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Ao Luis






Mudam-se os tempos, mudam-se as vontades,
Muda-se o ser, muda-se a confianca;

Todo o mundo é composto de mudancga,
Tomando sempre novas qualidades.

Continuamente vemos novidades,
Diferentes em tudo da esperanca;

Do mal ficam as magoas na lembranca,
E do bem, se algum houve, as saudades.

O tempo cobre o chao de verde manto,
Que ja coberto foi de neve fria,
E em mim converte em choro o doce canto.

E, afora este mudar-se cada dia,
Outra mudanca faz de mor espanto:

Que nao se muda ja como soia.

Camoes






Resumo

Nesta tese é apresentada a experiéncia ULTRA que pretende medir o coeficiente
de reflexao da luz de Cherenkov gerada por cascatas de raios césmicos em di-
versas superficies, dando-se énfase ao sistema de aquisi¢ao de dados e aos testes
realizados.

Pretendia-se desenvolver um sistema distribuido de aquisicao de dados com
um sistema de sincronismo sem fios. O sistema desenvolvido baseia-se numa placa
PCI desenvolvida pelo LIP que permite a aquisi¢do analogica de seis canais com
uma, precisao de 10 bits e uma frequéncia de 100 MHz, permitindo também a
medicao de intervalos de tempo com uma resolucao de alguns nanosegundos, com
um range dindmico de mais de 1 segundo. Em conjunto com um sistema GPS
que sincroniza o sistema a cada segundo é possivel, em cada estacao de detecgao,
adquirir dados e colocar-lhes uma etiqueta temporal, relativa ao UTC, com uma
precisao superior a 10 ns.

No tltimo capitulo da tese sao apresentados os testes realizados, na regiao
dos Alpes, bem como os seus resultados.

A experiéncia ULTRA encontra-se, neste momento, pronta para comecar as
suas tomadas de dados e cumprir assim o seu programa de Fisica.
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Abstract

In this thesis the ULTRA experiment is presented. ULTRA aims to measure the
reflection coefficient of the Cerenkov light produce by an Extensive Air shower
in several surfaces. The data acquisition system and the engineering runs are
described in detail.

It was pretended to develop a distributed DAQ system, synchronized wire-
lessly. The system developed is based on a PCI board developed by LIP that is
capable of acquiring six analog channels with a precision of 10 bits with a 100MHz
frequency and measure time intervals with a precision of a few nanoseconds and
a dynamic range greater than 1 second. With a synchronism pulse every second
from a GPS system it is possible, in every detector station, to acquire events and
time-tag each one, relatively to the UTC, with a precision of 10 ns.

In the last chapter of the thesis the ULTRA engineering runs, in the Alps
region, and its results are presented.

The ULTRA experiment is, in this moment, ready for physics runs.
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Chapter 1

Introduction

The ULTRA (Uv Light Transmission and Reflection in the Atmosphere) exper-
iment has been designed, in the context of EUSO [2], to provide quantitative
measurements of the reflection /diffusion signal produced by Extensive Air Show-
ers (EAS) impacting on the Earth surface, overcoming the lack of information
in this specific field. A conventional scintillator array and UV light detectors
(300 — 400 nm wavelength range) will operate simultaneously to detect EAS in
coincidence with the UV light reflected /diffused from its impact on Earth.

An EAS will be detected in ULTRA by the coincidence of events in several
scintillator detectors in the array. The experiment is expected to be carried out
at different sites to characterize several reflecting/diffusing surfaces. Depending
on the type of surface, the scintillators could be either at fixed positions (ground)
or moving (water). In order to allow the foreseen measurements, each element
of the array should be equipped with a position determination system. The
determination of the shower arrival direction requires precise time synchronization
between the array elements.

The synchronization between the several stations of the array and also between
the UV light detector and the array is crucial. Traditional acquisition systems
tend to drive signal cables from each station to a central acquisition system. In
the context of ULTRA, it was investigated the possibility of using a wireless
synchronization system based in the Global Positioning System (GPS). The idea
to synchronize cosmic ray detectors wirelessly was pioneered in the eighties by
the Leeds group at Haverah Park|[3].

A low cost, commercially available, GPS is used to synchronize wirelessly a
stand-alone custom designed data acquisition board (LIP-PAD). The LIP-PAD
board is a PCI based board with two main subsystems: the Analog Acquisi-
tion Subsystem (AAS) with six analog acquisition channels and the Time Mea-
suring Subsystem (TMS), with the ability of measuring time intervals with a
dynamic range greater than 1s and with a resolution of few nanoseconds. The
TMS, the timing part of the LIP-PAD board, uses a 50MHz clock signal derived
from a global 100 MHz oscillator and a 100 ps TDC that is driven by Altera

1



CHAPTER 1. INTRODUCTION

programmable logic. The system was tested in laboratory and used in the engi-
neering runs of ULTRA. Two such runs were performed at Mont-Cenis. A full
configuration was installed also for test in the LSPC campus in Grenoble.

The present thesis focus on the development of the ULTRA data acquisition
system (chapter 4, 5 and 6) which was my main responsibility in the experiment.



Chapter 2

Extensive Air Showers

Energetic cosmic rays interact with the Earth atmosphere giving birth to Exten-
sive Air Showers (EAS). These air showers are composed by billions of particles
(mainly electrons and photons) describing a pencil like shape in space (figure
2.1). At each instant the shower has however the shape of a disk with increasing
radius that propagates with a velocity v ~ ¢ (figure 2.2).

<>

.. electrons

12km

Figure 2.1: Visualization of a simulated EAS.
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Figure 2.2: The EAS at each instant is seen as a disk of particles with increasing
radius that propagate with a velocity v ~ c.[1]

2.1 Shower parametrization

The EAS are usually characterized by its longitudinal and transversal profiles.
The longitudinal profile (figure 2.3 ) defines the total number of electrons as a
function of the atmospheric depth along the shower axis. The longitudinal profile
was parametrized by Greisen [4] as

et(l—% ln(s))

N (t) ~0.31
(t) NG
with )
t=
r.l.
where p is the atmospheric depth and r.l. = 37.1 g - cm ™2 is the radiation length
in air and r
Bo =In (E)
3t
S =
t+ 20

with E, = 81 MeV, the electron critical energy. The parameter s is usually
called the Shower Age. In the beginning of the shower development this parameter
has a value s = 0 and in the shower maximum size the parameter takes the value
s =1.

The lateral profile (figure 2.4 ) of the shower gives the particle density in the
shower front as a function of the distance to the shower axis and is parametrized
by the NKG formula [4, 5]:

4
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Figure 2.3: Longitudinal development of EAS in air for energies ranging from
10! to 10! eV, as parametrized by the Greisen formula
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a.s.l., for showers with N, > 10°. The line is the best fit to the NKG formula.
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Ne r s—2 r s—4,5
= SR 14+ —
plr)=c(s) re (r0> < +r0>
with
c(s) =0,366- 52 - (2,07 — )"
where 7, is the Moliére radius (~ 100m) and N, the total number of shower
particles.

2.2 Detection techniques

EAS are usually detected by three techniques: sampling the charged particle
component using a ground array of particle detectors; collecting the diffused
fluorescence light produced by the excitation of Ny molecules present in the at-
mosphere by the low energetic electrons; or, finally, collecting the Cerenkov light
produced by the relativistic particles of the shower (figure 2.5 ).

\\‘—‘—-—-.. B
Fly's eye

(fluorescence)

=

Ground array |
(particles) Cherenkov
Telescope

Figure 2.5: detection techniques

The sampling technique relies in the estimation of the particle density in the
shower front at different locations. With a scintillator array detector the density

6



2.2. DETECTION TECHNIQUES

of particles is sampled at each station and then fitted to the shower lateral profile
(NKG formula) in order to estimate the shower core and the shower size (/V,). An
example of such type of detector is the AGASA (Akeno Giant Air Shower Array)
experiment [6] . It uses the sampling technique to study cosmic rays with a
primary energy above 1017 eV. It consists of a surface array with 111 scintillation
detectors and 27 muon detectors spread within a 100 km area, separated by 1km
among them (figure 2.6).

BT 20T

Figure 2.6: The AGASA experiment. Left: One station; right: map of the
stations.

As an EAS propagates in the atmosphere , its particles interact with the
atmosphere producing light by fluorescence process. Experiments using the fluo-
rescence technique acquire this light to estimate the EAS properties. An example
of a detector using the fluorescence technique is the HiRes experiment |7]. Based
in the Utah, this experiment is composed by two stations to allow a stereoscopic
acquisition of the fluorescence signal from EAS. Each station consists of sev-
eral detectors to allow a great coverage of the sky. Each detector is, basically,
composed by a large spherical mirror and a PMT camera (figure 2.7).

