eV).

The next set of Figures 6.22 6.23 6.24 6.25 show the values a respect to zeta

angle (left) and respect to cosζ (right) for the intervals of energy 1018.60−1018.85 eV,

1018.85 − 1019.15 eV, 1019.15 − 1019.45 eV, and 1019.45 − 1020.05 eV respectively. From

top to bottom for various intervals of zenith angle in secθ = 1.0 − 2.0 in steps of

0.2. Each distribution is fitted by the Equation 6.2 (left) and Equation 6.3 (right).

It should be noted for the highest energy interval the numbers of events are small,

thus, SDs data also are reduced. Then, the first division of zeta angle are 6 for

ζ = 0◦ − 180◦ in steps of 30◦ and considering the symmetry of the shower axis line

the 6 intervals of ζ = 0◦− (−180◦) are included in the first zeta division as observed

in Figure 6.25 (left).
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Figure 6.22: Thickness parameter a as function of ζ (left plot)
and cosζ (right plot) for various secθ for the lower energy interval
1018.60−1018.85 eV. Top to bottom plots for intervals of secθ = 1.2−2.0
in steps of 0.2. The results for upper layer (black mark) and lower
layer (red marks).
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Figure 6.23: Thickness parameter a as function of ζ (left plot)
and cosζ (right plot) for various secθ for the lower energy interval
1018.85 − 1019.15 eV. Top to bottom for intervals of secθ = 1.2 − 2.0
in steps of 0.2. The results for upper layer (black mark) and lower
layer (red marks).
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Figure 6.24: Thickness parameter a as function of ζ (left plot)
and cosζ (right plot) for various secθ for the lower energy interval
1019.15 − 1019.45 eV. Top to bottom for intervals of secθ = 1.2 − 2.0
in steps of 0.2. The results for upper layer (black mark) and lower
layer (red marks).
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Figure 6.25: Thickness parameter a as function of ζ (left plot)
and cosζ (right plot) for various secθ for the lower energy interval
1019.45 − 1020.05 eV. Top to bottom for intervals of secθ = 1.2 − 2.0
in steps of 0.2. The results for upper layer (black mark) and lower
layer (red marks).
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From these results 3 main conclusions are considered:

1) The thickness of the air shower disk change according to zenith angle, e.g. for

the showers close to θ ∼ 0◦ the thickness of the disk is thicker and while the zenith

angle increases the thickness of shower disk become less thick in the shower front.

2) The thickness of the shower also varies along azimuthal angle in almost all

cases of zenith, the early part of the thickness of shower disk is thicker than the late

part of the shower, depending on the zenith angle. This variation of the thickness

of shower disk may be attributed to the path of the shower axis in case of vertical

showers the atmospheric depth is the shortest that travels the formed secondary

particles leaving their traces in the SDs, the bulk of secondary particles are thicker.

For showers with large zenith angles are affected twice. Firstly, the shower axis is

longer, then, the thickness of the shower disk also decreases. Secondly, considering

the inclined showers’ path the early and late part of the shower, the path of secondary

particles in the early is relatively short than the late path, being the late part of

the shower is more affected due to the secondary particles are absorbed in the

atmosphere. Thus, this asymmetry is formed along to the zeta angle.

3) The thickness of the shower disk also changes for different energies, the thick-

ness of shower disk increases when energies are higher as it was shown in the last

Figures. But the tendency of asymmetry along zeta angle is observed in any energy.

6.6 Summary of thickness dependence on zeta an-

gle

The next Figures 6.26 show a summary of the results presented in Section 6.5.1,

the thickness parameters a as function of azimuthal angle ζ (left) and cosζ (right)

for various bands of zenith angle and 4 intervals of energy analyzed 1018.60 − 1018.85

eV, 1018.85 − 1019.15 eV, 1019.15 − 1019.45 eV, and 1019.45 − 1020.05 eV. The lower layer

results are presented by red marks.
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Figure 6.26: Thickness parameter (a) versus zeta angle (left) and
cosζ (right) for various secθ in each plot. From top to bottom, 4
intervals of energy 1018.60 − 1018.85 eV, 1018.85 − 1019.15 eV, 1019.15 −
1019.45 eV, and 1019.45 − 1020.05 eV. All evaluated for linear fits in a
range of 500 - 1200 m.

