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Introduction

This thesis describes the study of the performances of the Super AGILE instrument, with
a particular attention to the most important criticalities of the front-end electronics. The
research work has been developed in the “Astrofisica delle Alte Energie e Tecnologie
Relative” research group of the Istituto di Astrofisica Spaziale e Fisica Cosmica (IASF)
CNR (now INAF) in Rome.

SuperAGILE is the hard X-ray monitor of the AGILE satellite mission, the first
small scientific mission of the Italian Space Agency (ASI), which is composed by two
instrument, sensitive in the 1540 keV and 30 MeV = 50 GeV energy bands respectively,
and will be launched in late 2005. For the first time a gamma ray and a hard X-ray
monitor are mounted in series and designed to work together, improving the mission
scientific capabilities. In order to achieve a wide field of view and high angular resolution
in the selected energy band, SuperAGILE is designed as a coded aperture instrument,
with a silicon microstrip detector and a tungsten coded mask.

An overview of the most important classes of sources in the High Energy Astro-
physics, Gamma Ray Bursts, Compact Galactic Sources, Active Galactic Nuclei and
Gamma Ray Diffuse Galactic Emission, is reported in chapter 1. Of each class a sum-
mary of the distinctive features and emission mechanisms is given and the expected
AGILE contribution to the source nature knowledge is introduced.

The description of the instruments composing the payload of the AGILE mission is
given in chapter 2. Since most of the SuperAGILE scientific performances are due the
features of its electronics and since most of my research work concerns the laboratory
measurements of the front-end electronics performances, a description of the Super-
AGILE electronics and particularly the XAA1.2 read-out chip, is presented in chapter
3. The research work contained in this thesis deals with some of the most important
criticalities of the SuperAGILE instrument, that are discussed at the end of chapter 3.

Chapter 4 contains the results of laboratory measurements performed on the XAA1.2
read-out chip in order to evaluate its linearity, the uniformity of the linearity parameters,
its thermal stability, that is a key parameter for the SuperAGILE images production,
and finally its stability against variation of the supply voltage.

The XAA1.2 is not designed as a radiation-resistant component for space applica-
tion. On orbit the integrated circuits built using the CMOS technology, as the XAA1.2,
are affected by the interaction of the cosmic rays, that can produce single particle effects,
such as the latch-up, that is the sudden increase of the supply currents and can perma-
nently damage the chip because of the overheating, or the Single Event Upset (SEU), a
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bit flip in the chip memory producing unpredictable changing in the device operations,
or integrated effects, known as total ionizing dose, degrading the chip performances.

An overview of the effects produced by the cosmic rays interaction in integrated
circuits is reported in chapter 5. Part of my research work involves a dedicated mea-
surement campaign, performed at the SIRAD facility of the Laboratori Nazionali INFN
in Legnaro near Padova in Italy, in order to evaluate the cosmic rays effects on the
XAA1.2 chip and described in chapter 5. After measuring the latch-up and SEU cross
sections, the expected rate on orbit is evaluated estimating the cosmic ray flux at the
AGILE orbit and using an approximated method to estimate the rate of the proton
induced effects.

My research work includes the development of data analysis programs, to process
the data acquired in the laboratory measurements. Because SuperAGILE is composed
of a large number of pixels, each one considered as an independent detector, the main
requirement of the analysis software is the capability to process automatically data from
all the pixels and to produce the statistics summary of the results. The problems and
the algorithms are described in chapter 6, with the aid of block diagrams and screen
shots. The general philosophy of SuperAGILE is to use the same software to analyse
calibrations, simulations, laboratory tests and flight data. Therefore a large part of the
programs developed during my research work will be integrated in the SuperAGILE
standard data analysis software.

The building and assembly of the Super AGILE proto-flight model started at the end
of August 2004 and is presently in progress. In a solid state detector based instrument
the front-end electronics dominates all the scientific performances. For this reason, a
great effort is made in measuring the front-end electronic performances during all the
stages of the instrument development.

Chapter 7 contains the measurements of the front-end electronics performances dur-
ing all the development stages. The system linearity is measured by means of an elec-
tronic pulse generator and X-ray calibration sources, that are also used to evaluate the
energy resolution. A dedicated technique has been developed in order to measure the
energy threshold.

Coded aperture systems are background dominated wide field of view instruments
and any instrumental feature affecting the background uniformity among the pixels has
serious effects on the background accumulation and thus on the imaging capabilities. In
case of SuperAGILE the background uniformity is dominated by the threshold unifor-
mity. The study of the effect of the measured threshold non uniformity on SuperAGILE
imaging is evaluated by means of semi-analytic techniques and are described in chapter
8.

The Appendix A contains a list of papers, sorted by topic, concerning this research
work and published in the years 2001-2004. The list of acronyms and abbreviations is
contained in Appendix B.
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Chapter 1

AGILE in the context of the High
Energy Astrophysics

1.1 Introduction

In this chapter an overview of the most important classes of sources in the High Energy
Astrophysics that will be observed by the AGILE mission is presented. Of the main
classes of sources a short description is given aiming to overview the emission mech-
anisms and the most important observational features matching the AGILE scientific
performances, without pretending to report the matter in a complete and exhaustive
presentation.

In sec. 1.2 the main features of the Gamma Ray Bursts are described, an overview
about the Compact Galactic Sources is in sec. 1.3, the Active Galactic Nuclei are
reviewed in sec. 1.4 and the Galactic Diffuse Emission of gamma rays is described
in sec. 1.5. At the end of each section the AGILE contribution to the study of the
just described class of sources depending on the class features and the AGILE scientific
performances is given. Finally sec. 1.7 contains the conclusions of this chapter.

1.2 Gamma Ray Bursts

1.2.1 The discovery of the prompt and afterglow emission

Gamma Ray Bursts (GRB) are brief transients of high-energy photons appearing at
random in the sky and emitting the bulk of their energy between 100 keV and 500 keV.
One to three events are recorded every day and they do not show repetitions.

The first GRB have been detected between July 1969 and July 1972 by the four
Vela class satellites (Vela 5A, 5B, 6A and 6B), launched in a joint program of the
Advanced Research Projects of the U.S. Department of Defense and the U.S. Atomic
Energy Commission, managed by the U.S. Air Force to monitor the nuclear explosions
in the atmosphere, forbidden by the nuclear test treaties. The four satellites, flying in a
circular orbit with radius about 1.2 - 10> km, were equipped with scintillation detectors
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sensitive to X-rays (6 + 12 keV) and gamma rays (150 + 750 keV). Only nearly three
years after the discovery the information about this new class of sources was unclassified
and the first paper about sixteen events was published in 1973 (see Klebesadel et al.
(1973)). The four Vela satellites recorded 73 gamma ray bursts in the ten years interval
July 1969 — April 1979.

In the next step a system of satellites was set-up, the first interplanetary network
(IPN), started with the launch of the Helios-2 satellite, carrying the first experiment
purposefully built for GRB studies as described in Cline et al. (2001). The IPN was then
completed by late 1978 with the NASA launch of Pioneer Venus Orbiter and the Soviet
Launches of Venera-11 and Venera-12. The IPN can localize GRB with triangulation
techniques based on the detection of more than one distant satellite. Continuously some
satellite left the IPN and are replaced by new spacecraft. The IPN is still working and
can now localize GRB to a single error box whose typical size is ten square arcminutes,
as in Hurley et al. (2001).

After these first pioneering detections, the Burst and Transient Source Experiment
(BATSE, see Fishman et al. (1989) for details about the instrumentation) on board
the NASA Compton gamma ray Observatory (CGRO) was launched in 1991 and was
dedicated to the study of the GRB to reveal its nature and origin. The most striking
result of the nine years BATSE activity, summarized in a catalogue (Paciesas et al.
(1999)) containing 2704 GRB, is the discovery of the high degree of isotropy of the
Gamma Ray Bursts location (see also Meegan et al. (1992)), that can be seen in the
plot in galactic coordinates in fig. 1.1. No dipole or quadrupole moments have been
detected in the location distribution (detailed analysis in Briggs et al. (1996)). This
degree of isotropy can be achieved only by phenomena originating near Earth (within
the Solar System) or at cosmological distance (on the gigaparsec scale).

One of the major breakthrough in the field was achieved in 1997 by the Italian-Dutch
BeppoSAX satellite (details in Boella et al. (1997a) and Piro et al. (1995)), including
an all-sky Gamma Ray Burst Monitor (GRBM, see Costa et al. (1998) and Frontera
et al. (1997) for further information) sensitive in the 40 + 700 keV energy range, two
Wide Field Cameras (WFC, described in Jager et al. (1997)) covering about 5 % of the
sky in the 2 + 26 keV energy range with a pixel size of 5’, and a set of Narrow Field
Instruments (NFI), designed for observations in the 0.1 + 10 keV energy band (Low-
energy concentrator spectrometer (LECS, see Parmar et al. (1997) for details) with a 37
arcmin field of view and an imaging resolution of 1 arcmin) and in the 1.3+10 keV energy
band (Medium-energy concentrator spectrometer (MECS, see Boella et al. (1997b) for
further information) with a field of view of 28 arcmin radius and an angular resolution
about 100 arcsec).

On 28 February 1997 the GRBM was triggered by a GRB event (hereafter GRB970228)
and a counting excess was also present in one WFC. Images produced with the WFC
before and after the event showed that the source was transient and simultaneous with
the burst. Only eight hours after the GRBM trigger the observation with the Beppo
SAX NFI started in the WFC error box and one X-ray transient source was found,
whose flux decreased of nearly a factor of twenty in about three days (see fig. 1.2)
and whose position was missing in the Rosat all-sky survey (Boller et al. (1997)). This
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Figure 1.1: Final map showing the location in galactic coordinates of the 2704
GRB recorded with the Burst and Transient Source Experiment (BATSE) on board
NASA’s Compton gamma ray Observatory (CGRO) during the nine-year mission (from
http://gammaray.msfc.nasa.gov/batse/grb/skymap/).

X-ray transient source is the first example of a GRB “afterglow”. More details about
this observation can be found in Costa et al. (1997).

On 28 February 1997, about 21 hours after GRB970228 occurred, an object in the
error box of the WFC was detected in the V' and I band images with the Prime Focus
Camera of the 4.2 m William Herschel Telescope at La Palma (more details in van
Paradijs et al. (1997)). During this observation the magnitudes of the object were
V =21.3+0.1 and I =20.6 £0.1. A second pair of images in the same configuration
was exposed on 8 March 1997 and the object was not detected (V' > 23.6 and I > 22.2).

Further images were obtained with the ESO New Technology Telescope (NTT) on
13 March and show a faint and extended object, probably a galaxy, at the position of
the transient. Known types of optical transients, such as novae, supernovae, dwarf novae
and flare stars, are unlikely to account for the optical transient because of the amplitude
and short timescale of its variability. From a rough estimate of the galaxy redshift a
value between 0.2 and 2 was found. With a spectroscopic campaign at Keck observatory
(described in Bloom et al. (2001)) the redshift of the host galaxy was measured and was
found that z = 0.6950 + 0.0003, in agreement with the previous result.
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Figure 1.2: Source flux with time in the 2-10 keV range from Costa et al. (1997). The
zero time is taken at the GRBM trigger time. Data are fitted by a power law (oc ¢7132),
shown as a solid sloping line at lower right.

The first radio afterglow was detected for the gamma ray burst of 8 May 1997
(GRB970508): a variable radio source was found in the error box of GRB970508 and
coincident with the optical transient (see Frail et al. (1997) for more information). The
radio afterglow emission shows a frequency dependent rise time (about ten days at 8.46
GHz, about three weeks at 4.86 GHz), remains steady for about two months and then
starts to decrease. From the observed fluctuations in the radio emission of the source,
an angular size § ~ 3 parcsec can be estimated two weeks after the burst. The measured
redshift z = 0.835 (see Metzger et al. (1997) for the complete analysis) gives a distance
D ~ 10%® cm and, at that distance, the angular size @ corresponds to a linear size
R ~ 10'" ecm. For a relativistic fireball, R = fv2%ct with v Lorentz factor and f factor
ranging between 2 and 14 depending on the dynamical details of the expansion. Thus
fv = 4 implying a mildly relativistic shell two weeks after the burst.

Started with GRB970228, the observation of the optical counterparts of Gamma Ray
Bursts detected in the X-ray band and the determination of their redshift continues to
play a crucial role in the understanding of the GRB physics. Recent examples are in
Castro et al. (2003) giving z = 2.038 for GRB 000926, Andersen et al. (2000) discussing
z = 4.50 of GRB 000131 and Bloom et al. (2003) with z = 1.30658 for GRB 990506
and z = 1.1181 for GRB 000418. The measured redshift gave the first unambiguous
evidence of the GRB cosmological origin.



1.2.2 Observational properties of the Gamma Ray Bursts

The GRB observed fluence on Earth is 1078 +107* erg - cm ™2, the lower limit depending
on the detector sensitivity and on the log N-log S curve. If the emission is isotropic the
total energy is of the order 10°! = 10%* erg while this value decreases of about two orders
of magnitude if the emission is beamed.

The overall energy emitted in the GRB afterglow ranges from a few per cent to a
consistent fraction of the energy in the main burst. Moreover, while the measurements of
the energy of the burst includes the peak of the emission and is “more or less” bolometric,
the measurement of the afterglow is limited by the band of the optics. As the spectrum is
flat in v f,,, we do not really know yet how much energy is in the afterglow. The afterglow
light curve decays, in most cases, as a single power law, F, < {7 with 1 < a < 2.

The GRB spectrum is nonthermal and can be fitted using a Band function,

B

A (1oob;<ev)a exp(—E/Ey) if («a—p)Ey>E
(a—pf)Eo ] B 5 _ (1.1)
A [W} exp(f — @) (m) if (@ —pB)Ey < E

Ng(E) = {

introduced in Band et al. (1993), and representing a power law with an exponential
cut-off at energy Ey. From the 54 spectra reported in Band et al. (1993), typical values
of the parameters are —1.5 < a < 0 and —2.5 < f < —2. There does not appear to
be a clear relationship between « and § so the linear correlation coefficient of the two
parameters is nearly zero. The distribution of the cut-off energy as detected by BATSE
peaks at Ey ~ 150 keV but extends to much higher values, up to 1000 keV.

Bright X-ray transient events with fluence in the range 1078 =10~ erg - cm=2 - 571,
duration ranging from 10 s to 200 s and single power-law photon spectrum in the 2 +25
keV energy band with cut-off energy at about 30 <+ 50 keV have been discovered by
the BeppoSAX WFC and called X-ray flashes. New observations of the High Energy
Transient Explorer 2 (HETE-2, see Ricker and HETE Science Team (2001) for details)
satellite show that some X-ray flashes have observed peak energy smaller than 5 keV
without photon detection above 10 keV, as in Sakamoto et al. (2004).

Most striking is the morphological diversity of the GRB lightcurves and the large
range of the event durations. The approximate Gamma Ray Burst duration range
spans from about 30 ms to more than 100 s. Two groups of GRB can be identified
basing on duration, for which the Tyy (the time during which 90 % of the fluence is
accumulated) is smaller or larger than 2 s (see Kouveliotou et al. (1993) for a complete
analysis). Each group exhibits an acceptable bimodal log-normal (“two gaussian”) fit
with a third gaussian needed at 99.98 % significance level. In Horvath (2002) this
analysis is performed on the 1929 GRB of the BATSE catalogue that have duration and
peak flux information. As a result three duration classes are found, the short bursts with
average duration logTyy = —0.25 (corresponding to Tyg = 0.6 s), standard deviation
o(logTyy) = 0.53 and weight w = 0.26, the intermediate bursts with log 7oy = 0.63
(corresponding to Tyy = 4.3 s), o(logTy) = 0.20 and w = 0.06 and finally the long
bursts with logTyy = 1.55 (corresponding to Toy = 35.5 s), o(logTyy) = 0.42 and
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Figure 1.3: Histogram of the GRB duration Tyy from Horvath (2002).

w = 0.68. The histogram of the GRB duration from Horvath (2002) can be seen in fig.
1.3.

A correlation between the GRB peak energy and the total energy emitted in the
prompt emission has been found (see Amati et al. (2002)). The relation is in the form
Epear Eils/f where Epqp is the peak energy and Ejy, is the total energy (calculated
assuming isotropy). Such a correlation is not yet firmly established and is debated by

other authors (see for example Friedman and Bloom (2004)).

1.2.3 Theoretical models

The nonthermal GRB spectrum (1.1) indicates that the observed emission emerges from
an optically thin region. However the observed small temporal variability 6t ~ 10 ms
implies that the size of the source is c- 6t ~ 3 - 108 cm (see Piran (1997)). Such a small
source must be optically thick to photons, because of the yy — eTe™ reaction that has
an opacity 7,, > 1, so it cannot emit nonthermal emission. This fact is known as the
Compactness problem.

The simplest way to overcome this problem is considering the source as moving rel-
ativistically toward us, in the frame of the so called “fireball model” (see Piran (2000)
for details). In this scenario an extremely relativistic shock with Lorentz factor I" be-
tween 100 and 1000 accelerates electrons that emit gamma rays via synchrotron or syn-
chrotron self Compton processes so producing the Gamma Ray Burst prompt emission.
The interaction of the relativistically accelerated matter with the surrounding material
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(interstellar medium or circumstellar wind emitted earlier) generates an external shock
producing the observed afterglow.

The fireball model predicts an emission likely to be beamed within a cone of aperture
0 ~ 0.1. This fact implies a beaming factor of about 100, so reducing the energy of the
burst to about 105! + 10°2 erg. Such an amount of energy is a significant fraction of
the binding energy of a solar mass compact object. Also the millisecond variability time
scale suggests that a solar mass compact object is involved in the emission process. The
GRB duration (from 10 s to 100 s) suggests a prolonged activity, much longer than the
gravitational time scale of the source.

All these considerations (reported in Piran (2000)) suggest that the GRB are powered
by accretion of a 0.1 M, disk onto a compact object, most likely a black hole. Such a
system can be produced by the merging of a binary neutron star, of a neutron star and
a black hole, of a neutron star and a white dwarf or, finally, by a collapsing star of large
mass (“failed supernova” or “hypernova” introduced in Paczynski (1998)) producing a
rotating massive black hole surrounded by an accreting torus. Alternative models include
the explosion/implosion of a supramassive neutron star, a neutron star with a larger
baryon number than any normal neutron star deriving part of its support against self-
gravity from the centrifugal force and taking place through mass and angular momentum
transfer from a close companion, as in Vietri and Stella (1999), or the Poynting-flux
driven outflow from a magnetar, an ultramagnetized neutron star with a magnetic field
of about 10'* + 10'> G, as explained in Lyutikov and Blackman (2001).

1.2.4 The AGILE contribution

Gamma Ray Bursts are one of the most important scientific goals of the AGILE mis-
sion. In the wide field of view of the two instruments 25 events per year are expected
in the hard X-ray band and 5 <+ 10 events per year in the gamma ray band. The GRB
prompt emission will be detected mainly with the Mini-Calorimeter and the SuperAG-
ILE hard X-ray monitor. SuperAGILE sensitivity is not enough to detect the faint X-ray
afterglows after the very first start.

The angular resolution of SuperAGILE for sources as intense as the GRB ranges
from about 1 arcmin to 2 arcmin. Such a resolution, together with the high expected
fluence, can help to reconstruct the position of the events in the gamma ray band where
the angular resolution is about 1°, so allowing to study this class of sources in a wide
energy range (15 + 40 keV and 30 MeV + 50 GeV).

Between 1991 April 22 and 1994 August 29, five GRB coincident with a trigger from
the BATSE instrument have been detected in the EGRET spark chamber (see Jones
et al. (1996) for details). The lack of redshift measurement for these events does not
allow to know their fluence. Similar events can be detected by the Gamma Ray Imaging
Detector (GRID) and, since they are expected to be faint (see for example Schneid
et al. (1995) for a detailed analysis), the timing and position from the SuperAGILE
observation can be used to constraint the search for GRB in the GRID data.

Furthermore, Super AGILE can image intense sources, as the GRB, directly on-board
so reducing the total time needed to obtain the source position. Using the ORB-
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COMM satellite constellation!, the GRB information from the on-board processing will
be rapidly transmitted to the ground station (within one to ten minutes) and from
there will be delivered as short text messages. In this way the GRB coordinates can
be distributed to optical, infrared and radio observers so allowing a rapid and efficient
follow-up. The trigger to SuperAGILE can also be given by the Mini-Calorimeter, whose
energy band best fits the energy peak of the GRB emission although it cannot produce
images.

As all the high variable sources, the GRB lightcurves show small scale variations.
The analysis of twenty GRB reported in Walker et al. (2000) shows that all bursts have
low-level flickering on timescales from 256 us to 33 ms, in the majority of them the rise
times are faster than 4 ms, 30 % have rise time faster than 1 ms and finally two GRB
reveal isolated flares with timescales from 256 us to 2048 ps. For this reason a high
temporal resolution of the GRB prompt emission is an important tool to understand
their nature. Thanks to the low dead time of the front-end electronics in all the AGILE
instruments (time tag is about 2 ps in SuperAGILE and dead time is about 100 us
in the GRID), the initial impulsive phase of GRB can be studied with high temporal
resolution.

1.3 Compact Galactic Sources

The first X-ray source discovered outside the Solar System is Sco X-1, detected in 1962
and located in 1966 in the Scorpio constellation (details in Gursky et al. (1966a)). This
source, the most powerful in the X-ray band, has an optical counterpart of only V ~ 13
magnitude (Gursky et al. (1966b)) with a peculiar optical spectrum showing a smooth
blue continuum with superposed weak emission lines of hydrogen and ionised helium,
similar to the cataclismic variables and without absorption features (Charles and Seward
(1995)). The absence of absorption features indicates that only a small fraction of the
observed spectrum is coming from a main sequence star and the presence of ionized
helium indicates that the source of excitation of the lines is very hot and probably
connected with the X-rays. Since the discovery there were clear indications that the
X-ray emission was due to a binary system.

Theoretical speculations about the nature of the energy source in Sco X-1 involved
the presence of white dwarfs, neutron stars and black holes within the binary system.
Few months after the launch of the Uhuru satellite (12 December 1970) two more sources
were discovered (Her X-1 and Cen X-3), showing regular pulsations with extremely
precise periods. In observations over longer time intervals both sources showed X-ray
eclipses, a clear indication of the presence of a binary system, so these objects are
grouped as X-ray binaries. The compact object contained in the binary system cannot
be a white dwarf since the measured period is so short that the white dwarf would break
up with centrifugal forces. For this reason the X-ray emitting object must be a rapidly
spinning neutron star or, in some cases, a black hole.

'Web site http://wuw.orbcomm. com



The short binary period indicates that the two components of the system are in-
teracting and exchanging mass. The X-ray emission is due to the heating because of
the gravitational energy released by the matter transferred from the non collapsed com-
ponent to the compact object, that is said to “accrete” the material. The accretion
phenomenon produces an energy release with luminosity

GMM

L~
R

(1.2)

where G is the gravitational constant, M is the mass of the compact object, R its radius
or the radius of the last marginally stable orbit in case a black hole is present and M is
the mass accretion rate. The corresponding efficiency is n = L/ Mc? ~10+40 %, rather
high if compared to the efficiency of the nuclear reactions (n ~ 1 %).

The mass transfer within a binary system can be caused by the stellar wind from a
massive OB star or from the matter flow through the inner Lagrangian point. Since in
the first case the non collapsed object is a massive star, these objects are classified as
high mass X-ray binaries (HMXB) while the second type of objects contain a small mass
star and are called low mass X-ray binaries (LMXB). The stellar wind from a massive
star carries very little angular momentum and falls directly onto the compact object
while the material from a low-mass star is directed into the gravitational field of the
compact object and dissipates its angular momentum forming an accretion disk. More
details about the classification of the X-ray emitting binary systems can be found in
Charles and Seward (1995).

HMXB and LMXB are sources of X-ray emission but do not emit gamma rays.
Other classes of compact galactic sources can be found that emit gamma rays, mainly
the Gamma ray pulsars, that can be detected also in other energy band, especially at
radio wavelengths. Of great importance between the Compact Galactic sources are the
Unidentified EGRET sources, so called because their gamma ray emission have been
detected by the EGRET experiment on board CGRO but their counterparts have not
been found in other energy bands.

1.3.1 High-mass X-ray binary stars

In high mass X-ray binary systems the material transferred onto the compact object is
provided by a powerful stellar wind, emitted by an early type massive star. Only the
massive star can be detected in the optical band because it is so luminous even compared
to the X-rays emitted by the compact object.

Most of the HMXB show X-ray pulsations, with periods of order of seconds and
orbital periods of order of days and are found associated with bright stars of spectral
type earlier than B2. From the Doppler shift of the spectral lines emitted by the primary
component and from the binary system inclination, that can be measured if the system
shows eclipses, the mass of the compact object can be evaluated. In binary systems
where this evaluation is possible neutron stars with masses from 0.98 M, (for Her X-1)
to 1.8 Mg, (for 4U1538-52) have been found.
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Following the model developed by Davidson and Ostriker (1973), the compact object
accretes matter from the companion stellar wind, ranging typically between 10~6 M -
year ! and 10~* M, -year—! and is energized by the UV emission. The mass loss occurs
in all directions from the surface of the star and the orbiting neutron star must pass
through it.

The accreted material from the stellar wind probably forms an accretion disk because
of its angular momentum. In case a neutron star is present in the binary system, the gas
spirals downward and, at the star magnetospheric radius, it moves along the magnetic
field lines toward the magnetic polar caps. As the material hits the neutron star surface,
a very hot shock is formed in which X-rays are produced. The X-ray emission is not
uniform because of the column of material above the polar cap and is shadowed into a
kind of fan beam. These magnetic pole caps are displaced from the rotation axis, so
they modulate the X-rays emission at the neutron star spin period producing a kind of
lighthouse effect. The angular momentum of the accreted material is transferred to the
neutron star, producing the so called “spin up” effect, i. e. the decrease of the pulsing
period.

Some compact galactic sources show X-ray transients, flaring up suddenly and then
fading into invisibility after only a few weeks. These systems can be divided into two
class: Be stars and soft X-ray transients.

Be stars are mid B giant or main sequence stars with peculiar spectra showing
emission lines, variable in both intensity and profile on short and long timescales (hours
to days). The outbursts are produced in these systems by episodes of mass ejection,
probably from the equator, that form a ring of material. The mass ejection can be
connected with the fast rotating speed of these stars, often close to the break-speed.
The compact object encounter the ring so producing an increase in the X-ray emission.

The peculiar system PSR B1259-63, composed of a radio pulsar orbiting around a
massive Be star companion emitting Ly ~ 103 erg-s~! in the band 1+ 10 keV (Kaspi
et al. (1995) and Hirayama et al. (1996)) and Ly ~ 3-103* erg - s~! in the band 30+ 200
keV (Grove et al. (1995)), is of special interest for AGILE. The X-ray emission is due
to the interaction of the wind from the radio pulsar with the mass outflow of the Be
companion, as explained in Tavani and Arons (1997). PSR B1259-63 is expected to emit
in the gamma ray band although only upper limits have been detected by EGRET, as
described in Tavani et al. (1996). The same source has been recently detected at TeV
energy above about 200 GeV, see Beilicke et al. (2004).

The soft X-ray transients, on the other hand, are low-mass systems with non col-
lapsed stars of usually K-M spectral type and brighten during outbursts showing softer
X-ray spectra. Cen X-4, for example, shows intensity variations of about 300 times pro-
ducing outburst approximately every ten years. This source is a binary system composed
of a red dwarf K3V star and a neutron star. The mechanism causing the outbursts is
probably connected with episodes of mass transfer onto the neutron star which produces
the strong X-ray emission and is still unknown.
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1.3.2 Low-mass X-ray binary stars

The model of low-mass X-ray binary stars is an evolved late-type star transferring ma-
terial through its inner Lagrangian point into the gravitational field of a compact object
(white dwarf, neutron star or black hole). The accreted material orbits around the com-
pact object, so forming an accretion disk. The secondary star is generally too faint to be
detected apart from observation in the infrared and during the eclipses. In these cases
it is possible to find that the secondary star is generally of low mass and evolved.

The type of the compact object can be inferred depending on the luminosity, the
light curve and the spectrum of the binary system. If the luminosity is smaller than
1033 erg - s~1, the compact object is likely to be a white dwarf while, if the luminosity is
bigger, the compact object is almost surely a neutron star or a black hole. If the system
shows X-ray bursts, it contains a neutron star while, if the X-ray spectrum is soft, it
may contain a black hole.

The binary behaviour of a LMXB is difficult to be detected in X-ray observations
because of the nature of the X-ray emitting region. In fact an eclipse can happen
when the mass-losing star is found between the compact object and the observer but,
in this case, the optical thickness of the disk itself prevents us from detecting the X-ray
emission. Eclipses in X-rays can be found in some sources, like EXO0748-676 and, from
the shape of the light curves, the characteristic dimension of the compact object can be
inferred.

Characteristic of some LMXB systems is the periodic emission of X-ray bursts, short
(about 10 s duration) and intense (about 103 erg) flares with a black-body like time
profile and a time decay shorter at high energy and longer at small energy. The sources
emitting X-ray bursts are generally distributed in the galactic bulge and seem all of the
same population. Furthermore, the radius of the sphere required to radiate the observed
black body falls in the range 10 + 15 km, the characteristic radius of a neutron star.

As explained by Maraschi and Cavaliere (1977) and independently by Woosley and
Taam (1976), the X-ray bursts can be considered as a thermonuclear flash due to the
unstable helium nuclear burning on the surface of a neutron star. The X-ray bursts
repeat periodically because the accretion by the neutron star from the companion star
produces a hydrogen layer that steadily burns forming helium. When the density and
temperature of the helium layer reach a critical point it starts burning into carbon. The
accretion then continues producing helium until the unstable nuclear burning happens
again and a new burst is produced. The X-ray bursts are clearly surface effects and
can be produced only by LMXB systems containing a neutron star. Moreover the X-
ray burst emission is characteristic of a small mass transfer rate, in fact at high mass
transfer rates the helium burning instability does not occur and the bursting behaviour
is suppressed.

As seen in sec. 1.3.1 above, the HMXB systems contain neutron stars showing
pulsating emission of X-rays while the LMXB systems contain neutron stars showing
bursting emission of X-rays. The difference between these two emission behaviours
can be explained in terms of the neutron star magnetic field, strong during the initial
star collapse producing the neutron star and slowly decaying over time. Since a strong
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magnetic field is needed to channel the material onto the poles of the neutron star, X-ray
pulsations are expected only in young neutron stars, associated with young and massive
stellar companions. On the other hand, the small magnetic field of the older neutron
stars associated with old and less massive stellar companions lets the accreting material
fall onto the neutron star surface producing the X-ray bursts.

1.3.3 Black hole candidates

The emission of X-rays from a binary system reveals the presence of a compact object.
Since the system luminosity depends on the gravitational potential of the compact ob-
ject, from the luminosity measurement it is possible to notice only if we are dealing
with a white dwarf or a more massive object like a neutron star or a black hole. Distin-
guishing between a neutron star and a black hole requires precise mass measurements,
obtainable from the optical spectroscopy using the mass function,

M2sin®*i  PK2sin’i
(M, +M;)?  27G

f(M) = (1.3)
where M, and M, are the mass of the compact object and the normal star respectively, P
is the period, and K, sin+ is the velocity amplitude of the normal star with 7 inclination
angle of the orbit to our line of sight (from Charles and Seward (1995)). M,, and ¢ must
be accurately known in order to find M,.

About twenty black holes have been discovered and studied in our Galaxy during
the last two decades (Zidlkowski (2003) contains a detailed table with orbital periods,
masses and references). These black holes can be found preferentially in low-mass binary
systems, associated to a companion of M <1 M. Black holes in LMXB are transient
sources, displaying month-long outbursts with luminosity 7 + 8 orders of magnitude
bigger than their L < 103! erg-s~! quiescence luminosity. Black holes can also be
found associated with high mass stars and the first example of such a system is Cygnus
X-1, whose mass function gives M, > 15 M.

Peculiar sources containing a black hole and emitting two-sided relativistic jets are
the so called “microquasars” for the similarity of their features with the quasar class of
Active Galactic Nuclei. The characteristics of these systems can be explained considering
a stellar mass black hole surrounded by a gas torus and accreting matter from that. The
collimated jets are composed of relativistic plasma and the emission mechanism is still
unclear. An example of microquasar is the X-ray source GRS 19154105, see for example
Castro-Tirado et al. (1994).

1.3.4 Gamma ray pulsars

Six gamma ray emitting pulsars have been detected by EGRET (see Nolan et al. (1996)):
Crab, Vela, Geminga, PSR B1706-44, PSR B1055-52 and PSR B1951+432, although
PSR B1951+32 is not included in the Third EGRET Catalogue. A pulsed emission of
gamma rays at ultra-high energy (E > 500 GeV) from Vela pulsar has been observed by
atmospheric Cerenkov detectors (see Bhat et al. (1980)).
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As shown in Nolan et al. (1996), in the EGRET energy range, the spectra of the
pulsars can be fitted by a simple power law and the fitted spectral indices range from
—2.07 for the Crab to —1.39 for Geminga. Four out of six pulsars have spectral indices
harder than —1.6. Three spectra show a drop in flux above few GeV while two others
have large uncertainties in flux in the 4+ 10 GeV band and cannot exclude the existence
of a similar dropoff. Ouly the Crab is inconsistent with a significant dropoff above 4
GeV.

The most evident feature of the pulsar light curves is that four of them (Crab, Vela,
Geminga and PSR B1951+4-32) have two roughly equal peaks separated by 0.4 + 0.5 in
phase while the other two (PSR B1706-44 and PSR B1055-52) show a single broad peak,
that might really be double or even triple. Observations with higher counting statistics
may improve the understanding of the last two pulsars. Only the Crab has a gamma ray
light curve matching fairly well with the radio pulsation, although the radio emission
has a third peak below 600 MHz that does not match any gamma ray feature. PSR
B1055-52 has a similar triple-peaked radio pulse but without any correlation with the
gamma ray peaks and the other radio pulsars have single radio peaks which do not line
up with the gamma ray peaks.

A detailed model of the pulsar beaming geometry is not yet stated so the luminosity
of the source cannot be calculated exactly. From a rough estimate and assuming that
the observed radiation is concentrated in two conic beams, however, a luminosity about
2 -10% erg-s~! between 50 MeV and 10 GeV can be estimated (see Bignami and
Hermsen (1983)).

1.3.5 The EGRET unidentified sources

The third and last EGRET catalogue of high-energy gamma ray sources (Hartman
et al. (1999)) contains 271 objects, including the single solar flare detected in 1991,
the Large Magellanic Cloud, five pulsars, one probable radio galaxy detection (Cen
A), 66 high confidence and 27 low confidence blazar identifications and 170 sources
not yet identified, generally known as EGRET unidentified sources. The search of the
counterpart of such unidentified sources is one of the most interesting problems in today
gamma ray astronomy and is one of the scientific objectives in the next gamma ray
astronomy missions, such as AGILE and GLAST (see for example Torres and Nuza
(2003)).

The point spread function of the EGRET telescope is about 6° at 100 MeV and
smaller at higher energies (more details in Thompson et al. (1993)). As explained in
Hartman et al. (1999), the source location is estimated using the maximum likelihood
method and constructing likelihood test statistics maps at different energies (£ < 100
MeV, 300 < E < 1000 MeV and E > 1000 MeV). A source is defined as unidentified
if no known source can be associated with the EGRET error box. Since more than
60 % of the sources contained in the EGRET catalogue are classified as unidentified,
there is great interest in the nature of these sources, whether they be pulsars, blazars
or representatives of new classes of gamma ray sources.

As shown in Mukherjee et al. (1995), the longitude distribution of the unidentified
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Figure 1.4: Final map showing the location in galactic coordinates of the 271 sources
recorded in the Third EGRET catalog (from Hartman et al. (1999)). The unidentified
sources are plotted with open circles

sources is not uniform and shows a broad peak centered approximately on the galactic
disk and with a dispersion of 71.3° £+ 11.9°, indicating a concentration of sources toward
the inner part of the Galaxy. The absence of a strong concentration in longitude within
30° of the Galactic center suggests that the sources are rather uniformly distributed
along the disk. The longitude distribution suggests that the unidentified sources are not
distant objects, with an upper limit at about 6 kpc. The lower limit can be estimated
from the latitude distribution of the sources with |b| < 10°, giving a standard deviation
of 1.9° £0.3°. From the observed latitude distribution a minimum distance of about 2.6
kpc can be inferred.

Assuming a beaming angle of about 1 sr and a distance in the range 2.6 + 6 kpc,
the luminosity range of the unidentified EGRET sources close to the Galactic plane is
(0.3 +1.33) - 10%% erg-s—!, higher than the typical luminosity of the pulsars. Basing
on these arguments, Mukherjee et al. (1995) conclude that the unidentified sources
cannot be explained as representing a population of older and low luminosity pulsars
like Geminga because their predicted luminosity would be too low to account for the
unidentified sources at their estimated distances.

In Kaaret and Cottam (1996) the position of 16 over 25 unidentified EGRET sources
lying near the Galactic plane (Galactic latitude |b| < 5°) is correlated with the position
of the OB associations from the catalog in Mel’Nik and Efremov (1995). The authors
found that four sources are well within OB associations, five sources have 95 % position
contours overlapping with OB associations boundaries and seven sources lie within 1°
from the boundary of an OB association. Several classes of sources emitting gamma rays
occur near OB associations, mainly Supernova remnants and high-mass X-ray binaries.
Once the correlation of gamma ray sources and OB associations is stated, from the
known distances of the OB associations the luminosity of the unidentified sources can
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inferred. In Kaaret and Cottam (1996) it is found that the estimated pulsar luminosity
is about 103° erg - s~ and their distribution is consistent with that of the known gamma
ray pulsars.

An alternate method of determining the source class is the study of the flux vari-
ability, as in Wallace et al. (2000) for example. In this paper the variability index V'
is used, defined starting from the light curve y2. If Q is the probability of obtaining
a value of x? equal or greater than the empirical x? from an intrinsically non variable
source, the variability index is defined as V = —log @ and light curves with V' > 3,
corresponding to @ < 1073, are considered to manifest source variability. Pulsars are
believed to be stable on timescales of about one day (see for example Ramanamurthy
et al. (1995)) while blazars are strongly variable on the same timescale (see for example
Mattox et al. (1997)). Since the statistics of the data are limiting, especially on the one
day timescale, EGRET is sensitive to only the most dramatic short term variations. In
Wallace et al. (2000) the study of the variability index V' of eight sources, two identified
and six unidentified, is reported. The variability index of the unidentified sources is
smaller than the value of the AGN and the unidentified sources are not characterized
by strong variability on one and two days timescale.

1.3.6 The AGILE contribution

Pulsars are a major topic of investigation of AGILE and this new mission will improve
photon statistics for searches of gamma ray pulsars offering the first possibility, before
the launch of GLAST mission, of detecting several young and energetic radio pulsars,
discovered since the end of CGRO mission.

As shown in Tavani et al. (2004), addressing and resolving fundamental questions
regarding the gamma ray emission processes of Galactic sources require a substantial
improvement in detecting performances. Three are the major areas of improvement:
optimal angular resolution in a large field of view (improving EGRET error boxes by
at least a factor of four), microsecond-level timing and simultaneous X-ray and gamma
ray detection with on-board triggering and alert capabilities for fast transients.

