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ABSTRACT. The ATLAS detector has been built to study the reactionglypeced by the Large
Hadron Collider (LHC). ATLAS includes a system of liquid argcalorimeters for energy measure-
ments. The electronics for amplifying, shaping, samplpigelining, and digitizing the calorimeter
signals is implemented on a set of front-end electronic dmaf he front-end boards are installed
in crates mounted between the calorimeters, where theybeiubjected to significant levels of
radiation during LHC operation. As a result, all componamed on the front-end boards had
to be subjected to an extensive set of radiation qualifinasts. This paper describes radiation-
tolerant designs, radiation testing, and radiation qualiibn of the front-end readout system for
the ATLAS liquid argon calorimeters.

KEywoORDS Radiation damage to electronic components; Front-erarelgcs for detector
readout; Calorimeters.
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1. Introduction

The Large Hadron Collider (LHC) has been built at the CERNdratory in Geneva and will
soon become operational for physics reseafth [1]. The LHCHigh luminosity proton-proton
collider operating at the centre of mass energy of 14 TeV. Aigd luminosity (18*cm—2s™1)
gives rise to an intense radiation environment that thecttste and their corresponding electronics
must withstand.

The ATLAS detector is a multi-purpose apparatus constdutteexploit the new particle
physics opportunities offered by the LH@ [2]. The energy huf treated particles will be mea-
sured by a novel calorimeter technique that employs ligtiodm The front-end electronics of the
ATLAS liquid argon calorimeter is a mixed analog and digjiabcessing systenj][3]. To record
with high precision the large dynamic range signals fromlitigd argon calorimeter and limit the
coherent noise requires embedding a substantial portitreadlectronic system inside the ATLAS
detector volume. This inaccessible location sets stringenstraints on the design of the front-
end electronics and its reliability. Thus the problems dubigh radiation fields, limited access,
and limited space had to be solved. A variety of technologfieliding GaAs, bipolar, BICMOS,
Silicon-on-Insulator (SOI), and commercial deep submiwter (DSM) CMOS were employed in
both radiation tolerant technologies and components efstielf (COTS).

Figure[1 shows a block diagram of the electronic system fetditjuid argon calorimeters of
ATLAS. The entire system consists of approximately 190 OB@noels. The motherboards are
attached directly to the calorimeter electrodes and areersed in liquid argon, which is con-
tained in a cryostat. Access to this electronics shouldgligenever be necessary. The on-detector
electronics is housed in 58 front-end crates that sit ingi@eATLAS detector, but are mounted
on the outside of the cryostat. Within the front-end elattrsystem are front-end boards, tower
builder boards or tower driver boards, calibration boasi&| controller boards. The off-detector
electronics consists of digital storage and processintg,uaind a global ATLAS-wide trigger sys-
tem. The data-handling portion of this electronics is hduses0 readout crates. The off-detector
electronics is readily accessible and is not in a radiatimiirenment. Only the electronics on the
motherboards in the cryostat and in the front-end crateswesignificant levels of radiation.

2. ATLAS radiation environment

The radiation in the ATLAS detector is predominately se@gigarticles produced by interactions
of the primary particles, from the interaction region, witte detector elements. As such, the
energies are rather low (less than a few GeV), the fluxes gte And the direction of the radiation
fields on the electronics is homogenous. Fidlire 2 shows atiadimap of the total ionizing dose in
the region of the calorimeter electronics. The electronites are located at a radial distance from
the beam linez-axis) ofR= (290— 340) cm; the crates for the electromagnetic barrel calorimeter
are located at a longitudinal position Bf= +(300— 350) cm and the end-cap calorimeter crates
are located aZ = +(620— 670) cm. Figure[]3 shows the corresponding radiation map for non-
ionizing energy loss. The radiation map of hadrons and oestcapable of causing single-event
effects (SEE) in electronics is shown in figyle 4. One can sedllithree radiation maps that
the radiation fields in the region of the crates for the etenfignetic barrel calorimeter is higher
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Figure 1. Block diagram of the electronic system for the ATLAS liquidjan calorimete|ﬂ3].

than for other regions at similar radial distance from tharbdine. This is due to the particles
“finding their way up” the crack between the barrel and engl-caorimeters. The electronics for
the end-cap calorimeters is mounted further from the iotema point, and thus the particle fluxes
are less by about an order of magnitude than those at thadonaatt the electromagnetic barrel
calorimeter electronics.

Figure[b shows the simulated energy spectra of gamma, mewthectron, pion, and proton
radiation in the region of the electromagnetic barrel kijargon calorimeter electronics; these
are the predominant radiatior{§ [4]. The fluxes of ions anérotiadrons are less than the proton
flux by about one order of magnitude, and the muon flux is lesgs the proton flux by about a
factor of three.

The dominant type of radiation flux is photons and neutrogalTonizing radiation is mainly



Figure 2. Total ionizing dose (Gy/yr) map for one year () of LHC operations at nominal luminosity
10%*cm~2s~1. The white boxes show the positions of the front-end cratéisé barrel and end-caps.
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Figure 3. Non-ionizing energy loss (cnf/yr 1-MeV neutron equivalent in Si) map for one year {&pof
LHC operations at nominal luminosity ¥cm~2s~1. The white boxes show the positions of the front-end
crates in the barrel and end-caps.

due to photons and neutrons at a level of about 5 Gy/Meutrons are the main contributors to
the non-ionizing energy loss at a level ok2.0M cm2yr—! (1-MeV neutron equivalent in Si).

1Throughout this paper, a year is considered to be a year ofA&Thperation, which is taken to be iat a
luminosity of 1¢4cm2s~1,



Figure 4. Hadron and neutron flux (cnd/yr energy greater than 20 MeV) map for one year @of LHC
operations at nominal luminosity #cm—2s-1. The white boxes show the positions of the front-end crates
in the barrel and end-caps.
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Figure 5. Particle flux versus energy in the region of the front-endtedaics of the ATLAS electromagnetic
barrel liquid argon calorimeter.

Also contributing to the radiation problem are charged badr(mainly protons and pions) and
neutrons at a rate in excess 0k40°cm2s~1 (with energy above 20 MeV), which could cause
SEE in electronics.

It is planned to operate the electronics for a period of 10s/@ath limited access. Thus the



Table 1. Some particle fluences after 10 years of LHC operation foiouarlower energy cutoffs in the
region of the front-end electronics of the ATLAS electromatjc barrel liquid argon calorimeter.

Radiation| Lowest Fluence
Type Energy | (cm~2/10 yr)
photons | 100keV | 4.45x 102
neutrons | 100keV | 1.83x 10%?
electrons| 100keV | 6.99x 101
neutrons | 21 MeV | 3.51x 101
pions | 21MeV | 1.16x 10t°
protons | 21MeV | 8.02x 10°

radiation tolerance levels used in this paper correspoffideaces after 10 years of radiation. Ta-
ble[d shows some simulated radiation fluences for 10 yeanseshition at the LHC in the region of
the front-end electronics of the ATLAS electromagneticrélacalorimeter. From figurf 5 one can
see that there is a substantial flux of photons and neutrda liee energy thresholds in taljle 1.

3. ATLAS policy on radiation-tolerant electronics

A high level of reliability of the electronics must be maimiad during the 10 years of operation
of the experiment. In most cases replacing components iamoption. To achieve a high relia-
bility, a detector-wide radiation policy was developedttinaludes strategies for the pre-selection,
qualification, and purchase of electronic componéditf [5, 6]

Experience with space and military applications of radiatiolerant electronics has shown it
to be necessary to define specifications that the differenpooents must meet. Within ATLAS,
a choice can be made to use a radiation-tolerant proceshemase do more testing to qualify
particular COTS component. For radiation-tolerant agpion specific integrated circuits (ASICs),
the results of standard radiation tests were compared iati@utolerance criteria in order to
qualify the architecture and the design of the ASIC. For CQfi&results of standard radiation tests
were compared to radiation-tolerance criteria in orderégelect or to reject generic components,
and to qualify or to reject lots of components.

The ATLAS policy on radiation tolerant electronics is a galide. Deviations from the policy
could be discussed with a reviewing body on a case-by-casesb&or example, the preamplifier,
pre-shaper amplifier, and shaping amplifier were not tesie@EEs. This is because these parts
contain analog circuits. It is unlikely that protons or mens would have large enough linear
energy transfer (LET) to cause any single-event latch-uhése devices. While heavy ions may
have large enough LET to cause latch-up, we do not anticipage fluxes of heavy ions in the
region of the calorimeter electronics.

3.1 Strategy for electronic component procurement

The strategies for the procurement of radiation-toleraSt@s and COTS differ. For radiation-
tolerant ASICs, a technology must be selected whose radiétilerance complies with a set of
radiation-tolerance criteria. Ideally, the radiatiofetance level of the electrical parameters of the



elementary components that are used for ASIC designs arargaad by the manufacturer. The
ASICs may be developed using the selected radiation-taiéeghnology, or using a radiation-soft
technology plus atranslation of advanced prototypes hdaelected radiation-tolerant technology.
Some technologies are not developed to be radiation tdjdyanthe ASICs manufactured in these
technologies can be made so if special layout techniquesraptoyed. The ASICs may also be
developed with layout techniques that are proven to be tiadi#olerant. The robustness of the
architecture and the design against radiation are the medgplity of the ASIC developer. The
development phase should include radiation-tolerands mesde on advanced prototypes designed
with the radiation-tolerant technology. The aim of thestdés to verify and, if necessary, improve
the robustness of the architecture of the circuit agairdiat@n. The final prototype designed
with the radiation-tolerant technology must be qualifietlisTqualification process is based on the
ATLAS standard test methods (see secfion 3.3). If the riadiablerance of the final prototype
satisfies the radiation tolerance criteria, lots of ASICswaifactured with the selected radiation-
tolerant technology can be purchased.

The procurement process for COTS is more involved. Firstcttmponents of interest must
satisfy the radiation-tolerance criteria. This identifpegt numbers and manufacturers of generic
components that can be considered for use in ATLAS, howikres not select the actual physical
parts that can be used in ATLAS. Lots of these components beusddiation qualified to be used
in ATLAS. Ideally, the purchase of qualified lots of compotseoccurs after the qualification step.
This requires a good relationship with the vendor, who mgst@to "freeze” homogeneous lots
and to provide samples that the customer will test befor@awrto purchase or reject the frozen
lots. Most of the time, vendors cannot freeze lots and tteertaist be purchased first. This induces
a risk of purchasing bad lots.

3.2 Radiation-tolerance criteria

To quantify the qualification process, a set of radiatideremce criteria has been developed. The
criteria result from simulated radiation levels multipliby safety factors. Simulated radiation
levels were computed for each region of the ATLAS detectom& examples of the simulated ra-
diation levels in the region of the electronics for the al@ctagnetic barrel liquid argon calorimeter
were shown in figur§]5 and tadlp 1.