The next important step to increase the statistics of Ultra High Energy Cosmic
Rays (UHECR) is the Pierre Auger Observatory (PAO)|[8], now in construction in
Argentina. PAQO is a hybrid experiment having a surface detector, composed by
1600 water tanks in the final configuration and a fluorescence detector composed
by 4 stations overseeing the entire surface detector. The observatory will cover
an area of about 3000km? and is expected to collect 50 - 100 events per year with
a primary energy greater than 10?2 eV - in one year, more than the present total
available statistics. An engineering array has already been built and started
operation. Figure 2.8 shows an event from PAO engineering array where it is

7
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Figure 2.7: The HiRes experiment. Left: sketch of the detection in stereo mode
principle. Right: photograph of one fly’s eye.

|  Stations-SDP Event Id: 850019 |

26 June 2004

p'—l_-_-— el
o
i e e

Figure 2.8: An event from PAO. Top: Location of the shower event in the water
Cerenkov array; bottom: Signal visualization in the two fluorescence telescopes
that acquired the event.
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visible the signal in the fluorescence detectors and the water tanks that acquired
the event.

To proceed even further a planetary scale detection area is required, only
possible with a space-borne approach such as the one to be followed by the
Extreme Universe Space Observatory, proposed for 2010. EUSO|2] is a space
based fluorescence detector for UHECR detection that will observe an area of
~ 150000 km? and is expected to collect ~ 1000 events with an energy greater
than 10%° eV. The EUSO detector consists of an UV telescope to be installed at
the International Space Station (ISS) pointing at nadir. Its detection principle
(figure 2.9) relies on the detection of the fluorescence light and the reflected

v

Cerenkov light generated by an EAS traversing Earth atmosphere.
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Figure 2.9: Sketch of EUSO detection principle.

The Cerenkov light produced by EAS is also used to detect EAS produced by
v rays in the GeV range. In this case UV telescope with large collecting areas
are used to image the Cerenkov light. One example is the MAGIC telescope|9]
shown in figure 2.10. This telescope featuring a 17 m diameter mirror is installed
at El Roque de los Muchachos observatory in the Canary Islands.
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Figure 2.10: The MAGIC telescope. Here with the laser calibration system.
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Chapter 3

The ULTRA Experiment

The ULTRA experiment - Ultra violet Light Transmission and Reflection in the
Atmosphere is a support experiment for the EUSO mission that aims to provide
quantitative measurements of the UV light produced, and reflected in the Earth
surface, by an EAS traversing the atmosphere. ULTRA plans to have several
runs in order to estimate the signal reflected by several surfaces: rock, grass,
snow, sand, water.

The main concept of ULTRA, illustrated in figure 3.1, is to use an UV optical
detector, UVscope, to collect the UV light generated by an EAS which is detected
with a conventional ground array of scintillators detector, the ETscope.

When the electromagnetic component of a shower is detected by the ETscope
relevant parameters such as the arrival direction, the core location and the shower
size are estimated. On the other hand the UV light generated by the EAS reaches
the ground and is diffusely reflected in every direction. Some of this reflected
light reaches the UVscope, where it is detected. The UVscope is placed on a hill
pointing downward to a valley where the ETscope is located. The UVscope field
of view encloses the area covered by ETscope.

The possibility to measure directly the collimated Cerenkov UV light gener-
ated by the EAS before reaching the ground is currently under study with the
testing of UV optical modules to be placed in the center of ETscope - Belenos
detector.

In the present stage the ULTRA setup, shown in figure 3.2, is designed for
ground measurements. In this setup the ETscope is formed by 5 stations disposed
in a square with one station in each corner and one in the center of the square.
The stations are not autonomous and each station will receive by cable the PMTs
high voltage and the PMT signals are driven by cable to a central data acquisition
station.

11
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Primary Cosmic Ray \

UV Fluorescent photons
kotropic Emission

Charged particles
Efactromaquelic
Shower

Cerenkov Radiation
b . Forward Emission

Figure 3.1: The ULTRA operation principle.

Figure 3.2: View of the ULTRA setup. UVscope is at a higher altitude pointing
downward. ETscope is at a flat surface in a valley.

12



3.1. THE ETSCOPE DETECTOR

In a later phase the ULTRA setup will be upgraded in order to perform
measurements at sea. In this context each station should be autonomous, hence
a distributed DAQ system should be used.

3.1 The ETscope detector

The ETscope is a ground array scintillator detector that is used to detect the
electromagnetic component of EAS. Each ETscope station estimates the parti-
cle density as well as the shower front impact time at the station. Figure 3.3
represents a schematic view of one station which consists of a plastic scintilla-
tor, NUCLEAR NE 102A with 80 x 80 cm?, 4 cm thick, enclosed in an aluminum
pyramidal shaped box which is internally coated with a white diffusing paint. For
protection from environmental conditions, each of these boxes is placed inside a
PVC container. At the top of the pyramidal box there are two co-located photo-
multipliers PHILIPS PHOTONICS XP3462B that collect the light generated in
the scintillator by a traversing charged particle.

A full simulation of one ETscope station was done by the LIP group [10]
using the Geant4 Toolkit package [11]. Figure 3.4 shows the geometry of one
station where the scintillator (light blue) and the Pyramidal Box (dark blue)
can be seen. The PMTs have been excluded from this representation. The red
track represents the traversing charged particle and the green tracks represent
the photons generated in the scintillator. For clarity, only 10% of the simulated
photons are represented in the figure.

Each PMT, in the configuration presented, receives, at the same time, approx-
imately half of the light signal and thus the coincidence between the two PMT
signals eliminates uncorrelated noise. PMT signals are acquired using a custom
PCI board - LIP-PAD (see chapter 5 for the description of the LIP-PAD board).
To estimate the particle density for an event at one station the energy collected is
compared to the deposited energy spectrum for a minimum ionizing particle. The
PMT calibration is performed by acquiring PMT signals for minimum ionizing
particles.

In shower acquisitions, when a larger dynamic range is needed, one of the
PMTs is set to a lower gain. In this configuration the two PMTs will behave
differently. The High Gain PMT (hgPMT) is sensitive to minimum ionizing
particles (MIPs) while the low gain PMT (IgPMT) is able to acquire high multi-
plicity events. The gain of the lgPMT is set in such a way that its dynamic range
overlaps the range of the hgPMT.

The trigger for shower acquisitions is generated from the hgPMT signals from
every station. Two trigger levels are foreseen: the first trigger level is a digital
threshold applied independently to each acquisition channel; the second trigger
level consists of a programmable coincidence unit. This coincidence unit will gen-
erate a trigger whenever, in a time window, a number n of channels of a specified
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Figure 3.3: Schematic view of one ETscope station

Figure 3.4: Simulation of one ETscope station with GEANT 4
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group has generated first level trigger signals. This second level trigger is very
flexible since the time window, the required number of channels (n) in coinci-
dence and the set of channels that contribute to the trigger logic are specified by
the user.

The calibration of the hgPMT is made acquiring single particle spectra, setting
the HV of the two PMTs of each station to the High Gain value and requiring
the coincidence between the two signals.

The 1gPMT is inter-calibrated with the hgPMT by offline analysis of recorded
shower events in the shower operation mode, both by the 1gPMT and by the
hgPMT, bearing in mind that the light signals that reach each PMT photocathode
are similar.

3.2 The UVscope detector

The UVscope is an UV optical detector of the UV light generated by an EAS and
diffusely reflected on ground.

The UVscope is a binocular instrument. Each monocle, represented in figure
3.5, consists of a lens and a PMT enclosed in a metal cylinder. The lens used is a
Fresnel lens made of UV transmitting acrylic with a diameter of 457 mm and an
effective focal length of 441.97 mm at A = 400 nm. The PMT has a photocathode
with a diameter of 68 mm and is placed on the focal surface defined by the lens. A
simulation of the detector has been performed with GEANT4 by the LIP group,
see [12]. In Figure 3.6 some images from the simulation output are presented.
In the left it is presented the global view of the simulated detector where the
envelope (in gray), the Fresnel lens (in red) and the photons tracks (in green) are
shown. In the right the detailed visualization of the Fresnel lens (in red) and of
the PMT (in blue) is shown. The tracks for perpendicular incident photons are
shown in green.

The UVscope acquisition system is also based on the LIP-PAD board and is
being developed by the IASF-Palermo Group. It acquires the signal of each pho-
tomultiplier and decides the trigger condition. Three trigger modes are foreseen:

e Simple Mode. In this mode the trigger consists of a threshold applied to
the output signal of one photomultiplier.

e Coincidence Mode. This trigger mode requires that both PMT have an
output signal greater that a threshold at the same time.

e External Mode. In this trigger mode data is acquired whenever an external
signal is received. ETscope will generate and send to UVscope a trigger
signal when a shower is detected.

If the external trigger mode is used the correlation between UVscope and ETscope
data is very simple, since the data is acquired at the same time. If the UVscope
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CHAPTER 3. THE ULTRA EXPERIMENT

trigger is generated internally it is necessary to synchronize the data acquired.
To perform this task it is necessary to time-tag each UVscope event and each
ETscope event using a GPS board as described in chapter 4. The data from both
detectors is then analyzed offline looking for simultaneous events.

e i,

Aluminum
Housing

Photomultiplier

Figure 3.5: Schematic representation of a monocle of the UVscope detector. It
consists of a Fresnel lens and a photomultiplier enclosed in an aluminum cylinder.

Figure 3.6: UVscope simulation in GEANT4. Left: Global view of the detector;
Right: Image of the UVscope Fresnel lens with optical photons tracks represented.