The large field of view of AGILE allows simultaneous monitoring of many sources and
could cover the whole sky with only six pointings. Furthermore, AGILE will continuously
observe pulsars for long periods (one to two months) avoiding typical timing analysis
problems arising from merging many short observations at different times.

As reported in Pellizzoni et al. (2004), a typical AGILE exposure on the galactic
plane is about 2 - 10 cm? - s for E > 100 MeV and the expected pulsar counts at these
energies (about 7000 counts from Geminga and about 17000 counts from the Vela pulsar)
are comparable or slightly better than the corresponding values for EGRET and give,
after folding at the known periods, a sensitivity of about 5-10~8 photons - cm ™2 - s~ ! at
E > 100 MeV.

As can be seen in Pellizzoni et al. (2004), 35 radio-pulsars are likely to have fluxes de-
tectable by AGILE (Flnins2.10-# photons-cm—2-s-1) €ven in the absence of coincidence with
EGRET sources. Furthermore, 11 radio pulsars are coincident with EGRET unidenti-
fied sources and have expected fluxes near AGILE sensitivity. These estimates give a
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Figure 1.5: Simulation of an AGILE observation of the Vela pulsar from Pellizzoni et al.
(2004). Timing analysis with resolution 10 <+ 50 us can reveal possible microstructures
within the peaks of the light curve.

preliminary number of about fifty pulsars detectable by AGILE. Particularly interesting
are the about thirty new young pulsars discovered in the Galactic plane by the Parkes
survey (see for example D’Amico et al. (2001)). Unfortunately, the X-ray flux of the
gamma ray pulsars is about 1 mCrab, too small to be detected by SuperAGILE.

AGILE will have the first opportunity to observe pulsars with time resolution better
than EGRET, looking for possible microstructures in folded gamma ray light curves
such as those seen in radio pulses from Vela. A simulation of the observation of the
Vela pulsar light curve with different microstructure templates is reported in Pellizzoni
et al. (2004) and shown in fig. 1.5. The analysis shows that a resolution better than
about 50 us can be achieved with good signal to noise ratio so allowing to discover
microstructures not resolved with lower resolution.

Some of the galactic black hole sources (such as Cyg X-1, GRS 1915+105, GRO
J1655-40 and others) can produce gamma ray emission for favorable accretion states and
geometries. Particularly important in this class are the so-called microquasars, accreting
black holes of several solar masses showing a complex phenomenology and moderately
relativistic jets. The expected gamma ray flux of these sources is faint compared to
the known X-ray flux, that can be used to single out the timing and the position of
the transient emission. In this way the detection of the outbursts from these sources is
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improved by the capability of simultaneous hard X-ray and gamma ray observations.

New galactic sources emitting hard X-rays and showing a highly absorbed spectrum
below about 10 keV, with very strong fluorescent emission lines (for example Fe Ka, Fe
Kp and Ni Ka) have been recently discovered by INTEGRAL, especially in the galactic
plane (see for example Walter et al. (2003)). AGILE can monitor this type of sources
in an effective way and alert the community for hard X-ray outbursts.

Finally, some pulsars exhibit “giant pulses”, consisting in large and power-law dis-
tributed flux and rare emission occurring in restricted phase windows, observed in radio
in Cairns (2004). For example, the Crab pulsar shows giant pulses with integrated flux
exceeding ten times the average pulse-integrated flux, discovered by Staelin and Reifen-
stein (1968). The Crab giant pulses have been jointly studied in the radio and gamma
ray bands in Lundgren et al. (1995) in order to compare the flux in the two bands dur-
ing giant and weak pulses. Since, from the radio data, pulses with width of the order
20 =+ 100 ps have been detected (see Hankins (1992) for details), high resolution timing
gamma ray observations are required in order to compare the pulsar emission in different
energy bands.

1.4 Active Galactic Nuclei

1.4.1 The properties of the Active Galactic Nuclei

Active Galactic Nuclei (AGN) are some of the most interesting astronomical objects
that can be studied in the X-ray band. One of the important features of this class of
sources is their emission in different energy bands, from the radio wavelengths to the
IR, optical, UV and X-rays. A peculiar class of AGN, known as blazars and described
in sec. 1.4.5, emits gamma rays up to the GeV/TeV range.

In a small volume (even the nearest AGN are unresolved by the Hubble Space Tele-
scope) the AGN produce very large luminosity (up to 10*® erg - s~1, about three orders
of magnitude greater than a normal galaxy) with a broad spectrum and fast (down to
tens of seconds in X-rays) and large amplitude variability. All these features implies
that the emission cannot be of stellar origin.

As reported in Mushotzky et al. (1993), the X-ray emission is a defining charac-
teristic of the active galaxies. In fact, in the 2 + 10 keV band, there are more X-ray
emitting Seyfert 1 galaxies per unit volume than found in surveys conducted in any other
wavelength band and, in the 0.2 + 2 keV band, the surface density of X-ray discovered
quasars is equal or larger than that of the optically discovered objects. Furthermore,
the X-ray flux emitted in Active Galactic Nuclei shows the fastest variability in any of
the wavelength ranges, as if it is emitted in a small region close to the central object.

1.4.2 The AGN classification and the Unified Model

The AGN can be empirically classified basing on the observed properties, as reported in
Urry and Padovani (1995). A table summarizing the AGN classification and correlating
the observed features with the central nucleus properties is shown in fig. 1.6.
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TABLE 1
AGN Taxonomy

Optical Emission Line Properties

Type 2 (Narrow Line) Type 1 (Broad Line) Type 0 (Unusual)
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Figure 1.6: Principal classes of AGN (from Urry and Padovani (1995)), organized ac-
cording to their radio-loudness and their optical spectra, i.e., whether they have broad
emission lines (Type 1), only narrow lines (Type 2), or weak or unusual line emission
(Type 0). Within each of the groupings, different types of AGN are listed by increasing
luminosity.

About 15 + 20 % of the AGN are radio-loud, meaning their ratio of radio (5 GHz)
to optical (B band) flux is F5 ¢gz/Fp > 10. The radio loudness itself can be related
to the host galaxy type, which might enable the formation of relativistic jets. Basing
on the features of the optical and ultraviolet spectra, the AGN can be divided in three
broad classes, as shown in fig. 1.6.

Type 1 AGN show bright continua with broad emission lines from hot and high-
velocity gas, presumably located deep in the well of the central black hole. Radio-quiet
type 1 AGN include Seyfert 1 galaxies and radio-quiet quasars (QSO), while in radio-
loud type 1 AGN Broad-Line Radio Galaxies (BLRG), Steep Spectrum Radio Quasars
(SSRQ) and Flat Spectrum Radio Quasars (FSRQ) are grouped.

Type 2 AGN have weak continua and only narrow emission lines, meaning either
that they have no high-velocity gas or that the line of sight to the gas is obscured by
a thick wall of absorbing material. Seyfert 2 galaxies belong to the Radio-quiet type 2
class while the radio-loud type includes the Narrow-Line Radio Galaxies (NRLG), both
Fanaroff-Riley type I and Fanaroff-Riley type II radio galaxies.

A small number of AGN have peculiar spectra and can be grouped into a third Type
0 class. This class does not seem to include radio-quiet objects and, among the radio-
loud objects, BL Lacertae (BL Lac) objects and some FSRQ are grouped. Collectively,
BL Lacs and FSRQ are called blazars.

In a deeper study of the AGN, some of the observed features can help understanding
the emission mechanisms of these objects. The continuum and line spectrum, producing
the classificaton summarized above, is due to the obscuration of the central nucleus by
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the accreting torus. Moreover the radio-loudness can be related to the angle between
the relativistic jet and the line of sight. These considerations lead to the formulation
of a unified model, including all classes of AGN and allowing to explain the observed
features in terms of the angle between the relativistic jet emitted by the central nucleus
and the line of sight.

The Unified Model of the AGN is composed of a supermassive black hole (10 My <
M < 108 M) surrounded by a toroidal accretion disk. The gas falling from the accretion
disk into the black hole produces the object luminosity. Two collimated jets, initially at
relativistic speed and detectable in the radio wavelength, emanate from the region near
the black hole in the orthogonal direction with respect to the accretion disk and can
reach distances from 10'7 ecm to 10?* cm from the central object. Broad emission lines
are produced in clouds orbiting above the disk (at a distance about (2 <+ 20) - 10*® cm
from the black hole) and perhaps by the disk itself. A thick and dusty torus obscures
the broad-line region from transverse line of sight. Narrow lines can be produced in
clouds much farther from the central source (at a distance about 10'® < 102° cm from
the black hole).

Following the Unified Model, the AGN classification depends on the angle between
the observer line of sight and the radio jets. The blazars are AGN observed directly along
the line of sight, such that one of the radio jets points toward the observer. Increasing
the angle between the radio jet and the line of sight, the Seyfert 1 galaxies, in which only
part of the central region is obscured by the torus, and finally the Seyfert 2 galaxies,
with the central region completely obscured by the torus, are found. A picture of the
unified model from Urry and Padovani (1995) is reproduced in fig. 1.7.

1.4.3 The X-ray emission from AGN

The X-ray emission can be considered as a defining characteristic of the AGN and is
a major component of the total luminosity, typically between 5 % and 50 % of the
bolometric luminosity for radio-quiet AGN with L(z) < 10* erg -s~!. Furthermore, in
the X-ray band large amplitude (61/I ~ 1) and rapid (AT < 1 day) variability can
be detected. This combination of large luminosity and variability of the X-ray emission
provides the strongest support to the identification of the central object with an accreting
black hole.

An interesting review of the spectral and variability feature of the AGN can be found
in Mushotzky et al. (1993). In particular, the X-ray spectrum accounts for the emission
mechanisms in AGN and the study of the X-ray variability can be used to constrain the
size, the mass and the efficiency of the central source.

In the 2 + 50 keV energy band the spectrum of the AGN Seyfert 1 Galaxies (in
photons - cm™2 - s~ - keV~!) can be described by a simple power law F(E) = AE~T
with I' ~ 2. The spectral index increases to I' >~ 2.2 for radio-quiet quasars and I" ~ 2.5
for radio-loud quasars in case E < 3 keV.

The strongest feature in the 0.1+-100 keV range is the photoelectric absorption at low
energy (E < 0.6 keV) due to the cold or partly ionized material in the line of sight, that
can be described by a column density ny ~ 3 - 10%° atoms - cm 2. Particularly Seyfert
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Figure 1.7: A schematic diagram of the current paradigm for radio-loud AGN (not to
scale) from Urry and Padovani (1995).

2 Galaxies show significant X-ray absorption by cold material since, as explained by the
unified model, the central region is obscured by cold material along the line of sight.

The spectrum flattens at high energy (above 10+20 keV) and a possible explication is
that this feature is due to X-rays “reprocessed” or “reflected” in optically thick material
subtending a substantial solid angle to the source (Compton reflection model). Another
important spectral feature is the Fe fluorescence emission at 6.4 keV from near-neutral
or cold material with equivalent width ranging between 50 eV and 350 eV. Also the
brightest quasars and the majority of the Seyfert 2 Galaxies show significant Fe line
emission.

The X-ray emission shows the shortest timescale for AGN variability than in any
other wavelength band. Since the variability cannot be observed on timescales shorter
than the light crossing time of the source, an upper limit on the size R < ¢dt can be found.
Assuming, as in Mushotzky et al. (1993), that the source size R is five Schwarzschild
radii, a limit mass M < 2-10° - 0t199 My, is found with §¢199 = 6¢/100 s. The variability
can also be used to derive the efficiency 7 of the source in converting accreting matter
to luminosity and n = 0.05 - §L43/0t1090 where 0L43 = 6L/1043. Since the maximum
efficiency of nuclear reactions is 7 ~ 0.007 while the efficiency of accretion processes
ranges from 1 = 0.057 for Schwarzschild metric up to n = 0.32 for extreme Kerr metric,
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the estimated efficiency supports the idea that AGN are powered by accretion.

About 40 % of AGN from a hard X-ray selected sample show variability on a
timescale less than one day. On scales of weeks to months about 97 % of AGN show
variability. There is no agreement on how the X-ray variability is produced. Probably
long-term variability is caused by changes in the global accretion rate. The rapid vari-
ability cannot be given by the viscosity in the accretion disk since the viscosity timescale
is longer. The most commonly used model assumes that the variability is given by the
superposition of many similar events.

1.4.4 The gamma ray emission from AGN

Some radio-loud AGN show gamma ray emission extending up to GeV and TeV energy.
This gamma ray emission can be observed particularly from a subset of radio-loud
objects, called blazars and described in sec. 1.4.5 below, whose jet emission is so intense
to completely outshine the disc radiation. Examples of gamma ray emitting AGN are
Mkn 421 (observed above 250 GeV by the Cherenkov imaging telescope CAT in Piron
et al. (2001)), Mkn 501 (studied with the HEGRA experiment in Krawczynski et al.
(2001)), PKS 0208-512 (observed from MeV to GeV energy by EGRET and Comptel in
Stacy et al. (2003)) and 3C273 (studied between 3 MeV and 10 GeV by Comptel and
EGRET in Collmar et al. (2000)).

The gamma ray emission in AGN can be explained in terms of Inverse Compton
scattering of high energy electrons, coming from the blob of a jet, on the optical UV
photons produced by the broad line clouds and the accretion disc. A model is shown in
Ghosh et al. (1999).

1.4.5 The blazar class

As reported in Cavaliere and D’Elia (2002), the main features of the blazar class include
the strong radio emission at high frequency from compact cores, the gamma ray emission
up to 10 GeV, the rapid multiwavelength variability and the high and variable optical
polarization. The radiation from this class of objects is likely to be produced by a
collimated and relativistic jet of particles with bulk Lorentz factor I' ~ 5 =+ 20 observed
at small angles of the order of [ ~! (see Begelman et al. (1984) for details).

Two type of sources are grouped in the blazar class: BL Lac objects and FSRQ.
The distinctive properties of the BL Lac objects are the lack of emission lines with
EW > 5 A and of blue-UV bump, luminosity smaller than 1046 erg - s~ 1, spectral energy
distributions peaking at frequencies from optical to X-rays and in the gamma rays at
10 GeV, while the FSRQ are characterized by a luminosity greater than 1046 erg - s—1,
spectral energy distributions peaking at far IR to optical frequencies and around 0.1
GeV and strong evolution.

Basing on the observational properties, Cavaliere and D’Elia (2002) predict that all
the blazars are similar sources and explain the differences between BL Lac and FSRQ
objects considering a blazar main sequence in terms of the accretion rate
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Figure 1.8: Reconstructed light curve of a simulated flare of PKS 1622-297 (similar to
the 1995 event reported in Mattox et al. (1997)).

Mc?

Lgda
with M accretion mass and Lpgy = drcGMm/op = 1.3-1038 (M /M) erg - s~ Edding-
ton luminosity (c is speed of light, G is gravitational constant, M is accreting object
mass, m is proton mass and o is Thomson cross section). The FSRQ are energized by
accretion rates m ~ 1 + 10 while the BL Lac by 7 < 1072. In this scheme either the
optical-UV bumps and the prominence of the emission lines in FSRQ are consistent with

1 ~ 1 + 10 while the weakness of absence of such features in BL Lac can be understood
if i < 1072,

m=

(1.4)

1.4.6 The AGILE contribution

The AGILE capabilities in observing the blazar class is studied in Vercellone et al. (2003),
where the simulation of an observing strategy of a whole Sky coverage, composed of six
pointings lasting sixty days each, is reported. About 10 <+ 20 gamma ray emitting AGN
can be monitored simultaneously, out of which 26 might be detectable by SuperAGILE.
At the end of this all Sky observation, at high galactic latitude a typical flux limit of
FE>100 MeV~3-10-7 photons-crn—2.s—1 Call be achieved.

The reconstructed light curve of a simulated flare of PKS 1622-297 (similar to the
1995 event reported in Mattox et al. (1997)) is shown in fig. 1.8. Assuming a peak
flux F100 Mev~1.8-10-5 photons-cm—2-s—1, the quick-look analysis should be able to report
such a flare about one or two days after the event onset and with error boxes 15 + 30
arcmin.
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3C 279 Estimated AGILE Observations
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Figure 1.9: Reconstructed light curve of the 3C 279 AGILE simulated observation with
two possible models (steady emission, dashed blue line and flaring emission, solid red
line) from Vercellone et al. (2003).

The light curve of 3C 279 with a sixty days long observation is shown in fig. 1.9.
In the EGRET observation of this source in 1993 (see Hartman et al. (1999)) a steady
emission (dashed blue line in the plot) or a flaring emission (solid red line) could not be
distinguished. As seen in the plot, AGILE observation can determine the time sequence
of the flaring and quiescent emission so finding the correct emission model.

The joint observations in hard X-ray and gamma ray bands will add crucial broad
band information on blazars. An example of the AGILE energy bands superimposed on
the Spectral Energy Distribution (SED) of several blazars can be seen in fig. 1.10. Si-
multaneous observation of the synchrotron (hard X-ray) and inverse Compton (gamma
rays) spectral bands of high-energy peaked BL-Lac objects will provide invaluable in-
formation on the physics of the emitting regions.

AGILE will give emphasis to multi-wavelength campaigns by means of coordinated
observation with ground-based and space observatories. An example of a possible co-
ordinated multi-wavelength observation of known blazars by AGILE and observatories
located in the Northern Hemisphere can be seen in fig. 1.11.

From simultaneous radio and gamma ray blazar observations, tight constraints can
be set on the emission sites along the jets and the correlation between radio plasmoid
ejection in jets and gamma ray flares, still a debated issue because of the EGRET sparse
data, will be extensively studied during the AGILE mission. SuperAGILE will provide
both hard X-ray monitoring of bright AGN and a prompt alert to TeV ground-based
observatories.

AGILE is expected to discovery about 100 new AGN, improving our knowledge of
gamma ray duty cycles and of blazar Spectral Energy Distribution with simultaneous
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Figure 1.10: AGILE energy bands superimposed on the Spectral Energy Distribution of
several blazars

gamma ray and hard X-ray data. Depending on source intensity and spectrum, AGILE
is expected to locate blazars within 6 <+ 20 arcmin for moderately intense AGN at high
Galactic latitudes.

1.5 Gamma ray Diffuse Galactic Emission

The dominant feature of the high-energy gamma ray sky is the narrow band of intense
emission along the Galactic plane (]b|] < 10°), whose luminosity above 100 MeV is
about 103 erg - s~!. This extended area of diffuse emission was first seen by the OSO-
3 satellite, confirmed by the SAS-2 and COS-B observations and recently studied by
EGRET.

As reported in Hunter et al. (1997), the diffuse galactic emission of gamma rays
is particularly strong in a region about 100° wide centered on the inner galaxy and
is generally correlated with spatial structures seen at other wavelengths such as the
tangents of the spiral arms. Two examples of the spiral arm tangents are the Carina
arm at [ ~ 285° and the Crux or Centaurus arm at [ ~ 315°. Both features can
be detected in the integrated 21 c¢m emission, CO emission, radio continuum and at
E > 100 MeV. The minima between the arms are the interarm regions, where the
atomic and molecular gases are particularly lacking.
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Figure 1.11: Example of simultaneous gamma ray and hard X-ray observations of known
AGN by AGILE: red circles and squares are identified and candidate EGRET AGN re-
spectively, green triangles are identified sources, blue circles are GRID and SuperAGILE
field of view respectively, the black line is the time-dependent AGILE allowed pointing
direction, the red line is the accessibility limit (dec < 15°) for northern observatories,
finally the filled symbols are the sources that could be monitored simultaneously by
AGILE and ground based observatories.

One interarm region lies at 60° < [ < 70° between the Sagittarius arm and the
Cygnus region while the other at 210° < | < 60° between the Vela pulsar and the
anticenter. The emission from the inner galaxy is more intense and characterized by a
smaller latitude distribution than elsewhere in the galactic plane, corresponding to the
distribution of the interstellar medium in a thin disk along the galactic plane.

The spectrum of the galactic isotropic emission is fairly well described by a power law
with spectral index —2.1 and integral flux 1.17 - 10~° photons - cm 2 -s ! - sr~! above
100 MeV, as can be seen in fig. 1.12.

The gamma ray emission observed from the galactic plane is a combination of a
diffuse emission from Galactic cosmic rays origin, a diffuse emission probably of extra-
galactic origin, the emission from resolved point sources and an uncertain additional
component from unresolved point sources. The most important contribution to the
galactic emission of gamma rays originates from the interaction of cosmic rays with
gas and photons in the interstellar medium (see Bloemen (1989) for a review). In the
50 MeV + 5 GeV energy range three are the dominant emission effects producing gamma
rays: m’-mesons decay, bremsstrahlung and inverse-Compton scattering. The electron
bremsstrahlung dominates below about 100 MeV while the emission from the 7° de-
cay, forming a bump at £ ~ 68 MeV which is the only spectral feature, is dominant
above 100 MeV. The synchrotron emission from electrons in the magnetic field can also
produce gamma rays but it is estimated not to be significant.

Cosmic rays with energies between 1 GeV and few tens of GeV interacting with
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Figure 1.12: Average diffuse gamma ray spectrum of the inner Galaxy region, (300° <
[ <60°, |b] <10°), from Hunter et al. (1997).

nuclei in the interstellar gas can produce m%-mesons via various nuclear decay chains.

The 7° decays in about 10716 s following the reaction 7° — 4. In the 7° rest frame
each photon has an energy of m._oc? ~ 68 MeV, which transforms in a broad distribution
centered on 68 MeV in the observer reference system. The interaction of cosmic rays
and matter can also produce charged pions that decay giving as final products electrons
and positrons which annihilate producing photons with 0.511 MeV energy.

The Coulomb scattering of cosmic rays on nuclei and electrons of the interstellar gas
leads to the production of gamma rays via the bremsstrahlung emission process. If E,
is the electron energy, the energy of the bremsstrahlung emitted photon is £, ~ E,/3.

High energy electrons (E. > 10 GeV) can accelerate photons of energy ¢ < mec?
(photons in the optical and infrared band and from the 2.7 K Cosmic Microwave Back-
ground) via the so called “inverse-Compton effect” up to gamma ray energy. The re-
sulting mean photon energy is E, ~ 4v?z/3 where v = E,/m.c*.

From the observations, below about 4 GeV the spectrum of the diffuse emission
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with |6 < 10° does not vary significantly with longitude or latitude, indicating that
the variation of electron to proton ratio in cosmic rays is small. Above about 4 GeV,
the spectrum is uniform with longitude if 2° < |b| < 10° while at |b| < 2° there is
a weak evidence for softening of the spectrum in the direction of the outer Galaxy
(135° < 1 < 225° while at |b| < 2°).

From the observations a model can be built predicting the distribution of cosmic
rays in the galaxy and the variation along both latitude and longitude. A first model
was built basing on SAS 2 and COS B results (see Bertsch et al. (1993) for details)
and then it was improved using the EGRET data (more information in Hunter et al.
(1997)). This model contains just two adjustable parameters: the molecular hydrogen
mass calibrating ratio, X = N(Hz)/Weo and the scale of the cosmic ray coupling
to the interstellar matter, ry. From the observations at £ > 100 MeV, the model
predicts that the cosmic rays are coupled to the interstellar matter density on the scale
of ro = (1.8 £0.2) kpc and are in dynamic balance with it. The Galactic average values
of the X ratio are N(H3)/Wco = (1.56 £ 0.05) - 102° mol - cm =2 - (K - km - s71) 7L,

1.5.1 The AGILE contribution

The galactic gamma ray diffuse emission is produced in interactions of cosmic rays with
gas and ambient photon field and thus provides us with an indirect measurement of
cosmic rays in various locations of the Galaxy, as explained in Longo et al. (2003). The
study of the Diffuse gamma ray Emission reveals a spectrum which is not compatible
with the assumption that the cosmic ray spectra measured locally hold throughout the
Galaxy. Above 1 GeV energy, where the emission is supposedly dominated by the
70 decay, the spectrum is harder than that derived from the local cosmic ray proton
spectrum and this fact is known as the GeV excess.

Thanks to its good angular resolution and large average exposure, AGILE will fur-
ther improve our knowledge of cosmic ray origin, propagation, interaction and emission
processes. AGILE can obtain larger exposures (compared to EGRET) of complex re-
gions such as the Cygnus and Orion regions in addition to the Galactic Center. A joint
study of gamma ray emission from MeV to TeV energy is possible by special programs
involving AGILE and new generation TeV observatories of improved angular resolution.

1.6 AGILE and GLAST

GLAST (Gamma ray Large Area Space Telescope) is a satellite-borne mission devoted
to the study of the celestial sources in the 10 MeV + 100 GeV energy band, as described
in Ritz et al. (2004). The GLAST project is funded in the United States by NASA and
the Department of Energy and by government agencies in France, Italy, Japan, and
Sweden. GLAST launch is foreseen in 2007.

The GLAST payload contains a Large Area Telescope (LAT), composed of a tracker
and a calorimeter, complemented by the GLAST Burst Monitor (GBM), an instrument
for studying Gamma Ray Bursts between 5 keV and 25 MeV. LAT peak effective area
is about 8000 cm? (more than ten times the GRID effective area), the field of view is
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2 sr, the angular resolution is about 3.5° at 100 MeV and 0.15° at 10 GeV (similar to
AGILE).

GLAST scientific objectives are the same of AGILE: Compact Galactic Sources,
Active Galactic Nuclei, Gamma Ray Bursts and Diffuse Galactic Emission. With its
increased effective area and angular resolution, GLAST will detect new point sources
at flux levels about three times lower then EGRET and AGILE. The first year of the
GLAST activity will be devoted to the gamma ray sky survey and, after that time, the
instrument will start performing observations.

Despite its large effective area if compared with AGILE, GLAST does not contain a
hard X-ray monitor. For this reason the joint observations in gamma rays and X-rays,
that are one of the most important features of the AGILE mission, can be performed
by GLAST only using data from other observatories, that is commonly a difficult task.

Moreover, the Gamma Ray Burst localization is performed using the GBM, an in-
strument composed of 12 Sodium Iodide (Nal) scintillation detectors and 2 Bismuth
Germanate (BGO) scintillation detectors, similar to BATSE with about one twelfth ef-
fective area and about 3° angular resolution. Better localization can be achieved using
the LAT if the GRB is found within the LAT field of view, but in this case the statistic is
extremely low. The GBM angular resolution does not allow to perform the GRB follow
up observations to detect the event afterglow. Consequently the GLAST capability to
obtain the localization accuracy required to detect the optical afterglow and the redshift
is based on the LAT Gamma Ray Burst detection only for events with a significant
number of gamma ray photons.

1.7 Conclusions

The High Energy Sky is populated by sources belonging to many different classes but all
characterized by nonthermal emission, often involving accretion on a collapsed object
and jet emission, and high variability, frequently producing transient emission. Col-
lapsed objects such as white dwarfs, neutron stars and black holes play a crucial role in
the sources nature. The AGILE mission is designed in order to effectively study all the
different classes of High Energy emitting sources.

The instruments wide field of view together with a good angular resolution allows
to efficiently monitor the known sources, to improve the position of the unidentified
sources and to discover possible new objects. SuperAGILE field of view and angular
resolution are an important tool to detect GRB and to help the reconstruction of the
events position in the gamma ray band, where EGRET showed that the detection is
possible. The coordinates of the detected GRB will be reconstructed directly on-board
and will be provided to optical, infrared and radio observers so allowing a rapid and
efficient follow-up. Finally, also the study of the gamma ray diffuse emission, involving
the cosmic ray origin, propagation, interaction and emission processes, will be improved.

The high temporal resolution is an important tool in the study of GRB, showing
small scale variability and low-level flickering, and compact galactic sources, where mi-
crostructures in the gamma ray light curves are expected and “giant pulses” occur.
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The joint observations in the hard X-ray (15 + 45 keV) and gamma ray (30 MeV +
50 GeV energy bands is an important tool to study broad-band emitting sources such as
the AGN blazar class. AGILE will emphasize multi-wavelengths campaigns by means of
coordinated observations with ground-based radio, optical and ultra high-energy (TeV)
observatories. Moreover the detection of X-ray transients from some of the accreting
compact galactic sources, such as the microquasar, can be used to single out the timing
and the position of the expected faint gamma ray transients.
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Chapter 2

The AGILE mission and the
SuperAGILE instrument

2.1 The AGILE mission

AGILE (Astrorivelatore Gamma ad Immagini LEggero, Light Imager for Gamma ray
Astrophysics) is a satellite-borne mission devoted to the study of the High-Energy As-
trophysics in the hard X-ray and gamma ray energy bands. AGILE is the first small
scientific mission of the Agenzia Spaziale Italiana (ASI). The mission was proposed in
1997, the Phase A study was conducted during 1998, the mission was finally selected by
ASI in 1999 and the launch is planned in late 2005. Main properties of a typical small
scientific mission, as defined from the NASA SMEX requirements!, are a spacecraft of
mass from 180 to 250 kg with orbit-average power consumption of 50 to 200 W.

The AGILE scientific payload consists of two instruments: the Gamma Ray Imag-
ing Detector (GRID), sensitive to photons in the 30 MeV to 50 GeV energy range,
and SuperAGILE, that can detect X-rays of energy between 15 keV and 40 keV. The
GRID is composed of a Silicon Tracker, with tungsten converters and silicon microstrip
position-sensitive detectors, complemented by a Mini-Calorimeter with CsI(T1) scintil-
lator bars. SuperAGILE is a coded mask instrument with a silicon microstrip detector
and a tungsten coded mask. The two instruments are built in series and are designed
as a single experiment. Because of dimensional and budget constraints, both the in-
struments share part of the constructing materials, for example the silicon microstrip
detector tiles. All the payload is enclosed inside a plastic scintillator Anti-Coincidence
system. A schematic of the AGILE payload is shown in fig. 2.1: from top SuperAGILE,
the Silicon Tracker and the Mini-Calorimeter can be seen.

The AGILE payload size is 63 x 63 x 58 cm?, the weight is about 100 kg and the
planned budget is about 50 million euros. The payload total power budget is 122 W,
of which 11 W allocated to SuperAGILE, 25 W to the Silicon Tracker, 6 W to the
Mini-Calorimeter, 2 W to the Anti-Coincidence system and 26 W to the data handling
system. AGILE will fly on an equatorial low-Earth orbit with about 560 km altitude

Yinformation from http://sunland.gsfc.nasa.gov/smex/
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Figure 2.1: Schematic of the AGILE payload: from top SuperAGILE (in brown the
coded mask, in purple the collimator and in red the electronics boxes), the Silicon
Tracker (in purple the converter-detector planes), the Mini-Calorimeter (in purple and
red the scintillator bars), the Anti-Coincidence (in green with photomultiplier tubes in
yellow) and the bus (in brown).

and less than 10° inclination with a resulting orbital period of nearly 100 minutes.
The satellite will point using a three-axis attitude stabilization with an accuracy near
0.5° = 1°. An attitude reconstruction of about 1 arcmin will be obtained using star
sensors. The downlink telemetry rate is 500 kbit - s~! and is adequate for both AGILE
and SuperAGILE for a single contact per equatorial orbit. More details on the mission
features can be found in Tavani et al. (2004).

AGILE is a collaboration involving the University of Roma “Tor Vergata”, the Uni-
versity of Roma “La Sapienza”, the University of Trieste, the CNR/INAF Istituto di
Astrofisica Spaziale and Fisica Cosmica (IASF) of Roma, Bologna and Milano and the
INFN sections of Roma “Tor Vergata”, Roma “La Sapienza” and Trieste.

In this chapter a short overview of the two experiments composing the AGILE pay-
load is given. In sec. 2.2 the GRID is described while the SuperAGILE description is in
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Figure 2.2: Schematic view of the Silicon Tracker assembly.

sec. 2.3. At the end of each section an overview of the scientific performances of each
instrument is given. The Anti-Coincidence system is described in sec. 2.4 and finally
the data handling system is described in sec. 2.5.

2.2 The GRID

2.2.1 The Silicon Tracker

The Silicon Tracker converts the gamma ray photons into e™e™ pairs and reconstructs the
direction of the gamma rays tracking the position of the pair particles. For this purpose
the Silicon Tracker is composed of ten planes, each one containing a tungsten converter
layer (of 245 pm thickness) and two one-dimension silicon microstrip detector layers,
with strips oriented in orthogonal directions. Since the GRID trigger algorithm requires
at least three planes to be activated, two more planes with the silicon detector layers
and without the tungsten layer are inserted at the instrument bottom. A schematic
view of the Silicon Tracker can be seen in fig. 2.2.

Each silicon microstrip layer is a single-sided, AC-coupled, position sensitive detector
of 410 pm thickness and 38 x 38 cm? surface, composed of 16 tiles of 9.5 x 9.5 cm?
dimensions each. The two detector layers in each plane have the strips oriented in
orthogonal directions in order to locate the particles position. Each layer has a 121
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pm strip pitch and is read-out using the “floating readout strip” system, consisting in
reading one strip every two, with readout pitch equal to 242 pm and a total of about
38000 readout channels. In this way if a particle crosses a floating strip, image charges
are induced on the two adjacent read-out strips through capacitive coupling and an
interpolation algorithm can thus be used to improve the detector spatial resolution.

The on-axis thickness of each tungsten layer corresponds to 0.07 radiation lengths
Xy, thus the total on-axis radiation length is 0.7 Xy. The distance between the planes
is 1.6 cm and is optimized by extensive Monte Carlo simulations. A description of the
Silicon Tracker assembly and the CERN tests can be found in Prest et al. (2003).

The Silicon Tracker read-out electronics is composed of three TA1 chips per silicon
tile, with a total number of 480 chips. The TA1 is a Very Large Scale Integration
(VLSI) low-noise and low-power commercial chip produced by Ideas ASA2. Each TA1
is composed of 128 input channels, with a folded cascode charge sensitive preamplifier,
a CR-RC shaper, a sample and hold circuit and a level sensitive discriminator. The
discriminator threshold is unique for the 128 channels with a 3-bit trimming DAC per
channel to obtain a threshold uniformity better than 10 %.

2.2.2 The Mini-Calorimeter

Under the Silicon Tracker planes the Mini-Calorimeter is positioned, so called because,
due to dimensional and weight constraints, its thickness is only 1.5 radiation lengths
on axis. This instrument is designed to improve the energy reconstruction of the in-
cident photons imaged by the Silicon Tracker (GRID mode) and can be used as a
stand-alone gamma ray detector, without imaging capabilities, in the energy range
250 keV + 250 MeV (BURST mode). In BURST operating mode this instrument can
be used to detect transients, such as Gamma Ray Bursts, and to evaluate fluctuations
of the gamma ray background. The features of the Mini-Calorimeter and its scientific
performances are reported in Celesti et al. (2004).

The Mini-Calorimeter is composed of two planes of fifteen CsI(T1) bars, each one of
2.3 x 1.5 x 37.5 cm? size. The two planes contain bars disposed in orthogonal directions.
The Mini-Calorimeter has a sensitive surface of about 40 x 40 cm? and a total volume
of 4416 cm®. A schematic view of the Mini-Calorimeter assembly, from Celesti et al.
(2004), is shown in fig. 2.3.

The bars exhibit low light attenuation combined with high light output. The readout
of the scintillation light from each bar is accomplished by two custom PIN photodiodes
(with area 1.5 x 2.3 cm?, 2 mm thickness and active area about 256 mm?), coupled at
the bar sides by means of a siliconic glue. To maximize the light output and to keep the
light attenuation within an optimal range of values, the bars surfaces are polished and
the bars are wrapped with a thin reflective coating.

Signals from the photodiodes are collected by means of low noise charge preamplifiers,
and then conditioned by a dedicated front-end electronic, composed of sixty analogue
electronic channels, one for each photodiode. Each electronic chain is composed of

ZWeb site: www.ideas.no
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Figure 2.3: Schematic view of the Mini-Calorimeter assembly from Celesti et al. (2004).

an amplification stage, a signal shaper (with shaping time of about 3 ms), a baseline
restorer, a programmable threshold discriminator and two signal stretchers, one for the
GRID chain and one for the BURST chain. The output signal from the stretchers is
multiplexed separately for the BURST and GRID chains and is provided to different
ADC with 12 bit precision. GRID and BURST chains can acquire data simultaneously.
The rms noise of the electronic chains is about 800 e™.

Each bar, complete with its own two photodiodes, is hosted in a dedicated carbon
fiber housing 1 mm thick, that provides rigidity and modularity to the instrument de-
tection plane. As shown in fig. 2.3, all the housings are mounted on to an aluminum
frame, fifteen in the upper side and fifteen in the lower side. The frame containing the
detection plane is joined to the lower part of the Mini-Calorimeter main frame and, be-
low the detector plane, the two front-end electronics (FEE) boards are placed, contained
in an aluminum box.

When used in conjunction with the Silicon Tracker, signals are converted when a trig-
ger from the data handling system is received. Moreover, a trigger pulse is generated by
the readout electronics when the total energy released in the whole instrument exceeds a
selected threshold (starting from 10 MeV and programmable via tele-command). In fact
such an amount of energy released in the Mini-Calorimeter could produce a backsplash
of particles triggering the Anti-Coincidence system, that in this case will be momentarily
disabled.

When the Mini-Calorimeter is used as a stand-alone instrument, the triggers gen-
erated by signals above threshold are provided to an FPGA. In case the acquisition is
not inhibited by a veto signal from the Anti-Coincidence, this FPGA sends a conversion
command to the stretchers of the triggering bars.
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Figure 2.4: A comparison between the effective areas of AGILE, EGRET and COMP-
TEL at different inclinations off axis, from Tavani et al. (2004).

2.2.3 The GRID scientific performances

The Silicon Tracker effective area, given by the product of the geometric surface times
the detection efficiency, is about 550 cm? on axis and about 350 cm? at 50° off axis for
energies between 200 MeV and 10 GeV. Since the interaction probability is significant
also for the side coming photons, the effective area does not rapidly decrease off axis.

A comparison between the effective areas of AGILE, EGRET and COMPTEL (from
Tavani et al. (2004)) can be seen in fig. 2.4. As can be seen in the plot, the AGILE
effective area, about one half of EGRET on axis, decreases of only 10 % at 20° off
axis (comparable with EGRET) and is bigger than EGRET effective area at off-axis
angles above 30°. Since the fixed solar panels configuration of the satellite imposes
some constraints on the pointing strategy and during AGILE observations the sources
drift within the field of view of about 1° - day !, the off axis performances are extremely
important for the instrument.

The point source Silicon Tracker sensitivity is the smallest flux that can be detected
and depends on the significance level, the background flux, the effective area, the energy
band and the exposure time. Taking into account the intensity and the spectrum of
the extragalactic diffuse background and considering a significance level of 50 and an
exposure time of 10° s, a sensitivity between about 6 - 10~ photons - cm ™2 - s~ - MeV !
at 100 MeV, approximately 4 - 10~'" photons - cm™2 -s~! - MeV~! at 1 GeV and about
3-107!2 photons -cm ™2 -s71 - MeV~! at 10 GeV can be achieved. As a comparison,
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Figure 2.5: A comparison between the angular resolution of AGILE (in red) and EGRET
(in blue), from Tavani et al. (2003).

the Crab flux (from Zombeck (1990)) is about 3 - 10~° photons - cm™2-s~!. MeV~! at
1 GeV.

