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9.1 INTRODUCTION

9.1.1 Readout electronics overview

Readout of the CM®adroncalorimeters is realizethrough achain ofsystemelements
beginning with photodetectors coupled to light producethéncalorimeter detection media and
ending with memory storage daligitized results in an on-lingrocessor farm. Electronics
systems are located in three different areas oPthiat 5experimental complex:1) the control
room at graddevel 150 meters above the acceleratannels andcaverns, (2)the shielded
underground service room about 100 meters radiaiard fromthe beardine, and (3) on or
adjacent to the detector in the underground cavern centered around the beam line.

Signal processing functions requiredtbé calorimeter readout electronics chduring

colliding beam operations can be summarized as follows:
a) Analog signal conditioning of photodetector responses
b) Digitization of conditioned analog signals at the beam crossing rate of 40 MHz
c) Transmission of digitized values from the detector to the adjacent service room at 40 MHz
d Linearisation and conversion of front end results into deposited energy values at 40 MHz
e) Generation and transmission of filter-extracted first level trigger information at 40 MHz
f) Pipeline storage of linearised energy values dutirafirst level triggerdecision interval at

40 MHz
g) Buffering of linearised time samples at the average first-level trigger accept rate of 100 kHz
h) Generation of second level trigger information at 100 kHz
i) Formatting, organizing and transferring of trigger dmdarisedtime sample data to the

event builder at 100 kHz
All of the 40 MHz signalprocessing operations #te very front end ofthe system are
synchronous withacceleratoroperations and arphase locked tthe beamcrossings. The
higher levels of the readout system operate at an average "interesting event" rate of 100 kHz and
are decoupled from the synchronous, pipelined front ends by a set of derandomising buffers.

Other modes of operation of the readout systemdatg. acquisitiorior the light flasher
calibration system or determination of pedestalalues, are far less demanding. The
requirements are easily met by a subset of the capabilities needed for data taking.

9.1.2 System configuration

Partitioning of the readout chain is subject to several important global architecture and
space constraints, and is impacted strongly by considerations of maintainability. Environmental
aspects associated with placing electronicghen collision cavern or inside the detector are
discussed irthapter 9elow. In summaryaccess could be possiblette regions along the
side walls ofthe cavern on a twice a mortthsis. Forthe inner part of the detector access
could be possible on a yealttasis with difficulty. The CMSfirst level triggersystemcannot
be located on thsurface because dfie timedelays introduced; it i¢ocated as close to the
detector as possible in tlagljacentunderground serviceoom. Sufficient shielding is planned
so thatthis area can be accessddring acceleratoroperations. The remainder of thelata
acquisition and trigger systemlacated on thesurface due tdhe limited size of theshielded
underground service room.
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The configuration selectddr readout of thénadroncalorimeterhaselectronicssystems
located on the detector, along the side walls of the collsamern, inthe undergroundservice
room, and on the surfac@nalog signal conditioning and digitization electronics lacated at
the photodetectorattached to the calorimetetements, trigger andata acquisition electronics
are located in the underground servicem, and readoutontrol, formatting, andhterfaces to
higher levels of the system are located onstindace. High speedatalinks connecthe front
end digitisers on the detector to the trigger dath acquisitiorsystems inthe underground
room at the 40 MHz beam crossing rate, and standard communications linkthérdigitized
data up to thesurface athe reduced rateorresponding to firstevel trigger accepts. Low
voltage power supplies and other utilities are located along the side walls of the cavern.

9.1.3 Front end electronics overview

There are a total of 15,096 readout channethensystem; théreakdown by subsystem
is given in Table 9. 1 below.
Table 9. 1
Readout Channels

SYSTEM SECTION CHANNELS TOTAL

Front 1768

Forward Main 1768
Outer 328 3864

Front 2448

Barrel Main 2448
Outer 2160 7056

Front 1152

End Cap Main 2016
Outer 1008 4176

The front end electronics system comprises those compolueated on the detector in
close proximity to the calorimeter photodetectorslaswn in Fig. 9. JandFig. 9. 2. These
components provide thé&nctions of analog signal conditioning, digitizatiosynchroni-
zation/control, and data transmission. A functional block diagram afystemelementdor a
three-channel subsystemskown in Fig. 9.3. Aater section othis chapteiprovidesdetails
on the individualcomponents. Performance araliability risks associated with placing the
digitiser portion of the readout electronics directly on the calorimetesre routine service is
problematic, have been evaluated and incorporated into the requirements for reliability.
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integrator,the QIE (Qfor charge, | for integrating, and E foange encodingASIC. The

outputs of this ASIGare 3bits of range information and an analegel corresponding to the
integrated charge on the encodadge. After conversion othe analog level by aADC, the

digitized result is in a eight bgseudoafloating-point format with 3 bits of rang@r exponent)

and 5 bits of chargéor mantissa). Aseparate digitalASIC is needed to control and
synchronize the QIE channels and to transfer the results over a high speed link to the trigger and
data acquisition electronics.
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Fig. 9. 3: Front end electronics block diagram.

The front end system operates continuously and synchronousliythvtiaccelerator.f.
time structure, 25 ndbetween beanerossings. Operations are completely controlled by an
external clock. A digital value for the energy deposited in every calorimeter channel for each 25
ns interval is transmitted frorte front end electronics tdhe trigger anddata acquisition
electronics. This 4MHz clock is provided by a sophisticated distribution areteiver
system[1] and includes a synchronization marker which occurs once per orbit of the beam. The
marker occurs during the gap in the collider fill reserved for the beam abort function and is used
in conjunction with a bunch counter to provide an important check of data validity.

A serial fieldbus, described in chapter 13, is usectcdonmunication with and control of
the front end systems. Monitor and alarm functions are provided for photodetector high
voltages andturrents, electronicslow voltages andcurrents, synchronization validity, and
temperaturevalues. This fieldbus is alsthe pathwayfor exercising test and diagnostic
functions, downloading control and parameter data, and selecting operational modes.

Packaging requirements vary according to the location of gialemimetersystem. For
the inner barrel and end capstemscustom packaging is needed due to the space constraints
as shown in Fig. 9. 1. Small cutouts or pockets are placethim#dbsorber athe outerradius
to accommodate these packages or redoloxgs. There is sufficient spader standarccrate-
based electronics packaging at the forward calorimeter and at the photodetector ltmatiens
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outer barrel and end cap calorimeter compartments.

9.2 REQUIREMENTS

Calorimeter requirements vary ovitre differentregions of phase space atcordance
with the physics processes of interest. Missing energy signataresimportant for
performance requirements in all of the calorimetry, whereas high edgegprocessesnainly
challenge the central region calorimeter, and high rate situations are the provincéooi#ne
calorimeter. In this chapter, the hadron calorimeter readout requirements are presgett@t in
over the whole region to define the parameters which set the performance limits. The goal is to
define a single set of requirements appropriataitof the hadroncalorimetry and to define a
single set of electronics whicimeetsthose goals. Consideratiomlsiving a singlechoice
involve maintenance@nd support, stockpiling parts tqrotect againsprocess obsolescence,
economies of scale, and duplication of effort.

9.2.1 Performance
Analog signal conditioning

In the centralregion, the calorimeter detection elements are scintillators readaht
wavelength shifting plastiibers andthe photodetectors ake/brid photodiodes (HPD). The
shape ofthe light pulse produced is amitial step followed by an exponentialecay
corresponding tathe fluorescence characteristics of the combined scintillator-waveshifter
system. This time constant, using a single exponential approximation, has been measured to be
11.3 ns. Thus the expectation is that 89.1%heflight signaloccurs inthe first 25 ns, 9.9%
occurs in the next 25 ns interval, ah®% occurs irthe third 25 ns interval oaverage. The
signal is stretched furthevhenthe 5 to 10 ns impulseesponse othe photodetector and
differences in optical pattengths of the elements of tawer are taken into account and
convoluted with the light signal; 68% is in tfiest interval, 29% inthe second,and 3% in the
third on average. Finally, statistical fluctuations on these average values saygificant,
especially for the case of low light levels where only tens of photoelectrons are involved.

