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ATLAS Liquid Argon Calorimeter Front End
Electronics

Names and institutions

ABSTRACT. The ATLAS detector has been designed for operation at CERBIge Hadron Col-
lider. ATLAS includes a complex system of liquid argon catoeters. This paper describes the
architecture and implementation of the system of front dadtenics developed for readout of the
ATLAS liquid argon calorimeters.
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1. Introduction

ATLAS [1] is a large general-purpose detector designed paration at the Large Hadron Collider
(LHC) at CERN. The LHC is a proton-proton collider which wilperate with a center-of-mass
energy of 14 TeV. A system of liquid argon (LAr) calorimetdsms one of the major ATLAS
detector systems. The LAr calorimeters include the elecagnetic barrel (EMB) calorimeter,
which is housed in the central cryostat and provides coeefagpseudorapiditie§]| < 1.5. The
ranges of larger pseudorapidity are covered by endcapicadter (EC) systems, housed in separate
endcap cryostats. Each EC cryostat includes an electragtiagendcap (EMEC) calorimeter, a
hadronic endcap (HEC) calorimeter, and a forward calo@m@ECAL) providing coverage up
to |n| = 4.9. More details about the design, construction, andopadnce of the calorimeters
themselves can be found in Reference [2].

As depicted schematically in Figure 1, the electronic redddthe ATLAS LAr calorimeters
is divided into a Front End (FE) system of boards mounted stam crates directly on the cryo-
stat feedthroughs, and a Back End (BE) system of VME-basadibdocated in an off-detector
underground counting house (dubbed USA15) where there imdiation. The design and im-
plementation of the BE system, which includes DSP-basetiretécs for digital filtering of the
readout signals in order to reconstruct the deposited gremg other quantities, is described in
Reference [3]. The purpose of this note is to describe theatharchitecture and implementa-
tion of the ATLAS LAr FE system. A subsequent publicationlwdiéscribe the measured system
performance of the overall ATLAS LAr readout.

2. Overview of ATLAS LAr Front End Electronics

Given the fine segmentation of the ATLAS LAr calorimetersotak of 182468 active channels
must be read out. The FE electronics faces demanding regemts, which include the following:

e the calorimeter signals must be sampled at the LHC bunclsiogg$requency of 40 MHz.
The signals must be stored during the latency of the Levell] ffligger of up to 2.5us (100
bunch crossing). For triggered events, the readout mustdmnaplished without significant
deadtime for a maximum mean L1 trigger rate of 75 kHz.

¢ the energy deposit in each calorimeter cell must be measuitbch precision of better than
0.25% at high energy. A dynamic range =f17 bits is needed to cover the energy range
of interest, from a lower limit ol 10 MeV set by the noise levels up to a maximum of
3 TeV. The coherent noise over many cells must be maintaiemb% of the total noise
per channel.

¢ the time of the energy deposition in each calorimeter cebtrbe measured with a precision
of ~ 100 ps for high energy pulses.

e analog sums corresponding to L1 trigger towers of &igex Ap = 0.1 x 0.1 must be deliv-
ered for use by the L1 trigger system.
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Figure 1. Block diagram depicting the architecture of the overall NE.LAr readout electronics. The lower
box depicts the calorimeters installed in their respedatiyestat. The central box illustrates the functionality
of the FE boards located in FE crates mounted on the cryasdtliroughs. The upper layer shows the off-
detector BE electronics mounted in Readout Crates, as w#ligger and TTC (control) crates.

Given the stringent noise requirements, the LAr FE eledatoboards are placed in crates
mounted directly on the calorimeter cryostat feedthroughi$iis on-detector location provides
many additional requirements, including tolerance of gigant levels of radiation. Achieving a
high channel density and low power is important. The FE b®andst be water-cooled to remove



any heat dissipated. Access is very limited, so reliabititg key concern.

2.1 FE System Architecture

As was shown in Figure 1, the FE system includes Front Endd®o@dEB), which perform the
readout and digitization of the calorimeter signals, Galilon (CALIB) boards which inject preci-
sion calibration signals, Tower Builder Boards (TBB) andav&o Driver Boards (TDB) for produc-
ing analog sums for the L1 trigger, and Controller (CONT)tosefor distributing clocks and other
control information. **expand this para a bit?