The Silicon Tracker field of view is delimited by the instrument geometric dimensions
and the trigger criteria and is about 2.5 sr, approximately one fifth of the sky. In this
field of view many sources can be simultaneously observed and a wide fraction of the
sky can be monitored looking for transient sources.

In gamma ray Astrophysics experiments based on the pair production, the photon
direction is reconstructed from the electrons and positrons tracks. The indetermination
on such tracks produces a distribution of the incoming directions and the instrument
angular resolution is given by the standard deviation of this distribution. Particularly,
the multiple scattering of the electrons and positrons produced by photons of energy
smaller than about 500 MeV decreases the reconstruction of the incident photon direc-
tion. The GRID angular resolution ranges from about 4.7° at 100 MeV and about 0.2°
at 10 GeV (from Tavani et al. (2003)) and is plotted in fig. 2.5 compared to the EGRET
angular resolution.

The instrument imaging capability is then different from the angular resolution be-
cause it is connected to the accuracy in localizing the centroid of the photon incoming
direction distribution. With a spatial resolution reaching 40 pum, the source location
accuracy of intense sources ranges between 5 arcmin and 20 arcmin depending on source
intensity.

The GRID timing capability is based on the smallest ever obtained deadtime for
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single gamma ray detection, about 100 us for the Silicon Tracker and about 20 us for
each of the individual Csl bars.

Since the Mini-Calorimeter can only partially stop the electrons and positrons pro-
duced in the Silicon Tracker, the gamma ray energy will be reconstructed basing on the
kinematics of the interactions in the Silicon Tracker and on the energy deposited in the
Mini-Calorimeter. This technique is studied by means of Monte Carlo simulations and
the expected spectral resolution is AE/E ~ 1.

2.3 The SuperAGILE instrument

SuperAGILE is the X-ray monitor of the AGILE mission and is designed in order to
operate together with the GRID to observe the same objects in the sky with similar
instrumental capabilities. For this reason both the field of view and the time resolution
of SuperAGILE and the GRID are matched. In order to have a wide field of view
with a good angular resolution in the hard X-ray range, SuperAGILE is a coded mask
instrument. The basic principles of the coded-mask imaging process and the main
properties of the SuperAGILE coded mask are reported in sec. 2.3.1. The SuperAGILE
detector shares the same silicon microstrip tiles of the Silicon Tracker and is described in
sec. 2.3.2. As shown in sec. 3.4, the noise in the Super AGILE experiment is dominated
by the electronic noise of the front-end electronics. The conditioning and interface
electronics are then described in sec. 3.7

As shown in fig. 2.1, the Super AGILE instrument is positioned above the GRID. This
arrangement is efficient in order to house two experiments observing the same field in the
sky in a small and compact payload, but SuperAGILE can stop some of the gamma ray
photons so reducing the GRID detection efficiency. In order to avoid this inconvenience,
as a designing requirement the opacity to gamma rays of all SuperAGILE instrument
must not exceed the opacity of 1 cm of plastic scintillator. This tight requirement has
been satisfied selecting a 410 pm thin silicon microstrip detector and a 120 pm thin
tungsten coded mask.

The arrangement of SuperAGILE and GRID produces a great advantage while ob-
serving sources, such as the GRB, bright in X-rays and faint in gamma rays. In this
case the source can be located basing on the X-ray observations and with the estimated
position it is possible to single out the faint flux of gamma rays.

2.3.1 The coded mask and the collimator

Coded mask instruments allow to produce images in a wide field of view when a focus-
ing device cannot be used. The grazing incidence technique (see for example the Bep-
poSAX satellite optics in Citterio et al. (1986)) is efficient below 10 keV but using this
technique only small field (about 50 arcmin x 50 arcmin) telescopes can be produced.
Other focusing techniques, such as the grazing incidence on multilayers of different ma-
terials (see Mao et al. (1997) for a detailed description) or the Bragg diffraction on
mosaic crystals (see Pareschi et al. (1997) for further information), are efficient above
20 keV but may be used only to produce small field instruments (5 arcmin X 5 arcmin
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and 40 arcmin x 40 arcmin respectively). Wide field imaging instruments in the hard
X-ray band can be produced only using the coded mask imaging principle, introduced
in Fenimore and Cannon (1978).

The coded mask imaging principle is a two step process and requires a plate with
a pattern of pixels transparent and opaque to the electromagnetic radiation of interest,
called “coded mask”, coupled to a position sensitive detector. In the first step of the
process photons are accumulated on the detector, so producing a “detector image”,
consisting in the mask pattern shifted of the source off-axis angle with respect of the
instrument optic axis. The “detector image” is then decoded applying proper algorithms
in order to produce the “sky image”, showing the position of the sources. More details
on the mathematical algorithms required to decode the sky images can be found in in’t
Zand (1992).

Using the coded mask imaging process both one dimension and two dimensions
images can be produced depending on the system properties. This imaging method is
particularly efficient for hard X-rays and gamma rays sources. For example the payload
of the INTEGRAL satellite-borne mission, launched in october 2002 by the European
Space Agency and devoted to the X-ray and gamma ray astronomy (see Winkler et al.
(2003)), is composed of three instruments, JEM-X (see Budtz-Jgrgensen et al. (2004) for
details), IBIS (described in Ubertini et al. (2003)) and SPI (see Vedrenne et al. (2003))
all based on the coded mask imaging principle.

SuperAGILE coded mask is divided into four one-dimension modules, two oriented
along one direction and two along the orthogonal one. Each module contains a tungsten
mask of 19 x 19 cm? surface composed of 787 opaque and 787 transparent pixels of 242
pm width each. The distance between the mask and the detector is 14.1 cm and the
corresponding angular pixel size is 6 arcmin.

The mask is composed of a single tungsten layer of 120 pym thickness, whose trans-
parency to X-rays is lower than 10 % below 40 keV, glued on a 500 pm thick carbon
fiber support whose transparency is greater than 95 % above 10 keV. The mask is man-
ufactured by Contraves company and the transparent pixels are opened in the tungsten
layer by means of chemical etching of a single tungsten plate. A picture of the coded
mask is shown in fig. 2.6.

The coded mask is positioned on a collimator, that both provides mechanical sustain
and delimits the field of view of each module. The collimator is in turn composed of
four square modules of 19 cm side and 14.1 cm height, each one subdivided by one sect
in two cells of 9.5 x 19 cm? surface. From the geometry of the collimator the resulting
SuperAGILE field of view is 107° x 68°. The collimator is manufactured by Contraves
using a 100 pm thick tungsten layer glued on a 500 pym thick carbon fiber support. A
picture of the collimator can be seen in fig. 2.7.

2.3.2 The silicon microstrip detector

The SuperAGILE detector is composed of four modules, each one constituted of four
silicon microstrip tiles of 410 pm thickness and 9.5 x 9.5 cm? surface and coupled to
a coded mask module. The strip pitch is 121 pm and the strips are co-aligned to the

39



Figure 2.6: Picture of the SuperAGILE coded mask.

M

Figure 2.7: Picture of the SuperAGILE collimator.
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Figure 2.8: Section of the silicon microstrip detector together with a schematic view of
its working principle from Peisert (1992).

coded mask pixels. Two tiles, containing 768 strips each, are connected edge-on in order
to form a ladder of 19 x 9.5 cm? dimensions. Two ladders constitute a detector module
with a resulting surface of about 19 x 19 cm?. The surface of a single detector strip is
19 cm x 121 pm. The silicon tiles are manufactured by Hamamatsu company and are
the same used for the GRID.

A section of the silicon microstrip detector together with a schematic view of its
working principle (from Peisert (1992)) is shown in fig. 2.8. The detector bulk is made
of n-type silicon (doped with donor atoms) and the pixels are p*-type silicon obtained
by the ion implantation technique (see Peisert (1992) for details). The detector is biased
applying a +80 V voltage to the lower side and can be seen as a p —n junction reversely
biased and fully depleted. All the 410 pum detector thickness can be approximately
considered as fully depleted.

In the picture the working principle is shown in case a charged particle (solid line)
crosses the detector ionizing the silicon bulk. A photon, in turn, can be absorbed inside
the silicon volume by means of the photoelectric or the Compton effect and, in this
case, it is the resulting electron that crosses the detector ionizing the silicon bulk. The
ionization produces electron-hole pairs (h* and e~ in the picture, one pair each 3.62 eV
deposited in the bulk by the incident photon) that move in opposite directions under
the effect of the bias electric field. In the SuperAGILE detector the positive voltage
applied to the lower face forces the holes to move upward where they are gathered in
aluminum electrodes, deposited above the p™-type zone, and are provided to the readout
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Figure 2.9: Picture of the SuperAGILE field of view. The region between —30° and
+30° is fully coded while in the remaining four “wings” only one coordinate is coded.

electronic.

Each strip represents a pixel, can be seen as a separate detector and is individually
connected to an input channel of the front-end electronic circuits. Since most of my
research work concerns the measurements of the Super AGILE electronic performances,
chapter 3 is devoted to the description of the instrument electronics.

2.3.3 The SuperAGILE scientific performances

The SuperAGILE field of view is defined by the geometry of the collimator and is selected
as a trade-off between the observed field in the sky and the instrumental background.
The resulting field of view is composed of two 107° x 68° orthogonal areas. Within one
area sources can be located only in one direction because each mask module is one-
dimension coded. The two areas overlap at the center of the field of view, where both
coordinates are coded, while in the remaining four “wings” only one coordinate is coded.
A plot of the SuperAGILE field of view is shown in fig. 2.9.

The angular resolution is also defined by the mask and collimator geometry and the
resulting pixel size is 6 arcmin. A better resolution of the order 1 + 2 arcmin can be
achieved for intense sources from the position of the barycenter in the image.

In an X-ray instrument the effective area is given by the product of the geomet-
ric area and the efficiency and gives the effective capability of detecting photons. The
SuperAGILE efficiency is dominated by the Anti-Coincidence transparency and the sil-
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icon detector opacity. The transparency of a material corresponds to the ratio between
the number of transmitted photons I and the number without an absorber I and, as
explained in Knoll (1989), is given by

I
= e Ht (2.1)

where ¢ is the material thickness and p is the linear attenuation coefficient,

p = 7(photoelectric) + o(Compton) 4 k(pair production). (2.2)

It is only the linear attenuation coefficient that depends on the photon energy, u =
p(E). Since the linear attenuation coefficient varies with the density of the absorber,
even though the material is the same, the absorption coefficients y are generally divided
by the material density p in order to give the mass attenuation coefficient,

mass attenuation coefficient = = . (2.3)
p

Substituting the (2.3), the (2.1) becomes

i — o—(1/p)-pt
IO_eU) . (2.4)

A plot of SuperAGILE effective area is shown in fig. 2.10. At energies lower than
about 15 keV the effective area is limited by the Anti-Coincidence transparency while
above about 20 keV it is limited by the silicon detector efficiency.

Given the same effective area, the sensitivity of an X-ray instrument is mainly de-
termined by the background counting rate. In case of SuperAGILE, the most important
background contribution is the Cosmic X-ray Diffuse Background, whose spectrum, as
shown in Zombeck (1990), is composed of two power-laws with different spectral indices
joining at about 21 keV energy.

From Monte Carlo simulations, the SuperAGILE expected background counting rate
is about 600 cts - s~ corresponding to about 0.1 cts - s~! - strip~!. The expected overall
on-axis sensitivity is about 10 mCrab in 5 - 10* s integration. Plots of the expected
sensitivity in the three energy bands 15 <+ 20 keV, 20 + 30 keV and 30 <+ 40 keV can be
seen in fig. 2.11 (in units of photons-cm 2-s7!-keV ') and in fig. 2.12 (in units of
mCrab).

The dead time in the SuperAGILE front-end electronics is about 4 us per daisy
chain, depending on the time required to empty the XAA1.2 buffers and on the ADC
conversion rate. The photon time tag is provided as a differential time with respect
to the on board time, that is synchronised every second with 1 us precision with the
absolute time UTC.

The SuperAGILE energy resolution is dominated by the electronic noise introduced
by the front-end electronic. A discussion of the most important sources of noise in silicon
microstrip detectors is reported in sec. 3.4, where an overall energy resolution of about
7.8 keV FWHM is expected.
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Figure 2.10: Plot of the SuperAGILE effective area below 60 keV.

2.4 The Anti-Coincidence system

On orbit at energy higher than 100 MeV, the ratio between the charged particles and
the gamma ray photons number is greater than about 10*. It is so necessary to inhibit
the processing of the signals produced by the charged particles in the GRID detector to
avoid the data handling and telemetry overflow.

The charged particles rejection is performed by the Anti-Coincidence system, com-
posed of plastic scintillator (Bicron BC404) 5 mm thick layers coupled to phototubes.
One scintillator layer covers the AGILE payload top plane and each side is covered us-
ing three layers. Only the payload bottom face is not enclosed in the Anti-Coincidence
system.

Charged particles such as cosmic ray protons crossing the payload produce a signal
in the plastic scintillator layers. The signal is provided to the data handling electronics
and inhibits the processing of the corresponding signal in the detector. SuperAGILE
does not need any anticoincidence system since the particle background is extremely low
(about 1 particle - cm™2-s71 - sr™! except in the South Atlantic Geomagnetic Anomaly
region, located between 80° W and 40° E longitude and the Equator and 55° S latitude,
where this value can increase of three orders of magnitude) and because, at these energy

values, the charged particles release about 150 keV in the silicon detector. An upper
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threshold inhibiting the processing of the events with energy above this value is enough
to reject the charged particles.

The Anti-Coincidence inefficiency, i.e. the fraction of charged particles crossing the
plastic scintillator layers without producing any signal, is about 10™*. Since the AGILE
background particle flux ranges between 4 - 103 cts - s~! and 8 - 103 cts - s~%, only 0.4 to
0.8 cts - s~! do not produce any Anti-Coincidence signal and cannot be rejected.

The dimensions of the top plastic scintillator plane are 51 x 51 cm? and the side
planes have trapezoidal shape with a major base 44 cm long, a minor base 42 cm long
and a 17.5 cm height. The trapezium shape avoids the mechanical interference between
the photomultiplier tubes coupled to each side. The top plane is inserted within a
composite materials protective panel and optically connected to four photomultiplier
tubes (Hamamatsu R7400) placed at its corners. The scintillation photons coming from
the side panels are gathered by optical fibers and are delivered to the photomultiplier
tubes.

2.5 The Payload Data Handling Unit

The Payload Data Handling Unit (PDHU), described in Morselli et al. (2000), is the
AGILE on board data handling electronics. The main tasks of the PDHU are the
acquisition and processing of the data delivered by the AGILE payload instruments
and by the Anti-Coincidence veto signals, the switch of the payload operative modes,
the housekeeping (HK) generation, the telecommand management and the telemetry
processing.

Since within the GRID energy band the charged particle rate is between 4-10% cts - s=*
and 8 - 10% cts-s~! and the gamma ray photons rate is between 0.01 cts-s~! and 3
cts - s~ !, the charged particle rejection is a crucial task to perform gamma ray obser-
vations. To this charged particle background, mainly due to cosmic ray protons, the
gamma ray background is added, produced principally by the mirror effect of the Earth
atmosphere on the cosmic gamma rays and increasing the total background. The back-
ground gamma rays and particles rejection is a major problem since the background
rate can decrease the GRID sensitivity and can fill the telemetry band.

Considering a maximum data transmission rate of about 500 kbit - s~! and a trans-
mission time duration between AGILE and the Malindi ground station of about ten
minutes, about 300 Mbit of data maximum can be stored during one orbit. Since one
event, given by a photon or a charged particle, produces about 2 kbits of data, the mem-
ory required to store all the events is above two times higher than the available memory.
Thus the main PDHU task is the on-board discrimination between the charged particles
and the photon events, performed by means of two fast hardware (response faster than
25 ps) and one software asynchronous rejection procedures.

Between the data processing tasks, a specific Gamma Ray Burst search procedure
based on the SuperAGILE and Mini-Calorimeter triggers is introduced. The PDHU
continuously integrates the SuperAGILE ratemeters on different time scales (from less
than 1 ms to about 100 s) and, if a statistically significant intensity increase is found,
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a sky image is produced so allowing to find the direction of the transient source. The
transient coordinates are then sent to Earth via the ORBCOMM satellite constellation.

The PDHU provides also information about the satellite position, reconstructed by
a GPS (Global Positioning System) transceiver with about 50 m accuracy, and attitude,
provided by the attitude and star sensors. Basing on this information the incoming
direction of the detected photons can be reconstructed.

The PDHU is composed by seven electronic boards, contained in an aluminum box
of 25 x 20 x 15.7 cm® and 6.65 kg mass, fixed in the payload bottom side, under the
Mini-Calorimeter. Four boards are dedicated to the Silicon Tracker data analysis, one
contains the on-board DSP, one the electronics to interface all the experiments and the
last board the payload memory (80 Mbits, of which 30 Mbits dedicated to SuperAGILE).
The PDHU power consumption is about 26 W.

2.6 The AGILE mission scientific objectives

2.6.1 Active Galactic Nuclei

From a conservative estimation, in a three year programme AGILE will detect a number
of AGN about two or three times larger than EGRET. For the first time the brightest
objects can be simultaneously monitored in the hard X-ray band. Moreover a programme
for joint AGILE and ground-based observations is being planned.

For the first time in the AGILE Field of view simultaneous monitoring of a large
number of AGN will be possible. The main topics of the AGILE observations will be the
study of transients and low-level gamma ray emission and duty cycles, the relationship
between the gamma ray variability and the radio, optical, X-ray and ultra high-energy
(TeV) emission, the correlation between relativistic radio plasmoid ejections and gamma,
ray flares and finally the hard X-ray/gamma ray correlation.

SuperAGILE will provide X-ray flux measurements of the brightest blazars simulta-
neously with the GRID gamma ray observations. Moreover SuperAGILE will provide
periodic measurements of the brightest Seyfert 1 and 2 Galaxies, leaving open the pos-
sibility to discover new objects thanks to the wide field of view.

2.6.2 Gamma ray Bursts

The expected number of Gamma Ray Bursts detected by AGILE is 25 events per year
in the hard X-ray band and 5 <+ 10 events per year in the gamma ray band. The GRID
detection can allow to study the Gamma Ray Bursts in the gamma ray energy band
where only some events were detected by EGRET. Moreover the GRID is expected to
be highly efficient in detecting photons above 10 GeV because of limited backsplashing.

SuperAGILE will locate Gamma Ray Bursts at a few arcmin level. The SuperAGILE
data handling procedure includes the on-board location of the GRB and the transmission
of the event coordinates by means of the ORBCOMM satellite constellation in order to
be distributed to optical, infrared and radio observers, so allowing a rapid and efficient
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follow-up. Moreover the joint observation by the GRID and SuperAGILE will allow the
study of the interplay between hard X-ray and gamma ray emissions.

Special emphasis is given to fast timing, allowing the detection of sub-millisecond
GRB pulses independently detectable by the Silicon Tracker, the Mini-Calorimeter and
SuperAGILE.

2.6.3 Compact Galactic Sources

AGILE will contribute to the study of gamma ray pulsars improving photon statistics
for gamma ray period searches, detecting possible secular fluctuations of the gamma ray
emission from neutron star magnetospheres and studying unpulsed gamma ray emis-
sion from plerions in supernova remnants searching for time variability of pulsar/wind
interactions, for example in the Crab Nebula.

A large number of gamma ray sources near the Galactic plane are unidentified (also
known as Unidentified EGRET sources) because no counterpart has been detected. The
angular resolution of both GRID and SuperAGILE will improve the location of such
sources in order to find possible counterparts.

The typical hard X-ray flux of black hole candidates and binary emitting X-ray
systems makes this class of sources a primary scientific objective to SuperAGILE for
the purposes of flux monitoring, period monitoring and search and phase resolved spec-
troscopy. Special emphasis is given to the broad band energy observation of Galactic
X-ray jet sources (like for example Cyg X-3, GRS 1915+105, GRO J1655-40 and others)
in order to search for gamma ray emission in peculiar jet geometries.

While the steady X-ray counterparts of Soft Gamma-Ray Repeaters are usually too
faint to be detected by SuperAGILE, four out of five sources (SGR 1900414, SGR 1806-
20, SGR 1627-41 and SGR 1801-23) displayed an intense activity over the past years,
emitting recurrent and short bursts. At this purpose the wide field of view and the
energy range of SuperAGILE are perfectly matched. SuperAGILE will not only detect
these sources in their active states, but it will also produce accurate and likely time
resolved energy spectra. Since the discovery of Soft Gamma-Ray Repeaters is limited
by the instrumental coverage in the proper energy range, SuperAGILE is expected to
discover new sources in this so far small class.

2.6.4 Diffuse emission

The AGILE good angular resolution and large average exposure will further improve
the study of cosmic ray origin, propagation, interaction and emission processes. A
joint study of gamma ray emission from MeV to TeV energies is possible by dedicated
programs involving AGILE and new-generation TeV observatories of improved angular
resolution.
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Chapter 3

The SuperAGILE electronics

3.1 Introduction

In an experiment with a solid state detector, as SuperAGILE, most of the scientific
performances depend on the features of the front-end electronic circuits. From the elec-
tronic point of view, in fact, the detector (actually each strip) can be simply considered
as a current generator, providing a pulse of current after a photon is detected. The
detector also contributes to the noise as a source of leakage current and as a resistor at
the input. All the resulting signal features, such as the shape, the dynamic range and
the duration depend on the front-end electronics properties.

In this chapter the electronic of the SuperAGILE instrument is described and the
most important features affecting the scientific performances of the experiment are dis-
cussed. The chapter starts with the description of the Super AGILE front-end electronics
(in sec. 3.2), followed by the report of the most important features of the XAA1.2 read-
out chip (in sec. 3.3). Then a short overview of the noise sources in the experiments
involving silicon microstrip detectors is reported in sec. 3.4. The XAA1.2 can be in-
terfaced to a custom acquisition system, described in sec. 3.5, provided by the chip
manufacturing company and allowing to perform functional and performance tests. To
bias, configure and read-out the SuperAGILE front-end electronic a dedicated instru-
mentation has been developed, described in sec. 3.6. The output signals from the
front-end electronics are fed to the interface electronics, that performs signal condition-
ing and digitization, as reported in sec. 3.7. The data are then processed by the PDHU,
described above in sec. 2.5, whose tasks concerning SuperAGILE are shown in sec. 3.8.
Data, organised in packets, are eventually downloaded through telemetry. At the end of
this chapter, in sec. 3.9, I report a discussion of the most important and critical features
of SuperAGILE, with specific reference to the topics included in my research work.

3.2 The SuperAGILE front-end electronics

Each of the four SuperAGILE detector modules is separately coupled to a board of the
SuperAGILE front-end electronics (SAFEE), containing 16 XAA1.2 chips, for a total
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number of 48 chips. The SAFEE is in charge of the analogue processing of the signals
produced by the detector and by a calibration electronic pulse generator included in the
instrument. For this reason the SAFEE contains all the electronic devices needed to
supply, bias and configure the XAA1.2 front-end chips. A block diagram of the SAFEE
board can be seen in fig. 3.1.

Within each board the XAA1.2 are arranged in daisy chain of three chips, sharing
the power supply, the serial control bus and the bias voltages and currents and providing
parallel output signals. From the electronic point of view a daisy chain can be considered
as a single circuit and in this arrangement a simpler schematic and a smaller board can
be produced.

In the SAFEE configuration only seven XAA1.2 biases out of eleven can be adjusted
(the currents prebias, shabias, Trigdelbias, TrigWbhias and ResWbhias and the voltages
Vfs and Vfp, all described in the next section), generated by four AD8842 DAC, one
per daisy chain. Each AD8842 DAC provides also the reference voltage.

Because of the small room available on the detector tray, the SAFEE boards are
manufactured on two multilayer printed circuit boards (PCB), internally connected with
a flexible kapton part. The PCB with the smallest area (horizontal SAFEE) is placed on
the detector tray and contains the XAA1.2 and all the ancillary components. The PCB
with the widest area (vertical SAFEE), containing the DAC and other conditioning
devices, is enclosed in a dedicated box fixed to the collimator outer walls. Such a
configuration can be arranged because the flexible kapton connection between the two
parts can be bent. A picture of the SAFEE PCB equipped with the XAA1.2 chips can
be seen in fig. 3.2: from top the vertical SAFEE section, the flexible kapton connection
(in red) and the horizontal SAFEE section with the XAA1.2 chips.

The XAA1.2 read-out circuits proves to be extremely sensitive to the temperature
variations. Specific measurements of the thermal stability of some performances of
this circuit are reported in sec. 4.4. Due to this sensitivity to temperature variations,
SuperAGILE includes 32 AD590 thermometers, distributed on the SAFEE and SAIE
PCB, on the detector tray, on the collimator walls and on the coded mask plate.

Since the detector strip pitch is 121 pm and the XAA1.2 input pad pitch is 91 pum,
ceramic pitch adapters are manufactured in order to connect the chips to the detector
via 17 pm (lower side) and 25 ym (upper side) thin wire bondings. A microscopy picture
of the pitch adapter is shown in fig. 3.3.

3.3 The XAA1.2 chip

The XAA1.2 is an application specific integrated circuit (ASIC) designed using very
large scale integration (VLSI) technology by the Norwegian company Ideas ASA! as a
front-end electronic chip for silicon microstrip detectors. The chip is manufactured with
a 0.8 um complementary metal oxide semiconductor (CMOS) double-poly and double
metal technology on epitaxial layer. As specified in Yokoyama et al. (2001), a feature
size of 0.8 pm corresponds to a 16 nm gate oxide thickness.

"'Web site: www.ideas.no
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Figure 3.1: Block diagram of the SAFEE board.
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Figure 3.2: Picture of the SAFEE PCB: from top the vertical SAFEE section, the
flexible kapton connection (in red) and the horizontal SAFEE section with the XAA1.2
chips.

Figure 3.3: Microscopy picture of the ceramic pitch adapter. The detector is bonded to
the top side in the picture (121 pm pitch) and the XAA1.2 input pads are bonded to
the lower side (91 pm pitch).
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The XAA1.2 has a 6 x 8 mm? surface and a 600 zm thickness, is divided in 128 data
driven and self-triggering input channels, consisting of an analog and a digital part,
and is designed to detect single hit events with sparse readout. The main features of
this chip as a front-end electronic circuit for silicon microstrip detectors are reported
in Soffitta et al. (2000). The XAA1.2 is a custom ASIC chip designed starting from
the Ideas ASA commercial device XA1.3 after making design modifications aiming to
improve the performance in term of noise, power consumption and thermal stability by
means of an extensive laboratory testing, as reported in Del Monte et al. (2000).

Each analogue signal processing chain is turn composed of a charge sensitive pream-
plifier, a CR-RC shaper and a peak store unit, that contains a peak stretcher, as shown
in the schematic in fig. 3.4. The peak stretcher can be excluded and bypassed changing
the digital configuration of the ASIC, thus reducing the overall power consumption.

The digital section can be programmed with a 646 bit long register, built inside
the chip and serially loaded. The register contains a 646 bit stream, referred to as
configuration mask or “register in”, encoding all the information needed to configure
the chip: 128 bit specifying the enabled channels in test mode (to measure the chip
linearity as described in section 5.3.2), 384 bit configuring the threshold fine regulation
(3 bit per channel), 128 bit specifying the disabled channels, 4 bit containing the address
offset (to connect more than one XAA1.2 in daisy chain), 1 bit enabling the stretcher
and 1 bit enabling the chip in test mode. By sending twice this configuration string the
actual value contained in the memory, referred to as “register out”, is provided and can
be read out.

The XAA1.2 chip is supplied using four voltages, two for the analogue section
(AVpp = +2.0 V and AVgs = —2.0 V) and two for the digital section (DVpp = +2.0 V
and DVgg = —2.0 V). Since the power consumption of the digital part is negligible, the
currents of the analogue part can be considered as the chip supply currents (Ipp and
Iss).

The chip functionality and performance are controlled via eleven biases and a refer-
ence voltage, all set to the XAA1.2 chip using Digital to Analog Converters (DAC) units.
The tunable bias currents are the prebias and the shabias, controlling the source and the
drain current of the preamplifier and the shaper respectively, the otabias, bias current
of the discriminator, the IbDAC, that controls the current-voltage buffer converters, the
strbias, controlling the peak stretcher and the Vihrbdi, controlling the digital fine reg-
ulation of the threshold, the TrigDelbias, controlling the trigger delay, the TrigWhbias,
defining the trigger width and the ResWhbias, affecting the width of the reset signal after
an event is read-out. The tunable bias voltages are the Vfs and Vfp, DC voltages for
the gate of the feedback MOS resistor in the preamplifier and the shaper respectively.
The nominal values of the bias currents and voltages are shown in tab. 3.1.

The power supply currents of the XAA1.2 chip in nominal conditions and stretcher-
on configuration are Ipp ~ 14 mA and Igg ~ 24 mA. The power consumption of a single
chip can be calculated from

_ Ipp - Vpp + Iss - Vgs

P 128

(3.1)
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Figure 3.4: Schematic of a XAA1.2 analogue channel. From left the preamplifier, the
shaper, the peak stretcher and the discriminator.

and, in nominal conditions, P ~ 0.5 mW /ch. Further details on the XAA1.2 are available
at www.ideas.no/products/ASICs/pdf/XAAl.pdf.

Table 3.1: Nominal values of the XAA1.2 bias currents and voltages. Iy, is the bias
current while Vy;,s is the bias voltage.

Bias name Inias [A] Vbias [mV]

prebias 50
shabias 22
otabias 10
strbias 90
Vihrbi 20
IbDAC 60
TrigDelbias 8
TrigWhias 20
ResWhbias 4

Vip -200

Vfs 501
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The XAA1.2 is developed as a front-end electronic chip for 1-D position sensitive
solid state detectors. On trigger, the XAA1.2 returns as analogue current differential
outputs (to reduce the pick-up noise) the following information: amplitude, address
and multiplicity of the triggering signal. The address is provided in terms of analogue
currents corresponding to the MSB (group, 2 bit plus 4 offset bit to connect up to 16
chips in daisy chain) and LSB (strip, 5 bit). Since the internal chip logic is not able to
provide information on more than one hit at a time, the switch of a threshold inhibits
all the other inputs in a few nanoseconds time range. For this reason the chip delivers
an output current by a multiplicity generator output (MGO), thus allowing to reject
multiple hit events.

The analog chains of the XAA1.2 can process charge pulses produced by an external
generator and replicating the output pulses from a detector. For this purpose the chip
contains a test charge input where voltage pulses can be provided. Such voltage signals
are then converted into charge pulses in a 0.5 pF capacitor contained in the XAA1.2.
The linearity measurement by means of the charge pulse generator is called “electronic
calibration”, has been extensively used during this research work and will be used in
orbit to evaluate the linearity (gain and intercept) of the SAFEE channels. Linearity
calibration will be essential during the mission. They will allow to accumulate photons
of the wished energy intervals and to update the look-up tables for the identification of
the strip from two analog signals.

The amplitude of the test pulse is selected considering that a hole-electron pair
is created for every FEy = 3.62 eV absorbed inside the detector. Consequently the
equivalent energy E of a pulse of charge ¢ is given by

=1 g (3.2)
e

where e = 1.6 - 107? C is the electron charge.

The voltage threshold is set attenuating of a factor 11 the output voltage from a
8-bit DAC, giving the same reference value for all the input channels. Moreover the
XAA1.2 analogue channels contain a 3-bit digital fine regulation circuit that allow to
compensate the inequalities in the reference value of all the channels.

3.4 Sources of noise in silicon microstrip detectors

The main sources of noise in ASIC circuits coupled to silicon microstrip detectors are
the shot noise given by the leakage current in the detector, the thermal noise from
the biasing resistors of the detector, the noise produced by the metal strips and the
electronic noise in the readout circuit. The electronic noise is far dominant over the
other contributions. All other noise components in the input transistor, such as the
flicker noise and the bulk-series resistance noise, are negligible if compared to the four
ones given above. In this section an overview on the main sources of noise is given and
each contribution in the case of the XAA1.2 chip is evaluated. An extensive review
about the most important sources of noise in silicon microstrip detectors can be found
in Barichello et al. (1998).
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The noise figures are generally expressed using the Equivalent Noise Charge (ENC),
a parameter connecting the root mean squared (RMS) noise voltage at the output of
the shaper with the signal input and generally measured in e~. Considering that in
silicon the mean energy needed to create a hole-electron pair is Ey = 3.62 eV, the mean
number of electron-hole pairs produced by a photon of energy FE is

N, = —. (3.3)

The fluctuation on the number of charge carriers produced by the interacting pho-
ton increases the noise contribution of the detector. Considering that the number of
electron-hole pairs follows the Poisson statistics and that only the holes are processed,
the contribution is

ENCget =/ Np - f (34)

where Nj, is the number of detected holes from the (3.3) and f is the Fano factor of the
material, correcting the Poisson statistics. Since in silicon f = 0.14 as in Knoll (1989),
at 15 keV ENCyo; >~ 24 e~ and at 40 keV ENClyop ~ 40 e™.

All the noise sources increase the width of a monochromatic energy line following a
gaussian distribution. For this reason, the ENC can be converted into the FWHM of a
spectral line taking into account the equation connecting the FWHM of a spectral line
and the signal RMS,

FWHM = 2.35- RMS (3.5)
and from (3.3) and (3.5), the FWHM in keV produced by a noise ENC is given by

FWHM =851-1073 - ENC. (3.6)

Applying the (3.6), the fluctuation of the charge carriers in (3.3) gives noise contri-
butions of FW H Mgy, ~ 0.2 keV (at 15 keV) and FW H Mgy.; ~ 0.3 keV (at 40 keV).
In case of the XAA1.2 chip, the shot noise given by the leakage current in the detector

can be written as
ENCieqr, =107 - /I (T) - Tp (3.7)

where I}, is the strip leakage current (in nA), Tp is the peaking time (in ps) and T is the
temperature (in K). Considering that at room temperature (300 K) the detector leakage
current is Ir, = 2 nA - cm™2 and the signal peaking time is Tp = 2 us, the contribution
is ENCiegr ~ 100 e~ and FW H Mjpqr ~ 0.9 keV.

The thermal noise in the detector bias resistors can be written as

Tp-T
Rbias

with Rpiqs = 20 M€). Substituting the numeric values the estimated noise is EN Ch;q5 =~
240 e~ and FW H My;os ~ 2.0 keV.

ENChiys =45 -

(3.8)
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The ENC contribution of the detector metal strips is

Ry T

ENC,,s =2.58-1072-Cy -
Tp

(3.9)

and since Cyn = 30 pF - strip™! and Ry = 72 Q, ENC,s ~ 80 e~ and FWHM,,,, ~
0.7 keV.

The XAA1.2 electronic noise at the prebias nominal value of 50 A is given by the
semiempyrical formula

ENC, =171+235-Ciy (3.10)

(from Sundal (2001)) where the contribution proportional to the input capacitance is
the transistor channel noise and the constant term takes into account the internal ca-
pacitance. Without bonding the chip to the detector (Cjy = 0) the electronic noise is
ENC, ~ 170 e, corresponding to FW H M, = 1.5 keV, and taking into account the ca-
pacitance of the detector (Cry = 30 pF - strip~!) the resulting noise is ENC,; ~ 880 e~
and FWHM, = 7.5 keV. A method to reduce the electronic noise is the increase in
the preamplifier bias current (prebias). Since a variation of this bias changes the output
signal shape, a corresponding adjustment of the Vfp, shabias and Vfs is required. The
electronic noise reduction method by means of the bias voltages and currents variation
is outlined in sec. 7.6.

From the discussion above, the electronic noise is by far the most important noise
source in the XAA1.2. Without detector the noise is given only by the transistor channel
component so0 ENCiotqr = 170 e and FW H M1 =~ 1.5 keV while, in case of a 30
pF - strip~! capacitance detector is present, the resulting ENC from the quadratic sum
of the previous contributions is EN Ciotqr ~ 920 e~ and FW H Myypq1 =~ 7.8 keV.

3.5 The XAA1.2 acquisition system

3.5.1 The XA-DAQ acquisition board

All the operations needed to supply, configure and control the XAA1.2 chip can be per-
formed using a dedicated acquisition board, the XA-DAQ, manufactured by Ideas ASA.
The XA-DAQ is interfaced to the parallel port of a PC and all its functions are con-
trolled using a custom software, developed in LabView environment under Windows98
operating system and provided by the manufacturer. The interface to the test board
containing the XAA1.2 chip is via a 50-pin f ERNI connector. Only one chip at a time
can be connected to the acquisition board. More information about the XA-DAQ can
be found in Sundal (1999).

The £2 V power supply of the XA A1.2 chip is generated by a dedicated module in the
XA-DAQ. The board contains a power supply monitor designed to measure the supply
voltages Vgg and Vpp with about 200 4V accuracy and the corresponding currents Igg
and Ipp with about 1 mA accuracy. A dedicated circuit provides the bias currents and
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voltages to the chip. The system can generate 12 biases, all monitored for both voltage
and current.

The digital part of the XAA1.2 can be programmed by means of a dedicate module,
that sends the 646-bit of the configuration mask to the digital input. By sending twice
the bit stream and using a specific monitor, the content of the digital part can be read
out in order to verify that the configuration is stored correctly.

Using the XA-DAQ board some of the chip performances can be measured, particu-
larly the linearity and the threshold. The board contains a voltage pulse generator used
to calibrate the XAA1.2. The voltage signals produced in the board are converted into
charge in a 0.5 pF capacitor contained in the XAA1.2 and are then provided to the chip
input channels. For each channel the results of the electronic calibration are the output
amplitude of the input charges, the MGO and the two address signals (strip and group).

By means of the same voltage pulse generator also the chip threshold can be mea-
sured, producing a so called “threshold scan”. In this procedure a reference voltage is
selected, a fixed number of charge pulses of the same amplitude is provided to each input
channel and the number of triggers (due to signals with amplitude above the selected
threshold) is recorded. The voltage value is then changed and the acquisition software
evaluates the threshold finding (using a linear interpolation) the value at which the ratio
between the number of acquired pulses and the number of sent pulses equals 1/2. By
means of a pulse charge variation the threshold as a function of the input charge can be
evaluated, representing the characteristic curve of the discriminator.

3.5.2 The XA-DAQ acquisition software

The XA-DAQ acquisition board is controlled by a dedicated software developed in the
LabView environment and running under Windows98 operating system. The instrument
driver is implemented as a C-code program linked to LabView and all other controlling
functions are developed as libraries interfaced to the instrument driver.

Main XA-DAQ software functions include board initialization and calibration, gen-
eration of the XAA1.2 supply and biases, protected chip connection via a software
controllable relay, electronic calibration, threshold scan and detector read-out. A screen
capture of the XA-DAQ software main menu can be seen in fig. 3.5.

3.6 The SAFEE Test Equipment acquisition system

In order to supply, control and run the SAFEE boards, a custom Test Equipment (TE)
has been developed, based on a VME acquisition system and a VME-PCI bridge inter-
face. The SAFEE TE is controlled using a dedicated acquisition software, developed
under Linux operating system. In this section a brief overview of the acquisition system
is given, describing both hardware and software tools. More details about the hardware
and software of the SAFEE TE can be found in Pacciani et al. (2004).