Each monocle will observe the ETscope area. The Fresnel lens allow for the
UVscope to have a larger photon collecting area in order to enhance the signal.
The PMT will acquire light signals that reach its photocathode. Since the PMT
photocathode is placed in the focal surface of the lens and the light source is far
away (UVscope is approximately 100 m apart from the ETscope), the field of view
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is defined by the lens focal length and by the photocathode area. Considering
that the photocathode can be described by a circle then the full field of view of
the detector can be estimated by

tanf = —

fl

where d stands for the photocathode diameter and fl for the Fresnel lens fo-
cal length. Considering the instrument geometry the full field of view of the
instrument is estimated to be ~ 9°.

3.3 ETscope DAQ Requirements

The ULTRA experiment will have two phases. In the first phase several engineer-
ing runs will take place. In this phase the stations will not operate autonomously.
The signal of each station will be driven by cables to a central DAQ system -
Centralized DAQ. In a later phase the stations will operate autonomously and
each one will have an independent DAQ - Distributed DAQ.

The Centralized DAQ must:

e Digitize the anode signal of each PMT;

e have at least 10 acquisition channels and have the possibility to upgrade
the number of acquisition channels to accommodate a larger number of
stations;

e measure the time between events at different stations with a precision better
than 10 ns;

e control the HV of each PMT individually;

e be able to define a MIP acquisition trigger performing a coincidence between
the two PMT signals of one station;

e be able to define a shower acquisition trigger performing a n-fold coincidence
in a programmable time window of PMT signals from different stations;

e interface the UVscope DAQ.

The Distributed DAQ consists of several independent units, one per station. Each
unit must:

e digitize the anode signal of the two PMTs of the station;

17



CHAPTER 3. THE ULTRA EXPERIMENT

e time-tag each event using a time reference common to all units and the
UVscope, e.g. the UTC time. The UVscope DAQ must also be able to time
tag each acquired event with a precision of ~ 1 us;

e define a MIP acquisition trigger performing a coincidence between the two
PMT signals of the station;

e be remote controlled;

e transmit data wirelessly;

provide and control the HV for the two PMTs of its station.

The system must be able to reconstruct shower events from the data acquired by
the several units. The data from each station consists of a list of events. Offline,
the time and amplitude information of each event at each station will be used to
reconstruct shower signals.

In chapter 5 a DAQ system based on a custom PCI acquisition board, de-
veloped by LIP, LIP-PAD, is presented. The use of this board, capable of time-
tagging events with a precision better than 10ns, enables the system to be either
a centralized DAQ), either a distributed DAQ.

18



Chapter 4

GPS & time-tagging

The ability to use a low cost, commercially available, GPS to synchronize a
wireless, stand-alone, custom designed data acquisition board and detectors is
studied. The synchronization signal is the key of a time-tagging system that
records each event at each ULTRA station, detecting time differences between
any two stations with an accuracy of a few ns.

4.1 GPS system description

GPS satellites act as beacons emitting a synchronization signal at each UTC
second. The GPS computes the distance from the satellite to the receiver from:
the satellite orbital position; the receiver position taken from an automatic site
survey with 10000 points. The GPS receiver acquires the signal, computes the
propagation delay and outputs a signal (PPS) synchronized to the UTC seconds.

The errors present in GPS synchronization are mainly due to the inaccurate
knowledge of the propagation of the synchronization signal from the satellites to
the receivers, namely the propagation in the atmosphere under different atmo-
spheric conditions. The relative accuracy of the PPS pulses between the different
data acquisition systems is an important parameter for absolute time-tagging
synchronized with differential GPS . Errors can cancel when different receivers
have similar signal propagation paths.

In ULTRA, the stations of the ETscope are less than 100m apart and it can
be assumed that the signals from a satellite to different stations have the same
propagation characteristics. Thus most of the errors can be viewed as systematic
errors that cancel when taking time differences from different stations.

4.2 Receiver description

Motorola UT+ ONCORE [13] was selected as a result of a search, based on the
absolute accuracy reported, for a low cost, commercially available GPS receiver.
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This receiver was also previously chosen by the Auger Collaboration. The man-
ufacturer states an absolute accuracy, of the PPS signal to UTC second, of 40 ns
for the UT+ model.

The UT+ transfers by RS232 protocol data such as position, visible satellites
and time (year, month, day, hour, minute and second). Each UTC second gen-
erates a T'TL signal, the PPS, and is simultaneously identified through the serial
interface.

The PPS pulse output has a time offset which is different for each PPS and
each receiver. This offset is due to the fact that the GPS receiver can only emit
the PPS pulse synchronized with the rising edge of an internal oscillator of 10
MHz. Nevertheless, the receiver evaluates the time between its best estimation of
the UTC second and the PPS output. Each second, the prediction regarding the
following PPS is made available through the RS232 interface - Negative Sawtooth
correction (NegSaw). The NegSaw correction varies roughly from -50 to 50 ns.
It is therefore imperious to take into account this correction in order to achieve
maximum accuracy.

Tests of the GPS receivers were performed to estimate the differential error
inherent to the GPS and are described in the next section.

4.3 UT+H performance estimation in differential
mode

The data acquisition system of ULTRA was designed to use the GPS in differential
mode for improved accuracy. The differential accuracy of the PPS pulses between
two co-located UT+ GPS receivers was studied. The measurement scheme used
is presented in figure4.1.

GPS #1
[ ‘—» start
ATMD

’—> stop Y
GPS #2

PC
| RS232

Figure 4.1: Scheme for the measurement of the differential GPS synchronization
accuracy.

Two co-located GPS receivers were connected under the same conditions to
estimate the different errors inherent to the GPS. Each GPS provided a syn-
chronization pulse each second. The time difference between corresponding PPS
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were measured using a Time to Digital Converter TDC - GP1 [14] mounted as
a commercial application - ATMD [15] from ACAM. Data from the ATMD and
from the GPS, including the NegSaw correction, were recorded in a PC.

Figure 4.2 shows the data from the TDC and the correction to apply. The
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Figure 4.2: Time differences between two co-located GPS obtained from the TDC
(+) and differences between the GPSs offset corrections data(o).

X axis represents the second at which the measurement was made and the Y
axis represents the time difference in ns. It is clear that the data has a structure
and goes roughly from -100 to 100 ns. The measurements from TDC follow the
differences between the GPS’s offset correction data. To obtain maximum syn-
chronization precision, time differences will be corrected with the offset correction
data.

The corrected data, shown in Figure 4.3, has a lower range of variation and,
except for the region around 600 s, where a perturbation has occurred, can be
considered to have no important structure. In fact, verifying the serial data
collected, it was found that, in this region, the two GPS units were observing
a different set of satellites. More, the transitions correspond to the second at
which the set of satellites changed for each GPS. This problem can be avoided
by pre-programming the set of satellites used by each time-tagging unit.

Figure 4.4 shows the distribution of the time differences calculated from the
data collected after the offset correction. The satellites used in this set of data are
the same for all the receivers. A Gaussian was fitted to the histogram of the data
revealing that the time differences varies around a mean value of 8.3 ns with a
dispersion of 2.2ns. The mean value corresponds to a systematic delay difference
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Figure 4.3: Data from fig. 4.2 with the NegSaw correction applied.
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Figure 4.4: Histogram of a set of data collected with the same set of satellites for
both GPS receivers.
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between the stations and can be eliminated by a proper inter-calibration of each
station.

This result was obtained when the conditions for the different receivers are
similar. Thus, it is necessary to ensure that the set of satellites used to compute
time are the same for all the receivers. This can be done by pre-programming
the set of satellites to be used at each time.

4.4 Time-Tagging

The arrival direction of a shower is computed from the differences between the
shower front arrival times at the different ETscope stations. In a centralized DAQ
system these time differences, which have a dynamical range of a few hundreds
ns, are easily measured using a TDC unit. In a distributed DAQ system the
arrival time of each event at each station must be registered and then the time
differences for the different stations are computed offline.

In the distributed DAQ each station acquires data independently using a
coincidence trigger between it’s two PMTs. A trigger is generated whenever the
signal is above the preset threshold, at both PMT channels.At each station the
synchronization signal (PPS) is provided by the GPS receiver at each second.
The arrival time of each trigger is then computed (see figure 4.5) measuring the
time difference (At) between the trigger and the previous PPS, which must be
corrected by it’s delay (NegSaw) to the nearest UTC second as explained before.

Ttrig = UTC second + NegSaw + At

UTC second UTC second UTC second
[ M M PPS
— — H
NegSaw NegSaw NegSaw
I Trigger
Tl

Figure 4.5: Method to Time-tag a trigger. NegSaw is the delay between the PPS
and the UTC second. At is the time between the trigger and the previous PPS.

To keep the time tagging accuracy in the ns range using the scheme depicted,
besides the use of the GPS in differential mode, the computation of the NegSaw
correction and the imposition of the same set of satellites for each GPS, the
measurement, of At need to:
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e have a resolution of the order of the nanosecond in order to comply with the
ULTRA requirement and not to introduce any binning effect, deprecating
the overall precision;

e be performed with a dynamic range above one second since the trigger can
appear at any time between two consecutive PPS.

