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1 FLUORESCENCE DETECTOR

1.1 Fluorescence Detector System

1.1.1 Physics Objectives

The Auger fluorescence detector (FD) is expected to operate dways in conjunction with the
surface detector (SD). Its primary purpose is to measure the longitudina profile of showers recorded
by the SD whenever it is dark and clear enough to make reliable measurements of atmospheric
fluorescence from air showers. Theintegra of the longitudind profileis used to determine the shower
energy, and the speed of shower development isindicative of the primary particle smass. The hybrid
detector will also have better angular resolution than the surface array done, and this may be of valuein
Sudying tightly clustered arriva directions.

Thelongitudina shower profile measured by the fluorescence detector provides a mode-
independent measure of the e ectromagnetic shower energy. The primary energy can be estimated as
10% gresater than the eectromagnetic shower energy, and Smulations show that thisestimate is
systematicdly in error & most by 5%, regardless of the type of primary particles.

The FD requirements are driven by the required resolution in measurements of the atimospheric
depth where the shower reaches its maximum size, X Reasonable resolution is needed to evaluate
the composition of the cosmic ray primaries. The resolution should be small compared to the
(approximately 100 g/cn) difference expected between the depth of maximum for a proton shower
and for an iron shower of the same energy. Moreover, the experimenta resolution should not
sgnificantly increase the spread of values for any one component of the compodtion by itself. The
width of the expected X distribution for any nuclear type decreases with mass A, and the digtribution
of iron depth of maximum values has an rms spread of approximately 30 g/on?. We will therefore
require that the experimental X« resolution be no greater than 20 g/en'.

An accurate longitudingl profile (achieving 20 g/en depth of maximum resolution) recuires
good geometric recondruction of the shower axis. At large zenith angles, asmdl error in zenith angle
causes asignificant error in atmospheric dant depth. Averaging over the range of hybrid shower zenith
angles (0-60°) leads to arule of thumb that an error of one degree in zenith angle leads to an error of 20
g/en? in Xmae. The angular resolution of the hybrid showers must therefore be significantly better than
1°, since other uncertainties also contribute to the depth of maximum uncertainty.

Thelongitudind profile of each shower will be well measured if the Xiax 1S determined to an
accuracy of 20 g/lenf. In particular, the profile will then be well enough messured that the profile
integra (proportiond to the total shower eectromagnetic energy) will contribute less than a 10% fitting
uncertainty to the uncertainty in shower energy. Good energy resolution is therefore implicit in the Xpax
resolution requirement.

1.1.2 Detector performance

1.1.2.1 Aperture
Simulations have been performed to calculate the triggering aperture of the FD basdine design,
with the arrangement of eyes shown later in this chapter (Figure 1.21). The smulaions require a hybrid
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trigger i.e. triggersin at least one FD eye and a least two surface detectors. The design requirement is
that the efficiency be near 100% at 10" eV. Thisisachieved (Figure1.1). Inthisfigureitisdeer that
the FD will have alarge stereo aperture at energies well above the threshold.  Because we have access
to SD timing information, stereo views are not vital for geometric reconstruction of the shower axis, but
gtereo views will assst in cross checks of our atmospheric transmission measurements. Also stereo
triggers will yield some well measured showers (at large zenith angles or with cores outside the array)
that are not recorded by the surface array.

Therewill be alarge set of hybrid showers with energies below 10™ V. The number of such showers
will exceed the number recorded with energies above 10™ eV, even though the aperture is not that of
the entire surface array.  Such showers are measured by the FD only if they land within some radius of
one of the eyes, where the radius is energy dependent.

The arrangement of four eyes at the Argentinian Site reduces our dependence on a precise
knowledge of light transmission through the atmosphere. The mean impact parameter from the closest
triggering eyeis 13 km at 10" eV, compared with the effective Rayleigh scattering attenuation length
(averaged over dl light paths) of 19.5 km at 350nm.
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Figure 1.1 Left pand: The hybrid triggering efficiency as afunction of energy for showers (with zenith
angles less than 60°) faling a random positions within the surface array boundary. At lease one
fluorescence eye and two surface detectors are required to trigger. Note the acceptable aperture at
energies lower than the nomind turn-on energy at 10™°eV. The triggering aperture can be obtained by
multiplying the efficiency by 7375 kn?s. Right pandl: The fraction of events triggering more than one
fluorescence gtation.

1.1.2.2 Reconstruction precision

As discussed above, the angular resolution of the detector must be small compared with 1°, and
the reference design will achieve an angular resolution of 0.5°. There are two aspects of the angular
resolution: the shower-detector plane determination and the angle of the shower axis within that plane.
The shower-detector plane is determined by the set of pixels that see the shower axis. The need to
resolve the shower-detector plane to better than 0.5° has led to the constraint that the pixel Size cannot
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be larger than 1.5° in effective diameter. Determining the shower axis within the track-detector planeis
done exdusvely with timing information. The angular velocity of the shower front image moving through
the FD field of view does not uniquely determine the shower axis. It does reduce the 2-parameter
family of lines in the shower-detector plane to a 1-parameter family of possble axes. Each hypotheticd
axis makes a specific prediction for the arrival time of the shower front a each surface detector. The
measured arrival times at one or more surface detectors thereby determines the correct shower axis.
The need for good timing information is a primary reason for usng sampling ADC dectronics rether than
smply recording a charge integra for triggering pixels. The ADC trace in each pixe alows an accurate
determination of the time at which the shower front passed the center of the pixd. Andytic arguments
and smulations show that time dices of 100 nswill yield the necessary timing accuracy to achieve the
required angular resolution.

Simulation results on the expected performance of the hybrid detector are givenin Table 1.1.

Ddir (°) DRp (M) DE/E (%) DXmax
(g/en)
Confidence | 50% | 90% | 50% | 90% | 50% | 90% | 50% | 90%

limits
E=10"ev | 050 | 155 | 20 97 | 95 | 205 | 21 74

E=10"ev | 035 | 110 | 16 76 | 45 | 125 | 14 62

E=10%y | 035 | 090 | 13 | 64 | 25 | 165 | 12 | 69

Table 1.1 Summary of hybrid recongtruction resolution for a Sngle Auger eye, for events with zenith
angles < 60° landing inside the surface array boundary. If more than one eye triggers on an event we
use information from the eye with the longest angular track length. The detector is optimized for
energies above 10V but acceptable recongtruction is expected at energies down to 10%V. The
vaues of the parameter bracketing 50% and 90% of the error didtribution is given. Thetable lists errors
in the arriva direction, impact parameter, energy and depth of maximum. Only dsatigtica errors are
considered here.

1.1.3 Overview of thereference design

A prominent innovation in the Auger FD design isthe adoption of Schmidt optics. The proposd
to use a Schmidt digphragm (aperture stop) came from Alberto Cordero at Puebla. The problem had
been posed at a FD workshop at Utah in March, 1996: How can we achieve a uniform spot (optical
point spread function) over alarge field of view? It had been recognized that coma aberration isa
ggnificant andyss problem even for a 15x15-degree field of view, and we had a desire to reduce the
number of telescopes by increasing the field of view of each mirror. The problem with coma aberration
is not only the analyd's inconvenience of tregting pixds differently depending on their angle from the
telescope axis. Itisaso asgna-to-noiseissue. Coma spreads the sgnd to neighboring pixels. To
recover dl of the sgna, one must include the neighboring pixels, and that increasesthe noise. The
Puebla proposal was to use the Schmidt digphragm to eliminate coma aberration. The telescope optics
becomes amost completely sphericaly symmetric, so pixels far from the telescope’ s axis are equivalent
to pixelson the axis.
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There are numerous advantages of the Schmidt optics design:

(@ Clean and ample andyss, ance dl pixds arethe same.
(b) Wide fidd of view (30° x 30°) requiring fewer telescope units.
(c) Smdll aperture, so smpler and more rdigble shutters.
(d) Fewer telescopes of compact design alows housing in one building.
(€) The digphragm window can be covered by the opticd filter, sowe gain
clean mirrors and camera (much less desert dust)
temperature Sability by interior heating and cooling
the posshility of humidity control
lessfirerisk snce only UV light reaches the mirror

the option of an interference filter, Snce thereisa amdler range of incident angles at
thefilter

It should be noted that the motivation for Schmidt opticsis primarily to make a superior detector that is
free of comaaberration. Thereisnot agreat cost advantage. Although the number of telescopesis
reduced by ¥4, each has roughly 4 times greater mirror area. (The light collecting areais defined by the
digphragm which is smal compared to the mirror when the fidld of view islarge.) The Schmidt optics
requires a curved focd surface (sphericd symmetry). Thisis more difficult (and expengve) than aflat
foca surface. We end up with one-fourth as many telescopes, but each is much larger and less smple.
Having said this, it should aso be noted that the reduced number of telescope units does save on certain
cogts which scale with the number of units. These can include cdibration equipment, high voltage
supplies, eectronics crates and processors, conduits and wiring, etc. The overal cost of the detector is
not greetly changed by the Schmidt optics. The number of pixesisthe same, and it isthe invariant pixe
costs (PMT and pixd dectronics) that are the mgor expense in either case,

The Schmidt opticsis only the front end of an exciting and innovative fluorescence telescope
desgn. We have designed a camera with excellent light collection efficiency, achieved by using
mer cedes star reflectors between photomultipliers. A new eectronics system has been developed with
alarge dynamic range and 10MHz ADC sampling, to provide good qudity pulse timing and amplitude
information, and futhermore a flexible and very efficient hardware trigger scheme. We are also
pioneering new techniques in detector cdibration and atmospheric monitoring, two difficult tasks that are
crucia for accurate shower profile measurements.
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1.1.4 Detector System
1.1.4.1 Design Specifications

1.1.4.1.1 General Considerations

One obsarvatory eye with afidd of view of 180° in azimuth and 30° in devation is built from 6
telescopes each covering 30° x 30°. To achieve thislarge field of view with a reasonable effort and
good optica qudity the layout of a Schmidt telescope is adapted. The dements of atelescope are the
light collecting system (digphragm and mirror) and the light detecting camera (a PMT array).

The detailed design of the optics contains alarge spherical mirror with radius of curvature
R=3.4m, having afidld of view of 30° x 30° with a digphragm at the center of curvature whose outer
radiusis 0.85m. These parameters are the result of signal/noise caculations for extensve ar shower
events a the experimentd threshold, taking into account the amount of night sky background at the
southern Site of the Auger project and the obscuration by the PMT camera and its support structures.

The digphragm will diminate coma aberration while guaranteeing an dmost uniform spot sze
(circle of least confusion) over alargefidd of view. With the above configuration the spot diameter
(containing 90% of the mirror-reflected light) is kept under 0.5° [1, 2].

The sengtivity of the telescope can be improved by enlarging the digphragm to an outer radius
of 1.1m. This choice determines the light collection efficiency (which is nearly doubled) and the size of
the mirror surface, about 3.8 x 3.8 m (sguare with rounded corners). The corresponding increasein
spherical aberration can be fully compensated by a corrector lens annulus covering the additiona area
between 0.85m <r < 1.1m.

Thislensis connected to the wall of the building by an adjustable mechanica structure (gperture
box) which keeps out the westher and stray light. Thisbox aso holds an opticd filter trangmitting in the
nitrogen fluorescence wave ength range (300 to 400 nm) and blocking most of the night sky
background. In addition, it acts as a protective window on the outside of the diaphragm.

Based on the consderations given above, we have set Rc =3.4 m. The (curved) foca surfaceis
at approximately haf that distance from the center of curvature, so the camera edge has alength of 1.70
x 30 (p/180) metres. The camera size and shape is therefore about 0.9m x 0.9m square.

Each pixd in the light detector should have afidld of view small enough to messure accurately
the light trgjectory on the detector surface but large compared to the spot size. A diameter of about 1.5°
(26.2 mrad) isagood compromise. It corresponds to alinear Sze on the detector surface of about
0.0262 x 170 cm = 4.5 cm, which can be easly matched to commercidly available PMTs. The image
on the camera surface has finite dimensions due to two effects. spherica aerration and blurring due to
mirror imperfections or dignment inaccuracy. Blurring and additiona light from the outer digphragm area
with the corrector annulus should not substantialy increase the gpot Size as determined primarily by
spherical aberration.

1.1.4.1.2 Aperture System

1.1.4.1.2.1 Optical Filter
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Theideaof an opticd filter isto transmit most of the fluorescence sgnd in the near-UV while blocking
other night sky background to which the PMTs are sengitive. A good reference for detailed
congderations of filter optimization isthe article by JW. Elbert [3]. There you can find a tabulation of
the nitrogen fluorescence spectrum, aplot of the PMT spectra response, the night sky spectrum at
Dugway and Akeno, HiRes filter transmittance as a function of wavelength, etc. The night sky
gpectrum should be measured a Pampa Amarillafor arigorous analysis applicable to this project.

The sgnd spectrum of interest for filter design is not the emitted nitrogen fluorescence spectrum.
That isthe sgnd spectrum for nearby showers whose light is not affected by atmaospheric attenuation.
Nearby showers are sufficiently bright, however, and will be no problem for FD measurements
regardless of thefilter optimization. The filter should be designed to maximize SN for distant showers.
Because Rayleigh scattering is strongly wavelength dependent (inversely proportiona to the 4th power
of wavelength), and aerosol attenuation is dso stronger at smdler waveengths, the nitrogen fluorescence
gpectrum is Sgnificantly "reddened” by atmospheric transmisson from a distant shower. A good filter
should transmit most of this reddened spectrum while attenuating as much as possible the sky
background light.

We can adopt here a procedure for comparing the relative merits of competing filters dong with
some specifications for the required performance. The test procedure will use the XP3062 PMT that
has been proposed for usein the Auger telescopes. Any filter transmittance measurement is here taken
to be smply

(PMT response with filter)/((PMT response without filter)

The circumstances of our experiment must be taken into account. To verify that afilter has good
trangmittance to the nitrogen fluorescence spectrum, we should use a nitrogen flashlamp. To verify that
it has good transmittance for a reddened nitrogen spectrum, we should use a narrow band filter to check
that the strong 391nm fluorescence line has high transmittance. The other experimentd test isthen to
check that the filter has ardatively low transmittance for the night sky (preferably tested at Pampa
Amailla).

Our proposd for the filter specification is the following:
Transmittance > 0.80 at 391nm
Transmittance > 0.72 for the full nitrogen spectrum
R > 1.65, where R=(nitrogen transmittance)/sgrt(sky transmittance)
These specifications to apply to al rdevant incidence angles (0-21°)

Elbert found that the optimdl filter for the HiRes gperture would be one that cuts off abruptly a
400nm (preserving most of the reddened nitrogen spectrum while significantly reducing the
background). About 10% of the nitrogen spectrum photons are above 400nm, so the second condition
above might mean 80% transmittance below 400nm and zero transmittance above 400nm, for example.
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The ratio of tranamittances R (in the third condition above) is afigure of merit that measures the
increase in Sgna-to-noise effected by the filter. The numerator scaes the sgnd and the denominator
givesthe scding of the noise. (For distant showers, the sgnd is smdl and the noise is primarily the
square root of the sky background.) The HiResfilter gives R dightly greater than 1.65, so the third
condition is achievable. Comparing competing filtersis done by comparing their figures-of-merit R,
assuming the filters dready satisfy the firgt two tranamittance requirements. Rdaively smal
improvement in R can be valuable. For example, increasng SN by 10% would be the equivaent of
increasing the collecting area by 21%, which is an expensve dternative. It istherefore worthwhile
exploring methods for increasing R.
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Figure 1.2 The tranamisson for Mug-6 glass, from 280 to 1000nm. The peek trangmisson is
approximately 86% at about 355nm.

Such a study of filter requirements was performed [4] and recently extended focusing on the
detection of fluorescence light above 350 nm - that light dominating the reddened spectrum from distant
showers. Comparing samples of different absorption filtersit was found that an adequate, cost-effective
choice for thefilter is Mug-6, manufactured by Schott-Desag. The transmittance spectrum of Mug-6 is
gvenin FHgure 1.2. It covers awavelength range that overlaps wel with the Nitrogen spectrum. With
the techniques described in [4] the transmittance and the figure of merit R (as defined above) were
measured for the region of the Nitrogen spectrum above 350 nm. The transmittance (for a~3 mm thick
sample) was measured to be 0.73 + 0.03 and the figure of merit, R = 2.02 + 0.06.
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Filter specifications dso need to include mechanicd criteria and longevity requirements. The
reference design cals for the opticd filter to be the telescope window, exposed to outdoor temperatures
and wind on one side, controlled indoor conditions on the other side. The recent progressin the
development of congtruction techniques makes the corrector ring option (see section 1.1.5.1) appear
very promising. The circular filter aperture should in this case be increased from the 1.70 min the
reference design to a 2.10 m diameter, making the congtruction of an adequate mechanica structure
even more chdlenging.

The thickness of the filter should be chosen to optimize light transmission without losing the
mechanica strength required. The use of tempered glassis recommended. The number and size of
glass sections to cover the gperture should be chosen keegping in mind a compromise between the desire
to make many pieces to increase the mechanica strength and the requirement of minimizing joins thet
affect the aperture obscuration. The fraction of area obscured should not exceed ~5% of the total
aperture area.
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Figure 1.3: Filter prototype for the bays4 and 5 at Los L eones.

The surfaces of filter sheets shoud be of sufficient quaity not to introduce sgnificant
deterioration of the spot Sze. Itisrequired that, with otherwise perfect optics, the effect of filter surface
imperfections should not cause an increase greeter than 5% in the radius of the circle containing 95% of
the image light, for angles of incidence < 21°.

17



The Pierre Auger Project TDR

The design of the mechanica support structure must be vaidated with afinite-eement
caculation to check for deformations under the structure's own weight and of external forcesredidicaly
mimicking those expected on the Ste.

The two prototype filters presently installed on bay 4 and 5 (Figure 1.3) at Los Leones were
built out of 80 cm x 40 cm sheets of tempered Mug-6 glass. The thickness of each sheet is 3.25+0.02
mm. They fulfil most of the above requirements, however the field test is essentid and will provide
vauable lessons on what additiona measures may be required to build a structure cagpable of surviving
the 20 years of the experiment.

1.1.4.1.2.2 Corrector Ring

A corrector ring is being considered as an addition to the basdine design. One suchringis
under test at the prototype system at Los Leones (Figure 1.4). This section is currently being written.
For an earlier discussion, please see section 1.1.5.1.

Figure 1.4 Prototype corrector ring in position at Los Leones.

1.1.4.1.3 Mirror System

1.1.4.1.3.1 Guidelines
The amount of light reaching the PMT array dependson :

(a) the coverage of the mirror surface which will have to be segmented,
(b) the reflectance of the coating,

(¢) the tranamittance of the filter in the nitrogen fluorescence band (300 to 400 nm)
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The specifications are a cost effective solution to the problem of obtaining large light collection with
amadl spot Sze, and uniformity over alargefield of view. For dl dementsamgor congrant will be the
long operating time of the detector (about 20 years).

1.1.4.1.3.2 Mirror Segments

(8 Segment shape: a square shape optimizes the coverage of the quas- square mirror surface (with
less wasted surface a the perimeter of the mirror). Hexagons are favored from the point of view of
mechanica sability of the corners of the segments. Both shapes will be used in different telescopes
of the Auger fluorescence detector.

(b) Tessallation: from alogistics point of view it is desrable to ded with just afew mirror ssgments,
al equd in shape. The maximum size of the segment that can be chegply and easly built depends
on the choice of the technique used in producing the mirrors, and is different for the two techniques
chosen.

A tesd|ation easlly redized with the proposed technique of diamond milling of duminum dloy
plates consists of 36 mirror segments of about 0.65 x 0.65 N and 3 different (ot exactly square)
shapes. It will map the surface dmost without cracks. The dternative solution of ground and
polished glass mirrors cdls for 60 hexagond dementsin 4 different shapes. Both methods can
ensure:

I Tolerance on the variaion of the mean radius of curvature, R, segment-to-segment:
+17mm, measured with an accuracy of £1mm.
i. Tolerance on mirror Sze (cutting inaccuracy): £1 mm or better.
. Mirror subdrate qudity: 90% of the mirror-reflected light from the center of
curvature returns to within 0.5 cm of the center of curvature.
V. Qudlity of reflecting surface: the reflectance of the finished surface is about 90% for
wavelengths between 300 and 400 nm.

Present plans are to build about 60% of the telescopes with duminum mirrors and 40% with glass
mirrors.

1.1.4.1.3.3 Aluminum mirrors

The production of mirror dements from solid duminum aloy sheetsis done in severd seps.
First a cast-aduminum backing with an approximate spherica shape is milled to an effective thickness of
18mm and the find radius of ~3400mm. Next, in a separate procedure, a 3mm AIMgSI0.5 sheet is
glued to the backing with an appropriate epoxy using high temperature (150° C) and a high-pressure
piston.

19



The Pierre Auger Project TDR

Figure 1.5 An duminum mirror eement mounted on an opticd test stand for the determination of the
effective optical properties— radius of curvature and the intendity distribution of the reflected light.

Theregfter, the edges of the segments and a central hole are milled precisdly. Thefina milling
with high qudity machines and diamond tools is done in a specidized commercid factory. Back inthe
Kalsuhe IK, the mirror surfaceis cleaned and finally protected by e ectrochemica anodization
following a procedure developed by the MAGIC collaboration. A mounting ring flange is glued to the
back and the mirror element is put on an optica bench for find testing.

Theteding is performed using a point-like (0.2mm or Imm diameter) light source. Thisisablue
LED (470nm) or aUV LED (370nm) with diffusers together with a reflective screen near the center of
curvature of the mirror. A 12-bit cooled CCD camerais used for the measurement of the intensity
digtribution of the reflected light. The halo digtribution can be measured with high sengtivity when the
main intengty is put through a 10 mm diameter hole in the screen.
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Figure 1.6 A “point-like’ light source (LED a 470nm), and the spot of reflected light from a mirror
segment. The screen is positioned close to the effective radius of curvature. The hole on the screen has
adiameter of 10mm.

In the Engineering Array phase about 40 mirror dements were produced by diamond milling
techniques using different methods of backing production. The tests clearly showed that the mirror
optica properties easly match the specifications for the Auger FD telescopes. The mechanicd stability
of the segments has been improved considerably during this prototyping. The method of “hot” gluing will
further improve the long-term behaviour of the mirrors. Simple mirror cleaning procedures need to be
developed because of the large amount of dust in the telescope bays at Los Leones.
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1.1.4.1.3.4 GlassMirrors

The design of the glass mirrors stems from expertise and technologica capabilities of the Joint
Laboratory of Opticsin Olomouc (JLO) and aso from computer smulations of the influence of gravity,
tilt and temperature changes on the geometrica shapes of mirrors. Other consderations taken into
account are naturaly the cost of production and the number of mirrors to be produced.