The data produced by the SAFEE TE are archived using the Detector Independent
Science Console Subsystem (DISCoS), connected to the acquisition via TCP/IP, and
then converted into FITS format by dedicated processors. Both tasks are described in

o8



B XADAQ_Y2_1.vi

#Atrigger chain thresh voltage anc
#Atrigger chain gain {thrvoltage st

A trigger chain gain {thr charge scf‘*
4, 'Mice Plot' - Trigger chain

g
=4 signal response (gain, strip/gro
&

#a&, detector readout

Figure 3.5: Screen capture of the XA-DAQ software main menu.
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Figure 3.6: Simplified scheme of the SAFEE TE from Pacciani et al. (2004).

sec. 6.2.1. The archived data are accessed and analysed by means of dedicated programs
developed in the Interactive Data Language (IDL) environment. Since the development
of this analysis software is part of my research work, these programs are described in
dedicated sections, 6.3 and 6.4.

3.6.1 The SAFEE Test Equipment hardware

The SAFEE TE is based on commercial VME modules and laboratory developed custom
boards. The VME bus guarantees high reliability and high acquisition rates. A simplified
block diagram describing the different parts of the SAFEE TE (from Pacciani et al.
(2004)) is shown in fig. 3.6.

Peculiar functions of the TE are provided by dedicated laboratory developed boards:
current-voltage conversion and signal conditioning of all analog outputs, trigger system
for the VME acquisition, event timing (with about 1 us resolution), event mark, I/0O
interface to configure all chips and DAC contained in the SAFEE boards, conditioning
of the housekeeping signals (such as the temperature of the SAFEE measured using
eight AD590 thermometers per board) and ratemeters.
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The XAA1.2 outputs are differential current signals. From the circuit specifications,
the address analog outputs are in the 0 = 480 pA range, the amplitude signal ranges
between —200 pA and +200 pA and the MGO current is given by 60 pA times the
multiplicity of the signal (described in sec. 3.3). All these current signals are converted
into voltage in a I/V converter board before being acquired.

An event is marked in the analog bus by the MGO signal and a trigger signal is
generated when a MGO corresponding to a single multiplicity event (selected using a
window discriminator) is detected. On trigger the voltage converted MGO, amplitude
and address (strip and group signals) are digitized using a 12-bit ADC, and the time
tag, the event mark and the daisy chain number are added to the data. The time tag is
generated by means of a 1 MHz clock and 32-bit latch.

The housekeeping signals consist in sixteen counters, mainly the number of MGO
signals acquired by each daisy chain (four counters giving the ratemeter per daisy chain),
the total number of acquired MGO (giving the whole SAFEE ratemeters), the “good
event” number (counter of the ADC gates), two time counters (12-bits MSB and 12-bit
LSB) and eight spare counters, plus sixteen AD590 temperature sensors voltmeters.

The SAFEE TE is also in charge of the electronic calibration pulse generation,
performed using a 12-bit DAC unit, a commercial digital pulse generator and a dedicated
board. The digital pulse generator can produce bursts of charge pulses (2 kHz frequency
and 130 us duty cycle) and the measurements are generally performed with bursts of
4 + 5 pulses each.

The 646-bit XAA1.2 programmation is provided by a specific board based on a
MC68 processor, interfaced to the control PC by an RS232 port. The programmation
is controlled by a two lines serial bus, composed of a 1 MHz clock and a data line (the
register in defined in sec. 3.3). An additional line can be used to retrieve the register
out in order to check the chip functionality and to verify that the configuration did not
change since the last update.

The DAC AD8842 generating the chip bias voltages and currents are controlled via
a six lines low frequency serial bus. This bus is interfaced to the six output lines of a
VME parallel port with serial communication protocol fully implemented in software.

3.6.2 The SAFEE Test Equipment software

The primary requirement of the SAFEE TE software is the acquisition of the SAFEE
data, the transmission to the DISCoS archiving system and the display of the quicklook
results with the smallest delay even possible.

A single event is described by twenty words of 4 bytes each. Since the SuperAGILE
expected background is about 700 cts-s~!, the transient events can produce a rate as
high as 5 - 10* cts-s~!' and the clock frequency of the electronic calibrations will be
up to 20 kHz, the acquisition software has to operate with an acquisition rate up to
2 Mbytes -s~!. To assure the requirement of the high rate acquisition efficiency, the
core of the data acquisition system has been developed as a module of the linux kernel,
building VME interrupts, building events and putting them in a circular buffer readable
from the user space. More details about the system architecture and development can
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Figure 3.7: Example of the SAFEE TE quicklook screen capture.

be found in Pacciani et al. (2004).

The acquisition software is complemented by a quicklook monitor, developed using
CERNLIB and cfortran interface, providing online histograms of scientific data and
showing the housekeeping counters. An example of the quicklook screen capture can be
seen in fig. 3.7.

3.7 The interface and conditioning electronics

The SuperAGILE Interface Electronics (SAIE) performs the conditioning of the SAFEE
output signals and is the interface between the front-end and the data handling elec-
tronics (represented by the PDHU, whose tasks involving the SuperAGILE instrument
are summarized in sec. 3.8 below). Two SAIE boxes of 30 x 15 x 2 cm?® dimensions and
2.7 kg mass each are placed on the sides of the Silicon Tracker. A block diagram of the
SAIE main tasks is shown in fig. 3.8.

The main tasks of the SAIE are the digital conversion of the SAFEE output signals
(by means of a 12-bit ADC), the event timing (based on a 1 MHz clock), the event
generation (60 bit each), the control of the SAFEE configuration (biases and digital
configuration of the XAA1.2 chips) and electronic calibration (using a voltage pulse
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Figure 3.8: Block diagram of the SAIE board.

generator) and finally the generation of the functional ratemeters.

The bidirectional communication between SAIE and PDHU is provided through two
dedicated LVDS serial data buses at 5 MHz frequency. A SAIE Test Equipment, also in
this case based on a VME bus, has been developed in order to control the SAIE, send
commands and receive data from it.

3.8 The PDHU and SuperAGILE

The PDHU is the payload computer and, as described in sec. 2.5, performs on-board
data processing tasks aiming to select the events to be sent to the telemetry and to
perform specific transient search procedures. Furthermore, the PDHU is in charge of
the telemetry transmission of the events detected by the AGILE instruments. The main
PDHU tasks are shown in fig. 3.9.

The PDHU is programmed to perform specific tasks involving Super AGILE data in
order to reconstruct the photon position from the address signals, produce on-board Su-
perAGILE images of the sky if a Gamma Ray Burst trigger is detected by SuperAGILE
or the Mini-Calorimeter and finally accumulate images to be sent to the ground station
as a backup procedure, for example in case the counting rate exceeds the telemetry
quota.

The address reconstruction of the detected photons is performed by means of an ad-
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Figure 3.9: Main functions of the PDHU.

dress look-up table (LUT), containing the digitized value of the group and strip address
signals of the whole SuperAGILE. Of each channel the strip and group range recorded
during the electronic calibration is stored and the photon position is reconstructed com-
paring its address signals with the ranges stored in the LUT. Up to four such LUT can
be stored in the payload memory. Since the address signals show variations depending
on the thermal drift on about 10° C scale (as described in sec. 4.4), four of such tables
can cover the whole 40° C operative thermal range of the instrument.

Moreover in the PDHU software a specific Gamma Ray Burst search procedure in Su-
perAGILE data is introduced. The SuperAGILE ratemeters are continuously integrated
on time scales from less than 1 ms to about 8 s and, in case a statistically significant
intensity increase is found, an image of the Sky is produced. The transient coordinates
are extracted directly on-board from the image and are then transmitted to Earth via
the ORBCOMM satellite constellation.

The accumulation of detector images is also used as a backup data transmission
procedure, for example in case SuperAGILE counting rate is higher than the allocated
quota. In this case the accumulated detector images are sent to the telemetry instead
of the event by event data.

3.9 The SuperAGILE criticalities

SuperAGILE is an innovative instrument under many points of view. It is the first
time that a silicon microstrip detector is used to detect X-rays in a space experiment,
the coded mask has one of the smallest pixel size ever manufactured and the front-end
ASIC chip is designed in order to achieve a high signal to noise ratio with a small power
consumption. In this section a discussion of the most innovative and critical features
of SuperAGILE is presented in order to investigate the instrument peculiarities. Since
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my research activity concerns most of these topics, of each one a description of my
contribution is given with reference to the chapter of this thesis where the work is
described.

3.9.1 Thermal stability

As described in sec. 2.3, the SuperAGILE imaging process is a two step task, involving
the accumulation of the photon position on the detector and its decoding by means of
specific algorithms. As for all the coded mask instruments, the reconstruction accuracy
of the sources position in the Sky depends on the accumulation accuracy of the detector
image. Of paramount importance in the image accumulation is the address reconstruc-
tion because the decoding algorithms are based on the correlation between the photon
position and the mask pattern and serious mistakes are made if the photons are assigned
to the wrong pixel. For this reason all sources of confusion in the address reconstruction
have to be carefully studied and corrected, otherwise the resulting sky image can be
confused and the existing X-ray sources cannot be identified.

The identification of the photon position on the detector, the first step of the detector
image accumulation, is based on the address signals of each event. The correspondence
between the pixel position and the bonded channel address signals is set recording the
address output of each channel during the electronic calibrations. Every effect producing
variations in the XAA1.2 address signals has to be studied, taken under control and
corrected.

A possible reason of change in the address signals of the channels is the temperature
variation. Most of the electronic components features change as a function of tempera-
ture and similarly the address signals of the channels may change. For this reason I have
studied the thermal stability of the address signals by means of electronic calibrations
at different temperatures. This work is reported in chapter 4 and specifically in sec. 4.4.

3.9.2 Effects due to the cosmic rays interactions

All the devices in orbit outside the Earth atmosphere are exposed to the cosmic rays
flux, composed of high energy charged particles (mostly protons, electrons and ions)
crossing the payload materials and producing ionization in them. Particularly sensitive
to the cosmic rays ionization are the electronic devices and, most of all, the circuits
manufactured with CMOS architecture as the XAA1.2. A wide literature is available
about the effects produced by the cosmic rays ionization on the electronic devices, some
examples are referenced in sec. 5.2.

While the SAFEE board are manufactured using cosmic rays resistant passive com-
ponents, the XAA1.2 chip, which is not developed as a radiation hard device, needed
to be specifically tested and qualified. The test of the radiation-induced effects on the
XAA1.2 chip is part of my research work and includes either the study of the possible
effects, the measurement of the ASIC sensitivity to the charged particle interactions
performed in a dedicated facility, the evaluation of the radiative environment at the
AGILE orbit using dedicated codes and finally the estimation of the expected rates on
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orbit. All these topics are described in chapter 5.

3.9.3 Threshold uniformity and signal to noise ratio in the sky images

The coded mask instruments decoding algorithms introduce the so called “coding noise”
in the sky image, that depends on the selected reconstruction technique and can be
estimated and corrected. All other sources of noise in the sky image depend on the
background in the detector image. The background in the detector is produced mainly
by the X-ray diffuse background and, in an ideally uniform case, this background is the
same in all the detector pixels apart from geometrical factors that can be evaluated and
easily removed.

All sources of non uniformity between the pixels in the detector can decrease the
signal to noise ratio in the sky image because they can affect the uniformity of the
background among the pixels and this noise contribution cannot be corrected after the
image reconstruction. For this reason the non uniformity of the pixels must be reduced
to the minimum when accumulating the detector images. The most important source of
background non uniformity in SuperAGILE instrument is the threshold non uniformity.
The measurement of the flight model SAFEE threshold non uniformity is reported in
chapter 7 and specifically in sec. 7.4.2.

The effect of the threshold non uniformity on the SuperAGILE imaging is studied in
sec. 8.5. In particular the X-ray background is generated with a semi-analytic method
and the effect of the threshold non uniformity in the background events accumulated by
the detector (detector image) is introduced. The analysis is performed considering three
different threshold non uniformity models: a replica of a permutation of the measured
values, a simple correction performed by integrating the background only above a fixed
energy and the digital equalization of the threshold in the read-out circuit. Then the
images of the background are extracted using the SuperAGILE imaging algorithm and
the standard deviation is evaluated in order to estimate the effect of each threshold
model on the background and consequently on the sources detection. In this way the
impact of the electronic performances on the SuperAGILE imaging capability can be
estimated.

3.9.4 Dead and hot pixels

Another possible source of confusion in the detector image is the lack of signal in some
pixels (“dead pixels”) or the abnormally high counting rate in some other pixels (“hot
pixels”).

Dead pixels can result from manufacturing defects or damages in the detector, re-
sulting in non working strips, or in the front-end electronic circuit, giving channels that
do not produce any output signal, or in the wire bondings between microstrips and input
channels, in case a wire bonding is broken and the current signal cannot be transmitted.
A dead pixel can be also intentionally produced by excluding a pixel with a noise too
high.

Hot pixels can result from manufacturing defects or damage in the detector or in
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the front-end electronic circuit giving low threshold channels with a resulting high back-
ground counting rate. Another possible reason of hot pixels is the low threshold in the
front-end input channels.

After decoding the detector image, both dead and hot pixels produce a non unifor-
mity in the sky image baseline, so decreasing the signal to noise ratio and decreasing
the statistics significance of the detected sources.

3.9.5 Mechanical assembly and alignment

In coded mask instruments the reconstruction of the sources position is based on the
measurement of the angular shift of the photon position on the detector with respect to
the on-axis position of the mask pattern. For this reason the angular accuracy depends
on the accuracy of position measurements on the detector and on the mutual alignment
of coded mask and detector.

In the case of SuperAGILE, the mask pixel size is 242 ym and the detector pixel
size is as small as 121 pym. To obtain a good accuracy in the reconstruction of the
sources position an alignment accuracy of about half a pixel (60 pm for SuperAGILE)
is required.

The alignment of the mask and the detector is guaranteed at 30 pum level and is
performed by Contraves, manufacturing also the coded mask and the collimator, using
an optical system and mechanical reference targets on the detector and the mask plane.
Since this topic is not involved in my research work, I will not investigate it further.
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Chapter 4

The XAA1.2 performance
measurements

4.1 Introduction

Most of the SuperAGILE criticalities are due to the front-end electronics and mainly to
the XAA1.2 chip. As shown in sec. 3.9, the variation of some of the chip performances,
for example the address signals, as a function of various environmental parameters, such
as the temperature or the power supply, is one of the source of criticalities. Other criti-
calities are due to the non uniformity of the chip parameters, for example the linearity
and the threshold of the analogue chains since, from the electronic point of view, on one
side each channel is a different and independent circuit, on the other side the channels
share common supplies and common thresholds so a noisy channel can interfere with all
the others.

This chapter is devoted to the description of the laboratory tests performed on the
XAA1.2 chip in order to measure its performances and study its compliance to the pecu-
liar space conditions before designing the SAFEE boards. This study is complemented
by the measurement of the radiation-induced effects and the space qualification of the
component, reported in chapter 5.

Since the SuperAGILE front-end electronics contains 48 chips, with 128 input chan-
nels each and a total number of 6144 channels, the linearity of the electronic chains, that
is a key feature in a read-out circuit, cannot be measured on-orbit using X-ray sources.
Moreover the compact geometry would not allow for a uniform irradiation of individual
strips. In fact the integration time needed by a complete linearity measurement with
X-ray sources would be huge and unaffordable, so the linearity will be measured using
the pulse charge generator, described in sec. 3.3, by means of the so called “electronic
calibrations”. The measurements of the XAA1.2 linearity using the “electronic calibra-
tions” are reported in sec. 4.2, where both results of the XAA1.2 alone and the XAA1.2
bonded to a single tile of 9.5 x 9.5 cm? size and 15 pF - strip !
as Constructive Technical Model (CTM) are shown.

The uniformity of the electronic chains is an important property of the instrument

capacitance, also known
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affecting also the imaging capability, as explained in sec. 3.9. For this reason in sec. 4.3
the measurements of the linearity and threshold uniformity among the input channels
are reported for both the XAA1.2 and the CTM.

On-orbit the planned temperature within the AGILE payload ranges between —20° C
and 4+40° C and the SuperAGILE instrument will be at an estimated temperature of
about 30° C. The performances of the electronic devices, both active and passive, are
expected to vary as a function of temperature. For this reason in sec. 4.4 the measure-
ments of the thermal stability of the address signals, which are the most critical features,
are reported. In fact, as discussed in sec. 3.9, the address signals are key parameters to
reconstruct the images of the sources in the Sky and all variation of these signals must
be measured and corrected.

The payload Power Supply Unit (PSU) provides the supply voltage and current from
the spacecraft solar panels to the SAFEE boards via the SAIE boards. Since the power
supply voltage value may change on orbit, the functionality and performances of the
XAA1.2 have been studied as a function of the voltage and the results are reported in
sec. 4.5.

Finally in sec. 4.6 the conclusions of this chapter are given discussing the results of
the measurements in the context of the instrument criticalities.

4.2 The XAA1.2 input charge linearity

The measurements of the XAA1.2 linearity are performed using the XA-DAQ board,
described in sec. 3.5.1, for both the input charge generation, by using the internal
test pulse generator, and the data acquisition. Charge pulses ranging from 0.41 fC,
corresponding to about 10 keV following the (3.2), to 5.64 fC, corresponding to about
127 keV, are fed to the chip input channels and the output signals (digitized by the
ADC in the acquisition board) are recorded. For each charge amplitude fifty pulses are
fed to every input channel to increase the data statistics.

The mean value A x4 of the digital output signal of the XAA1.2 non connected to the
detector, averaged over the 50 pulses and the 128 input channels, is shown as a function
of the input charge ¢ in fig. 4.1. The same measurement Aoy in case the XAA1.2
is connected to the detector is shown in fig. 4.2. Since 2 channels of the CTM do not
work at all, 89 channels over 128 show a noise level much higher than the remaining
37, only data from these last 37 channels are shown in the plot. In both plots the error
bars on the amplitude values are the standard deviation over the 128 channels, o(Axa)
and o(Acra). As can be seen in both plots, the chip is linear for input charge pulses
at least up to 120 keV of equivalent energy.

From the data it is now possible to evaluate the uniformity of the system linearity.
The uniformity among the input channels of the XAA1.2 linearity curve can be defined
as

o(Axa)

=5 (4.1)
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Figure 4.1: Linearity curve of the XAA1.2 chip non bonded to the detector evaluated
with charge pulses from 0.41 fC (corresponding to about 10 keV) to 5.64 fC (correspond-
ing to about 127 keV).
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Figure 4.2: Linearity curve of the CTM evaluated with charge pulses from 0.41 fC
(corresponding to about 10 keV) to 5.64 fC (corresponding to about 127 keV. Only data
from the less noisy 37 channels are shown in the plot.
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while the uniformity of the CTM linearity is

oldorm) _ o (4.2)
Actm
When the chip is bonded to the detector the linearity uniformity is lower than in
the chip alone condition because of the noise introduced by the detector, increasing the
amplitude spread among the channels.

4.3 Gain and threshold uniformity

The XAA1.2 chip is composed of 128 input channels and, from the electronic point of
view, each channel is a different and independent circuit. In this section the uniformity
among the input channels of the chip main performances, the offset, the gain and the
threshold is measured and discussed.

4.3.1 Gain and offset uniformity

From the linearity curves shown in sec. 4.2 above, the gain ¢g and offset f of each input
channel can be evaluated applying a linear fit to the output mean amplitude A as a
function of the input charge ¢,

A=f+g-q (4.3)

The XAA1.2 offset and gain values are plotted in the lower panels of the fig. 4.3 and
4.4 respectively. The CTM offset and gain values are plotted in the lower panels of the
fig. 4.5 and 4.6 respectively.

From the linear fit in the chip alone condition, the offset mean value is fx4 = 670.6
ADC while the offset standard deviation is o(fx4) = 46.8 ADC and the gain mean
value is gy4 = 415.8 ADC/fC while the gain standard deviation is o(gxa) = 26.1
ADC/fC. As a measure of the parameters uniformity the ratios o(fxa)/fxa =7 % and
o0(9xa)/gxa = 6 % can be considered. The offset and gain histograms are plotted in the
upper panels of the fig. 4.3 and 4.4 respectively.

In case the chip is bonded to the detector, the linear fit results are fory = 354.1
ADC, U(fCTM) =770 ADC, gctm = 323.9 ADC/fC and U(QC’TM) = 41.2 ADC/fC
respectively. Since, as reported in sec. 4.2 above, 2 channels do not work, 89 channels
over 128 show a noise level much higher than the remaining 37, only data from these
less noisy 37 channels are considered in this analysis. The offset and gain histograms
are plotted in the upper panels of the fig. 4.5 and 4.6 respectively. The system gain
is lower when the XAA1.2 is bonded to the detector because of the charge subdivision
due to the detector capacitance and the gain ratio is gorasr/gxa = 0.78. In this case the
parameters uniformity is o(forar)/form = 22 % and o(gere) /9o = 13 %.

From the offset and the gain values the amplitude uniformity of a 0.88 fC pulse,
corresponding to a 20 keV photon energy, can be evaluated. In case of the XAA1.2 alone,
the mean amplitude is /1207 x4 = 1036.5 ADC channels and the standard deviation is
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0(Az, xa) = 52.8 ADC channels. Considering the chip bonded to the detector, the
corresponding values are 12120, crm = 639.2 ADC channels and o(Asg, crv) = 52.5 ADC
channels.

As a uniformity measure the ratio between the amplitude standard deviation and the
mean amplitude can be considered: o(Asgg, xa) /Aggy x4 = 5.1 % without the detector
and o (A, CTM)/AQ(]’ crm = 8.2 % in case the chip is bonded to the detector. The 20
keV equivalent energy amplitude histograms are plotted in the upper panels of fig. 4.7
and 4.8 respectively. The amplitude value for each input channel (only the 37 less noisy
channels of the CTM) is plotted in the lower panel of the same plot.

4.3.2 Threshold uniformity

As specified in sec. 3.3, the threshold is set to the XAA1.2 chip using a 8-bit DAC,
that gives the same reference value V,..; to all the input channels. The reference voltage
value is selected considering the counting rate of the events due to the electronic noise.
The lower the reference value the higher the electronic noise counting rate. For example,
considering the XAA1.2 chip not connected to the detector, the mean counting rate of
the electronic noise events is 160 cts - s~! - strip™! if Vie = —7.9 mV, clearly a saturated
value, and decreases down to 0.003 cts - s~! - strip~! in a single DAC step variation when
Vief = —4.6 mV.

The reference value can be converted from voltage into charge and then into energy
by means of a threshold scan, explained in section 3.5.1, and a set of background ac-
quisitions. In the threshold scan the characteristic curve of the discriminator in each
channel is evaluated in term of a linear fit

Ve =a+b-q. (4.4)

By means of a linear interpolation of the counting rate at different reference volt-
age values, the Vj;, voltage is evaluated such that the electronic noise increases the
background counting rate of 0.01 cts-s—!-strip~!, that is 10 % of the SuperAGILE
background on-orbit. Lowering the threshold produces an increase in the background
counting rate due to both the electronic noise and the environmental background. Since
the electronic noise is catastrophic and its counting rate is more than two orders of
magnitude above the environmental background, this last contribution can be neglected
when measuring the threshold.

The interpolated voltage threshold Vjy, is then converted into the charge threshold
value qup,, applying the linear fit parameters in (4.4) and finally into the energy threshold
value Fy,. using the (3.2).

From the linear fit in (4.4), the XAA1.2 parameters mean values are a = —19.3 mV
and b = 39.3 mV/fC while the parameters standard deviation values are o(a) = 1.6 mV
and o(b) = 0.9 mV/fC. The linear fit in (4.4) is directly performed by the acquisition
board software and the fit parameters are provided without any error. The @ and b
histograms are plotted in the upper panels of the fig. 4.9 and 4.10 respectively while the
parameter values for each input channel are in the lower parameters of the same figures.
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Figure 4.7: Histogram of the 0.88 fC output amplitude (corresponding to 20 keV energy)
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In case the XAA1.2 is bonded to the 9.5 x 9.5 cm? size, 410 pm thickness and
15 pF - strip~! capacitance detector, the parameters are @ = —20.5 mV and b = 30.1
mV /fC while the parameters standard deviation values are o(a) = 2.6 mV and o(b) = 2.6
mV/fC. In this case the a and b histograms are plotted in the upper panels of the fig.
4.11 and 4.12 respectively while the parameter values for each input channel are in the
lower panels of the same figures.

Inverting the linear fit in (4.4) the threshold charge gy, can be obtained as a function
of the voltage threshold Vi,

Qthr = C+ d - Viny (45)

where ¢ = —a/b and d = 1/b. The XAA1.2 mean parameter values in (4.5) are ¢ = 0.49
fC and d = 2.5 - 1072 fC/mV. The CTM mean parameter values are ¢ = 0.68 fC and
d=33-10"2 fC/mV.

Considering the relation (3.2) between charge and energy, the law connecting the
threshold energy FEy,, and the reference voltage Vi, can be finally written,

Eippr = f+9-Vinr (46)

and the mean parameters are f = 11.1 keV and g = 0.575 keV/mV for the XAA1.2
alone and f = 15.4 keV and § = 0.757 keV/mV for the CTM.

Basing on MonteCarlo simulations, the expected counting rate of the SuperAG-
ILE background on-orbit, mainly due to the diffuse X-ray background, is about 0.1
cts - s~! - strip~!. For this reason, as threshold the reference voltage value that increases
of 0.01 cts-s™! -strip~! (10 % of SuperAGILE background) the limiting background
value is selected.

Considering for the XAA1.2 chip the threshold voltage Vi, = —4.6 mV, that gives
about 0.003 cts - s~! - strip™!, the energy threshold can be evaluated from the (4.6) and
is By, = 8.5 keV and its standard deviation among the input channels is o (Ey,,) = 0.9
keV. The corresponding threshold uniformity is o(E,)/Ewmy = 11 %. In the upper
panel of fig. 4.13) the energy histogram is shown while in the lower panel the value for
each input channel is shown.

Interpolating with the same procedure the background counting rate of the CTM
as a function of the threshold voltage, Vip, = 4.9 mV is found and the corresponding
energy threshold is Ey,, = 19.1 keV with spread o(Ey,,) = 1.2 keV. The corresponding
threshold uniformity is o(Fy,)/Egy = 6 %. In the upper panel of fig. 4.14 the energy
histogram is shown while in the lower panel the value of the different channels is shown.
As for the CTM linearity, this analysis is performed only on the 37 less noisy channels.

The mean value of the energy thresholds of both the XAA1.2 and the CTM are
rather high compared with the required scientific performances of SuperAGILE (shown
in sec. 2.3.3) and need to be reduced. The main explanation of these threshold values is
that most of the background is due to the electronic noise introduced by the XA-DAQ
acquisition board and moreover the system is not optimized in order to reduce the noise.
However the measurements reported in this section aim only to evaluate the threshold
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Figure 4.12: Histogram of the slope b in the CTM threshold scan (upper panel) and
slope value of the 37 less noisy input channels (lower panel).
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basing on the threshold scan and the background counting rate.
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value of the input channels (lower panel). The energy threshold is evaluated basing on
the threshold scan and the background counting rate.
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uniformity and the noise is reduced in designing the SAFEE boards. The measurements
of the SAFEE energy threshold are reported in sec. 7.2 and 7.4.

4.4 Thermal stability of the address signals

From thermal model evaluations, the maximum variation range of the internal tem-
perature in the AGILE payload on orbit is between —20° C and +40° C, although the
temperature variation during the AGILE observations ranges between 0° C and +30° C.
From the same thermal models SuperAGILE will be probably at about +30° C because
the heat dissipated by the Silicon Tracker electronic is conducted by the main frame
up to the SuperAGILE stage. Moreover, due to the power dissipation, in vacuum the
temperature of the XAA1.2 is about 10° C higher than the environment, as measured
with an infrared thermometer in a thermo-vacuum facility.

The performances of most electronic devices, both active and passive, show variations
as a function of temperature. For this reason in a space instruments components with
extended range of functionality (typically from —55° C up to +85° C) are selected. Since
the XAA1.2 is not developed as a component for space applications, its thermal stability
has to be measured. Particularly the thermal stability of the address signals, needed
to reconstruct the position of the detected photons, is studied. In fact, as discussed
in sec. 3.9, a wrong reconstruction of the photon position produces a detector image
without correlation with the position of the Sky sources, so resulting in a completely
incomprehensible and useless sky image.

As specified in sec. 3.3, the XAA1.2 encodes the number of triggering channel with
two signals: group (MSB, 2 bit plus 4 offset bit to connect up to 16 chips in daisy chain)
and strip (LSB, 5 bit). For this purpose the 128 channels are subdivided in four groups of
32 channels each. The group signal indicates in which subdivision the triggering channel
is found and the strip indicates which one is among the 32 channels. Both strip and
group are provided as analogue differential currents, are converted into voltage signals
in the I/V converters and are then digitized by the ADC.

The thermal stability of the XAA1.2 address signals is measured between —20° C
and +40° C (the AGILE non operative temperature range) inserting the XAA1.2 PCB
in a thermal chamber. Inside the thermal chamber (BM model TH125) temperatures
between —70° C and +180° C can be set. The temperature is measured with a ther-
mocouple!, sensitive in the range —70° C <+ 175° C and fixed on the XAA1.2 PCB at a
distance of about 5 cm from the chip. The XAA1.2 is interfaced to the XA-DAQ acqui-
sition board, located outside the thermal chamber, and the measurements are performed
by means of the electronic calibration, recording the address signals of each channel.

Because of the power dissipation, in vacuum the temperature of the XAA1.2 is
about 10° C higher than the environment, as measured with an infrared thermometer in
a thermo-vacuum facility. Since on orbit the temperature is measured using 32 AD590
thermometers (located on the SAFEE and SAIE PCB, on the detector tray, on the
collimator walls and on the coded mask plate) and the actual temperature of the XAA1.2

!Omega SA1-T, with copper-constantan sensor and teflon insulator
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chip cannot be measured, the thermal stability of the address signals is measured as a
function of the environment temperature.

The superposition of group signals in the range —20° C + 40° C is shown in fig. 4.15.
As can be seen in the plot, a temperature variation of about 10° C produces a group
signal shift of about 50 ADC channels. A temperature variation of about 50° C produces
a superposition in the group signals of two consecutive groups, that can cause the wrong
reconstruction of the triggering channel.

A similar shift as a function of temperature can be seen in the strip signal. A plot
of the strip digitized signal of the first group (first 32 channels) is shown in fig. 4.16.
As can be seen in the plot, the strip variation with temperature depends on the channel
under test, being negligible between channel 10 and 20 and important under channel 5
and above channel 25. Particularly, under channel 5 a shift of one channel is seen with a
temperature variation of about 60° C while above channel 25 the same shift is produced
by a temperature variation of 10 < 20° C.

Considering the most conservative results, significant shifts in the address signals
can be seen depending on temperature variations on the scale of 10° C.

As outlined in sec. 3.8, the address reconstruction is performed by the PDHU by
means of an address LUT. Since significant address shifts are seen with a temperature
variation of about 10° C and up to four of such LUT can be stored in the payload
memory, a LUT covers a temperature variation of 10° C. In this way a SuperAGILE
temperature variation range up to 40° C can be compensated without uploading different
LUT from the ground station, that is a time consuming operation and can introduce
substantial delays from the diagnosis of the problem to the corrective action because of
the expected operating hours of the AGILE ground station (eight hours a day on five
days a week).

4.5 Supply voltage stability

In the SAFEE design the supply voltages Vgs and Vpp are provided by the flight model
Power Supply Units (PSU) via the SuperAGILE Interface Electronics (SAIE) boards.
Generally the variability range of the integrated circuits supply voltage is small around
the nominal values and the chip performances are expected to show a dependence on the
supply voltage. In order to fix the requirements on the stability of the PSU in providing
Vpp and Vgg, I studied the XAA1.2 functionality and performance as a function of the
supply voltage. In these measurements I evaluated the XAA1.2 performances by means
of the electronic calibrations.

In the XA-DAQ and SAFEE circuits the biases to the XAA1.2 chip are set using
Digital to Analog Converters (DAC) components and the Vpp and Vgg voltages are
used as the reference values of these DAC units. If the supply voltage changes, the
biases also change because of the reference voltage variation.

In the measurements the XA A1.2 performance variations are measured as a function
of the supply voltage with equal absolute value of Vpp and Vgg. As described in sec.
3.2, in the SAFEE boards only seven XAA1.2 biases out of eleven can be adjusted
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Table 4.1: XAA1.2 bias values fixed during the test

bias name bias voltage [mV] bias current [pA]
prebias -904.1 44.2
shabias -541.8 21.1
Vs 501.5 0.3
Vip 4.1 0.2

(the currents prebias, shabias, TrigDelbias, TrigWbias and ResWhbias and the voltages
Vfs and Vfp). Unfortunately, among these tunable biases only prebias, Vfs, Vfp and
shabias can be adjusted using the XA-DAQ while Res Whias, Trig Wbias and TrigDelbias
cannot. For this reason, in the measurements the XAA1.2 conditions on-orbit, where
a bias adjustment can compensate a voltage variation, are reproduced by fixing the
prebias, Vfs, Vfp and shabias (using the XA-DAQ DAC adjustment units) to the values
shown in tab. 4.1.

The XAA1.2 functionality is tested measuring the supply currents Ipp and Igg
(shown in fig. 4.17) and the power consumption (in fig. 4.18) as a function of the
supply voltage. Among the XAA1.2 performances, the stability of the linearity is stud-
ied from a superposition of the electronic calibration results (plotted in fig. 4.19) with a
particular stress on the output amplitude corresponding to a 20 keV equivalent charge
(shown in fig. 4.21). The offset and the gain are evaluated from the electronic calibra-
tion linear fit and shown in fig. 4.20. Finally, the group and strip address signals are
studied and plotted in fig. 4.22 and 4.23 respectively.

In the results the variation of the measured quantities with respect to the nominal
2000 mV supply voltage value is stressed. Among the supply currents, the Ipp variations
are —19 % at 1950 mV and +43 % at 2050 mV and the Isg variations are —20 % at 1950
mV and +13 % at 2050 mV, as shown in fig. 4.17. Consequently the power consumption
variation is —22 % at 1950 mV and +27 % at 2050 mV, as shown in fig. 4.18. Such a
power consumption increase at 2050 mV is critical in the overall power budget of the
AGILE payload.

As can be seen in fig. 4.19, the linearity curves show a saturation at 1900 mV (if
g > 1.51C), at 1920 mV (if ¢ > 2.5 fC) and at 1950 mV (if ¢ > 4 fC) and a slope variation
at 2050 mV (if 1.5 fC < ¢ < 2.5 fC). At the other voltage values no saturations are
found but the dynamic range is smallest at 1980 mV and greatest at 2020 mV. All the
output amplitude values corresponding to a 0.88 fC input charge (20 keV equivalent
energy) are consistent within the errors in the voltage range from 1900 mV to 2050 mV,
as shown in fig. 4.21. Furthermore, as can be seen in fig. 4.20, the offset and gain values
are scattered without showing a definite slope.

As can be seen in fig. 4.18 and 4.20, in the range 1980 mV < Vpp < 2020 mV the
variation of power consumption, gain and offset is approximately linear as a function
of the supply voltage. Applying a linear fit to the data in this range, the resulting
variations are (1.9 £0.3) - 1073 mW - ch=! - mV~! for the power consumption, 3.2 4 1.2
ADC - mV ! for the offset and —4.0 0.6 ADC - fC~! - mV~! for the gain.
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Both the address signals group and strip show variations depending on the supply
voltage. The group signal (as in fig. 4.22) shows significant shifts on the scale of a
20 mV variation and, particularly, a group superposition is seen if the supply voltage
changes of about 50 mV. A superposition of the strip signal in the first group is shown in
fig. 4.23. As can be seen in the plot, the strip variation with supply voltage depends on
the affected channel, being negligible between channel 10 and 20 and important under
channel 5 and above channel 25. In this last case, as in the plot, a superposition in two
consecutive channels can be seen if the supply voltage changes of about 50 mV.

4.6 Conclusions

In this chapter all the measurements performed on the XAA1.2 chip in order to study the
uniformity level of its performances and its sensitivity to some of the peculiar features
of the space environment are reported.

The results of the electronic calibrations show that the XAA1.2 chip is linear up to
about 120 keV of equivalent energy signals. The uniformity of the output amplitude in
the linearity curves is 5 % for the chip alone and 7 % for the XAA1.2 bonded to a 15
pF - strip~! capacitance detector (CTM).

The offset and gain can be evaluated from the linear fit of the calibration curves.
The offset uniformity is 7 % for the XAA1.2 alone and 22 % for the CTM and the gain
uniformity is 6 % and 13 % respectively.

If considering as a threshold counting rate the limit background increased by 10 %
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of SuperAGILE counting rate on orbit (0.1 cts-s~!-strip™!), 8.5 keV and 19.1 keV
threshold values are found for the XAA1.2 alone and the CTM respectively. The unifor-
mity of the measured threshold values is 11 % and 6 % respectively. Only 37 low noise
channels can be considered in the analysis of the CTM measurements.

When the chip is bonded to the detector the linearity uniformity is lower than in
the chip alone condition because of the noise introduced by the detector, increasing the
amplitude spread among the channels. In the same way the detector noise affects also
the spread of the gain and offset, evaluated from the linear fit of the output amplitude
as a function of the input charge.

The XAA1.2 can be safely operated in a temperature range between —20° C and
+40° C. In the measurements significant address shifts are seen with a temperature
variation of about 10° C. Since four address conversion tables can be stored in the
payload memory, a temperature variation range up to 40° C can be compensated without
uploading different tables from the ground station, that is a time consuming operation
and, due to the planned operating hours of the AGILE ground station (eight hours a
day on five days a week), can introduce substantial delays from the diagnosis of the
problem to the corrective action.

The XA A1.2 chip can be supplied without damage in the voltage range between 1900
mV and 2050 mV. The Ipp and Igg supply currents, the power consumption, the offset
and the gain (evaluated from the calibration curve linear fit) show significant variations
as a function of the supply voltage while the output amplitude corresponding to a 0.88
fC input pulse does not show significant variations. Particularly, both address signals
show significant shifts and a possible superposition corresponding to a 50 mV voltage
variation. Such a voltage variation produces also a power consumption variation of the
order 20 + 30 %.

To keep the gain variation below 1 % a maximum voltage variation of 2 mV can
be tolerated. Such a stability keeps the power consumption variation under 3 % and
prevents also the address shifts because of the supply variations.
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Chapter 5

The XAA1.2 resistance to the
cosmic rays interaction

5.1 Introduction

The selection of the electronic devices to be mounted on a satellite-borne experiment is
a difficult and crucial task. In fact all the experiment components are exposed to the
space environment peculiar conditions, mainly cosmic ray flux, temperature variations,
high amplitude and peculiar frequency spectrum vibrations during the launch, and they
cannot be substituted after the launch in case of damage. Considering also the tight
mass and dimensions constraints that affect a space instrument, the average cost! to
launch one kilogram is about $ 10000, it can be easily understood that all the electronic
devices have to be carefully selected and tested.