The results of the simulated radiation levels are calcdlate cells of AR x AZ of size
10cmx10cm, spanning all azimuthal angles; azimuthal and miryonrsetry about the beam-
crossing point are assumed. The cell with the highest liadigtvel within the larger crate region
is taken to represent the radiation level received by thetreleics. Total ionizing dose (TID) is
calculated as the simulated ionizing energy absorbed imezltdivided by the mass of material in
that cell. Thus any particle which deposits energy in thenfof ionization can contribute to TID.
The non-ionizing energy loss (NIEL) is calculated by sintinig the particle fluences and convolv-
ing the energy spectra with silicon displacement-damagetions, normalized to the value of the
damage function for 1-MeV neutrons in silicon (i) [7]. THNEEL is expressed as the equiva-
lent effect in Si of a 1-MeV kinetic energy neutron flux in chyr. The SEE rate is calculated
by summing the rates of charge hadrons and neutrons withikieeergies greater than 20 MeV.
In this way, the simulated radiation levels for the eledsrof the barrel electromagnetic liquid



Table 2. Radiation-tolerance criteria of ASICs in a radiation tal@rprocess for total ionizing dose (TID),
non-ionizing energy loss (NIEL) (1-MeV neutron equivaléntSi), and single-event effects (SEE) (>
20 MeV hadrons) in the region of the front-end electronicghaf ATLAS electromagnetic barrel liquid
argon calorimeter.

Test | Pre-Selection | Qualification
TID | 1.2x10°Gy 5.8 x 10? Gy
NIEL | 3.3x108cm 2 | 1.7 x 10 cm—2
SEE | 6.3x102cm2 | 3.2x 102¢cm 2

argon calorimeter are TID 10 Gy/yr, NIEL>310' cm~2yr—1 (1-MeV neutron equivalent in Si),
and SEE 6<10°cm s 1.

Safety factors were used to account for the simulation waicegies of the radiation levels,
uncertainties in low-dose rate effects in TID testing, aadations of radiation tolerance from lot
to lot and within lots of components. The simulation safetgtérs accounting for uncertainties
in the event generation models, the transport models, thsiqgal description of the detector, and
limited statistics are 3.5 for TID, 5 for NIEL, and 5 for SEE.

The low-dose rate effect is an increase in the damage prdduc& 1D on CMOS, JFET, or
bipolar devices when exposed to radiation at low raled [§—The safety factors to account for
this are 5 for COTS and 1.5 for radiation-tolerant ASICs.

Radiation tolerance of components can vary from batch tchbaiVe define a homogeneous
batch as a batch of components issued from wafers manuwgdctagether at the same time on
a known production line. We define an unknown batch as a bdtcbroponents provided by a
vender without information on the production line, on théchanumber, etc.; these components
may be issued from different batches or different productines. A safety factor of 2 is applied
to pre-selecting COTS or radiation-tolerant ASICs issusinf homogeneous batches, or from
unknown batches if their qualification is to be done on homeges batches. A safety factor of 4
is applied for the pre-selection of COTS issued from unknbatches if their qualification is to be
done on unknown batches, or for the qualification of unknov@T S batches.

The radiation-tolerance criteria for radiation-toler&®ICs and COTS for total ionizing dose,
non-ionizing energy loss, and single-event effects arevatin table[P and tablf] 3. These are the
criteria that must be satisfied for electronic componentprement in the region of the ATLAS
electromagnetic barrel liquid argon calorimeter. Typicatiation-tolerance criteria are lower for
the qualification than the pre-selection because thereni® seduction in uncertainty at the quali-
fication stage if the components have already passed theefetion criteria.

3.3 Standard test methods

ATLAS standard test methods are derived from DOD or ESA testhods [IR { 4] for CMOS
devices and from ref[T15] for bipolar or BICMOS devices, lwiteveral modifications that take
into account the unique radiation environment in ATLAS. #dbkt results must be documented
in standard report forms which are then approved by the ATIR&8iation Hardness Assurance
Working Group.



Table 3. Radiation-tolerance criteria of COTS for total ionizingsg@qTID), non-ionizing energy loss (NIEL)
(1-MeV neutron equivalent in Si), and single-event effdSEE) (> 20 MeV hadrons) in the region of the
front-end electronics of the ATLAS electromagnetic balirplid argon calorimeter.

Pre-Selection Quialification
Test | unknown qualification| known qualification unknown known
batches batches batches batches
TID | 7.8x10°Gy 3.9x 10° Gy 7.8 x 10° Gy 1.9x 10° Gy
NIEL | 6.6 x 10'3cm2 3.3x10%cm2 6.6x 10 cm2 | 1.7 x 103 cm2
SEE | 1.3x10%cm™2 6.3 x 10%cm 2 1.3x10%cm2 | 3.2x102%cm=2

The ATLAS standard TID test method enabled us to measurdféwsof total ionizing dose,
for example, the cumulative energy deposited in the oxid€3MOS electronic components. TID
test methods were based on gamma-ray or X-ray exposures.

A brief summary of the test method for pre-selecting gen@idOS components from a
known batch that satisfy the TID radiation tolerance cidtés as follows. Eleven functioning
parts are selected for the test. Electrical measurememisraformed on the parts. One part is se-
lected at random to be the non-exposed reference part. Alaf8 are exposed to a gamma source
until the TID radiation-tolerance criterion is reached xeceded. The TID can be applied in one or
several steps. Electrical measurements are performedcbrpeaat within one hour after the end of
each exposure step. The next step must be within three hbilns previous step. At the end of the
final exposure, the parts are annealed for 24 hours°& 2dfter which the electrical measurements
are repeated. If the electrical parameters have not chaigeificantly after annealing, the generic
component can be accepted for ATLAS, else it is rejected. SEmee procedure is applied to the
qualification of a batch of components, and for the pre-sele@and qualification of bipolar and
BiCMOS devices.

The ATLAS standard NIEL test method enabled us to measureffeets of particles ex-
hibiting non-ionizing energy loss. These patrticles praddisplacement damage in silicon, which
degrades the electrical parameters of electronic comp®n&he NIEL test method was based on
neutron exposures. NIEL testing of pure CMOS devices wasatptired since they are naturally
tolerant to displacement damagg [5].

A brief summary of the test method for pre-selecting genesimponents and for qualifying
batches of components from a known batch that satisfy the.dHiation tolerance criteria fol-
lows. For the pre-selection of generic components, 11 fonicty parts must be used. Electrical
measurements of the main AC and DC parameters relevant ttethee are performed on all the
parts. One part is selected at random to be the non-expoB&dmee part. The 10 parts are ex-
posed to neutron radiation up to or exceeding the radiatt@rance criteria. The neutron fluence
can be applied either in one single step or in several stepbelcase of several steps, the electri-
cal measurements should be performed online during expogter the exposure, the electrical
measurements are repeated on all 11 parts. If the elegiécameters of all 10 exposed parts are
similar to the values before exposure, the device is acdeggea generic component, else it is re-
jected. The same procedure applies to the qualificationtohlka of components to determine the
acceptance or rejection of the batch of components.



The ATLAS standard SEE test method enabled us to estimater&€E (upset, latch-up,
burnout, gate rupture, etc.) expected in a given ATLAS emrment. This test method was pri-
marily based on proton exposures, but could also be perfbimamg neutrons (with high enough
energy). Protons with an energy between 60 MeV and 200 Me\bearsed to measure soft SEE
rates. Soft SEEs are radiation induced bit flips that cordpa or system configurations. They
are not permanent effects — they can be cancelled by regattnsystem or rewriting data in a
memory. However, an exhaustive search for soft, hard, astludgive SEE requires protons with
energy between 200 MeV and 500 MeV. Hard SEEs are radiatouced bit flips that corrupt data
and system configurations. They are permanent effects —ddueyot be cancelled by resetting
the system or rewriting data in memory. Destructive SEE pcedoermanent short circuits (e.g.,
latch-up, burnout, gate rupture). Latch-up can be nondetsie if mitigating or protective circuits
are employed in the circuit architecture. The SEE test ntetipplies only to the pre-selection
of generic components. It was not required for the qualificadf lots since the results of pre-
selection tests should be reproducible and thus appli¢abtgualification.

A brief summary of the test method for the pre-selection tégrated circuits satisfying the
SEE radiation-tolerance criteria using proton beams i®#®ds. The method for using neutrons
or more detail of the method for protons can be found in [gf. e working parts are selected.
Electrical measurements are performed on the five parts. pares selected at random as the
reference and is not exposed to radiation. The four ren@iparts are exposed to a proton beam
of a constant flux. The total fluence must be large enough tysea total number of SEU large
enough for estimating upset rates in ATLAS with adequatéstitzs. The power consumption
during exposure must be automatically and continously areds Digital circuits must be auto-
matically and periodically written to and read from to sésdfiar temporary or permanent bit errors;
analog circuits must be automatically and continously teaskarch for parasitic transient pulses.
Online measurement and recording of soft, hard, and déiseUSEE must be made during the
entire radiation exposure. If any part fails due to a desitreiSEE these devices can not be used
in ATLAS. Based on the proton fluence and number of observeddestructive SEU, the failure
rate of the device in the ATLAS radiation environment isragtied. If this rate is below acceptable
limits, the generic components are acceptable for ATLASg ¢hey are rejected. No additional
qualification is required.

Photons are recommended for TID testing, neutrons for NHEsitirig, and protons for SEE
testing. However, it was often more efficient to simulatetiadise types of damage using a sin-
gle radiation source. Protons with energy of about 160 MeV -typical energy that we used
— deposit more energy in silicon than minimum ionizing paes and thus give TID. Protons of
these energies also cause about 0.74 times as much damadéeadsrieutron equivalent in sili-
con [I§]. The conversion factors in both cases are energgriigmt [[/]. Thus proton exposures
were sometimes used to simulate the effects of TID and NIElyell as cause SEEs. In addition,
neutron sources, particularly reactors, are contaminatttdphotons and thus neutron exposures,
if properly calibrated, can also satisfy TID testing. Werettderized several radiation facilities and
pooled our testing resources. Tafle 4 lists some of thetiadiacilities used to radiation qualify
the front-end electronics.
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Table 4. Some of the facilities used to radiation qualify the frontieslectronics for the readout of the
ATLAS liquid argon calorimeters. The third column lists themes of some of the ATLAS liquid argon

calorimeter components tested at the facilities, as willéscribed in more detail later.

Photon Radiation Facilities

Cosase Saclay{Co)
Pagure Saclay’{60)

U. of Alberta (X-rays)
Brookhaven National
Laboratory (BNL) £°Co)

Gif-sur-Yvette, France
Gif-sur-Yvette, France

Edmonton, Canada
Upton, USA

HAMAC

shaper, AD8001, AD8011,
HFA1135, BIMUX

SCAC

warm preamps, HFA1135,
HDMP-1022, OTXx, fiber

Neutron Radiation Facilities

IBR-2 reactor
IRRAD-2 PS CERN
CERI (cyclotron)

Dubna, Russia
Geneva, Switzerland
Orleans, France

GaAs preamp, pre-shaper
SCAC
shaper, HAMAC, HFA1135

ULYSEE Saclay Gif-sur-Yvette, France BIMUX, AD8001, AD8011, HFA1135
SARA (cyclotron) Grenoble, France warm preamps
Lowell Radiation Lab. Lowell, USA HFA1135

Proton Radiation Facilities

OPTIS PSI
Louvain la Neuve
PIF TRIUMF
HCL Harvard

NPCT MGH

Villigen, Switzerland
Louvain-la-Neuve, Belgium
Vancouver, Canada
Cambridge, USA

Cambridge, USA

SPAC slave, AD9042

BIMUX, CALOGIC

SCAC

CONFIG, SCAC,

AD8042, MC10H116

SCAC, GSEL, CLKFO, QPLL,

LHC7913, AD8042, MC10H116

4. Some methods used to improve radiation tolerance

The components in the front-end electronic system are img@hded using several different tech-
nologies. Sixteen radiation-tolerant ASICs were produitedhe front-end electronics (see ta-
ble[3). Each major component needed to pass a productiomesadeview before it could be
manufactured or purchased in production quantities.