The rough shape of the mirrorsis obtained by pressng molten glassinto amould. Moulding is
done in aprofessond glass factory usng amaterid with atrademark name of SIMAX. Itisa
boroslicate glass of atype smilar to PYREX, with high tensile and burgting strengths (35— 100 N mm 2
and 500 N mm? respectively), alow coefficient of thermal expansion (33 x10° K™), and good
meachining properties usng sandard optica technology. The glassis mdted and homogenized in an
electric tank furnace. Liquid glass with atemperature of about 1,450°C isinjected into the mould. The
pieces are pressed one by one under amass of 15,000 kg. After pressing, these intermediate products
are annealed in an dectric conveyer furnace.

Figure 1.7 Mirror milling a JLO in Olomouc.

The semi-finished products are machined & JLO in Olomouc. The machining of mirrorsis
based on standard operations commonly used in the optical indudtry (cutting, drilling, milling, grinding
and polishing). However, dl the operations had to be adapted for producing these large and thick
mirrors. Thefind mirror shape is ahexagon, cut from acircular intermediate mirror. The mirrors used
for the FD Engineering Array have asize defined by acircumscribed circle of radius 500 mm. In order
to decrease the number of mirror segments required and thus to ease the production burden, thefind
mirror design has a circumscribed circle radius equa to 630 mm. All the technologica operations
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remain valid and the number of mirror segments per telescope decreases from 85 to 60. The change of
radius also led to Smpler tessdllation (with 4 distinct shapes).

The next step in mirror production is the deposition of areflecting layer. Before that, multiple
washing and cleaning of the mirror surfacesis performed. A protective silicon oxide (SO2) layer
coversthe reflecting duminium layer. Standard vacuum equipment with an eectron gun is employed for
the deposition process.

The mirrors are subjected to rigorous control of the machined surface qudity, and their
geometrica and optical parameters. Fina measurements are made of the reflectivity and the 9ze of
reflected light spot. For these operations a monochromator and a UV -sengitive camera are used.

Figure 1.8 Ronchi test of a glass mirror surface. Pardldism of the fringes shows the regular spherica
surface of the mirror. Irregularity in the shape would be seen asirregularity of the fringes.

1.1.4.1.3.5 Segment Alignment

Each mirror segment is supported by an adjustable mount clamped to the mechanica support
dructure. The mount is connected to aring flange glued to the back of the mirror segment.

Two adjustment screws and a pring act together on a centra ball bearing. This type of mount
has been successfully tested in the prototype mirror system and the design was improved and smplified
further taking into account al the experience gained.
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Figure 1.9 Photograph of a new prototype of the mirror mount to be used with both the duminum and
glass mirrors.

Specifications of the mounts include:

(&) Degrees of freedom and range of the adjustable variables.  position aong the mirror
segment axis (£1 cm), polar angle (£5°), and azimuth angle (£5°)

(b) Adjustment and tolerance of position dong axis: the tolerance of adjustment in the radid
moation toward the center of curvature corresponds to a 1mm image shift. The precison
achieved on the longitudind pogtion of the mirror ssgmentsisabout +1 mm.

(¢) Adjustment and tolerance of azimuth and polar angle: one turn on the adjustment screw
corresponds to 20 mrad, shifting the image by about 34 mm on the camera surface. The
tolerance required (and easily achieved) is+1mm. This must be compared with the 15 mm

imagesize.

(d) Tolerance on the positioning of the adjustable mount on the main mechanica structure: in
the plane tangent to the mechanica structure £1mm, with full rotationd freedom of the
mirror segments.
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() Mirror surface coverage: assume a tessdllation without cracks. To guard againgt
interference between adjacent mirrors coming ether from differences in the radius of

curvature or from lack of accuracy in cutting, agap (= o = 4mm) is alowed between
mirrors. Central holes on each mirror ssgment proved to be useful during eement
production and mounting. In addition, for the duminum mirror dements dl corners are cut
to enable easy accessto cdibration light sources on the mirror surface. All these losses add
up to less than 2% of the mirror area.

The procurement and production of these mounts will be shared by severd groups. Krakow will
provide about 10% to 20% of thetotal, Karlsruhe (with the help of Prague with the mechanicd
production and assembly) and Puebla will together take care of the remaining mounts.

1.1.4.1.3.6 Mechanical Structure

Figure 1.10 The new design of the support structure for the 36 auminum mirror sysem for the Los
Leones eye. The dructure foreseen for the 60 glass mirror telescopes for the Coihueco eye is very
amilar.

The adjustable mirror mounts are clamped to asmple mechanica structure built from three
nearly identica stands (80mm square stedl tubes rolled to aradius of about 3.5m) bolted to the ground
and connected by cross bars. These structures are digned to about £ 10mm during ingalation.
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The prototype system showed sufficient stability againgt externd forces. A person dimbing on
different parts of the support after the mirror ignment produced an image shift of lessthan 1mm at the
focal surface which was completely reversible. The new design will be as stable but easier to mount and
digninthe bays

The top of each stand dlows the mounting of asmdl pulley for an easy handling of the mirror
elements during mirror ingalation.

The support structures for al telescopes will be provided by Karlsruhe.

1.1.4.1.3.7 Adjustment tools

To mark and identify the center of the mirror sphere and the digphragm, a central reference
point is mounted in front of the aperture box. It conssts of a strong mechanica support which is bolted
to the floor with a precise reference plate on top. The removable upper part of the reference point unit
fits precisdy to this plate and can support various adjustment tools.

A theodolite at the reference point is used for theinitial determination of the geometry of the
telescope system.  After setting the mirror support stands, the position and rough orientation of the
mirror mounts on the support structure is determined opticaly. The distance of each mount from the
center of curvature is then measured by alaser distance meter (DISTO) on the reference point and
mechanicaly adjusted to an accuracy of + 1mm.

A mechanicd system coupled to the reference point is used for the dignment of the position and
the orientation (inclination) of the digphragm system and corrector lens annulus. An accuracy of + 2mm
in pogtion and + 2mrad in orientation is easly achieved. Inasmilar way the postion of the camera
body is defined and set with a precision of about + Imm.

After the mounting of the mirror segments, alaser pointer on the reference point is used for the
precise optica dignment of the axes of dl mirror ements. The position of the returning laser beam can
be determined to + 1mm corresponding to an adignment of the optical mirror axis of better than 0.2
mrad.

All these tools have been tested very successfully during the ingdlation of the prototype bays
and the first two telescopes. Karlsruhe will provide the reference points and adjustment tools for dl
further telescopes with no more than minor changes in the design.
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Figure 1.11 The reference point defines the center of the telescope geometry. The orientation of the
telescope is defined by datum points on the ground and the 16 degree evation of the centrd line of
sght.
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1.1.4.1.4 Camera System

1.1.4.1.41 CameraBody

The main parameters of the camera are fixed by the reference design of the opticswhichiis
based on the Schmidt system without corrector plate.

Geometry: The pixel surface must lie on the focd surface, i.e. the spherica surface where the circle of
least confuson has minimum size. Theradius of the foca surface, Reoc, is 1.743 m. On thisfoca
surface the pot is rather well defined with a diameter of 15 mm corresponding to an angular size of
0.5°.

The pixels should be hexagona. Hexagons with side to side distance of 45.6 mm, corresponding to
angular Size of 1.5° were chosen.  Taking 3 pixels with one vertex in common, the angle between the
center of the staggered pixe with respect to the line connecting the other two pixels centersis Df =
1.5%0s30° ~ 1.3°. The pixel centers are placed on the spherica surface by following the procedure
shownin Fgure 1.12. We use axyz cartesan reference syslem. In the xz plane, pixd centers are
placed at adistance Rioc from the origin. Thefirst center is placed at +Dg/2 with respect to the z axis.
The other pixel centers are obtained with increasing (decreasing) Dq steps. Twenty pixels correspond
to 30° azimuthal aperture. The following row of pixelsis obtained with arotation of Df around the x
axis. To produce the correct staggering, the pixel centers are moved by Dg/2 with respect to their
previous pogtion. The other rows are smilarly obtained.

Once the pixel centers have been defined, the pixel hexagona shape is determined by positioning six
vertices. Theangular pogitions of the vertices are obtained by moving in steps of Dg/2 and Df /3 with
respect to the pixel center asin Fgure 1.12(b). Equa stepsin angle produce different linear dimensions
depending on the pixd position onthe spherica surface. Thus, pixels are not regular hexagons, and their
shape and size vary over the foca surface. However, differences of the side length are smaler than 1
mm, and are taken into account in the design of the light collectors.

The camerais then composed of 440 pixds, arranged in a 20x22 matrix (Figure 1.12(c)). The
corresponding azimuthal range is 30° with an devation angle coverage of 28.6°.
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sl S

Figure 1.12 Geometrica congruction of the FD camera: () pixel centers are placed on a spherica
aurface in steps of Dqg and Df ; (b) postioning of the pixe vertices around the pixd center; (c) the
camera with 440 pixels arranged in a 20x22 matrix.

Mechanics. The camera body was constructed according to the geometry previoudy described. It was
produced by numerically controlled machining of asingle duminium block. It congds of aplate of 60
mm uniform thickness and gpproximately square shape (930 mm horizonta x 860 mm verticd), with
outer and ingde surfaces of spherica shape. The outer radius of curvatureis 1701 mm, while the inner
radiusis 1641 mm. Photomultiplier tubes are positioned ingde 40 mm diameter holes which are drilled
through the plate, corresponding to the pixel centers. Holes (3.2 mm diameter) drilled in the camera
body at the pixd vertices, with the angular coordinates shown in Figure 1.12, are used to secure the
light collectorsin place. A picture of the camerabody is shown in Figure 1.13. The camera body has
area of about 0.8 N and obscures the geometrical aperture of the diaphragm by 35%.

1.1.4.1.4.2 Camera Support

Mechanicad Rigidity and Obscuration: The support of the body of the camera should ensure mechanica
gtability over long periods of time. Unavoidably it will produce additiona obscuration of the mirror's
field of view. The support designed for the prototype telescope has a cross- sectiona arealessthan
0.1n7 (about one tenth of the cameraitsalf) which we consider acceptable. It consists of a Smple and
robust two-leg sted support. A drawing of the support sructure is shown in Figure 1.14. Note that the
power and Sgnal cables run inside the two legs of the support (C-shaped steel beams 5 cm wide)
without producing additiona obscuration.
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Figure 1.14 A drawing of the camera support.
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1.1.4.1.4.3 Mechanical Precision and Alignment

Precison: The spot Size increases by about 15% when the longitudina distance from the center of
curvature changesby + 4 mm [1]. A deterioration of the spot at the 10-15% level is acceptable.

The accuracy on the longitudina position of the pixels on the foca surface should be better than + 3 mm.
The overdl uncertainty in the pogtioning of the pixds has two contributions:

(1) Point-to-point interna accuracy of the pixels on the camerabody. The mechanica precison for the
prototype camerabody is a the level of + 1 mm both in the longitudina and transverse directions. This
isin fact due to the positioning of the PMTs and of the light concentrators. The intrinsic accuracy of the
rigid metal frame of the camerabody is+ 0.1 mm.

(i) Accuracy of dignment of the body of the camera on the focal surface. This requires mechanical
adjustments of the camerabody to better than + 2 mm.

Alignment - Mechanica Adjusment. The basic requirement for the dignment of the cameraiis that the
pixel surface should be placed at the correct longituding distance with respect to the center of

curvature of the mirror (the reference point), and that the telescope axis should pass through the camera
center.

Saverd mechanica adjustments were included in the design:

(1) the base of the support is placed in arigid frame on the floor. Screws are provided on the Sides of
the frame which alow horizontd displacements of the support on the floor by +5 cm.

(i) four screws placed a the base of the support alow verticd displacements of the support with
respect to thefloor level by +5cm.

(i) four screws which fix the camera body to the support legs can be used for finer adjustments.

The cameraisfirg adigned in the horizonta plane by usng adigitd leve-inclinometer with aprecison
better than 0.05°. The indlination with respect to the floor is similarly obtained. The camera center is
placed dong the telescope axis, defined by aline on the floor from the survey, with aplumb. Then, the
nomina distance from the reference point is obtained by a precison rod measuring the distance to the
back surface of the camerain severd points with aprecison of 0.1 mm. A laser distance-meter with a
precison of + 1 mm is aso used for the same purpose.

The precision of the dignment of the camera was checked by atheodolite survey. Also, measurements
of the mirror spot Sze on the pixd foca surface were performed, which confirm the specifications.
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1.1.4.1.44 Light Collectors

The design of the FD camerainvolves amatrix of hexagond pixels covering afied of view of
approximately 30°x 30°, appropriately arranged over a spherical focal surface. Hexagonad PMTs
(Photonis XP3062) were used to instrument the camera. Even if their hexagona shape represents the
best gpproximetion to the pixel geometry, a significant amount of insengtive areais nevertheless present.
In fact, some space between the PMTsis needed for safe mechanica packaging on the foca surface.
Moreover, the effective cathode areais smaller than the area ddimited by the PMT glassenvelope. In
order to maximize light collection and guarantee a sharp transition between adjacent pixds, the
hexagond PMTs are complemented by light collectors.

The requirements to be fulfilled by such light collectors are:
good matching of the hexagond pixd geometry,
sharp transitions between adjacent pixels,

amogt complete recovery of the light faling on the insengtive regions.

Geomelry: The basic dement for the pixd light collector is amer cedes star, with three arms at 120°.
We position amercedes on each pixel vertex, so Sx mercedes guarantee the light collection for agiven
pixd. Anilludration of the geometricd Sructureisgivenin Figure 1.15. Thearm lengthis
goproximatdy hdf of the pixd sde length. The arm section is an equilaterd triangle. The base length of
9.2 mmis designed to match the photocathode inefficiency, ~2 mm for each adjacent PMT, plusthe
maximum space between PMTs glass Sdes, of the order of 5 mm. The triangle height is 18 mm, and the
corresponding angle at the vertex is 14.3°.

We optimized the geometry of the light collectors taking into account the characterigtic features of the
FD teescope. Infact, the Schmidt optics of the telescope produces alight spot of 15 mm diameter on
the focal surface, with light ray angles of incidence in the interval between approximately 10° and 30°.
The upper limit is determined by the aperture of the digphragm, while the lower limit results from the
shadow of the camera. We performed a Monte Carlo smulation of the FD telescope optics, where
light rays are traced from the digphragm up to the PMT photocathode, including reflections on the
mercedes. We chose the geometry of the mercedes to maximize the light collection efficiency. The
highest light collection efficiency, averaged over the FD foca surface, was found to be 94%, assuming
a reflectivity of 85% for the surface of the light collectors (aluminized mylar). We vaidated the Monte
Carlo smulation by performing a dedicated measurement of the camera uniformity (see below).
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Figure 1.15 Sx mercedes podtioned in order to form a pixel. Each mercedes star hasthree ams at
120°; the arm section is an equilateral triangle of 9.2 mm base length and 18 mm height.

Mechanics: The mercedes are produced by plastic injection moulding. Each mercedes must be
precisely positioned on the spherica foca surface. For this purpose, the camerabody has 3.2 mm
diameter holes corresponding to the positions of the pixel vertices. Each mercedesis held at its center
by abar, gpproximately 10 cm long. The bar is fixed on one sde at the bottom of the mercedes, and on
the other side it is threaded. The bar is passed through the hole on the camera body, and a tapped
cylinder is screwed on the bar thereby holding the mercedesin position. A picture of afew light
collectors and PMTs mounted on the camera body is shown in Figure 1.16. Note that the pixels are
defined on the focd surface where the top edges of the mercedes divide one pixel from its neighbors.
The PMT cathodes are therefore recessed behind the foca surface.

Figure 1.16 The mounting of light collectors.
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Reflectivity: The mercedes surfaces are covered by areflective materid. Aluminium guarantees the best
reflectivity in the range of interest of the nitrogen fluorescence light (300-400 nm). A reflectivity >80%
should be adequate for our purpose. Severd options have been consdered, such as duminized mylar,
adhesve duminium foils and andard duminium evaporation. All guarantee good reflectivity.

For the prototype camera, the reflective surface is obtained by gluing auminized mylar on the mercedes
aurfaces. The mylar foils are dightly longer than the mercedes arm, in order to accomodate the pixel
gde length variation over the foca surface.

Camerauniformity: We performed detailed measurements of the response to light of the FD camera
with a set up which closdy smulated the optics of the FD telescope [5]. A amdl verson of the full Sze
camera body held seven Photonis hexagond phototubes XP3062, arranged in a sunflower
configuraion. A light diffusng cylinder which smulated the FD optics was moved over the sunflower
surfacein geps of afew millimeters. The light from the exit hole would hit one or more PMTs
depending on its position over the surface. For each step, the signa of each photomultiplier was
measured, and normalized to the value obtained when the light spot was positioned over the center of
the PMT. Then, the sum e of the normaized signaswas cdculated. For full light collection efficiency,
e is expected to be close to unity.

Wetook afirgt set of measurements without the light collectors, placing the exit hole of the light diffusing
cylinder very close to the PMT photocathodes. Afterwards, the mer cedes were mounted on the smdll
camera body and we repeeted the light scans placing the exit hole of the light diffusing cylinder very
close to the edges of the light collectors. One example of results from a scanisshownin Figure 1.17.

In the measurements performed without light collectors, we observed significant losses of light at the
pixel borders, with upto a70% lossat apixd vertex. Also, we measured a non-uniformity over the
photocathode surface of a most +10%. The non-uniformity is particularly evident at the edges of the
PMT, and hasasimilar structure for different PMTs. It isrelated to the shape of the eectric fidd
collecting the photoelectrons and to the position of the first dynode.

On the other hand, the light collectors are efficiently recovering the light loss. The uniformity within a
given pixe isaso improved, snce light rays which were hitting the photocathode borders are now
redirected by reflection off the mercedes into the centra region of the photocathode.

We determined a complete efficiency map of the sunflower equipped with light collectors. From these
measurements, the light collection efficiency averaged over the FD focd surface was found to be 93%.
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Figure 1.17 Measurement of the light collection efficiency, with alight spot moved dong aline passing
over three pixds. The full dots represent the measurements performed with the mercedes, while the
open dots represent the measurements without the mercedes. In limited regions of the photocathode
the light collection efficiency can be grester than one, since e is normdized to the average light collection
efficiency integrated over the photocathode surface.

1.1.4.1.45 Photomultiplier

Shape and Sze: The pixels of the cameralie on the spherica foca surface. They are hexagond in
shape. Therefore hexagond PMTs are to be preferred because the system of Winston cones for optical
coupling between pixel and photocathode becomes much smpler. The specifications of the overal
optical system require pixels of 1.5°. This corresponds to hexagona pixels with side-to-side distance of
45.6 mm. The maximum externd sze of the PMTs must be somewhat smdler to dlow the required
configuration of the camera on the foca surface, the axis of each PMT being aigned with the center of
curvature of the mirror.

Uniformity of response over the photocathode: All commerciad PMTs have some nontuniformity of
response over the cathode. It is generdly adowly varying function of the distance from the center of
the cathode. We require that the non-uniformity should be in the range of good commercia tubes,
within +£15%. We must keep in mind that the Size of the light spot for a point source a infinity is about
one-third of the Sze of the pixd and therefore the uniformity of responseis not a critica parameter.

Spectra response: The reference design vaue considers a quantum efficiency that averages 0.25 in the
range 330-400 nm. This corresponds to standard bialkali photocathodes. We allow areduction of not
more than 10% below this vaue.
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Gain: The nomina gain for standard operation will be around 5x10°-10°. Thereforean 8 stage PMT
should be adequate.
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Figure 1.18 Measurement of (a) PMT linearity and (b) gain variation vs average anode current for four
PMTs.

Linear dynamic range: This property is actualy more related to the divider chain than to the PMT itsdif.
In any case we require that the tube, operated at nomina gain (see directly above), should have linear
response within better than 3% over adynamic range of at least 10* for signasof 1ns. The upper limit
of the sgna can be fixed a an anode current of 1 mA (10 mA) for sgnasof 1 (0.1) nswidth, which
corresponds to 6x10* photodlectrons for again of 10°.

Moonlight tolerance and longevity: The gain of atube deteriorates during operation as the integrated
chargeincreaseswith time. Apparently the hdf-life of atube (the time for reduction of the gain to one
half) is corrdlated with the integrated charge collected at the anode. We require that the integrated
anode charge corresponding to the haf life of the tube not be less than 350 C.

Single photodectron:  Even though the standard operation of the PMT will not require the measurement
of sngle photodectrons, the PMT should have some single photod ectron capability, which guarantees a
good resolution for the tube. No specific peak to valey requirement is needed, the evidence for a peak
being sufficient.
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The hexagond photomultiplier XP3062 from Photonis was chosen as the detector PMT. A
detailed study of its characteristicsis availablein [6]. Figure 1.18 shows an example of a measurement
of the PMT linearity, and of the gain variation as afunction of light intengity.

1.1.4.1.4.6 Photomultiplier Unit

The PMT, the base and the preamplifier will be a physicdly sngle unit. We have adopted a
solution with flying leads on the PMTs.

In the prototype design, the leads are soldered to asmall circular printed circuit card that
containsthe HV divider chain. A second card mounted axiadly, close to the divider chain card, contains
the preamplifier circuit and some additiond circuitry. A third card is needed to house the connector for
HV, LV and sgnd didribution. The present design, involving three printed circuit cards, isimposed by
the space needed for the additiona circuitry of the anode current measurement and the eectronics test
pulse. The card diameter is 32 mm, which alows the mechanical mounting of the PMT units on the
spherical camera body.

For mass production we recommend the design where a circular card containing the HV divider
chainis soldered to the flying leads of the PMT at the factory. The preamplifier card could be mounted
ether axidly or orthogonally and integrated at the factory according to our design and prescriptions. A
test of the unit (PMT+basetpreamplifier) should be made at the factory with our supervison, usng the
PMT unit test system developed by us. Control tests on samples of the production will be performed in
the collaborating inditutions.

1.1.4.1.47 Backplanes, Cablesand Connectors

High voltage for the PMT base and low voltage for the preamplifier/driver are needed for each
tube. Also, differentid sgndsfromthe PMT preamplifier are driven in twisted pair cables up to the
front-end boards.

In the solution adopted for the FD prototype, cables are distributed through backplanes
positioned in the camera shadow. Each backplane suppliesHV and LV to 44 PMTs. The differentia
ggnds are grouped into multi-pin connectors.  Also, the facility for atest pulse sgnd to the
preamplifier/driver is provided.

Cables and Connectors (PMT to backplane): A single cable bringsHV and LV to the PMT from the
backplane, and drives the differentid signals out of the preamplifier. Eight wires are used in the current
configuration: two for the differential sgnd (twisted), two for postive and negative LV (twisted), two for
HV and ground (twisted), and two for the test pulse signal and additiona ground. A compact (1.3 X
0.5cm) 10-contact connector is used at both ends of the cable. Two contacts near the HV are left free
for further insulation. The cable length is 35 cm. The assembly has been produced by 3M. HV
insulation was tested up to 2 kV.