To achieve this goal a Time Measuring Subsystem (TMS) was designed and im-
plemented as part of the LIP-PAD board. The TMS developed in the LIP-PAD
board consists, basically of a 32 bit, 50 MHz clock (oscillator and counter) and a
Time to Digital Converter (TDC). The TDC allows a resolution of 1ns without a
1 GHz counter, while the use of a clock allows for the desired dynamic range. The
measurement method is presented in Chapter 5.2.2 where the TMS is discussed.
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Chapter 5
The LIP-PAD board

To fulfill the ULTRA experiment objectives it is desired to have a ground array
detector with autonomous stations. Thus each station must have an independent
DAQ system with the ability of acquiring/digitizing PMT signals and to time-tag
the acquired data. To meet these requirements a custom, PCI based, DAQ board
- LIP-PAD board - was developed in cooperation with the Lisbon Cosmic Ray
Telescope project (TRC).

Figure 5.1: Photograph of the LIP-PAD board

The LIP-PAD board, shown in figure 5.1, is a PCI based board with two
main subsystems: an Analog Acquisition Subsystem (AAS) with six analog, 8
bits, acquisition channels; a Time Measuring Subsystem (TMS), for measuring
time intervals with a dynamic range wider than 1s and with a resolution of few
nanoseconds. The TMS synchronized by a pulse such as the PPS generated by

25



CHAPTER 5. THE LIP-PAD BOARD

the GPS enables the LIP-PAD to time-tag any event better than 10 ns accuracy.

The first version of the LIP-PAD board has already been tested and performs
as expected. It has also been successfully tested on field during the engineering
runs of ULTRA in Mont-Cenis.

5.1 Block Diagram

The block diagram of the LIP-PAD board is presented in figure 5.2. It“s main
components can be grouped in the AAS and in the TMS. The AAS performs the
acquisition of the PMT signals and has six analog acquisition channels. Each of
these is composed by an analog shaper and a flash ADC. A digital trigger unit and
a FIFO memory are also part of the AAS. The TMS is used in time-tagging and
measures the time between the synchronization pulse and a trigger signal. The
TMS is composed by a TDC and an oscillator. The digital logic associated, both
to the AAS and TMS, is implemented on a PLD. In this PLD a PCI interface is
implemented. A 100 MHz oscillator is used as a global clock for the AAS (ADCs
and PLD). The TMS uses a 50 MHz clock derived from the previous.

'TMS I
: TDC |
: GP1 :
| i |
: 8 é » TMS control w/ || =]
el 32 bit counter | é
e eietiateeutints buiefufuuguiel. Sufbeieiuiets S é
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AAS Digital | | =
] _ | trigger |=——= (Control B
= Shaper > Unit : j
| % 1 | Unit PLD
I = & - -t .
1N ADC Onboard | i programming
: eﬂ 3 bits » Memory : interface
: 100 MHz | | PCI controller
_______ y i A A |-y - - - -
--------------------------------------- e
PCI Interface

Figure 5.2: Block diagram of the LIP-PAD board
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5.2 Functional Description

Within the framework of the ULTRA experiment the LIP-PAD board is used to
acquire the PMT signals from each ETscope station in the AAS as well as to
time-tag each event for later correlation between each independent station.

5.2.1 Analog Acquisition Subsystem (AAS)

The PMT signals acquired by the AAS are recorded in order to estimate the
energy deposited by charged particles crossing each ETscope scintillator. When
a charged particle crosses the scintillator looses energy, which is partially emitted
in the form of light. This light, generated during a period of few ns, propagates
to the PMT where it is converted into an electrical signal. This signal voltage is
then sampled at regular intervals of 10 ns and is digitally integrated. The result
of the integration is proportional to the amount of light collected, which is, in
turn, proportional to the energy deposited in the scintillator.

The AAS consists of six analog acquisition channels of 10 bits. Each channel
is composed by an analog shaper and by a flash ADC. Data acquired by the ADC
is passed to a Digital Trigger Unit (DTU) and an inboard FIFO memory. The
DTU and the FIFO memory are controlled by a Control Unit, which is, in what
regards the acquisition process, a five state machine.

For each ADC, the data recorded will consist of a set of PMT samples taken
before and after the trigger and it allows to reconstruct the signal and to extract
the relevant parameters such as the charge and the time, relative to the trigger, of
the event. The amount of data recorded before the trigger is programmable by the
user between 0 and the the FIFO maximum depth. Each FIFO in the LIP-PAD
was allocated with 256 Bytes of memory, which corresponds, at an acquisition
period of 10 ns, to a window of 2.5 us of acquired data for each trigger.

The work-flow of the Control Unit described in the following paragraphs is

shown in figure 5.3. The FIFO behavior in each relevant state highlighted at the
Control Unit Diagram is represented in figure 5.4.
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( IDLE
start DAQ
( INIT )
Data read ( READY
trigger

( TRIGGERED )

( FULL )

Figure 5.3: Control Unit state diagram

INIT READY TRIGGERED FULL

Figure 5.4: FIFO operation modes

e IDLE STATE - In this state the board is idle, waiting for a command to start
data acquisition. Data from ADC and trigger signals are ignored. The
FIFO memory is offline and empty. The command to start data acquisition
causes the state machine to go to the INIT state

e INIT STATE - When a start data acquisition command is given the FIFO
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memory has to be prepared before a trigger can be accepted.

In this state the FIFO is partially filled to control the amount of data
recorded before the generation of a trigger. In fact one writes a predefined
number of words on the FIFO but no read is performed. When this pro-
cedure is completed the control unit goes automatically to the next state -
READY.

e READY STATE - In this state, at each ADC sample, a write and a read
operation is performed on the FIFO. Thus the amount of FIFO occupied
remains equal to the predefined. The FIFO behaves then as a memory
buffer with a depth, referred in figure 5.4 as “d”. When a trigger occurs the
state machine goes to the TRIGGERED state.

e TRIGGERED STATE - Data from the ADCs is written in the FIFO and
no reading operations are performed. Thus the amount of FIFO occupied
grows until the FIFO is completely occupied. This condition is signaled by
a FIFO FULL flag and causes the state machine to go, automatically, to
the FULL state.

e FULL STATE - The FIFO is full and ADC data is ignored. The board is
waiting to be read. When the reading procedure is completed, which is
signaled by an empty FIFO flag, the control unit goes to the IDLE state.

Although this acquisition setup is more demanding on the analysis software than
a traditional acquisition setup it has the advantage of not performing the in-
tegration of the signal online. In fact, there is not a fixed integration window
during acquisition and the trigger does not forcibly define the integration region.
The signal integration is performed offline. During analysis it is possible to de-
fine an offline trigger for each signal and to choose an integration window fitting
the region of relevant data. This procedure reduces the background integration,
enhancing the Signal to Noise Ratio (SNR).

In a traditional DAQ system, the acquisition of a shower event that generates
signals in different stations with different time delays, requires the implementa-
tion of a wider integration window which contains all the signals in the different
stations. This implementation necessarily increases the background noise.

With the LIP-PAD board the signal is searched offline, in each channel, in a
window of 2.5 us around the trigger, and is integrated only in the region that is
relevant. Thus the background integration is reduced and the SNR is enhanced.

5.2.2 Time Measuring Subsystem (TMS)

The Time Measuring Subsystem (TMS) of the LIP-PAD board is used to measure
the time between a synchronization pulse and a trigger signal. The TMS must
comply with the ns accuracy required having a dynamic range above 1 s since
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the GPS synchronization pulses have an average frequency of 1 Hz. It consists,
basically of a 32 bit, 50 MHz clock (oscillator and counter) and a Time to Digital
Converter (TDC). The use of a TDC allows a resolution of 1 ns without a 1 GHz
oscillator while the use of a clock (oscillator + counter) allows for the desired
dynamic range above 1 s.

Figure 5.5 represents the measurement scheme of the TMS. The PPS is re-
ceived in the PLD and it is transmitted to the TDC on channel 1. On the third
clock rising edge, after the PPS, a second signal is sent to the TDC on the same
channel. The counter value of this rising edge is recorded on a PLD register. The
TDC measures the time between the PPS and the clock “s third rising edge after
the PPS. When a trigger is received a similar process occurs in the channel 2 of
the TDC.

e A O A B0 £ S
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Figure 5.5: TMS measurement scheme.

The time difference (At) between the PPS and the Trigger is then a function
of the counter values registered for the trigger (CountTrigger) and for the PPS

scillator) and the TDC measurements for

the PPS (TDCPPS) and for the Trigger (TDCTrigger):

(countpps), the oscillator period (To

At = tTrigger — IPPS
- (CountTrigger - C(mntPPS) Toscillator + TPCppg — T'D CTlrigger

The calibration of the oscillator period can be performed using the same mea-
suring scheme presented above. In fact, for each PPS, the counter value and the
TDC data value are recorded. With this data it is possible to calculate the time
between consecutive PPS, as measured by TMS.