From the summary of the plots, it can be concluded that the thickness of the

shower disk increases for higher energies and it more evident in the plots of a vs.

cosζ, the thickness in the early regions (cosζ = 1) of shower is thicker than for
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late regions of shower (cosζ = −1) in cases for large zenith angles. These analy-

ses through linear fits can be seen for intermediate and middle zenith angle, the

slope is steeper than for showers of small zenith angles and larger zenith angles.

According to the report presented by Auger group this effect of asymmetry can be

caused by geometric effects till a point of inflection of zenith angle (θ > 30◦), after

this point, the attenuation is the main factor to reduce this asymmetry, by means

secondary particles, electrons, and positrons are absorbed in the atmosphere and

only remaining the muonic component [44].

The following Tables 6.1,6.2 and 6.3 show the numerical values obtained for 3

intervals of energy from linear fits on thickness parameter a and cosζ, these results

from lower layer signals.

sec(θ) θ 1018.85 − 1019.15 eV

1.0 - 1.2 0 - 33.6 a = (0.59± 0.01) + (0.04± 0.01)× cosζ

1.2 - 1.4 33.6 - 44.4 a = (0.49± 0.01) + (0.12± 0.01)× cosζ

1.4 - 1.6 44.4 - 51.3 a = (0.32± 0.01) + (0.11± 0.01)× cosζ

1.6 - 1.8 51.3 - 56.2 a = (0.18± 0.01) + (0.07± 0.01)× cosζ

1.8 - 2.0 56.2 - 60.0 a = (0.11± 0.01) + (0.05± 0.01)× cosζ

Table 6.1: Summary of function fitted in the a and cosζ for the
energy interval 1018.85 − 1019.15 eV for each interval of secθ.

sec(θ) θ 1019.15 − 1019.45 eV

1.0 - 1.2 0 - 33.6 a = (0.61± 0.01) + (0.05± 0.01)× cosζ

1.2 - 1.4 33.6 - 44.4 a = (0.50± 0.01) + (0.13± 0.01)× cosζ

1.4 - 1.6 44.4 - 51.3 a = (0.37± 0.01) + (0.16± 0.01)× cosζ

1.6 - 1.8 51.3 - 56.2 a = (0.18± 0.01) + (0.12± 0.01)× cosζ

1.8 - 2.0 56.2 - 60.0 a = (0.09± 0.01) + (0.05± 0.01)× cosζ

Table 6.2: Summary of function fitted in the a and cosζ for the
energy interval 1019.15 − 1019.45 eV for each interval of secθ.
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sec(θ) θ 1019.45 − 1020.05 eV

1.0 - 1.2 0 - 33.6 a = (0.65± 0.01) + (0.09± 0.02)× cosζ

1.2 - 1.4 33.6 - 44.4 a = (0.49± 0.01) + (0.12± 0.01)× cosζ

1.4 - 1.6 44.4 - 51.3 a = (0.35± 0.01) + (0.16± 0.01)× cosζ

1.6 - 1.8 51.3 - 56.2 a = (0.18± 0.01) + (0.12± 0.01)× cosζ

1.8 - 2.0 56.2 - 60.0 a = (0.09± 0.01) + (0.65± 0.01)× cosζ

Table 6.3: Summary of function fitted in the a and cosζ for the
energy interval 1019.45 − 1020.05 eV for each interval of secθ.

6.7 Thickness of shower disk dependance on en-

ergy

It was studied the variation of thickness parameter as a function of energy measured

with the lower layer FADC traces. The set of Figures 6.27 show the values of the

thickness parameter a as function of energy for the different intervals of zenith angle

in secθ = 1.0−2.0. The top panel shows the results of the early region |ζ| ≤ 60◦ of a

vs. energy. The middle panel shows the values of a vs. energy for the intermediate

part of shower 120◦ < |ζ| < 180◦. And the bottom panel is the result of a vs. energy

for the late region of the shower 120◦ ≤ |ζ| ≤ 180◦.

The result of the early part, the thickness of the shower disk shows a tendency to

increase as energy is higher for small zenith intervals. In the case of the intermediate

region of the shower, the dependence on energy not increases as in the early case.

For the late case, there is no clear dependence on energy due to the low statistics

presented.
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Figure 6.27: Thickness parameter a as a function of energy mea-
sured by lower layer signals for various secθ intervals. Top plot is the
result of early part of shower. Middle plot is the intermediate part
of shower. Bottom plot is for late part of shower results.
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Chapter 7

Summary and conclusions

The work in this thesis is focused on studying the structure of the extensive air

shower produced by ultra high energy cosmic rays based on the observations with the

Telescope Array surface detectors data, to reveal the nature and features of extensive

air showers. It was examined air shower data of TA had taken in observation from

2008 to 2019.