Backplane: The camerabackplane is a printed circuit card of rectangular shape (22 cm x 32 cm). The
card is composed of sx layers. one HV and one LV digtribution layer, one sgnd layer sandwiched
between two ground layers, and atest pulselayer. HV from oneinput connector is distributed to 44
PMTs. Thelow voltage digtribution isanalogous. A fuse for overcurrent protection isincluded in each
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digribution line. Differentid signadsfrom 11 PMT units, corresponding to haf of a pixel column, are
grouped into alow profile 26-pin connector. Each card has four of these connectors. The grouping
was chosen in order to avoid crossing of sgnd linesand HV/LV lines, therefore minimizing crosstak.
The 440 PMTs of aFD camera are served by ten backplanes. The space between backplanes (~ 15
cm) dlows access to photomultipliers and light collectors.

Cables and Connectors (backplane to Analog Board): A round shielded cable with 11 twisted pair
sgnd wires, ground and test pulse wires is plugged into each of the four connectors on the backplane.
Two of these cables, from two corresponding upper and lower backplane cards, are joined into one
single connector a the Analog Board (AB). Thus, the 22 pixes of each pixd column are mapped into
one AB as specified by the FDE group.

A specid support, which closdly follows the spherical shape of the camera body, holds the
boards and cables in the shadow of the camera, i.e. indgde the pyramid with a vertex on the common
center of curvature of the mirror and cameraand sides at 15°. A picture of the back of the camerawith
boards and cablesin placeis shown in Figure 1.19.

Figure 1.19 Picture of the back of the camera, showing the distribution boards and cables.
1.1.4.2 Buildings

Each eye will be housed in asingle building. The centra eye will consst of 12 telescopes. The
perimeter eyes will have only 6 telescopes. The Los Leones perimeter eye was the first to be
condructed. The ground plan of the 7m high single story building is shown in Figure 1.20. Theradius of
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the building is 14m. The 6 telescopes point radidly outward through 6 windows of 3m (w) x 3.5m (h)
each a the perimeter of the building. Attached to each window is the aperture system on the insgde and
two diding doors on the outside. Therear part of the central area contains the data acquisition room, a
amall |aboratory room and aroom for calibration equipment. Above these roomsisagdlery providing
gpace for equipment needed for calibration and atmospheric monitoring. All rooms, the tel escope bays
and the gallery are connected to the data acquisition room through a Loca area Network (LAN), the
data acquisition room has an optica fibre ETHERNET link to the communication tower |located at the
south perimeter of the eye area. The light sourcesin the cdibration room ddliver light to the telescopes
by opticd fibre. Many details had to be considered about how the telescope bays are partitioned from
each other, how the lighting should be arranged, cable tray locations, etc. The layout of the building at
Los Leones turned out to be a satisfactory solution. Based on the experience gathered during the
ingtdlation and operation of two prototype telescopes in the Los Leones building, only minor
modifications are required for the design of future buildings.

1.1.4.3 Heating, cooling, and humidity control

The building temperature should be maintained at 21+3 degrees Centigrade. Thisis partly
because the PMT gain varies by approximately 0.5% per degree. If we maintain atemperature of 21°,
the PMT gain will not change due to temperature, and a 3° deviation causes only a 1.5% gain variation.
Thiswill not be a significant contribution to our caibration uncertainty. Other €ectronic components
may change characteristics under large temperature changes. The specified range will prevent that.
Perhaps the strongest congtraint on temperature variation is mandated by the optics. The mirror shape
will change asmall amount with temperature. To keep the gpot Sze small, we need to keep the
temperature constant to within £3° C.

For the sake of the electronics, the relative humidity should not exceed 70%. Experience with
the prototype detector will tell us whether or not we need to incorporate humidity control in the eye
buildings. Probably the building interior will rarely have such high humidity at night in the desert when
the weather is suitable for observations.
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Figure1.20 Layout of the FD building a Los Leones with prototype telescopes in bay 4 and 5.
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1.1.5 Options and Development Work
1.1.5.1 Corrector Plate

From TDR Verson August 2000: This design option exploits the possibility of reducing the sphericd
aberraion, which is not eiminated by the digphragm, by putting a corrector plate at the center of
curvature of the mirror, turning the FD into atrue Schmidt camera. This approach can be reversed and
the use of a corrector plate is then seen as away of increasing the digphragm aperture while kegping the
spot size under control, thereby increasing the effective light collection area of the detector, which
increases the SN ratio.

Thefirgt option isacorrector plate of Typell [7] having:
(@) radius: 1.13m (compared with a basdine design digphragm radius of 0.85m)
(b) thickness of the center of the plate, T(0)=10 mm
(¢) tolerance: +/-1 mrad on the normal to the surface of both mirror and corrector plate.

The materid would be UV-tranamitting acrylic (refractive index 1.49). Such a corrector plate
would increase the effective light collection area by 90% while keeping the spot diameter under 0.6°
[1,2,8]. The cost would be under US$500 per corrector plate. The fabrication technique is under
study. (September 2001: This option has been abandoned).

Alternatively, there is an option of using a corrector ring or annulus. The possibility of correcting
for spherica aberrations and/or increasing the digphragm radius while keeping the spot size controlled,
aso reducing fabrication difficulties and cogts, prompts the study of this dternative design with the
Schmidt correcting device having the shape of aring covering the outer region of the digphragm.

For this option,

(&) indde diameter: 1.7m

(b) outsde diameter: 2.2m

(c) shape: Typell (see above)

Here the spot diameter is kept under 0.6° while increasing the light collection area by dmost 40% [9].
(September 2001: Progress on this option is described in section 1.1.4.1.2.2)

An dternative corrector plate method is the Maksutov-Bouwers design in which the corrector
plateisathick miniscuslens. The Puebla group have sudied 4 different variations [10]. In these
designs, the corrector plate does not disrupt the spherical symmetry and there is no chromatic
aberration introduced. Like the other Schmidt corrector plates, it remains to be demondtrated that it is
practicd to incorporate such alensin acamera of thislarge Sze that must operate for many years.
(September 2001: this dternative has been abandoned).
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1.1.5.2 Interference filters

From TDR Version July 2000: Wide band interferencefilters are an interesting aternative to aosorption
type filters used by the FHly's Eye and HiRes [11]. Such interference filters can be designed to have a
nearly flat transmittance of 85% from 320-410 nm. We have done angular dependence tests on some
interference filters not designed specificdly for Auger. For a shift of 25 degrees in incidence angle, we
have observed a 12 nm shift of the transmittance curve in the case of ZrO, SO, 16-layer structure with
transmittance around 85% in the UV region and up to 600nm, while the transmittance drops above this
wavdength.

In the case of a 16 layer structure of a WO3;MgF; filter, we have achieved an average
transmittance of 74% in the range 350-400nm. The transmittance curve shift for a 15° angleislessthan
6 nm and the peak tranamittance vaue is roughly invariant. By redesigning the layer thicknesses, we
hope to achieve a steeper drop of transmittance above 415 nm. This can be done by adding about 4
layers of film on the other Sde of the subdtrate. At any rate, the average transmittance in the range 415
to 600 nm is about 9.5%. One has to take this average vaue of transmittance in the visible range to
congder the effect on the SN ratio. In the range above 600 nm, where the transmittance is risng again,
there seems to be no concern since the PMT quantum efficiency (Philips XP3062) is greetly reduced.
At any rate, by adding 4 layers of coating, the transmittance in this red range can be reduced to a certain
extent if it is consdered necessary after detailed Monte Carlo study.

The mechanica stability of the wideband filters depends on the construction method. Of the two
most widely used methods, e ectronbeam deposition and reactive DC sputtering, the former produces
more porous thin film multilayers. This may be prone to humidity attack if a specid protection procedure
isnot followed. The effects of humidity could be sgnificant if the filter has Significant porogty dueto the
congtruction method and in the absence of protective coating. The second method gives better quaity
filters (less porous). However, it is normally adower method and most probably more expensive and
needs gtricter control of the oxygen flow in the process chamber.

We hope to study both methods, and in particular we would like to have more filter samples
produced by sputtering to assess the merits of this method.

For the sake of mechanica gtability of the filters, we suggest that they are produced, if we use
the e-beam deposition method, by subsirate heating. In this case, a specific crysta phase dominates
which leads to more favorable mechanica competibility of the heterostructure to be chosen (most
probably ZrO,S0,). These thoughts are supported by work of Dobrowofsky et d. [12].

Strains can produce long-term aging in the filters and thus they should be well understood. A
method for measuring the strains and stresses must be selected ensuring it is accurate, eesily available,
inexpensve and fast. One may examine the possibility offered by Raman scattering techniques [13].

Codt condderations are quite intricate. If some indtitutions participating in Auger have the
infragtructure (coating plants) to produce wide-band interference filters, then the filter may cost less per
given areathan if the coating equipment needs to be purchased. The sameis true for other types of
filters such as absorption filters. If they can be produced by private companies or by research indtitutes
in away that meets the technical specifications, then thisis better than if only one or two companies exist
which give poor satisfaction to the specifications for the fluorescence detector. From the existing deta on
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the absorption filter of HiRes, it seems that the filter gpproaches Elbert’ s maximum “improvement
factor”, but this maximum performance factor evaluated for an “ided wide band interference” filter is
perhaps somewhat underestimated. Thisis the opinion of E. Fokitas, since it may be possible to
produce interference filters with UV transmittance better than the 80% assumed by Elbert. 1t cannot be
excluded that interference filters of around 85% transmittance between 320-420nm are possible.

September 2001: The development of a suitable interference filter istoo far behind scheduleto bea
redidtic dternative to commercialy available aosorption filters which have aready been tested
successfully in the prototype systems. Further development of thisfilter option has therefore been
abandoned.

1.1.5.3 Filter at the camera
Postioning the opticd filter in the digphragm (ie the reference design) has some clear
advantages.

We need awindow there and we don’t want additiond light losses (at least 10% for any window
without anti- reflective coating).

The range of incidence angles extends only to 21° at the corners of our field of view (versus a cone of
27° hdf-angle for apixe’s view of the illuminated mirror portion).

The dternative of putting the filter directly in front of the camera dso has some important advantages.
Lessfilter areais required (less than 1n versus 2.3n¥, or 3.8 with corrector annulus).

Every pixd has the same digtribution of incidence angles. (Thisis gtrictly true only if thefilter followsthe
cameracurvaiure. The coneis not centered on normd incidenceif thefilter isaplane in front of the
camera.)

The filter is not subjected to outdoor temperatures and abrasives.
The filter is decoupled from the corrector plate option.

However, the filter in front of the camera should be made of only one piece of gpproximately 90cm x
90cm, which is not a standard commercid sze. In fact, severd pieces of glass would introduce at their
borders inefficiencies on the camera

The requirement of a spherica shape for a single glass piece implies additiona cost for the production,
and care for the glass thickness.

Instead of a plane sheet of filter in front of the camera, afilter could be cut for each PMT and bonded to
the PMT face, thereby diminating additiona surface lossesin thefilter. It should be noted that, in this
case, there are some large incidence angles due to photons that have reflected off the mercedes walls.

It should be verified thet the filter is effective dso at large incidence angles.

If thefilter is not placed a the digphragm, awindow of UV transparent glass must be introduced. The
cost of the glass and the mechanica structure to hold it in place should be taken into account.
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The option of taking the filter out of the digphragm does not show aclear cost or physics advantage. It
should be considered only if adeterioration of its performance due to environmenta damageis
observed during the engineering phase.
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1.1.6 Prototype Plansand hybrid engineering

1.1.6.1 Objectives

The engineering phase is intended to be alearning experience in which we discover flawsin the
design, find the best design, develop optima fabrication methods, refine the andlys's procedures, and
demondtrate that the hybrid shower detection capability meets the project’ s requirements. Our god is
to congtruct aworld class fluorescence detector that measures air shower longitudinal profiles with high
sengtivity. It may be useful to state some pecific aspects of this god:

Optics demonstration. Independent of event triggering and longitudina profile measurements, we wish
to prove that the telescope achieves the expected quality of optical performance. Oneway to do thisis
to cover the camera with a stretchable white materid, then fly abright light around in the fidd of view
with an airplane. The spot should be clearly visble on the white foca surface (if the optical filter is not
present), and anormal video camera can document the optical performance. Captured till frames can
be used to measure the effective spot Sze at different parts of the field of view. This should verify that
the spot is circular and independent of position in the fidd of view, and not larger in diameter than 1/3 of
the pixel diameter. (This generd procedure was used successfully to test a Schmidt digphragm at the
dua mirror test stand in Millard County.) An dternative to the airplane and bright light isto make
multiple CCD camera time expaosures during the trangit of a bright star or planet across the telescope's
field of view. The gtar or planet moves less than 0.1° during a 20-second CCD integration, and that
may provide ample sgna-to-background for determining the image of the point source.

Laser profiles. A pulsed laser beam mimics an upward-going shower in the sense thet light is emitted
(scattered in this case) from a narrow segment that moves along the axis at the speed of light. The
longitudinal profile seen by the telescope generally decreases with dtitude because the beam attenuates
and the density of scatterers decreases with dtitude. Wispy clouds or smoke plumes show up as
bumps on the longitudind profile. If the laser pulse is produced by alidar system, the amount of
scattering is recorded by the lidar as afunction of dtitude. The longitudina devel opment measured by
the tel escope should agree with what the lidar records. (Some difference might be expected if the total
phase function changes with dtitude, and that can occur as Rayleigh scattering becomes dominant over
aerosol scettering.) The first objective isto see a continuous longituding profile that tells us that the
pixd-to-pixe cdibration is sensble and that we are recording sensible sgnds.

Event trigger tests. Laser pulses can aso be used to test the trigger sengtivity of thetelescope. Ona
very clear night, the amount of light scaitered from a pulse can be rdliably caculated as Smple Rayleigh
scattering. By measuring the pulse energy, the light flux at the detector can be well estimated. In this
waly, one can approximately smulate a shower of agiven energy a any disance. Thisalowsaquite
rigorous demongdration of trigger sengtivity. Assuming a 15-km attenuation length, alaser beam pulse
at 350nm requires 21 nVEeV to smulate the light production by an air shower at its maximum size.)

Shower-detector plane recongtruction. By varying the position and pointing direction of such a pulsed
laser beamn, we can evauate the accuracy of the telescope in determining the geometry of the shower-
detector plane. A roving laser scope will be used for this. A lensin front of the laser can be used to
make the beam diverge as a crude smulation of a shower’ s laterd distribution.

Timing tests. For aknown laser geometry (produced with the laser scope as above), one can calculate
exactly the time when the center of the spot passes each pixel center. his should be compared with the
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pulse-center time determined from each pixe’s FADC trace. Alternatively, one can cdculate from the
pixe trigger times at what ingtant the laser mugt have fired & its known location. A GPS and flash
detection system at the laser Site could be used to test those predictions. Note that thisisagood test
for hybrid recongtruction accuracy. Picking out the correct axis within the shower-detector plane relies
on getting a prediction from the FD pixd times for the shower front arriva a any ground position. We
can demondrate our ability to do this accurately using pulsed lasersin thisway.

Monocular shower detections. The telescope will observe alarge number of air showers, mostly lower
energy showers landing near the detector. The reconstruction of those showers will be handicapped
without surface array information. But the shower-detector plane distribution and the light intensty
digtribution are cdculable from the known isotropic cosmic ray intengty.

Hybrid showers. Most important is to demonstrate that we do indeed measure the expected number of
showers in coincidence with the engineering surface array. For the one prototype telescope operating
with a 10% duty cycle with the 40-tank engineering array, Fick’s smulations give the fallowing
expectations for the event rate per year above a given energy:

Energy(EeV) 05 1 3 5 10 30
Eventsyer 683 386 78 31 9 1

Optionstesting. 1t should be emphasized again that the purpose of the prototype isto optimize al
aspects of the FD detector. We will compare different types of mirror segments. We will test a
Schmidt corrector plate to find out if it can increase our light-collecting power without degrading our
gpot sze. We will compare different atmospheric monitoring techniques and different detector
calibration procedures, so we can focus our resources on the most worthy. Wewill test and refine dl
agpects of the detector eectronics. We will enhance the data acquisition system and improve the
detector smulation and andysis procedures. We will work out any bugs in the communications system
and hybrid triggering and data merging. We will find out whet features are needed in the eye buildings
that have not been anticipated.

1.1.6.2 Prototype building
The prototype telescope will be housed in the building being congtructed for the first
fluorescence station at Los Leones.

1.1.6.3 Organization, subtask responsibilities, and work breakdown

The FD prototype tel escope has been a European initiative since its inception. A collaboration
of Itdian indtitutions and the Karlsruhe groups are supplying strong support for the rgpid development of
the telescope itsdf. The entire FD engineering phase of the project is il abroad internationa effort,
however. The divison of tasks and |eadership responsibilities can be expected to change over the years
of the detector congtruction. Levelsof support in different countries have not yet been determined.
From experience with the prototype detector we will learn the most efficient ways to take advantage of
our internationa collaboration.

Paul Sommers (Utah) was the task |eader for the fluorescence detector during the design,
prototype development and ingalation phase asssted by Jonny Kleinfeler (Karlsruhe) as coordinator

46



1. Fluorescence Detector

of the FD and FDE tasks to complete the prototype telescopes. Hartmut Gemmeke (Karlsruhe) was
one of the co-leaders for fluorescence detector eectronics until recently.

From April 2001, the task leaders for the fluorescence detector are Jonny Kleinfeller
(Karlsruhe) and Paolo Privitera (Roma). Matthias Kleifges (Karlsruhe) and Daniel Camin (Milano) are
the present co-leaders for the fluorescence detector eectronics tasks. Principal subtask leaders are
Hans Klages (Karlsruhe) and Rosanna Cester (Torino) for the mirror system and optics overal, Giorgio
Matthiae (Roma) and Paolo Privitera (Roma) for the camera system, and Roger Clay (Adelaide) and
John Matthews (University of New Mexico) for caibration and atmospheric monitoring. Carlos Escobar
(Campinas) isin charge of developing the gperture system and all its optica components, except for the
opticd filter which isthe responshility of Rosanna Cester (Torino). Norberto Fazzini isin charge of the
telescope buildings. Additiond subtasks may be warranted to deal with buildings and infrastructure,
diagphragm optics, smulations and analys's, operations and safety, efc.

Responshility for delivering the various components for the engineering phase are summarized
below:

Shutter - Krakow

Digphragm - Campinas, Karlsruhe, Krakow

Corrector annulus - Campinas, Czech Republic, Karlsruhe, Puebla
Opticdl filter - Torino

Reference point and mechanicd dignment tools- Karlsruhe

Mirror support - Karlsruhe, Torino

Mirror mounts - Karlsruhe, Torino

Mirror segments - Czech Republic, Karlsruhe, Torino

Optica dignment and quality control - Czech Republic, Karlsruhe, Torino, Puebla
Camerasystem - Catania, Roma

Building - Argentina

Furniture and ingalation equipment - Karlsruhe

Sow control - Karlsruhe

Cdlibration - Catania, Colorado, Louisiana State, New Mexico, Utah

Atmospheric monitoring - Adelaide, CBPF, Chicago, Ljubljana, Michigan Tech., New Mexico,
Torino, Utah

Detector smulations and data andyss - Addaide, Campinas, CBPF, Czech Republic, Karlsruhe,
Roma, Torino, Utah
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Electronics - see FDE section of TDR (section 1.2)

Ingtitutiond respongibilities for the various components may aso be subject to change based on our
experience during the engineering phase of the project. The present agreements for production are:

Diaphragm (with shutter and corrector ring) - Campinas

Opticd filter - Torino

Reference point and mechanica dignment tools- Karlsruhe

Mirror support - Karlsruhe, Krakow, Puebla

Mirror mounts - Czech Republic, Karlsruhe, Krakow, Puebla

Mirror segments - Czech Republic, Karlsruhe

Optica dignment and quality control - Czech Republic, Karlsruhe
Camerasystem - Catania, Roma

Building - Argenting, Karlsruhe

Sow contral - Karlsruhe

Cdlibration - Athens, Catania, Colorado, Louisiana State, New Mexico, Utah
Atmospheric monitoring - Adelaide, Athens, CBPF, Chicago, New Mexico, Ljubljana, Torino, Utah

Detector smulations and dataandyss- Adelaide, Campinas, CBPF, Karlsruhe, Krakow, Roma,
Torini, Utah, and the whole collaboration.

Electronics - see FDE section of TDR (section 1.2)
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1.1.7 Four Stesat Pampa Amarilla

1.1.7.1 Layout

The reference design layout isshown in Figure 1.21.  The surface detector areaiis
approximately 3000 kn with fluorescence detectors on the perimeter on hills called Leones, Morados,
Amailla and Coihueco. The four perimeter eyes will view 180° of azimuth towards the array.
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Figure 1.21 The planned arrangement of the 4 fluorescence detectors at the southern site.  Four
perimeter Sites are Stuated at Los Leones, Coihueco, Loma Amarillaand Los Morados. Each of these
sStesview 180° of azimuth. The array shown covers an area of approximately 3000 square kilometres -
the spacing of the surface detectorsis 1.5 km.

1.1.7.2 Schedule

Congtruction of the full observatory should commence immediately after the 2-year engineering
phase, which began with the ground-breaking on March 17, 1999. Congtruction of the first eye would
then begin in the spring of 2001, and the southern hemisphere observatory should be completed in 3
years (spring of 2004).
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1.1.8 Quality assurance, hazard mitigation, and safety

1.1.8.1 Optical testing

Verifying the optica quality of the Auger tlescopesis an important task. Cdibration work may
emphasize an end-to-end cdibration which folds together dl the optical and e ectronic components.
We need to know precisdy the quality of the optical components separately aso. Procedures are
needed for measuring the opticd filter’ s trangmittance as a function of incidence angle and wavelength.
How much variation isthere over its area? Procedures are needed for measuring the optica quality of
each mirror ssgment. The Puebla group demonstrated anew Ronchi tester at the Moreliameeting.
We a0 need to quantify the dignment accuracy of the mirror segments. It would be good to have a
system that dlows dignment (and measurement) with the cameraiin place, rather than relying on light
returning to the optical center of curvature. The mercedes reflector efficiencies can be measured in a
laboratory. We plan to use star trandits or other techniques to monitor their efficiency in situ.