The conceptual design of the FE crate (FEC) is shown in Figuferates are mounted on top
of mechanical structures called pedestals, which serveaasition pieces between the cylindrical
walls of the cryostats and the flat crate bottom. Inside traesgtal, the calorimeter signals are
routed from the feedthrough to the baseplane of the cratstriine cables. The FEC baseplane
plays the role of a traditional backplane, except in thisliappon only analog signals are routed
on the lines. Power distribution within the FEC is done along side of the FEC via a dedicated
power bus. Another bus mounted on the same side of the FE@dstodistribute the “SPAC”
serial control signals to the various boards in the crate.

Each FEC is divided mechanically into two halves. The busidiging power to the boards
traverses the entire crate, but for most other purposesdbie lelement of the FE electronics is
one Half FEC (HFEC). The configuration of each HFEC dependthercalorimeter to which it
is connected. The EMB is equipped with 32 FE crates, confijase64 identical EMB HFECs.
The readout of the EMEC includes 16 dedicated EMEC cratatjguoed to provide 32 “EMEC
Standard” HFECs. In addition, a set of eight crates are ghagéween the EMEC and the HEC,
providing eight “EMEC Special” HFECs and eight HEC HFECs.eTHCAL has two dedicated
crates, which are only half-equipped in order to providerieeesary two FCAL HFECs. Table 1
summarizes the number of the various types of FE boards imtype of HFEC. Note that a total
of 1524 FEBs is required to read out the entire calorimetstesy.

HFEC Type | HFEC| FEB | CALIB | CONT | TBB | TDB |

EMB 64 | 896 | 64 64 64 -

EMEC Std 32 | 416 32 32 32 -

EMEC Special| 8 136 | 16 16 24 -
HEC 8 48 8 8 - 16
FCAL 2 28 2 2 - 4
Total | 114 |1524] 122 | 122 | 120 | 20 |

Table 1. Summary of the numbers of the various main FE boards per Hyg€for the different calorime-
ters.

Electronics boards are inserted into the FEC from the topéas in Figure 2). Active boards
are equipped with two cooling plates, which serve as hedbangers so that the chilled water
circulating within them removes the heat from the electortomponents. To prevent leaks, the
water is circulated below atmospheric pressure.



Front Pannel ——— Water Distribution Block

Cooling Plate, FEB

Power Supply Cgoling Flate

——— Cold Water
' w, (F
T
- Warm Water
,r,,:
Bus Bar | ~_ Crate

[
Hyp. Inserts

1
Baseplane |
~

e

T Pedestal

-Wg[m Cables

Figure 2. Conceptual drawing showing the various components of the gstem.

Crates are mounted around the circumference as the caterinkégure 3 shows the arrange-
ment of major components on the system in the vicinity of oB€ Hrigure 4 shows a photograph
of one end of the EMB cryostat, in which a number of the FECsvagible. The mechanical in-



tegrity of the FEC and pedestal structure need to be proglmensioned to hold the electronics
weight at different angles. The spaces between FECs ardyhasgd for the routing of cables and
other services to the ATLAS inner tracking detectors, smtsattention must be paid to staying
with the envelope of space assigned for the LAr electronics.

6.Service Supports between the
Tile Fingers

| B 4.Cable Supports

7.Safety Services (Zone | /2
and Inside Sniffers) =

Figure 3. Diagram depicting the arrangement of LAr frontend eledicertomponents in the vicinity of one
Front End Crate. ***photo better?

The various boards in the FECs require control signals foper operation. These signals
include the 40 MHz LHC clock, the L1 Accept signal, and otlestisynchronous signals provided
as part of the ATLAS Trigger, Timing and Control (TTC) systé®). In addition, most of the
boards need to be configured and monitored by writing or reptiack the values of various on-
board registers and other resources. A custom serial limkvknas SPAC (Serial Protocol for the
ATLAS Calorimeters) [10] is used for this purpose. Thesetmrarchitectures are described in
more detail below.