Some components were first prototyped in semiconductorepeas known to be radiation
soft to prove the design. The designs were then migratedgaiath any corrections, to radiation
tolerant technologies. Much of the digital electronics westotyped in field programmable gate
arrays (FPGA). Because of the attractiveness of using FP@atypes were also radiation tested
to understand the circuit failure mechanisms, and if thégtescould be made radiation tolerant
and be potentially viable. All the programmable devicesestdd caused the power-supply current
to increase before a TID of 830 Gy(Sifp and well below the TID radiation-tolerance criteria for
pre-selecting COTY 17, L8]. By measuring the proton upsetscsection and convoluting with
the ATLAS proton energy spectrum, we predicted one bad aidona period of a few seconds
occurring about every minute on average if FPGAs were usaexbnitrol the switched capacitor
arrays on the front-end boards][19]. These effects wereid@nsnmanageable and the circuit
designs were migrated to ASICs.

The first radiation-tolerant technology we used was DMILIMIDL was a BICMOS radiation
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Table 5. The acronyms of the main active components in the front-éectrenic system and the compo-
nent’s functionality. The components are grouped accgrtbrthe semiconductor technology used in their
production.

Production Process Component | Functionality
Hybrid warm preamp| first-stage amplification (outside liquid Ar)
pre-shaper | amplification, pre-shaping for hadronic end-cap caloranet
TriQuint GaAs cold preamp | first-stage amplification (in liquid Ar)
AMS BIiCMOS shaper amplification and shaping
DMILL op-amp low-offset amplifier for calibration
HAMAC switched capacitor array (SCA)
SPAC slave | serial control interface
CONFIG configuration controller
SMUX 32:16 multiplexer
BIMUX dual 8:1 passive analog multiplexer
DAC calibration board DAC
CALOGIC | calibration control
PHOS4 0-24 ns, 1ns step delay
TTCrx trigger and timing control receiver
DSM GSEL gain selection, data formatting
SCAC SCA controller
CLKFO clock fanout

QPLL quartz-crystal phase-locked loop
DCU temperature and voltage monitor
STm RHBIpl LHC4913 | positive-voltage regulator
LHC7913 | negative-voltage regulator
COTS HFA1135 | 360 MHz, video op-amp with output limiting

MC10H116 | ECL triple-line receiver
AD9042 12-bit, 41 MSPS monolithic A/D converter
AD8042 dual 160 MHz rail-to-rail amplifier
AD8011 300 MHz, 1 mA current feedback amplifier
AD8001 800 MHz, 50 mW current feedback amplifier

HDMP-1022 | Gigabit rate serializer with TTL I/Os

SY88922V | 2.5Gbps laser diode driver

TTR-1A43 | 850 nm high power VCSEL

TRR-1B43 | 155Mbps InGaAs PINTIA

hard technology which was offered by TEMIC Matra MHS|[20]wks a mixed analog and digital
process radiation hardened to tolerate a combination ok@&§0and neutron fluence of ¥cm=2.
The process was manufactured with SOl and had two metalagarench technique was used to
isolate the active areas in order to remove the latch-upé@mt¢éo CMOS technology. The minimum
lithography was 0.8im, which allowed about one million transistors per squardiagester. The
technology was 5V and was good for analog designs, but wmfately is no longer available.

The radiation hardness assurance of the DMILL technology azhieved by monitoring the
evolution of each sensitive parameter through exposurés L@0 kGy. Control of the tolerance of
the technology was based on "statistical process contholaddition, regular extended radiation

—12 —



tests, including neutron and post-irradiation effectssengerformed on specific mixed analog and
digital test structures to verify the functionality and smperformance.

For many of the digital ASICs, a commercial DSM 0/2% CMOS technology with a
radiation-tolerant layout technique was used [], 22]. Hyeuts made systematic use of an
enclosed transistor topology and guard rings to preventadiation-induced leakage current un-
der the thick isolation oxide. The data-latch and SRAM staddells have been designed to be
single-event upset (SEU) resistahi][23]. In the circuitigies, considerable mitigation techniques
were employed to reduce the sensitivity to SEE. Error digteetnd correction (EDAC) logic, such
as Hamming codes in the SRAM and triple-redundant registérs majority-voting logic, were
used. In addition, careful attention was paid to design @ndlation of the state machines to avoid
lockup. System-level mitigation techniques on the fram-board and in the readout system have
also been used.

5. Front-end electronics

This section describes the radiation qualification of théows components used on the electronic
boards residing in the front-end crates. The section isnizgd according to which board the
components sit on.

5.1 Front-end board

The front-end boards contain the electronics for ampldyishaping, sampling, pipelining, and

digitizing the liquid argon calorimeter signals J24]. Besa of the large number of different ASICs

on the front-end board and their unique solutions to raalatiblerance, we describe each of them
separately.

5.1.1 Preamplifier

Preamplifiers must amplify the detector signals so that ésalting outputs are above the noise
level of the downstream-stage electronics. The preamslifisould thus be the dominant contrib-
utor to the electronic noise. They have to accept the entireabdynamic range of greater than
16-bit and have high speed, which requires them to have lpwtimpedance. Current preampli-
fiers are used which provide a voltage output directly pridpoal to the input current.

Most of the calorimeter is read out using warm preamplifiengchv are mounted on the front-
end boardg[[25]. These amplifiers are coupled to the detdutmugh transmission lines of several
meters in length. High-speed silicon bipolar transistoeswsed in these preamplifiers, and as a
result, they should be adequately resistant to radiationage. The preamplifiers were exposed
to both gamma and neutron radiation. Preamplifiers from theppoduction were exposed under
power to®°Co gamma rays. A few exposed samples wer@5Mpedance devices (part number
10823), while the others were Zbimpedance devices (part number 10824). Both hybrid types
were measured for gain, peaking time, equivalent noisent(ENI), and input impedance before
exposure and after total doses of 500 Gy and 1 kGy. The gaakjmegtime, and ENI changed by
less than the measurement error for both hybrid types afl@Gy. Tabld]6 shows that the input
impedance decreased at most 5% after an absorbed dose o RKGy
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Table 6. Input impedance in ohms for the two preamplifier devices tmefnd after exposure fCo
gamma rays.

Un-exposed 500 Gy 1kGy
10823 51.3 50.1 (2.3% change) 48.8 (4.9% change
10824 25.4 25.3 (0.4% change) 25.2 (0.8% change

The preamplifiers were also exposed to fast neutrons at SERAZB] up to a neutron fluence
of about 1x 10" cm~2 (1-MeV neutron equivalent in Si). No noise degradation waseoved until
a fluence of 5« 10'3 cm~2 was reached. The neutrons induced a degradation of theribyedn 3
of the fast bipolar transistors used in the circuits. Braegradation followed the Messenger-Spratt
relation [29] and, to first order, was inversely proportioteathe cutoff frequencyfr. The impact
of the B degradation of the transistors on the preamplifier resutt@bout a 7% loss in gain after a
neutron fluence of 1 x 10 cm~2 for the 50Q preampilifiers, while the 28 preamplifiers showed
about a 3% gain loss after the same fluence. The measuremé ioput impedance of all the
exposed preamplifiers indicated that there was no stalgitityplem due to radiation; all of them
had a positive real part of the input impedance in a frequeaisge 1-200 MHZ[[30].

5.1.2 Pre-shaper amplifier

The hadronic end-cap calorimeter has its preamplifiers tedudirectly on the calorimeter in the
liquid argon. The preamplifiers output are driven on cablasad the cryostat to the front-end
boards. Instead of the plug-in preamplifier hybrids usedHerrest of the liquid argon calorime-
ter subsystem, the hadronic end-cap calorimeter frontberagds are equipped with plug-in pre-
shapers. The role of the pre-shapers is to provide pole-z&moellation to adapt to the widely
varying hadronic end-cap detector capacitance, and inaerplify, and pre-shape the signal so
that the input to the shaper is the same polarity and appairiynthe same shape as the rest of
the liquid argon calorimeters. This allows the same frord-board to be used for all liquid argon
calorimeter subsystems.

Since the pre-shapers will be placed inside the end-cap-&meh crates, it is necessary to
radiation qualify them. A neutron exposure of 10 hybrids ¢h@nnels) has been carried out at the
IBR-2 reactor. The total neutron fluence wag 2 10 cm~2 and the corresponding total ionizing
dose was 1.2kGy. The accuracy of these dose measuremensbaais10%. No significant
changes due to TID were observed in the noise, linearityhapiag time.

Figure[§ shows the signal amplitude versus neutron fluencéofo different shaper time
constants. The amplitude dropped by less than 3% after tEé KHdiation tolerance criterion
of 9.6 x 1012cm~2. However, the drop was less than 1% for the shaping time os2&hich is
closest to nominal setting. The peaking time changed bythess2% for 40 channels up to the total
exposure. The response remained linear over the requiredyé&mic range. After exposure, the
noise was measured on the shaper output and then recadctddtee pre-shaper input. No change
greater than the approximate 20% measurement error of ke m@as observed. None of the 40
exposed channels died and no significant shifts in the pdaessere observed. More details can
be found in ref. [3L].
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Figure 6. Amplitude during exposure relative to the amplitude befxposure versus neutron fluence for
four shaping times of the hadronic end-cap calorimeterspigger.

5.1.3 Shaping amplifier

Shaping amplifiers are used at the input to the sampling stitle electronics. Their function is
to limit the system bandwidth to match the 40 MHz samplingiéiency. They are also required to
minimize baseline shifts. A bipol&@R-(RC)? shaping function was used.

It is not possible to achieve a linear system using only alsiggin scale without degrading
the greater than 16-bit dynamic range of the input signalked@lgain ranges, each with a linear
response, were used to extend the dynamic range. Thus folirgad, the shaper produces three
output signals.

The shaping amplifiers were built as integrated circuita\gighe Austria Mikro Systems
(AMS) 1.2 um BICMOS technology, which should provide adequate imnyutaitradiation. Also,
care in the design was used to provide additional radiatiterance [3R]. In the signal path, the
shaper uses only fast NPN transistors operating at a rel\ati@rge current. MOS transistors are
also used but in a configuration insensitive to their thriskioltage.

A prototype version of the chip showed satisfactory radiatiolerance to gamma rays and
neutrons. For qualification testing, neutrons at CERI (statiéity as SARA but moved to Orleans
when SARA stopped operating) and gammas fromP@» source at Pagure were used. Fidure 7
shows the amplitude versus TID and the peaking time versutsarefluence. The change in gain
or peaking time were insignificant and the chips showedfaatmry radiation tolerance.

The shaper incorporates a small section of simple digitatlto deactivate noisy channels in
the trigger sums. SEUs in this logic would not be detrimetdaihe operation of ATLAS since
the logic can be reloaded from time to time. Although latghwas never observed in the 10 MeV
neutron tests at CERI or 20 MeV proton fluences to B33 cm~2, an anti-latching resister was
added in the logic power supply line for safety,
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Figure 7. Shaper amplitude versus total ionizing dose and peaking tiersus neutron fluence for four
channels.