1.1.8.2 PMT testing and database recording

Thetypica PMT characteristics are known from the specifications provided by the
manufacturer and by our [aboratory tests. The manufacturer shal provide for each tube the following
information: photocathode sengtivity at the waveength of 337 nm, photocathode sensitivity with a
Corning bluefilter, high voltage needed for again of 10°, and anode dark current at again of 10°. In
addition, we have defined atest procedure that is gpplied to each PMT when it is delivered by the
manufacturer. Thetest is performed on the PMT unit, i.e. the PMT with the voltage divider and
preamplifier cards soldered onto the flying leads, with an automatic PMT test system [14]. In particular,
we check the linearity of the PMT unit and the photocathode uniformity. \We messure the gain vs. high
voltage, which is needed for a proper grouping of the PMTswith Smilar gain. Therdative PMT gain
and the relative photocathode senditivity at different wavelengths are dso measured. We planto
perform these tests at the factory before shipping the PMT units to the Observatory. A fraction of the
PMT unitswill be tested in the collaborating inditutions.

The information for each individual PMT unit is collected into a database. The database will
aso track the PMT characteridtics after ingtdlation, including calibration measurements performed in
situ.

1.1.8.3 Failsafe mechanisms

The PMT photosensors have alifetime measured by the anode charge collection. It is essentia
that they not be exposad to strong light when the high voltage is on. Under norma operating conditions,
the digphragm will be open only during the dark of night. The shutterswill not be opened before the
end of twilight after sunset and will close again before the start of twilight in the morning. The shutters
will be dectricaly-powered mechanica devices, however. They may fail because of eectricd failure or
mechanica janming. A sensor (perhaps embedded between mirror segments) should automaticaly
switch off high voltage if aggnificant amount of light perssts for an gppreciable length of time.

Even without high voltage, the camera can be damaged by high light levels. If direct sunlight is
focused on the camera, it could burn up despite the opticd filter in the digphragm.
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Another battery-operated sensor should be mounted outside the building. It should detect the
shutter position aswell aslight levd. If it islight outside and the shutter is not closed, then it should
cause the release of a curtain that fals behind the digphragm to prevent the outside light from reaching
the mirror.

1.1.8.4 Safety equipment and operation procedures

The fluorescence detectors will conformto the Project’ s safety standards for buildings, dectrical
equipment, fire prevention, etc. Specid attention is needed for the eyes because they are expected to
be run remotdy with alot of high voltage and dectronic equipment concentrated within asingle building.
We require gtrict adherence to safety standards for wiring, conduits, circuit breakers, etc. Smoke
detectors should be ingdled with the capability of shutting off dl non-essentia power and broadcasting
dams.

The detector operating indructions will emphasize safety issues S0 as to minimize the possibility
of accidents. Personne should work in teams of 2 or more persons at remote Sites.

The use of high-power UV lasers condtitute a severe danger of eye damage both for Auger
personnel and unwitting bystanders. In particular, safeguards are essentid to avoid any possibility of
blinding an aircraft pilot in the area. The use of beam divergers might solve the problem. If not, a
smple radar sysem may be warranted to identify any aircraft in the danger volume.

A smpler method has been suggested. Theideaiis to mount a photosensor with about 10° fidd
of view on the laser. Whenever the sensor detects alight flash (possible airplane strobe), it disables the
laser for one minute. A laser pulse would then only be possibleif the solid angle around it has been
clear of arplanesfor a least one minute. High-power UV lasers should be mounted in such away that
their beams can never hit the eye of bystanders at ground leve.
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1.1.9 Calibration System
1.1.9.1 Reference Design Specifications

1.1.9.1.1 End-to-end calibration

The recongtruction of air shower longitudina profiles and the ability to determine the totdl energy
of arecongtructed shower depend critically on being able to convert an ADC count to alight flux for
each pixel that receives aportion of the sgnal from ashower. To thisend, it is highly desirable to have
some method for evauating each pixd's response to a given flux of incident photons from the solid angle
covered by that pixel, including effects of digphragm area projection, optical filter transmittance, mirror
reflectivity, pixe light collection efficiency and area, cathode quantum efficiency, PMT gain, pre-amp
and amplifier gains, and digita converson. While this response could be assembled from independently
measured quantities for each of these effects, the FD cdibration group is persuing an dternative method
in which the cumulaive effect is measured in a Sngle end-to-end cdibration.

The technique being developed is based on a portable light source that will mount on the
externd wal of the fluorescence detector building, filling the digphragm of amirror with a uniform pulsed
flux of photons and triggering dl the PMTsin the cameraaray. One portable light source will be
dtationed at each FD building. Cameraswill be cdibrated one a atime.

This source consgts of apulsed UV LED embedded in asmdl teflon sphere, illuminating the
interior of a2.5 m diameter cylindrical drum, 1.25 m deep. The sides and back surface of the drum are
lined with Tyvek, amaterid diffusvely reflectivein the UV. Thefront face of the drum is made of thin
sheet of teflon, which is diffusvey tranamitting. A slicon detector mounted near the LED monitors the
reldive intensity of each flash.

The geometry of the source and drum is arranged so that the intengty isindependent of position
on the digphragm and uniform over the range of the cameras solid angle. These uniformities of intensity
and angular emisson are measured in alaboratory using a CCD camera, viewing the drum from a
distance of 15 m. Pictures are recorded for severd angles of emission from the drum, in the range of
the telescope fidd of view. Software has been been developed for comparing the relive intensities of
regions of the drum surface. Current drum geometry gives nor-uniformities of lessthan 5%. The largest
non-uniformity is adecreasng intengty with radius on the drum face. While perfect uniformity is
desirable, non-uniformities which are smdl and well mapped over the surface of the drum can be
accommodated in andysis.

Idedlly, this calibration would occur a many wavelengthsin the N2 spectrum, between 300 and 400 nm,
and a severd intengties. The design discussed above uses the single wavelength of the UV LED
(375+12 nm). Itis planned that, as the calibration sophigtication evolves, fiber optics will be used to
pipe light to the teflon sphere, dlowing sdection of frequency and intengity from alight source such asa
monochromator or filtered xenon source. Currently, the pulses are variable in width, from 500 nsto 7
ns.
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Figure 1.22 Drum cdibration device mounted on the outside of the building at Los Leones.

1.1.9.1.2 Calibrating the Drum Using the Central Calibration Facility

While the uniform light source described above provides ameans of determining relative
responses of the pixelsin atelescope, measuring the energy of an air shower requires an absolute
cdibration of pixels. To accomplish this, the drum caibration must aso be absolute.

To edtablish this absolute cdibration, asmall optics lab will be established at the central Auger
assembly building. The basic lab components will include a molecular deuterium UV light source, a
diffraction grating monochromator, beam splitter, and a NIST-cdibrated UV dlicon detector. ThisS
detector will be the reference standard for the cdlibration. The lab components will be used to transfer
the NIST cdlibration from the S detector to aPMT and then to the drum. (The low sengttivity of the S
detector makesit unusable for directly cdibrating the drum.)
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Figure 1.23 The online display from the data acquisition software showing the results of asngle 7 ns
pulse from the calibration drum when mounted in the mirror gperture. At the top left is shown the pixe
aray, indicating that al pixdsin the camera (except two known dead channdls at this time) went above
threshold. Top right contains timing information for the triggers in each row of pixds. Bottom is the
response from severa randomly selected pixels in the camera (dotted pixels in top left) for the seven 1
ns ADC bins. Such events can be written to disk at about 10 Hz; severd thousand events at 5 pulse
widths from 0.5 to 7 ns have been written to disk for andysis.

Thefirg step in the cdibration will be made using techniques parallding those used by NIST
[15], where the detector to be calibrated is compared to the known standard detector under identical
conditions. The monochromator will scan UV waveengths between 300 and 400 nm using the
molecular deuterium source asinput. The beam splitter Sits at the monochromator output. With the S
reference standard and the PMT monitor viewing the two beams from the splitter, detector outputs as a
function of waveength can be compared. (To alow for the ~10° difference in detector senstivity, a
neutrdl dengity filter isrequired on the PMT beam.) A rétio of the outputs (including the measured
nuetral density filter factor) at a given wavelength gives the cdibration of the detector relative to the
standard at that wave ength.
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The uncertainty in the cdibration of the PMT will include the uncertainty inthe UV S detector
cdibration, provided by NIST. The waveengthdependent efficiency uncertainties are givenin Table
1.2.

waveength (nm) uncertainty (%)

200 13.02
250 1.36
300 2.06
350 1.68
400 1.46
450 0.38
500 0.38

Table1.2 NIST wavdength-dependent efficiency uncertainties for the UV Silicon detector.

Oncethe PMT response is known, it can be used to caibrate the (low) intengity of the drum. If
the PMT is placed far from the drum, photon incidence angle effects are minimized. 1t has been shown
in the lab that the response of asuitable PMT to light emitted by UV LED pulsesin the drum can lead to
measurements which are good (datigticaly) at the 1% levd.

The uncertainty in the overdl cdibration is expected to have contributions from uncertaintiesin
the stability of the LED-monitoring S detector in the fidd, the uniformity of the diffuse surface of the
light source, and the cumulaive uncertainties of cdibrating the drum relative to the UV S cdibration
detector through use of the PMT. Of these, the first and the second, which can be minimized in
software, are expected to be smdl. Thelast is expected to dominate the overal uncertainty. Since
each of these is expected to be less than 5%, atotd absolute uncertainty on the order of 8% or lessis

expected.

1.1.9.1.3 Relative Night to Night Calibration

The end-to-end cdibration using the flat field drum illuminator (described above) will be done
on aperiodic but not on anightly basis. To track the PMT response between end-to-end calibrations,
ardative optica calibration system provides light pulses to three computer-selectable placesin each FD
telescope:

at the mirror center with the light directed at the camerg;
a the middle of the 2 Sdes of the camerawith the light directed a the mirrors;

a the entrance aperture with the light directed at areflector (TYVEK screen or TYVEK targets on the
telescope doors) to direct light back into the telescope entrance aperture.

Thelight is distributed from a programmable light source (at each FD Ste) viaopticd fibers. Typicaly
the optical fibers end with a diffuser to equalize the light directed to the PMTs. The geometrical
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projection effects (for the fiber/diffuser at the mirror center) can be caculated, thus this source provides
arddive cdibration of the camera pixeswithin asingle camera

The programmable light source provides light &t different intengties and/or waveengths usng
neutrd dengity and/or interference filters respectively. Thelight source is axenon flash bulb with a
characterigtic pulsetime of ~ 1ns matched to typica fluorescence Sgnasin the PMTs. The high pulse
to pulse sability of axenon light source resultsin light cdibration sgnas with RMSwidths < 1%. Light
source intengities are monitored and recorded in the cdlibration data base.

1.1.9.1.4 Principle of electronic gain deter mination'

The absolute optica gain as determined with the Drum Calibration relates the ADC output (in ADC
counts) to the photon flux (at fixed wavelength of 370nm) through the telescope aperture. In contragt,
the Electronic gain defines for each pixel the ADC signa amplitude per photoe ectron current at the
PMT’ sfirgt dynode. Theratio of both quantities - the opticd gain and eectronic gain - depends only on
geometry of the telescope (shadowing effects, reflectivity), PMT quantum efficiency and collection
efficiency. It is congtant as long as these conditions are kept unchanging.

The dectronic gain — and thereby the optical gain - can be adjusted by changing the PM T’ s high voltage
or by programming the gain of analog amplifiers on a per pixd bass. The adjusment made as part of
the Drum Cdlibration is such that the response to light pulsesis uniform for dl pixels. If theratio of
optica to eectronic gain is congtant due to unchanging conditions, it is sufficient to measure the
electronic gain to predict the absolute optical gain. Since the eectronic gain is only weskly depending
on the photon wavelength, this measurement can aso be carried out with ablue LED of adifferent (470
nm) waveength.

A datigtical method to determine the eectronic gain based on afluctuation anadyss of the camera
response was presented in [xx]. It alows afast measurement of the dectronic gain with only afew 10,
but rdatively long square light pulses from a LED. The top of the signd recorded by the ADCs has an
exponentid decrease due to the AC coupling of the PMT and amplifier as shown in figure xx. The
electronic gain G iscaculated by

D 10

G=—"—x__ "  x

M (1+u,)XF
Here (1+u,) isthe single photoelectron resolution, F  isthe noise equivalent bandwidith of the andlog
chain, M - the amplitude of the recorded signd and D - the variance of the recorded samples.

For now, the single photoe ectron resolution is assumed to be equal 1,412 for every PMT, but we have
aso plans to measure this value for each PMT individualy in a specid measurement with a much higher
PMT high voltage. The noise equivaent bandwidth F is measured periodicdly (quarterly) and the results

'TDR_LEDcdlibration.doc
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are sored in the calibration data base as array F(22,20). The measurement of F with 1% accuracy
(rms) requires about 500 LED pulses and a more sophisticated analysis.

Relative Night to night calibration with the LED

The measurement of the eectronic gain with satistical method will be performed for each pixe ona
nightly bass. The DAQ will trigger on 50 LED shots which are sufficient to achieve a1 % Satistica
error in the gain determination. The results are stored in a data base as array of pixe gains G(22x20).

In addition, the nightly recorded data are andyzed to find changes in the cdlibration system. The LED
amplitude is recorded with a S photodiode pulse by pulse. The relative optica response of the camera
(array OR(22,20) is cdculated by the average of the recorded ADC amplitude divided by the
photodiode signd. Changes of the optica response for dl pixesin adl cameras indicate problems with
optical system of the cdibration. Changes for single pixel not correlated to changes of eectronics gain of
that pixd indicate variationsin the PMT characteridtic.

The dectronic is equipped with 2 virtua channels per camera column to increase the dynamic range.
These extravirtud channels (VC) are the anadog sum of the 11 non-adjacent pixds which are amplified
with afactor 30 lower gain. Idedly, each pixel contributes to the associated virtua channe with the
same weight. However, imperfections in the anal og eectronic can cause deviations and it isthus
required to determine the ratio of the eectronic gain for high gain (norma channd) and low gain (virtud
channd) per pixd.

The determination of this ration requires successve pulsesin individua pixds exploiting the potentid of
the eectronic test pulser available for every channd. Therefore the nightly caibration will be
complemented by atest pulser run which verifies al front-end functions and calculates the array
GV(22,20) holding theratio of gainsin norma and virtua channe per pixd.
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Figure xx: Recorded signd of apixd in response to asquared LED pulse. The dectronic gainis
proportiond to the ratio of the variance D and the pulse amplitude M.
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1.1.10 Atmospheric monitoring

The observed light intengity, |, from ashower is reduced from the light intensity of the
fluorescence source, 1o, by geometric and by transmission factors. The relevant transmisson factors are
T and T° corresponding to molecular and aerosol scattering of the light in the atmosphere between
the air shower and the fluorescence detector(s). There are dso higher order corrections from multiple-
scattered light and scattered air Cherenkov light (that increase the observed signa somewhat).
Uncertainties in the source light intengity will arise from uncertainties in the (correction) factors. To
minimize these amospheric uncertainties, fluorescence experiments are located in dry desert areas with
typicdly excdlent vighility (i.e. smdl corrections).

The scattering of light in apure or molecular amosphere isfrom Rayleigh scaitering. The
scattering of light on much larger scaitering centersin the aimosphere called agrosolsis referred to as
Mie scattering. In practice the Rayleigh scattering related corrections, while large, can be made with
precision using conventiona atmospheric data: the temperature and pressure at the fluorescence
detectors, and the adiabatic model for the atmosphere. In contrast the corrections related to Mie
scattering, while typicaly less than the Rayleigh corrections, are a priori unknown. Thus most of the
atmogpheric monitoring is focused on the aerosol (Mie scattering) component.

In a1-dimensona modd of the amosphere (not un-typica of the night time aimosphere in
large, desart valleys at locations well away from the valley wals) the aerosol transmission correction
needs only the aerosol verticd optical depth (AVOD(2)) to height z above the fluorescence detectors.
Thiswill be measured usng anumber of different instruments. Multiple, and in some cases redundarnt,
measurements provide a monitor of non-1-dimensiondity as well as crass checks and amonitor of
systemdtic uncertainties. In al cases the measured quantities include both aerosol and molecular
contributions. The aerosol vaues are obtained by subtracting the molecular (Rayleigh) contributions.

1.1.10.1 Reference Design Specifications

1.1.10.1.1 Weather recording

Automated weather stations will be located at each of the FD sites (eyes). They will provide a
record of the locd temperature, pressure, wind speed and direction, and humidity. The temperature
and pressure are essentia to define the Rayleigh atmosphere. Wind speed (and direction) are
important for safety interlocks for the FDs. Humidity is relevant for the IR cloud cameras and provides
information on the formation of fog.

1.1.10.1.2 Horizontal attenuation

The horizontd attenuation length will be measured a 1 hour time intervals and aong 3
(independent) light paths across the Auger Southern array. Thusthey will provide information on Site
and ingrument-related systematic uncertainties in the horizontal extinction length. Each light path
includes a Hg-vapor light source and a CCD based receiver. The receivers are ~50 km from the
source to minimize the uncertainty in the horizonta attenuation length measurement from varigionsin the
source brightness or photometer sengitivity. Measurements will be done a 4 wavel ength between 365
and 546nm. These measurements, combined with the loca temperature and pressure, will determine
the aerosol horizontd attenuation length at 365nm and the wave ength dependence of the attenuation

length.
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1.1.10.1.3 Vertical aerosol profile

The observed fluorescence light Sgnd must be corrected for the finite transmission of light from
the extengve air shower to the fluorescence telescopes. To make this correction we need to know the
cross section weighted, vertical profile of the atmosphere, and in particular of the aerosols. The planis
to use scattered laser light as alight source to monitor the atmosphere. By using steerable laser beams,
the light sources can be positioned to make a measurement of the vertica optica depth versus height, z,
above the fluorescence eyes. In practice thiswill be done using backscattered LIDARS. Backscattered
LIDARswill beingdled a each of the three fluorescence sites on the periphery of the Auger ground
array. Each backscattered LIDAR congists of a pulsed, 355nm, laser beam and areceiver telescope.
Comparison of the three LIDAR results will monitor Ste and instrument related systematic uncertainties
in the optical depth measurements.

1.1.10.1.4 Aerosol phase function

The observed light from an extensive air shower includes both the air fluorescence sgnd plus
some Cherenkov light (mostly in afew degree cone centered on the air shower axis). Through
scattering of the Cherenkov light in the air, some of the Cherenkov light appears as a background into
the fluorescence data. To estimate the fraction of Cherenkov light scattered on aerosols we need the
aeros0l extinction length, a height z above the fluorescence detectors, and the aerosol phase function
(normalized aerosol differential scattering cross section) for scattering angles 3 10° (from theinitid light
direction).

The obsarved light from an extensve air shower aso includes a contribution of multiple
scattered light. Thiswill be true for the air fluorescence signal and for the Cherenkov background light.
In making a correction, it is most important to know the Mie phase function a forward scattering angles
where Mie dominates Rayleigh scattering.

In the constant composition, 1-dimensond modd for aerosols, it is sufficient to measure the
aerosol phase function at the atitude of the fluorescence detectors. The measurement can then be made
using a near-horizonta, pulsed light beam directed across the field of view of one of the fluorescence
sites. As each fluorescence detector views ~180° in azmuith, even afixed direction light beam will
alow the aerosol phase function to be measured over most of the range of scattering angles. Thiswill
be done using adedicated light source located near two of the Auger fluorescence stes.  1n addition
LIDAR beams, from one fluorescence ste directed across the field of view (and at near grazing
incidence to) adjacent fluorescence stes, provide a good measurement of the small angle aerosol phase
function.

1.1.10.1.5Cross Checks

To monitor and to hep minimize systematic uncertainties, dl of the aimospheric monitoring
measurements are made in at least two independent ways. For example the horizonta extinction length
measurement will be compared with horizontal LIDAR measurements. The aerosol optical depth
measurement will be compared to measurements from a dedicated star monitor. In addition laser side
scattered light from the LIDAR at one fluorescence site will be observed by the fluorescence detector at
adifferent fluorescence site. A comparison of the predicted ver sus observed signd (as afunction of
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time) provides the essentiad cross-check of the aerosol modd and the ingredients of the modd: the
horizonta extinction length, the vertica profile of aerosols and the aerosol phase function.

In addition spatia variationsin the aerosols are monitored using the 3 different horizontal
atenuation length light paths and by the azimuthd variations in the backscattered LIDAR measurements
a agiven gte and by differencesin the vertica optical depth as measured at the 3 LIDARS.

1.1.10.1.6 Cloud Monitoring

The presence of cloud is akey factor in the operation of the FD system. It can determine the
effective gperture of the system, and the presence of broken cloud between the shower track and an
eye can distort the apparent longitudina development of individua showers. Cloud can be detected at
night in the absence of terregtrid light sources by its emission in the infra-red due to its higher
temperature than the night-sky background. Apart from the highest and coldest cloud, such detection
can be readily achieved for cloud a high at high eevation angles. Close to the horizon, particularly in
humid conditions, detection againgt the warm atmaosphere may be more difficult. The planisto ingdl
infra-red (in the vicinity of 10mm) cameras at each of the FD eyes, and to scan the sky with them using a
pan and tilt drive approximately every 10 minutes. They will provide each FD pixd with a cloud/cloud-
free decision and, with a0.2° angular resolution, will be used collectively to triangulate sparse cloud
over the array fiducid volume. A test imageis shownin Figure 1.24.

Figure 1.24 A cloud image taken with a Raytheon Series 2000B camera from the top of the physics
building in Addade - looking north-east. Its a pyroelectric 320 x 240 pixel camera sengdtive to 7
14mm infracred radiation. A negative image is shown - dark (cloud) areas are warm compared to white
(clear sky) areas. The image shows cumulus cloud low over the Adelade Hills - at least 10 km distant.
Some closer cumulus is evident in the middle of the image. This foreground cumulusiisin front of some
higher dtitude diffuse/cirrus type cloud (faintly visble in the upper centre of the image). On the left is
part of the physics building and in the lower right a congtruction crane.  The horizon is the Addade
Hills
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1.1.10.2 Balloonsii

The evidence of various amospheric influences on the development and detection of EAS using the
fluorescence technique demands detailed measurements of the atmospheric conditions at the location of
the Auger experiment [1]. In this part, the technique of measurements is described for obtaining
atmospheric profiles concerning the molecular amosphere.

At the Pampa Amarilla, periodical radio soundings are performed covering al seasons and daytimes
with an emphasis on measurements during nights. Radio soundings are a common meteorologica
procedure for acquiring data about air temperature, air pressure, relaive humidity of air, wind speed
and wind direction in dependence of height. Radiosondes are smdl, full automatic sensors which are
launched with helium filled balloons, see Fg. 1.

The size of the helium filled baloon at ground is about 1 m? and between the baloon and the sondeis a
amal parachute for retarding the falling velocity after the balloon has burst. The radiosonde of type
DFM-97 with GPS option itsdlf is a product of the company Dr. Graw Messgerate GmbH & Co [2].
The measured data are permanently transmitted from the radiosonde to the receiver ground station GK -
90C [2]. The transmitting frequency with a bandwidth of 15 kHz is selectable between 402 - 406 MHz,
in geps of 20 kHz. The range of sensor accuracy is laid out for dtitudes up to 40 km asl. and the
transmission range is more than 250 km. In Figure 2, a detailed view of the radiosonde with its different
types of sensors can be seen.
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Figure 2: Opened radiosonde with all types of sensors.