The time structure analysis was separated into two chapters by using two defini-

tions through the FADC signal pulses footprinted by the event showers of UHECR.

An overview of recent progress in cosmic ray studies, especially to understand

from the curvature of the shower front for different geometrical delays condition

and energies. However, the general residual time function for the time delay can

be expressed as a simple convolution of three residual times as it summarized in

the Section 5.7. On the other hand, modeling the thickness of the shower disk by

using the risetime tR has not been measured before and now we present an analysis

by using selected events showers and selected SDs FADC traces information. It

was found interesting results based on the developed of extensive air shower in the

atmosphere by observing the thickness of shower disk at a different part of shower

by means at ζ = 0, and ζ = ±180 in the interval of core distance R of 500 to 1200 m.

From these measurements it was found a certain asymmetry of the shower thickness

for a different zenith angle.

In order to summarize and conclude this analysis, it is presented both analyses

by using two observables of time profile: 1) the curvature of the shower front and 2)

the thickness of shower disk. From the two methods used it has been proven that

the extensive air shower has clearly effects on geometrical conditions such as the
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zenith angle, azimuthal angle, distances to shower core and energy.

7.1 The curvature of the shower front

From each event shower data has been used to extract particle arrival time dis-

tributions with respect to the arrival time of the shower core. The typical time

fluctuations along the shower plane was studied by the empirical residual time of

AGASA experiment. Figures 7.1 show 〈td〉 and distance to core, these plots show the

curvature of shower front for different intervals zenith angles, the blue area around

the averaged td shows the fluctuation of shower-to-shower in each interval of zenith.
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Figure 7.1: The evolution of the curvature of shower front for var-
ious secθ in lower energy interval of 1018.90 − 1019.08 eV. The area
of curvature shows the fluctuation of all event showers in the secθ
binned presented by the RMS in the y-error bar and the dots is the
average of td.

For air showers with zenith angles θ < 33◦ the radii of the curvature are less

than 2500 m, for showers with zenith θ > 56◦ the radii are extended making the

curvature more wider.
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7.2 Comparison of risetime investigation with other

experiment

The analysis of risetime by using the definition of integrated of FADC waveform

from 10% to 50% with the TA SD was investigated to study shower structure is

the first time. In 2016 the Auger experiment has reported an analysis of data with

the water-Cherenkov surface detector in this report is used the risetime to study

the mass composition of UHECR [44]. The next set of plots 7.2 show both results

from TA and Auger experiment with the tR scatter distribution and R in the same

interval of energy 1019.20− 1019.50 eV and the same interval of zenith angle 42◦− 48◦

respectively.
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Figure 7.2: Left panel: Risetime calculated by TA SD. Right panel:
The risetime measured by AUGER experiment by water-Cherenkov
detector.

The left upper and lower Figures 7.2 show the results obtained with TA SD, the

upper plot shows the tR distribution with a loose cut selection of SD, and the lower

plot shows the tR distribution with tight cut selection by using FADC signal higher

than 10 VEM. In both cases, the linearity are kept but showing more fluctuation at

higher of 1500 m caused by weak signals.

The upper right plot shows the result of Auger result of tR distribution and the

lower plot shows the averaged tR in small bins of R. In case of Auger result shows

this linearity is hold in the R range of 500 to 2000 m and TA in the range of R 500

- 1200 m. Both results of TA and Auger show similar linear correlation in different

intervals of R.
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It can also be observed from both results the slope for TA is steeper than for

Auger. The reason for this difference may be attributed to the response of the

detector, TA’s detector is smaller (3 m2) than the Auger detector (∼34 m2) being

this last more sensitive to muons.

Figures 7.3 show the results of the variation slope a, thickness parameter, respect

to the azimuthal angle ζ. Figures 7.3 (left) show TA SD results for an interval of

energy 1018.85 − 1019.15 eV for 5 intervals of secθ in the steps of 0.2. Figures 7.3

(right) show the Auger results in the interval of energy 1018.55−1018.75 eV for various

intervals of zenith angle.
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Figure 7.3: The asymmetry along the azimuthal angle calculated
for 5 intervals in secθ for TA SD (left). Asymmetry measured by
Auger experiment (right).

The asymmetry of the shower thickness on the azimuthal angle is observed for

both experiments, and this asymmetry appear more strongly for showers with middle

zenith angles.