5.1.4 Switched Capacitor Array

Signals from the shaper outputs are sampled at 40 MHz andethdts stored in an analog
memory chip — switched capacitor array (SCA) — during theerlay of the level-1 trigger
(2.5us maximum). The analog pipeline is 144 cells deep.

Sixteen analog pipelines are integrated into an ASIC. E&lCAhus services four calorimeter
channels, each with three gains and a reference. To improige immunity, the reference is
subtracted from the signal, for each channel, forming aiegifierential structure. The ASIC is
mostly analog with a few digital circuits. It contains abd&t000 transistors and 2 384 capacitors.

About 2 000 analog memory ASICs using a Hewlett-Packardga®were produced for testing
prototype calorimeters. The performance was very good ditian-tolerant version of the analog
memory (HAMAC) was then migrated to the DMILL technolody [[33ince the HAMAC chip
was manufactured in the DMILL technology no formal radiatiesting was required. However,
radiation tests were performed since the analog perforemahthe SCA is critical. The HAMAC
circuits were operating during the tests. Operating the 8C&radiation environment requires a
quite complicated test setup, so fewer samples were tested.

Three samples, from two different batches, of HAMAC chipsenexposed up to 3 kGy(SiR
The exposures were performed at Cocase. A dose rate of 1 @gs used. At the end of
the exposures, the chips were still fully functional. Thépshwere tested within a day after the
exposures. The change in power-supply current was smhberthe 1 mA accuracy of the test
setup. The pedestal shifts were small with a mean value of @egr all channels (see figuig 8).
The change in noise and fixed pattern noise with dose werégitdgl The voltage-droop rate of
the pipeline storage cells might have changed after expeswgcause of possible current leakage
appearing on NMOS switches. However, after exposure thageldroop rate remained smaller
than 25QuV /460us.

Neutron exposures with fluence up ta30' cm~2 (£20%) were performed at CERI. Taking
into account the CERI energy spectrum, this fluence was afgumit’to a 45 x 103 cm~2 exposure
with 1-MeV neutron equivalent in Si. Four chips, from threfedent batches, were exposed. The
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Figure 8. Baseline shift in mV (ordinate) versus neutron fluence forch@8nnels of switched capacitor
arrays.

chips were tested two months after the exposure, a pericgsgary to reduce their radioactivity.
The change in power-supply current, pedestal, noise, and fiattern noise remained negligible
after neutron exposure. The voltage-droop rate remainedlemthan 25QV/460 us.

5.1.5 Analog to Digital Converter

Upon receipt of a trigger accept signal (75 kHz average rggtally five samples around the
peak of the pulse, originating at the triggered acceleda¢am-crossing, are read from the switch
capacitor arrays and multiplexed to a 12-bit commercialan#o digital converter (ADC) for
digitization. One ADC digitizes the signals from eight a#loeter channels.

Two commercial AD8042 dual operational amplifier chips deuime SCA outputs to the
ADC. The first pair of operational amplifiers are connecte@mstter followers to provide high-
impedance loads to the two pseudo-differential CMOS SCAwudrivers. The second pair of
operational amplifiers perform the differential subtractin front of the single-ended ADC. In
addition, they are operated with less than unity gain to nn@pSCA output voltage range onto
the more limited ADC input signal range. Finally, they addiimoltage offset such that the SCA
pedestal value corresponds to approximately 1 000 ADC spatlbwing measurements on both
the positive and negative lobes of the shaped calorimejaaks.

The AD8042 was pre-selected by exposing the device to arplmam of energy 148 MeV at
the HCL. Four samples received at least a proton fluencelof 1012 cm~2, while a fifth sample
received 8 x 10'?cm~2; the corresponding TID was 78 krad(Si) and 310 krad(Si).ifduthese
tests, the non-inverting input was tied to ground and therinvg input was tied to the output via
an RCHilter network. The voltages and currents were monitorednduhe exposure. The power-
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Figure 9. Current drawn by AD8042 dual operational amplifier chips darection of proton fluence of
energy 158 MeV.

supply current increased by about 1% pet?kn—2 proton fluence, or 80 krad(Si) of TID. No
occurrence of latch-up was observed.

For the radiation qualification tests, a proton beam of gnéf&f8 MeV at the NPCT MGH
has been used. A results of the change in power supply cuarerghown in figur¢]9. This small
change is acceptable.

The ADC used on the front-end board is the AD9042 from Anal@yifes Inc. This device
is a monolithic 12-bit 41 Msps ADC. The pre-selection of tbisp was based on the test results
from Ref [34]. In the study, ADC chips were exposed up tg 20* Gy(Si) and to a neutron
fluence of 4x 103 cm~2 (1-MeV neutron equivalent in Si). The signal to noise raBNR) and
the worst spur (WS)were measured before and after the exposures. Chips fréenedif wafers
were also compared. Within the accuracy of the measurernmentesults from the study qualified
the AD9042 to be used on the front-end board.

The purchase of the ADC chips was conducted through CERNrungpecial purchase con-
tract with Analog Devices Inc.. The ADCs were produced inrfproduction lots. A production
qualification test was added in the procurement contractealkch lot, 50 chips were randomly
selected as qualification samples. These samples wereagton two sets of 25 chips each.
Radiation was applied to 24 chips in group one, while the 25ip in that group was used as a
reference and not exposed to radiation. The exposures weei@med in two steps. In the first
step, gammas from ®Co source were used and a total dose of 10 kGy(Si) was acctedulmn
the second step, neutrons from a Californium source witheaéle of 2< 1013 cm~2 (1-MeV neu-
tron equivalent in Si) were used. The ADCs were under projzer Wwltage during exposure. Key
parameters such as the SNR, WS, and the reference voltagenvearsured before and after the
exposures on all 25 chips. If any of the 24 exposed chipsdfdiiie criteria set in the contract, the

2Worst spur is defined as the power ratio of the highest nodémrental frequency (usually the second harmonic) to
the fundamental frequency.
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Table 7. Comparison of the measured parameters of the AD9042 befpasare to radiation with the data
sheet values. The parameters are the signal to noise radiR)($he worst spur (WS), and the reference
voltage (Vref).

Parameter SNR WS | Vref
(dB) (dBc) | (mV)
Measured| Minimum 64.7 —88 | 2462
Maximum 68.8 —66 | 2539
Mean 67.6 —78 | 2484
Standard deviation 0.5 3 14
Measurement error 0.1 0.4
Data Minimum (25°C) 64
Sheets | Typical (25C) 67.0-68.0| —80 | 2400
Maximum (25C) —73
Full temperature range 66.5—67.5 | —78

test would be repeated with the second group of 25 qualificaamples. The lot would be rejected
if the second group also failed.

An evaluation system was designed and constructed for tiigation tests. To characterize
an ADC, one uses it to digitize a pure sine wave. The digittd dee transformed into the frequency
domain and analyzed. The dynamic performance of the ADCHdsllated based on the harmonics
and noise when compared with the corresponding componéiné imput waveform[[35].

We choose to measure the AD9042 at four frequencies (1.25 NSO MHz, 5.0 MHz,
and 9.6 MHz) and at two input amplitudes (20 mV and 450 mV). Sime wave was sampled at
40.00 MHz and 8 192 consecutive digital sampling points weoerded. A total of 64 measure-
ments were performed at each frequency and with each anhpliithe average of the 64 measure-
ments was taken as the result. The standard deviation ofdtlee@isurements is regarded as the
measurement error.

A total of 100 chips were measured from a total of 38 100 chigsffour production lots. The
gamma exposures took about one hour at a dose rate of abal@1Gy/hr. The same chips were
then exposed to the neutron radiation that took about 10 weesach a fluence of 2 102 cm 2.
The ADC parameters were measured before and after the exposable[[7 summarizes the re-
sults of SNR, WS, and Vref (reference voltage) before theogdpe with an input of 450 mV. For
comparison, the data sheet values are also listed.

Table[$ lists the changes in SNR after gamma exposure andftegmeutron exposure. The
comparison is made to the values before the exposure. Oagajazamma radiation causes a small
degradation in the SNR of about 0.2 dB. The neutron exposauses mixed changes in the SNR.
With a 20 mV input, this change is a 0.03dB degradation. Wigb@mYV input, this change is
improved to 0.05 dB. The effect of the changes in the SNR dgatoma exposure are negligible
in our application.

Table[$ also lists the changes in WS after the gamma exposaréhan after the neutron
exposure. The largest degradation-ef.3 dBc is less than the WS variation from chip to chip
before exposure (about 3dBc). Therefore, the gamma andomeradiation-induced changes in
WS are also negligible in our application.

— 19—



Table 8. Change in signal to noise ratio (SNR) and worst spur (WS)HerAD9041 after a total ionizing

dose of 10 kGy(Si) and a neutron fluence of 203cm2.

Input Signal Average SNR Change (dB)| Average WS Change (dBc)
Amplitude | Frequency] Gamma Neutron Gamma Neutron
(mV) (MH2) Exposure Exposure Exposure Exposure

20 1.25 —0.14+0.01 | —0.02+0.01 | +0.50+0.08 | +0.05+0.07

2.50 —0.14+0.01 | —0.02+£0.01 | +0.59+0.07 | +0.05+0.07

5.00 —0.12+0.01 | —0.03+£0.01 | +1.27+£0.07 | —0.24+0.06

9.60 —0.14+0.01 | +0.00+£0.01 | +1.01+0.06 | —0.27+0.06

450 1.25 —0.19+£0.02 | +0.05+£0.02 | +0.82+0.06 | —1.03+0.07

2.50 —0.19+£0.02 | +0.05+£0.02 | +0.97+£0.06 | —1.29+0.06

5.00 —0.21+0.02 | +0.04+0.02 | —0.124+0.04 | —1.15+0.05

9.60 —0.22+0.01 | +0.06+£0.01 | +1.01+0.05 | —1.27+0.05

Vref increased about 1.1% after the gamma exposure butaksme).23% after the neutron
exposure. Itis believed that in real applications whereetlage both ionizing and NIEL effects, the
change in Vref will be smaller than what we have measured. ITPaehange in Vref is within the
variation of Vref from chip to chip before exposure (taljleahd is within the set selection criteria
in the contract.

To conclude, based on the radiation tests of 100 randoméctsel chips from 38 100 chips
of four production lots, the AD9042 is qualified to be used lo@ tront-end board; no lots were
rejected.

5.1.6 Gain Selector

The 12 single-ended TTL digital outputs of the ADC are irdedd to a Gain Selector (GSEL)
chip [B8]. The GSEL was designed, prototyped, and testeduiiag DMILL technology. How-
ever, when the SCA controller (see sectfon $.1.9) was dpeelan the radiation-tolerant DSM
process, the opportunity was taken to also target the GSEigméo DSM, using essentially the
same Verilog design as for the DMILL GSEL version. The minfmDSM production run was
such that the SCA controller, GSEL, and CLKFO chips (see@ef1.1D) were all produced on
the same wafers.