During the measurements performed at the Pampa Amarilla, the sets of data are stored every 3 — 4
seconds on average, but at least every 8 seconds. This ensures values in height steps between 3 m and
50 m, with an average

"TDR_Balloons.doc
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T

Figure 1: Radiosonde launched with Héhl.ittj‘m-ii"il'l_éd bélloon.

step size of gpproximately 20 m. A st of data conssts of eight parameters which are time since
launch, air pressure, air temperature, relative humidity of air, wind speed, wind direction, GPS
height, and geopotentiad height. The baloon rate of climb depends strongly on pressure and wind
conditions as wdll as the balloon filling pressure ranging between 100 m/min and 500 m/min with an
average of roughly 200 mymin. The upper limit of the measurementsis given by the height of baloon
burst. Typicd heights around 22 km a.s.l. can be reached with a maximum for the highest balloon of
28 km asl. up to now.

The following Table 1 summarizes some technical details about the sensors of the radiosonde which has
in tota aweight of 225 g.

Data Type Error Resolution Useful Range M easur able
Range
temperature <0.2°C 0.1°C -80°C to +44°C -90°C to +80°C
rel. humidity <5% 1% not specified 0% to 105 %
<0.5hPa 0.1 hPa 5 hPato 200 hPa
pressure <10hPa | 01hPa | 200hPato1080hpa | 2 NP0 1100NPa

Table 1: Accuracies of the radiosondes [2].

The used tranamitter has a deviation smaller than 5 kHz with a typical power of 20 dBm or 100 mW.
The maximum power is beow 21 dBm. The recaive antenna is omnidirectiond with 3.5 dBi on the
horizonta plane. The radiosonde is standard with a C/A-code-correlated GPS receiver for eval uation of
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the exact pogtion of the radiosonde. The pogtion information is caculated by the GPS module in the
radiosonde. The position is transmitted to the ground station, where it is corrected with the stationary
GPS sgnd of the ground station (differentia GPS). Additionaly, the geopotentid height is acquired.
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1.2 FD electronics and software

Overview

b)

d)

The main tasks of the telescope dectronics are to shape the PMT sgnads from FD cameras, digitize
and store them, generate a trigger based on the camera image and initiate the readout of the stored
data. A computer network compresses the data, refines the trigger decision, gathers data of the
same event from different telescopes and transfersiit to the central computing facility CDAS.

The organization of the front-end (FE) eectronics follows the structure of the telescopes in the FD
buildings. Each of the 24 telescopes is readout by one FE sub-rack through its associated Mirror
PC. Each sub-rack covers 22 x 20 pixels of the camera and contains 20 Andog Boards (AB), 20
First Leve Trigger (FLT) boards and asingle Second Level Trigger (SLT) board.

The contradicting requests of the experiment are a chalenge for the design [16]:
low price,

good testahility to achieve remote operation and low operation costs,

high rdliability and robustness for 20 years of operation,

absolute time synchronization with the surface array stations below 120 ns,
flexibility of the triggers to be open to new physics.

The concept for the front-end eectronics, the data flow and the data processing rests upon the
system requirements. The design uses reprogrammable FPGAs to obtain a cost-effective and
flexible solution whenever possble. The large-scde integration of modern FPGASs alowed a
massive parald solution for recognition of tracks and suppression of background. The supervison
and readout task is carried out by low cost PCs under LINUX operating system. Using this concept
we are able to fulfill our main design goals - low price and flexibility.

This chapter of the report describes the eectronics, the trigger, the computing facilities and the
software associated with each of the front-end sub-racks. Figure 25 shows the block diagram of the
Huorescence Station (FS) eectronics and readout system. Following the sgnd chain from the PMT
to the central Sde the system consists of 4 main parts:

the camerawith 440 PMTs and the head eectronics as shown in figure 26,
FE sub-racks, 19" VME-like racks containing the andlog and digita front-end boards,
Mirror subnet, linking the MirrorPCs with the EyePC viaa LAN switch, and

Eye network to the telecommunication tower and with connections to the FieldPC (used for dow
control) and other computers for caibration and atmospheric monitoring.

All these hardware parts and the software are explained in detail in the following subsections.

66



1. Fluorescence Detector

FE-Svbeack#1 ~ Telescope #1

440 PMT
+ Head-
clectronics
FE- Subrck #2  Telescope #2
440 PMT
i (e
electranics
100MB Eg L0MB . e °
1 35
%-_—CulibnﬁmPC . ° .
§<—>ClmdMaﬂtm'PC
Field PC . ° .
SkowControl
MimocPC FE- Subrack #6 'Iblmpa#s
e i 1
=l
1xSLT + 20xFLT
N o~ —~ ~——
Eye Network Mixror Subnet Front- end Camers

Fgure 25: Readout scheme for the FD e ectronics showing the main components. Eye Network, Mirror
subnet, front-end sub-racks and camera

.
oB [

— . N
PMT (10X) I P Test Pattern Generator
A/ - ‘
Vv
— 1l - @ _______ A Gain Control
. © © i H ] \J
Il H /V 1 !
D D R ! v \l Antialiasing _Filter
———N ‘
Active Bias H —
—0— +HV = @—v+ Driver, o ( 1 2R R G \ FADC Normal Channel
Network i 3 y H I \ ! —
| . |
J_ |:| D 2 OR/SUM
3
° v et L S
|:| V- . 2 x1 { FADC > Virtual Channel
H+ g : 11 ) \
HEAD ELECTRONICS (440 x) - GND g : ANALOG BOARD (20 x) FIRST LEVEL TRIGGER BOARD (20 x)
s |
3 |
HVILV Power Supply System v+ w2 I ? ? ? f ?
—v : .
HVmax :1300 V, LV: +-6V — GND—: g | | LVPS +/-5V, AGND | FRONT-END BOARD | LVPS +3.3V, DGND | H
(U6 x) N '
[ N L e T Rttt
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1.2.1 Hardware

1.2.1.1 Head Electronics

Overview

The Head Electronics (HE) isthe firgt unit of the sgnd processing chain. It convertsthe PMT current
sgnd into adifferential voltage pulse. The pulse is conveyed to the Analog Board usng asingle twisted
pair per channd. A DC biasing level of 1.36 'V at the output pinsis required to take best profit of the
linear range.

The HE unit is mounted directly to the PMT, Fig 1, and its circuitry provides the following functiondities:
PMT active biasing.
Signd pre-amplification and twisted pair driving.
Rejection of common-mode noise.

HV filtering.

The HE congsts of two coaxidly interconnected PCBs: the Bias PCB close to the PMT, and the Driver
PCB which contains an hybrid driver circuit and the externa interface connector. All PCB’s are two-
Sded, circular, 32 mm in diameter, and are interconnected using three highly religble pins. Use of the
hybrid driver circuit avoids use of athird PCB. A plastic piece was designed to facilitate the soldering of
the PM T’ s flying leads to the Base PCB and to ensure mechanica srength.

Figure 1: A Head Electronics connected to an XP3062 PMT. Each unit has a bar-coded serid number
for identification and tracking. The units are connected to the Didtribution Board via a 30 cm cable
attached to a 10-pin 3M connector located at the external PCB.
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Thebias PCB

The PMT is biased using an active divider network whose equivaent resistance is 6.35 MW, induding a
100 kW filtering resstor at the HV side of the chain. The active divider dlows congtant PMT gain even
a rdaively large background currents, as well as reduced power disspation. The low power
consumption implies a Sgnificant reduction in the cost of the HV power supply. In addition, the lower
power dissipation of the active biasing chain trandates into alower operating temperature which
improves the reliability. A comparison of performance between the active divider and a conventiona
passve schemeisshown in Fig 2.

TheDriver PCB

The maximum PMT’ s anode current Sgnd is5 mA  that is converted into a2.5 V voltage pulse by the
500 W load resstance. The maximum signd at the driver’s output is therefore 5 V. A differentia input,
balanced-output chip, MAX4147ESD, reads-out the Sngle-ended current signa from the PMT, with a
high rgjection of the common mode noise. In fact, the driver’ s differentia input is used in combination
with asymmetrical load resstor network to alow high rgection of common-mode noise. It hasto be
noted that, at low frequencies common-mode noise can not be effectively filtered by an RC network at
the high-voltage end of the biasing network, due to the capacitance limitation of aHV capecitor. In Fig.
3itis shown the input network, comprising two load resistors and two HV blocking capacitors
symmetrically digposed onto the PCB layou, to reduce the common-mode noise.

The PMT current Sgnd ingtead, entersin only one of the symmetrical branches a the driver’ sinput and
gopears a the outputs with different levels and polarities. Thisis shown in Fig 3 where, by ingpection,
the indicated pulse shapes can be derived. In particular, it can be noted that the non-inverting pin a the
input of the receiver chip remains at virtua ground, while the whole sgna develops at the inverting input
of that chip. The recaiver chip isa MAX4145ESD and its gain was fixed to 1.45 which originates a
positive going output of 3.6 V, within itslinear range.

The differentid output terminas of the driver are biased to a commonmode voltage of 1.36 V. Thisis
necessary to better accommodate the PMT signd within the linear region of the driver chip, Fig 4. An
overflow of 32 % in the maximum signa developed a the driver output isin this way ensured.

Twisted—pair lines are used for the Sgna transmission between the HE and the Digtribution Board (DB)
and between the DB and the Andlog Board (AB), at the front-end eectronics. The latter lines are much
longer than the former and have specified 120 W characteristic impedance. The driver circuit therefore
comprises two laser-trimmed 60 W resistors to terminate the line a both the receiving and sending end.
Reflections are in this way avoided and the Signdl at the input of the recelver becomes identicd to the
one & the load resistor(s).

The MAX4145 chips drive twisted-pair cables which, &fter traversing the DB’ s located at the back of
the camera, end with adifferentid line receiver MAX4145 at the AB. Two diodes and a series resistor,
protect the driver chip againgt HV sparks. The HE can permanently withstand short circuits to ground at
the output without damage. Power dissipation increases to 370 mW from its 270 mW at the HV-ON
condition, during normal operation.
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Figure 27: Block diagram of the Andog Signd Processor. The signd shapes are indicated. The
symmetrical input circuitry reduces the common-mode noise, whilethe PMT signd is enhanced.

70



1. Fluorescence Detector
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Fig 4: The asymmetric pulses at the driver's output require aDC leve to ensure operation in the linear
region.

Background light measur ements:

During the Engineering Array phase of the Project, the two prototype tel escopes were equipped with an
optoelectronic system [17] that modulated the DC level at the output of every HE (Vodc of Fig 1.30),
according to the intensity of the background light seen by the corresponding pixel. Records every 20 s
or 30 s have been taken. Selected results are shown in Fig. 5 together with records taken by an
dternative method based on the evauation of the variance of the basdline fluctuations. That evduation is
performed by taking profit of the high processng power of new FPGA’sincorporated inthe FLT
Board.

Taking periodica records of the average background light in every pixd isimportant to perform the
following actions:

to control the absolute pointing of the telescope pixels and its long-term sability by tracking

bright blue sars.
to evduate the photocathode uniformity by analyzing thesgnd of darstrangting trough the
telescope fidld of view.
to evduate the sky qudity ( presence of clouds, amospheric attenuation, presence of light
sources).
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Fig. 5 (left): Signa of the bright star Vega crossing the FD Camera as seen by the optoelectronic
based current monitor. (Right): Signd left by Elnath (vmag 1.64) as seen by evauating the variance of
the basdline fluctuetion.
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The anode current in pA corresponds, for aPMT gain of 50000, to 14.2 pe /100 nsmA. The
time axis indicates units of 20 s. The pulse width a haf maximum of a gar sgnd was about 6
minutes. The pedestals of each pixel correspond to the dark sky light: 0.8 mA or 11 pe/100 ns.

The plots of Fig 5 show that the variance method has sufficient resolution to calculate the
absolute pointing of the telescopes using bright stars. It was adopted for the final design.

Production of the Head Electronics
The HESs were produced by Intratec GmbH who has an associated production facility (Elbau) in
Berlin. Intratec participated to the INFN cdl for tender for the fabrication of 12000 units and
formulated the best offer. In addition the technical documentation about the technologies they
use for the production left a very good impresson to the Production Readiness Review
committee.

The Head Electronics conssts of two PCB’s, one hybrid circuit for the driver, and three inter-
board pins. They are shown in Fig 6.

Fig 6: The Base PCB (upper sSde), the driver PCB (lower sde), the hybrid driver circuit and the
interboard pins. The soldering pads of the Base PCB are protected against oxidation by a Flex Mask,
which is removed just before they are mounted onto the PMTs.  The centrd hole serves to
accommodate a plagtic piece used to reinforce the mechanica strength of the PMT+HE assembly. At
the upper-right corner: afinished HE unit.

The fabrication of the HE is performed in a clean room (class 100000) for assembly and testing
operations. The hybrid circuit is made in a clear room class 10000. The only hand made operations are
the mounting of the hybrid circuit and the 3M connector, and the soldering of the three inter-base pins.
The soldering of al the surface mounted components is done using automeatic machines.
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Quality assurance:

Rdiahility of the HE s should be ensured taking into account thet the life of the experiment is
estimated to be about 20 years. The procedure consists on the optimization of the fabrication processin
order to get ahighly uniform product. On the other Sde, a severe therma stressing cycle (burnvin) is
performed on al fabricated units to accelerate the so-called “infant mortaity”. Pre and post burn+in tests
are performed using atest set-up developed on purpose.

The whole production has been scheduled as four batches of about 3000 units each, made

approximately every four months. The acceptance test conssts on the verification of aseries of
parametersthat are indicated in the following table:

HEAD ELECTRONICS SPECIFICATIONS

General, @ 25°C
Low voltage power supply +6 V/ 13.5mA +- 0.35
-6V/ 95 mA +-0.32
HV supply current 144 mMA@915V + 1.5%
Totd power disspation 138 mW (+ HV power dissipation), typ 270 mW
Signal Driver:
Input Differentia
Output Badanced
Tota Output Resistance 60 Ohm + 60 Ohm, 1 %
Signd Gain (over a 120 ohm load) 0.5 mV/mA (R =500 Ohm; Voltage Gain = 2)
Sew Rate 2000 V/msmin.
Max Signd Current 5mA; (~2mA over range dlowed)
Bandwidth 100Hz-10Mhz
White noise dengity level 9 nV/ vHz max.
Common-mode rgjection ratio (CMRR) At least 28 dB 1kHz100kHz
Short circuit conditions Permanent, without damage.
Max power disspation at short circuit 240 mW, plus HV power disspation, typ 370 mW
total.
V,DC 1.36V
PMT bias:
Type of divider Active
Divider current 144 MA@ 915V
Gain change (max) as function of DC anode | 1.8 % @ 10 nA
current 2.3% @ 24 mA
5% @ 50 nA
Max operating voltage 1.5kV
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Acceptance tests: as said above, pre and a post burr-in tests are performed using a set-up designed
on purpose in collaboration with the manufacturer, Fig 7.

Fig. 7: Thetest set-up conssts on a hardware unit under control of a LabView-based data acquisition
sysem.

Thefirgt step isavisuad ingpection, to screen-out possible assembly and soldering errors. In the Base
PCB the vaues of the resgtive chain are dso verified.

With the intervention of an operator, the gpparatus performs a test consigting in the following steps:

a) DC test: with LV and HV applied, the following parameters are measured. A unit is rgected if a
single parameter is outside the indicated boundaries:

- podtive supply current | + : within 12 mA and 16 mA

- negdive supply current | - : within 8 mA and 13 mA

- common-mode output voltage Vo: within 1.31V and 1.40 V

- differentid output voltage Vo _diff : within =25 mV to + 25 mV

- HV voltage monitor: within 3.73V and 3.77V ( HV mean = 1500 V)
- HV current pre burn-in: within 1.175V and 1.800 V ( 235 - 360) mA
- HV current post burn-in: within 1.175V and 1.225V (235 —245) mA

b) Pulsed operation: a test pulse is injected trough the specia Test pad. The output sgnd is verified
using areceiver circuit and adigita oscilloscope that form part of the test system. All samples describing
the pulse response are within + 5 % of the average pulse shape of thelot.

d) Burrrin: A lot is subject to burn in, lasting 40 h, consisting in 20 thermd cycles of 2 h each from 5
°Cto 60 °C. LV and HV (1500 V) are applied during the whole burr+in test.

€) Repeat dl above after burn-in:

The uniformity of the lot is evaluated once again. Units not satisfying the above mentioned margins are

rejected.

74



1. Fluorescence Detector

Selected results of the first three batches (about 9000 units)
A few results of thefirgt three batches are summarized below. The unexpected behavior of HV_Imon
before burrn+in and the explanation of the mechanism that originated it, is addressed below.

W Vout 2° Batch
W Vout 3° Batch

Vout
Post burn-in

150

50

132 134

136 1.38

Range (Volt)

14

150

W - 2° Batch
W |- 3° Baich

|-
Post burn-in

8 9

10

11 12 13

Range (mA)

Fig 8: A corrdation between the negative power supply current and the output voltage is evident. This
is due to the drop of voltage across the 50 W resistor used in series with the positive supply, asan RC
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Fig 9: An unexpected long tail towards higher vaues can be observed in the parameter HV_Imon. The
reason was the conductivity in the FlexMask due to the presence of solvents that evaporated during
burn-in asit is shown in the right plot.

PRE Vout Vdiff  |HV mon |HV Imon I+ I- POST Vout vdiff  |HVmon | HV I mon I+ I-
BURN-IN| V] [mv] V] V] [mA] [mA] BURN-IN[ V] [mVv] V] V] [mA] [mA]
Mean 1.356 -0.4692| 3.751 1.220 13.78 10.00 Mean 1.3570 -0.544 3.750 1.1930 13.74 9.747
Max 1.402 14.31 3.758 1.740 15.12 11.20 Max 1.3980 14.19 3.757 1.223 15.05 11.13
Min 1.319 -18.90 3.732 1.181 12.42 8.360 Min 1.320 -15.17 3.730 1.175 12.41 8.353
St.dev 0.0116 3.050 | 0.002926 0.0611 0.510 0.520 Stdev 0.0112 3.107 [0.003186( 0.006584 0.4925 0.5143
St.dev % 0.85 0.078 5.00 3.70 5.21 Stdev% 0.82 - 0.085 0.55 3.60 5.28

Fig 10: A comparison of results obtained before and after burn-in. To be noted the improvement by a
factor 10 of the standard deviation of HV_Imon, after burn-in.

Concluding remarks
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The very high uniformity of the amost 9000 HE units produced gives a very good indication that what
we have in handsis highly reliable object. The percentage of rgected unitsis 1.45 % only.
The burn-in therma stress made it possible to reduce by afactor 10 the dispersion of HV_Imon.

1.2.1.2 Distribution Board

General

The AB and the HE are interfaced via the Digtribution Board (DB) and related cabling. The FD sgnd
from each pixd is conveyed to the AB in differentid mode. HV for the PMT biasng and LV for the HE
pass trough the DB that provides dso protection against surges at the LV and to accidentd reverse
polarity inthe LV and HV supplies.

The modularity is such that each DB serves four verticd pixel haf-columns. An upper and alower
board are the minimum number required to read one complete column. Actualy two DB’ s serve 83
channdls which correspond to four Front-End Boards (i.e. AB+FLT) for atota of 88 channdls.

The boards are not symmetrical and serve al four columns from one Sde only.

Cabling
ABto DB

A 26 twisted-pairs cable connects the AB to the DB. At the AB the cable plugs into the rear of the
analog bus viaa 64 pin connector (e.g. 3M 6964), using pin 1 to 26 and rows A and C. Thiscableis
gplit in two and is connected to the upper and lower DB’ s using two separate 30 pin connectors, of
which pins 1 to 13 of both rows are used.

HEto DB

The connection between the DB and the HE is done viaa single cable comprising 7 wires organized in
three twisted pairs and one single conductor for the HV:

o o HV

3M 10 pin connector
o o [GND .
Vo+ :| Male, Top View

Vo- | | o o |[-6v

GND | © o [+6V

Fig.11: The mae connectors at the DB are implemented with 3M type 2x5 pins 2.54 mm pitch
connectors. At the HE side, the same connector used at the DB has been adopted for the Driver PCB
that isthe externd board of the HE.

Signal distribution

Pixel sgndstrave viatwigted pairs through the cables and as baanced linesin the DB. The nomind
impedanceis 120 Ohm. Totd lengths are reasonably equdized and a 120 Ohm terminating resstor has
been included at the input of the receiving stage and as two 60 Ohm laser-trimmed resstors are
included at the driver’s output as well.
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Protection
0.7 Ohm fuses are used for each LV line of the HE. They are mounted onto the DB. A 1 W Zener

diode a each LV leg per DB absorbs over-voltage surges. In addition the diode short circuits the
power supply in case of accidental reverse-polarity connection. A HV diode provides protection
agang reverse-polarity in the HVPS.

Grounding
Each DB has four separate ground planes, one per column, each one associated with the AB reading

that column. All four planes are connected together at one point as shown in Figure . Separate ground
planes ensure minimum cross-talk and no ground loops.

L1 11 I||

Figure 12: Each group of 11 channels has an associated ground plane. All four planesjoin a one single
strip at the board.

1.2.1.3 Analog Board (AB)

Functional Overview
The Analog Board (AB) islocated in the front-end sub-rack. It is connected viatwisted pair cablesto

the Digtribution Board and from there to the Head Electronics. The Analog Board processes these
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sggnals as described in the following, and presents them to the ADC located in the Firdt-Leve Trigger
Board (FLT).

The dectronics blocksin the Analog Board [18,19] must perform the following:
- recaive the Sgnds transmitted by the Head Electronics via twisted-pair cables, performing

adifferentia-to-angle-ended converson;
- adjust the channel gain to compensate for the gain spread of the PMT's,
- adapt the dynamic range of the PMT sgndsto the input dynamic range of the ADC;
- provide an adequate Sgnd filtering to prevent diasng;
- generate test pulsesto check the functiondity of the eectronic chain downstream the

FEB and to perform again equdization;
- generate internd test patternsto test SLT functiondity;

- ensure an adequate rdiability for the operation on the Site of the Auger Observatory.

Requirements
The requirements for the Analog Board are summarized below.

Mechanicd requirements

[)  Number of channdls per board: 22 (+2 Virtud Channds, see below)
1) Board sze: 3 U high, 220 mm deep

Operational requirements

[) Operating temperature: 25 °C + 3°C
I1)  Power dissipation: < 350 mW per channd

Dynamic range

The system has been designed to handle the PMT signads with a 15 bit dynamic range. The minimum
signal corresponds to 3 photodectronsin a 100 nstime dice. It occupies 6 LSBs making a 0.5 pe/100
ns’ADC count. Congidering aPMT gain of 5x10°, the amplitude of the PM T anode signals would vary
between 240 nA and 7.8 mA.