The FE readout is implemented via custom electronics bdawdsed in the FECs. The exter-
nal dimensions of the boards must be 490 mm09.5 mm, and the board thickness is limited to a
maximum value of 2.54 mm. Figure 5 illustrates the requiredrtd dimensions, and all the connec-
tors and their locations. Connectors are mounted along #ualges of the boards. Connectors along
the front panel side bring in the TTC control signal and pdevoutputs to the BE electronics. On
the opposite edge, connections to the FEC baseplane are Fiadhy, the power and SPAC serial
control connections are made along one side edge of the ©o&8alards are located in the FEC
with a pitch of 800 mils (20.3 mm). However, unlike the case\VME-style boards, the boards
are mounted on the center relative to their front panel (Seeide view on the right of Figure 5).



Figure 4. Photograph of one end of the EMB cryostat, taken during JW@¥ 2luring installation and
integration of the inner tracker endcap. The LAr FECs aréigsaround the circumference of the cryostat.

Figure 5. Drawings showing the mechanical dimensions of electrongrdis to be inserted into the FEC,
along with the locations of the various connectors. ***neegv fig 4 from Helio’s note; current .eps crashes
file and can’t be used; perhaps don’'t need??

2.2 Trigger, Timing and Control

The ATLAS TTC system [9] distributes the 40 MHz LHC clock, th& Accept signal, and other
signals (such as Resets) which are necessary to properghymze the various parts of the
ATLAS detector. These signals are driven optically from TeC crate located in USA15 to each
Controller through individual optical fibers. The signaie then electrically distributed to each FE
board through point-to-point connections.

***doubling for reliability

2.3 SPAC Serial Control

The general layout of the SPAC serial communication sysgeshown in Figure 6. This link is
used to load, to update, or to read back the various regigtersnemories of the FE boards through
VME commands sent to the SPAC Master boards [12], locatelaeiROD crates in USA15. Each
serial network consists of one master and multiple slavemn€ctions betwen SPAC Masters in
USA15 and Controllers in FECs on the detector are made vidingctional optical links. Separate
fibres are required for Master-to-Slave (MS) and Slave-tastdr (SM) communications.

The protocol requires, at least, two unidirectional linese Master to Slaves lindAS), and
one Slaves to Master lin&sM). For each direction, both data and clock are combined tm far
single signal in the same way as in the Manchester codingmyst logical one (respectively zero)
is coded by a low to high (respectively high to low) transitid-or reliability purposes, the down-



stream and upstream serial linBkS are duplicated (upstream linesSM1, SM2 ; downstream
lines : MS1, MS2). At any time, only one of the two downstream lines carries tiseful infor-
mation, the other line remaining idle (the decision is dontha SPAC master level). Each serial
slave receives both lines and automatically detect whiahisrndle and which one is active. On
the opposite, the upstream serial lir®gl1l andSM2 carry both the same information at the same
time. This scheme limits the decision logic on the remotgeskide and therefore improves the
reliability of the system.

The optical signals are converted into electrical diff¢iadrsignals on the Controller and trans-
ferred on a copper bus to the various FE electronics boaualssihg the serial slaves. To improve
the reliability and the noise immunity of the system, théadeébus is implemented in a differen-
tial technology.While the master boards, sitting in a radafree environment, consist of pro-
grammable logical devices housed on VME boards, the sdaiets, located in the FE crates, have
to be radhard ASICs.

Serial Master

Readout crate | é

MASTER

MS1 and MS2 fibers ¢
SM1 and SM2 fibers

Front—end crate

Slaves Slave/Repeater
L | I L/
M Snll - Sy S1 A
Copper link Controller
Board

Figure 6. Architecture of the SPAC serial control system.