It is important to mention that the result of Auger group, the asymmetry is

observed for several intervals of zenith angles because it counts with more events

of showers, attributing this to the area of Auger experiment being 4 times larger in

statistics than TA data. Nevertheless, in both results can be observed the asymmetry

on the azimuthal angle of ζ with same tendency.
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7.3 Asymmetry in the curvature of the shower

and the thickness of shower disk

We have studied the characteristics of air shower of UHECRs by using two defini-

tions via FADC signal pulses. Firstly, we used the relative arrival time distribution

information to study the curvature of the shower front with the definition of resid-

ual time td. Secondly, we used a certain time width of FADC signal pulse to study

the thickness of the shower disk. From both analyses, we conclude that there is

evidence that the air shower development in the shape of the shower curvature is

not symmetric, it respects the azimuthal angle. In the case of the thickness of the

shower disk, it is observed an asymmetry in the shower thickness in the early and

late part of the air showers. This asymmetry observed in both cases depends on

several factors of each event shower such as its geometry, zenith angle, zeta angle,

distance to the core, particle density, and energy of the UHECR.

Figure 7.4 shows the zeta angle definition, which was used to analyze the air

shower structure where it was found an asymmetry on ζ. Through the analyses,

the shower front and thickness of shower disk were divided into 3 parts the showers

denoted by "early", "intermediate" and "late". The left Figure 7.4 shows the shower

plane and the zeta angle, view from side. And the right Figure shows the front view

of the zeta angle, divided the zeta angles in 3 parts.

Figure 7.4: Side view of definition of the azimuthal angle (ζ) (left
image) and the front view of the zeta angle projected on the ground.
The color shows the early part of the shower (dark purple), interme-
diate (purple) and late triggered part of the shower (light purple).

Figures 7.5 show the analyzed results in the interval of energy 1019.15−1019.45 eV

for 3 intervals of zenith angle; residual time (left plots) and rise time (right plots)

distribution binned in an interval of R and the distance to core. The upper plots
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are for zenith interval in secθ = 1.0 − 1.2 (θ = 0◦ − 33.6◦). The second-row plots

are for the middle zenith interval in secθ = 1.4 − 1.6 (θ = 44.4◦ − 51.3◦). And the

bottom plots are for inclined showers in secθ = 1.8− 2.0 (θ = 56.2◦ − 60.0◦).
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Figure 7.5: Residual time (left) and risetime (right) distribution as
function of distance to shower axis. The early shows the dark color,
and the late part of shawer shows by the ligh color.

In each plot shows the comparison of the 3 parts of the shower denoted by the

colors, from dark to light, represent the early (|ζ| ≤ 60◦), intermediate (60◦ < |ζ| <

120◦), and late (120◦ ≤ |ζ| ≤ 180◦) part of the showers.

It can be noted for the first interval of zenith there is not much variation, thus,

showing these features is almost symmetric in the curvature and the thickness of

showers. The second interval of zenith allows us to see a clear difference between

the earliest and latest part of the shower. The showers of interval correspond to

θ = 44.4◦ − 51.3◦ traveling middle atmospheric depth the early part is less affected

by the atmosphere due to short length of trajectory comparing with the late part
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which is quenched. Third case zenith interval, inclined showers are the longest path

that traverses and these showers are dominated by weak signals. Its curvature and

its thickness of the disk are reduced in case of the late part of the shower show the

statistical bias due to low SDs triggered.

Figures 7.6 show the summary of the results studied for the highest energy

interval 1019.45 − 1020.05 eV with 3 intervals of secθ of curvature of the shower front

and the risetime distribution for early, intermediate and late part of the shower.
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Figure 7.6: Averaged of residual time and risetime as function of
distance to core for energy 1019.45 − 1020.05 eV. Left panel: residual
time for early, intermediate and late part of curvature of shower.
Right panel: risetime distribution for early, intermediate and late
SDs triggered.

The flux of UHECR at this interval of energy is low. The feature of the curvature

of shower disk shows the shower front is big comparing with low energies. And the

thickness of showers also shows the average tR can be extended to 1500 m in its
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linearity. For a large zenith angle, the statistics also decreases which affects to high

fluctuation between the earlies and the late part of showers.