Some of the electronic components are manufactured with “space qualified” proper-
ties, consisting in extended temperature range and high charged particles flux tolerance
as the result of design and process improvements. An example is the MIL-STD-883
standard that establishes uniform methods, controls, and procedures for testing micro-
electronic devices suitable for use within Military and Aerospace electronic systems.

Generally “space qualified” components are selected to produce the electronic boards
to be flown on satellite-borne experiments and all the devices without these properties
must be tested to verify their compliance to the space environment. In this last case
the so called “commercial-off-the-shelf” (COTS) components can be grouped (see Un-
derwood and Oldfield (2000) for example), that are non MIL-STD-883 devices whose
properties are specifically tested to verify their compliance to the space environment.

All SuperAGILE electronic components are selected with “space qualified” certifi-
cation apart from the front-end electronic chips XAA1.2, that are custom devices and
are not designed as radiation hard components, and the DAC AD8842. To study the
resistance of the XAA1.2 chip to the cosmic rays interaction a sample consisting in three
of them has been exposed to a heavy ion irradiation. The test has been performed at
the SIRAD irradiation facility at the Laboratori Nazionali INFN of Legnaro. The test of

!see for example www.futron.com/pdf/FutronLaunchCostWP.pdf
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the radiation-induced effects on the DAC AD8842 has been subcontracted to the French
company Hirex?.

In this chapter the measurements of the XAA1.2 resistance to the cosmic rays in-
teraction is studied. In section 5.2 the phenomenology of the cosmic rays interaction
effects in electronic circuits is summarized and section 5.3 is devoted to the description
of the experimental set-up. In section 5.4 and 5.5 the results of the latch-up and SEU
measurements respectively are shown while the total dose effects on the functionality
and the performances of the XAA1.2 are in section 5.6. Section 5.7 discusses, as a pos-
sible application of the results, the evaluation of the expected latch-up and SEU rates
and the total dose effects of the XAA1.2 chips on AGILE orbit. Finally in section 5.8

the conclusions of this work are given.

5.2 The interaction of cosmic rays in electronic devices

The earliest verified failure and damage in satellite-borne experiments due to the inter-
action of cosmic rays in electronic devices dates back in the literature to the beginning
of the 1990’s (Goka et al. (1991) and Adams et al. (1992)). In the first paper a three
year long data acquisition is discussed and the occurrence of the effects is correlated
with the solar activity. In the second paper a single failure recorded inside the South
Atlantic Anomaly is later reproduced during a ground test irradiating the engineering
model of the same instrument with a proton beam. In both papers it is stressed that
the complementary metal oxide semiconductor (CMOS) technology, the same in the
XAA1.2 chip, is particularly sensitive to the cosmic rays effects, as specified also in Liu
et al. (2000).

The effects caused by the interaction of photons and charged particles in the elec-
tronic devices volume can be grouped in Single Event Effects (SEE), due to a single
particle interaction, and Total Dose Effects, given by the integrated contribution of
many low ionizing interactions. Among the SEE most extensively studied are the latch-
up, which manifests itself as a sudden increase of the power supply current of a device,
and the Single Event Upset (SEU), the bit flip in a digital element. The total dose pro-
duces an overall degradation of the device functionality and performance and its effects
depend on the type of the affected component.

An extensive and detailed review about the latch-up in CMOS based integrated
circuits can be found in Johnston (1996). The latch-up is caused by a parasitic circuit
effect due to the p-n-p-n structure in which the middle junction is reverse biased and
the other two junctions are forward biased. Typically the p-n-p-n regions are formed
by parasitic bipolar devices, inherently present in most CMOS circuits, as shown in fig.
5.1. Considering for example a CMOS inverter (as shown in Cané et al. (1991)), if the
bipolar circuit switches from its normally high impedance state to a low impedance state,
a direct path between source and drain is generated. An equilibrium condition is then
reached, in which all the three junctions are forward biased and a steady current can
flow through the structure. This current flow can seriously damage or even destroy the

*Web site http://www.hirexengineering.com/index1.htm
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Figure 5.1: Example of a p-n-p-n structure (a) with its inherent parasitic circuit and of
its first order (b) equivalent model, from Cané et al. (1991).

integrated circuit through Joule heating. To restore the device to the normal operation
condition the power supply must be reduced or switched off.

The state change triggering the latch-up can be produced by the ionization of the
silicon due to the interaction of photons (light, X-rays or gamma rays) and particles
(protons or ions). The circuit is then said to be in latch-up if the high current state
persists when the deviation from the normal condition is removed. Latch-up key param-
eters are the holding voltage and the holding current, that are the minimum conditions
required to sustain latch-up once it is triggered, as described in McDaid et al. (1990).

The SEU is a bit flip in a digital element, caused by either the direct ionization from a
traversing particle or by the ionization produced by charged particles and recoiling nuclei
emitted from a nuclear reaction induced near the microcircuit element (see Belyakov
et al. (2000)). The bit flip caused by the SEU modifies the stored digital information
and can cause unpredictable changes in the device operation.

The spatial analysis in Johnston and Hughlock (1990) shows that in a CMOS struc-
ture the gathered charge and the collection regions of SEU and latch-up are different.
The SEU is due to prompt charge collected within 3 pm from the surface while the
latch-up is caused by charge gathered in the well-substrate junction, typically located
3 =+ 6 pm below the surface, and its funnelling region, extending about 2 ym below the
depletion region.

Taking a macroscopic point of view, the electronic devices can be described in terms
of sensitive volume to single event effects. In this scheme a latch-up or a SEU occurs
if, and only if, an amount of energy above a given threshold is deposited within the
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sensitive volume, as described in McNulty et al. (1993). The sensitive volume and the
threshold energy for the latch-up are in general different than the corresponding SEU
quantities.

The total dose effects to a CMOS integrated circuit are mainly caused by ionization
charges trapped near or in the interface between the SiO, and the silicon bulk, as
explained in Yokoyama et al. (2001). The trapped charge increases the noise, degrades
the transconductance and shifts the threshold voltages. In particular, the carrier number
fluctuation, due to the trapping and detrapping because of the near-interface oxide traps,
increases the 1/f noise. The interaction between interface traps and carriers degrades
the carriers mobility thus decreasing the transconductance and increasing the white
noise. The charge of these oxide traps, depending on the position of the Fermi level,
produces threshold voltage shifts in the devices.

The fabrication of integrated circuits on epitaxially grown layers, i.e. monocrystalline
silicon thin layers deposited from the gas phase of a two gases chemical reaction on the
surface of a silicon wafer (see Lutz (1999) for more details), reduces the devices latch-
up sensitivity. In fact if the chip is built on an epitaxial substrate the holding voltage
increases, reducing the latch-up susceptibility. When the holding voltage exceeds the
supply voltage the device is immune to latch-up. Furthermore the intrinsic radiation
hardness of CMOS integrated circuits depends on the gate-oxide thickness because a
thinner oxide layer provides fewer ionization charges to be trapped near or within the
Si09-Si bulk interface, thus making less serious the problems due to the trapped charges
described above.

As described in sec. 3.3, the XAA1.2 chip is manufactured with a 0.8 yum CMOS
technology on epitaxial layer. Currently devices with 0.35 ym CMOS technology are
manufactured and a 0.25 gm CMOS technology is now under study.

5.3 Radiation-induced effects measurements

The sensitivity to radiation-induced effects of the electronic circuits to be flown on
satellite-borne experiments is generally measured by irradiating the devices with protons
or ions in an accelerator dedicated facility (see for example Koga (1996), Alessandro et al.
(2002) and Grim et al. (2000)). In these tests incident particles with different atomic
number and energy are selected, thus obtaining different linear energy transfer (LET)
values.

The LET is a measure of the energy per unit length released by the particle in the
silicon bulk through Coulomb forces between the ion positive charge and the negative
charge of the orbital electrons within the absorber atoms (see Knoll (1989) for the
definition). In measuring the LET the material thickness is usually divided by the
material density and the resulting LET is given in units of MeV - cm? - mg L.

The LET depends on the particle charge z as LET o z? and varies slowly with parti-
cle energy. The sensitivity of a device to SEE spans on more than one order of magnitude
in LET. For these reason, to efficiently measure the SEE sensitivity scanning the LET
values, particles of different charge z are selected with about the same energy and a
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facility where ions of different charge are accelerated is needed. Thus measurements of
SEE sensitivity are performed in particle accelerators, typically of tandem type, where
ion sources are introduced as to produce a flux of about 102 + 10° ions - cm—2 - s~! with
energy 100 =400 MeV. An example of SEE dedicated facility is the SIRAD experiment
at the Laboratori Nazionali INFN of Legnaro in Italy.

5.3.1 The SIRAD irradiation facility

The SIRAD facility (see Wyss et al. (2001) for further details) is located at the +70° line
of the 15 MV Tandem accelerator at the Laboratori Nazionali INFN of Legnaro, near
Padova in Italy. The accelerator can provide positive charged particles, from protons to
197 Au, at various energy values, ranging from about 30 MeV for protons to about 300
MeV for ¥7Au. The facility is dedicated to radiation damage studies (bulk damage,
total dose and SEE) induced by protons and heavy ions on semiconductor detectors,
electronic devices and systems. A schematic of the SIRAD irradiation facility, from
Wiyss et al. (2001), is shown in fig. 5.2.

The facility is composed of a system of adjustable horizontal and vertical slits, a
quadrupole doublet for focusing the beam down to millimetric spots, an electric rastering
system for irradiating extended targets, a diagnostic chamber with a wire beam profiling
monitor and an extractable Faraday cup, an irradiation chamber with a battery of
small Faraday cups and a set of silicon diodes read by pulse counting electronics. The
irradiation chamber has a volume of about 130 1 and works under vacuum higher than
8-1075 mbar, obtained using a molecular pump (VARIAN Turbo-V 550) and monitored
with a Penning probe. Two circular flanges of 160 mm diameter, one containing 16 BNC
feed-throughs and the other containing two 50-pin Cannon connectors, are used to close
the irradiation chamber.

The devices to be irradiated are fixed on a multiple sample holder, 30 cm long and
10 ¢m wide, together with a board containing four silicon diode detectors, described
below. The experimental chamber contains a remote controlled motor drive that can
vertically move the sample holder to change the device under test without opening the
chamber. The motor drive allows only vertical movements.

The low ion flux required for SEE studies is obtained focusing the beam about 10 m
before the target plane. On the target plane and inside a 2 cm-by-2 cm fiducial area, the
beam has a circular shape and a typical uniformity of about 10 %. In this configuration
the beam flux is monitored using two sets of four silicon diodes with sensitive area of
about 0.16 cm? each and read by pulse counting electronics. One diode set is located
upstream with respect to the target plane and monitors continuously the beam and the
other set is fixed on the sample holder. Before starting the irradiation the diodes on the
sample holder are put on target and the beam flux is measured. With a proper linear
combination the flux measured by the upstream diodes is equalized to the flux measured
on target. In this way when the device under test is irradiated the beam flux can be
monitored using the upstream diodes.
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Figure 5.2: Schematic of the SIRAD irradiation facility, from Wyss et al. (2001).

5.3.2 XAA1.2 acquisition and control system

During the SEE measurements the XAA1.2 is interfaced to the XA-DAQ acquisition
board, described in sec. 3.5.1. The LabView software of the acquisition board has been
modified specifically for these measurements. In particular, a power supply monitor,
interfaced to the board power supply circuit and used for the latch-up test and a config-
uration mask monitor, interfaced to the XA-DAQ digital configuration module and used
for the SEU test, have been added to the code. A picture of the experimental set-up at
SIRAD facility is shown in fig. 5.3.

The power supply monitor measures the Isg and Ipp currents with a sampling time
of about 0.3 s. A threshold is selected for each current and, since in case of a latch-up
both currents suddenly increase, as soon as one of the two values exceeds the threshold
the power supply is automatically switched off. During the irradiation we switch off the
power supply less than 1 ms after a latch-up has been detected and we restart it after
a programmable amount of time (1 =10 s). The values of the supply currents in steady
conditions are Igg ~ 24 mA and Ipp ~ 14 mA and, in case of a latch-up, both values
exceed 50 + 200 mA.

Every 2 s during the irradiation the configuration bit stream is loaded in the chip
memory registers and the previous configuration is present to the output and is read
out. In case of a SEU, one or more bits in the memory registers change their polarity
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Figure 5.3: Experimental set-up: XA-DAQ acquisition board (top of the stand), power

supply (under the XA-DAQ board) and SIRAD irradiation chamber (right of the pic-
ture).

state and the SEU occurrence is found simply by comparing the read out configuration
mask with the input one.

5.3.3 Experimental set-up and strategy

A sample consisting in three XAA1.2 chips have been irradiated, each one mounted on
its test PCB, with serial number 710-1-3, 710-1-12 and 710-1-25 respectively. Hereafter
each chip is identified with the serial number of its board. Each board contains only one
XAA1.2 which is the only active element. An aluminum layer about 1 mm thick with
a rectangular window placed above the chip covers the boards preventing the incident
ions from reaching the other components of the circuit different from the XAA1.2.

The test PCB containing the chips are fixed on the sample holder of the irradiation
chamber together with the board containing the silicon diodes, fixed on the same plane
of the test boards. Due to dimensional constraints, the sample holder can contain no
more than two PCB. During all the irradiation the orientation of the test boards and
of the counting diode detectors is kept normal to the incident ion beam. In fig. 5.4 two
test PCB covered with the aluminum layers (left and center) and the diode set on the
target plane (right) fixed on the sample holder inside the experimental chamber can be
seen.

The XA-DAQ board is plugged to the external flange connector and to the acquisition
PC. Since the flange contains only one 50-pin connector and each XAA1.2 chip requires
a 50-pin connector, we can plug only one chip at a time. The device under test can be
changed opening the experimental chamber, unplugging one chip from the flange and
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Figure 5.4: Experimental set-up: two test PCB covered with the aluminum layers (left
and center) and the diode set on the target plane (right) fixed on the sample holder
inside the experimental chamber.

connecting the other one.

The radiation damage measurements have been performed in two different runs 48
hours long. We select the ion species aiming to efficiently scan the LET values in silicon.
In tab. 5.1 we show the ion species used to irradiate each XAA1.2 chip together with the
values of energy, LET and range in silicon for the different ions. The LET is calculated
using the SRIM software package (see Ziegler et al. (1985) for a full description of the
calculation algorithms).

During the first run two chips have been irradiated, the number 710-1-25 and 710-1-
3. The first chip has been irradiated with ion species with low (160, 28Si and 32S) and
medium (*°Ti and %Ni) LET and with a single high LET ion (*?7I) to test the so called
“destructive latch-up”, that can permanently damage a chip in a single interaction.
During the test on chip 710-1-25, we start with a high fluence of small LET ions and we
gradually increase the LET values (decreasing the fluence) from 2.85 MeV - cm? - mg~*
of the 60 up to 61.80 MeV - cm? - mg™' of the '?“I. In this way the chip absorbs a dose
of about 235 krad during the initial irradiation with 'O and 28Si. The chip number
710-1-3 has been irradiated with some of the ions used for the 710-1-25 (32S, 48Ti and
%8Ni) to increase the data statistics, starting with high latch-up and SEU rate and low
dose runs.

After the data analysis of the first run we used a second irradiation run to test
the chip number 710-1-12 increasing the small LET ions statistics (10 and 2?8Si) and
adding one ion at intermediate LET ("Br). To compare these results with the previous
irradiations we kept the two intermediate LET ions (*8Ti similar to **Ti and 58Ni).
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Table 5.1: Ton species used during the irradiation at SIRAD facility with energy, LET
and range values in silicon, and serial number of the irradiated chip.

Ton species E [MeV] LET [MeV - cm? - mg~!] range [pm] irradiated chip

160 108.68 2.85 109.49 710-1-25

160 58.18 4.15 45.15 710-1-12

Bgi 157.68 8.59 61.54 710-1-12, 710-1-25

329 171.68 10.96 54.44 710-1-3, 710-1-25
6Ti/8Ti  196.18 19.75 39.34  710-1-3, 710-1-12, 710-1-25

58Nji 220.68 28.44 33.66  710-1-3, 710-1-12, 710-1-25

“Br 255.68 38.49 32.90 710-1-12

07 Ag 273.78 54.65 28.14 710-1-12

1271 276.68 61.80 27.90 710-1-12, 710-1-25

197 Au 275.68 81.74 23.40 710-1-12

Since with the first two chips we did not find any destructive latch-up we added two
high LET ions (}°"Ag and ®TAu) in this measurement.

The ion species selected for the irradiation are shown in tab. 5.3.3, 5.2 and 5.3
together with their LET, range in silicon, fluence (given by the product of the flux times
the irradiation duration) and dose.

The fluence error in the tables is evaluated considering the flux uniformity during the
measurement, evaluated during the pre-irradiation beam set-up considering the mini-
mum Fp,;, and maximum F),,, flux values measured by the target-plane diodes. If
F is the flux mean value and AF = (Fjz — Fnin)/2 is the flux dispersion, the flux
percentage uniformity is given by AF/F.

5.4 Latch-up measurements

The latch-up occurrence is studied monitoring the power supply currents of the XAA1.2
chips during the irradiation and recording the number of times one of the two currents
exceeds the monitor threshold. The sampling time of the current monitor is about 0.3 s
and the current increase due to a latch-up is faster than this sampling time. This fact
does not allow to study the temporal evolution of the currents variation.

An example of the currents values, recorded during a 46Ti irradiation, can be seen in
fig. 5.5. In the plot the values of the currents Isg (upper panel) and Ipp (lower panel)
as a function of time are shown. The vertical lines in the plot are the latch-up events
and the dotted lines are the monitor current thresholds (30 mA for Igg and 27 mA for
Ipp respectively).

From the irradiation results we can calculate the probability and the cross section
of the latch-up occurrence as a function of LET. If Njatch—yp is the number of latch-up
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Table 5.2: Ion selection for the irradiation of chip number 710-1-3. The fluence error is
calculated basing on the beam non uniformity.

Ton species LET [MeV - cm? - mg 1] range [pm] Fluence [cm™2] Dose [krad]

328 10.96 54.4 (8.6 £0.3) - 108 151
6T 19.75 39.3 (3.0 £0.2) - 106 1
%8Nj 28.44 33.7 (2.1 £0.2) - 105 0.1

Table 5.3: Ion selection for the irradiation of chip number 710-1-12. The fluence error
is calculated basing on the beam non uniformity.

Ion species LET [MeV - cm? - mg~!] range [um] Fluence [cm~2] Dose [krad]

160 4.15 45.2 (5.2 4+0.3) - 108 34
283i 8.50 61.5 (5.1 £0.2) - 10° 692
8T 19.75 39.3 (3.240.4) - 106 1

%8Nj 27.94 33.7 (2.1 £0.3) - 105 0.1
™Br 38.49 32.9 (5.1 £0.5) - 10° 0.3
07Ag 54.65 28.1 (1.3 £0.1) - 105 0.1
1217 61.80 27.9 (2.34£0.2) - 10° 0.3
197 Ay 81.74 23.4 (4.0 £0.7) - 105 0.5

Table 5.4: Ion selection for the irradiation of chip number 710-1-25. The fluence error
is calculated basing on the beam non uniformity.

Ton species LET [MeV - cm? - mg 1] range [pm] Fluence [cm™2] Dose [krad]

160 2.85 109.5 (1.14£0.1) - 108 5
28Gi 8.59 61.5 (2.3£0.2) - 10° 373
328 10.96 54.4 (2.0 £0.1) - 10° 348
6T 19.75 39.3 (5.1 £0.5) - 106 2
%8Nj 28.44 33.7 (5.2 +£0.9) - 10° 0.2
1217 61.80 27.9 (1.14£0.1) - 10° 0.1
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Figure 5.5: Values of the currents Isg (upper panel) and Ipp (lower panel), recorded
during a *5Ti irradiation, as a function of time. The dotted lines are the monitor current
thresholds (30 mA and 27 mA respectively).

events for a fixed LET, ¢ is the monitored incident flux (measured as in 5.3.1), tje is
the live time and S is the chip geometric surface (0.48 cm?), the latch-up probability

Platch—up is

Niatch—
Platch—up = (gbla..t(;h. ;,I)) (51)

and the cross section ojatch—up 1S given by

Natch—
Olatch—up — W = Platchfup - S. (5'2)

The latch-up probability and cross section for the three chips under test are shown in
tab. 5.5, 5.6 and 5.7 and plotted in fig. 5.6.

The error associated to the latch-up probability and cross section is calculated con-
sidering the occurrence of the events distributed following a Poisson statistics and taking
into account the flux uniformity. These two contributions are separated in tab. 5.5, 5.6
and 5.7. Since we do not find any event during the irradiation with *°0O (at both 2.85
and 4.15 MeV -cm? - mg~! LET values) in tab. 5.5, 5.6 and 5.7 we show the upper
limits for the probability and the cross section, calculated considering a confidence level
of 99.7 %.

As can be seen from tab. 5.5, 5.6 and 5.7 and fig. 5.6, the 19.75 MeV - cm? - mg™!
(46T1) and 28.44 MeV - cm? - mg~—! (°8Ni) probability and cross section values are higher
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in the chip number 710-1-25 than in the other chips. For both ions the dose absorbed
by each chip before starting the irradiation is different. In fact 46Ti is the first ion of
the chip 710-1-3 irradiation and *8Ti is the first ion of the 710-1-12 irradiation while,
before starting the irradiation with #6Ti, the chip 710-1-25 has been exposed to about
583 krad. Similarly, before starting the 58Ni irradiation the dose is about 235 krad for
710-1-25, about 1 krad for 710-1-3 and about 150 krad for 710-1-12. The same logic does
not seem to explain why the probability and cross section at 61.80 MeV - cm? - mg—!
(127I) are consistent within the errors since the chip number 710-1-25 absorbed about
728 krad while the chip 710-1-12 about 1 krad before starting this irradiation.

The latch-up cross section ojaiecn—yp can be fitted as a function of LET using a

Weibull function,
S
o <1 ~exp |- (LELE i D if LET > LETi,
Olatch—up —
0 if LET < LET,

(5.3)

where o4 is the limiting or plateau cross section, LET;y, is the LET threshold (the
maximum LET value that has a zero cross section), W and S are dimensionless shape
parameters. The (5.3) is an empyrical function whose shape approximates the cross
section as a function of LET and can be used to fit the data and particularly to evaluate
the limiting cross section o and the LET threshold LETiy, (see Petersen et al. (1992)
for more information).

Applying the Weibull function to the latch-up data of the chip 710-1-12 we find that
Oso = (1.740.1)-1072 cm?, LETy,, = (8.543.6) MeV - cm? - mg ™!, W = (3.9£0.3)-1072
and S = (5.4£2.7). With the same function the parameters of the chip 710-1-25 data are
Ooo = (2.240.2)-1072 cm?, LETy,, = (4.241.7) MeV - cm? - mg ™!, W = (4.0£0.2)-1072
and S = (9.5 £ 1.5). The different values of the limiting cross section o, reflect the
highest measured cross sections and the different LET threshold values LETi,, are
mainly due to the cross section values at *6Ti, 8Ti and ®Ni discussed above (see tab.
5.6 and 5.7).

5.5 SEU measurements

We study the SEU occurrence comparing the input configuration bit stream with the
mask recorded in the chip memory registers. In case of a SEU one or more bit in the
memory registers change their polarity state. The number of SEU events is recorded in
the approximation that an ion interaction can change only a single bit of the configura-
tion mask at a time.

As for the latch-up, we calculate the SEU probability and cross section as a function
of the different LET values. If Nggy is the number of SEU events for a fixed LET value,
¢ is the monitored incident flux (measured as in 5.3.1), ¢ is the live time and S is the
chip geometric surface, the probability Psgy is
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Table 5.5: Results of the irradiation for the latch-up measurements on the 710-1-3 chip.
LET is the linear energy transfer, ¢ is the mean incident flux, tje is the live time,
Natch—up is the latch-up number and Paich—up is the latch-up probability. The first
contribution in the probability error is the Poisson error and the second contribution is
due to the flux non-uniformity.

LET [MeV cm™? mg_l] ¢ [Cm2 i S_l] Llive [S] Nla.tch—up Platch—up
10.96 (1.52 £0.06) - 10° 5629 4 (9.7+4.94+0.4) 1077
19.75 (1.57 £0.09) - 10° 1849 36 (2.6 +£0.44+0.2)-107°
28.44 (1.14£0.1) - 102 1499 80 (1.0+£0.1 £0.1) - 1073

Table 5.6: Results of the irradiation for the latch-up measurements on the 710-1-12
chip. LET is the linear energy transfer, ¢ is the mean incident flux, ¢j;ye is the live time,
Natch—up is the latch-up number and Paich—up is the latch-up probability. The first
contribution in the probability error is the Poisson error and the second contribution is
due to the flux non-uniformity.

LET [Mev i Cm72 i mgil] ¢ [Cm2 i Sil] Llive [S] Nlatchfup F’latchfup

4.15 (7.44+0.4)-10" 6950 0 <23-1078

8.50 (9.9+£0.4)-10* 51527 9 (3.74+1.240.2)-107°
19.75 (8.74+1.1)-10%2 3220 47 (3.54+0.54+0.1)-10°
27.94 (1.240.1)-10%2 1659 101 (1.0 4£0.1£0.1) - 1073
38.49 (1.4 +£0.1)- 102 2706 455 (26 £0.14+0.3)-10°3
54.65 (7.5 +£0.4) - 101 1591 197 (3.440.34+0.3)-1073
61.80 (7.9+£0.9) 10 2511 350 (3.740.240.2)- 1073
81.74 (6.9 +1.2)-100 3860 409 (3240.240.4)-1073

Table 5.7: Results of the irradiation for the latch-up measurements on the 710-1-25
chip. LET is the linear energy transfer, ¢ is the mean incident flux, ¢j;ye is the live time,
Natch—up is the latch-up number and Puich—up is the latch-up probability. The first
contribution in the probability error is the Poisson error and the second contribution is
due to the flux non-uniformity.

LET [MeV i Cm_2 i mg_l] ¢ [Cm2 i S_l] Llive [S] Nla.tch—up Pla.tch—up
2.85 (1.5+£0.2)-10° 710 0 <1.1-1077
8.59 (1.1 £0.1)- 105 20798 3 (27+£1.64+0.2)-107°
10.96 (2.440.1)-10° 8072 17 (1.8 4+£0.440.1)-1078
19.75 (1.240.1)-10% 3290 100 (5.4 £ 0.5+ 0.5) - 107°
28.44 (1.6 £0.3) - 10> 1310 260 (2.6 £0.240.5) - 1073
61.80 (3.34£0.3) - 10 2453 175 (4.6 £0.3 +£0.4) - 1073
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Figure 5.6: Results of the irradiation for the latch-up measurements on the three XAA1.2
chips. LET is the linear energy transfer, Piach—up is the latch-up probability and
Olatch—up 18 the latch-up cross section.

Nsgu
P =27 4
SEU ¢-t-9) (5.4)
while the cross section oggy is given by
Nsgu
OSEU = = Psgy - S. 5.5
-0 59

The SEU probability and cross section for the three chips under test are shown in tab.
5.8, 5.9 and 5.10 and plotted in fig. 5.7.

The error associated to the SEU probability and cross section is calculated consid-
ering the occurrence of the SEU events distributed following a Poisson statistics and
taking into account the flux uniformity. These two contributions are separated in tab.
5.8, 5.9 and 5.10. Since we do not find any event during the irradiation with 60 at
2.85 MeV - cm? - mg—! LET value, in tab. 5.8 and 5.10 we show the upper limits for the
probability and the cross section, calculated considering a confidence level of 99.7 %.

The SEU probability and cross section values of the 28Si and *Ni show significant
differences among the three tested chips, as shown in tab. 5.8, 5.9 and 5.10 and plotted
in fig. 5.7. For both the LET values the dose absorbed by the chips before starting
each irradiation is different. In the 28Si case the probability and cross section values are
higher for the chip number 710-1-25 at about 235 krad than for the 710-1-12 at about
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Figure 5.7: Results of the irradiation for the SEU measurements on the three XAA1.2
chips. LET is the linear energy transfer, Psgy is the SEU probability and oggy is the
SEU cross section.

150 krad. In the ®8Ni case, however, the difference cannot be explained considering the
dose absorbed by the chips before the irradiation with this ion because the cross sections
of the chip number 710-1-3 (at about 1 krad) and 710-1-25 (at about 235 krad) values
are consistent within the errors, while the cross section of the chip number 710-1-12 (at
about 150 krad) is not.

The LET threshold for the SEU events can be defined as the maximum LET value
that has a zero cross section. Since for the chip 710-1-12 we record an event at the
smallest LET value (4.15 MeV - cm? - mg ! at '°0), we calculate the threshold basing
only on the results of this chip. Using a linear extrapolation we find that the threshold
is 3.9 £ 0.3 MeV - cm? - mg 1.

5.6 Total Dose Effects measurements

During the irradiation at SIRAD facility we measured the degradation of the perfor-
mance of the XAA1.2 chips due to the absorbed total dose, evaluated considering only
the energy released in the active layer of the device, estimated to be about 10 pm thick.

From Knoll (1989), the absorbed dose is the amount of energy absorbed from any
type of radiation per unit mass of the absorber. The historical unit of absorbed dose is
the rad, such that 1 rad=100 erg/g. The dose da; (measured in krad) absorbed in the
ASIC active layer is calculated using the formula
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Table 5.8: Results of the irradiation for the SEU measurements on the 710-1-3 chip.
LET is the linear energy transfer, ¢ is the mean incident flux, #j;e is the live time, Nggy
is the number of SEU events (in the approximation that one can ion can produce just one
SEU a time) and Psgy is the SEU probability. The first contribution in the probability
error is the Poisson error and the second contribution is due to the flux non-uniformity.

LET [MeV cem~2 - mg_l] ¢ [CIII2 . S_l] tlive [S] Nsru Psru
10.96 (1.52 £0.06) - 10° 5649 1693 (4.1 £0.1+£0.2)-107
19.75 (1.57£0.09) - 10> 1885 965 (6.8+0.24+0.4)-107*
28.44 (1.14£0.1)-102 1929 50 (5.0£0.740.5)-107*

Table 5.9: Results of the irradiation for the SEU measurements on the 710-1-12 chip.
LET is the linear energy transfer, ¢ is the mean incident flux, #j;e is the live time, Nggy
is number of SEU events (in the approximation that one can ion can produce just one
SEU a time) and Psgy is the SEU probability. The first contribution in the probability
error is the Poisson error and the second contribution is due to the flux non-uniformity.

LET [MeV cem™?- mg_l] ¢ [CIII2 . S_l] tlive [S] Nsru Psru

4.15 (7.4+0.4) -10* 6950 1 <4.0.55-107°

8.50 (9.9+£0.4)-10* 51536 206 (8.4+0.6+0.3)-108
19.75 (8.74+1.1)-102 3690 904 (5.94+0.240.8)-107*
27.94 (1.24+0.1)-10> 1760 110 (1.14+0.1£0.1)-10"3
38.49 (1.440.1)-102 4052 263 (1.6 +0.1+£0.1)-1073
54.65 (754+£0.4)-108 1788 106 (1.6 +0.2+0.1)-10"3
61.80 (7.940.9)-100 2861 152 (1.440.1+£0.2) 1073
81.74 (6.94+1.2)-10" 5232 183 (9.54+0.7+1.6)-10~*

Table 5.10: Results of the irradiation for the SEU measurements on the 710-1-25 chip.
LET is the linear energy transfer, ¢ is the mean incident flux, #j;e is the live time, Nggy
is number of SEU events (in the approximation that one can ion can produce just one
SEU a time) and Psgy is the SEU probability. The first contribution in the probability
error is the Poisson error and the second contribution is due to the flux non-uniformity.

LET [MeV-cm 2-mg '] ¢ em?-s71]  tywe [s] Nsgu Pspu
2.85 (1.54+0.2)-10° 710 0 <1.1-1077
8.59 (1.14£0.1)-10° 20828 137 (1.240.14+0.1)-1077
10.96 (2.440.1)-10° 8102 2808 (3.0+0.1+0.2) 106
19.75 (1.240.1)-10%> 4290 1176 (4.8 4+0.14+0.4)-107*
28.44 (1.64+0.3)-102 2979 117 (4.74+0.440.8)-107*
61.80 (3.34£0.3)-10" 3354 8  (1.6+0.240.1)-107*
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LET - ¢-t

act = 551107

(5.6)
where the LET is measured in MeV - cm? - mg™!, ¢ is the flux (measured as in 5.3.1)
and ¢ is the duration of the ion beam irradiation while 6.24-107 is a numerical conversion
factor between the energy units.

During the irradiation I monitor the bias currents and the power supply currents
of the XAA1.2 chip using the XA-DAQ board. From the supply currents Isg and Ipp
and from the voltages Vgg and Ipp, I calculate the power consumption for each input
channel from the (3.1).

The power consumption of the three XAA1.2 chips as a function of the total dose is
shown in fig. 5.8. The supply voltages Vgs and Vpp are stable during the irradiation.
From the figure we can see that the power consumption of the chips 710-1-3 and 710-
1-25 increases when the dose absorbed in the active layer increases while the power
consumption of the chip 710-1-12 decreases between 1 krad and 17 krad and then begins
to increase. The amount of the variation depends on the particular chip considered.

The maximum expected dose absorbed by the chip on-orbit as part of the SuperAG-
ILE front-end electronic is 3 krad. From a linear interpolation of the measured values
we find that the power consumption at 3 krad is 0.47 mW/ch. for the chip number
710-1-3 (=2 % variation), 0.54 mW /ch. for the number 710-1-12 (no variation) and 0.60
mW /ch. for the chip number 710-1-25 (+2 % variation).

We have also studied the variation of the bias currents of the chip number 710-1-12
with the total dose. The bias currents have been defined in section 3.3. As can be seen
in fig. 5.9, the prebias, otabias, shabias, strbias and IbDAC currents slightly increase
linearly as a function of the dose in the active layer. Conversely the Vfs and the Vfp
voltages do not show a significant variation as a function of the absorbed dose.

As a measure of the chip performance we can take into account the linearity curve of
the chip number 710-1-25, produced using the internal test pulse generator. Considering
that a hole-electron pair is created for every 3.62 eV absorbed inside the silicon detector,
we fed every chip channel with 50 pulses per charge ranging from 0.41 fC (corresponding
to 10 keV) to 5.64 fC (corresponding to 128 keV). The maximum pulse charge is well
beyond the upper energy threshold of the SuperAGILE instrument. This fact allows to
study the chip linearity and to verify the XAA1.2 performance in an extended energy
range.

As shown in fig. 5.10, the linearity of the XAA1.2 chip does not show significant
variations at a dose level of 1 krad, some linearity variations can be seen at a 173 krad
level, orders of magnitude above the maximum expected dose, while the chip is not
linear above 700 krad.

After analyzing the address signals provided by the XAA1.2, we find variations
smaller than 5 % with the total dose for the two address signals and for the MGO. Only
some sparse address values show variations of about 10 %. These results imply that the
address signals emitted by the chips on-orbit do not need to be corrected because of the
total dose.
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Figure 5.8: Power consumption for the three chips as a function of the total dose in the
active layer.

5.7 The expected effects on-orbit and the recovery strat-
egy

5.7.1 Heavy ions interactions

After the irradiation at the SIRAD facility I can estimate the radiation-induced effects
in the environment of the AGILE spacecraft on-orbit. The expected rates are evaluated
following the effective flux approach (described in Pickel (1996)) that takes a macroscopic
viewpoint. In this scheme the chip is treated as a black box and the accelerator test data
are used to predict a rate for the space environment on the basis of the measurements in
the ground test, without detailed concern for the microscopic behaviour of the devices.

In our estimation the cosmic ray environment in the Earth magnetosphere is modeled
using the CREME96 code (see Tylka et al. (1997) for the history and the details of the
project), which evaluates the average flux of cosmic rays with atomic number from 1 to
92 for orbits of various altitudes and inclinations. The code allows also to evaluate the
dose absorbed by the spacecraft electronic devices. Using CREME96 the flux can be
evaluated after the transmission through an aluminum layer that models the spacecraft
absorption of the cosmic rays. The code however does not take into account the detailed
distribution of the spallation products generated by the protons interacting with the
nuclei of the spacecraft shielding materials and the payload passive elements. With this
restriction and considering that the protons LET is lower than the XAA1.2 latch-up and
SEU threshold (the maximum LET of protons in silicon being 0.53 MeV - cm? - mg 1) so
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Figure 5.9: Values of the bias currents of the preamplifier (prebias), the discriminator
(otabias), the shaper (shabias), the peak stetcher (strbias) and the current-voltage buffer
converter (IbDAC) as a function of the total dose in the active layer.
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Figure 5.10: Amplitude (converted into ADC channels) of the output signal from the
chip 710-1-25 as a function of the input charge for different dose values.
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Figure 5.11: Cosmic rays differential flux simulated with CREMEY6 code at AGILE
orbit.

they cannot produce directly SEE, using the CREME96 code only the ions contribution
to the cosmic ray flux is evaluated, neglecting the protons.

The cosmic ray protons can indirectly produce SEE because heavy spallation and
high LET fragments, produced for example from the interaction of these protons with
the tungsten nuclei of the coded mask or collimator or with the bulk silicon nuclei of the
chip itself, can hit the XAA1.2. An approximate analysis of this phenomenon is shown
in the next subsection (5.7.2).

The planned orbit of the AGILE spacecraft is a circular low Earth orbit at an altitude
of 550 km and with an inclination smaller than 10°. In my evaluation I assume a 20°
inclination as a conservative approach since for a given altitude the flux of cosmic rays
is lower the closer the orbit is to the magnetic equator. A plot of the cosmic rays
differential flux simulated with CREME96 code at AGILE orbit can be seen in fig. 5.11.

After the evaluation we find that both the expected rates of latch-up and SEU events
are about 10710 events - year—! - chip~! taking into account the Solar steady flux in quiet
conditions of the Earth magnetosphere and about 5-107°¢ events - year~! - chip~! in case
a Solar storm is considered. In both cases less than one event during the entire life of
the experiment (3 years) is expected.

Although in the estimation neither latch-up nor SEU events are expected in the
XAA1.2 chip, to be conservative a latch-up protection system and a SEU recovery
strategy have been designed to protect the SuperAGILE front-end electronic.
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Since the latch-up causes a sudden increase in the chip supply currents, overloading
the power supply and potentially damaging the chip itself and the wire bondings, we
protect the system from this effect inserting a current discriminator in the supply circuit.
The discriminator monitors the value of the positive supply current Ipp and switches off
the power supply when this current exceeds a selected threshold. In the SuperAGILE
front-end electronic design the chips are daisy chained in groups of three and the power
supply is one for each daisy chain, so in case of a latch-up a whole daisy chain is switched
off.

The main problem connected to the SEU events is the unpredictable changing of
the chip configuration. To avoid this problem the configuration bit stream must be
periodically restored inside the chip memory registers. In orbit we plan to perform at
fixed time the so called “electronic calibrations”, sending serially the test charge pulses
to the input channels to check the value of the gain and the offset of each chain. During
this operation the configuration mask is restored every time a channel is enabled to
the pulse processing. Since the SEU expected rate is extremely low, by the periodic
calibrations we expect to protect the XAA1.2 chips from this effect.