The use of the DSM process and radiation-tolerant standdisileads to sufficient radiation
tolerance against TID and NIEL effects. In addition, the GSIesign incorporates features to
provide protection against SEU-triggered corruption efdownloaded parameters needed to con-
figure and operate the GSEL. For each of the eight calorinobinnels corresponding to a single
ADC, a 32-hit word is assigned in the GSEL to store the releyanameters. The mapping of
these bits includes six Hamming code bits, a 12-bit upperstiold and a 12-bit lower threshold
for use in the gain selection algorithm, and two bits whicbcy the mode in which the GSEL
should operate. The six Hamming code bits per 32-bit wordaffecient to provide the following
EDAC functionality: if any single bit gets flipped, the erierdetected and corrected. If two bits get
flipped, the error can be detected, but not corrected. TheLG&IES designed such that, for single-
bit errors, the data is automatically corrected and an diagris set in the output data in order to
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Figure 10. Power-supply current as a function of proton fluence for sBMDgain selector chips from the
engineering run.

allow monitoring of the rate of such errors. For double-lsibes, an error flag is set to indicate
the need to download the parameters again in order to fix thtdgm. A total of five mode bits is

sufficient to fully specify the GSEL operation, while 16 mduies are available, distributed over
the eight 32-bit channel words. The mode bits are even mategied against SEE by distributing
three redundant copies of the five mode bits over the eighiisy@nd using majority-voting logic

to set the selected mode.

A number of both DMILL and DSM GSEL chips were subjected to atgn flux of energy
158 MeV. Details of the test results with prototype chipsleariound in ref. [36]. Here we summa-
rize the results of testing six DSM GSEL chips from the predoiction, or so-called, engineering
run [B7]. The current drawn by the DSM GSEL was monitoredrmiyigxposure. As the integrated
dose increased, the current exhibited a slight decreaseutinent versus proton fluence is shown
in figure[10. Similar behaviour was observed in the chips ftbeprototype runs, as well as in
other chips produced with the same DSM process (for exarspie ref. [38], where it has been
attributed to an increase in absolute value of the threshalldiges of both the n-channel and p-
channel transistors). This very small effect is of no conder operation in ATLAS. Apart from
this gradual and steady decrease in current, the voltagkswarents of all samples were stable
during exposure. No occurrence of latch-up was observedn®the test, the chips were operated
as they would be on the front-end board, thus the dips in firare where SEUs occurred, and
the logic was stopped, reset, and restarted.

During the exposure, some logic errors were observed. Sogover all exposed samples,
a total of 16 SEU were observed from a total proton fluence ®k110 cm2, yielding an SEU
cross-section of ¥ 10-13cm?. This value is approximately an order of magnitude lowenttiee
value of 12 x 1012 ¢cn? determined for the DMILL version of the GSEL, which was dedvrom
the same Verilog code and therefore had the same logic design

Since a total of 896 front-end boards are required to ingtnirthe full electromagnetic bar-
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rel calorimeter and each front-end board contains eight IG8#ps, the electromagnetic barrel
readout includes a total of 7168 GSEL chips. The measured @&&s$-section implies a total
of 8830 SEUs per 10 years of LHC operation at design lumipositluding a safety factor of
10. Assuming 10s of LHC operation per year, this corresponds to a mean tirhedss SEUs

in the electromagnetic barrel calorimeter readout of fiverlo This very low rate is a conserva-
tive estimate, since most of the errors are automaticaliyected via the redundant storage and
SEU protection of the GSEL design, and we have applied theuned cross-section for 158 MeV
protons to all hadrons above an energy of 20 MeV.

5.1.7 Output optical link

The digitized data are sent off the detector away from theatiadt environment through digital
optical links to the digital-processing units some 100 t0 Biketers away. When an event is trig-
gered, five samples around the signal peak are convertedital dormat by a 12-bit ADC clocked
at 5MHz. There are 16 ADC chips on one front-end board and a&xB chip digitizes signals
from eight detector channels. Four bits are added to thatl®EKC output to form a 16-bit event
word. These four bits have two gain bits, one odd parity bit] ane bit that is permanently set
to zero. To avoid sending these 16-bit data from 16 ADC chgress the front-end board to the
input of the optical link, each 16-bit 5 MHz word is multipkck down to 2-bit 40 MHz data words,
and converted into PECL differential data format. Thesat2sords from each ADC are then
transmitted to the input of the optical link, forming a 324vord at 40 MHz.

Located at about the centre of the outer edge of the frontseadd, the optical link receives
this 32-bit word at 40 MHz and converts it into a 1.6 Gbps $at&éda stream with transmission
protocol. This serial data stream is further converted fesnelectrical signal to optical, and trans-
mitted to the back-end electronics through one optical filldre optics breaks the ground loop
between the front-end and the back-end electronics, andgiediiber reduces the link medium
material. The transmitting part of the optical link is loedton the front-end board and is subjected
to radiation. This part of the link begins with an ASIC callsMUX [BY, B0]. The output of
SMUX is connected to a COTS serializer chip called the GLifke output of the GLink is in
PECL differential data format. An electrical to optical &) converter converts this PECL signal
into an optical signal at an 850 nm wavelength and launchatoitan optical fiber. This converter
is a subassembly made of a COTS laser driver chip (SY88922¥ Micrel Inc.) and a VCSEL
(TTR-1A43 from TrueLight Corp.) housed in the industriarstiard ST optical package. This sub-
assembly is named OTx. The fiber that connects the OTx to ttiedrad receiver is a germanium
doped graded index and multimode fiber with a 50 micron codel@% micron cladding. The fiber
is produced by Plasma Optical Fibres (now Draka) and packenge cables by Ericson.

SMUX is an ASIC chip developed in the DMILL technology. SMUXrwerts the 32-bit
parallel data in PECL to 16-bit in TTL to match the GLink inp@MUX chips from production
batches were exposed to check for TID and NIEL effects, anddasure the SEE induced error
rates. Six SMUX chips were exposed t6°€o gamma-ray source. No errors were observed after
the chips received a total dose of 15 kGy, more than 12 tinreetotial dose required for production
qualification. Six SMUX chips were exposed to neutrons nagigiom 3 MeV to 30 MeV to check
for NIEL effects and measure SEE error rates. No malfunstimare observed after exposure to
a neutron fluence of 8 101 cm~2 (1-MeV neutron equivalent in Si), about nine times the flenc
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required for NIEL and 47 times the fluence required for SEEIpation qualification. Tests of
SEE were also carried out with protons ranging from 20 MeVao WeV. Two SMUX chips were
exposed to a proton fluence aRi 102 cm~2. No hard destructive SEE were observed in either
the neutron or proton exposures. The soft SEE error rate washuted with the simulated ATLAS
neutron energy spectrum to estimate the SEE error rate iAfhAS environment. The soft SEE
error rate is estimated to be below 0.1% of that from the GLink

The GLink (HDMP-1022/1024 from Agilent Tech.) is a serializand de-serializer chipset
based on silicon bipolar technology. The transmitter chilpiMP-1022) serializes the 16-bit
80 MHz TTL input parallel data into a 1.6 Gbps serial bit stneaThe receiver chip (HDMP-
1024) de-serializes this serial bit stream and recoverd@hat 80 MHz TTL parallel data and the
clock. We carried out extensive radiation tests on the HDMRZ2. Our final qualification tests
were carried out with chips produced by Agilent Technolegie

TID effects were checked with gamma rays fré¥Co sources at various locations including
BNL. In these tests, links with the GLink and optical chanfogitical transmitter and receiver with
the fiber) were operated with the transmitting part (HDMRA,00Tx and a section of the fiber)
exposed to radiation. The bit error rate was monitored leefiuring, and after the exposures. With
12 links in the test, there were no errors during an exposear@g of more than 24 hours and a
total dose of 43 kGy, more than five times the required totaedd’he NIEL and SEE tests were
performed on more than 20 links with neutron (maximum en@&ig®5 MeV) and proton (energy
of 200 MeV) beams with fluences of8x 10 cm~2 (1-MeV neutron equivalent in Si) and®x
10'3 cm~? respectively, more than twice the required fluences. Ndiafrwas observed. Detailed
studies on the SEU error rate under neutron exposure haveguitished [[41]. In that test, we
measured a neutron-induced SEU energy threshold of 2.5 MVused the “Burst Generation
Rate” (BGR) model[[42] to analyze the data and found thatehisrgy threshold came from the
two interactions: n #8Si — p +28Al and n +28Si — a + ?°Mg. The recoiling ions caused the
bit-flip errors. The estimated error rate per link in ATLASeration is 0.065 per hour. This error
rate comes from the GLink and the OTx, and it generates a listem deadtime that is below the
average deadtime of the overall electronics system, saitdeptable. During the above tests, the
OTx was also tested. When the GLink was shielded from ramhiatixposure, the SEU error rate
from the OTx was found to be about 1% of that when the GLink watsshielded. This indicates
that the SEU errors were mostly generated in the GLink.

The optical link serial data rate of 1.6 Gbps requires gradddx fiber. In our design of the
optical link, we choose an optical power margin of 10 dB bemthe OTx and the optical receiver
assembly (ORXx). Taking into account the optical power losmfthe fiber and connectors at the
OTx and ORx, and at several patch panels, we assigned a timihé radiation-induced optical
power loss in the fiber to be less than 0.1 dB/m. There is no AwAde policy for qualifying
fibers. We used the radiation requirement for electronicthatfront-end board location. This
resulted in a total dose requirement of 2.8 kGy for the pradooqualification of the fiber. Ger-
manium doped fiber from Plasma Optical Fibres was found te haadiation induced attenuation
within this limit [#3]. In the pre-selection stage, thesesfib have been shown to withstand doses
over 800 Gy(Si) and 2 103 cm~2 (1-MeV neutron equivalent in Si) with less than 0.1 dB/m at-
tenuation. The fiber batch used for the production of thecaptiables was qualified usin%Co
source. Two 5 cm diameter rolls with 100 m of fiber each weresgd at a dose rate of 150 Gy/hr.
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After one hour of exposure, the transmission loss over tiianivas less than 10%, or less than
—0.005dB/m. Immediately after two hours of exposure (300 Gw) ltt'ss was—0.04 dB/m, but

it improved to—0.015 dB/m within 10 minutes, indicating a fast annealing pescwas taking
place. The optical loss was measured to-e135 dB/m immediately after the total dose reached
2.8 kGy. Within one hour of annealing at room temperature,ltiss was reduced te0.1 dB/m,
satisfying the requirement set. We expect the actual lo#iselATLAS environment will be less
than—0.1 dB/m due to the fast annealing process. Because there Igra faw meters of fiber ac-
tually at the front-end board location, we estimate a marmnmptical power loss due to radiation
to be less than 1 dB, well within the 10 dB power margin.

5.1.8 SCA control bus

The SCA control bus is driven using commercial MC10H116D B@Gphle-line receiver chips.
Radiation tests with samples were performed to verify tltdation tolerance of these devices.
For the final production front-end boards, negotiationv@N Semiconductor and a distributor
culminated in an agreement wherein we ordered the full gyasftmore than 18 000 MC10H116D
parts required from a single existing production lot. As atfgtage in the procurement process,
we received 50 samples from this reserved lot for radiaistirig. The agreement stipulated that,
in the event that the devices did not pass our radiationgot® requirements, we could cancel the
order without penalty. Once the radiation tests were stk completed, we proceeded with
the complete order and purchased all of the production .parts

Various groups within ATLAS expressed interest in using N&116 chips, namely on the
liquid argon calorimeter controller board and in the muosteyn Cathode Strip Chambers (CSC)
readout. We agreed to purchase sufficient MC10H116 chips fvar production lot for these
applications as well, and to perform the radiation qualiftcatests of the production lot such
that it satisfied the requirements of all three applicatioRise liquid argon calorimeter controller
board resides in the same crates as the liquid argon frahbeards, and therefore has identical
radiation-tolerance criteria (see sectjor] 5.4). Howewerexpected neutron level in the worst case
position of the CSC readout is a factor of about 3.4 highen floa the liquid argon calorimeter
readout. We therefore exposed a subset of the producti@s thithese higher levels in order to
satisfy this criterion.