The protocol enables point-to-point read or write data sses or broadcast write data ac-
cesses to all or a part of the slaves of a network, at a raw dataté of 10 Megabits per second.
Each serial slave in the network is identified by a uniquet athilress. One of these addresses is re-
served foglobal broadcastaccesses, and 15 others are reservetbé@l broadcasticcesses. Each



serial slave is also assigned a 4-bit local broadcast asithes determines which local broadcast
command it should consider.
SPAC Frame definition

Any SPAC frame (figure 7) circulating on the network is a sem@emade of 9-bits data words, as
sketched in figure 7. At a rate of 10 Mbits/s, one word is 900ong |

- Data field >
IDLE |STR11STR21 ADD 1 SAD |1 CHK1 1 DATO1DAT11 .. 1DATn1CHK20 IDLE
1byte 1byte 1byte 1byte 1 byte N bytes

Figure 7. Sketch of a typical SPAC3 frame, made of 9-bits data words.

e All data bits are Manchester-encoded, such that a logicalisrcoded by a low-to-high
transition (i.e. 50 ns low, 50 ns high at 10 Mbits/s) while gital zero is coded by a high-
to-low transition.

e The 9-bit data word consists of a byte of useful data, seigrendianorder (least significant
bit first), and aContinue/Last bit (logical zero for the last word).

e Theidle stateof the serial lines is indicated either by a static low levelacsequence of
indefinite length of logica{ 0, 1} doublets that form aarrier.

e The start 8TR) of a frame is indicated by preamble made of a 2 bytes pre-defined se-
quence of logical zeros and onés6, a continue bit$3A and a continue bit, forming the
pattern shown in figure 8).

¢ The fifth word is a'partial” checksum (CHK1), calculated on the slave address and the sub-
address fields of the frame. If a slave detects a checksum arthis level, it ignores the
subsequent data bytes of the frame. ***explain why

e The last word is thadata checksunfCHK2), calculated only on the data field if it exists
(bytes after the partial checksum).

e Atthe end of the frame transmission, the lines goes back tdl# state (static low or carrier).

e Particular case: when a slave detects an error in an incofrangg, it can generate anter-
rupt frame under the form of a static high level during approximatefe anicrosecond.

The frames produced by the master (resp. a slave) are sutcthehdirection bit of their
second word is 1 (resp. 0). The words between the fifth (dartiacksum word) and the last one
(data checksum word) are the data field. Its function vamesiing to the context:

¢ In awrite frame produced by a master, it contains the datedagtwrite into the slave boards.

~10-



‘ Preamble= $55, 1, $3A -
Carrier (0,1,0,1...) >
or Static Low 11o0tl11t1o 0

|
|
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continue continue

Figure 8. Predefined preamble indicating the start of a frame (den®¥&rl in the other figures). ***com-
bine with previous fig using (a),(b)

¢ In aread request frame produced by the master, it indichteaumber of data bytes to read
from the target slave board (byte count. In this configuration, the data field cannot contain
more than two bytes, and if it is empty, the byte count is aszuta be 1.

¢ In an answer frame produced by a slave, in consequence oflaggaest produced by the
master, the data field contains the data read from the board.

SPAC Slave ASIC

Each FE electronics board house a SPAC slave ASIC to comatenigith the SPAC master
through the serial network. A functional diagram of the AS#Cshown in figure 9 and a de-
tailed description of the chip is given in Reference [10].eTave receives the incoming frames
from the serial master on the MS serial inputs, decodes tifereiit fields of the frames and, if
required, communicates with the host board either by itslfErinterface module or by its’C
master interface. Finally, it encodes its reply frame anatsdt to the master via the SM serial
outputs.

The SPAC slave provides to the board it is mounted on a pamtface to read and write,
under request of the serial master, the on-board resouftese resources can be 8-, 16- or 32-bit
registers, or a block of memory bytes of arbitrary lengttd are identified with a 7-bgubaddress
Several subaddresses are reserved to access some intésmaikces of the SPAC slave. The SPAC
slave also provides to the board’€1[?] master interface.?C interfaced components on the board
can therefore be controlled through read or write accessssrne dedicated internal registers of
the SPAC slave.

Typically, the SPAC slave ASIC communicate throud@ Interface with the calibration logic
chip on the CALIB, through the parallel interface with ther@iguration Controller on the FEB,
and with the Bimux chips on the TBB. On each board, the slaviCA8ceives its clock from its
on-board TTCrx chip.