Smulaions of EAS detection at the southern site [20] indicate that a 15-bit or even 14-hit sgnd
dynamic range (our specification is 15 hit) might be acceptable, with amaximum sgnd amplitude
between 49000 and 98000 pe/100 ns. With aPMT gain of 50000, the Head Electronicsis within its
linear range even with a 62500 pe/100ns signdl. As the HE accepts in addition an over range of 32 %,
this raises the highest sgna to 82500 pe/100ns, quite close to the target of 98000pe/100ns. If this
target vaueisanyway required, it can be reached without compromising the system linearity only by

78



1. Fluorescence Detector

reducing the PMT gain to 32000, or to 42000 taking profit of the available over range. The latter is not
advisable asit leaves no linear range margin. The requirements on the signal dynamic range therefore
require a compression scheme in order to work with a 12 bit ADC. We adopted the "virtua channd™
gpproach due to its smplicity and reliable behavior.

Noise performance

The analog processor has to preserve the shape of the sgnds (complying with the ADC anti-diasng
requirements), for timing and amplitude measurements, without introducing sizeable eectronic noise.

We define an upper limit for the total noise (i.e. dectronic plus Sky noise) comparing it to the sky noise.
The total noise was specified to be not higher that 10 % the sky background noise. Referring the noise
asacurrent generator i, in parale with the PMT anode current signd, and by evauating the power

2
gpectra densty %{‘ of this generator, we cdculate the sky noise spectra dendty assuming adark sky

noise of 11 pe/100 nsas.

di iky pA
=1.2%/29l4, *G 88—

considering an average cathode background current Iy, = 11.2 pA, and a conservative estimate of
3x10” for the PMT gain.

The factor 1.2 takes into account the excess noise due to the PM T eectron multiplier.

Thetotal noise should be a most a 10 % higher than ky’snoise. Thisis reached with higher PMT gain
(e.g. 40000), but this reduces the dynamic range unless the gain of the virtua channd is reduced from its
nomina vaue rddive to the norma channd of 1/33.

During the Engineering Array phase of the experiment, data have been taken with agan
of about 44000 bringing the total noise to only 8 % higher than the sky’s noise.
Anti-diasing filter pecifications

According to the analysis carried out in [21], the order of the filter and its cut-off frequency was chosen
in order to minimize the resdud error in the Sgna recongtruction from the samples taken by the ADC.
Asadesign god, the error has to be less than 5%.

Cdlibration requirements

Provison has been taken to inject asigna at the inputs of an arbitrary, remotely sdectable set of
channels. The signd amplitude is dso remotdy adjustable.
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Circuit implementation

Signd receiver

The differentid-to- 9ngle-ended conversion is performed by a MAX4145 differentid line receiver. Its
noise contribution dominates the eectronic noise. In fact it is 14 nV/vHz which is summed quadraticaly
to the driver’ s noise of 8 nV/vVHz and 2.8nV/sgrt Hz of the load resistors giving atotd dectronic noise
of 16.4 nV/vHz. Nevertheless the totd noiseis ill within 10 % above the sky noise. The receiver
enable/disable capability alows usto perform channd masking for trigger pattern smulations.

Anti-diasing filter

The andog channel outputs are connected to ADCs which sample the signals at 10 MHz. To ensure
that the samples can accurately describe the signal, the bandwidth is limited to the Nyquist frequency (5
MHz). On the other hand, every practicd filter limits the bandwidth only partidly. Inref. [22] the
resdud error in the recongruction of the amplitude from the samplesis sudied as afunction of the filter
order and of its cut-off frequency. We determined that that a4™ order filter with a4.1 MHz cut-off
frequency is adequate, considering the overall resolution requirements of the fluorescence detector. The
frequency response of such afilter is shown in Fig.13. It comprises a third-order Bessd filter followed
by an RC low-passfilter put just before the ADC.

=_E
=1

- Vol i vit v b vl
o

1w’ 10 10{ phaz)

Figure 13: Frequency response of the anti-aiasng filter.

Dynamic range adapter

To readout the 15-hit dynamic range sgnd with 12 bit ADC's, adud gain system has been
implemented. Different solutions were discussed in ref. [23]. Two of them, not requiring custom chip
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developments, have been implemented in the first verson of the prototype board: the andog
compressor and the virtua channel. The latter has been chosen because of its better characterigticsin
terms of power disspation, circuit smplicity, linearity and noise performances.

s

D ]

LO

Figure 14: Block Diagram of the Andog Channd with the Virtud Channd for dynamic range adapting.
Virtud channd:

This dynamic-range compressing scheme exploits the fact that the fluorescence detector signal appears
sequertidly in neighboring pixels. Large amplitude pulses (above 3000 p.e./100 ns) will occupy, at the
same 100 nstime dot, only one of 11 non-adjacent chamnels.

As shown in Fig.14, this compressing scheme uses smple 12 hit linear channds with a high-amplification
in the sgnd path of the norma-channd to the ADC. At the sametime, sgnds from 11 non-adjacent
pixes, will be added in asummation (or OR) channd (Virtud Channel) and sent to an ADC. The
minimum ggnd & the high-gain Channel is3 p.e. / 100 ns (6 LSB), so it saturates at about 2000 p.e./
100 ns. Thevirtua channd is andyzed when any one of the group of 11 saturates. Comparedto a
normal channd, the noise at the VC will be O11 = 3.3 times higher, but is used with signals higher by a
factor 1000 the smdlest sgnd only. Two plotsillustrating the virtual channd operation are shown, in
linear and logarithmic scdles, in Fig 15.
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Figl5: Thenormd (blue) and virtua (red) channd trandfer characterigticsin linear and logarithmic
scales.
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Gain adjustment

A gain control capability is necessary to compensate for the gain spread of the PMT’s. On the Analog

Board thisis accomplished by controlling the value of digitally programmable resistors at the gain stage.
The system is able to accommodate a factor 1.4 variation of the PMT gain above and below its nomina
value.

Test Pattern Generation

This test mode dlows evauation of Second Levd Trigger (SLT) functiondity without requiring externa
hardware. A set of analog switchesis used to inject a pulse of sdectable amplitude and duration into
the reference pin of the receiver. In thisway, trigger patterns are generated and can be recognized by
theSLT.

Production of the Analog Board:

The Analog Board, Fig 16, has been produced by an Itdian firm, Dertel Srl, selected by INFN after a
cal for tender procedure.
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Fig 16: Front and reverse sides of the Analog Board.

Quality assurance:

All 480 Andog Boards requested for the 24 telescopes have been aready produced, tested and
shipped to the FZK group who is in charge of integrating them with the First Leve Trigger board,
forming the Front-End Board.

The acceptance test has as main objectives the following:
1. Check that dl channdsaredive
- Check that Gain programming works correctly
- Check Test Pulseinjection
- Check for (relaively) noisy channels.
After soldering phase has been completed, current consumption is checked.
2. Boards undergo an ESS -Burn in cycle with applied voltages [Clark and Dye, GAP 2002-002].
3. Boards undergo an automated test at the manufacturer’ s plant, which consigts of three steps:
- Firg leve control: Check that dl channelsare dive.
- Second level control: Check that Digital Potentiometers have been correctly programmed.
-Third leve control: Acquire al pulse shapes by oscilloscope and save them to disk.
4. Dataisready to be andyzed off line.

BOARD
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Fig 17: The test setup consdts of various instruments interconnected via GPIB bus, under control of
LabView. At the upper right corner, an AB is being subjected to the acceptance test.

Fig 18: Two different distributions are visble which are corresponding to two different digita
potentiometers AD8403- 1k production lots. However, the difference can be compensated by

gopropriate gain programming.

Concluding remarks. An acceptance test system for the Analog Board has been designed and ingtalled
a the manufacturer’ s plant. The tests were performed by the manufacturer who sent the datato Torino
for acareful andyss. Two series of boards were defined according to the batch of digita

potentiometers used in the production. In either batch, the uniformity of parametersis very stisfactory.
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1.2.1.4 First Level Trigger (FLT)
Functionality of the FL T

The Firg Leve Trigger (FLT) isthe heart of the digita front-end eectronics. Its main tasks are:
digitize continuoudy the sgnds from the Andog Board with 10 MHz,
dtore 64 times 100 ps of digitized raw datain memory for later readout,

discriminate efficiently for each channd the fluorescence light above a certain threshold from
night sky fluctuations and generate a pixel trigger,

measure the pixe trigger rate for each channd,

compensate changing background light intengties through autometic control of the pixd
threshold to achieve congtant pixd trigger rates and prevent increasing rates of random coin-
cidences,

trandfer the pixel status and multiplicity on demand to the Second Leve Trigger (SLT),
support access to raw data memory and internal registers through a PBUSH interface,
caculate gatistica data (Sx, Sx?) of up to 65 535 ADC values per channd, and

provide a digitd interface to the Analog Board in order to generate test pulses and to set the
gain of the andog amplifier dages.

The organization of the frond-end eectronics follows the geometrical pixe arrangement in 22 rows
by 20 columns. The 440 PMT signds are processed by 20 FLT boards (one board per column)
housed in acommercia 19" sub-rack with 22 input channels per board.

To dlow concurrent and independent development by Itdian and German groups, the anadog and
digitd part of the front-end electronics are separates into two boards (AB and FLT), which are
adjacent to each other and connected through three 50-pin connectors as shown in figure 28. A
detailed specification of the interface definition can be found at [24].

All functions of the FLT are implemented in FPGA logic for high flexibility, cod- effectiveness and
eae of operation. The large number of channes as wel as the high connectivity made it
indispensable to use 5 FPGA chips. The 22 channels (plus 2 virtua channels) are shared between 4
‘dave FPGAS (Altera EP1K50FC256-3) -- each handling 6 input channels as shown in Figure 28.
More generd functions of the board (like the communication with the PC and the SLT or the
interface to the AB) are implemented into a separate ‘ controller FPGA’ (Altera EPIK 100FC256-
3). This assgnment of the functions to 5 FPGA is the chegpest solution and till leaves resources for
future add-on functions. Despite the more chalenging soldering technique we assemble FPGAS in
bal-grid-array (BGA) package as this package type is only one third in price compared with regular
type.
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Figure 28: Photo of the First Leve Trigger (FLT) (bottom) and the Andog Board (AB) (top). A
common front pand and an duminum gtiffener bar combine both boards to arigid front-end module.
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Digitalization and Memory Management
Optima measurements of the shower profile demand a 10 MHz sampling of the PMT signd.
Therefore, a 12-bit ADC (Ti/Burr Brown ADS 804) continuoudy digitizes the andlog Sgnas every
100 ns. Together with the 4-bit status for ADC out- of-range, the threshold changed flag, the pixe
trigger state and the pixd status this information is stored as 16-hit word in conventiona 64K x 16
bit SRAM’s. The address space of each RAM is divided into 64 pages of 1024 words each as
shown in figure 29.

SLT - Trigger
NextPage Signal out-of-
THJEﬁdM@Mf:

\ ’7 PixelTrigger
_______________________ -— 12bit ADC data —~ IT_PiXﬂlTﬁspronl

002A

Page 0
(1Kx16)

Data Frame
_______________________ (1Kx16)

Write Poitrter

SO OREREERERREQOOOOIS
1000 data words = 100ms

o CCOCCOCOCO - - -

Page 1
(1 Kx1 6) not used (cmpty) 24 info words

A

1 Data Frame ~ one event

Figure 29: Memory architecture and data formet of the FLT.

Aslong asthereis no trigger generated by the SLT each page works as a circular buffer memory to
hold the ADC vdues of the last 100 ns. In case the SLT detects a track, al boards synchronoudy
switch to the same new page address provided by the SLT. By utilizing both dopes of the 10 MHz
clock the FPGA can initiate read and write operations and emulate an expensive dud- port memory
controller. In this way the system can continue to write into the new circular buffer without dead
time while the event data is readout under PC control from any other memory page.

Pixel Trigger
Another task of the dave FPGA is to build the pixd trigger for each of the associated 6 chamnels.
ADC vdues are averaged by caculating the moving sum of the last N samples as shown in figure
30. The theoreticd possble improvement of the sgnd-to-noiseratio for thismost smple digitd filter
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by afactor of ON isnot fully achieved as adjacent ADC vaues are not statistical independent due to
the anti-diasing filter [25]. The default vaue for N is 10, but it can be set in therange 5 <= N <=16.

To smplify the logic only the lower 10 ADC- bits are consdered in the summation. Over-flow and
underflow are handled by replacing the 10-bit vaue a the summation stage with 3FF or O,

respectively.

A pixe is marked as triggered, whenever the moving sum exceeds an adjustable threshold — a 14-
bit value unique to each channd. When the moving sum fdls below the threshold a retriggerable
mono-flop extends the pixd trigger for a programmable time of 5..30 us. This extended time is
necessary to achieve an overlap coincidence between 5 adjacent pixels.

mod N |
L R |WR addg| shift Reg RD addr
G RAM | R
ADC D[12:10] Nx10 > g
Pz 0
ADC_DJ[9:0] \L> R | mmN| SUB
5 M[R R ADD | E [me=)
3FF|:{>EE_4>E 1o ) G|
000
— )\ el g
Thr&sholdF>>

Figure 30: Caculation of moving average of N data words to improve the SN-rétio.

Hit Rate M easur ement
The rate of pixd triggers (or hit rate) is measured in pardld by 15-bit counters for each channe in
the control FPGA.. Possible measuring intervals are 1, 2, 4, 8, 16, or 32 slong and synchronous to
the 1 pps sgnd from the GPS-clock. The counter values are normalized a the end of each
measuring period to represent the rate in Hz and then stored in internd 10-bit registers for readout
by the MirrorPC.

Threshold Regulation

The measured hit rate o serves as input varigble for the adjustment of the threshold according to
figure Figure 31. Sx internd 10-bit FPGA regigers hold regulaion limits L1...L6 to define 7
margins. The latest hit rate is compared with these regulation limits sequentialy for dl enabled
channds. Depending on the result of the comparison the control FPGA will then cause the dave
FPGA to increase or decrease the threshold of up to maximal 15 ADC units. The previous and the
actud threshold are hdld in interna 14-hit registers and are accessible at any time by the PC. The
time of threshold change isincluded in the raw data as ‘ threshold-changed' bit (see figure 29).
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The pixd trigger generation and the adjustment of the threshold can be disabled to ded with
defective and/or noisy PMTs and re-enabled separately for each channel from the MirrorPC.

desired value ADC Data second strobe
50.. 200 Hz

actual
H.1tRate Threshold digltal PxTrigger| Hit Rate| value | HR PC
CNTRL 0,21,22.:Max | filter Counter Me-

: online actual Hit Rate normalized to 1sec
|

Figure 31: Control loop for regulation of hit rate by FPGA (online) and by PC (offline).

Calculation of statistical properties of the ADC data

Measurements with the EA prototype proofed that the DC brightness of the sky is an important
experiment parameter which can be derived from the variance of the ADC data. Thus the dave
FPGA cdculates periodicaly for each channel the sum (Sx) and the quadratic sum (Sx? ) of up to
65 535 successve ADC vadues (equivdent to 6.5 ms) following the scheme of figure 32. A
multiplexer selects the ADC date of one out of 6 channels and an 8-bit (plus sSgn) arithmetic unit
subtracts the programmable dfset ‘ZMean’. ADC vaues with a distance of more than 255 LSB
from ‘ZMean’ are regarded as shower signas and discarded from the caculation. For al other
values we add up values x, = (ADC — Zmean) and their squares. The square x is calculated using a
memory look-up table (LUT). When ‘NSampl€e’ (e.g. 65 535) ADC data are analyzed the sum of
adl x and al %? is stored in intermediate registers per ADC and the agorithm continues with the
subsequent ADC channel. Readout of (Sx, Sx°) pairs guarantees the correct calculation of mean
and variance by the MirrorPC.

ADC 1 =7 2
ADC 2 12 ZMean R | X
- 12 SUB Lot E 15 z %
ADC_3 5% R | XData AB Diff % X; R |Memln
E =g - E [Eremm
ADC_4§% MUX G 1z g |G| 78 R X, al a4
ADC_S
S i g il z 18
ADC_6 7 Logie +- -
1 | o | | emas
NSsmple | Finite $tate Machine (FSM) MemWE

Figure 32: Scheme for mean and variance calculation as implemented in each dave FPGA.

Backplane busses and internal bus
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The front-end boards are housed in standard 19" wide sub-racks of 9U height. They are
interconnected via connectors PO to the analog backplane on the top and via connector P1, P2 to a
digitd VME:-like backplanes in the middle and the bottom of the sub-rack (see figure xx).

The analog backplane holds for each dot a VG-Connector to connect the PMT signals through
twisted pair cables from the ditribution boards. It also supplies 2 analog voltages (+5V, -5V)
aong current rail and digtributes the DC signd for the test pulser amplitude. Separate layers for the
anaog ground (AGnd) and earth reduces the risk of EMC problems.

Fgure 33: Photo of the anaog backplane (top) and digita backplane (bottom) viewed with the power
supply tilted 60 °.

The digital backplane is produced by ELMA/TreNew according to our specifications [26]. The 6 layer

board has a structure and pin-out smilar to sandard VME J1-type backplanes. It builds up the 4 digital

buswstemsshown in figure 34:
The Readout Bus transfers data from the FLT and SLT to the PC or vice-versa. It is based on the
VME bus as physica layer, but uses a smpler bus protocol named PBUS+ developed for the
KASCADE experiment. The protocol [27] assumes multiplexed address and data lines and
provides an asynchronous handshake mechanism for proper synchronization of a single master (the
MirrorPC) and multiple dave (the FLT and SLT) modules. In addition, an interrupt mechanism
(with one interrupt level) isimplemented to inform the PC on event triggers or error conditions.
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The Pixel Trigger Bus transfers pixe trigger data from the FLT to the SLT. Every 100 nsthe SLT
addresses two adjacent FLT boards via 5 sdlect lines and requests the pixd trigger data (44 bits
plus 2 parity bits). The transfer is synchronous with the central 10 MHz clock.

The Test & Control Bus distributes GPS derived clock signds (10 MHz and 1 Second-Strobe (1
pps)), atest pulse signal (see chapter 1.2.1.10), and signds to configure the FPGAS. In addition,
the bus drives contral lines like Inhibit (Inh) and Reset.

6 daisy-chain lines forward the multiplicity fromthe FLT to the SLT.

32 Address+Data Bys (multiplexed)
K 7~ Cy— ~ T ) oot ines
15, Pixel Trigger Bos 2 Control Bus | 1oy }
- PixelTrigger Bus|
5 Board Address ot ]
22+1 . 22+1

| 12 Clock&Contral Jik }Conf&TestBus

FLT #20\‘ ‘FLT #19\‘ o a4 s {FLT #2 {FLT #1\‘ .
7 T

AmlogInputs  Analog Inputs AmlogEnputs  Analog Tnputs

Figure 34: Interconnection of FLT and SLT viabusses on digitd backplane.

The controller FPGA of FLT and SLT listen continuoudly to the traffic on the readout and data bus.
A coding on the digital backplane dlocates an ID from 1...20 for each FLT depending on the
geometric dot position. If the PC addresses the board by its associated ID, the card will respond to
the demanded action.

Most commands access only the internd registers of the controller FPGA. However, commands to
readout the ADC data or the actua threshold leve require access to a dave FPGA via interna

busses. The readout load is dominated by the huge amount of ADC data. To increase the readout
speed 2 adjacent ADC words (each 16 bits) are readout in paralld per cycle. The design provides
two 16-bit wide data busses for inter-FPGA communication (see figure 35). These busses are not
multiplexed and operate synchronoudy. Laest measurements showed a data transfer rate of
2.6 Mbyte /s on the PBUS+ and the FireWire interface to the MirrorPC at block sizes typica for
shower events.
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Figure 35: Structure of FLT: A local businterconnects 4 dave FPGAs with the controller FPGA.

Inhibit Signal
Control lines from the GPS clock to each SLT can start and stop the data taking for al telescopes
smultaneoudy. The SLT forwards an inhibit-signd (Inh) to starts and stops the measurement for dl
pixels Imultaneoudy. If the Sgnd is present, no ADC data is stored in the buffer and pixd memory,
but hit rate measurement, threshold adjustment and access by the PC is |eft unaffected.

Experience with the FD prototype proofed that disabling the ADC clock signals does not reduce
the power consumption. Therefore, we have not implemented a standby mode to be applied during
idletimes,

Interfaceto Analog Board: Gain adjustment and Test pulser control
Ingtead of using individua HV channels for each PMT, groups of 44 PMTs will be connected in
pardld to the same high voltage source to optimize the performance/price ratio (see 1.2.1.8) in this
way. The drawback of this solution is that a programmable gain amplifier in the andog chain (see
1.2.1.3) is needed to baance out gain variations of individud tubes. The adjusment of gains is
based on digitd potentiometers of type AD 8403. The controller FPGA drives a protocol to
transfer 10-bit valuesinto any of these devices on the AB.
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Another supported function is the control of the test pattern generator which can smulate
rectangular PMT pulses of variable width and amplitude at the input of each anadog channel. The
controller FPGA drives a switch on the AB per channd to couple a pulse (fixed DC amplitude) into
the andog chain. The pulse width, the number of channes involved and the sequence are
parameters of FPGA internal memory of FLT and SLT, and are determined by PC in advance. The
involved pixels are coded in FLT memory. The timing and pulse width are controlled by SLT
memory; the pulse amplitude is adjustable by a DAC at the SLT board and common to al FLT
channds.

Calculation of the multiplicity:

The control FPGA cdculates each 100 ns the multiplicity, i.e. the number of pixe triggersof the FLT
board. The digital backplane provides 6 hits to transport this information from the right most FLT to the
(Ieft most) SLT viadaisy chain lines. The 6 daisy chain input lines contain the summed up multiplicity of
al FLTsto theright of the current position. The FLT adds its own multiplicity to this information and
code the new multiplicity sum in the 6 daisy chain out lines (which are connected to the input of the left
sde FLT). Inthisway the multiplicity Sgnd is provided to the SLT with adday of 2 ps, but with 100 ns
resolution.
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1.2.1.5 SECOND LEVEL TRIGGER
The pixd triggers generated for each channel of the 20 FLT boards in a sub-rack are read viathe
backplane into a sngle Second Leve Trigger (SLT) board. The functions of the SLT are shared
between two FPGASs. the , Trigger FPGA (T-FPGA)” and the ,Controller FPGA (C-FPGA)”.
They are both connected to a dual-port RAM, which works as a circular memory to store pixel
trigger, multiplicity and other trigger information.