Since the signals from at least two following beam crossings after the one of interest must
be added to obtain the true value, the current produced by the photodetectorsinmegtaied
(and digitized) over each 25 ns interval separately. This is also the case when there is pile up of
signals fromadjacentcrossings agstimating the baselinghift requires chargmtegralresults
for several early crossings. Therefdles centraystemsequire a gated integratarhich is
reset every crossing, has a precise aperture as close to 25 ns as practcdfeesmkegligible
charge loss at each 25 ns boundary.

In the forward region, the calorimeter detection elements are quartz fibers direatgd,
and the photodetectors are photomultiplier tubes. The signal produced is due to Ckgbhkov
from relativistic shower patrticles, and, as such, is very fésst beanresults with small, fast
phototubes indicate that the entire signal can easily be made to occur in lessrisarPidé up
of signals fromadjacentcrossings thus doawst occur,and the pedestébr baseline depends
only onthe amount of out-of-timbackground. Fig. 9. 4 showsnaultiple traceoscilloscope
picture of calorimeter signals produced by 350 GeV protons.
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Fig. 9. 4. HF Response to 350 GeV Protons

Given that thesignal duration is smaller than thHmunch crossing interval, gated
integrator which is resetachcrossing is als@ppropriatefor the forward calorimeter. The
requirement on aperture precisiommedest, 10% is adequatmd theissue ofchargeloss at
the 25 ns boundaries is not relevant to the principal measurement.

Dynamic range

The main compartments of the baresld endcap calorimeter$jB2 and HE2, are
required to responckliably to minimum ionizing particles iarder to contribute tdhe muon
trigger and for off-line identification of muons. This situation determines the details of the low
end of the dynamic range and is descrideglow in the chapter on signal tmoise
considerations. Athe high end, studies[2have shown that the largesenergy deposition
expected in a central or end cap calorimeter main compartment over 10 years of operation at full
luminosity is of order halthe beanmenergy, or 3.5TeV. Actual jetenergies could bkigher,
but the energy in get is spread over severdbwers spatially and isshared between the
electromagneticand hadronic depth segmentations. In terms of photoelectrons, these
requirements correspond to a dynamic range of 1 to 35,000 or 15 bits.

The outer compartments of the central and endcedgrimeters, HOB andHOE, are
required to be sensitive to minimum ionizing particlekowever,the highest energieseen are
significantly lower than those in threain compartmentdue to the depth athich these layers
arelocated. The physicsdynamic range necessary is franinimum ionizing to a rare 1 TeV
occurrence. When the photoelectron yield and the lowgeatlilarity considerations ataken
into account, the requirement is for a 16,000 to 1 dynamic range or 14 bits.

For the forward calorimeter, the single photoelectron signal is extremely important as it
corresponds tonore than a GeV oénergy. Cerenkov lighigvenwhen directly viewed, is
quite weak inintensity. Test beamstudies[3] showthat the calibrationfor the main
compartment is approximately 0.4 photoelectronsGey. Allowing the upper end textend
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to the full beam energy gives a dynamic range of 1 to 3000 photoelectrons, or slighthatess
12 bits. Providing aextra factor of 4 granularitior single photoelectron performance then
gives an overall dynamic range requirement between 13 and 14 bits.

Precision

The precision of measurement requirement, or the granularity of digitization, is set by the
energy resolution performance of the calorimsietems themselves. Resolution iseaergy
dependent characteristic resulting frastatistical fluctuations irshower development and
measurement sampling coupled with energy independent effects due to systematic variations in
calorimeterresponse as a function pbint ofimpact ordepth ofshowerinitiation. A special
caseoccurs, asiwoted in thepreviouschapter on dynamicange, in whichthe granularity of
digitization requirement is determined by a need to measgreal-to-noise values with
precision at the low end of the scale.

Energy resolution characteristics of the different calorimetgionsare listed in Table 9.
2 below. A certain functional form is assumed where two temadolded in quadrature to get
the resolutioro:

o/E = 7\/EDb

where, E is the energy irGeV, a is the stochastic termoefficient, andb is the energy
independent term to be taken in quadrature with the stochastic value. The values ltatezhare
from test beam measurements of representative calorimeter structures|3].

Table 9. 2
Energy Resolution Coefficients
Calorimeter a b
Central 85% 5%
End Plug 90% 5%
Outer 150% 3%
Forward 200% 3%

The precision of measurement required is therefore an energy-depquodatity. At
very high energieghe resolutiorlimit is about 5%for all calorimeterregions. At very low
energiesthe requirementor minimum ionizingresponse or singlghotoelectron performance
also needs a few percent of readprgcision. Similarly, fothe middleranges, a fevpercent
of value provides adequate resolution. Precision needed is a parameter that is relative to the size
of the signal. Small signals require an appropriately fine precision while fordaygals,there
is no need for such fine granularity.

Accordingly, thetwo aspects of precision amange can be separated making dctual
requirement one of fixed precision anywherdha larger dynamicange.The granularity of
digitization increases the resolution as the bin size dividedlBymust be added in quadrature.
For the case of a 10%crease irresolution, from 5% t®.5%, only 3.5 bits of precision are
necessary. At 4 bits precision, the resolution change is 5% to 5.3%, faredkats the change
is only 5% t05.08%. Thusselection of a 5-bit precision requiremersults innegligible
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increase in resolution (performance) frdhe effect of digitization granularity angrovides
considerable margin against possible degradation of differential linearity.

The least count requirement is set by the photodetedgtbr lowest gain,the HPD
(chapter 8). With gain 2000, one photoelectron become®000 electrons, or0.32
femtoCoulombs (fC) establishing the minimum granularity.

Noise floor

The signal-to-noise figure ofmerit is derivedrom considerations of performance at the
low end ofthe scale. Twaodifferent aspects arseen inthe calorimetesystems. For the
scintillator based deviceshe issue isseparation of the minimum ionizing partidgnal from
electronicsnoise. Forthe Cerenkov lightdevice, the issue isseparation of the single
photoelectron response from electronics noise.

The most difficult caséor minimum ionizingresponse occurs ie central region outer
detectors wherehe response is 10 photoelectrons pemimum ionizing particle. High
detection efficiency, > 99%, resultsfrom achieving auseful threshold at 4 or fewer
photoelectrons. A low probability, ¥%, for electronics noise to give a false positive result
results fromthe threshold bein@.33 sigma above the zero photoelectiewel. Defining the
threshold as 3.5 photoelectrons then sets the noise floor at 3.5/2.33= 1.5 photoelectrons. For a
photodetector gain of 2000, the noise floor needed is then 3000 electrons rms.

Single photoelectromesponse is required ithe forward detectors. Higldetection
efficiency, >99%, resultsrom achieving auseful threshold a2.33 sigma belowthe mean.
For a signal-to-noise ratio in excess of 1QHis threshold should correspondld sigma on
the noise. Thus, the singdotoelectrorresponse should be 2.33 + 1.5 sigma above the
zero photoelectron level implying aoise floor of 1/4 photoelectron. Ahe maximum
photomultiplier gain of 4« 10* (chapter 8), the noise floor requirement is 10,000 electross
For the expecteahoise figure of 3000 electronthe photomultiplier gain could be lowered to
1.2x 10"

Cross talk

Cross talk between readout elements @amefrom several sourcegptical crosstalk at
the photocathodecapacitivecrosstalk betweenHPD pixels,and electrical crosstalk in the
digitisers. Since the signadenerated by the coupling mechanisms listed are constant fraction
in nature, it is possible tcorrect the dataff-line. Correction is not possible ithe trigger
systems and arosstalk limit of 2% has been agreedipon. The HPDs have fibreoptic
windows which eliminates all optical crosstalk making the cross talk requirement for the readout
2% or less.
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Summary
Table 9. 3
Requirements Summary
Parameter Value
Operation Gated Integrator
Frequency 40 MHz
Aperture ~25ns
Aperture Stability less than 2%
Charge Loss less than 2%
Range 15+ bits or 35000:1
Precision 5 bits or 0.9% rms
Least Count 2000 electrons or 0.32|fC
Noise Floor 3000 electrons rms
Cross Talk less than 2%

9.2.2 Calibration
Laser system

A tree-structure of clear fibers is used to distribute laser light from a central statiachto
of the photodetectors in the calorimesgstem. The principalfunctionsare gain calibration of
the readouts and synchronization of the individual channels. Laser light is also sent to a sample
of the scintillators to track aging and radiatdamage. The frequencywith which the laser is
pulsed is more thathree orders ofmagnitude lower tharthe 40 MHz requiredor beam
crossings. No special front end performance requirements are needed over those necessary for
event data readout.