From the launcher properties and the orbital constraints for AGILE mission the
expected dose absorbed by the electronic circuits of the payload is about 3 krad and
it is mainly absorbed in the transfer orbit when the experiments are switched off. The
AGILE hardest electronic components are thus selected to resist to a total dose of about
5 krad. Considering for the spacecraft the orbit specified above and a shielding of about
1 g/cm? of aluminum, we find from the CREME96 code that the expected dose absorbed
by the electronic devices on-orbit is about 4 - 10™* krad - year™'. As can be seen in fig.
5.8 and 5.10, the power consumption variation and the performances degradation of the
XAA1.2 chip are not significant for a total dose value of about 5 krad, consequently we
do not expect a dramatic variation of the Super AGILE front-end electronic functionality
and performance due to the total dose.

5.7.2 Proton interactions

The PROFIT model (see Calvel et al. (1996) for details) is an approximate evaluation
of the proton induced SEE basing on the heavy ions data. The model basic assumption
is that the inelastic collision of protons on the chip silicon atoms can produce ?8Si ions
with most probable LET value about 15 MeV - cm? - mg .

If ©9FF is the cross section of SEE at 15 MeV - cm? - mg ™! resulting from the interpo-
lation of the irradiation data, taking into account the probability of the 22Si production
the resulting saturation cross section of SEE due to protons is

ES'EE = Ef5EE ~c-Ngg - Enuc (5.7)

where ¢ is the thickness of the chip active part (estimated to be 10 pm), Ny is the
density number of silicon atoms (5 - 10?2 cm3) and X, = 6 - 10726 cm? is the average
cross section of the ?8Si spallation production by protons between 100 MeV and 200
MeV.
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The latch-up interpolated cross section at 15 MeV - cm? - mg™! is Ell%mh_u” =7

107 cm? so from the (5.7) the corresponding proton cross section is Eé“t‘:h*“p ~ 2.
1072 MeV - cm? - mg~!'. The SEU interpolated cross section at 15 MeV - cm? - mg !
is X7FYU = 6.7-107% cm? so from the (5.7) the corresponding proton cross section is
E}?EU ~2-10"" MeV - cm? - mg— L.

Basing on the estimated 25 EE yalues, the expected rate from protons can be written
as
SEE SEE
ry e N F Q) (5.8)

where F' is the flux and € is the solid angle. If considering an upper limit F' -
10 protons - cm~2 - 57! (from Zombeck (1990)), the expected latch-up rate is r;,“tCh_“p
6 - 10~* latch-up -year—! - chip~' and the corresponding expected SEU rate is ’I"SEU
6- 103 SEU - year ! - chip~!. Also in this case less than one event during the entire

lifetime of the SuperAGILE instrument is expected.

1R

1R

5.8 Conclusions

The irradiation tests performed at the SIRAD facility of the 15 MV Tandem accelerator
at the Laboratori Nazionali INFN of Legnaro show that the XAA1.2 chip, built with a
0.8 um CMOS technology on epitaxial layer, can be safely used as a front-end chip for
a satellite experiment although this device was not originally developed as a radiation
resistant component for space applications.

The latch-up and SEU are two of the main Single Event Effects caused by the
radiation environment on electronic circuits. From the accelerator test we evaluate
the latch-up and SEU probability and cross section, shown in the figures 5.6 and
5.7 and in the tables from 5.5 to 5.10. We find that the mean LET threshold is
5.0+ 1.5 MeV - cm? - mg~! for the latch-up and 3.9 £ 0.3 MeV - cm? - mg~! for the SEU.

Both the cross sections of latch-up and SEU are so small that the occurrence of these
effects because of the cosmic ray ions can be excluded. In fact after modeling the cosmic
ray environment on orbit using the code CREME96 we find that, considering both the
Solar flux steady case and the Solar storm case, the expected rate in orbit due to the ions
is less than one latch-up and one SEU event for the entire duration of the AGILE mission.
Indeed these estimates might be optimistic because the code does not take into account
the detailed distribution of the materials and the spallation products of the particles
crossing the spacecraft shielding and the payload passive elements. An approximate
estimation of the proton spallation contribution does not increase significantly these
rate values.

Although the expected latch-up rate is extremely low, this effect is potentially dan-
gerous because it can severely damage a chip because of overheating. We protect the
SuperAGILE front-end electronic from the latch-up using power supply current discrim-
inators. These devices monitor the chip supply currents and switch off the power supply
in case of a latch-up. In the front-end electronic layout the power supply is common to

112



one daisy chain of three chips so we introduced one current discriminator for each daisy
chain.

The configuration bit stream in the memory registers, that can be corrupted because
of a SEU, is restored periodically during the “electronic calibrations” of the chip, per-
formed using the internal test pulse generator. Since the SEU expected rate is low, this
strategy is effective as a protection from this effect. In case of a SEU the data since the
previous electronic calibration can be corrected or simply removed.

Furthermore the total dose is not important for the XA A1.2 chips in the SuperAGILE
application. In fact, if considering 3 krad as an upper limit to the total dose absorbed
by the active layer of the chips on-orbit, we can see that the functionality and the
performance of the chips are not significantly affected by this dose value. Since we
found that the chip is linear up to a dose of about 173 krad, the XAA1.2 can be safely
used in satellite-borne experiments and also in High Energy Physics experiments in
low-dose environments.

113



114



Chapter 6

The SuperAGILE data analysis
programs

This chapter is devoted to the description of the data analysis programs developed
during my research work in order to extract most of the information from the laboratory
measurements and to produce significant results. Instead of explicitly showing program
codes, in this chapter the most important problems connected to the data analysis
and the algorithms developed in order to solve them are discussed. The algorithms
description is aided by showing block diagrams and screen shots.

6.1 Purpose and requirements

The development and the laboratory tests of the different parts of the SuperAGILE in-
strument required the design and manufacturing of many different acquisition systems.
The SAFEE test equipment (described in sec. 3.6) is developed to evaluate the SAFEE
performances and has been used to test the electronic boards of the Simplified Engi-
neering Model (SEM) and of the Proto-Flight Model (PFM). Similarly, the test of the
SAIE electronic boards needed a specific SAIE test equipment (described in sec. 3.7)
and the data handling unit of the whole payload (PDHU) required a custom PDHU test
equipment.

The different test equipments are optimized for the specific electronics under test
and also the format of the data that they produce is system specific. The data produced
by each test equipment are archived by the DISCoS system, described in 6.2.1, both in
binary format and converted into Flexible Image Transport System (FITS) format, a
data standard widely used in Astronomy and defined in Hanisch et al. (2001).

A part of my research work involves the development of the software needed to anal-
yse the data produced by the SAFEE and SAIE test equipments during the laboratory
tests. Because of the big number of SuperAGILE pixels, the general requirement of the
laboratory software is to perform most of the analysis automatically, without requiring
the operator to modify the analysis parameters for the different pixels. For the same
reason, the software needs to be fast and to produce summarized statistics reports of
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the results in order to give a “global view” of the system under test, for example in
terms of linearity and noise. All the SuperAGILE data analysis programs use the FITS
format (selected for the data analysis software of the whole AGILE mission) as input
and output standard format.

In order to satisfy the previously described requirements, the data analysis software
has been developed under the RSI Interactive Data Language (IDL) environment!, that
provides various high level data manipulation and fitting procedures and that can be
integrated with many programs developed and shared by the Astronomical Community,
as for example the widely used Astronomy User’s Library?.

The format of the data produced by the SAFEE and SAIE test equipments is de-
scribed in sec. 6.2 together with a short overview of the test equipment independent
data format used for the photon acquisitions. The software developed to analyse the
data produced during the measurements with the electronic pulse generator is described
in sec. 6.3. The software developed to analyse the data produced during the photon
acquisitions is described in sec. 6.4

The data analysis software is equipped with a Graphical User Interface (GUI) de-
veloped using the QT libraries®. The IDL programs are integrated within the GUI by
means of the KDevelop? program interface. Since I am not involved in the development
of this GUI, I will not describe this topic further. The package composed of the IDL
analysis programs integrated with the GUI is the SuperAGILE Data Analysis Software
(SADAS) that is described in sec. 6.5.

The general philosophy of SuperAGILE is to use the same software to analyse cal-
ibrations, simulations, laboratory tests and flight data. Therefore a large part of the
programs developed during my research work will be integrated in the SuperAGILE
standard data analysis software.

6.2 The SuperAGILE data architecture

The SuperAGILE data stream starts from the SAFEE boards, two of which are con-
nected to one of the SAIE boards. The SAIE identifies the triggering daisy chain and
provides the data to the PDHU. Some of the data processing, for example the address
reconstruction and the images accumulation in case a burst trigger is detected, is per-
formed on-board directly by the PDHU microprocessor. The data are then provided
from the PDHU to the OBDH (bus computer) and from there to the telemetry.

Once per orbit the telemetry data are transmitted to the ASI Telemetry Station
at the Broglio Space Center in Malindi (Kenya) using a radio link and after to the
Telespazio Fucino station near Avezzano (Aq). From Fucino the stream is provided to
the ASI Scientific Data Center (ASDC) where the quick-look analysis is performed.

In case a burst trigger is produced by the PDHU, the SuperAGILE image is ac-

'Web site http://wuw.rsinc.com/id1l/

*Web site http://idlastro.gsfc.nasa.gov/homepage.html
%Web site http://uww.trolltech.com/products/qt/index.html
“Web site http://wuw.kdevelop.org
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Figure 6.1: Block diagram of the DISCoS software architecture, from Gianotti and
Trifoglio (2001).

cumulated and decoded directly on-board, in parallel to the usual photon by photon
processing and transmission operations, in order to localize the burst position. The
reconstructed coordinates are then transmitted to one of the ORBCOMM constellation
satellites and from there to ground with a typical delay of one to ten minutes. This fast
link allows the scientists to receive the burst alert information rapidly enough to repoint
satellite-borne experiments and ground based telescopes in order to find the counterpart
of the event at other wavelengths.

A summary of the main properties of SuperAGILE data and the most important
software operations is reported in Lazzarotto et al. (2004).

6.2.1 The DISCoS archiving system

The binary data stream produced by the SAFEE and SAIE test equipments is converted
in real time into the ESA packet telecommand (TC) and telemetry (TM) standard for-
mat. The use of the ESA TC/TM packets, the same managed by the Electrical Ground
Segment Equipment (EGSE) that will be interfaced to the AGILE integrated payload
during the tests, allows to develop the same data archiving and accessing architecture
for the specific test equipments of each instrument and for the whole payload. For this
reason no rewriting of the data archiving procedures is required.

The data telemetry packets are then transmitted via TCP/IP and are archived by
means of the Detector Independent Science Console Subsystem (DISCoS), described
in Gianotti and Trifoglio (2001). On the same archiving machine the data are stored
in binary format (also known as “L0” data format for design purposes) and are also
converted into FITS format (also known as “L1” data format for design purposes) by
means of specific preprocessors. All the data analysis software then accesses the L1 FITS
created archive. A block diagram of the DISCoS software architecture from Gianotti
and Trifoglio (2001) is shown in fig. 6.1.
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6.2.2 The SAFEE TE data format

The SAFEE TE data contain the same fields for photon acquisitions and electronic pulse
measurements. A single SAFEE TE event in L1 format contains 25 fields of different
byte length. The data are stored as the first binary extension of a FITS file. The field
names and content of the L1 SAFEE TE data are showed in tab. 6.1.

In the electronic calibration data the configuration of the channel under test is en-
coded using 14 fields, indicating the configuration of a group of events, and called “run-
ning parameters”. The running parameters are stored in the second binary extension of
the FITS data file. Since during the measurement about 50 < 500 pulses share the same
configuration, in order to reduce the file size the last field of the data table points to
the running parameter line containing the configuration. The running parameters field
names and content are shown in tab. 6.2, 6.3 and 6.4.

Table 6.1: Data type and format of SAFEE TE L1 output data.

data name data type data format

pack_time packet time double

time time [ps] from start double

count_v V785 event counter 32-bit unsigned integer
count_b Board4 event counter 32-bit unsigned integer
MGO_1 MGO of daisy chain 1 [ADC] 16-bit unsigned integer
Out_1 amplitude of daisy chain 1 [ADC] 16-bit unsigned integer
group_1 group of daisy chain 1 [ADC] 16-bit unsigned integer
strip_1 strip of daisy chain 1 [ADC] 16-bit unsigned integer
MGO_2 MGO of daisy chain 2 [ADC] 16-bit unsigned integer
Out_2 amplitude of daisy chain 2 [ADC] 16-bit unsigned integer
group_2 group of daisy chain 2 [ADC] 16-bit unsigned integer
strip_2 strip of daisy chain 2 [ADC] 16-bit unsigned integer
MGO_3 MGO of daisy chain 3 [ADC] 16-bit unsigned integer
Out_3 amplitude of daisy chain 3 [ADC] 16-bit unsigned integer
group-3 group of daisy chain 3 [ADC] 16-bit unsigned integer
strip_3 strip of daisy chain 3 [ADC] 16-bit unsigned integer
MGO_4 MGO of daisy chain 4 [ADC] 16-bit unsigned integer
Out_4 amplitude of daisy chain 4 [ADC] 16-bit unsigned integer
group_4 group of daisy chain 4 [ADC] 16-bit unsigned integer
strip_4 strip of daisy chain 4 [ADC] 16-bit unsigned integer
run_pointer pointer to running parameters 32-bit unsigned integer
DCon_1 flag of event in daisy chain 1 bit

DCon_2 flag of event in daisy chain 2 bit

DCon_3 flag of event in daisy chain 3 bit

DCon 4 flag of event in daisy chain 4 bit
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Table 6.2: Data type and format of the first SAFEE TE running parameter list (config-
uration of the channel in test).

parameter name parameter type parameter format
XA SAFEE_ID number of SAFEE byte

XA_DCID number of daisy chain byte

XA_ID number of chip byte
XA_CHAN_ID number of channel 8-bit integer
XA_FLAG activation flag bit

Table 6.3: Data type and format of the second SAFEE TE running parameter list
(configuration of the test charge pulse).

parameter name parameter type parameter format
PLS_SAFEE_ID number of SAFEE byte

PLS_DC_ID number of daisy chain byte

PLS_AMP pulse amplitude 8-bit integer
PLS_FLAG activation flag bit

Table 6.4: Data type and format of the third SAFEE TE running parameter list (con-
figuration of the XAA1.2 DAC).

parameter name parameter type parameter format
SET_SAFEE_ID number of SAFEE byte

SET DAC_ID number of DAC to set byte
SET_DAC_DIGVALUE DAC digital value byte
SET_DAC_ANVALUE DAC analog value float

SET _FLAG activation flag bit

6.2.3 The SAIE TE data format

The format of the output data from the SAIE test equipment depends on the measure-
ment type. For this reason the dedicated field event_ID has been introduced, indicating
the type of recorded data (0 + 2 for photon acquisitions as explained below and 3 for
pulse measurements).

During photon acquisitions the time tag is encoded as differential time (with respect
to the previous event). If the SAIE does not receive any trigger in 8 ms, it delivers
a “dummy event” (with event_ID=1) containing the information about the on-board
absolute time. Moreover every 100 events (either photons or dummy events), the SAIE
delivers an “absolute time event” (with event_-ID=0) containing the information about
the on-board time. The photon events are indicated with event_ID=2. In this way
the time tag is synchronised with the on-board absolute time at least every 8 ms. The
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Table 6.5: Data type and format of SAIE TE L1 photon acquisition output data. The
calpulse_ID field is used during electronic pulse measurement and is dummy in this case.

data name data type data format

pack_time packet time double

event_ID type of event (0 =+ 3) byte

calpulse_ID number of pulse (0 =+ 3) byte

DC.ID daisy chain number byte

diff_time differential time [us] 16-bit unsigned integer
abs_time_s absolute time [s] 32-bit unsigned integer
abs_time_us absolute time [pus] 32-bit unsigned integer
group group signal [ADC] 16-bit unsigned integer
strip strip signal [ADC] 16-bit unsigned integer
energy amplitude [ADC] 16-bit unsigned integer

Table 6.6: Data type and format of SAIE TE L1 electronic pulse output data.

data name data type data format

pack_time packet time double

event_ID type of event (0 =+ 3) byte

calpulse_ID number of pulse (0 + 3) byte

DC.ID daisy chain number byte

RealAddress number of channel in test 16-bit unsigned integer
group group signal [ADC] 16-bit unsigned integer
strip strip signal [ADC] 16-bit unsigned integer
energy amplitude [ADC] 16-bit unsigned integer

format of the SAIE photon data is shown in tab. 6.5.

During electronic pulse measurement the data do not contain time tag while they
do contain dedicated fields showing the configuration of the recorded event: calpulse 1D
showing the ordinal number of charge amplitude (from 0 to 3) and RealAddress showing
the number of channel under test. Both data and configuration are stored in the same
FITS binary table without creating additional running parameters table. The format of
the electronic pulse data is shown in tab. 6.6.

6.2.4 The TE independent L2 data format

As explained in the previous sections, different test equipments produce data of different
formats. In order to write a single set of programs to analyse the photon acquisitions
performed with the different test equipments, a test equipment independent data format
(called “L2” format being “L1” the specific output of each test equipment as stated
above) has been defined. The fields and byte length of the L2 format are shown in tab.
6.7.
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Table 6.7: Data type and format of the L2 test equipment independent output data.

data name data type data format

count photon counter 32-bit unsigned integer
photon_id photon ID 32-bit unsigned integer
time photon time 32-bit unsigned integer
amplitude pulse invariant float

pos photon address 16-bit integer

detector detector number byte

During the reduction process from L1 into L2 format, the strip and group values are
converted by means of an address lookup table (LUT) into an address value showing the
photon position on the detector and the amplitude is converted into a pulse invariant
value by means of a gain LUT. More details about the address reconstruction and
amplitude correction are shown in sec. 6.4.1 below. The amplitude correction reduces
the spread on the amplitude values due to the non uniformity in the linearity parameters
of the different analogue channels. The detector number (1 +4) field is added to the list
to complete the address encoding.

6.3 Analysis of electronic pulse measurements

6.3.1 Analysis of electronic calibrations

The electronic calibrations (defined in sec. 3.3) are a fast and efficient way to measure
the XAA1.2 linearity (in terms of offset and gain) and to identify the channels address
(by means of the strip and group signals). The electronic calibrations are extensively
performed in laboratory, to evaluate and optimize the XAA1.2 performances, and in
orbit, to monitor the electronics stability and evaluate the correct chip parameters.

Because of the huge number of channels under test, the most serious requirement of
the electronic calibrations analysis software is the capability of performing automatic
operations without requiring parameters inserted by the operator. In order to simplify
the data analysis tasks, a single program has been developed to process SAFEE TE
and SAIE TE data. The block diagrams of the electronic pulse analysis subroutines are
shown in fig. 6.2 (SAFEE TE) and fig. 6.3 (SAIE TE). All the parameters configuring
the analysis, such as the channels and charge pulse ranges, are inserted at the session
start using the GUI menu shown in fig. 6.4.

Because of the small statistics in the electronic calibrations (usually 100+ 200 pulses
are distributed on about 100 ADC channels amplitude) it is not possible to apply the
gaussian hypothesis and to perform a gaussian fit on the amplitude spectrum. The
peak position and the sigma of the amplitude distribution are so evaluated by means of
the barycenter and the standard deviation. The peak position and standard deviation
are not evaluated in the underpopulated (with a small number of events because the
charge amplitude is smaller than the threshold) and overpopulated (with additional
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Figure 6.2: Block diagram of the SAFEE TE electronic calibration analysis software.
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Figure 6.3: Block diagram of the SAIE TE electronic calibration analysis software.
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SuperAGILE calibration
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Adjust optional calibration parameters N g ﬁ

Filename J [~ Enable noise filter
Minimum Strip Value (0-1535) | Maxitmum Strip Value (0-1535) I
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skewness thrashold I-W Guit

Figure 6.4: GUI menu to insert the electronic calibration parameters.

noise produced events) pulses. The range of the processed pulses population is fixed
for all channels at the analysis start in the menu of fig. 6.4. The noise events at small
amplitude are automatically removed from the sample using an iterative procedure based
on the evaluation of the skewness of the amplitude distribution (the skewness limit is
fixed for all channels in the menu of fig. 6.4). Of course skewness is not a maximum
likelyhood estimator and, thence, is not the most efficient estimator in the statistical
sense. But it is far the fastest we could find.

During the analysis the pulse amplitude spectra and the linear fit of each channel
are plotted to a PostScript file. Furthermore the peak position and the FWHM noise
of all the amplitudes are arranged in an array of 1536 rows and converted into FITS
format. This file contains also the recorded number of pulses for each charge amplitude
on each channel.

The peak position is then linearly fitted as a function of the input charge using as
error the ratio o/ V/N where ¢ is the standard deviation and N is the number of recorded
events. From this linear fit the offset and the gain of the selected input channels can be
evaluated. The FWHM noise in ADC channels is calculated from the measured standard
deviation of the amplitude distribution and is divided by the gain from the linear fit in
order to be converted into keV.

The address signals strip and group and the multiplicity signal MGO (only from the
SAFEE TE) of each input channel are accumulated and averaged. Since these signals
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are fairly stable and do not show variations depending on the input pulse charge, no
further analysis is needed. The histograms of the address signals of all the channels in
a detector are written to a FITS file.

The analysis results are arranged in two arrays of 1536 rows then stored as FITS
binary table extensions of two different files: one file containing the offset, the gain and
the x? of all the channels in a detector, the other file containing the strip, group and
MGO averaged signals. From this last array the address lookup-table (LUT), associating
the ADC channels with strip and group addresses, can be extracted and written to a
different FITS file as shown in sec. 6.4.1.

The most important XA A1.2 performances, offset, gain, FWHM (both in ADC chan-
nels and keV), strip, group and MGO, are plotted into PostScript files for a single chip
and for a whole daisy chain. All the plots contain an upper panel showing the histogram
of the corresponding performance and a lower panel showing its value for the different
channels.

All the analysis parameters and some ancillary parameters such as the date and the
input TE are dumped to an ASCII log file. All the results of the analysis are dumped
to a summary ASCII results file showing averaged values and spread of all the XAA1.2
performances discussed above. The average and spread results are shown for each chip
and grouped for daisy chain.

6.3.2 Analysis of parameter scans

A parameter scan is a special measurement performed using the electronic pulse and
changing the value of one bias during the measurement in order to evaluate the effect of
this bias on the XAA1.2 performances. The bias value is changed for each pulse charge
amplitude and each input channel. The bias change is obtained by programming the
corresponding DAC.

The results of the parameter scan is given by the parameters offset and gain in the
fit of the linearity curve (4.3) and the FWHM noise as a function of the bias values.
This type of measurement is used to optimize the XAA1.2 performances selecting the
circuit biases in order to maximize the signal to noise ratio, as explained in Del Monte
et al. (2004).

Since the output signal from the XAA1.2 is processed by a peak stretcher, that
extends the signal maximum, it is not possible to sample the output signal shape, as
for example using an oscilloscope. To study the signal shape, after switching off the
stretcher, a peculiar type of parameter scan can be used, that is the variation of the
trigger delay (TrigDelBias). With this type of scan it is possible to detect the signal
amplitude at different delays after the trigger, therefore sampling the signal shape. The
TrigDelBias scan is used to study the variation of the output signal shape depending
on the prebias, shabias, Vfs and Vfp biases during the optimization process.

125



6.3.3 Analysis of threshold scans

The threshold scan combines pulse measurements and background acquisition. The data
analysis of this type of measurements involves both tasks of evaluating the reference
voltage as a function of the input charge (a particular parameter scan in which is the
reference voltage that is changed) and interpolating the background counting rate in
order to find the actual threshold voltage.

The analysis of the reference voltage scan involves the automatic interpolation of the
ratio N/Ny between the detected pulse number N and the input pulse number Ny for
different reference voltage values in order to find the voltage value at which this ratio
equals 1/2. No user provided parameter is needed. Then the interpolated reference
voltage V is linearly fitted as a function of the input charge g,

V=c+d-q. (6.1)

During the fitting process, an iterative procedure is applied in order to exclude from
the fit the points at small charge amplitude if they significantly increase the spread
(y—yrit)?/ (N —2) where y is the fit dependent variable input, y; is the fitted dependent
variable and N is the number of y elements.

The results of the reference voltage scan are arranged as two FITS files each one
containing one binary extension: one file contains the interpolated threshold voltage
of all the pulse amplitudes for all the channels and the other contains the linear fit
parameters (intercept and slope) for all the channels.

Once the reference voltage scan results are written to a FI'TS file, background acqui-
sitions at different reference voltage are performed. The threshold voltage V;p, is then
evaluated interpolating automatically the background counting rate (evaluated from the
ratio of the detected number of events and the time read from the data) in order to find
the voltage value such that the electronic noise increases the background counting rate
of 0.01 cts - s~! - strip™* (10 % of the SuperAGILE background on-orbit).

For each input channel, the threshold voltage V;j, resulting from the interpolation is
converted into a threshold charge using the (6.1) and then into the energy threshold E,
by means of the (3.2). In this way, combining background acquisitions and electronic
pulse measurements, the energy threshold can be evaluated in each channel of the front-
end electronics.

6.4 Analysis of photons acquisitions

Calibration X-ray sources are used at different stages of the SuperAGILE development
in order to measure the spectral response and the position uniformity of the instrument.
The list of X-ray sources used during the tests is shown in tab. 7.9.

The first step of the photon acquisition pipeline is the data reduction, consisting
in the identification of the triggering detector and daisy chain, the following address
reconstruction and amplitude correction and finally the rearrangement of the data in
the L2 format (see tab. 6.7) and the storage to disk.
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During my research work, I have developed programs to reduce the data as de-
scribed above and to analyse the laboratory produced spectra as shown in sec. 6.4.2
below. Moreover I have collaborated in developing programs to deconvolve the labora-
tory produced detector images as described in sec. 6.4.3 below.

6.4.1 Address reconstruction and amplitude correction

After recorded, the photon list is reduced off-line in order to reconstruct the photon po-
sition and amplitude. Although the data reduction process does not depend on the input
test equipment, some of the algorithms involved in the task are test equipment depen-
dent since the data are arranged in different fields. For example the SAIE TE time tag
is differential and needs to be reconstructed basing on the absolute time events while the
SAFEE TE provides the time tag of the data which does not need to be reconstructed.
Two different programs have been developed at this stage: SFTE photon_reduce for the
SAFEE TE data and SITE_photon reduce for the SAIE TE data.

The address reconstruction is performed by means of an address LUT, where the
address signals (strip and group) are recorded for all the channels in a detector. The
address LUT is arranged as a table of 1536 rows (one per channel in a detector) and
7 columns (channel number, detector number, daisy chain number, strip signal mini-
mum value, strip signal maximum value, group signal minimum value and group signal
maximum value).

The first step of the address reconstruction is the daisy chain identification, directly
provided by the SAIE and performed in the SAFEE TE data by searching which daisy
chain delivered an MGO signal in the single event range (from 500 ADC to 2000 ADC).
Then the row in the LUT is searched whose ranges of strip and group match both the
photon address signals. Once the channel address is reconstructed, the photon amplitude
is corrected converting the measured ADC channels into an equivalent energy basing on
the offset and gain of the identified channel, by means of a gain LUT. The gain LUT is
arranged as a table of 1536 rows (one per channel in a detector) and 5 columns (channel
number, detector number, daisy chain number, offset value and gain value).

Both address and gain LUT are built from the output of the electronic calibration
using the address_gain LUT program and are then written to disk as the binary exten-
sion of two different FITS files. The address reconstruction and amplitude correction
tasks convert the L1 data into the test equipment independent L2 format (specified in
tab. 6.7). The L2 photon list is finally written to disk as the binary extension of a FITS
file.

6.4.2 Analysis of spectra

As part of my research work I have developed the spectral_analysis program to
process and analyse spectra produced in laboratory using X-ray sources. The spectral
analysis is essential in order to study the linearity and the noise (in the form of the
FWHM of the spectral lines) of the SuperAGILE flight model units and the results
reported in sec. 7.5 are obtained using this program. The block diagram of the spectral
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analysis pipeline can be seen in fig. 6.5.

The input to the spectral analysis process is the test equipment independent L2
photon list. After the L2 photon list has been loaded into memory, a quicklook of the
data in the form of the spectrum, the detector image and the light curve of the whole
dataset is provided. Basing on this quicklook the user can decide to process the whole set
of data or to extract a subset selecting strip, amplitude and time ranges. Channels can
be excluded from the data also by loading a detector image and selecting a significance
level (usually 30) marking the noisy channels. In this way a particular dataset can be
analysed or pathological subsets can be excluded from the data.

The spectrum of the selected subset is then accumulated with minimum amplitude,
maximum amplitude and bin number (or bin size) provided as input from the user. The
accumulated spectrum is written to disk in a PostScript file and as the binary extension
of a FITS file in order to be recalled for later analysis.

The fit of the peak in the spectrum (produced by the photoelectric absorption) is
performed using a gaussian function. In case the source emits two X-ray lines that
SuperAGILE cannot resolve, like for example the °?Cd (22.0 keV and 24.9 keV) or the
Ba fluorescence source (32.1 keV and 36.4 keV), the fitting function is composed of two
gaussian functions, whose integral is constrained by the source branching ratio and the
silicon efficiency at the X-ray lines energy. Simple background models (constant or first
order linear approximation) complement the fitting function.

The spectral fit provides the peak position, sigma and integral of the X-ray line.
Depending on the selected function also the parameters modeling the noise are given.
The fit results are written to disk as the binary extension of a FITS file and can be
recalled to estimate the system linearity, which is the last stage of the spectral analysis
process.

The linearity evaluation starts loading into memory the files containing the spectral
fit results. The peak position is then linearly fitted as a function of the X-ray line energy
using the peak sigma as an error estimation. The linear fit allows to estimate the offset
and the gain of the detection unit independently of the electronic calibration.

For sake of simplicity, not all the pipeline has to be run sequentially but the analysis
can be started also at the spectral fit stage (recalling an accumulated spectrum from
file) or at the linearity stage (after reading the fit results from file).

The all_spectra program has been specifically developed in order to accumulate
separately the spectrum of all the strips, because each one can be considered as an
independent detector. This program allows also to investigate pathological strips since,
for example, the output of a low-threshold strip is dominated by the electronic noise,
whose spectrum is composed of a single line at about 10 <20 keV equivalent energy and
that is narrower than the spectral lines produced by X-ray sources in nominal-threshold
strips.

6.4.3 Analysis of detector images

A detector image is produced from the histogram of the photon position, that is ac-
cumulating the counts of each strip in the detector. While the deconvolution of the
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Figure 6.5: Block diagram of the SAFEE TE spectral analysis software.
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detector images acquired by the detector coupled to the coded mask are used to eval-
uate the instrument point spread function, also the detector images acquired without
the coded mask can give important information about the detector functionality and
performances. I have written the specific image_analysis program in order to produce
and analyse the detector images.

The program starts from the test equipment independent L2 photon list and produces
the detector image of the whole dataset. From the image plot it is possible to check if
all the strips are triggering correctly or if there are “dead pixels” (non triggering strips
as described in sec. 3.9) or “hot pixels” (strips with an abnormally high counting rate
as as described in sec. 3.9).

The search for “hot pixels” is automatically performed in the program while evalu-
ating the strip average count number and standard deviation and extracting the strips
whose counting rate is above a significance level inserted by the user (usually 30). The
detector image is written as the binary extension of a FITS file containing for each strip
in a detector the number of counts and the ratio between the distance from the average
count number and the standard deviation. The average count number and standard
deviation of the whole image are written in the file header.

6.5 The SADAS package

The SADAS package is an integrated software developed to process data from all the
different test equipments connected to SuperAGILE in its development stages (SAFEE
TE, SAIE TE and PDHU TE). In fact the general philosophy of SuperAGILE is to use
the same software to analyse calibrations, simulations, laboratory tests and flight data.
SADAS can perform analysis of electronic calibration with generation of intermediate
products stored in FITS files, Postscript plots and results ASCII files, reduction of pho-
ton acquisition from L1 test equipment specific format to L2 test equipment independent
format, and finally spectral analysis and image of photon acquisitions. Dedicated GUI
allow usability even to people non developer of the instrument.

The SADAS software is organized with a client-server architecture allowing to control
modules written in different programming languages (C++, Trolltech QT based GUI
and IDL). Scientific operations are performed using Object Oriented libraries based on
Root CERN package and RSI-IDL Astrolib. The distinctive features and the scientific
performances of the SADAS package are reviewed in Lazzarotto and Del Monte (2004).
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Chapter 7

The SAFEE performance
measurements

7.1 Assembly and testing of the Super AGILE proto-flight
model

The assembly of the SuperAGILE proto-flight model (PFM) started at the end of Au-
gust 2004 at the Mipot' company in Cormons, near Gorizia. At Mipot the passive
components have been mounted on the SAFEE PCB, designed at IASF in Rome and
produced by the German company ILFA?, and the functionality of the assembled boards
has been tested by us before mounting the XAA1.2 chips.

Six boards have been assembled to produce the four SuperAGILE detector modules.
Four boards are selected as the SAFEE PFM units and one as a spare. Sorted from the
first to be assembled, the boards are identified as PFM-A, PFM-B, PFM-C, PFM-D, and
PFM-F. The sixth board (PFM-E) has some functionality problems and is discarded.

After verifying the functionality of all the ASIC in each board, the boards have been
extensively tested using the electronic pulse generator and the SAFEE test equipment
in order to evaluate their performances before the detector integration. Because of the
big number of channels in the SAFEE, the tests aim to evaluate global properties of the
boards without deepening the study of the single element performances. The results of
these measurements are reported in sec. 7.2.

Then, the SAFEE boards underwent a ten days long burn-in process at a tempera-
ture of 75° C. During this process, required by the product assurance procedures, the
operation at high temperature stabilizes the components characteristics and reveals de-
fects (often referred to as “infant mortality”). No performance degradation is expected
from this procedure. After the burn-in process, all the components showing defects
are replaced and the other devices are expected not to show additional sudden failures.
To be conservative, the temperature during the burn-in (75°C) is lower than the lowest

1Web site http://www.mipot .com/
2Web site http://www.ilfa.de/leitseite.html
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Figure 7.1: Picture of the SuperAGILE detector.

maximum operative temperature of the SAFEE components (80°C for the chip inductor
KOA LPC4045).

After the burn-in the boards have been tested again with the electronic pulse gen-
erator to verify if the process produced some performance degradation and they have
finally been integrated with the silicon microstrip detector. The stability of the SAFEE
performances after the burn-in process is studied in sec. 7.3.

A picture of the SuperAGILE detector assembled with the SAFEE boards on the
carbon fiber tray is shown in fig. 7.1 and the disposition of the four modules in the
SuperAGILE detector is shown in fig. 7.2. The first board to be integrated is the PFM-
B, becoming the Detection Unit 1, that did not undergo the burn-in process because of
the tight schedule. The first board to be integrated with the detector after the burn-in is
the PFM-C, becoming the Detection Unit 3, the Detection Unit 2 comes from the PFM-
D, the Detection Unit 4 is integrated from the PFM-F and finally the spare Detection
Unit 5 comes from the PFM-A.

As shown in fig. 7.2, SuperAGILE contains a total of four SAFEE boards, with
twelve XAA1.2 chips each. The chips within each SAFEE are numbered from 1 to 12
and are grouped together in four daisy chains (DC), numbered from 1 to 4, of three
XAA1.2 each.

After the detector integration, the SAFEE performances have been measured again
using the electronic pulse generator (as reported in sec. 7.4) to evaluate the effect of
the detector integration on the linearity, energy resolution and threshold. In this phase
the first measurements with X-ray calibration sources have been performed, aiming to
evaluate the SAFEE background uniformity and energy resolution, and are described in

132



— &

SAFEE 2
K ml 7]
(15 I ] N R R N R CH A ER mm
mE
4 (1]
(7] ..
7] &
D3 |5:
H]
D2 iy
El
T"' p—
= || oo
— (1]
L
TS
\ =X
w
\ i} o
j o~
—_ L
T R g e e T L
i D4 i
¢ w U D1 &
) SE g B >
2 | s
i - L
{ T =
: T 23] AEF] e ] P w
o |8 5] i (R
= [z - SAFEE 4
2
(%]
E SAIE Z {SAFEE1 & SAFEE4)
1
2 ADDRESS [Sfripinto DC)= Chip into DC+ Group into Chip + Strip into Group

Figure 7.2: Disposition of the SAFEE and the four detection units (D1 + D4) composing
the SuperAGILE detector.

sec. 7.5.

The SAFEE performances can be optimized by means of the XA A1.2 bias parameters
regulation, in order to decrease the system noise and the energy threshold, as described
in sec. 7.6. The bias variation to reduce the noise affects the power consumption, which
is the main constraint in this optimization technique.

Finally in sec. 7.7, the measured performances of the SuperAGILE flight model
front-end electronics are summarized, the stability of the SAFEE performances after the
burn-in process is verified, the performances as measured before and after the silicon
microstrip detector integration are discussed and the conclusions are given.
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7.2 Performances of the SAFEE before the detector inte-
gration

7.2.1 Linearity and electronic noise

The linearity of the SAFEE before the detector integration has been measured by means
of the electronic calibration using the SAFEE test equipment. The measurements aim
to evaluate the global properties of each SAFEE board in terms of mean values and
standard deviation of offset, gain and energy resolution, given by the noise FWHM. The
analysis of the electronic calibration is performed by a dedicated software as described
in sec. 6.3.1.

In this section, particularly, the results of the electronic calibration of the PFM-B,
the first SAFEE board to be integrated and bonded to the detector so becoming the
Detection Unit 1, are reported. The XAA1.2 chips are fed with charge pulses from 0.5
fC (corresponding to about 11 keV) to 5 fC (corresponding to about 113 keV). Fifty
pulses per amplitude and per channel are selected for the measurement. To reduce the
acquisition duration, the electronic calibration is performed on a whole daisy chain (of
three chips) at a time.

The offset f and the gain g are measured applying a linear fit to the amplitude
as a function of the input charge ¢ following the (4.3). The noise in the electronic
calibration is evaluated as the standard deviation o of the pulse spectra (measured in
ADC channels) and is then converted into AEpryw s (in keV) following the calibration
curve,

AEpwmy = 2.35 - % - Ey- (7.1)

QIR

where the conversion between charge and energy follows the (3.2) and 2.35 is the con-
version factor between o and AFEpw s as in (3.5). Of each chip in the PFM board the
offset, gain and AEpw my mean values and standard deviation are evaluated and are
summarized in tab. 7.1.

The offset f, gain g and noise FWHM of the daisy chain 1 are plotted in fig. 7.3,
7.4 and 7.5 respectively.

The offset f, gain g and noise FWHM of the daisy chain 2 are plotted in fig. 7.6,
7.7 and 7.8 respectively.

The offset f, gain g and noise FWHM of the daisy chain 3 are plotted in fig. 7.9,
7.10 and 7.11 respectively.

The offset f, gain g and noise FWHM of the daisy chain 4 are plotted in fig. 7.12,
7.13 and 7.14 respectively.