The radius of the curvature of an extensive air shower produced by an UHECR

with average of energy of 1019 eV is extended from 0 to 2500 m, and for the highest

primary energy ∼ 1020 eV the radius goes from 0 to 3500 m. The implications of the

thickness of shower disk while it is propagated in the atmosphere is affected by the

atmospheric depth. This effect was observed when the larger the zenith angle, the

longer the shower develops in the atmosphere and therefore the distance from the

ground to the depth of the first interaction point is further away. The latest arrival

particles the energy deposited in its trajectory, consequenly few particles arrived

comparing with the early arrival particles.

7.4 Future prospects

At present, the main tasks have been explored, the features of air showers by using

a large experiment with the TA SD data. The next step to accomplish this analysis

should be also extended to observe these singularities of EAS with MC data by using

the latest hadronic models. Also, it is important to consider the performance of TA

SD detector for a better understanding of the thickness of the air shower at a large

distance of shower core to check the type particle sensitivity at beyond distance of

1200 m, especially at low energies.

During the analysis two quantities which have been measured, but it was ob-

served large statistical bias for inclined showers and for late parts of showers, for a

better EAS modeling we need to accumulate more showers data to reduce the limits

of errors. The TAx4 project which is an extension in area of TA, TAx4 is currently

under construction, which aims to observe the UHECR at 1020 eV. Therefore it will

be ideal to extend this analysis including high statistics.

Further work of interest in cosmic rays astrophysics is to touch other issues

related to understanding the origin of cosmic rays. There are several and important

experiments to trying to investigate the nature of cosmic rays and their mechanisms

of propagation in the universe. One issue is currently, the identification of sources by

observing the distribution of the arrival direction of cosmic rays to find the sources of
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cosmic rays. TA has also been examining event showers with UHECR by observing

the northern sky and with TAx4 will have been benefited to observe more events.

Another promising experiment, to study the nature of the origin of cosmic rays, is

the new experiment under construction called ALPACA (Andes Large area PArticle

detector for Cosmic ray physisc and astronomy) located in Bolivia with the aim to

observe gamma-ray source by observing the southern sky. This project has been

proposed to observe sources through gamma-ray as well as cosmic rays by using

a conventional type of detection using surface detectors of plastic scintillation and

water-Cherenkov detectors. The expectation of looking at sources of gamma-ray

with energies higher of 100 TeV is to identify PeV accelerating objects.
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Appendix A

A.1 Rise time measured by Haverah Park exper-

iment
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Fig. 14.45 Fluctuations, a 1(too-so), of the rise time measurements, too- so), of the shower front as 
defined in the text, obtained with the Haverah Park installation versus core distance in showers of 
an estimated primary energy range from 3 · 1017 to 1.5 · 1018 eV. •, o, Barrett et al. (1975a, b); 
, , 6., Watson and Wilson (1974). The full symbols were obtained in showers where only two 
individual measurements of too-so) met the required shower selection criteria, for the open sym­
bols three measurements met the criteria. Curves p and ct show results of simulations for primary 
protons and alpha particles, respectively (Lapikens, 1975; Hillas et al., 1971 a). The solid line is an 
approximate fit to the experimental points, drawn by the author 

Figure A.1: Rise time measured by Haverah Park experiment [90].



136 Appendix A.

A.2 Angular resolution

Figure A.2: Histograms of opening angle σθ for various energy bins.
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A.3 Resolution of core location

Figure A.3: Histograms of ∆R for various energy bins.
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A.4 Residual time for averaged energy ∼ 1019.0 eV
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Figure A.4: td vs. R profile for energy interval 1018.90 − 1019.08 eV
for early(left), intermediate(middle), and late(right) side showers.
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A.5 Residual time for averaged energy ∼ 1019.3 eV
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Figure A.5: td vs. R profile for energy interval 1019.15 − 1019.45 eV
for early(left), intermediate(middle), and late(right) side showers.
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A.6 Residual time for averaged energy ∼ 1019.8 eV
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Figure A.6: td vs. R profile for energy interval 1019.45 − 1020.05 eV
for early(left), intermediate(middle), and late(right) side showers.
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Figure A.7: ρ vs. R profile for energy interval 1018.90 − 1019.08 eV
for early(left), intermediate(middle), and late(right) side showers.
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Figure A.8: tR vs. R profile for energy interval 1018.85− 1019.15 eV
for 5 intervals of zenith angle and 6 intervals of zeta angle.
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Figure A.9: tR vs. R profile for energy interval 1019.45− 1020.05 eV
for 5 intervals of zenith angle and 5 intervals of zeta angle.
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