LED system

Light emitting diodesare included in each photodetectaclosure forsimple viability
checkingpurposes. The frequency opulsing is arbitrary and could be set high enough to
verify the readout capability at tHeeamcrossing rate. The requirements on thieont end
appear in the area of control functions and are presented in chapter 9 below.

Radioactive source system

A radioactive source traveling in guide tubes can be moved across each of the scintillators

in the central calorimeteand is used to establigthe calorimeter absolutenergy scale. The

signal produced ithe hybrid photodiode readout is a current of approximatelyAS Dark

current in the devicsetsthe baseline. Initially this current is irthe 3 to 5 nArange,but will

increase linearly with radiatioexposure to 20 to 30 nAfter tenyears of operations. The
requirement is to measure the source current to 1% of its value on a background that could be as
high as 30 nA. The dark current arises from leakage current in the bulk silitendadde. It

is ohmic in nature (negligible fluctuations) and quite constatitria. In contrastthe signal

from the source isquite granular; it is composed of individual photoelecteomissionseach
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amplified by the HPD gain factor of 2000.
Charge injection

Charge injection directly into the front endtbe analogorocessing ASIC is planned for
quality assurance and monitoripgrposes. The absolute accuracy of the injectiogtwork is
not important, but the stability over time is very important. The components involved should be
stable at the 2% levébr boththe ten year planneaseful lifetime and the approximately 10
photons and neutrons per squasntimeterexposurepredicted overthat span. Control
requirements are discussed in chapter 9 below.

9.2.3 Environment
Magnetic field

All photodetectors and front end electronics are affected by the 40 kG solenagtadtic
field to some degree. The inner barrel and end cap detectors are immersed infitid, fahd
are in a regiorwherethe field isvery uniform. Electronicsdesigns, thereforegannot use
magneticcomponents such as inductors, reldgss, power supplies or transformers. In
addition, care must be taken to minimize the dipole moment of power leads or to pbopezly
them against magnetic forces. Testing of electronics prototypes in a 40 kG field is required.

The photodetectorfor the outer calorimeter compartments in the cerdral end cap
region are outside of the main detector structure attached to the steel of thgalkturrFringe
fields in this location vary from 500 to 1500 gadspending on proximity to the servigaps
in the return yoke. The field is non-uniform on the scale of meters, daiyy uniform on a
scale of centimeters. Unlike the inner detector case, the field strengths are low erdlayih to
magnetic shielding options to be considered. Magnetic field testing of prototypes is required.

At the location of the forward calorimeter electronics, the fringe field strength is down to a
few hundredgauss. Standardcrate and power supply systemsan beused, although
oscilloscopes and other CRT devices will not function there.

Radiation

The radiation environment i®ost severe ithe forward calorimetersystem (chapter 5).
At the location of theohotodetectors, a fullyadiation hard chip fabricatioprocess would be
required. However, since the electronics is to be located on the outside sutfaeesiuélding
encasing the calorimeter, soitwa meters away fronthe phototubesthe radiationexposures
are expected to be very similarttaose predictedor the barrel regiorelectronics. Over a ten
year period, the neutron fluences are predicted to bé' Ir centimetersquared in both
locations. The charged particle dose is negligibledoypparison, anthe photon fluxesare of
the same order of magnitude as the neutrons.

All front end electronics systems are required to withstand this radiation environment and
maintain performance levelshich meet thespecifications in chapter @bove. Periodic
replacements of components ovlee tenyears of operations is nébreseen. Validation of
components and/or prototype systems with neutron and photon exposures is required.

Service access and reliability

Forward calorimeter systenase completely separatéem the centradetector. Access
to the electronics mounted on the outer surfaciefcalorimeter radiatioshield is notlimited
by the CMS detectatonfiguration. The saméholdstrue for HCAL power supply anditility
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systemdocated along thside walls ofthe cavern anéor the barrel and end cagalorimeter
components mounted on the outer surface of the magnet returiijOl& HOE). Nospecial
provisions are required as service access is straightforward.

The inner barrel and end cap electronics are mounted on the radias of the
calorimeters inside theuperconducting coil. Abest, service access could be possible on a
yearly basis; a long and difficult disassembly sequence must be executed to gain access to these
systems. Eventhen, repairare difficult as many layers afables,cooling pipes, and power
leadsfor the tracking detectors and theectromagnetic calorimetéttrap” the front end
electronics boxes and deny straightforward, ready access. These comehiibtts a reliability
requiremenfor the electronicsuchthatsingle channel failureshould be lesshan 0.1% per
year. Also,coupled failuremodes which lose aentire box of channels shouldither be
reduced in probability ttessthan onesuchfailure in thewhole system oveten years or be
eliminated by engineered mitigations and redundancy.

Cooling

All CMS detectosystems irthe cavern are required to be cooledsteheat cannot be
dumped into the air. The cooling requirement includes power supplies andlpaggeas well
as theelectronics. A largeshilled water plant invisioned. For those cases where it is
impractical to remove 100% of the heat generated by water cooling, e.g. a crate of electronics or
a power supply, the water system will be operated somewhat behiwenttemperature. The
subsequent refrigeration dfie room air combinedwith direct heat removal casatisfy the
cooling requirement in aggregate.

EMI and EMC

Since the entire electronics plant in the cavern will be operated synchronouslieiz40
the potentialfor EMI problems is great. Seconédssentiallyall of the low voltage power
supplies will use switching technologieé\nd last, ground loopsan couple in 50 Hzhum"
and harmonics thereof especiallyhen the loop involves the metal of thedetector.
Accordingly, the electronics designs shall be compliant with the following guidelines:

1) Interconnections oflatacables, signatables orpower sourceshall notcreateground
loops,

2) AC signalcurrents,analog or digital, shall ndlow throughthe metalstructures of the
detector,

3) Low voltage power supplies musimeet or exceed thdcuropean "Electromagnetic
Compatibility IEC1000 - 1-4" specificationsfor conducted and radiatdéiMI, plus such
additional requirements as developed by the Gd&ing group on lowvoltage supplies
and grounding,

4) The frames (cases) of low voltage power supplies shall be isolatedofranuetectometal
structures with safety grounding provided by the safety conductor of the power cord,

5) The techniques used for transmission of digital signals over cables must be approved by the
CMS working group on low voltage supplies and grounding,

6) Digital circuitry shall be designed in accordance witiod engineering practice®r control
of EMI[4].

7) Documentation shall bprovided describinghe system configuration, interconnects, and
grounding.
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9.2.4 Control
Event data

During collideroperationsthe front end electronicsuns continuously at 4MHz under
the control of an externalock. Because of differences in time-of-flight, fibemgths, and
photodetector transitmes, each channel will require an adjustapleasedelay of 64steps of
0.5 ns size. The fieldbus connection tdhe DetectorControl System will beused for
downloading this information to the channels.

Calibration data

Charge injection is foreseen for every channel. The control functions required are:

1) Amplitude. The magnitude of the signal should cover the full dynamic range.

2) Shape. Twalifferenttime structuresareneeded, a short10 ns impulsdor the forward
calorimeter and a longer RC = 11.3 ns signal for the barrel and endcap calorimeters.

3) Rate. The frequency of charge injection pulses should be selectable from 40 MHz down to 4
kHz.

4) Mask. Each channel should have an off/on function

5) Phase. The phase forcharge injection can be variedingthe phasedelay control already
needed for event data.

6) Synchronization. The signal shall be synchronized to the 40 MHz system clock.