The manufacturer of the GPS receiver states an absolute accuracy of each
PPS to the UTC second of 40 ns. Thus the time between two consecutive PPS
is 1 s within 100 ns maximum error (after the NegSaw correction) Taking the
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error present in each GPS, the error affecting k s between any k& PPS counts is
Eapps = V2 - epps = V2 - 40ns ~ 56ns
In particular taking two consecutive PPS, the oscillator period is given as:

1s+eapps — T'DCpps, , + T DCppg,
countppg, — countppg,

Toscillator

With this scheme the oscillator period can be calibrated with a relative pre-
cision of ~ 107",

The TMS performance was estimated using the experimental setup presented
in figure 5.6. It consists of two GPS receivers and two LIP-PAD boards installed
in one PC. In this setup the GPS inputs both LIP-PAD boards and cancel their
intrinsic errors.

&
4

GPS #1

GPS #2

/ / /

pps trigger pps trigger
LIP-PAD #I LIP-PAD #2
| PC |
RESULT RESULT
#1 #2

Figure 5.6: Experimental setup for the measurement of TMS performance.

GPS #1 PPS is used as the PPS input both to LIP-PAD #1 and #2. The
GPS #2 PPS is delayed internally and is used as the Trigger input to both
boards. Each board measures a time between the PPS input and the Trigger
input, using the TMS. Both LIP-PADs have, in this scheme, the same PPS input
and the same Trigger input. Thus, both TMS should measure, within the errors,
the same time. The TMS performance is then estimated by the dispersion of the
difference of times measured on the two boards.

The measured data for a programmed delay of 500 ms, half of the TMS dy-
namic range, is presented in figure 5.7. The X axis represents the number of the
sample and the Y axis represents the difference of the times measured by both
boards, in ns, after the calibration of the clock oscillator. The distribution of this
time difference is presented in figure 5.8.
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Figure 5.7: Difference between the measured times by each LIP-PAD board versus
the acquisition number at an average frequency of 1 Hz
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Figure 5.8: Histogram of the data presented in figure 5.7

32



5.3. HARDWARE IMPLEMENTATION

The mean value is —1.0 ns and the standard deviation is 2.6 ns. The mean

value corresponds to a systematic delay difference between boards that can be
eliminated by a proper inter-calibration of each board.
The overall performance of the LIP-PAD board to time-tag the event results from
the convolution of the error affecting the PPS synchronizing each board with
the TMS performance. In particular, the TMS performance in what oscillator
period calibration is concerned should be clarified here: the experimental design
puts the maximum difference between triggers in each station in the order of
500 ns. Therefore it can be assumed that the error from the calibration of the
TMS clock period is of the order of 10~3ns, which is much lower than the PPS
pulses synchronization error. If time differences between events approaches 1 s
the oscillator period requires the observation of several PPS periods in order to
minimize the error.

5.3 Hardware Implementation

The hardware of the LIP-PAD board has three main blocks: analog acquisition
channels; time measurement; digital logic.

Each analog acquisition channel is composed by a shaper and a flash ADC.
The electronic scheme of the shaper is represented in figure 5.9. The shaper is
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Figure 5.9: Electronic scheme of the analog input shaper

mainly composed by two Operational Amplifiers (OpAmps). The first one has a
feedback through an RC filter which controls the shaper parameters. The second
OpAmp performs a signal polarity inversion, transforming the negative signal
from the PMT in a positive signal, accepted by the ADC. The analog signal is
sampled by a flash ADC (ADC08100 from National Semiconductor) which has a
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maximum sampling frequency of 100 MSPS, a resolution of 8 bits and a 0 V to
1V dynamic range.

Time intervals are measured using a clock, composed by a clock signal and a
counter, and a TDC. The clock signal is a 50 MHz square wave derived from the
global oscillator of 100 MHz which has a precision of 25ppm. The clock counter is
a free running loop counter with a range of 32 bits . The TDC used (TDC-GP1
from ACAM Mess Electronic gmbh ) has two measuring channels. Each one has
a maximum resolution of 250 ps and is able to measure times from 3 ns to 7.6 us.

The digital logic is implemented in a PLD (Acex EP1K50QC208-1 from Al-
tera) which has a capacity of 50000 gates and a total RAM bits of 40960.

The LIP-PAD board is implemented as a standard 32 bit, 33MHz, PCI board.
The communication with the PC is performed reading and writing registers in
the PCI memory space.

5.4 DAQ software description

Figure 5.10 shows the flow of the acquisition process, where three main blocks are

% LIP-PAD PCI BUS
| |
3
5
]
= PCI interface
daq_pci_wrapper |-
(o]
s
Z
“g RUIib.dIl
o ™ LV GUI
£ Read/write function
=
o
file -
o
5]
g
3 lysis software
rg analy. Reconstruction software
= Signal Rec.C ™
=
5 lost.exe

Figure 5.10: Flow of acquisition process

highlighted: hardware - the physical components of the system; Online Software
- the software to control and read data during the acquisition; Offline Software -
software that performs the data analysis after the acquisition.

Data is acquired by the LIP-PAD and driven through the PCI bus. A module
running in the PC microprocessor interface the PCI bus and the RUIib.dll that
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runs as online software controlled by a GUI in LV. This GUI saves the data in a file
for posterior analysis. The Offline Software estimates from raw data the particle
density and time between events at different stations (Signal Rec.C and lost.exe)
that will be used to reconstruct the shower direction and size (Reconstruction
software).

The DAQ software has evolved from a Linux PCI testing program, devel-
oped at CERN (PClprobe), composed by low level Kernel-space driver to access
the PCI bus (daq pci_wrapper), a C++ library that implements the register
Read /Write functions in the User-space (RUlib.dll) , and a Graphical User Inter-
face (GUI), implemented in LABVIEW. The program design allows the user to
perform read or write operations to any register in a PCI device.

For the LIP-PAD DAQ this GUI was upgraded to include the various routines
that configure and acquire data from the LIP-PAD board in a more automated
and user friendly manner. This LV GUI saves the data acquired to a file that is
analyzed offline in order to extract the relevant parameters of each signal recorded
(signal charge and time). Then a reconstruction software estimates the shower
parameters from the signals recorded for several stations.

Figure 5.11 shows the flowchart of the configuration process (left-hand side)
and the flowchart of the automatic acquisition routine (right-hand side). In
the automatic acquisition mode the user can preset the number of events to
be recorded and the data acquired can be saved to a file for a posterior analysis.
There is also the possibility to enable or disable the online visualization of the
data acquired with the option “plot?”.

The main window of the LV GUI is shown in figure 5.12 where some blocks
of controls are highlighted.

The LV GUI saves data from an automatic acquisition in a binary file with
the structure presented in Table 5.1. For each acquired event a 256 bytes header

[Event n-1 Ch. 6] 256 bytes
[Event n Header] 256 bytes
[Event n Ch. 1] 256 bytes
[Event n Ch. 2] 256 bytes
[Event n Ch. 3] 256 bytes
[Event n Ch. 4] 256 bytes
[Event n Ch. 5] 256 bytes
[Event n Ch. 6] 256 bytes
[Event n+1 Header] 256 bytes

Table 5.1: Structure of the data recorded by LIP-PAD

is saved, followed by six 256 bytes Channel blocks. The header structure is shown
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| | Board Configuration | |

!

Choose Board

!

Read Mem Base Add
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configure threshold
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!
_— o |
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V
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Y
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Figure 5.11: Flowchart of the configuration routine (left) and of the automatic

acquisition routine (right)
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Figure 5.12: Main Analog Acquisition Window
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in table 5.2 and, for the moment, contains only the event number , the time at
which the acquisition started (Start Time) and the time at which the event was
acquired (Trigger Time) . Each channel block has the structure shown in table

Byte 1 2 3 4 5
Data Event Number Start Time
MSB LSB Hour Minute Second
Byte 6 7 8 9 10—256
Data Not Used Trigger Time Not Used
Hour Minute Second

Table 5.2: Header Structure
5.3 and stores the 256 ADC samples that correspond to 2.5 us of data.

Byte | 1 2 .. 255 256
Data || Vi Vo ... Vass Vase

Table 5.3: Channel block structure

Offline, data recorded is pre-analyzed with a C++ program (lost.exe) which
main function is to read the file recorded by the LV GUI and to save the raw data
in a ROOT tree in order to prepare the data to be analyzed using the ROOT
software package. Besides this main function the program performs basic analysis
of the data contained in the file and the result is recorded in the ROOT tree.
This basic analysis consists in the sum of all data recorded for one channel, the
detection of peaks above a threshold and the estimation of the mean time of every
peak.

5.5 Signal analysis

The main goal of the signal analysis is to distinguish signals from the background,
imposing a digital filter similar to the one used in data acquisition, and then, to
extract its relevant parameters. All the analysis software was developed using
C++ and ROOT. The extraction of the signal parameters is done fitting the
selected events to the following empirical parametrization [16]:

V(t)=A- e nz' (=)

where the parameters A, w, ty and A are free parameters. This parametriza-
tion, basically describes a fast charge and a slower discharge of a capacitor. Figure
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Figure 5.13: Sample curve obtained from the parametrization of the signal shape.