As can be seen in the plots and in tab. 7.1, the gain mean values g in the electronic
calibration of different daisy chains show variations because the I/V buffer conversion
ranges of the SAFEE TE conditioning lines in the different daisy chains are not equalized.
This lack of equalization produces a variation in the output amplitude of the same input
charge value that reflects also in an offset f variation among the daisy chains. On the

134



run 012240

Counts

-50 0 50 100 150
offset [ADC]

N
o

0

run 012240

200
150

100
50

Offset [ADC]

HH‘H;H:’;LH-‘HH‘HH

-50 ‘ f ‘ ! :
200 300
Channel number

o
o
(@}
~
o
o

Figure 7.3: Histogram of the offset f from the daisy chain 1 calibration curve (upper
panel) and offset value of each channel in the daisy chain (lower panel). The vertical
dotted lines mark the chip boundaries within a daisy chain.
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Figure 7.4: Histogram of the gain g from the daisy chain 1 calibration curve (upper
panel) and gain value of each channel in the daisy chain (lower panel). The vertical
dotted lines mark the chip boundaries within a daisy chain.
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Figure 7.5: Histogram of the noise FWHM from the daisy chain 1 calibration curve
(upper panel) and FWHM value of each channel in the daisy chain (lower panel). The
vertical dotted lines mark the chip boundaries within a daisy chain.
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Figure 7.9: Histogram of the offset f from the daisy chain 3 calibration curve (upper
panel) and offset value of each channel in the daisy chain (lower panel). The vertical
dotted lines mark the chip boundaries within a daisy chain.
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Figure 7.10: Histogram of the gain g from the daisy chain 3 calibration curve (upper
panel) and gain value of each channel in the daisy chain (lower panel). The vertical
dotted lines mark the chip boundaries within a daisy chain.
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Figure 7.11: Histogram of the noise FWHM from the daisy chain 3 calibration curve
(upper panel) and FWHM value of each channel in the daisy chain (lower panel). The
vertical dotted lines mark the chip boundaries within a daisy chain.
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Table 7.1: Detection Unit 1 electronic calibration before the detector integration. In
the table f is the offset mean value, o(f) is the offset standard deviation, g is the gain
mean value, o(g) is the gain standard deviation, AEpw gy is the FWHM mean value
and o(AEpw ) is the FWHM standard deviation.

XA DC f o(f) g a(g) AErwanm  o(AErwmM)
[ADC] [ADC]  ADC/fC] [ADC/fC] [keV] lkeV]
1 1 55.5 24.8 227.8 1.3 3.4 0.2
2 1 92.0 55.4 241.1 2.2 3.3 0.1
3 1 27.0 21.0 227.9 1.1 3.4 0.2
4 2 43.7 49.0 436.8 3.3 2.9 0.1
5 2 61.7 43.4 410.8 2.2 2.9 0.1
6 2 76.5 74.9 408.6 2.3 3.0 0.1
7 3 64.5 51.0 505.8 2.8 2.7 0.1
8 3 -41.8 43.4 490.5 1.8 2.6 0.1
9 3 133.3 63.0 499.7 2.6 2.6 0.1
10 4 45.0 23.9 277.3 0.9 3.9 0.3
11 4 64.6 23.6 278.7 0.9 3.8 0.3
12 4 51.7 26.4 277.0 1.1 3.7 0.3

other hand the FWHM values, resulting from the ratio in (7.1), are closer and consistent
at 3 o significance level.

The uniformity of the offset f, gain ¢ and FWHM values can be evaluated from the
results in tab. 7.1:

_ o)
u(f) = H (7.2)
utg) = 79 (3)
_ o(AErwhMm)

and is shown in tab. 7.2. As can be seen in the table, the gain shows a uniformity
level better than 1 % in all the 12 XAA1.2 chips, the noise FWHM uniformity ranges
between 3.3 % and 8.1 % while the offset uniformity ranges between 37 % and 114 %.

The noise FWHM measured during the electronic calibration increases with the
charge pulse amplitude. As an example, the plot of the FWHM mean values measured
on the PFM-B daisy chain 2 at different pulse charge values is shown in fig. 7.15.
After excluding the charge values ¢ < 2 fC, where the pulse spectrum and consequently
the noise FWHM are affected by the threshold, applying a linear fit to the measured
AEpw iy values as a function of the input charge g,

AEpwam =a+b-q (7.5)
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Table 7.2: Detection unit 1 uniformity before the detector integration. In the table
u(f) is the offset uniformity as in (7.2), u(g) is the gain uniformity as in (7.3) and
uw(AEpw ) is the FWHM noise uniformity as in (7.4).

XA DC u(f) %) ulg) (%] w(AEpwm) [%)
1 1 45 0.6 5.9
2 1 60 0.9 3.0
3 1 78 0.5 5.9
4 2 114 0.8 3.4
5 2 70 0.5 3.4
6 2 98 0.6 3.3
7 3 79 0.6 3.7
8 3 104 0.4 3.8
9 3 47 0.5 3.8
10 4 53 0.3 7.7
11 4 37 0.3 7.9
12 4 51 0.4 8.1

the fit parameters are a = 2.85 £ 0.02 keV, b = (3.5 £ 0.6) - 1072 keV - fC~!. The linear
fit is superimposed in the plot as a dotted line. The increase in the FWHM noise can
be explained with a noise contribution, introduced by the test equipment electronics,
proportional to the charge pulse amplitude. In fact the quadratic difference between the
maximum and minimum AE gy gy values gives 0.6 keV, corresponding to about 188
e”, a measure of the extra noise introduced by the SAFEE TE.

7.2.2 The background and the threshold

The threshold of the flight model SAFEE is evaluated basing on the electronic pulse
threshold scan and the background acquisition as in sec. 3.5.1. The measurements are
analysed following the technique described in sec. 6.3.3 and the parameters ¢ (intercept)
and d (slope) of the linear fit in (6.1) are estimated.

The results of the threshold scan and the threshold mean values are summarized in
tab. 7.3. In the tables the mean value and the standard deviation of the intercept (¢
and o(c) respectively) and the slope (d and o(d) respectively) of the threshold scan are
reported. Because of schedule restriction, the threshold scan has been performed in a
whole daisy chain at a time. Since the intercept and slope are evaluated basing on the
detected number of pulses at different threshold voltage values, they are not affected by
the equalization of the I/V converters among the different daisy chains and are much
closer in different daisy chains for this reason.
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Figure 7.15: Plot of the FWHM measured on the PFM-B daisy chain 2 before the
detector integration at different pulse charge values.

Table 7.3: SAFEE PFM-B (Detection unit 1) threshold before the detector integration.

DC XA c U(C) d U(d) Vinr Einy U(Ethr)
mV] [mV] mV/{fC] [mV/{C] [mV] keV]  [keV]
1 1,2,3 -72.4 249 309.4 8.6 4.25 8.7 1.6
2 4,5,6  -76.0 29.7 306.5 10.2 5.67 10.2 2.0
3 7,89 -09.4  26.3 308.0 8.3 4.25 7.8 1.8
4 10,11,12 -54.6 234 304.7 9.7 2.84 6.3 1.5

7.3 Verification of the performances stability after the burn-
in process

The stability of the SAFEE performances in terms of gain g, noise AEpw gy and
threshold Ey,, is verified on the PFM-C board before the detector integration that will
make it the Detection Unit 3. The performances of this board as measured before the
burn-in process are reported in tab. 7.4 and the performances after the burn-in are
shown in tab. 7.5.

As can be seen comparing the data in tab. 7.4 and 7.5, the gain values are consistent
within 1o with the exception of the first and the sixth to ninth XA values, that are
consistent at 20, and the fifth chip, that ranges at 3. The noise AEprw g values are
consistent at 1o significance level apart from the third XA value that is consistent at
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Table 7.4: Performances of the SAFEE PFM-C before the burn-in process.

XA DC 7 a(g) AEpwam o(AErw M) Eipr o(Epr)
[ADC/{C] [ADC /£C] [keV] keV] keV] [keV]
1 1 178.8 1.0 4.5 0.5 8.1 1.9
2 1 196.8 1.7 4.3 0.5 10.2 2.0
3 1 182.9 0.8 4.0 0.2 12.3 5.2
4 2 633.5 19.5 2.9 0.4 5.0 1.2
5 2 599.2 2.6 2.8 0.1 5.4 1.9
6 2 603.9 3.4 2.9 0.3 4.6 1.1
7 3 436.0 2.2 3.2 0.4 8.8 2.0
8 3 425.1 1.9 3.0 0.1 7.8 1.8
9 3 416.7 2.5 3.1 0.2 8.5 1.9
10 4 262.5 1.3 4.4 0.4 7.6 1.5
11 4 270.8 1.0 4.2 0.4 7.0 1.7
12 4 259.1 1.4 4.2 0.4 6.9 1.3

Table 7.5: Performances of the SAFEE PFM-C after the burn-in process.

XA DC 7 a(g) AErwam o(AErw M) Einr o(Egpyr)
[ADC/C] [ADC/{C] keV] keV] keV] [keV]
1 1 180.4 1.1 5.0 0.3 8.1 2.4
2 1 198.6 1.8 5.1 0.3 10.4 4.3
3 1 184.1 0.9 4.9 0.3 10.2 2.1
4 2 635.9 17.7 3.1 0.2 4.0 1.3
5 2 604.8 2.7 3.0 0.2 6.1 1.1
6 2 610.6 2.4 3.1 0.1 3.6 1.1
7 3 440.4 2.2 3.1 0.3 8.7 1.8
8 3 428.7 2.0 2.9 0.1 6.0 1.8
9 3 419.5 2.1 3.0 0.2 7.3 1.8
10 4 262.7 1.2 4.3 0.3 5.2 2.0
11 4 270.9 1.5 4.0 0.4 7.7 2.0
12 4 260.5 1.3 4.1 0.3 6.5 2.0
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3 0. Finally all the threshold values before and after the burn-in process are consistent
at 1o significance level.

As a conclusion, the burn-in process affects marginally the XAA1.2 gain while its
effects on the noise FWHM and the threshold can be neglected.

7.4 Performances of the SAFEE after the detector bond-
ing measured with the electronic calibration

This section deals with the measurements of the SAFEE performances after the detector
integration and bonding using the electronic pulse generator. Particularly, the measured
performances of the Detection Unit 1 and the comparison with the performances before
the detector integration are reported. Because of schedule restrictions, this SAFEE
board has not been subjected to the burn-in process.

As explained in sec. 4.2, the capacitance of the silicon microstrip detector produces a
charge division between the preamplifier feedback capacitance (0.2 pF) and the detector
capacitance (30 pF - strip!) producing a decrease in the output amplitude for the same
input charge value. The main result connected to this phenomenon is the gain decrease
after the detector integration. The SAFEE linearity and energy resolution have been
measured after the detector integration and the results are summarized in sec. 7.4.1.

The detector connection to the front-end electronics produces also an increase in the
overall noise because of the various noise contributions of the detector itself, as estimated
in sec. 3.4. For this reason the SAFEE background and threshold have been evaluated
after the detector integration and the results are described in sec. 7.4.2.

7.4.1 Linearity and electronic noise

After the detector integration, the SAFEE board linearity is measured again by means
of the electronic calibration. The XAA1.2 are fed with charge pulses from 0.5 fC (corre-
sponding to about 11 keV) to 5.5 fC (corresponding to about 124 keV). Fifty pulses per
amplitude and per channel are selected for the measurement. Also in this case, to reduce
the acquisition time the electronic calibration is performed on a whole daisy chain at
a time. The linearity measurements results are shown in tab. 7.6. Channels with gain
smaller than 3 o or noise FWHM bigger than 3 ¢ are considered as pathological and are
excluded from the analysis.

The offset f, gain ¢ and noise FWHM of the daisy chain 1 are plotted in fig. 7.16,
7.17 and 7.18 respectively.

The offset f, gain g and noise FWHM of the daisy chain 2 are plotted in fig. 7.19,
7.20 and 7.21 respectively.

The offset f, gain g and noise FWHM of the daisy chain 3 are plotted in fig. 7.22,
7.23 and 7.24 respectively.

The offset f, gain g and noise FWHM of the daisy chain 4 are plotted in fig. 7.25,
7.26 and 7.27 respectively.
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Figure 7.16: Histogram of the offset f from the daisy chain 1 calibration curve (upper
panel) and offset value of each channel in the daisy chain (lower panel) after the detector
integration and bonding. The vertical dotted lines mark the chip boundaries within a
daisy chain.

run 012822

150 [ j i

o 100 -
2 - ]
35 | -
(o] L -
© 50 .
ok ‘ ‘ ‘ ]

50 100 150 200 250

gain [ADC]
run 012822

250F ‘ ]
— 200F =
O C 7
()] [y ¥ Y . ]
< e -y ] B D man Y aaade e o S|
— 150 : : . C
C |- . -
o C ]
© 100 4
sofF ‘ ‘ ‘ ‘ ‘ ]

0 100 200 300 400

Channel number

Figure 7.17: Histogram of the gain g from the daisy chain 1 calibration curve (upper
panel) and gain value of each channel in the daisy chain (lower panel) after the detector
integration and bonding. The vertical dotted lines mark the chip boundaries within a

daisy chain.
aisy chain 146



run 012822
300 ' '

200

Counts

100

20 30 40
FWHM [keV]

o
o
o)
o

run 012822

40

30

20

FWHM [keV]

o w ; % RS ol S ;
gt WSS o St s tatetottopet

AR R L

~
o

100 200 300
Channel number

0

o

Figure 7.18: Histogram of the noise FWHM from the daisy chain 1 calibration curve
(upper panel) and FWHM value of each channel in the daisy chain (lower panel) after the
detector integration and bonding. The vertical dotted lines mark the chip boundaries
within a daisy chain.
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Figure 7.20: Histogram of the gain g from the daisy chain 2 calibration curve (upper
panel) and gain value of each channel in the daisy chain (lower panel) after the detector
integration and bonding. The vertical dotted lines mark the chip boundaries within a
daisy chain.
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Figure 7.22: Histogram of the offset f from the daisy chain 3 calibration curve (upper
panel) and offset value of each channel in the daisy chain (lower panel) after the detector
integration and bonding. The vertical dotted lines mark the chip boundaries within a
daisy chain.

run 012566

60

40

Counts

20

0 . . .
250 300 350 400 450
gain [ADC]

o)
o
o

run 012566
500 ‘ — ‘ ‘

450

400

= . e

=50 :’."‘(MM‘-MMZ\H.W_ T s e

Gain [ADC]

300

250

700 800 900 1000 1100 1200
Channel number

Figure 7.23: Histogram of the gain ¢g from the daisy chain 3 calibration curve (upper
panel) and gain value of each channel in the daisy chain (lower panel) after the detector
integration and bonding. The vertical dotted lines mark the chip boundaries within a

daisy chain.
aisy chain 149



run 012566
200 ' '

150

100

Counts

50

20 30 40
FWHM [keV]

o
S
o)
o

run 012566

50
40

30
20

FWHM [keV]

10

<.
.
N bbb

o
o

800 900 1000 1100
Channel number

7

o
o

Figure 7.24: Histogram of the noise FWHM from the daisy chain 3 calibration curve
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Figure 7.26: Histogram of the gain ¢ from the daisy chain 4 calibration curve (upper
panel) and gain value of each channel in the daisy chain (lower panel) after the detector
integration and bonding. The vertical dotted lines mark the chip boundaries within a
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run 012573

150 [ ‘ ]

o 100F 3
2 - ]
35 | -
O [ -
© 50 .
oL —_ - . ]
0 5 10 15 20

FWHM [keV]
run 012573

20F — ‘ ]

= 15 -
[0} = i
= C : . . : : ]
10 ‘ . ‘ ‘ . . ‘ A

= . i PR A A Ot AN LA I g I ]
£ s : 5 : =
o : i X i X L X i :

1100 1200 1300 1400 1500 1600

Channel number

Figure 7.27: Histogram of the noise FWHM from the daisy chain 4 calibration curve
(upper panel) and FWHM value of each channel in the daisy chain (lower panel) after the
detector integration and bonding. The vertical dotted lines mark the chip boundaries

within a daisy chain.
151



Table 7.6: Detection unit 1 electronic calibration after the detector integration. In the
table f is the offset mean value, o(f) is the offset standard deviation, g is the gain mean
value, o(g) is the gain standard deviation, AEpw g is the FWHM mean value and
o(AEpw ) is the FWHM standard deviation. Channels with gain smaller than 3 o
or noise FWHM bigger than 3 o are considered as pathological and are excluded from
the analysis.

XA DC f o(f) 7 a(g) AErwaym  o(AErwHM)
[ADC] [ADC] ADC/fC] [ADC/fC] [keV] [keV]
1 1 59.3 25.6 164.9 5.6 7.2 0.8
2 1 100.5 56.6 174.6 2.5 7.3 0.5
3 1 34.8 21.5 163.2 3.2 7.5 0.5
4 2 51.0 52.2 313.9 3.0 7.3 0.2
5 2 74.3 44.8 296.4 2.5 7.5 0.2
6 2 96.9 76.7 293.3 3.2 7.6 0.2
7 3 78.5 52.8 368.5 3.4 11.0 0.3
8 3 -33.8 45.0 359.6 12.2 11.1 0.3
9 3 151.0 65.9 363.5 2.6 11.1 0.3
10 4 48.4 25.9 198.5 1.6 8.6 0.5
11 4 68.1 25.2 200.1 1.3 8.3 0.3
12 4 51.3 27.1 200.0 1.9 8.3 0.4

As before the detector integration, the noise FWHM measured during the electronic
calibration increases with the charge pulse amplitude. The plot of the FWHM average
value measured on the daisy chain 2 at different pulse charge values is shown in fig. 7.28.
After excluding the charge values ¢ < 2.5 fC, where the pulse spectrum and consequently
the noise FWHM are affected by the threshold, and applying the linear fit in (7.5) to the
measured AE pyy s values as a function of the input charge ¢, the resulting parameters
are a = 7.1140.05 keV and b = (1.140.1)- 10! keV - fC~1. The fit is superimposed as
a dotted line in fig. 7.28. The quadratic difference between the maximum and minimum
AEpw iy values, a measure of the noise introduced by the SAFEE TE, gives 1.7 keV,
corresponding to about 480 e™.

The uniformity of the offset f and gain g values can be evaluated from the results
in tab. 7.6 and is shown in tab. 7.7. The parameters of the electronic calibration before
and after the detector integration can be compared evaluating the ratio of the offset f
and the gain g and the FWHM as shown in tab. 7.8.

As can be seen in tab. 7.8, all the offset values are consistent within 1o before
and after the detector integration. The detector produces a gain variation due to the
charge division between the preamplifier feedback capacitance (0.2 pF) and the detector
capacitance (30 pF - strip !). The noise FWHM increases after the detector integration
because of the noise contributions introduced by the detector itself, as explained in sec.
3.4.

152



Table 7.7: Detection unit 1 uniformity after the detector integration. In the table u(f) is
the offset uniformity as in (7.2), u(g) is the gain uniformity as in (7.3) and w(AErw )
is the FWHM noise uniformity as in (7.4).

XA DC u(f) [B]  ulg) [#]  w(AErpwaM) []
11 43 3.3 11.1
2 1 56 1.4 6.8
301 62 2.0 6.7
4 2 102 1.0 2.7
5 2 60 0.8 2.7
6 2 79 1.1 2.6
T3 67 0.9 2.7
8§ 3 133 3.4 2.7
9 3 44 0.7 2.7
10 4 54 0.8 5.8
11 4 37 0.6 3.6
12 4 53 1.0 4.8

Table 7.8: Comparison of the SAFEE performances before and after the detector in-
tegration as estimated using the electronic calibration. In the table f,q:, is the ratio
between the offset after the detector integration (from tab. 7.6) and before the detector
integration (from tab. 7.1), gratio is the ratio between the gain after the detector inte-
gration (from tab. 7.6) and before the detector integration (from tab. 7.1) and finally
AFE, 40 i the ratio between the noise FWHM after the detector integration (from tab.
7.6) and before the detector integration (from tab. 7.1).

XA fratio U(fratio) Jratio U(gratio) Eratio U(AEratio)

1 1.1 0.7 0.724 0.05 2.12 0.06
2 1.1 0.9 0.724 0.02 2.21 0.03
3 1.3 0.8 0.716 0.03 221 0.04
4 1.2 1.3 0.719 0.02 2.52 0.02
) 1.2 0.8 0.722 0.01 2.59 0.02
6 1.3 1.3 0.719 0.02 2.53 0.02
7 1.2 0.8 0.724 0.01 4.07 0.01
8 0.8 1.7 0.733 0.05 4.27 0.01
9 1.1 0.6 0.727 0.01 4.27 0.01
10 1.1 0.7 0.716 0.01 221 0.04
11 1.1 0.5 0.718 0.01 2.18 0.04
12 1.0 0.7 0.722 0.01 2.24 0.04
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Figure 7.28: Plot of the FWHM measured on the Detection Unit 1 daisy chain 2 at
different pulse charge values.

7.4.2 The background and the threshold

Threshold measurements of the Detection Unit 1 are available only on the second daisy
chain. Also in this case the measurements are analysed following the technique described
in sec. 6.3.3. The parameters of the linear fit in (6.1) of the whole daisy chain are
¢=-38.9mV, o(c) =26.9 mV, d =209.9 mV/fC and o(d) = 8.8 mV/{C.

The background counting rate as a function of the energy threshold is plotted in fig.
7.29. As explained in sec. 6.3.3, the threshold is fixed at the energy value such that the
limiting background counting rate is increased of 0.01 cts-s~! - strip~! (being 10 % of
the expected SuperAGILE background on-orbit). As can be seen in the plot, in such
interpolation a threshold mean value of 19.0 keV with a standard deviation of 2.7 keV
results.

The histogram of the interpolated threshold energy values is plotted in the upper
panel of fig. 7.29 and the threshold value of each channel is plotted in the lower panel
of the same plot. As can be seen in the plot, the threshold values are rather high and
will be reduced by means of the XAA1.2 optimization described in sec. 7.6.

7.5 SuperAGILE “first light”

The first Super AGILE photon acquisition has been performed on the daisy chain number
2 of the Detection Unit 1. The measurement aims to verify the uniformity in the
background counting rate of the pixels in the detector and is an independent way to
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evaluate the linearity and energy resolution of the three chips under test.

Initially a background detector image is accumulated in order to estimate the count-
ing rate of each strip and to verify if hot pixels are present. In fact, as explained in
sec. 6.4.3, the search of noisy pixels is performed basing on the standard deviation of
the background counts among the detector pixels. Since the threshold equalization algo-
rithm is not yet firmly stated, the threshold has not been equalized in this measurement.

After finding the noisy pixels, four measurement have been performed on the daisy
chain number 2, each one using a different X-ray calibration source: custom Ba fluo-
rescence source that emits X-rays from the Ba K-shell (Ka2 at 31.8 keV, Kal at 32.2
keV, K1 at 36.4 keV, K33 at 36.6 keV and K32 at 37.3 keV), 2! Am (59.5 keV line),
1990d (88.0 keV line) and 57Co (122.1 keV line). The most important properties of the
X-ray sources used during the tests are summarized in tab. 7.9.

7.5.1 Identification of hot pixels

A 45 minutes long background acquisition with 19.0 keV mean energy threshold has
been performed on the second daisy chain in order to evaluate the counting rate of each
pixel and to search if hot pixels are present. The threshold is not equalized adjusting
the 3-bit DAC in this measurement. The detector image of this acquisition is shown in
fig. 7.31. The image consists in the number of counts accumulated on each pixel. The
vertical dotted lines in the plot show the boundaries of each daisy chain, the horizontal
dashed black line marks the counts mean value (N) and the horizontal dashed red line
marks the counts mean value increased of three times the standard deviation (N +3 o).

As can be seen in the plot, two groups are missing because their group address value
is smaller than the minimum voltage in the ADC range and their position cannot be
reconstructed using the address LUT. Moreover the accumulated counts in two pixels
(number 437 and 521) exceeds the 3o limit above the mean value being 110 and 140
respectively.

The background spectra of a noisy pixel (number 437) can be seen in fig. 7.32. The
background spectrum of a non noisy pixel is plotted in fig. 7.33 for comparison. As can
be seen in the plots, the noisy pixel shows a counting rate about two orders of magnitude
greater than the other one with a narrow line at low amplitude values (about 20 PHA)
in the spectrum and due to the electronic noise, while the non noisy pixel has an almost
flat spectrum, dominated by the X-ray background from the environment.

The spectral features exhibited by the pixel number 437 and 521 are produced by
a high counting rate of electronic noise events. Since the same pixels do not show any
pathological feature during the electronic calibration, the high background counting rate
can be explained with a lower threshold compared to the other strips in the detector.
For this reason the two pixels have been excluded from the following spectral analysis
but are not considered as pathological.
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Figure 7.31: First background detector image accumulated on the second daisy chain of
the Detection Unit 1.

7.5.2 Analysis of the X-ray sources spectra

The acquisition of X-ray sources is used to measure the Detection Unit performances
in terms of linearity (offset and gain) and energy resolution (estimated by means of the
noise FWHM). Four X-ray lines are used in the measurements on the Detection Unit 1
and their features are summarized in tab. 7.9.

In the measurements the spectrum of a single source is accumulated on one Detection
Unit. In this process, photons of different strips, with different offset and gain values,
are accumulated together and a broadening in the X-ray lines can occur. To avoid this
phenomenon, during the data reduction process, described in sec. 6.4.1, the address of
each detected photon is reconstructed basing on the address LUT and the amplitude
is corrected converting the measured amplitude (in ADC channels) into an equivalent
energy (in PHA) using the offset and the gain measured on the identified channel during
the electronic calibration and stored in the gain LUT. Since the amplitude correction
avoids the line broadening because of the difference in offset and gain among the strips,
this technique allows to accumulate the spectrum on a big number of strips (up to one
detector) so reducing the acquisition exposure time.

The spectral lines are then fitted to evaluate the peak position (indicated with m in
the tables) and the line width (measured with o and then converted into AEpw ).
The linear fit of the peak position as a function of the input energy is an independent
method to evaluate the Detection Unit linearity parameters (offset and gain) and will be
extensively used during the Super AGILE on-ground calibration to obtain the instrument
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Figure 7.32: Background spectrum of the noisy pixel 437.
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Figure 7.33: Background spectrum of the non noisy pixel 762.
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Table 7.9: List of the X-ray sources used during tests. In the table I, is the gamma ray
line intensity, from Chu et al. (1999), and €,p01, is the photoelectric absorption efficiency
in silicon, evaluated from the absorption coefficients in Berger et al. (1999). For the Ba
fluorescence source I, is the fluorescence yield.

source name E [keV] activity [uCi] I, [%] €photo
109Cd 22.0 11.5 85.2  25.3
Ba fluorescence 32.1 1.4 76.9 8.6
241 Am 59.5 9.8, 10.9 35.9 1.3
109Cq 88.0 11.5 3.6 0.4
5TCo 122.1 55.9 85.6 0.1

offset, gain and energy resolution.

A schematic of the Ba fluorescence source is shown in fig. 7.34. The two 2*'Am
sources, located in the bottom, emit upward X-rays of 59.5 keV that are absorbed with
photoelectric effect by the atoms in the BaFs crystal on top and electrons are ejected
from the inner shells, creating vacancies. As the atom returns to its stable condition,
electrons from the outer shells are transferred to the inner shells and in the process
give off a characteristic fluorescence X-ray whose energy is the difference between the
two binding energies of the corresponding shells. The Ba atoms disexcitation produces
fluorescence X-ray lines at 31.8 and 32.1 keV (K« shell) and 36.4, 36.6 and 37.3 keV (K[
shell). The source is contained in an aluminum frame and the ?*! Am direct emission is
shielded by two lead flat pieces.

The spectrum of the Ba fluorescence source can be seen in fig. 7.35. The main
fluorescence line (32.1 keV) is the highest peak at around 30 PHA amplitude. The
features below about 25 PHA are due to the electronic noise and the threshold and are
excluded from the fit. The bump around 50 PHA, that is not consistent with the 24! Am
line at 59.5 keV, can be explicated as produced by photons scattered by the source
aluminum frame and walls.

The spectrum can be fitted using three gaussian functions (the first two representing
the Ba fluorescence lines at 32.1 keV and 36.4 keV respectively and the third one model-
ing the scattering feature around 50 keV), whose sum is superimposed on the spectrum
as a solid red line. A constant background is added to the fit model. The spectral fit
parameters are m = 33.06 & 0.04 PHA, o = 3.09 £ 0.05 PHA and x? = 1.282.

The spectrum of the 2! Am line at 59.5 keV can be seen in fig. 7.36. From left
to right in the plot the electronic noise peak superimposed on the 26.3 keV X-ray line
(between about 15 PHA and about 35 PHA amplitude) and the 59.5 keV line (ranging
from about 55 PHA to above 70 PHA amplitude) can be seen. The bump between the
two lines (at about 50 + 60 PHA) is due to the backscattering, i.e. photons diffused by
Compton effect in the materials surrounding the detector and absorbed by photoelectric
effect in the detector itself (see Knoll (1989) for details).

The backscattering feature produces a broadening of the spectral line left side. Since
the backscattering is extremely difficult to model, the 4! Am line is fitted with a gaussian
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Figure 7.34: Schematic of the Ba fluorescence source. The two 2! Am sources, located
in the bottom, emit upward X-rays of 59.5 keV that are absorbed with photoelectric
effect by the atoms in the BaFy crystal on top. The Ba atoms disexcitation produces
fluorescence X-ray lines at 32.1 keV and 36.4 keV.

function on the peak and the right side while the left FWHM is estimated using a linear
interpolation at half maximum on the line left side. Only the o estimated on the
right side is taken into account to evaluate the Detection Unit energy resolution. A
constant background is added to the fit model. The parameters of the 2 Am line fit are
m = 61.97 +0.02 PHA, 0 = 3.61 +0.03 PHA and the fit model is superimposed on the
spectrum as a solid red line.

Since the performances in the Detection Unit 1 are not yet optimized, the threshold at
19.0 keV does not allow to fit the 19°Cd line at 22.0 keV. In fact this line is superimposed
on the threshold and the peak position cannot be fitted. The spectrum of the '°?Cd line
at 88.0 keV is shown in fig. 7.38. In the plot, apart from the photopeak of the 88.0 keV
line, the backscattering feature between about 55 keV and about 80 keV can be seen.

The spectrum of the '9°Cd line at 88.0 keV is fitted using a gaussian model and a
linear background (first order approximation). The fit is shown as a solid red line in fig.
7.38 and the fit parameters are m = 92.6 0.2 PHA, 0 = 3.9+£0.1 PHA and x? = 1.237
per degree of freedom.

The last measurement performed is the acquisition of the ®”Co 122.1 keV line, shown
in fig. 7.37. This source emits a line at 14.4 keV, whose energy is lower than the
threshold, that cannot be seen in the plot, an intense line at 122.1 keV, between 120
PHA and 140 PHA in the plot, and a faint line (about nine times smaller than the
previous one) at 136.5 keV, ranging between 140 PHA and 160 PHA. The feature that
can be seen around 40 PHA superimposed on the electronic noise peak in the plot is due
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Figure 7.35: First spectrum of the custom Ba fluorescence source (32.1 keV and 36.4
keV lines) with a gaussian fit superimposed (in red).
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Figure 7.36: First spectrum of the ?*! Am source (59.5 keV line) with superimposed a
gaussian fit on the right side and a linear interpolation to find the FWHM on the left
side (in red).
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Figure 7.37: First spectrum of the *’Co source (122.1 keV line) with a gaussian fit
superimposed (in red).
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Figure 7.38: First spectrum of the 'Cd source (88.0 keV line) with a gaussian fit
superimposed (in red).
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Table 7.10: Fit results of the SuperAGILE “first light” with m peak position and
AFEpwry full-width at half maximum of the X-ray line.

Source E [keV] m:i:a(m) [PHA] AEFWHM:EO'(AEFWHM) [keV]
Ba fluorescence 32.1 32.95+0.05 8.7£0.1

241 Am 59.5 61.91+0.03 7.8940.09

19¢0d 88.0 92.5+0.2 9.340.4

57Co 122.1 130.15+0.04 8.0+0.1

to the photons of 122.1 keV energy absorbed by Compton effect in the detector and the
bump around 80 + 90 PHA is produced by the backscattering of 122.1 keV and 136.5
keV photons. The Compton effect of the photons in the same two lines produces the
high level of background that can be seen throughout the spectrum, for example in the
left side of the 122.1 keV line in the plot.

The spectrum fit model contains the 122.1 keV X-ray line and a linear background
(first order approximation) and is superimposed on the plot as a solid red line. The fit
parameters are m = 130.41 +0.04 PHA, o = 3.49 +0.05 PHA, x? = 2.551 per degree of
freedom.

The reduced x? of all the fits shown in this section is rather high because the fitting
model are not yet optimized. The improvement of the fitting functions, especially to

model all the spectral features produced by the Compton effect, allows to reduce the fit

X2

The calibration of the fitted peak position from the spectra as a function of the
source energy is shown in fig. 7.39 and the fit parameters are shown in tab. 7.10. The
parameters of the linear fit in (4.3) are f = —2.36 £ 0.05 PHA and g = 1.0848 + 0.0007
PHA /keV. The gain measured using X-ray sources increases of about 9 % with respect to
the gain measured using the electronic pulse generator. The variation can be explained
considering that, during the electronic calibration, the XAA1.2 chip is fed with voltage
pulses, that are converted into charge signals in a capacitor (0.5 pF) internal to the
chip. If the internal capacity differs from the nominal 0.5 pF value, a pulse of slightly
different charge can be produced, thus giving a different output amplitude resulting in
a variation in the fitted gain.

The FWHM values from the fit range between 7.89+0.09 keV (at 59.5 keV) and 9.3+
0.4 keV (at 88.0 keV) and are in rather good agreement with the 7.5 keV FWHM mean
value (with 0.5 keV standard deviation) measured from the electronic calibration. The
plot of the noise AEpw g as a function of the X-ray line energy is shown in fig. 7.40.
As can be seen in the plot, no trend of the A Epyy s as a function of energy can be seen.
The correlation coefficient is » = —0.161, consistent with a lack of correlation between
the measured AEpw s and the input energy. The lack of correlation between the noise
AFEpwmym and the input energy strengthens the explication of the AFEpywy s increase
in the electronic calibrations (see sec. 7.2.1 and 7.4.1) as due to a noise contribution,
introduced by the test equipment electronics, proportional to the charge pulse amplitude.
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Figure 7.39: First linear fit from the peak position of the spectra in fig. 7.35, 7.36, 7.38
and 7.37 as a function of the X-ray line energy.
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Figure 7.40: Noise A Epw s of the spectra in fig. 7.35, 7.36, 7.38 and 7.37 as a function
of the X-ray line energy.

164



7.6 Optimization method of the SAFEE performances

Some of the XAA1.2 parameters, fed to the chip as bias voltages and currents, affect
the performances in terms of electronic noise. Among all the biases described in sec.
3.3, particularly the prebias, Vfp, shabias and Vfs affect the output signal shape and
consequently the electronic noise.

The transistor channel noise can be reduced increasing the transconductance by
means of an increase in the prebias, that produces also a reduction in the peaking time,
affecting the shot noise, the thermal noise in the bias resistors and the noise due to the
metal strips, all depending on the peaking time as reported in sec. 3.4. In order to
control the peaking time also the shabias, the Vfp and the Vfs have to be adjusted. The
main constraint to the prebias value is the chip power consumption. For example an
increase from 50 pA to 100 pA produces a power consumption increase from about 0.4
mW /ch to about 0.55 mW/ch.

The SAFEE test equipment allows to perform an electronic calibration changing the
value of one bias during the measurement in order to evaluate the effect of this bias on
the XAA1.2 performances. The bias value is changed for each pulse charge and each
input channel. As a result, the linearity curve parameters (offset and gain) and the
FWHM noise are evaluated as a function of the bias values as described in Del Monte
et al. (2004).

Unfortunately the bias optimization by means of the electronic pulse generator does
not apply to the X-ray measurements because the output signal shape slightly differs
if the XAA1.2 is fed with the electronic pulse generator or with charge pulses from a
detector. For this reason the SAFEE energy resolution has to be optimized adjusting
the biases, accumulating spectra from at least three X-ray sources, fitting the spectra to
find the peak position and FWHM and evaluating the linearity as shown in sec. 7.5. It
is an iterative procedure that has to be repeated until the energy resolution is optimized.

7.7 Discussion and conclusions

In this chapter the measurement of the performances of the SAFEE is reported with
particular emphasis on the global properties, given using mean values and standard
deviations.

As summarized in tab. 7.2 and 7.7, the XAA1.2 gain shows a high degree of unifor-
mity ranging between 0.8 % (for the XAA1.2 chip alone) and 3.4 % (after the detector
integration). Lower uniformity levels are characteristic of the noise FWHM (between
8.1 % and 11.1 % for the XAA1.2 alone and after the detector integration respectively)
and of the offset (from 114 % to 133 % for the XAA1.2 alone and after the detector
integration respectively).

The burn-in process, required by the product assurance procedures and performed
at 75° C for ten days before the detector integration, does not affect the SAFEE perfor-
mances in terms of linearity, noise and threshold. As can be seen comparing the data in
tab. 7.4 and 7.5, before and after the burn-in process all the threshold values and most
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of the gain and noise FWHM values are consistent at 1o significance level, with some
exceptions consistent at 20 or 3o.

The detector integration and bonding produces a gain reduction due to the amplitude
decrease for the same input charge because of the charge division between the preampli-
fier feedback capacitance (0.2 pF) and the detector strip capacitance (30 pF - strip1).
As can be seen in tab. 7.8, all the offset values are consistent within 1o before and
after the detector integration while, after the detector integration, the gain decreases of
about 28 % because of the charge division effect and the noise FWHM increases of at
least a factor of two because of the noise contributions introduced by the detector itself.

The mean noise FWHM measured with the electronic pulse generator on the second
daisy chain of the Detection Unit 1 board (where also X-ray acquisitions are available) is
7.5 keV with a standard deviation of 0.5 keV. As can be seen in sec. 3.4, this value is in
extremely good agreement with the estimated FWHM from all the noise contributions in
the XA A1.2 chip connected to the Super AGILE silicon microstrip detector. The FWHM
measured from the X-ray photon acquisitions is slightly higher because the XAA1.2 bias
parameters are not yet optimized. The iterative optimization method described in sec.
7.6 can reduce the electronic noise drawing this value near the electronic calibration one.

The spectral analysis of photon acquisitions, described in sec. 7.5, will be used during
the on-ground calibration to evaluate the SuperAGILE linearity and energy resolution.
Moreover during the on-ground calibration also the instrument efficiency, required to
build the response matrix, will be measured by means of X-ray acquisitions from the
same sources listed in tab. 7.9.
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Chapter 8

Impact of the SAFEE features on
the Super AGILE scientific

performances

8.1 Introduction

This chapter deals with the estimation of the effects produced by the non uniformity
of some of the SuperAGILE front-end electronics features on the instrument scientific
performances. In particular, among the SuperAGILE criticalities, the impact of the
threshold non uniformity on the instrument background and consequently on the imaging
capabilities is studied.