Laser light calibrations and scintillator quality monitoring operations will not be
synchronized tightly tdhe 40 MHzsystemclock due to thgitter in timing of theflashes.
Given that beamoperations will beoff during calibration periods, the transient recorder
character of the frerinning front endsanserve toextract theresults. Similarlythe signal
produced bythe traveling radioactiveource is notorrelated to thaeystem clock, andhigher
levels of the readout chain will extract the informatfoom the front enddatastream. No
special control features are needed.

The LED's used forgeneral viability testingourposesare controlled locally ineach
readout box. Individual channel contr@ise notrequired,exceptfor the phasedelaywhich is
already preserfbr eventdata. Control othe frequency and amplitude of thED driver are
needed.

9.2.5 Error detection and handling

Detection of synchronization slips is needed to guard against misatigtestreams. A
40 MHz counter, reset every beam orbit by the mgpkése,and a comparat@should be used
for establishingdatasynchronization validity.Detection of arerror results in an appropriate
message being sent over the fieldbus to the front end controller in the corresponding trigger and
data acquisition crate.

The datalinks betweenthe front end electronics anthe trigger anddata acquisition
electronics are required to detect and correct loss of synch occurrences. During the interval over
which synch is gone, the receiver shall raise an error flaglicate abaddata condition to the
higher levels of thesystem. The readout pipeline never haltghen corruptediataconditions
are detected, the pipeline output is directed to the wastebasket instead of the processor farm.

Sending of test patterns on demand is also a system requirefieatfrequency with
which this validity check is dondnas notyet been decided; it will requirsome operating
experience with the links to decide. Possibilities range from once bgany orbitduring the
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abort gap in the fill to only when needed as a diagnostic tool.

Bit error rates on the links may be such that an unacceptable faldevisistrigger rate is
generated. The solution is to add syndrome bitsatihtransmission to allow error detection.
Such error codeincrease thebandwidth requirementor the link and could conceivably
increase the bierror frequency. As withestpatternsexperience wittthe links is necessary
before the decision can be taken.

9.3 COMPONENTS

9.3.1 Overview

The requirementfor the front end electronicdetailed in chapter 9 abowall for a low
noise, high frequency, wide dynamic range digitsgtem. In particulathe combination of
3000 electrons rms noise, 0.32 astcount, 40MHz clock frequency, and 16 bitdynamic
range is unique to theHC conditions. Inthe particlephysics communitythe system which
comes closest is the digitiser recently develdpedhe KTeV experiment d&ermilab[5]. The
performance achievedias 15000electronsrms noise, 8 fCleast count, 53 MHz clock
frequency, and 16 bitslynamic range. Unlike the LHC case, there were nospecial
requirements on reliability, radiation tolerangeagnetic fieldimmunity, cross talk, and
capabilities for DC current measurement.

The front end electronics design is based on an improved version of the analog processing
ASIC developed for the KTeV experiment. As showirig. 9. 3,the buildingblocksare the
analog ASIC, a 40 MHz digitiser, a control ASIC andogtical link. Because of thextreme
space constraints presenttire barrel and end caggions, athree channel forméatas been
selected as indicated in tifigure. Each of thecomponents is described in ti@lowing
chapters.

Analog processing is done throughmailti-range gatedntegrator. Anexample of range
and resolution performanaesing a 5Sbit ADC and an eight range integratorsisown inFig.
9. 5. The resolution of thecentral calorimeter is plottegtersus energy along with the
contribution fromelectronicnoise athe 1.5 photoelectron leveand the contributiorirom the
multi-range front end digitiser system with range parameters as given in Table 9.4.
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Fig. 9. 5: Resolution performance
Table 9. 4
Range and Resolution Example
Range | Currenff MinE Max E | #Bins | bin size bin size Resolution
GeV GeV GeV fC Increase
1 I 0 2.8 28 0.1 0.32 1.001
2 I/3 2.8 11.2 28 0.3 0.96 1.002
3 1/9 11.2 36.4 28 0.9 2.88 1.004
4 1127 36.4 112.0 28 2.7 8.64 1.010
5 1/81 112.0 338.8 28 8.1 25.92 1.024
6 1/162 338.8 792.4 28 16.2 51.84 1.020
7 1/324 792.4 1699.6 28 32.4 103.68 1.020
8 1/648 1699.6 3514.0 28 64.8 207.36 1.020
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9.3.2 Analog conditioning ASIC - QIE

Requirements summary

- 40 MHz operation

- 16 bits dynamic range

- 2000 electrons or 0.32 fC least count

- 3000 electrons rms noise

- 5 bits precision

- Systematic errors small enough to measure a few least count source current
- Charge loss at sample boundaries less than 2%

- Cross talk less than 2%

QIE overview and experience

QIE is anacronymfor the functions ofthe ASIC, Q (charge) | (integration) and E
(encode). Aarge dynamic range is accomplished{btough amulti-range technique. The
input current is simultaneously integrated ahranges,and comparators aresed toselect the
lowest rangethat isnot at full scale. The outputsare a voltage representing the integrated
chargeplus athree-bit gray code indicatinthe range. Operations ard¢ime multiplexed and
pipelined to allowsignals tosettle and tanake the reset interval the same as the integration
interval. Latency is 100 ns as the pipeline is four clock cycles deep.

The QIEcontainsmultiple sets ofeight capacitors of a uniforwalue. Attached tothis
structure is a current splitter. Matched transistors in common base configuration and connected
in parallel will share the current driven throutlemequally. This property iexploited in the
QIE design to apportion a fixed fraction thfe input current to a given capacitor in toeay.

Each capacitor receives a fraction of the current of its lower range neighbor. For example, if the
splitting was simply by powers of two, the capacitor for range n would receivef 1t input
current. Fig. 9.6 shows the pattern of transistors for a single-stage binary-weighted splitter with
eight ranges.

Conceptual Drawing of an 8 Range QIE Input Section
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Fig. 9. 6: Input section example for an 8 range QIE.

One set of capacitors integrates the input current fobeamcrossinginterval; the clock
frequency is equal to the beam-beam collisimguency. While one set of capacitors is
collecting charge, others are being read out and reset. There are four sets of capacitors. At any
given point in time, one set is collecting charge, one is settling, one is being read out, and one is
being reset.

A DC bias current is added to the input current. One of the functions of the bias current is
to provide a minimum current in the splitter to ensure that the transistors are in @guaithg
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region. The current is then adjustedtlsat the analogutput on the range of interest matches
the input requirements of a single-ran®@@C. For agiven charge deposition over on®ck
interval, no more than one capacitor in the set will have its voltage within spdicified The
voltage on thicapacitor is connected to the analog output of the device and digitized by an
external ADC. The priority encoded address of daigacitor make up thexponentbits. The
voltage on the capacitor is the mantissa and the address of the capacitor is the exponent.

The QIE ispresently in service on th8100 channel KTeV cesium iodide crystal
calorimeter. Csl has an intrinsic energy resolution approaching 0.5%, which requires very high
performance electronics to make full use of this capability. The KTeV device has 8 ranges with
a factor of two gain change between ranges giving a dynamic rangdibé.16ig. 9. 7shows
the results of a laser calibration of a QIE chip carried out &133; the scatter in thpoints is
due to photostatistics. There are a number of distortiotigitmansfer function of this device.

The maincontributions to the non-uniformity in the overall charge to voltatppe are
variations in the size of the capacitors and accuracy d$glitter. Although this is dessthan
0.7% effect KTeV keeps four sets afalibration factordor eachQIE, which amounts to 64
constants, four sets of 8 slopes and 8 offsets.
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Fig. 9. 7: Laser calibration of a QIE chip.
HCAL design

For HCAL, amodified and improved version dhe QIE isplanned. The radiation
tolerance requirement, the need for extreme reliability, and the operational advantages of a low
power design all argue for migrating away from the present 2.0 micron CMOS process. A deep
submicronBICMOS process is under consideration, libé radiation effects are not fully
understood at this time. As the casdor all electronics located deepside thedetector,
validation of the appropriate level of radiation tolerance is required.