Functions of the T-FPGA
The task of the T-FPGA isto generate an internd trigger if the pattern of triggered pixel looks like a
draight track that might be produced by fluorescence light. The agorithm of the T-FPGA regards as
draight track the 5 fundamenta topologica types of pattern shown in figure 36 (top) and those
created by rotation and mirror reflection (in figure 36 bottom).

A lot of tracks will not pass through the center of the pixel and the PMT may not record enough
light to trigger. To dlow for this Stuation and to be fault-tolerant againgt defective PMTSs the
agorithm requires only 4 triggered pixes out of the 5fold pattern mentioned above. Taking into
account that identical 4fold pattern with a gap can originate from different 5-fold hole combina-
tions, we count 108 different pattern - so called pattern classes.

Instead of checking the full matrix for al 108 classes a once — which would be 37 163 combina-
tions — we have implemented a pipeined mechanism (see figure 37), which searches for track
segments on a smdler 22x5 sub-matrix. Every 50 ns the T-FPGA reads the pixd trigger of one
FLT (22 pixds + parity) into a pipeined memory structure. While the full matrix is scanned in this
way within 1 us, a coincidence logic smultaneoudy analyses the contents of the pipelined memory
sructure to find track like patterns. It consists of 2102 4input AND gates to check al patterns
followed by OR gates to group combinations of patterns belonging to the same pattern class. A
decoder evaluates from these sgnds a 7-bit result R and a class multiplicity m. with the following
meaning:

a) if R=0, then there was no pattern found and m;= 0,

b) if 1<= R<= 108, then the logic has recognized at least one pattern of class number R and m; =
1,

c) if R=127, then the logic found patterns of more then one class, i.e. m, >=2.

In case b) and ¢) an interna trigger Sgnd is generated for further processing by the C-FPGA.
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Figure 36: Fundamentd types of 5-fold pattern (top) and al 39 basic patterns after rotation and mirror
reflection (bottom).
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TheSLT pixel memory

To avoid finding the same pattern twice, the T-FPGA logic demands a vdid trigger in the leftmost
column of the matrix. The pixe triggers of this reference column, a parity error bit, the status of the
externd trigger, trigger status of adjacent telescopes, and the result R are stored in the pixel memory
every 50 ns. Thisinformation is found to be most useful for the subsequent software trigger stage as
it summarizes dl necessary information to rgect random triggers without the need for time-
consuming raw data readout. In addition, we write the 6-bit multiplicity information every 100 ns (3
bit every 50 ns) into this memory. Smple commands are provided to access this information from
PC without the need of clumsy bit manipulation operation.

As the memory must be accessible for RAW independently at 20 MHz we use a dua-port, syn-
chronous RAM of 128K x 36 bit, which is divided in 64 memory pages of about 2000 words. This
is the same organization as circular memory like the RAMs of the FLT. As the page number of the
pixd memory is aways synchronous with the FLT page number, the memory management and
reedout is Smplified.

Functions of the C-FPGA
The C-FPGA isrespongble for the following tasks of the SLT board:

System synchronization: The SLT receives from the GPS clock the 1 pps (pulse per second) signd
and the 10 MHz clock. These sgnds are digtributed over the bus to the FLT boards and the T-
FPGA to synchronize dl system parts. Delays in the FPGAS have to be compensated.

Didtinguish different trigger sourcesin the trigger logic:

1. internd triggers (ITrg) from the T-FPGA,

2. triggersfrom the adjacent left and right telescope,

3. externd trigger (ExTrg) State centraly distributed through the GPS, and

4. triggersinduced by software from the PC.

When any of thistriggersis present for the first time (and not disabled by the trigger mask register),
the GFPGA waits for a programmable time, eg. t=70 ps Any further trigger during this post-
trigger time is regarded as part of the same event. When the waiting time is expired, a next-page-
ggnd (NxPg) is distributed with the next 1 ps strobe to dl FLTs and the T-FPGA to cause dl cyclic
memories to switch to a new page address. In addition — ITrg —Signals are didtributed to the
adjacent left and right telescopes in case pixds of the outermost 4 column are involved. Neighbor
systems can be programmed to except them as trigger source even in case they have no own
internal trigger. In this way we compensate trigger inefficiencies for short tracks across telescope
boundaries.
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Figure 37: Pipdine architecture of the SLT T-FPGA
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Time management: The GFPGA keeps a 32-hit counter for the absolute time, which is preset at
run start by the MirrorPC with the number of seconds since January 6", 1980 P8]. It is
incremented every second on arriva of the 1 pps signa. Another counter holds the sub-second time:
14-bits are used to code the number 0..9999 of 100 us steps, 11-hits hold the number 0..1999 of
50 ns geps ingde a 100 ps frame which represent the address used to write to the circular
memories. The GFPGA provides for each memory page internd registers for the vadue of these
time counters & the time a NxPg sgnd is generated and & the time the first trigger occurred. For
each trigger source participating in the event a control bit is stored.

Memory management: A status bit defines any of the 64 memory pages to be ether ‘empty’ (=0) or
‘full’ (=1). Basad on this information a decoder finds the lowest empty page address to be used as
new page at the NxPg sgnd. The bit is set to ‘full’ for the old page with the NxPg sgndl. It is reset
to ‘empty’ by the PC after readout of the raw data or in case of event rgection by the software
trigger. In addition, the PC can s&t the status permanently to ‘full* for those pages which are found
to have faulty memory locations. If al pages are dready filled the data writing in SLT and FLT
memory is stopped viaan internd inhibit Sgnd. The data taking continues as soon as any page is st
free by the PC.

Decode datus signas from the GPS clock: 2 sgnds from the GPS clock define 4 dates of the
overdl system. These Sates are:

1. Global inhibit state: The experiment is opped, theinhibit Sgnadsisdisributed to al FLT.

2. Normal run gate: The experiment is running and the telescope will record date unless not
blocked by internd inhibit (al pages full) or by software inhibit.

3. External trigger date: During this Sate the externa trigger bit (ExTrg) will be recorded in the
pixd memory. If enabled, the trandtion from run to externd trigger Sate will issue an internd
trigger to ensure the data recording of events with artificid light sources eg. during cdibration.

4. Veto gate: During this state the data taking continues, but dl triggers are inhibited. This modeis
useful to avoid recording of events during the operation of the LIDAR in the telescope s field of
view.

Sow contral functions: The GFPGA is connected to a multiplexed 8 channd 12-bit ADC (Max
530). The ADC measures periodicaly 3 supply voltages and the sgna of 3 temperature sensors.
The vaues are monitored to stay within individualy programmable margins for each channd. They
are accessible aswell by PC and can be stored with the raw data.

Interrupt generation in case of:
avdidtrigger isfound, i.e. aNxPg is generated interndly, or
the experiment is stopped, because al 64 memory pages are, full’, or
aparity error occurred reading the pixd triggers from the bus, or

recaiving interrupts from any FLT, or
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any dow control parameters are out of range.

The interrupt generation for each of these trigger sources can be suppressed using the interrupt
mask register.

Test pattern generator: A part of the test pattern generator is implemented in the CG-FPGA logic.
The logic reserves memory space used to generate a chain of timing sgnas (TPuls) which start &
stop test pulse generation on the FLT boards. A DAC (Max 197) is interfaced and used to
generate a DC leve equa to the amplitude of the pulses.

PBUS+ dave controller: The SLT has to respond to the PBUS+ protocol to allow the PC accessto
the pixel memory and internd regigers.

Configuration EPROM: All FPGAson SLT and FLT boot in parald at power up or on demand of
the PC. The booted firmware is stored in 5 seria accessble EPROMS (EPC2TC32) located at the
SLT. Temporary overwriting of the boot firmware is possble with a specid cable via the JTAG
connector onthe SLT or FLT front pand. Permanent updates of the boot EPROM s possible via
JTAG onthe SLT.

Future optionsfor theSLT
At present the multiplicity information is written with 100 ns resolution into the pixel memory. If we
have in future ascertained a good agorithm to discriminated shower from muons and lightning using
the multiplicity we could dso implement it in SLT firmware.

1.2.1.6 Interface to PC via FireWire interface (IEEE 1394)

Each MirrorPC is equipped with a FireWire interface card which connects to a FireWire to PBUS+
converter board — cdled FirewWire SIB module. The module provides an inexpensve fast sandard
serid interface between FE dectronics and the MirrorPC. The large amount of memory address
gpace, high transfer rate of 400 Mbit /s and low cost make the FireéWire bus a practica solution to
bridge between PCI (MirrorPC) and PBUS+ (front-end sub-rack).

The FireWire SIB module is adjacent to the SLT and connected through three 50-pin connectors as
shown in figure xx. It shares the front panel and stiffener bar withthe SLT.

The system architecture of the FireéWire SIB is depicted in figure xx. The Tl chip TSB43AA82A
has been chosen as an integrated physica and link layer controller for the IEEE 1394 bus. It is
compliant with the IEEE1394.22000 gpecification. In addition, an Altera FPGA
(EPF10K 100QEC?240) was used to implement a 32-bit NIOS-CPU and afast DMA-PBUS link.
The internd FPGA memory holds the NIOS program code; two externa 64 K x 16 bit SRAMs
operate as externa data storage. The complete configuration is stored in Altera serid EPROM and
is loaded a power up. A higher dendty Altera FPGA (type EPF10K130) can be mounted
optionally to increase interna RAM space for program code.
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Figure 39: System architecture of the FirewWire SIB module
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1.2.1.7 GPS Clock module:

The GPS clock is based on the GPS recelver Motorola Oncore UT+, which is the same module as
used by the surface detector and shown in figure xx. The main task of the clock is to digtribute
timing and control sgnas among telescopes located in the same Fluorescence Station. Following
ggnds are trandferred to the front-end through 20 m long LAN cables:

the 1 pps signd from the Motorola module with an high accuracy of a few 10 ns and a
correctable jitter of +/- 50 ns (saw tooth parameter),

a 10 MHz sgnd, which is derived from an 80 MHz crysd oscillator whose frequency is
permanent monitored by counting the number of periods between successive 1 pps sgndls,

2 control signasto specify the states “globd inhibit”, “norma run”, “externd trigger” and “veto”.
In addition, the firmware of the GPS module provides following additiond features:

4 gate generators can produce logic signds to control the externd trigger and veto date. The
risng edges of the generators (absolute time and sub second time) are programmable as well as
the frequency (every " second), the width and the total number of signals generated.

4 input channels. Signds from calibration sources (Xe-lamp, blue LED) or the LIDAR can be
used to generate externd trigger or veto state.

2 capture inputs: The times of leading and faling edges of Sgnds at these inputs will be sored in
memory (maxima 256 times). One of the inputs is intended to record the time window of
LIDAR system operation.

One output provides strobe sgnds to trigger the LIDAR a defined times and a defined
frequency of 20 Hz or 1 kHz.

Auxiliary outputs to monitor the 1 pps signd, the 10 MHz and the control lines. The gatus of the
module isin addition displayed by 8 LEDs on the back sde.

RS232 serid interface to the EyePC: Thislink is used to configure the Motorola receiver as well
as the modes of the GPS module. There are software commands to start/stop the measurement,
setup of the gate generators parameters and to readout the register with the capture input times.
In addition, the module sends automatically each second the Motorola saw tooth parameter (for
correcting the 1 pps), the number of 80 MHz periods and a vaue defining the phase between
the 1 pps and the 10 MHz signdl.

All functions of the module are implemented in reprogrammable FPGA logic; detalls are specified in
the user’s manud [xx].
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Figure 40: Photo of the GPS module at the test bench: The front pand holds the BNC connectors for
input and output signals; the status LEDs, the LAN connectors, the RS232 interface and the “Reset”
push button are on the back side. Also visible are the Motorola receiver (right) and the FPGA (center).
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1.2.1.8 HV/LV Power Supply System

Introduction:
The Fuorescence Detector congists of 24 telescopes grouped in sets of 6 units in each of the 4
Fluorescence Stations located at the periphery of the site,
Each telescope comprises the Camera consisting of an array of 20 x 22 photomultiplier tubes
(PMTs) biased and readout by the Head Electronics (HE) unitswhich are soldered to the
PMTs. Each PMT + HE assembly conditutes a pixd and requires both high voltage (HV)
and low voltage (LV) supplies. Each FD gation has 2640 pixdls. The tota number required for the
whole Southern site is close to 12000 units, including ~10 % spares.

The configuration adopted for the full observatory is based on the new CAEN SY 1527 modular
system which integrates HV and LV power suppliesinto a single sub-rack for al 6 telescopes.

The system uses 6 HV modules each one ddlivering 12 channels with individualy programmable HV
levd. Ten channds are used and two are | eft as spares. The HV can reach at maximum 1300 V. To
help reaching uniform gain in the whole Camera, 44 PMTswith Smilar gain are grouped together.
Each Didribution Board (DB) receives one HV channd that bias a group of 44 channels. The HV
for one full telescopeis provided by only one A1738P HV module.

The LV modules have 6 channels and, as the Head Electronics require positive and negative
supplies, we grouped two sets of 4 DB'’s (196 channels) and one set of two DB’ s (88 channels) as
the best possible grouping of LV’s. Theresults are very satisfactory as al 440 HE srequire the
samevoltage +6 V and —6 V. Thedivison in three groups gives additiond flexibility, useful during
specia tests or just for debugging of the telescope(s).

Only one mainframe plus 6 HV modules and 6 LV modules are required for the whole
Fluorescence Station. Four such systemswill therefore be installed.

e
o

Fig 17: The CAEN SY 1527, the LV and HV modules of the HV/LV PS system.

ThelLV and HV architecture:
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Fig 18a: The architecture of the LV digribution system.

The LV digribution system is based on 6 A1517LV moduleswith 6 LV channels per module. Two
groups of 196 channels plus one group of 88 channels are served by asingle LV module. The
power disspation iswdl below (< 70 %) of the maximum power rating delivered by the module.
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Fig 18 b: The architecture of the HV digtribution.

Further technical detalls are included in a comprehensive report on the HVLV PS system [GAP-094-
2003].

Concluding remarks. The HV/LV PS system is rdidble and cost effective. The LV and HV
digtribution architecture adopted ensured an optima use of acommercialy available sysem.

1.2.1.9 Power supply and fan unit of the front-end sub-rack
The FE sub-rack is a commercid VME/NVXI sub-rack (type 6021) from Wiener Plein & Baus
GmbH. It conssts of the power supply (UEP 6021), the mechanics (bin UEV 6021, 400 mm deep,
9U high) and the fan tray unit (UEL 6020). All power supplies and fan trays are pluggable and
eadly to exchange, the fan trays even during power-on dtate.

The power supply (UEP 6021)
The power supply is mounted verticaly behind the digita backplane. It can be tilted by 60 ° to
dlow access to the digital backplane as shown in figure xx (section FLT backplane). The supply isa
microprocessor controlled switching power supply designed in the high densty Wiener cavity
technology for extremdy low noise output voltage. It contains power packs for the digita voltage
+3.3V (and +12 V optiona) and the andog voltages +5V and -5V to supply the AB and the
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ADCson the FLT. The mains input includes a power factor correction (PFC) module according to
EN 60555-2/IEEE 555-2 for snusoidd current consumption. To ease the turn-on of the sub-rack
via dow control we have ordered the power supply with the auto-gtart option, i.e. applying AC
power switchesthe front-end onin caseit was on a power down.

To protect the power supply and the FE modules, the power packs are microprocessor controlled
turned off in following cases

Overheat: in a power pack (each pack is equipped with a temperature sensor) or in the
ar outlet amaximum temperature is reached.

Overload: amaximad current (programmable per voltage) is exceeded.
Overvoltage: a voltage exceeds a programmable value or 125 % of nomind vaue.
Undervoltage: avoltage fals below a programmable lower levd.

Fanfalure & least onefan falls.

The power consumption as measured in operation & compiled in table xx below. One has to
mention that the consumption a 3.3 V depends very much on the verson of the RAM IC: the
latest revision reduces the consumption from 1.8 A to only 0.7 A per FLT.

voltage Imax [A] Consumer
+ 33V dig. <30 digita logic, FPGAs, RAMs
+5V andog <30 anadog circuitson AB, ADCs
-5V analog <12 andog circuitson AB

Table 3 : Overview of supply voltage and maximum current a worst case condition. The output power
staysin any case below 340 Watt.

Grounding scheme

Ground points a the back of the camera body and at the backplane of the sub-rack are used as
reference ground points. All ground lines originate from these ground points in a dar-like fashion.
Different parts of the readout chain are dways linked via differentid signd lines (LVDS technique)
to avoided ground loops. In order to reduce interference through the AC power lines (as was
noticed during prototype operation) we have separated each AC line to the MirrorPC or sub-rack
with a trandformer from the remaining “dirty” network for the ar conditioning, motors and lighting.
The trandformers are very effectiver Interferences due to switching lighting or motors, which were
present with the prototype, have vanished
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1.2.1.10 Production and test procedure:

The high number of channds, the complexity of the sysem and the expected time of operation
require the use of modern tools for testing and trouble shooting. For this reason we have foreseen 4
independent test steps:

1. Electrica defects like short circuits and breaks are detected during in-house production. 1PE
has procured a needle probe for that purpose which tests dl signd lines for continuity and for
short cut againg neighbor lines. The soldering quaity (especidly for soldering joints underneath
BGAYS) isregularly visudly ingpected with an ingpecting tool. Defects found are directly cured by
our production center.

2. Theandog board (dready qudified by Torino group) and the FLT are interconnected, mounted
to a common front pane and stiffener bar, and tested in our Sngle board test setup (see figure
41). The FPGA firmware is loaded using the PC pardld port and the FLT JTAG connector.
Readout of the FE modules (FLT or SLT) is possible through the microEnable PCI interface
card and a PBUS+ interface on the test Setup.
The single board test includes:

the measurement of al supply currentsto find short cuts or other abnormal behavior of I1Cs,

amemory test to find faulty memory modules and to test thereby nearly dl digitd lines and
the communication via the backplane,

the determination of variance (= dectronic noise) and pedestals to verify the input stagesin
front of each ADC,

the verification of threshold regulation to check interna FPGA logic, and

the test of the full Sgnd chain by injecting an externd pulse to dl channels in pardld. This
sample test finds channds with amnorma gains, problems in the anti-diasing filter or the
ADC.

The results of dl tests are recorded in log files by the FDLabTest program (see 1.2.2.4); the
operator gets apassed or failed classfication.

3. Working FLT and SLT modules are compiled in sub-racks and have to pass tests with the
FDHwDiagnose software. The software can check the full FE functiondity and is very useful to
st and readout parameters for al 440 channeds. PMT dgnds can be generated (taking
advantage of the internd test pulse feature) to verify the full sgnd and readout chain.
In addition, every working sub-rack hasto pass through therma cydling in a dimate chamber at
full operation. 6 temperature cycles between 0 °C and 40 °C are followed by a 16 hour burn-in
test to provoke break down by aging. Functiondity tests are repested before sub-racks are
shipped on sde.

4. During ingdlation and commissoning we can use dl test tools described in section 1.2.2.4.
After passing functiondity tests, the sub-rack is connected to the camera and the test repested.
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With connected camera, the full signd path from PMT to ADC can best be checked using light
from the numerous light sources present for caibration purpose.

Fgure4l: Single board test setup (right) connected to FLT and AB under test. The FPGA firmwareis
loaded using the parallel port and JTAG connector.

1.2.1.11 LED Calibration Unit

The LED Cdibration Unit (LCU) is needed to smplify the dectronic gain measurements. It conssts of a
programmable current pulser to drive ablue LED (470 + 25 nm), a S photodiode to sensethe LED’ s
pulse shape and 12-bit/10 MHz ADC to record the photodiode’ s signal. A microcontroller based on a
DSP and a FPGA isthelogic core of the LCU which provides aso an Ethernet port for communication
with the EyePC and CdlibrationPC.

The amplitude of the current pulse is adjustable by a 10-bit DAC; its duration is programmable in 25 ns
seps. Typicaly, the LED is driven by 500 mA squared pulses of 50...70 pslength. The pulses are
digtributed viaa 1 to 7 optica splitter and viaoptical fibres to the telescope’ s mirror centre, pass a
diffuser to equaize the light directions and illuminate dl 6 cameras Imultaneoudy. Theilluminaion
causes anode currents of 300...600 pA (thus well inside linearity range) and signals of 100...200 ADC
counts in amplitude per pixel. One output of the optical splitter is connected to the S photodiode. The
photodiode signd is recorded by the LCU'’ sinternal 12-bit ADC with 10 MHz sampling rate to verify
the rectangular pulse shgpe and measure the relative LED intengity.
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Fgure xx: System architecture of the LCU with DSP, FPGA, ADC, RAM and DAC.
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1.2.2 Software

1.2.2.1 Trigger Software

Varying conditions demand a flexible and configurable system. Thus a framework incorporating the
basic desired functiondity provides skeletons to the gpplication programmers which are essily
extendable to achieve the desired behaviour. The readout task, in addition, has different readout
schemes which alow for an efficient readout adapted to the respective scenario.

The following description of the trigger covers only the scenario of red experiment data acquisition.
Data recorded for cdibration or test purpose are marked with an external trigger bit and bypassthe
trigger decison.

Every pattern recognized by SLT will lead to natification (viainterrupt or polling) of the readout task
running a the MirrorPC. Smulations show that the trigger rate for a 4-fold coincidence will be about
0.1 Hz & acoincidencetimeof t =20 psand at amean pixd trigger rate of f = 100 Hz. In addition a
sgnificant contribution due to direct hits of the camera by cosmic rays increases thistrigger rate to 0.3
Hz. This bunch of random coincidences and direct hits must be discriminated againgt redl showers which
isthe main task of the Third Level Trigger (TLT) dgorithms.

An easy way to improvethe SLT trigger decison isto check that dl pixels participating in an event
follow a space-time linearity. Random space-time-orders or velocities far from speed of light are
therefore a good indication for the mentioned background events. To test space-time linegarity the trigger
software reads the pixel memory on the SLT and the ADC data of afew, sdected pixels and
determines.

row and column numbers of dl involved pixels from the pattern class information,
the time when the pixdl hasfired given by the memory address, and
the sequence in time and in space of these pixels.

Events are rgjected if the sequence in time and space are inconsistence. Accepted events are valid T2
triggers and cause the ADC data of the corresponding pixels and eventualy of a certain amount of
pixdsinther vicinity are read from the FLT memories.

1.2.2.2 Data Acquisition (DAQ)

Thetask of the FD data acquisition system isto collect the data of each individua FD buildingina
rather autarkic manner and to interact properly with the CDAS DAQ system, with various local
cdibration systems, and with the loca dow control system (SCS).

Basicaly, it will be operated in three different modes depending on the way datais generated and
processed:

acquisition and processing of air shower data,
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acquigtion and processing of red-like data, which are generated by externd light sources for calibration
reasons (e.g. laser shots, Xeflashers, LED calibration) and for the purpose of the atmospheric
monitoring, and

acquisition and processing of artificid data crested by the various test systems.