A test jig was designed to allow AC measurements during exgosn addition to online
current and voltage measurements. All three of the lineivereof the device under test could be
driven with a differential clock signal, and one of thredaliéntial outputs could be observed. The
input and output differential signals were transmittedraaieout 50 m of coaxial cable installed
between the control room and the cyclotron vault. Duringosxpe, we used an external pulse
generator to send a 40 MHz differential clock signal of al#i@ mV amplitude to the MC10H116
inputs. The MC10H116 output signal was recorded using dadligscilloscope, which displayed
the received signal and also measured the voltage levelsjssand fall times.

Sixteen parts were exposed to a proton fluence2ka.0'2 cm2, by which point they exceed
the required TID and SEE levels by very large factors. Duaédnigher NIEL radiation-tolerance
criterion of 27 x 1083 cm~2 (1-MeV neutron equivalent in Si) for the CSC readout, an tall
12 parts were later exposed to fluences which met or slighttgeded this tolerance level.
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Figure 11. Measured output pulse shape accumulated during exposafdGfLOH116D production sample
with the oscilloscope set to infinite persistence.

No significant variations in the voltage levels, or rise aaltittmes of the MC10H116D out-
put signal were observed. As an example, fidule 11 displayptise shape accumulated during
exposure of one production MC10H116D sample with the asgtbpe configured to infinite per-
sistence. No occurrence of latch-up was observed. Theekeviowered with a 5V supply, had
a typical current before exposure of approximately 82 mAlighs change in the current with flu-
ence was observed, amounting to less than 1 mA. This veryl sfffedt is of no consequence for
operation in ATLAS. More details of the radiation tests carfdund in ref. [44].

5.1.9 SCA Controller

The SCA controller (SCAC) ASIC provides the main digital tohof the front-end board. The
SCAC receives the trigger information and generates theevard read addresses for the SCA
pipelines. In addition, the SCAC controls the flow of the S@Adout via its communication with
the GSEL.

The SCAC contain a large amount of dual-ported SRAM, whiclsegoits own unique
radiation-tolerance problem. Seven FIFOs and three dudég RAM are used for a total of nearly
3300 RAM bits [4b[46]. In addition to the SRAM, the SCAC cdn&a957 D-flip-flops, including
those embedded inside the SRAM blocks. With few exceptialh/O to and from the SCAC uses
LVDS levels, with differential receivers on all input paisd current mode LVDS drivers on the
output pairs.

Due to SEU issues observed in FPGAs, the SCAC design wasrimeplked in an ASIC using
both radiation-hard DMILL technology and commercial DSM O technology. In addition,
SRAM using radiation-tolerant latch cells in DMILL techogly was developed and submitted for
fabrication. Based on risk, cost, speed, and radiatiomgote, the DSM technology was chosen
for fabrication. DSM SCAC prototypes were fabricated in twaltiproject wafer (MPW) runs to
test the functionality, speed, and radiation toleranceh\ie success of the MPW prototype, this
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circuit, along with circuits for three other devices werémitted as a dedicated engineering run to
produce two wafers. The die size was 4 mm mm.

A detailed description of the radiation tests of the SCACehbeen published [B8]. Here
we only provide a summary. To test the radiation toleranasyraber of prototype SCAC chips
have been exposed to X-rays, protons, and neutrons. Therpheant effect for digital CMOS
electronics due to ionizing radiation is leakage current$ransistors. The maximum drop in
current from X-rays was 4.2 mA, or 3.4%, from a dose of 44 k@YLP or over 75 times the
radiation tolerance criterion for qualification. The mawim drop in current from protons with
energy of 159 MeV was 2.0 mA, or 1.8%, from a dose of 18 kGy(Pi@r over 30 times the
radiation tolerance criterion for qualification. We esttaththe current will drop about 20A,
or 0.02%, during the 10 years of operation in ATLAS. This drdakrease in current will have
negligible effect on the operation of ATLAS.

Ten SCAC chips were exposed to neutrons to a fluendd.6f+ 0.4) x 1013cm=2 (1-MeV
neutron equivalent in Si). This is 12% above the radiatiderémce criterion for qualification, al-
though NIEL qualification of the SCAC in DSM CMOS was not nesagg. In addition, 26 parts
have been exposed to protons of fluences giving at least tagsthigher damage than the equiv-
alent 1-MeV neutron fluence anticipated from 10 years of ABLdperation. All parts functioned
correctly after exposure.

The SCAC may be affected by soft nondestructive singletegffacts, such as single-event
upsets, transients, or functional interrupts. The anglgéithe upsets is complicated by the con-
siderable circuit-mitigation techniques that are empibye the SCAC design[[38]. The FIFO
memories within the SCAC are made with SRAM, which are piteidy EDAC units at three
different locations. All single-bit upsets in the SRAM arerrected in real time. They have no
consequence on the operation of the SCAC but are recorded.

Multiple-bit upsets in the SRAM are possible and are notexiad by the EDAC logic. How-
ever, these types of upsets are detected and recorded. utig@e-bit upsets cannot be automat-
ically corrected by the EDAC logic, their occurrence wilfitere that the front-end board with the
affected SCAC be reset in order to resynchronize the data flow

Upsets in critical bits in the SRAM, the registers, and soomlginatorial logic are protected
by using triple-redundant majority-voting logic. Upseatghese parts of the circuit will be corrected
and have no effect on the operation.

The energy and angular dependence of the proton-inducest apsss-sections have been
measured and are shown in figufep 12 prjd 13. No occurrenceastialbstructive SEE, such as
single-event latch-up, has ever been observed. The tosal wposs-section is dominated by the
SEU occurring in the SRAM. The threshold energy was appratéty 110 MeV and the saturation
cross-section was:310 11 cn? for all upsets. The threshold energy was approximately 140 M
and the saturation cross-section was P0~12cn? for single-event functional interrupts.

The frequency of occurrence of each type of upset in ATLAS e&tgnated by convolving
the fitted upset distributions with the simulated energycspefor neutrons, pions, and protons at
the location of the SCAC chips in the ATLAS detector. The el upset rates were scaled to
the entire system of 1 792 SCAC chips required to read outlédatremagnetic barrel liquid argon
calorimeter. The measured upset rates imply the mean titneba correctable SRAM upsets will
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Figure 12. Proton-induced upset cross-sections for the switchedcitaparray controller: total upset
(upper data) and single-event functional interrupts (lod&ta). The solid circles and inverted triangles
are data taken with the 2C beam line at TRIUMF, the solid segiare data taken with the 1B beam line
at TRIUMF, the solid triangles are data taken with the Naatd®roton Therapy Center at Massachusetts
General Hospital, and the open circles are data taken agkth@yclotron Laboratory. The open-circle data
is not included in the fits. For each energy there are two daitag the upper point of a given marker type is
the total number upsets and the lower point of a given maykeris the number of functional interrup[38].

L3I

Upset Cross-Section Ratio

Upset Cross-Section Ratio

1.4

1.2

1.0

0.8

0.6

0.4

Q
R AR R AR RE N RN RRRN RERN RN R

16

I ®

{ [
%
4

I O I O I O O I O B
0.7
0 20 40 60 80 100 120 140 160 180

Impact Angle (degree)

0
“ 0 20 40 60 80 100 120 140 160 180

Impact Angle (degree)

Figure 13. Ratio of the proton-induced upset cross-section at impagie® to the cross-section averaged
over all angles for the switched capacitor array controll@f SRAM single-bit upsets and (b) single-event
functional interrupts. The solid circles are for enginegiprototype parts exposed to a proton beam energy
of 159 MeV, while the open squares are for MPW prototype paxfgosed to a proton beam energy of

491 MeV [38].

be two days and the mean time between upsets that requiretaodse 50 days. These rates are
very low and perfectly manageable for ATLAS operation.
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5.1.10 Clock distribution

The input clock is recovered on the front-end board from tipi TTC signal, via the on-board
TTCrx chip [@T]. All clocks on the front-end board are dedvieom this single input 40 MHz clock.
The TTCrx includes an on-chip phase-locked-loop circuthva wide lock range, but provides a
recovered clock with rather large random and TTC data-digranjitter. The jitter levels are too
high to provide stable operation of the output optical liflfo solve this problem, the front-end
board design was modified to include a QPLL chip. The QPLL i©iasp-locked-loop based on
a voltage-controller quartz crystal oscillator develoeda jitter filter for the TTCrx clock and
implemented in the DSM proceds [48].

The QPLL output clock feeds a clock fanout tree for the erftiomt-end board, which is
comprised of custom CLKFO chips. The CLKFO ASIC was deveippgorovide several functions
needed in the front-end board clock distribution. The CLKieCeives as inputs two LVDS clock
signals, denoted CLK1 and CLK2. The CLK2 signal is clippedstinat the high phase of the clock
is approximately 6 ns. Two identical copies of the clipped@lLdifferential signal are output. The
differential CLK1 input is fanned out internally to providleree single-ended TTL output copies.
In addition, the CLKFO has eight LVDS outputs related to CLKIepending on whether one of
the CLKFO pins is tied high or low, the LVDS outputs are eitkaght identical copies of CLK1,
or four copies of CLK1 and four identical 5 MHz signals, that derived by counting down the
CLK1 40 MHz signal. The down-counter for generating the 5 Miitinal is designed using triple-
redundant counters and majority-voting logic to hardendihgign against SEUSs.

A number of CLKFO and QPLL chips were subjected to radiatiestihg using 158 MeV
protons [3]7[ 49]. Here we summarize the results of testin@&KFO chips from the engineering
run. During the exposure, an external pulse generator wed wssend a 40 MHz differential
clock signal to the input of the CLKFO, and one of the CLKFOpuitsignals was observed on
an oscilloscope. Depending on jumper settings on the tgsthe observed output could be either
the clipped output clock signal or the signal generated bybtHz down-counter. The input and
output differential signals were transmitted over abou@ t0coaxial cables installed between the
control room and the cyclotron vault. The test jig allowed turrent drawn by the CLKFO to be
monitored online. As for the other DSM chips and as discugsediously, a small decrease in
current was observed with increasing proton fluence. Tlésefls of no concern for operation in
ATLAS. During monitoring of the 5 MHz output, performed fdree of the chips, no SEU of the
triple-redundant down-counter was observed. No occuerentatch-up was observed.

Seven QPLL and crystals oscillators were exposed to 158 Metops up to a fluence of
2.5x 10 cm~2. No latch-up was observed. One, possibly two, SEUs wererabsgdrom which
the QPLL recovered without external intervention. The uppad lower limits of the frequency
lock range decreased after exposure, which is understdoel doe to ionizing radiation. However,
the circuit was always able to lock on the nominal LHC fregryenThe measurements were not
sensitive to possible upsets in the QPLL output frequenaggeicounters.