Modifications to the input stage to achielsver impedance ar@mecessary because of
crosstalk concerns. The individualanodes irthe multi-anodenybrid photodiodeletector are
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capacatively coupled to theireighbors. Asignal on a giverelement will cause a voltage
excursion on the adjacent elements that is determined by the QIE input impedance and the inter-
element coupling capacitance. Overall, cross talk to adjacent elements is to be less than 2%.

The noise specification 08000 electronsrms requiresapproximately a factor of five
improvement inperformance. The source capacitancefor the CMS HPD and the KTeV
photomultiplier tube ar@oughly the same, ~ 5pF. Thuthe improvemenmust come from
circuit design and process technology.

At the time themodified QIE design beginsgonsideration will be given to bringing the
ADC onto the ASIC. The advantages include; lower poweanasog drivers and receivers are
eliminated, increased reliabiliffom reduced componembunt, and possibly a lower noise
figure. Information will soon beavailablefrom a QIE chip designedor the CDF upgrade
shower maximum detectowhich has a5-bit ADC on board. The noise and frequency
specifications are more relaxed than nedded HC, but the feasibilityissueswill have been
addressed.

Vendor aspects

The practicality of the KTeV QIE is limited by the relativatyude 2 micronCMOS
process used for fabricationThe promise of éigh performanceBiCMOS process for
fabrication of the next generation devigould simplify usinghe QIEfrom a system point of
view. KTeV suffered through a series tabrication quality assurangaoblems,something
that should not occur if a good foundryused. NevertheleskTeV is achieving remarkable
performance even with this less than ideal device. They éguigalent dynamic range tbat
required by CMS HCAL and operate at 53 MHz rather thanv{z. Further, system
problems have been solved, and 3100 channels is a substantial fraction of theddsi0 for
CMS. The running experience of KTeV brought to light many mundane syssemsthat are
only obvious in hindsight.

As discussed abovethe fabrication processselected mustmaintain performance
specificationgfor anintegrated flux of 18 neutrons per squamentimeterwherethe kinetic
energies are greater thaf0 keV. Also,the photon flux is ofthe same magnitude and the
energies range from 400 keV to 2 GeV.

9.3.3 ADC
Requirements:

The digitiser connected to the QIE analog output must be capable of digitizing the stepped
output voltage with full accuracy in one clockcle. Full span slewing occurs frequently,
specifically every time a randmundary is crossedThis puts goremium on the input analog
bandwidth ofthe ADC. It should begreater than 40 MHz iorder to accommodatehis
slewing. If we require that the input section settles to 1/4 of an Isb in one@&cksnterval,
and further, naively assume a two coincident pole response, that implies dinoeit@nstants
areneeded. That is2.7 ns orabout a 60 MHzandwidth forthe components in the analog
signal path.

Since the radioactiveourcecalibration current is to be measured by simply reading a
large number ofamples, it ismportant that theADC bin widths remain constantor the
duration of the measurement[7]. In any one measurement interval, the signal is small, only 2 or
3 leastcounts. It idlikely that theADC bin widths aroundoedestal will have to be mapped
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using the laser calibration system to meet the accuracy specifications for the source readout.
Vendor aspects

The critical issuesare power consumption ancdhdiation tolerance. There are several
commercial ADCs on the market that potentially fulfill teguirementsAll candidate devices
will have to be carefully evaluated and tested for irradiation effects.

9.3.4 Channel control ASIC
Functionality
Data synchronization

The exponenbits come directlyfrom the QIE, while the mantissa comdsom the QIE
and goesnto the ADC and is then digitized. Exponent and mantidata appear at different
times and need to be re-synchronized before being sent on to the data transmitter.

Clock phasing

The channel control ASIC supplies clock signals to@tie and ADC. An adjustment is
neededor each channel teynchronize operations tbhe beam generated calorimesggnals.
This phase adjustment can remove differences in photodetector tirarsittiming differences
in the QIEs and ADCs, and differences in light arrival times down the fibers. There is sufficient
range to time in all HCAL channels using only these electronics delays.

Initialize

The QIE is a synchronous, pipelined device which conttatemachines. After power
up, it is necessary to place all the QIEs knawn state with a precision of one 40Hz clock
cycle. The channel controhSIC is required taeceive an essentiallgsynchronous system
reset pulse and synchronize this signahw local clockbefore sending it on in order toeet
the set up and hold times for the reset input of the QIEs.

Data formatting

The QIE + ADC pair produces 3 + 5 or 8 bitsdata at the 40 MHeate. Standard high
speeddata serialisechipstypically operate on 16 bit data at 88Hz. This bit rate is agood
match to three channels’ worth of data. The ASIC can multiplex the incoming &4tdiinto a
16 bit stream afl.5 times the collision rate or 6MHz. Should CRC error codes prove
necessary, think frequency can be set to 66 Mtdffording enougtadditionalbandwidth to
include two syndrome bits. It shouldnly be necessary to proteitte exponenbits. Three
exponents are nine bits with two bits of error correction. One word at a time, two bits cannot be
used to detect more than single bit errorghéf correction algorithrspansfive words, that is,
ten CRC bits are applied to 45 exponent bits, the majoritybitf @rors andall 1 bit errors are
detected. Error correction should be implemented only if it can be convincingly shown that there
is any net improvement in system reliability.

Interface with serial links

The channel control ASIC ithe logical place to implement temtd control functions by
means of a seridink. These functionsvould include data tespatterns,clock trim values,
charge injectiorcontrol, andthe control of operatinghodes. Internal states of the device can
examined as part of @ower updiagnosticfor example. The widelyused CAN standard has
been selected for the serial path.
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Event synchronization

It is important to identify the crossing from which an event originated. A counter clocked
at thecrossingrate and reset wittthe beamturn markercan detectsynchronizationerrors.
Subsequently, an error message is sent usiagseriallink. It is alsoimportant toreset,
globally, all crossing counters to a known value, and the system must be fast enacigbv®
this in one clock cycle on receipt of the bunch marker.

The crossing counter along with a turn counter could be used to sihecifyne of a test
injection pulse. A pair of registers in the ASIC could be loaded with turrciarssing values.

If test pulseinjection isenabled,then every “n”"turns at crossingm” a test pulse could be
issued.

Charge injection and LED trigger

Charge injection and LED test and calibration operationsyarehronized tdhe 40 MHz
clock. ADAC and clock counter can provide thiggnal,and the counter caalso serve as a
way to turn individual channels on and off.

9.3.5 Data links
Requirements

The CMS triggeisystem needs information about evergssing. At 40MHz x 8 bits,
320 Mbit/s per channel isequired. Thiddatamust be sent 10fheters to the triggesystem.
An initial comparison of theost of copper ribbonablewith parallel datatransmission at 40
MHz with that of serial opticalransmission at 1 Gbit/shows the ribbon cable to be
approximately twice theost ofthe serialtransmission scheme. It must beted thatdata
transmission technology is rapidvolving. Both copper anaptical fiber transmission
technology areroppingsteadily in price while the availableandwidth is increasing.Three
channels produce 960 Mbit/s of data which is a goatth topresent day 1 Gbitknks. We
will carefully watch commercial developments in order to use the trends which develop.

Laser transmitter

There are a number dfGbit/s serialiser chips available. rtay befor reasons of
radiation hardness that GaAs deviees to bepreferred. Most of these chiptake in a 20 bit
word at a 66 MHz rate. The 21X word isthe result of applying aBb-10b encodingcheme
for 16 bits of data. Clockinthe serialiser at 60 MHz dr.5 times thecrossingrate gives the
necessary bandwidth to setiolee eight bit channels on olek. If additionalstatus or error
detection bits need to be added to the data stream, it is possible to insert one adaitroalt
of 10 if the linkwere run at 6Gather than 60MHz. TEL or GTL /O levels would be
preferable to ECL or PECL levels for reasons of power consumption.