5.13 shows a sample curve obtained with A = 1, w = 0.7, t{ = 2 and A = 1.
The parameter A controls the value at the maximum, ¢, is the time at which the
signal starts, A is the time elapsed between the beginning of the signal and the
maximum and w controls the length of the signal in an non-linear way.

The charge of the signal is estimated by integrating the signal voltage:

ro/V(t):wA-eo'E"“’Qw/%-w

The analysis of signals that spread over a wide range of amplitude poses some
problems in the determination of the time of the signal[17]. Figure 5.14 shows the

Amplitude
"1 L"C_ walk

|
|
Trigger I
level [ ‘

Figure 5.14: The amplitude walk effect. Two signals with the same shape and
same starting time are shown. The use of fixed amplitude levels result in different
timing.

variation in the time determination of signals with amplitude variation when a
fixed amplitude level is used to estimate the signal time. This variation is usually
referred to as “amplitude walk” and it is suppressed using a constant fraction
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timing, i.e., to take the time at which the amplitude crosses a constant fraction
of the maximum amplitude. It is empirically found that the time jitter is minimal
when the fraction is set in the region of 10% — 20%. It was chosen to set this
value at 20%. Thus, the time of each reconstructed signal is estimated as:

Nl

toos =to + A - ¢~ (27 10g(5))

Figure 5.15 represents the raw data for a MIP signal acquired with the LIP-
PAD. In Figure 5.16 the curve with the parameters from the fit is superimposed
with the data

Chand
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mE 255—
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Figure 5.15: Signal Sample
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Figure 5.16: Signal Sample with fit superimposed

The time and charge of each signal analyzed is then saved in a text file.
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Chapter 6

ULTRA Engineering runs

The ULTRA experiment is currently in a development phase. Two engineering
runs were performed, in the Alps region, in order to test and optimize the ETscope
and UVscope detectors. In the first engineering run, held in September 2002,
the ETscope composed by four stations disposed in a triangle around a central
station, was tested. In the second engineering run, held in June 2003, the ETscope
composed by five stations disposed in a square around a central station and a
first UVscope prototype were tested. The ETscope DAQ system based on the
LIP-PAD board was tested and its performance compared with a traditional
NIM-CAMAC DAQ system.

6.1 Site Location and Experimental Setup

ULTRA is a hybrid instrument that aims to detect both the electromagnetic
component of an EAS and the Cerenkov light produced by its relativistic particles.
The experiment site has to satisfy several constrains. The site must have a high
altitude in order to maximize the rate of interesting shower events. It must be
located far from cities and other light sources in order to minimize the light
background. A flat surface large enough to install the ETscope and a nearby hill
to install the UVscope are needed. Finally, there are some logistic constrains,
such as the accessibility to the site, that must be addressed.

The site selected for these engineering runs was an abandoned quarry in the
Alps in the Mont-Cenis region near the French-Italian border. The chosen site
was located at the coordinates 45.3° North 6.9° East and had an altitude of 1970m
a.s.l. that corresponds to an atmospheric depth of 80 gcm=2. The site had an
amphitheater shape with a large flat surface in the center. The site was accessible
by car and was located near a main road. Yet, the high quarry walls protected
the experiment from car lights. Figure 6.1 shows a map of the region, where it
is indicated the site location. Figure 6.2 shows a photograph of the experiment
site. The photo has been taken from the UVscope location.
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Figure 6.1: ULTRA engineering runs took place in the Alps. The coordinates are
45.3° North 6.9° East. The red star indicates the engineering runs site.

Figure 6.2: Photograph of the experiment site taken from the UVscope location.
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The flux of particles at sea level is ~ 180 Hz/m?. Each ETscope station has
an area of 0.68 m?. Thus the single particle rate in each station is estimated to
be of the order of ~ 200 Hz.

In the first run the ETscope was placed in the center of the quarry. The
ETscope was composed by four stations: three stations were located at the ver-
texes of a triangle and the fourth at the center of the triangle. Each vertex of
the triangle was located 23 m apart from the center.

The geometry of the detectors during the second run is presented in figure 6.3.

33m O

Figure 6.3: The figure depicts the ETscope stations and UVscope arrangement in
the second engineering run. The ETscope was installed in a flat surface disposed
in a square. Four stations were located in the vertexes of the square and one
station was located in the center of the square. The UVscope was placed in a
near hill in such a way that its field of view enclosed the area covered by ETscope.

The ETscope was composed by five stations: four stations were disposed in the
vertexes of a square and the fifth station was located in the center of the square.
The UVscope was placed in the nearby hill pointing downward to the center of
the ETscope.

The expected performance of the ETscope can be expressed, as usually done
in cosmic ray ground array detectors, as a function of an effective area (A.sy).
We define A, s for each EAS energy bin as:

Ndetect <E> cos 6
O (E)AE  AQ

Aery =

where Ngeteer is the number of detected EAS per time unit, ® (E) is the incident
flux of EAS in the energy bin centered at £ with an width AF, 6 is the azimuthal
angle and A() is the solid angle covered by the detector.

The A.sy is usually estimated using a Monte-Carlo simulation by generating
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and throwing to the detector several air showers. In this case A.sy is defined as

N, detect

A =
/7 Nthrow

- Athrow cOS 0

where Nyceet 18 the number of events detected, Ninow 1S the number of events
generated in a test area (Anow) and 6 is the azimuthal angle.
A, s grows with the Energy reaching an asymptotic value (figure 6.4 ).

Effective Area

Primary energy

Figure 6.4: Sketch of the effective area for internal events.
The number of events in each Energy bin is then given by
n(E)AE = A (E)-©(E)-AE

® (F) is a fast decreasing function of the energy, parametrized by a negative

power law
¢ (E)dE = [\ EdE

The distribution n (E) dE has a maximum (figure 6.5 ) which is usually defined
as the energy threshold of the array. The total number of expected events with

an energy F > Fj is given by
N =1y AT - AQ) E77Acpp (E)dE
Eo

where AT is the integration time and A2 is the solid angle.

The precise estimation of the ETscope effective area should be performed
using a Monte-Carlo simulation. As that was not yet done, a rough estimation
was obtained extrapolating the results of EAS-TOP experiment [18, 19]. Table
6.1 summarizes the expected rate for the ETscope as described in [18].

In the engineering runs the signals from each ETscope station was driven, by
coaxial cables, to a centralized DAQ. The centralized DAQ was composed by two
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n(E)dE

Figure 6.5: Sketch of the number of events detected for a given energy (blue)
and of the incident flux (grey). It is also represented the energy threshold of the
detector (Ey).

Array radius | Atm. depth | Thres. Energy | ® (E > Ey,) | nunt (E > Ey,)
(m) (gem™2) (B, GeV) (m~2s7tsr™1) | (Hz) ‘ (ev./h)
20 810 2.1-10° 1.8-107° 0.070 252
20 1013 6.4-10° 2.9.10°° 0.012 41
50 810 7.0-10° 25-107% [0.062 | 224
50 1013 1.9-10° 4.9-107" 0.012 44

Table 6.1: Expected threshold energy and internal event counting rate of the
ETscope array for two different detector separations and two different observation

levels.
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systems: the NIM-CAMAC system and the LIP-PAD system. The signals from
the stations were passively divided and both systems acquired data in parallel.
For a description of the NIM-CAMAC system please see [20]. The LIP-PAD
system was composed by two LIP-PAD boards controlled by a single PC.

Figure 6.6 represents schematically the DAQ system used in the first run. In

ETScope Stations

NIM - CAMAC DAQ
2 ! \
LIP-PAD # | Trigger
3 >
E R
B

LIP-PAD #2

.  1pc

Figure 6.6: ETscope DAQ setup used in the first engineering run

this run the PMTs from the first 3 stations (3 x 2 PMTs) were connected in one
LIP-PAD board (main). The fourth station was connected to the other LIP-PAD
board (secondary).

The LIP-PAD boards digitalized the PMTs signals and generated for each
station a low level trigger whenever the two PMTs signals of the corresponding
station were above a predefined threshold. The trigger signal of the fourth station
(generated in the secondary board) was sent online to the main board. The final
trigger was generated in the main board combining the stations low level triggers.
The final trigger was then sent online to the secondary board so that both boards
had the full trigger information. The events data was kept in the internal memory
until the boards were read through the PCI bus.

Figure 6.7 represents the DAQ setup used in the second engineering run. In
this run, in order to increase the dynamic range, each station, as explained in
section 3.1, had a PMT with a low gain (IgPMT) and a PMT with a high gain
(hgPMT). The five IgPMT were connected to a LIP-PAD board (slave) while the
five hgPMT were connected to the other LIP-PAD board (master). The master
board digitalized the hgPMT signals and generated the trigger that was then sent
to the slave board. The slave board digitalized the lgPMT signals. With this
setup the hgPMT and 1gPMT data was acquired using the same trigger based
only in the hgPMTs.
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ETScope Stations

NIM - CAMAC DAQ
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Figure 6.7: Sketch of the effective area for internal events.

6.2 Analysis and experimental results

The LIP-PAD data consists of sets of signal samples taken with a frequency
of 100 MHz in a time window of 2.5 us around the trigger condition. Offline,
the signal data is analyzed to extract, for each signal, its charge and start time
as explained in chapter 5.5. Using these informations is then possible, after
calibration, to perform a global fit event by event reconstructing the energy and
the direction of the cosmic ray shower.