Because of their large field of view, coded aperture systems are background dom-
inated instruments. The background is not modulated by the coded mask and most
of it is suppressed as average level during the decoding procedure but its fluctuations
around this zero level are the noise, which is the sum of a statistic term (square rooted
half of the total number of counts on the detector) and a coding term (due to the image
deconvolution algorithm). Since the sources detection is performed by selecting a signif-
icance level and setting a threshold given by the significance level times the sky image
standard deviation (usually 5¢), any phenomenon affecting the sky images standard
deviation has a serious impact on the sources detection.

In SuperAGILE instrument the most important non uniformity in the detector per-
formances is due to the threshold. A measure of the Super AGILE threshold uniformity,
performed on the Detection Unit 1, is reported in sec. 8.2. Since the instrument back-
ground, mainly due to the Cosmic Diffuse X-ray Background, is integrated from the
threshold up to the maximum energy, the threshold non uniformity among the pixels
results in a non uniformity in the background accumulated on the detector images. The
effect of the threshold non uniformity on the SuperAGILE imaging can be estimated
from the statistics of the background images. An overview on the nature of the vari-
ous components producing the SuperAGILE background is given in sec. 8.3. Since the
threshold effect can be appreciated for exposure times above 10* s and the simulations
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using Monte Carlo codes are severely time consuming, in that section a semi-analytic
technique to produce detector images and apply the perturbations due to the threshold
non uniformity is introduced.

The coded aperture imaging principle, requiring a position sensitive detector and
a coded mask composed of a pattern of pixels transparent and opaque to the electro-
magnetic radiation under study, is a technique to produce images without a focusing
device and is a two step process. First the source casts the shadow of the mask pattern
on the detector and the number of photons accumulated on each pixel are recorded, so
producing the detector image. The detector image cannot be observed directly since it
contains a peak for each transparent element in the mask. Dedicated algorithms are ap-
plied to the detector image in order to extract the sources image (or sky image) from the
correlation with the mask pattern. An overview of the coded mask instrument imaging
algorithms with attention to the SuperAGILE decoding technique is given in sec. 8.4.

In order to evaluate the effect of the threshold non uniformity on the SuperAGILE
imaging, in sec. 8.5 background detector images are simulated taking into account the
effect of the measured thresholds. Three models of thresholds are considered in the
background generation: replica of a permutation of the measured values, background
integration only above a fixed energy value and finally XAA1.2 threshold equalization
using the internal 3-bit DAC.

The first statistical analysis of the threshold non uniformity effect is performed di-
rectly on the detector images. Then the images are deconvolved, applying the SuperAG-
ILE imaging algorithm, and the statistical analysis is performed also on the sky images,
estimating the effect of the three threshold equalization models.

Finally, the efficiency of the different threshold equalization methods is discussed in
sec. 8.6, where the conclusions of this study are given.

8.2 Measurement of the threshold non uniformity

The SuperAGILE threshold uniformity can be evaluated from the measurements on the
daisy chain 2 of the Detection Unit 1, reported in sec. 7.4.2. The statistics of the
parameters in the linear fit (6.1) is: ¢ = —38.9 mV, o(c) = 26.9 mV, d = 109.9 mV /{C
and o(d) = 8.8 mV/fC. Consequently the uniformity of the fit parameters is

7 _ 9.0 (8.1)

c

o) _ypy, (8.2)
|d|

and a histogram of the fit parameters ¢ (upper panel) and d (lower panel) is shown in

fig. 8.1.

If considering, for example, a 15 keV mean threshold, from the parameters ¢ and d
it is possible to evaluate the distribution and uniformity of the energy threshold values:
if By = 15 keV, o(Ey,,) = 2.6 keV and o(Ey,,.)/Eyy = 17 %. A histogram of the
threshold values evaluated imposing Fyj,, = 15 keV is shown in fig. 8.2. A small number

—~
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Figure 8.1: Histogram of the threshold fit parameters ¢ (upper panel) and d (lower
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Figure 8.2: Histogram of the energy threshold values imposing Ey,, = 15 keV.
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of channels in the plot show abnormally low threshold values (below 12 keV), given
by a high value of the ¢ parameter, while some noisy channels show extremely high
threshold values (above 20 keV). At this stage the measurement aims only to estimate
the energy threshold uniformity and more reliable threshold values will be measured
after the SAFEE optimization process.

8.3 The SuperAGILE background

The SuperAGILE background is composed of two different types of events: the X-ray
background photons, impinging on the detector within the field of view delimited by
the collimator, and the instrumental background, composed of all the other processes
producing counts in the detector and conditioned by the electronics.

The X-ray photon background is mainly composed of the Cosmic Diffuse X-Ray
Background (DXRB) that is isotropic and with a spectrum given by

8.5 - E~1* photons -cm™2-s7! - keV~! -srad™!  E < 20.88 keV
B(E) = (8.3)
167 - E=238 photons - cm™? - 57! - keV~! . srad™! E > 20.88 keV

as shown in Zombeck (1990). A plot of the DXRB spectrum between 10 keV and 100
keV can be seen in fig. 8.3.
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Figure 8.3: Power laws fitting the spectrum of the Cosmic Diffuse X-Ray Background
from Zombeck (1990).
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Diffuse X-ray background fluxes have been observed since the beginning of the rocket-
borne X-ray observations, as shown for example in Seward et al. (1967). Recently, a
significant fraction of the X-ray background has been identified with discrete extragalac-
tic sources, mainly AGN (see Hasinger (1998) for ROSAT observations between 0.5 keV
and 2 keV, Mushotzky et al. (2000) for the analysis from 2 keV to 10 keV and finally
Comastri et al. (1995) for the hardest background between 8 keV and 50 keV). Following
recent papers, for example Sottan (2003), a small fraction (about 3 =4 %) of the X-ray
background, especially at energies below 1 keV, can be produced by the emission of
Warm-Hot Intergalactic Medium.

For comparison the spectrum of the Crab Nebula, considered as the standard flux
in X-ray experiments, can be approximated by a power law,

F(E) =10- E~29% . =911 photons - cm ™2 -5~ - keV ™! (8.4)

as reported in Zombeck (1990), where o7 = 0.665-10~2* cm? is the Thomson scattering
cross section and ny ~ 3-10?! cm™2 is the equivalent hydrogen column density (repre-
senting the integrated X-ray absorption of the matter along the line of sight), that can
be neglected for galactic sources if E > 10 keV. A plot of the power law in (8.4) fitting
the spectrum of the Crab nebula in the same energy band (10 + 100 keV) is shown in
fig. 8.4.
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Figure 8.4: Power law fitting the spectrum of the Crab Nebula from Zombeck (1990).
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Figure 8.5: Image of the Monte Carlo simulated SuperAGILE background on one de-
tector in 10* s observation time. The cosine fit in (8.5) is the dotted red curve.

8.3.1 Monte Carlo simulation of the Super AGILE background features

A plot of the Monte Carlo simulation of the Cosmic Diffuse X-Ray Background as seen
by SuperAGILE in one detector with 5 - 10* s of observation time is shown in fig. 8.5.
As can be seen in the plot, the main feature in the image is the central bump, due to
geometrical effects, and the right side excess, due to the non perfect tungsten shield of
the collimator walls.

Excluding the right side excess, that is in part suppressed by further absorbers not
yet introduced in the simulation, the left half of the simulated detector image can be
fitted using a cosine function,

B(z) = A-cos(a-z + @) (8.5)

where z is the strip number and the fit parameters are A = 76144 cts, a = (9843)-107°
and ¢ = —0.817 £ 0.005 with reduced x? = 1.001 on 766 degrees of freedom. The cosine
fit is superimposed in red to the plot in fig. 8.5.

Since part of the count excess distorts also the left half of the image, the fitted phase
produces different count values at the detector boundaries, as can be seen in fig. 8.5.
For this reason the phase has been corrected imposing the background counts to be
equal at the boundaries producing the equation

cos(f) — 1

tan(¢) = sn(f)

(8.6)
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Figure 8.6: Relative weight in the spectrum of the simulated SuperAGILE background
between 8 keV and 100 keV.

where 5 = «-1535 = 1.504 thus giving ¢ = —0.752. The cosine feature will be fitted and
removed from the Super AGILE background performing a so called “flat field correction”.

The spectrum of the simulated SuperAGILE background, smoothed using an ap-
proximated FWHM value of 8 keV as measured in the SuperAGILE flight model (see
sec. 7.5 for the detailed analysis), can be seen in fig. 8.6. Since the mass model used in
the simulation is roughly approximated, the spectrum normalization is poorly reliable
and it can be used only to find the relative weight at the different energy values. A
better approximated normalization will be applied later using an improved mass model.

The background contribution to each detector pixel is given by the integration of the
background spectrum B(E) from the lower energy E,,, to the upper boundary E,,qz,

Emam
B :/ B(E)dE. (8.7)
Enmin
To estimate the relative variation of the background with respect to the threshold,
I have integrated the background spectrum B(FE) at different threshold values,

Emaa
B(Ew) = [ BB)E (8.8)
Etpr
where E, 4, = 40 keV and Ey,, ranges between 12 keV and 20 keV. The nominal value
B(15) is integrated between 15 keV and 40 keV. The relative variation as a function of
the energy threshold Ejy, is given in terms of the ratio B(Ey,,)/B(15), shown in tab.
8.1 and in fig. 8.7.
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Table 8.1: Relative variation of the integrated SuperAGILE background B(Ey,,)/B(15)
depending on the lower energy threshold Ey,..

Eipy [keV] B(Ey,)/B(15)

12 1.28
13 1.18
14 1.09
15 1.00
16 0.91
17 0.82
18 0.74
19 0.66
20 0.59

The ratio B(Eyp,)/B(15) can be linearly fitted as a function of the threshold energy
Ethra

B(Ethr)
B(15)

giving as parameters v = 2.304+0.02 and 6 = —0.086 £0.001. The linear fit is the dotted
line superimposed on the data in fig. 8.7.
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Figure 8.7: Percentage variation of the integrated SuperAGILE background depending
on the lower energy threshold Ejy,..
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8.3.2 Semi-analytic background estimations

One of the major drawbacks of the SuperAGILE Monte Carlo code is the computation
time currently needed for a high statistics background simulation, about 20 s for 1 s
of exposure time. Since the effect of the threshold non uniformity on the background
can be appreciated only with long exposures, from 10* s to 10 s, complete simulations
of such exposures cannot be afforded. Thus the background can be estimated using
semi-analytic techniques, taking into account the background most important features,
simulated by Monte Carlo method.

The semi-analytic technique starts from the simulated average background counting
rate, about 0.1 cts-s~! - pixel™!. The cosine factor due to the geometrical effects is
not added because it is supposed to be easily fitted and removed from SuperAGILE
background data. The background counts are modified taking into account the threshold
non uniformity. To each pixel an energy threshold value is assigned following three
methods, that will be discussed in sec. 8.5 below. Depending on the assigned threshold,
the background counts variation in each pixel follows the (8.1). Finally, the Poisson
statistics is applied adding to each bin of counts N an indetermination o(N) = VN
multiplied by a random number with normal distribution.

8.4 Overview of the imaging algorithm

Since SuperAGILE contains one-dimension coded masks and position sensitive detectors,
the detector images are accumulated as one-dimension arrays, every elements containing
the counts in the corresponding pixel. At this stage each detector can be considered as
an independent instrument.

An example of the Crab simulated on-axis detector image with 10* s exposure is
shown in fig. 8.8. As shown in the plot, the detector image contains only a succession
of “full” and “empty” pixels reproducing the mask pattern.

The next step is is the decoding of the sky image, i.e. the extraction of the sources
distribution in the Sky that best matches the image accumulated on the detector given
the mask pattern. Basically, as explained in Lapshov (2004), the detection process can
be described by

d=T®3i+1 (8.10)

where the d is the detector image (array containing the histogram of the “full” and
“empty” pixels), § is the sky image (array containing the reconstructed position of the
sources), 7 is the background detector image, T is the transition matrix depending on
the mask pattern and ® is the convolution mathematical operator.

The reconstruction of the sky image requires the inversion of the transition matrix
T?

F=(d-M) Tl =deT '-ieT ! (8.11)
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but T may contain null elements and cannot be inverted. For this reason the problem
belongs to a class of Ill-Conditioned problems.

Neither method can give exact and true solution to (8.11) because of the origin of
the problem. In case of a coded mask aperture system, the transition matrix is simple
and consists only of 1 (for the transparent pixels) and 0 (for the opaque pixels).

It is possible to define the reconstructed sky image s, as

5=Id9R=59(TOR)+70R (8.12)

where R is a reconstruction matrix such that T ® R = §;;. Particularly, to cancel the
noise in the reconstruction,

1Ty =1
Rij = { —1 if Ty =0 (8.13)

is the definition of the reconstruction operator.
The convolution ® is a mathematical operation which takes two functions, s(x) and
t(z), and produces as output d(z) such that

+00

d(z) = s(z) ® t(z) = / s(7) - t(z — 7)dr (8.14)

—0o0
and t(x) is referred to as the filter. The integral only needs to be evaluated over the
range where t(z — 7) # 0, that is the support of the filter.
Mathematically, the convolution operation in the spatial domain equals to the mul-
tiplication operation in the Fourier (frequency) domain and from the (8.10) and (8.12)
we obtain

Fi(d,) = Fi(3) - F(T) (8.15)
Fi(3) = Fo(d) - Fi(R) (8.16)

-

respectively, where Fy(d) and F;(§) are the Fourier Transform of the detector and sky
array respectively and F;(R) and F;(T) are the Fourier Transform of the reconstruction
and transition matrices respectively. For this reason, the Fast Fourier Transform (FFT)
is widely used in coded aperture imaging algorithms, included SuperAGILE.

Finally, the reconstructed sky image of each detector is obtained from the inverse
Fourier Transform F; ' of the (8.16),

5 = Fr U (F(E)) = FrH(FW) - F(R)) (8.17)

and the resulting sky image of the on-axis Crab simulation with 10* s exposure is shown
in fig. 8.9. The central peak is the source reconstructed direction and the baseline fluc-
tuations are produced by the noise introduced by the reconstruction algorithm (“coding
noise”). As can be seen in the plot, the image fluctuations decrease off-axis because
the exposed area decreases for geometrical reasons and thus the accumulated flux does
decrease.
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At this stage the four SuperAGILE detector modules produce four independent im-
ages, two of them coding the Sky in the z direction and two in the z direction (see the
disposition of the detector modules in fig. 7.2 for reference). Then a balancing algorithm
is applied to the sky images coded in the same direction, aimed to suppress the coding
noise, i.e. the modulation induced by the mask pattern on the sky images. After this
procedure, two one-dimension images are obtained, corresponding to the z and z coding
directions respectively, without most of the coding noise.

8.5 Analysis of the SuperAGILE images and correction
techniques

In this section the impact of the measured threshold non uniformity on the SuperAGILE
background and consequently on the imaging is estimated by simulating background
detector images and by evaluating the statistics in the detector and sky images.

Background detector images at different exposure times, ranging from 10 s to 10°
s, are simulated with the semi-analytic technique described in sec. 8.3.2 above. The
cosine geometrical factor is not introduced in the images because it is supposed to be
easily fitted and removed in the SuperAGILE background.

In the background generation different threshold equalization models are taken into
account: replica to the whole instrument of a permutation of the measured thresh-
old values (in sec. 8.5.1), simple cut-off technique consisting in the integration of the
background only above a fixed threshold (see sec. 8.5.2) and finally XAA1.2 threshold
equalization using the 3-bit DAC fine regulation (in sec. 8.5.3).

The images are then decoded using the imaging algorithm developed for SuperAG-
ILE and the standard deviation of the sky images is evaluated and compared to the
value resulting from images with a pure Poisson statistics. Depending on the threshold
equalization model, the standard deviation of the sky images shows significant varia-
tions, estimated by means of the ratio to the standard deviation of the images with only
the Poisson statistics. The efficiency of the different threshold equalization models is
then discussed in sec. 8.6 where the conclusions of this study are given.

8.5.1 Replica of the measured threshold values

The first threshold model applied in the background generation is the replica of the
measured threshold values (described in sec. 8.2). After excluding from the whole
dataset the 73 abnormally high or low threshold values, 311 elements with 12 keV <
Eyr < 20 keV are considered.

As a basic threshold pattern 384 values, corresponding to the number of channels
in a daisy chain of three XAA1.2 chips, are considered. In order to take into account
a threshold distribution closest to the measured one, the 73 missing values are filled by
duplicating, using a uniformly distributed random variable, some of the 311 measured
values.

The basic pattern of 384 threshold values is then replicated in order to assign a
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Table 8.2: Energy threshold basic subset permutations

detector module 1: detector module 2:

daisy chain 1 {d, ¢, a, b} daisy chain 1 {b, ¢, d, a}
daisy chain 2 {a, b, ¢, d} daisy chain 2 {d, b, a, ¢}
daisy chain 3 {¢c, d, b, a} daisy chain 3 {¢, a, b, d}
daisy chain 4 {b, a, d, ¢} daisy chain 4 {a, d, c, b}
detector module 3: detector module 4:

daisy chain 1 {b, ¢, a, d} daisy chain 1 {d, ¢, b, a}
daisy chain 2 {a, d, b, ¢} daisy chain 2 {a, d, c, b}
daisy chain 3 {¢, a, d, b} daisy chain 3 {b, a, d, c}
daisy chain 4 {d, b, ¢, a} daisy chain 4 {¢, b, a, d}

Table 8.3: Statistics of background detector images simulated applying a pure Poisson
statistics.

t [s] B [cts] o(B) [cts] o(B)/B

102 10.01 £ 0.04 3.20 £ 0.08 0.320 & 0.008
103 100.2 £0.3 10.0 £0.3 0.997 + 0.003
104 999.5 £0.5 31.9+04 0.0319 % 0.0004
10° 10000 £ 1 101.4 £0.2 0.01014 4 0.00002
108 99995 + 10 999 + 16 0.00315 = 0.00005

threshold to all the 6144 Super AGILE pixels. Since the imaging deconvolution algorithm
is based on the FFT and is extremely sensitive to the spatial frequency, the threshold
assignment is performed by dividing the 384 threshold datasets into four subsets of 96
values each and by assigning to each daisy chain a different permutation of these four
subsets.

Considering the basic pattern of 384 thresholds as formed of four subsets in the
permutation {a, b, ¢, d}, in the construction of the threshold pattern for a detector the
repetition of the same subset (a, b, ¢ or d) in the same position is avoided in order not
to introduce spatial frequencies. The threshold pattern in each daisy chain of the four
detector modules is shown in tab. 8.2 and the threshold values are plotted in fig. 8.10.
The measured standard deviation of the threshold pattern is o(Fy,,) = 1.9 keV.

After simulating the background detector images, the mean value 53 and the standard
deviation o(B) at different exposure times are evaluated and the results are reported in
tab. 8.4. For comparison, the same computation for a background distributed following
a pure Poisson statistics is shown in tab. 8.3. The detector image relative dispersion,
estimated using the ratio o(B)/B is plotted in fig. 8.4 as a function of the exposure
time, where the same ratio for the Poisson statistics is plotted for comparison.

As can be seen in the table and in the figure, the relative dispersion in the background
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Figure 8.10: Energy threshold in the SuperAGILE four detectors from the permutation
of the basic pattern as explained in tab. 8.2.

Table 8.4: Statistics of the background detector images simulated applying the replica
of the energy threshold pattern.

t [s] B [cts] o(B) [cts] o(B)/B

10? 9.49 +£0.08  3.13+0.07 0.335 + 0.008
10° 95.7 £ 0.1 18.6 + 0.1 0.194 + 0.001
10* 956.5 + 0.7 165 +1 0.172 £ 0.001
10° 9563 £ 5 1617 + 1 0.1691 £ 0.0001
106 95660 + 7 16162 + 7 0.16895 + 0.00007

Table 8.5: Statistics of the background sky images from the simulation applying the
replica of the energy threshold pattern.

£ [s] o(S) [cts] 7(Spoisson) [cts]  0(S8)/0(Spoisson)
102 132 +£3 122.6 £ 0.8 1.08 +0.02
103 787 +4 425 + 12 1.85+£0.05
104 7221 +£ 14 1940 + 13 3.72 £0.03
105 70317 + 304 14747 + 44 477 £0.03
108 702684 + 884 143650 4 36 4.89 +£0.01
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Figure 8.11: Relative dispersion o(B)/B as a function of the exposure time from the
background detector images simulated applying the replica of the energy threshold pat-
tern (diamonds) compared with the relative dispersion of the background detector im-
ages simulated applying the pure Poisson statistics (crosses).
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Figure 8.12: Ratio 0(S)/0(Spoisson) as a function of the exposure time of the standard
deviation in the sky images of the background simulated applying the replica of the
energy threshold pattern to the standard deviation of the sky images of the background
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detector images shows a limit value around 0.169 at 10% s exposure time. The relative
dispersion is already about 0.172 at 10* s exposure. This fact has a serious effect on the
SuperAGILE imaging capabilities because the detector image indetermination does not
decrease if the exposure time is increased above 10% s.

After decoding the detector images, two sky images (one along the z direction and
the other along the orthogonal z direction) are produced. The statistic of the background
sky images is shown in tab. 8.5 where the same estimation in case of a pure Poisson
statistics background is considered as a comparison. The ratio o(S)/o(Speisson) 0f the
sky image standard deviation with the pattern energy threshold model and the sky
image standard deviation with a pure Poisson statistics is plotted in fig. 8.12.

As can be seen in the table and in the figure, the sky image standard deviation
increases with respect to the Poisson statistics model (considered as a reference) and
the amount of variation increases with the exposure time. This fact can be neglected
in case of short duration observations, for example about 10 s in case of a Gamma
Ray Burst, but it has serious consequences on the SuperAGILE performances at long
exposures, for example observing faint sources, as the blazars, for 10° s. Particularly, at
10% s the sky image standard deviation is about five times above the standard deviation
in a background with a pure Poisson statistics.

8.5.2 Threshold cut-off technique

The simplest method to decrease the threshold non uniformity is the background inte-
gration only above a fixed energy, for example 15 keV. In pixels where the threshold is
lower than 15 keV, only events at energy equal to 15 keV or above are acquired while,
in pixels where the threshold is greater, all the events are integrated. This correction
method decreases the threshold non uniformity from o(Eyp,) = 1.9 keV to o(Ey,,) = 1.3
keV at the expense of a source signal loss that can be significant since the spectrum of
the X-ray sources is generally a power-law with spectral index near 2.

The statistics of the background detector images simulated considering FEip, > 15
keV is reported in tab. 8.6. The relative dispersion o(B)/B is plotted as a function of
the exposure time in fig. 8.13, where the relative dispersion in case of images simulated
only with the Poisson statistics is plotted for comparison. Also in this case, as can be
seen in the table and in the figure, the detector image relative dispersion o(B)/B shows
a limit value (around 0.119) as a function of time.

After decoding the detector images, the sky images statistics is evaluated and re-
ported in tab. 8.7. If compared to the result shown in tab. 8.5, the sky image standard
deviation is about three times above the standard deviation computed in the reference
images (simulated with the Poisson statistics only) at 10° s, smaller then the value with-
out correction (see tab. 8.5 and fig. 8.12 for comparison) but still high to observe faint
source with long exposures.
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Figure 8.13: Relative dispersion o(B)/B as a function of the exposure time from the
background detector images simulated applying the cut-off technique FEip,. > 15 keV
(plus signs) compared with the relative dispersion of the background detector images
simulated applying the pure Poisson statistics (crosses).
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Table 8.6: Statistics of the background detector images simulated applying the correction
Ethr Z 15 keV.

t [s] B [cts] o(B) [cts] o(B)/B
10? 9.07 £0.03 2.85 £0.04 0.314 £+ 0.005
10? 90.7£0.1 14.2 +£0.2 0.127 + 0.002
10* 909.3 £0.5 112.2 £ 0.2 0.1234 £ 0.0002
10° 9089 + 2 1087 £ 2 0.1196 £ 0.0002

10° 90891 £6 10828 £+ 8 0.11914 + 0.00009

Table 8.7: Statistics of the background sky images from the simulation applying the
correction FEip, > 15 keV.

t [s] o(S) [cts] 7(Spoisson) [cts]  0(8)/0(Spoisson)
102 117 £ 2 122.6+0.8 0.953+ 0.02
103 590 +4 425 £ 12 1.3894 0.04
10% 4778 + 34 1940 + 13 2.463+ 0.02
10° 46639 + 139 14747 + 44 3.163+ 0.01
108 465062 4 2427 143650 4 36 3.237+ 0.02

8.5.3 Threshold digital fine regulation technique

The XAA1.2 chip contains a digital fine regulation of the threshold, performed using a
3-bit DAC. The threshold voltage of a single channel can be changed of three positive
and three negative steps (the eighth step in the DAC produces no variations). The
major drawback of this threshold equalization method is that the sum of the all the
variation steps has to equal zero unless a variation of the threshold mean value in the
whole XAA1.2 is produced. Using the digital fine regulation an equalization at a level
0(Ewyr) = 0.4 keV has been measured by Uberti and Soffitta (2005) on a sample of
39 channels with average threshold value about 22 keV. Since the digital equalization
affects only the threshold dispersion and not the average value, this method produces
no losses in the Sky sources signal.

Introducing o(Ey,,) = 0.4 keV in the background simulations, although this value
can be rather optimistic and needs to be estimated on a bigger sample, the results in
tab. 8.8 are obtained. With o(Ej,,) = 0.4 keV the limit value of the detector images
relative dispersion o(B)/B is about 0.035, as can be seen plotted as a function of time
in fig. 8.15.

After decoding the detector images and evaluating the statistics of the sky images,
the standard deviation in the resulting sky image is smaller than 1.4 times the reference
value (of the images from a Poisson statistics distributed background) at the 10° s
maximum exposure time. This is an important result since such an standard deviation
value allows to observe faint sources, as for example the blazars, with long exposures.

184



1.000 1 .
L X -
0.100 - x -
A B 1
m .
Y r ‘,
~ L X _
o
g | il
0.010 = X —
i |
0.0071 Lu L MR | L M | L ool L MR |
102 109 10% 10° 10°

Figure 8.15: Relative dispersion o(B)/B as a function of the exposure time from the
background detector images simulated applying the threshold equalization o(FEy,, = 0.4
keV (dots) compared with the relative dispersion of the background detector images
simulated applying the pure Poisson statistics (crosses).
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Figure 8.16: Ratio o(S)/0(Spoisson) as a function of the exposure time of the stan-
dard deviation in the sky images of the background simulated applying the digital fine
threshold equalization to the standard deviation of the sky images of the background
simulated applying a pure Poisson statistifg5



Table 8.8: Statistics of the background detector images simulated applying the digital
fine regulation of the threshold resulting in o(Fy,,) = 0.4 keV.

t [s] B [cts] o(B) [cts] o(B)/B

10? 10.04 £ 0.08 2.82 +£0.08 0.281 £ 0.008
103 100.7 £0.2 10.42 £ 0.09 0.1036 £ 0.0009
10* 1007 £ 2 47+1 0.046 £ 0.001
10° 10073 £ 5 358 £2 0.0356 £ 0.0002
10° 100724 £ 89 3447 + 125 0.034 £ 0.001

Table 8.9: Statistics of the background sky images from the simulation applying the
digital fine regulation of the threshold resulting in o(Ej,,) = 0.4 keV.

t [s] o(S) [cts] 0(Spoisson) [cts] 0(S)/o(SpPoisson)
10? 112.0 £0.7 122.6£0.8 0.914 £ 0.009
10? 436 £ 6 425 +£ 12 1.03 £0.03
10* 2324+ 9 1940 £ 13 1.198 £ 0.009
10° 20294 £ 151 14747 + 44 1.38 £0.01
10° 197280 £ 3976 143650 £ 36 1.37 £0.03

8.6 Discussion and conclusions

The threshold uniformity is a key parameter in background dominated wide field of view
instruments, especially coded mask aperture systems and in this chapter the impact of
the measured threshold uniformity on SuperAGILE imaging is evaluated.

The semi-analytic technique described in sec. 8.3.2 allows to easily and rapidly
produce background detector images overcoming the computation time needed by Monte
Carlo simulation codes. All the major perturbations of the background among the
different pixels are introduced.

The effect of the threshold uniformity on the relative dispersion o(B)/B of the back-
ground detector images is estimated considering different threshold models: a replica of
the 384 measured threshold values, by using a permutation of four subsets of 96 values
each in order to avoid spatial frequencies in the threshold pattern of the SuperAGILE
detector modules, a simple cut-off technique by integrating the background events only
above 15 keV and finally the threshold equalization by means of the 3-bit XAA1.2 DAC
fine regulation. As can be seen in the summary plot in fig. 8.18, in all cases the relative
dispersion o(B)/B of the background detector images shows a limit value as a function
of the exposure time. While, in case of the threshold pattern replica, the limit value
(about 0.169) is big compared to the relative dispersion at the same exposure in back-
ground images simulated with only the Poisson statistics contribution (around 0.001),
the value slightly decreases if considering the cut-off method Ey,,. > 15 keV (down to
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0.119) and finally is the smallest (about 0.034) if the background is simulated with the
threshold equalized using the 3-bit DAC.

After decoding the detector images and producing the sky images using the Super-
AGILE imaging algorithm, the background sky images standard deviation is evaluated
for the different threshold cases. Particularly, the ratio of the background sky images
standard deviation in the different threshold models with respect to the pure Poisson
statistics standard deviation (considered as a reference) is evaluated in order to estimate
how the threshold non uniformity increases the sky image dispersion.

If considering the threshold pattern replica, a ratio around 5 of the sky image stan-
dard deviation to the Poisson statistics value is found at 10 s exposure and, if not
corrected, this fact does not allow to observe faint sources, as the blazar, with Super-
AGILE. The ratio slightly decreases down to about 3 in case the cut-off technique of
integrating the background only above 15 keV is considered, but this value is still too
high to efficiently observe faint sources with SuperAGILE. Finally, the 3-bit DAC fine
regulation of the thresholds allows to reduce the ratio down to about 1.4, a very promis-
ing value. The ratio of the sky images standard deviation with respect of the Poisson
statistics value in the different cases is plotted as a function of time in fig. 8.18.
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Figure 8.17: Comparison of the relative dispersion o(B)/B as a function of the exposure
time from the background detector images simulated with the different threshold models:
replica of the measured threshold pattern (diamonds), cut-off technique Eyp,, > 15 keV
(plus signs), digital threshold equalization (dots) and reference background with pure
Poisson statistics (crosses).
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Figure 8.18: Comparison of the ratio o(S)/0(Spoisson) as a function of the exposure
time in the sky images of the background simulated with the different threshold models:
replica of the measured threshold pattern (djamonds), cut-off technique Eyp, > 15 keV
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Conclusions and future
perspectives

This thesis describes the study of the performances of the Super AGILE instrument, with
a particular attention to the most important criticalities of the front-end electronics. The
research work has been developed in the “Astrofisica delle Alte Energie e Tecnologie
Relative” research group of the Istituto di Astrofisica Spaziale e Fisica Cosmica (IASF)
CNR (now INAF) in Rome.

SuperAGILE is the hard X-ray monitor of the AGILE satellite mission, the first small
scientific mission of the Agenzia Spaziale Italiana (AST), devoted to the observation of
the Sky in the 15+40 keV and 30 MeV + 50 GeV energy bands, whose launch is foreseen
in late 2005. It is the first time that a gamma ray sensitive mission is equipped with a
hard X-ray monitor, playing an important role in the scientific objectives and observing
strategy. Because of the required wide field of view and high angular resolution and due
to the energy band, SuperAGILE is designed as a coded aperture instrument, with a
silicon microstrip detector and a tungsten coded mask.

The study of the sources in the High Energy Astrophysics proves that joint ob-
servations in the X-ray and gamma ray energy bands can add significant clues to the
knowledge of the emission mechanisms and sources nature. This is the case of some
classes of compact galactic sources, for example the microquasars, that are accreting
black holes emitting moderately relativistic jets, intense in X-rays and expected to emit
gamma rays, where the X-ray observations can be used to “single out” the faint gamma
ray emission. Another important example concerns the blazar, a class of Active Galactic
Nuclei characterized by two intense jets, one pointing along the line of sight, whose spec-
tral energy distribution contains two peaks, one in the infrared to X-ray band and the
other in the gamma rays. Finally in the Gamma Ray Burst, transients sources bright
in hard X-rays and whose emission in gamma rays has been detected only in few events
by EGRET, the X-ray flux can be used to locate the transient, constraint the possible
gamma ray detection and deliver the coordinates to optical, infrared and radio observers
so allowing a rapid and efficient follow-up.

SuperAGILE is an innovative instrument under many points of view: it is the first
space instrument for X-rays based on a silicon microstrip detector, the coded mask
has one of the smallest pixel size ever manufactured and the main front-end electronics
peculiarity is a high signal to noise ratio with a small power consumption.
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The research work contained in this thesis deals with some of the most important
criticalities of the SuperAGILE instrument: the thermal stability of the front-end elec-
tronics circuit and the stability with respect of the supply voltage variations, the effects
produced by the cosmic rays interaction in integrated circuits on orbit, the uniformity
of the linearity parameters and of the energy threshold and finally the effect of the
measured front-end electronics performances on the SuperAGILE imaging.

The thermal stability of the XA A1.2 read-out chip, especially of the address signals,
has serious consequences on the SuperAGILE performances. In fact the reconstruction
of the photon position on the detector, the first step of the imaging process in coded
aperture instruments, is performed by means of two address signals, delivered by the
front-end electronics circuit at every trigger. The values of the address signals for each
pixel are stored in a look-up table, where they are extracted to reconstruct the photons
position. Any variation in the address signals must be corrected in order to efficiently
reconstruct the sources position in the Sky. Last but not least, if the position error
exceeds one bit the whole imaging can be seriously compromised.

As described in chapter 4, the address signals are measured feeding the XAA1.2
with an electronic charge pulse generator and show significant shifts corresponding to
temperature variations on the scale of 10° C. Since four such address conversion tables
can be stored in the payload memory, a temperature variation range up to 40° C can be
compensated without uploading different tables from the ground station, that is a time
consuming operation.

Although only large supply voltage variations (50 mV) produce significant shifts in
the XAA1.2 address signals, smaller variations affect the read-out chip gain and power
consumption, as reported in chapter 4. Particularly the power consumption variations
are critical since the total AGILE power budget is only 122 W, of which 11 W allocated to
SuperAGILE. The measurements show that the gain and power consumption variations
constraint the voltage stability down to 2 mV.

All the electronic devices, and particularly the integrated circuits built using the
CMOS technology as the XAA1.2, are affected by the interaction of the cosmic rays
on orbit. These interactions can produce single particle effects, such as the latch-up,
that is the sudden increase of the supply currents and can permanently damage the chip
because of the overheating, the Single Event Upset (SEU), a bit flip in the chip memory
producing unpredictable changes in the device operations, and finally integrated effects
known as total ionizing dose, degrading the overall chip performances.

Since the XAA1.2 is not designed as a radiation-resistant chip for space applications,
its sensitivity to latch-up, SEU and total ionizing dose has been measured in my research
work at the dedicated SIRAD facility of the Laboratori Nazionali INFN in Legnaro near
Padova in Italy. As described in chapter 5, the circuit is exposed at ions of different
linear energy transfer (the key parameter describing the energy released by the charged
particle in the silicon bulk) and the latch-up and SEU cross sections are measured. The
test results are very promising since the XAA1.2 shows a reduced sensitivity to latch-up
and SEU and is tolerant to the total ionizing dose up to more than 100 krad.

To estimate the expected rate of latch-up and SEU from cosmic rays on AGILE,
the measured cross sections are convolved with the cosmic ray flux at the AGILE or-
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bit, estimated using the CREME96 code. An approximated technique considering the
spallation of high energy protons in the silicon bulk is taken into account to evaluate
the rate of proton induced effects. As reported in chapter 5, no latch-up or SEU events
are expected and the effects of the total dose are negligible. These results are very
important since they prevent the SuperAGILE front-end electronics from damages and
loss of configuration when on orbit. In order to be conservative, a latch-up monitor and
a SEU prevention strategy are introduced anyway in the electronics design.

My research work involves the development of data analysis programs in order to
efficiently process the data produced during the laboratory measurements. The most
important requirement of the analysis software, as described in chapter 6, is the capabil-
ity to process data from a big number of pixels, each one considered as an independent
detector. For this reason, in both the analysis of electronic pulse measurements and
photon acquisitions, automatic fitting procedures without the parameter introduction
for each single pixel from the user are developed and functions to evaluate the global
properties of the system under test are introduced. Part of the programs developed
during my research work will be integrated in the SuperAGILE data analysis software.

The assembly of the SuperAGILE proto-flight model started at the end of August
2004 and is presently in progress. As explained in chapter 4, the front-end electronics
is the heart of a solid state detector based instrument and affects all its scientific per-
formances. For this reason, a great effort is made in measuring the front-end electronic
performances during all the stages of the instrument development.

Chapter 7 contains the measurements of the front-end electronics performances be-
fore the detector integration, after the burn-in process (with the SAFEE boards supplied
and programmed in nominal conditions at 75° C for 240 hours long) and finally after
the detector integration and bonding. No performance degradation is measured after
the burn-in process. As a result, the system energy resolution, dominated by the elec-
tronic noise in the read-out circuit, is 7.5 keV FWHM as measured with the electronic
pulse generator on the first complete detector module. The measured value is in good
agreement with the estimations of the noise components in chapter 4 and is rather well
confirmed by fitting the spectra of X-ray calibration sources. Actually the measured
threshold is about 19 keV and is expected to decrease applying an optimization tech-
nique to the XAA1.2 circuit parameters.

Coded aperture systems are wide field of view instruments and are background dom-
inated. For this reason any instrumental feature affecting the background uniformity
among the pixels has serious effects on the background accumulation and thus on the
imaging capabilities. In chapter 8 the study of the effect of the measured threshold non
uniformity on SuperAGILE imaging is described.

Since a complete Monte Carlo simulation would be extremely time consuming, back-
ground detector images are produced using a semi-analytic technique applying different
threshold uniformity models. Applying to the whole instrument a replica of the mea-
sured threshold values, with permutations of the elements in order to avoid spatial
frequencies, has serious effects on the imaging at exposure times about 10° s and pre-
vents the observation of faint sources as the blazar. Even integrating the background
only above a fixed threshold this effect is reduced but not eliminated. Only applying the
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threshold equalization, by means of the XAA1.2 3-bit digital fine regulation, uniformity
levels allowing to integrate at 10° s and to observe faint sources can be reached.

The proto-flight model assembly is foreseen to be completed in spring 2005. Af-
ter that time, SuperAGILE will be extensively calibrated at the Istituto di Astrofisica
Spaziale e Fisica Cosmica (IASF) CNR (now INAF) in Rome. At the beginning the
SuperAGILE detector will be calibrated using X-ray sources (!°Cd, 2! Am and ®"Co)
and an X-ray tube facility of the Istituto di Struttura della Materia (ISM) CNR to mea-
sure the detector efficiency, linearity and energy resolution. Then the coded mask will
be aligned and integrated and the complete SuperAGILE instrument will be calibrated
with the same X-ray sources and the X-ray tube facility to measure the detector effi-
ciency, linearity, energy resolution and point spread function (from the images) on-axis
and at different angles off-axis. After the SuperAGILE integration in the AGILE pay-
load (with the Anti-Coincidence system and all the payload blankets), the instrument
efficiency will be measured using the X-ray sources (1°°Cd, ! Am and °7Co).
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