There are a limitetiumber ofcommercialsources ofpackaged units whicinclude the
laserdriver, mounting of the laser and timeechanicahousing whichenables the coupling of
the optical fiber to the face of ti@ser. Fordistances of 100 meters, lower costlti-mode
fibers can be used. Their largiameteralso makeghe installation into therivers somewhat
easier, although in comparison to copper connectaptg;al terminations are mofficult.
The transmitter is the single most expensive item on the front end boards. If past history is any
guide, transmitters will cost substantially less in three or four years’ time.
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PIN diode receiver

Typically, thefirms makingthe laser modulalsomake the companion fiber optic PIN
diode receiver module. Though less costly ttheiaser,the receiver is stilexpensive. It too
can be expected to come down it price at a rate comparable to the laser modules.

As with the laser andPIN diode modules, most vendors of serialiserake the de-
serialisers. It would make sense to use a transmit/receive pair by the same venakedore
the serial data stream is compatible.

Link error handling

The 8b-10b encodingcheme whictensuresthe proper link duty factor also provides
some degree of error detection for the integrity of the link. lllegal bit patterns cietdoted at
the receiver. Commercial modules using this protocol provide a link error output signal which
can be used by the data acquisition system to discard events.

9.3.6 Quality control, assurance and monitoring
QA/QC process

The electronicglesign and developmeptocess follows avell known and oftenused
QA/QC process. A complete set of requirements are developed first and then formally approved
by technical managemenBubsequently a design proposal is developed and revigagasaist
the specifications. SomBR&D is usually part of this step in order to demonstrate feasibility.
The design proposal iaccompanied by a highvel estimate of theost and schedule impact.
Third, a detailed plan of work, a full schedule with appropmaitestones, and a veetailed
cost breakdowrare prepared. These last items anesed tomonitor and guide the project to
completion and for reporting to oversight groups.

Components

During wafer fabrication othe final designs,there are tesstructuresplaced on each
wafer for verification that process specifications have been met. It is not clear what sort of tests
will be made available to us by tfeundry, inlight of the smallnumbers of devices we are
having made. Low frequency digital test vectors may be the only tests available. Reteaps
sophisticatedtests, including analog voltage profiles will bavailable because of our
participation in CMS.

During the design phase, particularly tbe mixed signatlevices,several test structures
will be needed. The current splitter is aobviousexample ofsomethingthat will need to be
characterized. Other structures for tests of radiation hardness will also be needed. Presumably
representative structures from many CMS sub-systems can made on one wafer. This wafer can
then be irradiated.

A comprehensive, turnkey test setup was built for KTeV.leAsttwo sets of 3000 QIE
chips were run througthesetesters. Tests were run dhe chips before andafter their
assembly onto a PC card. Analysis of the impact of die yields shows that for yieldstiodihess
98% component level testing is required. The initial yields f@nit Corp. onthe KTeV QIE
were of order 70%. It is unlikely any vendor can provide dice with 98% vyield.

Commercialcomponents have the advantage of comprehensive testorgto delivery.
Board level testing should be sufficient.
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After initial assembly, but before operations whtambegin, the readousystemcan be
monitored and tested in sevevehys. The most usefulare charge injection and thdED’s.
With charge injection, the full dynamic range cantésted, andhe LED’s can test viability at
the beam crossing ratevlany commercial ADCs have built in tdstatures such dgt pattern
generation. This feature is useful for monitoring dagalinks by running througlall possible
bit patterns.

9.4 ASSEMBLY AND INSTALLATION

9.4.1 Barrel and endcap readout boxes
Three channel PCBs

The front end digitisers fahe HPD signalswill be implemented as three channels on a
single PCB with 3IE chips, 3FADC chips, digital channel controthip, and anoptical link
transmitter(Fig. 9.3). Digitized results forthe three channels asent tothe trigger anddata
acquisition system using a serialiser chip and fiber-optic data driver. The 3-channel board must
be laid out with no components on the back side and will have itatle as Zpecies, aight
and aleft, asthe boardswill be laminated to @opperplatewhich provides a primargooling
pathfor the electronics. The presenestimatefor the size of thes®CBs is 9 x 9 cnand a
nominal FR-4 thickness 00.157 cm (.062 inches). (FR-4 is us&dce it is a fire retardant
PCB assemblynaterial.) ThePCBswill likely be 6 layerswith internal power and ground
planes for noise reduction. All components on these boards will be surface moufaielitate
the lamination. It is likelythat theboardswill be testedfor conductivity and thedaminated
prior to installation of components.

Six-Channel modules

The six-channel modules will beade by laminating a riglaindleft 3-channePCB to a
0.157 cm (.062 inchesgopper sheet which becomib® board support anbeatsink. After
lamination theassembly will have its connectoisr the back plane and other components
added.Note: depending on theCB layout requirementghe lamination may or may not be
electricallyconductive. It must, however, lieermallyconductive. These éhannel modules
are the minimum replaceable uffiilr on-detectorservicing, having aonnector to theligital
back plane and to the analog input back plane as welptacsal datadriver connectors on the
front of the module.

Backplane interconnections

It seems most likely that there will be 2 separate Ipdakes,(they may be physically the
sameFR-4 materialbut will be electricallyseparated by some amount of spacth@layout.)
The Digital side of the back plane will providepower distribution, clock distribution,
connection to theslow control system,and monitoring servicer voltage and temperature.
The "analog" back plane will simply provide a connectiamm the HPDs, which will have
short soldered wire leads from their pins to the back plane to the analog input®li tieps.
Communication along the digital back plane is serial data using the "CAN" bus protocol.

Photo detector interconnects

The HPDs have an array of pins on the back which must be connected to the inputs of the
QIEs. Asocket whichmatches thg@ins onthe HPD provides a solid grounplane with the
appropriate signal return araypass capacitors. Short twistedir runs are soldered to
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appropriate points on the analog section of the back plane. This method allows the removal and
replacement of aklPD without having to do any unsolderin@he reason for usingliscreet

wires and keepinghemshort is tominimize theinput capacitance to the Ql&nd to avoid the
crosstalk that a ribbon cable might introduce. It is here that we need the full dynamic range, and
care must be exercised. After the QIE splitter, noise level constraints are less severe.

External interconnects.

The largest number of external interconnects by far are the fiberegpsicables, 1 for
every 3channels, whichconnect thefront-ends tothe trigger andDAQ system. These
connections are made directly to the fronthe 6 channel modulassing abayonet style fiber
connector. There arealso 2 fiber opticableinputs tothe box bringing inthe clock and the
slow control network. Thessonnect to a speci&ix9 cmlaminatedboard structure where the
signals are received, processed and distributed on the digital backplane.

Power is broughinto the box and ontahe back planaising ridged copper bar and
threadedstud and nuts withocking washers.Thesebars must beble to standthe forces
experienced due to the magnetic field.

The high voltagefor the HPDs is brought ontthe HPD socket using eaptive bayonet
style connector which may beade of molded polycarbonateaterialand will have mounting
screws to prevent accidental disconnection. This connector will alsotiatow voltage bias
for the HPD.

The last external connection is for the cooling water tccthte. The water lines will be
separated from the bundle locally and will be mated to the witr cooling connectonssing
a barb and clamp system suitable for use at the flow rategrassureseeded to deliver the 1
liter per minute of cooling water needed to cool the electronics.

Installation.

The readout boxes will be installed on each wedge as the wedge is assembled in Building
168 and will have a full compliment of readout modules installed. This allonsatdwedge
to be fully tested as a unit prior itastallation in thedetector. All optical connectionfrom the
scintillator tiles are made to the box and efilshr's integrity may be checkedsingthe source
system or lasesystem, thus assurirtbat allfibers are routed and connected correctly before
the wedge is even shipped to the assembly hall.

The mounting of théox andthe mounting of the back plane within thex must be of
such a design as to withstand the forces dubetanagnetidield. Once thewedge isinstalled
in the detector, the real power cables must be installed and appropriately anchorecetigne
Water lines will then be connected and the final assembly fully tested prior to being sealed up in
the detector.

Quality control, assurance and monitoring.