The CAMAC data that contains also the information of the charge and time
registered in the different stations for each acquired event is used for comparison.

6.2.1 Charge reconstruction

The charge registered in one station is obtained from the LIP-PAD data perform-
ing a fit of the expected signal shape to the signal. The performance of the charge
reconstruction method (described in section 5.5) is discussed in this section. The
results obtained using the LIP-PAD in the first engineering run are presented and
compared to those obtained with the CAMAC system.

Figure 6.8 discloses the correlation between the acquired charge from both
PMT of the same ETscope station. In each plot the charge acquired from the
second PMT of one station is plotted against the one acquired from the first PMT
of the same station. The LIP-PAD board data shows a good correlation between
the acquired charge from both PMTs of the same station. In fact, due to the
geometry of the ETscope stations, described in chapter 3.1, each PMT should
receive half of the light signal generated in the scintillator. The CAMAC data
does not show such a good correlation. In fact the data is mainly distributed along
a straight line but there are many events for which the charge acquired from the
second PMT is well below the charge acquired from the first one. This happened
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Figure 6.8: Correlation between the acquired charge from both PMT of the same
ETscope station in the first engineering run. Left: CAMAC data; right: LIP-
PAD data; Top: station 1; middle: station 2; bottom: station 3. In each plot the
charge acquired from the second PMT of one station (Y axis) is plotted against
the one acquired from the first PMT of the same station (X axis). The CAMAC
data is plotted in QDC units while the LIP-PAD data is plotted in ADC units.
An acquired event is represented by a cross.
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in every station and reflects a problem that occurred in the first engineering run:
the CAMAC data acquisition uses a QDC that integrates the signal in a region
defined a priori from the trigger condition. Each signal must then arrive to the
QDC after the trigger has been generated, in the integration window. This is
usually done by delaying the signals, driving them through long cables in such a
way that the delay in the cable compensate the delay in the trigger generation.
During the first engineering run there were problems with the delay of the signals
and, sometimes, part of the signals arrived at the QDC outside the integration
window, causing the QDC to integrate only a part of the signal, underestimating
the charge acquired from the PMT.

Figure 6.9 shows the comparison between the charge reconstructed from the
LIP-PAD data and the charge acquired by the CAMAC system for the events
with a good (relative deviation < 10%) correlation between the two PMTs. The
data presented shows a good correlation between the LIP-PAD data and the
CAMAC data. It is then possible to inter-calibrate the LIP-PAD and CAMAC
systems.

Figure 6.10 shows that the distributions of LIP-PAD and CAMAC data have
the same shape both for single particle data and for data acquired with a shower
trigger.

The peak of the spectrum acquired by each PMT in single trigger mode is then
used as a conversion factor to estimate, from the integrated charge, the particle
density registered in each station for events acquired with the shower trigger.

6.2.2 Time reconstruction

The time reconstruction for each event acquired with the LIP-PAD system relies
on a fit to the data samples acquired at 100 MHz as explained in section 5.5.
In fact the data taken by the LIP-PAD consists of 256 samples spaced by 10 ns,
corresponding to 2.5 us of data around the trigger condition. As the data is
taken synchronously for all the PMTs connected in the same LIP-PAD board the
time differences between any two stations can be easily calculated by subtracting
the times for the two stations after applying the correction due to different cable
lengths and electronics delays. These corrections were measured using the central
station as a time reference and placing it successively on the top of each of the
other stations.

In the CAMAC system the time of each event is given by a TDC that outputs
directly, for each station, the time elapsed from the first signal above a predefined
threshold registered for an event.

The time resolution of the detector is, thanks to the geometry used in the
second engineering run, easily estimated from the time differences between the
several stations. In the second engineering run, 4 ETscope stations were disposed
in the vertexes of a square (figure 6.3), which means that there were two sets of
parallel sides. The time differences between stations connected by parallel sides
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Figure 6.9: Correlation between LIP-PAD and CAMAC data. Top: station 1;
middle: station 2; bottom: station 3. The reconstructed charge from the LIP-
PAD (X axis) is plotted against the charge acquired with CAMAC (Y axis).
The data points and the linear fit are represented by crosses and by a solid line,
respectively.
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Figure 6.10: Charge distribution of data acquired from the first PMT of station 1.
Left: LIP-PAD data; right: CAMAC data; top: single particle trigger; bottom:
shower trigger. The LIP-PAD data is plotted in ADC units while the CAMAC
data is plotted in QDC units.
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should be equal. Thus t; — ty should be equal to £ — 3. Then if T, is defined as
Ta:tl—to— (t2_t3)

its distribution, in the case of an ideal detector, should be a Gaussian with a
mean value T, equal to 0 and a dispersion (o7,) equal to the shower front width.
In a real detector o, reflects the width of the shower front convoluted with
the detector time resolution. In the case of the LIP-PAD, data is taken with a
sample rate of 100 MHz which introduces an additional 10 ns pattern in the time
measurements in each channel (see figure 6.11 ). This feature introduces a non

500

:
wh
wl

850 860 870 880 890 900 910 920 930 940 950 960 970 980 990 1000
XHA

Figure 6.11: Distribution of the event time (7j) registered in the station 1. The
X axis is scaled in ns. The trigger time is set at 1.28 us.

Gaussian shape in the 7}, distribution shown in figure 6.12 .

In figure 6.13 the time resolution of CAMAC and LIP-PAD data is compared.
It can be seen from the figure that both data have a similar o7, indicating that
with both systems the time resolution of the detector can be estimated to be
better than 10 ns, in agreement with the requirements expressed in section 3.3.
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Figure 6.12: Distribution of T, variable defined in the text. The X axis represents
time in ns.
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Figure 6.13: Time resolution distribution. Top: CAMAC data; bottom: LIP-
PAD data. The X axis represent time in ns.
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6.2.3 Shower reconstruction

The shower parameters, i.e., its arrival direction, core position and size, can be
estimated from the particle density registered in each station and the time differ-
ences between them. For this purpose the LIP group has developed, using ROOT
and C++, an integrated simulation and analysis package taking into account the
full detector geometry. In the simulation, the showers are generated and the
charge and time in each station are predicted. In the analysis the algorithm de-
scribed below is implemented.

The arrival direction of the shower is computed by triangulation using the
time of flight technique [21].

Assuming a planar shower front moving at ¢ and neglecting possible altitude
differences between the stations, the impact time ¢,, at station 7 with coordinates
(x;,y;) is written as

sinf cos ¢ - x; +sinfsinp - y;

toi = TO —

c

Using three non collinear stations, three independent equations can be written
to determine Ty, 6, ¢. The errors due to the time resolution of the stations are
minimized in the second engineering array, which has four stations placed in the
vertexes of a square (0, 1, 2 and 3 in figure 6.14), using average time differences
between the detectors placed in parallel sides. In fact the time differences com-
puted for each pair of parallel sides should be equal. It is then possible to define
a virtual setup with three stations (A, B and C in figure 6.14 ) in which the time

At s Aty
3 --"-1 0 B---"-+A
I I I
| | |
At32: :Atm :AtAC
| | |
| ] |
2F-sn c

Figure 6.14: Left: real array; right: virtual array

difference for each side are computed from the measured values. Taking into
account that it is expected that the shower front arrival time estimation is more
accurate in stations detecting higher particle density, the mean time differences
values are computed from:

(p1 + p2) Atiz + (p3 + po) Atos
Po + p1+ P2+ p3

Atap =
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(po + p1) Ator + (p2 + p3) Atz
Po + p1 + p2 + p3

Atyo =

where pg, p1, p2 and ps stands for the particle density detected in each station.
The distance between the stations that is an input to the algorithm has been
corrected performing a simple mean:

A Az, yo + Az, ys
T,Yac = 5

A Az, yos + Az, Yo
T,YAB = 9

The azimuthal angle ¢ is computed as:

AtACAI‘AB — AtABAxAC’
—AtacAyap — AtapAyac

tanp =

The zenithal angle can be calculated using the side AB or AC":

c- Atap ac
Axap ac o8 + Ayap acsin g

sin 6 AB,AC =
The zenithal angle will be taken as the mean value taking into account the
fact that the greater the time differences, the greater the accuracy of the result:

AtagsinfOap + At ac sin Q¢
Atap + Atac

sinf =

The shower core can be evaluated using simple methods. The first one is the
barycenter method in which the shower core coordinates (z.,y.) are given by

Z Pilq
a Z Pi

Z PiYi
Ye = <
Z Pi

A more precise method is the circle algorithm [22, 23]. The method consists
in writing, for each station k£ the equation of a circumference with the center in
the station (z, yx) and the radius (r;) equal to the distance of the station to the
shower core:

Te
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(@, —:c;g)2 + (yc—yk)2 =r; k=123

each circumference then contains the shower core point (z.,y.) and the intersec-
tion of three of them gives an unique solution for the shower core location. The
distance of a station to the shower core can be estimated, if the shower size is
known, from the particle density registered in the stations. Using a simplified
version of the NKG LDF the particle density in station & (px) can be related to
the density in the first station (p;) as:

PE _ (ﬁ) k=23
P1 Tk

where 7}, is the distance from station k to the shower core point, r; is the distance
of the shower core from station 1 and o' is an effective parameter, adjusted to
approximate the NKG behaviour as much as possible. It is then possible to write

r, as a function of ry
1

T = <&>a ry k=23
Pk

Solving the system of five equations the shower core location is obtained. If the
circle algorithm doesn’t converge the core is estimated by the barycenter method.