3. Front End Board

The frontend readout of the LAr calorimeters is implemertadhe 128-channel Frontend Board
(FEB). A detailed description of the design and implemeoitadf the FEB can be found in Refer-
ence [4]. Here we describe only a few of the most salient detai

A block diagram indicating the main features of one fourrotel element of the FEB archi-
tecture is shown in Figure 10. The raw signals from the caleter are mapped onto the FEB
inputs as they emerge from the cryostat feedthroughs. ORHEi the signals are first subject to

—-11 -
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Figure 9. Functional diagram of the SPAC slave ASIC.

several stages of analog processing. Preamplifier hybrigsify the raw signals, which are then
split and further amplified by shaper chips to produce thnesrlapping linear gain scales which
are each subject to fast analog shaping. The shaped sigeaisem sampled at the LHC bunch
crossing frequency of 40 MHz by switched-capacitor arra@Apanalog pipeline chips, which
store the signals in analog form during the L1 trigger lajeri¢*expand a bit (shaping fcn, gain

ratios, ncells in SCA for derandomizing buffer plus deadtjmp to 32 samples, ...)
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128 L T
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Figure 10. Block diagram of the FEB architecture, depicting the data fior four of the 128 channels.
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For events accepted by the L1 trigger, typically five samplesschannel are read out from
the SCA using the optimal gain scale, and digitized using-&®il2ADC. The digitized data are
formatted, multiplexed, serialized, and then transmittptically out of the detector to the ROD
via a single 1.6 Gbps optical output link per FEB.

In addition to reading out the individual calorimeter chalsnthe FEB performs the first two
stages of summing in preparation of analog sums used by thegger system. Each shaper chip
outputs a sum of its four input channels. These partial sumsaated to two Layer Sum Boards
(LSBs) on each FEB that perform further summing, dependmghe region of the calorimeter to
which the board is connected, and then drive the sums thrthggREC baseplane to the correspod-
ing TBB or TDB in that HFEC.

***enough about FEB , or need a bit more?? perhaps some peanfibers. (17 bits, coh noise
< 3%, sigmaE < 0.1%, sigmat < 20 ps, power, ...)

4. Calibration Board

***one intro sentence

A detailed description of the design and implementatiorhefCALIB can be found in Refer-
ence [5]. Here we briefly describe only a few of the main feadur

***few paras about CALIB functionality; Figure 11

6V
DAC —)!P
Q1 Q2
2V r< 4 CK
Cf
LAr I}
M( Rinj
e o -

Mother-board

Figure 11. Schematic diagram of the calibration scheme for the LAr Eldiaeters. For more details, see
the text.
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5. Controller Board

The function of the Controller board is to receive the TTC &#AC control signals and to fan
them out and deliver them to the various FE boards in the saRtedH Providing a local fanout in
the FEC greatly reduces the number of TTC and SPAC links thist ime provided from USA15 to
the detector. As was shown in Table 1, each EMEC Special HFd(S two Controllers, while all

other HFECs hold one. A total of 122 Controllers are needethi® entire LAr system.

A functional diagram of the Controller is shown in Figure The Controller receives optically
from USAL5 the TTC and SPAC signals, and converts them taralat signals. The timing-
sensitive TTC signals are distributed to each FE board ysinigg-to-point connections, while the
slower SPAC signals are fanned out via a dedicated SPAC bustenbalong the side of the crate.
Figure 13 shows a photograph of a Controller.

16 TTC PECL outputs 2 TTC Fibers 2 SPAC down 2 SPAC up fibers

MS1|[MS2) SM1 || SM2
Rx || Rx OTx || OTx

#2

=
N W W] A
jumimi e
2 1x8 fanouts I
radtol 10H116 E}E SPAC
A tree on top M Slave #1
—

SPAC Bus

B tree on bottom #2
TTCrx /
#1
I~ 6v dig. 2
TTC receivers SPAC1 [ LHC4913 @
radtol TrueLight TRR-1B43-000 daughter boards g
only 1 TTC fiber active at a time SPAC2 S
SPAC data flow
2 independent links: B tree
SPAC1 for MS1,SM1 TTC ORx1
OTx = radtol Taiwan OTx TTC ORx2

Rx = radtol TrueLight TRR-1B43-000 daughter boards

Figure 12. Functional diagram of the Controller board.