In general, all assemblies will be specifiedte vendor tomeet therequirements of the
final design. PCB manufacturers must meet minimum de-lamination force testiad] B@Bs
will be "bed-of-nails" tested to assure correct conductivity prior to being accepdmercial
electronic components will be requiredpgassneeded minimumsor voltage tolerance and for
radiation tolerance. Sample parts from vendors musadiationhardnesgested before being
selected for final assembly.
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Custom integrated circuits

It is expected that the fulustom chips which will be designéar this application will
have a multilevel evaluation process. The first part of this will be to qualifiotmelry which
will be making the parts for radiation hardness and for process stability. The vendowilihich
be packaging thparts must also be qualified, although this is somewhatchdgsl as the
choice of packagingendormay be changedasily, where athe choice ofASIC foundry is
much more difficult to change.

The next level of assurance will be to have a series of prototypenmadtsand tested in
parallel with a design review usingnpartial but interested engineers toake sure that no
design flaw is missed. Prototype pandl also be subjected tstresses ofadiation and
thermal cycling taassurethat the part castandthe stresseplacedupon them in normal and
extreme operatingonditions. Notethat the coolingsystem as designed witiperate at a
temperature slightly below ambient which will keep gaetsquite cool and add reliability. Of
course, there will be test structures present on each wafer of chips produced; thesesei be
to monitor the process and quality at the foundry.

Chip testing

Once production parts begimrriving, we will be using the ASIC/Board tessystem
developed at Fermilab to do production testing ofcii@s. All chips will be tested at speed
and will be required tpassstringent cuts omthe performance of the part as well as tibtal
currentdraw. Onceparts havepassedhe chip testingstage,they areshipped toqualified
assembly houses whichount theparts tothe PCB modulesand shipthese bacKor testing.
(Note: the vendor MUST adhere to correct ESD protegiracedures, afilure to do so may
damage or weakeparts which will therfail prematurely.) It iexpected that thiéme to test
each chip will be about 2€ec., this includes installinghe chip in the test fixture and removal
and sorting of good and bad chips.

Board testing

The 6 channel modules witllso be testedising the ASIC/Board tessystem andwill
again be tested at speed. Also in this test, the cross talk between channels is measad and
channel is required tpassthe same performance test as ¢thes passed.The currendrawn
by theboard will be measured armbards which do ngbassthe test will be returneébr re-
work/repair.

It is expected that the time to test each board will be abouh@tes. This is irpart due
to the optical connections which must be made by hand to allow for the full testinghofttie
The test fixture will have @seudo-backplane which the board will be installed in during
testing.

It is further expected that some number of boards will be subjectbdrtoal cycling and
extended running to elicit expected infant mortality and longevity numbers. It ikkalgdhat
all boards will be installed into a burn-in fixture and will teen for severalweeks andhen be
re-tested, again to catch infant mortality of components.

System testing

Since theonly active components whiclare part of the readoltox are theHPDs and
since they will be tested separately, it is assumed that testing will be dénevezdge as it is
assembled. Any additional testingvould be redundant and would not addhe reliability of
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the system.

9.4.2 Forward readout electronics
VME readout crates

The digitisersfor the PMT signals will be implemented on 32-channdboards,
9Ux400mm Eurocard format, with VMEbus signalstba P1 connector (referred to ‘34VIE
modules” for simplicity). Each module will consist of a PCB of conventional design, fabricated
of 0.157 cm (.062nches) thickFR-4 material, withSMT components on botkides. It is
likely that groups of 3 digitiser channels will be assembled on a small “daughteimaedise
of assembly and testing, arbddat 10 daughtercards will mount on ¥ME module. All
components except connectors will berface-mounted. Fromanel hardware and board
stiffeners will be Eurocard standard.

Assembly will be performed by an outsigendor, usingconventional pick-angblace
component installation and infra-redflow soldering. Mechanicalcomponents will also be
installed by the vendor.

A 9U crate of standard size will house up toMME modules. A standardME-16 P1
backplane will be installed, along with mower distributionbackplane andoaxial ribbon
connectors for PMT input signals. An existing standard su¢heaSERN V430 specification
will be chosenfor power distribution. The crate will becustom-manufactured to our
specifications by an outside vendor.

PMT bases and interconnects

The PMTs arehoused inndividual shieldecenclosures, with aimple PCB soldered to
each. The PCB contains the voltage-multiplier portion of a Cockroft-Walton generator as
described in chapter 8. Each PMT base has two connectmraxial signal output connector,
and a multi-pin control connector for the high-voltage generator. hiffievoltage is generated
inside the PMT base, so the interconnections themselves are low voltage.

The PCBs for the PMT bases will be assembled and conformably coated by an outside
vendor using standard techniques. Final assembly of the PCB to the PMT and installation in
the base enclosure will be performed in-house at a collaborating institution’s shop.

Interconnection cables will be manufactured by an outside vendor to CMS specifications,
and tested in-house.

External interconnects

This chapterrefers toall off-detector connections whideave the HFplatform. The
majority by number are the fiber-optic data cables. Each 32-channel moduledsaddbles,
which are identical in function to those used in HB and HE.

The 220 VAC power is supplied &ach rack in a conventionadanner. Lowoltage is
generated in each craising aconventionalpower supply. Cooling water is also supplied to
each rack. Two fiber-optic connectioaie requiredor each rackor the clock (TTCsystem)
and detector control.

Installation

The PMTs with basesvill be installed while the detector finassembly is done in the
experimentahall. Electronics racks containingME readout and high voltage control crates
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will be installed on the exterior of tltetector. Cables will then ban fromthe PMTs to the
racks.

Quality control, assurance and monitoring

In generalthe samerocedures will be followed a®r the remainder oHCAL. The
custom ICs will be processed as described thefae VME modules will be tested in a
dedicated test station in-house after assembly. Each VME crate will be similarly tested in-house.

9.5 EXPECTED PERFORMANCE

9.5.1 Event data

The front end electronics system is based on a multi-ranging integrator and exatleder
the QIE. The system is fully pipelined producing digitized values synchronousliheitieam
crossings after a latency of 100 ns correspondirtigeipeline length of 4 cloakycles. It is
designed tameet therequirements described atetail in chapter 9. Based onthe successful
experience of the Fermilab KTeV experimeritich uses &QIE and a very similar front-end
electronics design, the HCAL system is expected meet all of the goals.

The most demanding requirement is the néizer, 1/2 of a fC or 300®@lectronsrms is
the requirement, resulting frorthe low gain figure of2000 forthe HPD. There are three
environmental factors which lend credibility to achieving a 3000 electron noise floor system; (1)
the HPDs and the readouts are in fully enclosed copper boxése (2dnnections to thdPDs
are only a few cm long and tlgypass network fothe silicon diode pixeldas a good ground
plane, and (3}he only external copper connections tdax are thehigh voltage and low
voltage power leads which are configured with a single point ground at the box.

9.5.2 Calibration data

Light flasheroperations, whether frornhme lasersystem orthe LED system, onlyoccur
when beam is off. Thus, there is no baseline shifiileup correction to benade. Also there
IS no requirement that tHasher be synchronized tbe clock as thdront ends function as
digital wave form recorders.The higher levels of the trigger amhta acquisitiorsystem are
fully capable of extractindglasherresponses. However, it nvenient to synchronize the
flashers to the clock to set repetition rates by counting and simplify generation of trigger accepts
at theproper time. Synchronization also makes programmiriheohighersystem levelghat
much easier.

Charge injection calibrations are fully synchronized to the clock in each individual channel
control ASIC. As suchpperations arélentical tothose forevent data except that the trigger
accepts are synchronous.

The requirement to measure the current produced by a radicsmtikeeilluminating the
scintillators is challenging. The induced current is about 5 nA after amplification byPbe
There is a DC leakage current in the silicon diode puteth starts out also at about 5 nA but
increases linearly with radiatia@xposure and ipredicted to be 20 to 30 nA after $6ars of
operations. Thisilicon leakage current is ohmic in character so that the fluctuations are
negligible.

Due to thenoise floor requirement, adding switcheshatvery front end to allowor a
separate DC current transducer readout path is essentiallyoutledd secondegative is the
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added system complexity and cost and reduekability introduced. The choice is to operate
the system in its normal mode at its norncldck speed and measutige smallsource current
throughextremeover-sampling[7]. By usinghe noise inthe system andhe photoelectron
fluctuations of the current to “dither” thegnal, it is possible taneasure the current to a few
tenths of a percent of a least count by averaging over a large number of readings.