5.1.11 Control interfaces

Run parameters are downloaded to the front-end boards as@niad bus running along the front
of each front-end crate in the system. The read back of thenpeters and monitoring data flows

— 28 —



14

12 =

10

Ipp [MA]

-2

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
fluence [1013 p/cmz]

Figure 14. Power-supply current as a function of 158 MeV proton fluemcefght configuration controller
ASICs.

in the reverse direction on the same serial bus. Each frmhbeard has an on-board SPAC (Serial
Protocol for the ATLAS Calorimeters) slave ASIC]50] to all@onfiguration and monitoring of
the front-end board via the SPAC bus. Most of the front-endrtbaonfiguration is performed
via the parallel bus of the SPAC slave, which is connectechéoconfiguration controller chip
(CONFIG) [5]]. The exceptions are the use of the SPAC sla@ep@rts connected to the TTCrx
and to the two DCU temperature and voltage monitoring ctp@$. [The CONFIG is responsible
for writing and reading the information to and from the coafggfion memories of the ASICs on
the front-end board. It communicates through differentigrols to the gain selectors, the SCA
controllers, the shapers, and the voltage regulators.

The CONFIG chip is realized as a DMILL ASIC. As described inrmdetail in ref. [58], a
number of CONFIG chips were subject to radiation testingqgisi 158 MeV proton beam. The
supply currents of all samples were monitored during exfastlo occurrence of latch-up was
observed. The supply current versus proton fluence is shofigure[ 14 for eight devices. The de-
vices showed an increase in supply current with exposureil&ibehaviour was seen in radiation
tests of DMILL GSEL chips produced as part of the same MPW 8ince the total GSEL current
is much larger than for the CONFIG current, but the absohtesiase was similar, it is believed the
current increase is probably in the differential receivelts; of which the CONFIG has four and
the GSEL five. The same receiver cells are used in the SCA ent@such current increase was
observed. Itis possible, therefore, that the increasdtessiiom some feature of the processing of
this particular MPW, and will not be observed for chips frdm final production run. In any case,
the effect is so small that it would have a negligible impatioperation in ATLAS and poses no
concern, so we did not repeat the testing with productiopschi

During the exposure of these eight CONFIG chips, the mangoilooked for SEUs. A total
of nine such upsets were observed, with a 158 MeV proton fhtahce of 138 x 104cm2,
corresponding to an SEU cross-section & 8 10~ 4cn?. A total of 896 front-end boards are
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required to instrument the full electromagnetic barrel aadh front-end board contains a single
CONFIG. The measured SEU cross-section implies a totalmiepmately 450 SEUs per 10 years
of LHC operation at design luminosity, including a safetgtéa of 10. Assuming 10s of LHC
operation per year, this corresponds to an SEU-induced iertbe electromagnetic barrel readout
every three days. Even this very low rate is a conservatitimate, since during data taking the
SPAC system, and therefore the CONFIG, is idle most of the.tim

5.1.12 Voltage regulators

Voltage regulators are used on the front-end board to reth&eensitivity to power-supply noise
and provide current limiting, as well as a thermal shutdowncfion in case of over-heating.
Since the front-end board voltage regulators are equippid &n inhibit control pin, they
can be switched on and off remotely. Thus the possibilitystexio power cycle a component,
without having to power off the entire crate, such as if aatdn-induced latch-up condition is
encountered. Positive and negative regulators are usedergbeommercial voltage regulators
were exposed to radiation. None of them survived and therefe did not used them. ST voltage
regulators were eventually used][54].

A total of 12 negative-voltage regulators (LHC7913) werpased to 158 MeV protons up
to a fluence of B x 1013cm=2. Half of the samples were connected with,; ~ —3V and the
other half with—1.78V; typical load currents were about 0.5 A to 0.7 A. None & 12 samples
died during exposure. The positive-voltage regulatorsGéBI13) have been extensively radiation
tested [5p]. They are stable during exposure to radiation.

5.2 Level-1 trigger summing

A trigger decision is based on the energy contained in a godaplorimeter cells pointing to the
interaction region. To compute this energy one needs to sanchiarge in a group of channels
(trigger tower). Trigger towers are formed by analog sungrsignals from four longitudinal
segments in the samp-@ location. For the electromagnetic barrel calorimeterl@naums are
formed at three stages: in the linear mixer of the shaper @&p sectiorf 5.7.3), the layer sum
board (see sectidn 5.2.1), and the tower builder board €sg®s[5.22).

In the case of the hadronic end-cap calorimeter, this sugnmiperformed by the linear mixer
of the shaper chip and special types of layer sum daughtetboa the front-end board; no further
summation of the signals is necessary for the level-1 triggstem. Thus a special board was
needed to replace the tower builder board. This board isresf¢o as the tower driver board. Since
no summation is implemented, the function of this board iprtmluce differential signals and to
drive 70 m of trigger cables. In the case of the forward caleter, the trigger towers are formed
by two steps of summing, both in the linear mixer and in theetagum board. Since no further
summation is needed, the tower driver board is also usethifocalorimeter subsystem.

5.2.1 Layer sum board

The ATLAS liquid argon calorimeter signals are summed to ertakjger towers. The trigger sums
are formed using analog techniques. The shaper containgar Imixer, which forms the sum of
the four calorimeter signals processed by the chip. On ta-&nd board, the sum of the outputs
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of the linear mixers, which belong to the same trigger toar,made on the layer sum boafd [56].
The number of inputs to sum depends on the section of theiradtar involved. Different types
of layer sum boards are used on the front-end boards to satifferent depth layers.

The layer sum board is a small daughterboard which residestioer side of the front-end
board and thus it is necessary to test these boards for tiemahce to radiation. A voltage-
limiting operational amplifier (HFA1135) was chosen as thensming amplifier. Only ceramic
bypass capacitors were used, since tantalum capacitoisianen to be radiation sensitive. The
version with 16 HFA1135 operational amplifiers arrangedightdwo-stage amplifiers x 8)
was chosen for radiation tests.

To carry out the tests, a small fixture was built on which faayer sum boards could be
mounted, one behind the other, separated by a distance ahamately 10 mm. A set 082 x 8
layer sum boards were exposed to approximately 1 MeV nesitadvriowell, and a second set
were exposed to gamma rays usinB’@o source at BNL. A third set of boards were exposed to
neutrons of up to 20 MeV at CERI to test for SEE. The fluence atnoas achieved for different
amplifiers varied between.@x 103cm2 and 30 x 10'3cm~2, the variation being due to the
spatial inhomogeneity of the radiation source. For the gamay exposures, the boards were
removed sequentially from the source, resulting in difieradiation doses for each board. The
doses achieved were approximately 0.87, 2.50, 4.65, arttk&y. The boards were powered
during both exposures, and there was no significant vaniatigppower consumption during either
test. At CERI, eight un-powered layer sum boards were exptuseeutrons up to a fluence afia«

103 cm~2 and one powered board was exposed to a fluencéof 2013 cm~2. The powered board
was operated as an eight-channel amplifier of low frequehdyHg) sine waves and monitored
manually. No channels on this board were observed to faihduhe exposure. After exposure, a
set of performance histograms were made for each board.

The HFA1135 is a fast bipolar operational amplifier and itXpexted to be reasonably in-
sensitive to radiation. Our tests confirm this expectatethe only significant effects that we
observed were a change in both the breakpoint voltage argldpe of the saturation curve. The
breakpoint voltage is an experimental parameter definedfirf56], which indicates the point at
which voltage limiting sets in. The difference between s curves before and after receiving
a neutron fluence of.8 x 10*3cm2 was small. Figur¢ 15 shows a plot of the breakpoint voltage
as a function of neutron fluence (for the low-energy neutgosure). The effect of radiation on
this parameter is clearly visible, but the magnitude of thenge is acceptable. Changes were only
seen for the neutron exposure.

On the basis of the results of the low-energy neutron exjgsswve decided to raise the ref-
erence voltage from:3.3V to £3.6 'V, to insure that the clamp voltage remains well above 3.0V,
and to compensate for possible effects of radiation as {fe Bum boards age.

5.2.2 Tower builder board

On the tower builder board [p7], it was necessary to radiatjaalify the three COTS opera-
tional amplifiers HFA1135, AD8001, and AD80I1]58]. In adilit, since a CMOS analog switch
failed after about 100 Gy, independent of dose rate, an ASi€developed in DMILL technology,
BIMUX.
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Figure 15. Variation in the upper breakpoint voltage of t82 x 8 layer sum board versus fluence for low-
energy (approximately 1 MeV) neutrons.

Three radiation sources were used for the pre-selectias ¢éshe components on the tower
builder board. TID testing was performed usin®@o source at Pagure. The chips received a total
ionizing dose of 3.5 kGy at a rate of 160 Gy/hr. NIEL testingswearformed using a neutron source
at the ULYSSE (subcritical reactor). The neutron fluencé€ neutron equivalent in Si) was
1.1 x 103 cm~2 during one exposure and23< 103 cm~2 during a second exposure. SEE testing
was performed using a 60 MeV proton source at Louvain la Netkie proton fluence received by
each board was 8 1013cm2.

For the pre-selection tests, measurements were made usaslj setup that measured, as a
function of flux: gain, output offset, output peaking timefgut noise, power-supply current, latch-
up, and SEU. The BIMUX chip and three operational amplifiedsbt show significant modifica-
tions of electrical characteristics after the gamma-ray meutron exposures. Four BIMUX chips
were exposed to protons such that eight registers were edp@ased on no SEE after a proton
fluence of 3« 1013 cm~2, we estimated at most one SEU in the full ATLAS experimentgegght
days. No occurrence of latch-up was observed.

For the radiation qualification tests, the BIMUX chip was remuired to be radiation qualified
since it used DMILL technology. However, the three operaicamplifiers, HFA1135, AD8001,
and AD8011, were required to pass radiation qualificati@tstagainst latch-up. For these tests,
samples were taken from each batch of production amplifiers.

Two special test boards were developed to perform the ceatiifin test. These boards have
the same printed circuit, but different components. Theliogrd contained 90 operational ampli-
fiers: 10 samples from each of nine batches (two AD8001, on&lHB5, and six AD8011). The
amplifier layout shape was circular to fit the beam shape. Abésd was put perpendicular to the
beam line. The second board contained one LED per operbtiongifier (see figur¢ 16). An LED
went on when a latch-up occurred in the corresponding apeedtamplifier of the first board. The
second board was put in the control room with the power sufpig 90 samples were exposed to
protons at Louvain la Neuve to a fluence ot8x 103 cm~2 after 6 hr and 15 min. No latch-up
was observed.
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Figure 16. LED board for the radiation qualification of the tower built®ard.

5.2.3 Tower driver board

The tower driver board[59] is placed in the end-cap frord-erate. There is only one active com-
ponent on the tower driver board, the AD8001 fast-bipolaraponal amplifier. These amplifiers
have been tested for the tower builder board and pre-sathetdists gave satisfactory results. The
accumulated neutron and gamma-ray doses were both muar igim needed for the tower driver
board radiation-tolerance criterion. Other componenttherboard are chip resistors and ceramic
capacitors with know radiation tolerance.

5.3 Calibration board

The calibration board transmits well-defined pulses to tbhéherboards or preamplifiers to enable
the response of the electronics to be characterized. Thewrhaut a total of 9000 components on
each side of the board, including 64 pulsers.