Table 2 provides the specifications of the different TTC algrand the SPAC bus to be imple-
mented in each FEC type. Dmax is the maximum distance in sltd between the Controller and
any of the boards to which it has to provide the TTC signal.

Trigger, Timing and Control Distribution

The Controller receives the TTC signal from USA15 opticaily its front panel. For reliability

purpose, it is equipped with two TTC optical receivers, eashnected via an optical fiber. To
enhance the reliability by reducing the logic on the Cotérolno specific choice is made on the
Controller to decide which of the two incoming TTC signalsige. This choice is made in USA15,

— 14—



Figure 13. Photography of a Controller board from the production lotstrange cropping, plus no panel.
can get orientation as for schematic??

Fanout| SPAC Bus Length Dmax (slots)| Dmax (mm)
Barrel 16 19 9 183
Std EMEC 15 19 9 183
Spec EMEC1 11 12 9 183
Spec EMEC2 11 12 11 223
Spec HEC 7 12 9 183
FCAL 15 19 11 223

Table 2. Summary of the TTC links and SPAC bus configurations in theuarFE crates. ***JP: units are
confusing

an accessible area of the ATLAS pit, by connecting the desiical fiber to the TTC optical
output. ***repeated from earlier; consolidate

The Truelight TRR-1B43-0000 1300nm optical receiver isdutsereceive the TTC signal on
the Controller. This component is too high to be mountedatiyeon the Controller PCB. A tailored
implementation using daughter boards has been adoptéuljrenthe receiver to fit within the two
cooling plates enclosing the Controller PCB.

The TTC signal is distributed through a tree of commercial}M8116D ECL chips, config-
ured in PECL format, with 18 terminations (two of them aredusa the board by the two TTCRXx
used to handle independently the two SPAC slaves of the @ltartitself). For reliability purpose,
this distribution tree is organised as two independentdiras. In case of problems with one of the
branches, at most half of the TTC signals are lost.

The PECL TTC signals are output through 16 USB mini-B SMC eators mounted on the
Controller front panel. Custom one-meter halogen-freei+8imini-B cables deliver the TTC
signal from the Controller to the other boards of the FEC. diifierential impedance of the cable
was measured to be 90Q. The corresponding TTC signals assignment is given in TéblBue
to the tight space requirement, the 16 mini-B connectorpkaeed on both sides of the Controller

—15—



PCB, eight on the top and eight on the bottom. To ease pluggittge cables, the connectors are
mounted on SMC-like custom daughterboards.

Pin Number| TTC Pinout | (USB Pinout)
1 GND (VBUS)
2 TTC- (D-)
3 TTC+ (D+)
4 Not Connected (ID)
5 GND (GND)
Shield GND (GND)

Table 3. Cabling of the TTC USB mini-B cables.

SPAC Serial Control System and Distribution

In order to enhance the redundancy of the Controller, twepethdent links are implemented.
Consequently, there are two SPAC slaves per board. Eacheof thrives one SPAC link : the
SPAC #1 (resp. #2), on the top (resp. bottom) side, handiesdhial linedMS1 andSM1 (resp.
MS2 andSM2). It has its own radhard regulator and its own TTCrx provigthe local clock.

The SPAC slaves on the Controller are set in a repeater m@dewhich is a different config-
uration than the SPAC slaves of the other FE boards. On ongtiv@yare repeating the Master to
Slave signal that is optically received by the Controllepte of the two Master to Slave lines of
the SPAC bus. On the other way, they are transmitting theeSlaMaster signal from the SPAC
bus line to the optical tranceivers that send this signah¢oSPAC master board.

Moreover, both SPAC slaves receidS1 and MS2 signals, but drive only on#S signal
each on the SPAC bus and return only &id line back to the master.