Five nA corresponds to average 00.4 photoelectrons per measurement. Takie
also corresponds to 0.4 of the least courthasystem granularity othe most sensitive range
is one photoelectron per ADC bin. TReissonprobabilitiesfor the number of photoelectrons
per measurememtre: P(0) = 67.0%, P(1) = 26.8%, P(2) = 5.4%, P(3) = 0.&nd P(4) =
0.07%. Chapter 11 describes the control functions and configuration of the higher levels of the
readout system needed to accumulate and average the readings. The pulse-heighttapiectrum
up by a large number of measurements will be Gl photoelectronPoissondistribution
convoluted with a gaussian noise distribution whiats asigma of1.5 leastcounts (3000
electrons). The calibration value extracted by fitting the spectrum is the average number of
photoelectrons per measurement interval.

9.6 SERVICES AND UTILITIES

9.6.1 Cables, wires and connectors
Barrel and end cap

Front end electronics for the barrel and end cap are contained in rbagesattached to
the detector. There are 120 boxes distributed as shown in Table 9. 5.

Table 9. 5
Number of Readout Boxes

System No. of Boxes
Inner Barrel 36
Outer Barrel 60

End Cap 24

Eachbox has power cablespoling waterhoses, 5atafibers (to be determined), a
fieldbus duplex fiber cable, a TTC fiber cable, and a twelve pair high voltage cable.

The power andcooling servicesre described in chapt&R. Selection of the data fiber
interconnects will be done following CMS-wide discussionsarimonality between different
detector systems. The fieldbus interconnect is a commercial Arcnet hardware, and the TTC link
follows the recommendation of the RD-fjPoup. The high voltagecable has silicon rubber
insulation for the pairs, a nonscintered PTFE tape 50% lap, a tinned coppestspltabnd a
halogen-free thermoplastic elastomer jacket.

Connectors forthe power leads are bolted coppdlags with Belleville tensioning
washers. Connectors for the data fibers are to be determiiedArcnetand TTClinks have
off-the-shelf connectors which are predetermined by the TX/RX hardware. High voltage cables
will use custormmulti-pin molded connectors ammercial catalogproductsare limited to
14 kV. Deep wiping contacts similar to those of "banana jacks" are planned.
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Forward

Front endelectronicsfor the forward calorimeters reside iIWME crates in relay racks
attached to the calorimeter outer shield. Coaxial cables bring the phototube signals out from the
interior of the detectothrough penetrations ithe shielding. The high voltage cables (also
routed through thesgassagesare multi-conductowith an overall shieldnade of the same
materials aghose forthe barrel and end caystems. Ethernet and TTGervices useptical
interconnects and commercial technology. Selection of the data fiber interconnects will be done
following CMS-wide discussions afommonality between different detecw®ystems.Table
9.6 below gives the count and routing for the interconnects.

Table 9. 6
Cables Required for HF

Count Function From To Length Type
3900 PMT HV HV PS PMT Box 2m | custom multi-
conductor
3900 PMT Signal PMT Box FE Card 2m coax
1300 | Digitized Data | FECard (Rack) Service Room 100m optical fibe
16 DCS Service Room Crate 150m optical fiber
16 TTC Service Room Crate 150m optical fiber
9.6.2 Cooling

Barrel and end cap

Cooling waterfor the readouboxes is brought inia hosesdescribed in chaptet2. A
water temperature rise of abouf@ is expectedor the 210 watt heat loadvith a flow of one
liter per minute. Ifthe supply temperature is set 4 ofG below ambienttemperature, the
system provides some degree of refrigeration to the cavern environment.

Forward

The cratedor the forward calorimeterfront end electronicare located in relayacks.
Standard CMS infrastructure cooling is planned with air-wagatexchangers and forced air
circulation. The electronics dissipated W per channel.For 500channels in one 9U VME
crate, this is 550 W. An additional 250 mW per channel is needed for the high soifgdies
giving anotherl25 W for atotal of about 800 W whencontrol andprocessor cards are
included. A flow ofabout 6 liters/minwould give a temperature rise of ®&. Forthe full
system then, a flow of 50 liters/min. is requireBecause heat isot removed effectively in
rack basedrateand power supply systenfgetting 60 to 70 % into the water dsing well),
the entire system will be operated below ambient to provide extra refrigeration to compensate.

9.7 ACCESS, MAINTENANCE AND OPERATIONS

9.7.1 Inner barrel and end cap electronics

The inner barrel and end cap electronics alaity the photodetectors are located in
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water-cooled readout boxes mounted on the autdace ofthe calorimetestructures. These
locations are inside of the cryostat for the solenoidal cahasvnearlier inFig. 9. 1. Access

is not possible without a long aniifficult disassembly othe detector involving thérward
calorimeter, the end cap muon detector and retoke, and the end cap calorimeter. #ést,

service access could be possible oyearly basis. Stringentreliability requirements derive

from the lack of repair access. Failures at the single channel level must be less than 0.1% of the
channels peyear, nomore than 7 of th&500 trappedchannels. Athe systemintegration

level, the relevantime interval is the ten year operating perifadeseen. Loss of aentire

readout box of 128 channels should occur no more than once in the ten year period.

Repairs and maintenance operations, even after the detector has beerupparedery
difficult as many layers ofcables, cooling pipes, and heavy power leads prevent
straightforward,ready access to tHeoxes. Additional timewill be needed to disassemble
whatever portion of these services are blocking access to that area of the box where the repair is
to be done. Simple service activities, changing an electronics card or repairing aditghe
problem could takenonths to execute. Accordinglihe design ofthe readouboxes is such
that no maintenance isequired. All parameter adjustments ameade using a fieldbus
connection,there are no hand-setakdeljustments. The power suppliesare in accessible
locations in the cavern and the servioem. There are no movingarts to wear out. All
interconnections are threadedlocking, andthe power connections udgelleville tensioning
washers to eliminate any need for periodic retightening.

9.7.2 Outer barrel and end cap electronics

The outer barrel and end cap electronics aliig the photodetectors are located in
water-cooled readout boxes mounted on the outer surfadhe oéturnyoke. These locations
are directly accessible during any routine access intoatern. There is nassue ofresidual
radioactivity atthose locations, buhe magnetic fieldstrengths expected, 500 to 15§8uss,
would call for proper procedures, training, and equipment should a service access be made with
the solenoid energized.

Having relatively unimpeded access to the equipment makes these electystems
readily serviceable. However, there are many advantagesrigidentical readout electronics
systems to those designed tbe innerdetectors. Thusthe outer calorimeter electronics
system,like the innerone, wouldhave no maintenanaequirements.The reliability goals of
the inner system are such that repair accesses should be minimal, once per year or less.

9.7.3 Forward electronics

Electronicsfor the forward calorimeter are mounted in conventionatks and crates on
the detector support platform on the outer surface of the HF shielding.véltgge and signal
cables penetrat¢hrough the shielding tominimize cablelengths. Fig. 9.3 shows the
approximate rackocations. When the detector is in the garagesition, the racksare easily
accessiblefor any requiredmaintenance or repawmperations. Access is somewhamore
difficult in the cavern as the calorimetersame 8 meters abovke floor level centered on the
beam line. Specific personnel access techniques, stairs, catwallkifijrandevices,have not
been designed at this time, tare straightforward applications afell-known hardware. The
magnetic fieldstrengths expected, a few hundmgaliss, wouldcall for proper procedures,
training, and equipment should a service access be made with the solenoid energized.

The residual radioactivitgctivity levelsdiscussed irthapter 5 refer to the end of a ten
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year operatingperiod. During commissioning and the eangars ofacceleratoroperation,
activation will not be a problem and no restrictions on access to the electronics are expected. As
the system grows more and more activated, there could be need for placing time limits on access
or for temporary localshielding duringmaintenanceoperations. Thereforethe forward
calorimeterfront end electronics systeshould featuregood remotediagnostics to pinpoint
problems and allow for simple replacement as the preferred method of repair.
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