Finally, the size of the shower (N.) can be estimated from an iterative fit of
the registered particle densities in each station to the lateral profile of the shower
given by the NKG formula.

where
c(s) =0,366- 52 - (2,07 — 5)"%

The shower age (s) is computed as:

3t
S =
t+ 28

and t, the atmosphere traversed by the shower, is calculated as:

p

= ————
cosf -r.l.

where p is the atmospheric depth, A is the radiation length in the air and 6 is the
shower zenithal angle.
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For the fit the initial value for the shower energy is taken as F£; = 1 PeV. The
parameter (; is estimated by
()
i = | =
E,

being . = 81 MeV, the electron critical energy.

From (3; one can obtain the estimation for the initial value of the shower size
(N.) from the following equations. The longitudinal profile parametrization (see
section 2.1) can be written as

, 1
e = (t+26) 5; *
where
o - 3tln (3t) — oy
¢ 3t
and
a; = —=2(In(N,,) —In(0.31) — t)

Usually, the fit converges quickly and after a few iterations a good estimation of
N, and of the shower core location are obtained.

In figure 6.15 the distribution of the arrival direction (zenith and azimuthal
angles) for shower events is plotted for events acquired with the LIP-PAD system
and the CAMAC system.

ﬁwﬂ R +
£ SR AT

o T H i

zo;T_+ +++_F :j_ _H:I—#—#

Figure 6.15: Distribution of the arrival direction for shower events. Left: CAMAC
data; right: LIP-PAD data; top: distribution of the zenith angle (f) in degrees;
bottom: distribution of the azimuthal angle () in degrees.
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Figure 6.16 represents the distribution of the reconstructed shower size (V)
for data acquired with LIP-PAD and CAMAC systems.
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Figure 6.16: Distribution of the reconstructed shower size (V). Left: CAMAC
data; right: LIP-PAD data.

The results show a good agreement between the data acquired by the two

systems.
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Chapter 7

Summary and Perspectives

The ULTRA experiment aims to provide quantitative measurements of the UV
light produced, and reflected in the Earth surface, by an EAS traversing the
atmosphere. The main concept of ULTRA is to use an UV optical detector to
collect the UV light generated by an EAS which is simultaneously detected with
a conventional ground array of scintillators.

The DAQ system of ULTRA must acquire, upon a trigger condition, the
several PMT signals from which the particle density in each station and the time
between the registered signals are estimated. In the option of a distributed DAQ
system, where each station runs in an autonomous way, each acquired signal must
be time-tagged in relation to a time reference common to all units and the time
differences between the several stations are computed offline. The time differences
between the acquired signals are used to compute the shower direction and must
be estimated with a precision better than 10 ns to meet the requirement of a
precision of 8° in the estimation of the shower direction. The shower size and
core point are estimated from the particle density at each station and the shower
direction.

The ability to use a low cost, commercially available, GPS to synchronize a
wireless, stand-alone, custom designed data acquisition board and detectors was
studied. The data acquisition system of ULTRA was thus designed using the
GPS system to provide the synchronization pulse at each second. The GPS is
operated in differential mode for improved accuracy. The differential accuracy
of the PPS pulses between two co-located UT+ GPS receivers was studied. The
distribution of the time differences between the synchronization pulses from the
two GPS receivers had a Gaussian shape with a mean value of 8.3 ns and a
dispersion of 2.2 ns that reflect the precision of the synchronization pulses and is
well below the required precision of 10 ns.

A specific board, the LIP-PAD board, was developed in cooperation with the
Lisbon Cosmic Ray Telescope (TRC), to be the core of the ULTRA DAQ system.
The LIP-PAD board is a PCI based board with six analog acquisition channels,
each having a 100 MHz, 10 bits, flash ADC, that can measure, using an oscillator
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and a counter coupled to a TDC, time intervals with a dynamic range wider than
1s and a resolution of few nanoseconds. The LIP-PAD synchronized by the PPS
pulse generated by the GPS is able to time-tag any event with an accuracy better
than 10 ns.

The ULTRA experiment is currently in a development phase. Two engineer-
ing runs were performed in September 2002 and June 2003, in the Alps region,
in order to test and optimize the ETscope and UVscope detectors. In the en-
gineering runs of ULTRA the LIP-PAD has been tested with the ETscope and
its performance compared to a traditional NIM-CAMAC DAQ system. As an
outcome of these tests the LIP-PAD has been chosen as the DAQ system of the
ULTRA experiment, since it is a compact system that can integrate a distributed
wireless DAQ system, having the capability of time-tagging events and has a
performance greater than the traditional system.

More recently the ULTRA apparatus has been mounted in the soccer camp
of LPSC laboratory in Grenoble to be possible to test, understand and solve
the problems with the development of the final version of UVscope detector.
Currently, a stereoscopic version of the UVscope detector has been mounted,
using the LIP-PAD DAQ system, and, although in background rich environment,
there are already encouraging results.

The ULTRA experiment is now ready for physics runs that are expected to
take place in the spring 2005 in Sicily.
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Appendix A

Acronyms

AAS
ACAM
ADC
AGASA
ALTERA
a.s.l.
ATMD
Belenos

C

Cht

CAMAC
CERN
CNR
DAQ
DTU
EAS
EASTOP

ETscope
EUSO
FIFO
Geant4

GP1
GPS

Analog Acquisition Subsystem

Electronics manufacturer

Analog to Digital Converter

Akeno Giant Air Shower Array

Altera Corporation - electronics manufacturer

above sea level

Acam Time Measuring Device

UV photon detector for direct Cerenkov detection
Programming language - Successor of B (which is the
successor of BCPL = Basic Combined Programming
Language)

Programing language - Successor of C (++ is the C in-
crement operator)

Computer Automated Measurement And Control
European Organization for Nuclear Research

Consiglio Nazionale delle Ricerche, Italy

Data Acquisition

Digital Trigger Unit

Extensive Air Shower

extensive air shower detector installed at Campo Imper-
atore - almost on top of Laboratori Nazionali del Gran
Sasso, Italy

EAS Telescope

Extreme Universe Space Observatory

First In - First Out

A toolkit for simulation of the passage of particles
through matter

TDC chip from ACAM

Global Positioning System
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GUI
hgPMT
HiRes
HV
IASF

TASF-Palermo
ISS
LABVIEW
LASER

LDF
lgPMT
Linux

LIP

LIP-PAD
LPSC

LSB

LV
MAGIC
MIP
Motorola
MSB
MSPS
National
Semiconductor
NIM
NKG
OpAmp
PAO

PC

PCI
PCIProbe
PLD
PMT
ppm
PPS
PVC
QDC
RAM
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Graphical User Interface

high gain PMT

High Resolution Fly’s Eye Cosmic Ray Observatory
High Voltage

Istituto di Astrofisica Spaziale e Fisica Cosmica - CNR,
Italy

IASF-CNR at Palermo, Italy (formerly IFCAI)
International Space Station

Programming language from National Instruments
Light Amplification by Stimulated Emission of Radia-
tion

Lateral Distribution Function

low gain PMT

Open source operating system

Laboratério de Instrumentagao e Fisica Experimental de
Particulas, Portugal

LIP- Placa de Aquisi¢do de Dados

Laboratoire de Physique Subatomique et de Cosmologie,
Grenoble, France

Least Significant Byte

LabView

Major Atmospheric Gamma-ray Imaging Cerenkov
Minimum lonizing Particle

Electronics manufacturer

Most Significant Byte

Mega Samples Per Second

Electronics Manufacturer

Nuclear Instrumentation Modules
Nishimura-Kamata-Greisen

Operational Amplifier

Pierre Auger Observatory

Personal Computer

Peripheral Component Interconnect (or Interface)
Software developed at CERN to test PCI peripherals
Programmable Logic Device

Photo Multiplier Tube

parts per million

Pulse Per Second

Poly(Vinyl Chloride) plastic

charge to Digital Converter

Random Access Memory



RC filter
ROOT

RS-232
SNR
TDC
TDC-GP1
TMS
TRC
TTL
UHECR
ULTRA
UT+
uTC
uv
UVscope

Electronics filter composed by a Resistor and a Capaci-
tor

An Object-Oriented Data Analysis Framework devel-
oped at CERN

A serial communication standard protocol
Signal-to-Noise Ratio

Time to Digital Converter

Transistor-Transistor Logic

Time Measuring Subsystem

Telescopio de Raios Cosmicos

Transistor-Transistor Logic

Ultra High Energy Cosmic Rays

UV Light Transmission and Reflection in Atmosphere
GPS model from Motorola

Coordinated Universal Time

Ultra Violet

UV Telescope
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