The expected high event rate during tests and - especidly the cdibration operation - requires afast and
efficient readout system for raw data trangport from the front-end to the MirrorPC and eventudly to
mounted disks. Therefore, the readout processis the central process around which al the other data
path related processes are grouped. These processes are:

readout of the datawhich is done in severa steps,
processing and filtering tasks (e.g. severd leves of software trigger), and
filling of higograms, monitoring and event displays tasks.

The FD data acquisition software task includes a so the creation of scripts to ensure the automatic start
of DAQ relevant processes on the DAQ systems and the establishing of genera ingtallation/de-
ingalation procedures which can be followed by less skilled persons.

1.2.2.3 Performance Monitoring Software

The objective of the FD performance monitoring task is the permanent survelllance of FD telescopes
hardware parameters, the monitoring of the software performance, the initid setting of hardware
configuration and the storage of operating parameters and error/warning messages in log files. It isa
concurrent task to the data acquisition activities. Both have to share CPU time and access to the FD
electronics, but dso have to mutualy exchange status data and contact the dow control system. Thus
the task is structured in following software programs.

The Mirror Monitor Daemon (MiMoD) running on every MirrorPC reads out the pixel related
data variance, pedestd, hitrate and threshold each 16 seconds, stores them in ring buffers of

500 words and compares them with some reference values.

The Eye Monitor Daemon (EyeMaoD) collects satus information from the dow control system
(SC9), the Mirror Monitor Daemons and requests trigger rates from the DAQ process. It fills
ring buffers of 2000 words to build up histograms of the time-dependent quantities.

On (or more) Graphical User Interface (GUI) programs can be started on each EyePC or in
the Campus to request and display the information collected by MiMoD and EyeMaoD for

online ingpection. The operator isinformed about warnings and errors and can react accordingly
by switching on/off individud pixes or by stopping the DAQ completely or partly.

The Star Monitor Daemon (StaMoD) cdculates for each visible sar in the gtar list the position,
i.e. the pixel(s) the star will be seen. These brighter pixels will be excluded from checks of the
variance parameter in the MiMoD. In addition, the StaM oD requests automaticaly the variance
(or threshold) data from the MiMaoD ring buffers of those pixels, where a star trangt has just
occurred, and keep them in afile for off-line andyss
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Messages of MiMoD, EyeMoD, GUI, SCS, StaMoD and DAQ are handled from a central
Logging Server (LogSer).

The overdl design is shown in figure xx (below). In order to avoid network congestion we have to keep
network traffic aslow as possble. Data has to be analysed as close to the source as possible.
The inter- process communication is achieved through the use of:

a) CORBA for the exchange of afew data words (messages and requests for actions),

b.) ROOT sockets for the exchange of huge amount of data like arrays of parameters and

c.) the OPC standard for communication with the SCS.

The performance monitoring software is running permanently as it is started as part of the boot process
(except for the GUI and the StaMoD). The later programs are started manualy.

Eye PC

T1 (first T2 (second level trigger) Root VO via TCP/IP T3
level trigger) TLT (third level trigges) Corba Bus

FE #1 :
Frontend > MiMaD #1 \
ata file

D
#1

FE #6 = » MiMoD #6

Front end
L.Ejnamﬁla
#6

Slow SCS

Control <+——»>
Pntrol Field PC
SC

Data file

Figure xx: Structure of performance monitoring software components and their communications.
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1.2.2.4 Test Software
A couple of programs have been developed to check perfect function of the FD dectronics and the

hardware access library (see 1.2.2.7):

FDLabTest — GUI program used for the test of single eectronic module based on LabView (by
Nationd Instruments). The program is dedicated for quality assurance after analog board (AB) and First
Leved Trigger (FLT) modules are assembled to form a front-end module.

FDHwDiagnose — GUI Programto control al parameters of afull FD sub-rack. The gpplication
provides functions to readout event data (figure xx) generated with the built-in test pulser and
background data. It is used to perform extensive tests of dl parts of the FD eectronics.
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Figure xx: Event display of amuon with FDHwDiagnose. The program shows trigger data together with
ADC data. Other functions dlow configuration and test of the FD eectronics.

FEtools— Coallection of command line programs to set and display the status of the FD dectronics. The
advantage of command line gpplicationsis, that they can be used aso remote from nearly every
platform. The toolset conssts of Semtool, Feshell, Feexplorer, Pbusdaemon and some more
aoplications.

Semtool — Control of the SystemV semaphores. In case of anorma program termination it can be
necessary to release semaphores that have been Ieft in the locked sate.
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Feshell — Command line tool to maintain the status of the eectronics (figure xx). The program has
function comparable to FDHwDiagnose. It can be used to examine the status of the FD dectronics
without interference a possibly running data acquisition. Parameter sets for every channel can easly be
set usng command scripts.

Feexplorer — Command line tool to display evert data. The program uses the ncurses library for
graphic-like output of the event data (figure xx). The program isintended for remote andlys's of event
data.

Pbusdaemon — Proxy interface to enable remote access to one or more telescopes in the Fluorescence
Station.
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1.2.2.5 Graphical User Interface
In order to ease the operation of the software system a number of graphical user interfaces (GUI) will
be provided as stated below:

The run control GUI to setup and steer the DAQ operation. It aso diplays the system status and the
DAQ satus.

An event display GUI to ingpect event data quas online or with smal delays (figure xx).
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The GUI of the performance monitoring task to inspect the recorded histograms as described in section
1.2.2.3.

In addition to providing these programs, procedures must be established for the ingtalation of the GUIs
on the graphical desktops of the DAQ consoles.

FDEyeDisplay [ [O0]
File Server Config Help

Event Display I all mirrnrs'

— Display —Event Trigger
& Single selection SLT Wiew | FLT View|
 Multiple selection Fun 0 - Event 3224 = Second Level Trigger |
. Run 0 - Event 3321 0=
™ Wirtual Channel Rin - Fuant 3332 hd E
e
" Pedestal Subtraction E
| | = I = I = | 16—
W Sky view 1uf
Clear | £
126 :
Keep.. I 1o |
8
EYE 1 Mirror 4 ==
Mirrar 3 is in DAG 38 pix. trig. T31d 0 b= /
Mirror 4 i in DAG GPS Time 749108944 2=
Mirrar 5 is in DAG GPS NanoTime 305636000 1 1

Figure xx: GUI Event display showing event 3213 in telescope #4 a Los Leones: The involved pixds
follow a straight line on the camera (up, left ) and the projection to the row axis is linear in time (low,
right).

1.2.2.6 Event Building

Events classified by the MirrorPC as T2-trigger are sent to the EyePC. They are buffered there for
max.10 s and will befinaly recorded only, if a correlation with the surface array is confirmed by the
central data acquisition system (CDAYS).

Events from specid cdibration runs are readout if the externd trigger bit is set. These datawill in future
be andlysed on-line, cdibration parameters derived and dl information kept in data files per telescope.
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Events recorded with ordinary shower setup are merged with the data of other MirrorPCs to form
multi-telescope events (also if they originate from laser shots). The merging is done on the basis of the
recorded event time by each front-end system. At this point some correction constants are applied to
the event times accounting for clock inaccuracies and intringc offsets.

If events pass an even more stringent test of the gpace-time linearity (and other criterialike minimum
energy, minimum track length to be defined during prototype phase) they regarded as T3 trigger. In this
case the energy of the event is expected to be above 10™ eV and the event datawill be dways
transmitted to CDAS and merged with SD data. The event builder hasto make adecison within5 s
after the trigger has occurred as otherwise the information concerning the SD detectors dataislogt in the
CDAS data buffers.

The event building takes a'so care on specid events originating from the various laser and cdlibration
light sources, removes them from the main data stream and stores them optiondly in separate files.

1.2.2.7 Hardware Level Software

The FD éectronics can be accessed like alarge memory block. Control and status registers aswell as
the data memory for al camera pixes have unique IDs in the address space. The access to the FD
eectronicsisredized viaan IEEE 1394 (FireWire) link to SIB board. This board communicateswith
the SLT and dl FLTsviaasmplified VME-like protocol - caled PBUSH (for “Periphera Bus’). Figure
xx shows the principa organization of the eectronics and the hardware access library (fdhwlib). The
library is organized in three layers. the transport layer, the register modd and the application
programmer interface. The advantage of this layered architecture s, that details of the actud
implementation like the register modd or the type of connection with the hardware can be modified with
no or only little Sde-effects in the gpplication program. Thus, the trangition from the prototype
microenable interface to the find FireWire solution was easily possible by adapting the transport layer
library only. Application programs were neither affected nor needed to be changed.

The trangport layer is defined according to the specification of the PBUSH protocol. Main functions are
read and write operations in single and block mode to registers and memory in the eectronic modules.
SystemV -gyle semaphores are used to synchronize the access of different processes. To dlow a
flexible use this layer can aso be accessed from remote using the pbusdaemon. This architecture
enables us to use diagnodtic tools from remote during norma operation of the DAQ system.

The register modd alows executing al functions of the eectronics eadily. It is used for hardware tests,
diagnodtic tasks and to implement the gpplication programmer interface. The graphica diagnostic
monitor (FDHwDiagnose) is based on thislayer, too.

Thethird layer provides the interface for the DAQ system, monitoring and other processes. This
interface is designed according to the physical function of the camera. The user can use this layer
without knowing any details of the register modd and aso the large variety of hardware test featuresis
omitted &t thisleve.
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API (libFE)

Register model (libHw)

Transport (libPbus<method>)

libraw1394

libmenable

interface IEEE1394

microenable

pbusdaemon

Shared memory

bus Pbus

logic

FIt + sIt (Register + memory)

Figure xx: Organization of the hardware access library: There are two available interfaces to the FD
electronics — IEEE1394 and the microenable interface. Each comes with a device driver and a basic
access library. These libraries have been utilized to implement a trangport layer (libPbus<method>) and
register modd (libHw) and finaly the application programmer interface (libFE). The trangport layer dso
allows remote access \ia the pbusdaemon from a PC connected through the LAN or —in smulation

mode — to a shared memory smulating red dectronics.
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1.2.3 FD Slow Control System

The task of the FD Slow Control System (SCS) isto carefully cortrol and supervise the operation
of each FD telescope. The status of devices, sensors and actuators and other selected variables are
monitored by the system and recorded, if they belong to safety relevant parts or are of generd
physica interest.

An gpplication program running on a dedicated PC ensures that the experiment is dways operating
a safe environmenta and vaid infrastructure conditions.

All security relevant actions of the SCS are written to log-files. In addition some monitored data
(e.g. wind speed, temperatures etc.) are written periodicdly to files. The use of XML file format
dlows for ample browsing or offline conversion into a database system.

1.2.3.1  Which parameters are monitored and controlled?

The SCS monitors environmenta conditions, the status of devices and ingalations in the telescope
bays and in the overdl telescope building and aso check its own integrity.

For each telescope bay it monitors or controls:

an indoor light sensor located close to each camera,

the shutter motor with its associated end switches,

a key-switch that inhibits shutter operation (e.g. during manua work or drum cdibration),
awarning light or horn active during shutter moverment,

the fall- safe- curtain with its motor, magnetic brake and end switches,

the HV enable switch,

relaysin the AC power linefor the MirrorPC and for front-end sub-rack, and

the status of the UPS unit that supplies the shutter motor and the local profibus devices.

In addition it monitors or controls following items specific to overadl Huorescence Station:

119



The Pierre Auger Project TDR

wind speed, rain and outdoor light sensor,

status sensors for the 3 access doors to the tel escope bays and the emergency exit,
the indoor and outdoor temperature,

apower enable switch for the CAEN HV/LV main frame,

areset gnd for the CAEN main frame' sinternd CPU,

an ovedl interlock sgna of CAEN main frame that prevents output of any voltages,
al parameters and settings of the CAEN main frame (via OPC),

the status of the centrad UPS that supplies the computers and the LAN system, and
the shutter of the star monitor.

Operator

Internal
OPC-Servar

Actions
Statuslights /Signals
High Voltage: on/offfinterlock

Mirror PCs: on/offfrestart
Frontend Crate: on/off A
___ Shutter: open/close
Fallsafe Curtain: up/down

Sensors in each bay

Failsafe Curtain
Light
Ups

figurexx: Overview of the Sow Control System, its components and interconnections.
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1.2.3.2  Technical implementation of the SCS

Sensors and actuators to be controlled are ingtaled widely spread over the whole building. For
practica reasons and to minimize the cabling effort we have implemented an dectronic network
controlled by a dedicated computer, the so caled FieldPC. It is the same gpproach as is widely
used in indudrid austomation, the so cdled fieldbus technology. The fiddbus comects the
contralling FeldPC and its programmable logic controller (PLC) with periphera input/output
units. These I/O units are connected either directly via the fieldbus or via so-caled intelligent
terminals [29].

The advantages of the fieldbus concept are manifold:
the use of commerciad components avoids long development times,

industry proven systems and components have a guaranteed rdiability during the 20 years of
operation,

gtandard hardware interfaces can be used for many commercia sensor types and are easy to indall,
and

debugging tools and test facilities are available.

The basis for our development is the dow control prototype system indaled in Forschungszentrum
Kalsuhe. It implements the same components as are inddled on dte in Argentina (if possble). It
utilizes a PROFIBUS [30] master board as standardized in accordance to ,,Européischer Feldbus
Standard“ (EN 50170) to establish the fieldbus connection and the Profibus/DP protocol (sensor-
actuator applications) as protocol profile. The principd setup of this system is shown in figure xx.
Specid bus terminas connect the sensors and actuators to a terminal bus (K-Bus). A fiddbus
controller routes the K-Bus to the fieldbus.
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figure xx: Sample configuration of the dow control prototype systems at Forschungszentrum

The positive experience with the prototype system was tranferred into the design for the Slow
Control System (SCS) on site.

We use the same development software and profibus components from Fa. Beckhoff (see [xX]) as
below:

profibus bus coupler BK 3100,
digitd input terminds (24 V or 5 V; 2- or 4-wire mode),
digital output terminds (24 V or 5V, relay outputs ( AC 230 V); 2- or 4-wire mode),

andog input terminds (differentid £10V or single ended; differentia 4... 20 mA; resgive
temperature devices (RTD) inputs),

terminas for serid communication (RS232 interfaces), and
system terminds (converter 24 V/ 5V; diagnogtic and end terminds).

The modular design causes a fine granularity in the I/O system. It dlows extending the system with
additional components as needed. In every segment the functiondity of 1/0Os can be a different.
However, we ingdl identica sets of components in each bay and one or two extra segments for
more generd functions to smplify software devel opment.
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1.2.3.3 Software

As the hardware of the SCS is composed of commercid components, the main effort goes into the
development of the application software. We use the development software ACONTROL [31]
provided by Softing GmbH in Haar near Munich. 4ACONTROL is a Win-NT based software
system for the control, programming, operating and monitoring of common technica processes in
production and process automation. The package includes the following features:

redl time capable Programmeable Logic Controller (PLC) under Windows NT 4.0,

IEC 1131-3 compliant programming- and implementation sysem for Sructured text,
function block diagram, sequentia function chart and JAVA (as IEC 1131-3 extension) as pro-

gramming languages,
intra: and internet based instrumentation and visudization,
auto-generation of images for operation and screen information, and

software interfaces to other applications, especially the OPC Interface [32], the SQL database
interface and open file formats (ASCII).

Detailed information can be found at http://www.4control.de/. For IEC 1131-3 standard refer to
[33].

Of prime importance for the SCSis that the software alows remote access via LAN to the process
gatus of the FieldPC for remote operation, maintenance, darm management and visudization. In
addition, the OPC data exchange with computers running different operating systems (e.g. Linux) is
possible via third paty software packages (eg. communication with the DAQ software, the
monitoring system, etc.). For smple applications the UDP protocol can be used.

A graphicd user interface (GUI) through an internet explorer dlows rapid development of smple
interfaces for the operator. The strongest point of this interface is its flexibility: it is most useful for
the agpplication developer; ese of use is not the man  focus
Therefore afurther purdy Linux-based GUI just for the operators (in the FD-buildings or the centra
campus) is under development. It will provide more specific access to the system, but in very user-
friendly way.

1.2.3.4  Safety aspects
The main tasks of the SCS which are rdevant for the sfety are:

Protect the camera againgt damage due to high light exposure by following rules:

o] It must be ensured that the HV cannot be switched on while there is too much light in
the bays.

o] During messurement the HV mugt shut down (HV-interlock), if the doors to the
telescopes are opened or the light sensor detects ahigh light leve in a bay.
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o] If the HV is on during daylight, lock the shutters againgt operation.
Protect the telescope’ s entrance window against bad westher:

1. It must be ensured that the shutters are closed during wind speeds above a level which
destroys the aperture system.

2. Whenran is detected the shutters must be closed.

As direct sun light would damage the camera (even without HV on) the shutters must be closed
and locked during daylight and the fal-safe-curtan mugt fdl down if a shutter is manudly
opened.

Safe operation of the computer and shutter system, if the man AC power fals.
The SCS and the computer system are protected by an uninterruptible power supply (UPS),
which must ensure that in case of power failure the MirrorPC, EyePC and CalibrationPCs shut
down properly and that al shutters are closed by the SCS. The SCS system will stay aslong as
possible in operation, but must shut down itsdlf before atota discharge of the UPS batteries. A
safe power-on boot procedure must be established. For a safe restart of the computer system a
certain minimum UPS capecity leve is mandatory.

To avoid damage to the hardware connected to the LV/HV power supply system additiona
rules and actions are implemented and carried out via OPC communication:

1. It must not be possible to switch the HV on before the LV has reached its designated
vaues.

2. It must not be possible to switch off the LV whilethe HV ison.

3. The LV channds are connected in pairs, providing positive and negative voltage to the
digribution boards. If a LV channd fals or trips during operaion, the corresponding
channd of opposite polarity must be switched off aso.

4. If aLV channds fail during operaion, the HV channds supplied by that channd must be
switched off.

In case of falures of the SCS system itsdf the whole sysem must go automaticaly to a save
mode. The profibus system checks its own integrity congtantly. In case of errors al connected
outputs go into defined states (typicaly zero). The wiring of the system is done in away that in
case of a profibus or FieldPC breskdown the HV is switched off, the safety curtains drop and
the shutters close.

Only avery rdiable SCS system can fulfill these tasks. The components of our system are in operation
in industry production and plants since years. They are not gpproved to military or medica grade and
aerospace projects. However, by sdecting the hardware carefully we can achieve avery high rdiability.
The FedPC from Softing GmbH has for example a meantime between failures (MTBF) of 8 years.
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1.2.4 Computing Facilities

The sdection of the computing facilities for data acquisition and processing are strongly influenced by
the need for reiability during 20 years lifetime and remote controlled maintenance. All these
requirements are fulfilled by commercid PCswith agood performance-to-cost ratio. The number of
different network devices has been kept as low as possible to reduce the number of required spare
parts.

The chosen system consists of an EyePC for each Fluorescence Station connected to 6 MirrorPC viaa
private mirror subnet. Despite the rather low data rates of less than 1 Mbyte /s during normda
experiment conditions, this network is kept separate from the eye network connecting the EyePC with
the telecommunication station and the dow control PC (SCPC). Figure xx show the network topology
of asingle Huorescence Station.

1.24.1 MirrorPC

The MirrorPCs are commercia PCs running with aVIA Ezra C3 650 MHz CPU and are equipped
with 256 Mbyte RAM. They operate diskless and with a passive cooling for increased lifetime. The
power supply is selected to be very reliable. The MirrorPCs can be switched on and off remote
controlled by the dow control.

Serial server

GPS clock [ Hr—] Hv
M rror - network

M rr or PC4 M rrorPC3
M rror PC2
M rror PC5
g
M ror PCo - M rrorPCl

Q.

o
£ EyePC [] SCPC 3
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- UPS ©
>
2 z | | 3 2
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8 z Eye- net wojrl4 = 8
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L—{7 doud non.
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—{ ] LAN Pl ugs
—{ ] Printer

I

Devel opnent

Tel ecom station . :
Cal i bration
to CDAS

Figure xx: Network topology of a sngle Fluorescence Station. Each build contains two subnets divided
by the EyePC. The mirror network is for exclusve use of the DAQ while the eye network connects all
other devices including the radio link to CDAS. The development infrastructure might be not available
in al Fuorescence Stations a any time.
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1242 EyePC

The EyePCs are used for diagnostics and monitoring, the short term data storage and the inter-
telescope trigger andysis. Asthey are the only PCs in the data stream equipped with hard disks they
serve as boot and file servers for the MirrorPCs. With respect to the data and system security a 19”
Linux server was chosen. It provides RAID support for the data and system disk. Software ingtalation
on the EyePC is restricted to DAQ and monitoring processes for security reasons; access from
unauthorized personsis strictly forbidden.

1243  Slow Control PC
The Slow Control PC is described in chapter 1.2.3 “FD Telescopes Control- System (Slow Control)”.

1244  HV/LV
The HV/LV system is controlled via a network interface. Refer to chapter 1.2.3 “FD Telescopes
Control-System (Slow Control)” and 1.2.1.8 for details.

1.2.45  Uninterruptible Power Supply (UPS)

The EyePC, the Sow Control System and the LAN switches of the eye network are UPS powered to
ensure a smooth shutdown cycle in case of power failures. However, the UPS system is not designed to
alow measurement during longer break down times. Consequently, the MirrorPCs and the remaining
FD dectronics are left UPS unprotected. The UPS will be monitored by the EyePC to ensure system
restart and system operation with sufficiently loaded batteries only.

1246  GPSclock

The GPS clock is placed between bay 3 and 4 to keep the cable length to the FE dectronicsin al bays
as short as possible. The serid interface of the GPS clock is connected to the EyePC usng aserid
server. This solution alows us to place the GPS clock even far away from the position of the EyePC.
Details of the clock are described in subsection 1.2.1.7.

1.2.4.7 Development facilities

The development facilities are used to commission the telescopes. They include another PC and a
printer as an example. In addition, it is possible to connect notebooks (and other LAN-devices) usng
LAN plugs or theingaled WLAN. To keep the network configuration effort low a DHPC server is
running at esch EyePC.

1.2.4.8  Calibration facilities
Severd cdlibration facilities also need access to the LAN — mostly through conventiond PCs.

LCU —the LED cdibration unit implementsa LAN interface with FPGA logic.
CdlibrationPC — the PC to control of the Xenon flasher in the cdibration room.

Cloud Monitor — the PC which periodically digitizes theimage of the IR cloud camera.
LIDAR —the LIDAR PC controls the laser and the DAQ of the LIDAR system.

For more details refer to 1.1.9 “Cdibration system” and 1.1.10 “ Atmaospheric monitoring”.
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1.24.9

Telecommunication station

The tdlecommunication station provides aradio link to the centra campus (CDAS) in Mdargie.
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