The sensitivity to radiation of the various COTS on the aalilon board has been evaluated.
All components were found to be tolerant enough except falage regulator (LM337), opera-
tional amplifier (OP07), and DAC. The voltage regulatorsevent essential and were replaced by
diodes. A static low-offset operational amplifier and ladB&C have been designed in DMILL
technology [60]. In addition, there are some digital confumctions on the calibration board. A
radiation-tolerant digital ASIC was developed to handksthfunctions.

In order to cope with the ATLAS liquid argon calorimeter dyma range, a DAC with at least
16-bit was used on each calibration board. The DAC is an afd identical switched current
sources (1 mA) driven by a common reference source and ctathéz a 0.1% precisioR/2R
network with resistance values selected by giving the reteddtage swing. This architecture
guarantees an excellent monotonicity and good linedry. [6

First a DAC was developed which was not specifically desigonedadiation tolerance. The
offset drifted by a few mV after a neutron fluence of16m~2 and the DAC died quickly after a
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few krad of total ionizing dose. To meet the radiation-tatere requirements, the DAC was custom
designed in DMILL technology. The performance of the DMILErsion was adequate under

neutron and proton exposures. A small drift of the DAC outflitage was observed under gamma-
ray exposure and was tracked to a change in reference cuff®atconsequence, a new reference
current source was incorporated; the current mirror, whrifted under exposure, was replaced by
a reference source built around the low-offset operatianglifier that was also developed.

The low-offset operational amplifier is the key element meeth build the 128 precision DC
current sources on the calibration board. Itis also usedtolulite the DAC voltage throughout the
board with minimal voltage drop. The voltage to current esion uses the low-offset operational
amplifier and a 0.1% 8 external resistor.

No commercial operational amplifier that we tested undeatixch fulfilled our requirements,
so two different approaches were tried: a CMOS auto-zergatipeal amplifier, and a bipolor
static low-offset operational amplifier with external getan components and fuses to trim down
the offset to the specified accuracy. The performance oéttves designs in 0.8m BICMOS and
the relative ease of implementation of the digital part leatthe choice of static operational ampli-
fier. This low-offset operational amplifier design was migchato a DMILL ASIC, and performed
as expected.

The first version of the chip was tested under gamma-ray tiadig®°Co) and the output
current was monitored for different inputs. No effect wasated after three times the TID
radiation-tolerance criterion. These chips were theretesiith 10 MeV neutrons up to a fluence
of 9x 103 cm2, far in excess of the NIEL radiation-tolerance criterioritefa neutron fluence of
2.3x 103 cm2, the circuits could no longer be measured online becausedétlure of a discrete
NPN transistor used in the testing control circuit. The effsof the circuits were measured again
after exposure and found to be only B9 for a chip exposed to the maximum fluence.

To control and load parameters to the calibration board, &fCMamed CALOGIC was de-
veloped in DMILL technology. The CALOGIC ASIC needed to bstésl not only for NIEL and
TID effects, as for the DAC and low-offset operational arfiplj but also for SEE. The SEE test
was performed at Louvain la Neuve using a 60 MeV proton beattm avflux of 4x 10° cm2s1.
This test was performed on four CALOGIC chips during 10 hoditse main goals were to check
for possible SEE in the 12C 32-bit register and to monitorgbaer-on-reset delay. The setup al-
lowed the monitoring of 97 flip-flops. After a proton fluence8d x 102 cm~2 (about 10% above
the radiation-tolerance criteria) no SEE was detected laagdwer-on-reset time was stable.

5.4 Controller board

Fast and time critical information (clock, trigger, reset¢c.) are sent from 100 meters away
using the Timing, Trigger, and Control distribution syst§#]. This system is responsible for
the synchronization of the front-end electronics and ferdklivery of the correctly phased clock,
beam-crossing identification, and trigger-accept sigtwatd! the crates. These signals are fanned
out using optical links. A controller board receives thensig and forwards them electrically to the
other boards in the crate. This reduces the number of TTC$&ALC) links that must be provided
to the detector. A standard detector-wide mixed analog aithbradiation-tolerant ASIC receiver
(TTCrx) on each front-end board decodes the informafiofp. [47
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The aim of the serial communication system is to load and aflalle registers and memories
in the calorimeter electronics. The master of the link resich the off-detector readout crate and
sends the information on a bi-directional optical link te #ontroller board which fans it out to a
slave ASIC on every board in the crate. A slave communicattstine other ASICs on the board
using a parallel interface or the 12C protocol. The slave prasotyped in an FPGA and fabricated
in DMILL.

The ASIC logic was specifically designed to be resistant t&;3&e critical flip-flops were
triplicated and manually placed such that they were nothatigalong a common line, and the
immunity of the routed design to SEE was thoroughly simualaehardware description language.
Special care was taken to avoid any deadlock situationscealbby SEE. The SPAC slave was
exposed at PSI, using a 70 MeV proton beam with a flux ef1®® cm—2s~1. Twelve chips were
exposed while being monitored online to a fluence of up.fox110¥cm=2 each. No SEE was
observed during exposure and all the chips remained furadtio

Apart from the radiation-tolerant TTCrx and SPAC slave A§I@e controller board hosts
several types of radiation-tolerant COTS also used on @tberds of the front-end electronics, such
as the OTx optical transmitters, MC10H116D ECL line receiy@ RR-1B43 optical receivers, and
LHC4913 voltage regulators. These components were qubdifigpart of the qualification process
of the other boards.

6. Electronics inside the cryostats

6.1 Cold preamplifier

Preamplifiers immersed in the liquid argon are used to readheuhadronic end-cap calorimeter
and are located at a radius of about two meters from the aat@lebeam line. In this case, the
preamplifier hybrids on the front-end boards are replacedrbyshaper circuits, which adapt the
cold preamplifier output signal to the input of the regulaaggihg amplifiers (see sectipn 5]1.2).

The cold preamplifiers have been developed in GaAs technokeight preamplifiers and two
drivers are integrated into each GaAs chip. The outputswfoeamplifiers are fed into the driver
input. At the location of the cold electronics in the hadmeand-cap calorimeters of the ATLAS
experiment a total ionizing dose of 300 Gy and a neutron flaesfc2x 1013 cm2s~1 (1-MeV
neutron equivalent in Si) is expected after 10 years of LHEafon at maximum luminosity.

A series of radiation tests of the final design (GaAs TriQ@&ED-A 1 um technology) of the
amplifiers were carried out at the IBR-2 reactor using a higitron fluence and gamma dofd [61].
A set of seven GaAs chip were exposed to neutrons. The préarplvere exposed to a total flu-
ence of fast neutrons ¢1.1+0.2) x 10'° cm~2 and accompanying gamma dosd &6+ 0.3) kGy.
Motherboards with the GaAs chips were kept in a cryostatdfiléth liquid nitrogen during the
whole period of exposure and measurements. Separateltegtedthat the performance was the
same whether the power was switched on or off during the expsesso it was switched off in
between measurements. The gamma exposure of eight chipsawasl out at cold conditions
as well. A total ionizing dose of55+ 8) kGy was collected with an accompanying fast neu-
tron fluence of(1.1+0.2) x 10**cm=2. The chips performed well to radiation exposures more
than 25 times the radiation-tolerance criterion. In gelnehe results are in agreement with the
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previous tests of the prototypes and measurements pedoatdifferent radiation facilities and
institutes [6P].

The preamplifiers showed a stable performance in terms o$fea function, peaking time,
and linearity up to a neutron fluence 0k3.0* cm~2, independent of the detector capacitance. For
neutron fluences beyond this value, a clear deterioratidgheofransfer function and linearity has
been observed. Under gamma exposure no deteriorationforipance has been seen up to a total
ionizing dose of 55 kGy.

The equivalent noise current increases under exposureutoons and photons. The noise
increase is more significant under photon exposure. It has faeind that the noise increase under
neutron and photon exposure was due to an increase of thkepamse, while the series noise
remains almost constant up to the highest radiation dose.

6.2 Cables and connectors

Custom designed micro-coaxial cables with connectors wsee in the liquid argor] [3]. These
cables had to satisfy very stringent requirements in terhsggoal transmission, dimensions, and
radiation tolerance. The cables and connectors were maorga with materials known to be
radiation tolerant. To be certain, they were tested for iptessleterioration under photon and
neutron exposures in air and in liquid argon 8o source at Pagure was used to deliver 80 kGy
of total ionizing dose. No damage was observed. Measuranadtdar exposure were found to
be compatible within the measurement errors to those béfierexposure. The IBR-2 was used
to obtain a neutron fluence of8lx 10**cm~2. The difference in cable capacitance after neutron
exposure was small, and within the measurement errors artjeb due to humidity. These tests
were performed on cables in air. A second set of cables we@sexl in liquid argon. No significant
change in the argon pollution was measured to a total fluehc® e 10'° cm~2 and dose of about
70 kGy. These radiation levels are high enough to cover thle vange of doses anticipated in the
calorimeter at high luminosity.

7. Summary

We have designed, developed, and built a mixed analog anthldigocessing system to read
out the 190 000 channels of the ATLAS liquid argon calorimeteTable[P shows the maximum
radiation levels to which each component was tested. ThersyBas been radiation qualified to
withstand ionizing radiation levels of 10 Gy/yr, non-ioimg energy loss effects from neutrons at
a flux 3x 10" cm—2yr—1 (1-MeV neutron equivalent in Si), and single-event everamfhadrons
at a flux of 6x 10°cm2s1, for a period of 10 years of LHC operation. To achieve thislev
of radiation tolerance, a combination of ASICs designedaidiation-tolerant technologies and
radiation-tolerant COTS have been tested u$fi@@o gamma-ray sources and X-rays, as well as
neutrons and protons to radiation levels often in exces® tfifes those anticipated within ATLAS.
Each component in the electronic system had to satisfy af sat@tion-tolerance criterion to be
pre-selected and qualified for use within ATLAS. All the riéisig components selected for use in
ATLAS have met the radiation-tolerance requirements.
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Table 9. Maximum radiation levels to which each component was tested behind a number means
that the value was derived from the radiation levels of aediffit type of radiation (usually protons). The
components are ordered according to semiconductor teatpnol

Component TID Neutron Proton
(kGy) | (102cm2) | (10 cm2)

Warm preamp| 1.8* 11

Pre-shaper 1.2* 27

Cold preamp | 55* 110

Shaper 2.0 1.7

Op-amp 2.0 9.0

HAMAC 3.0 4.5

SPAC slave 1.1

CONFIG 12* 1.3* 1.8

SMUX 15 30 0.12

BIMUX 3.5 3.2 3.0

DAC 2.0 9.2

CALOGIC 0.83

GSEL 16* 1.8* 2.4

SCAC 44 1.9 4.9

CLKFO 17+ 1.8* 25

QPLL 17* 1.8* 25

LHC7913 17* 1.8* 25

HFA1135 8.7 3.2 3.0

MC10H116 18* 2.1* 2.8

AD9042 10 2.0

AD8042 27* 2.9*% 3.9

AD8011 3.5 3.2 3.0

AD8001 3.5 3.2 3.0

HDMP-1022 43 48 2.8

OTx 43 48 2.8

Optical fiber 2.8 2.0

Cold cable 80 1800
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