The Controller receives optically two download fibers frohe teadout crate and transmits
optically two read-back data links to it. To reduce the amafroptical components to radiation
qualified, it was decided to use optical components als@tiadi qualified for another application,
after having validated that the components were adaptduktojtical transmission of SPAC sig-
nals. The Taiwan OTx components, to be used in the FEB to R@Ddlie thus used as optical
transmitters. On the other hand, the Truelight TRR-1B4@-0ftical receivers, already used for
the TTC signals reception are used as SPAC optical recdiweranted on daughter boards as ex-
plained before in the TTC reception section). The configonadf the optical components is then
the following:

e SPAC Master to Controller : Truelight TRR-1B43-000 (1300 RN receiver)

e Controller to SPAC Master : Taiwan FEB-ROD OTx (850 nm VCSEiséd optical trans-
mitter)

Thus, there are 2 Truelight receivers and 2 Taiwan transrsiiinplemented on each Controller.
Let us notice that the optical wavelength of the incoming emidoming signals are different. The
optical transmitters and receivers on the SPAC Master silefecourse adapted.
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Production and Testing of the Controller

The Controllers are integrated into the LAr FE crates andtptherefore, respect the dimension
constraints of the environmen?][ Two major constraints are the presence of cooling plates o
each side of the board, limiting the thickness of the comptsn® about 5.5mm, and the presence
of matter partially covering the top of the FEC, limiting theailable space on the front panel.

Including an allowance of 10% for spares, 135 Controllergehzeen built. ***move later

The Controller PCB is made of eight layers. The most criticeds are routed on impedance-
controlled striplines in inner layers between two groungbower planes. For reliability purposes,
the different functions of the board are partitioned sudht gix different power levels are used,
routed on two power planes. The consumption of the board wesssured as 1.5 Amperes on the
digital 6 Volts power supply.

All the active components of the FECont have been radhartifigda Some custom made
components had to be produced on purpose for the LArg cadbeiniElectronics in either DMILL
or IBM 0.25 umto implement dedicated functions and to cope with the ramidtardness expected
by the experiment. The various active components of the rGlbert are:

Component Part Number #/Board Manufacturer
SPAC Slave SPAC 3 2 ATMEL
ECL Line Receiver MC10H116-D 14 ON Semiconductor
TTCRX TTCRx 3.2 2 ATMEL
Voltage Regulators L4913 6 ST Micro
Optical Receiver TRR-1B43-000 4 TrueLight
Optical Transmitter OTx 2 Acad. Sinica, Taiwan
Power Connector KS10-0002 1 Hypertronics
SPAC Connector SSW-107-02-G-D-RA| 1 Samtec
Baseplane Connector 91877-002 1 FCI Electronics
USB mini-B Connector 54819b 16 Molex

***need to combine BOM with other boards to avoid repetitiaand need to use std table
format if remains as a table

The TTCrx chips are mounted on daughter boards called TTCktPboards which integrate
one TTCrx and on€’C interfaced ADC DCU2 chip and are also used on the Tower Bubdards.
Building such boards enabled to reduce production costea$ TCrx package requires to build
high class PCBs and special cabling techniques. The hardwnidresses of the two TTCrx of the
board are defined by switches located on the daughter boaelSPPAC slaves can configure their
attached TTCrx via3C commands on théC line 0.

Finally, the Data port of the SPAC ASIC parallel interface is connected thropgll-ups to
the 6 power supplies of the board.

Test at the BNL crate setup ***shorten and redo

The final prototype of Controller was installed and testectsasfully in Brookhaven with a SPAC
Master VMEG64 6U board. Especially, the tests in BNL were fmmlion the following points:
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e Good communication with all the boards in a fully loaded F&tercondition: a crate loaded
with one Controller and 16 FEB/CALIB/TBB boards could be figared through SPAC
with success. On the other hand, it was measured that the ada@uf of the Controller and
sending the TTC signal to the board through cables did natadiegin a significant manner
the quality of TTC signal.

e Effect of SPAC activity on the coherent noise measured inRE8Bs: The coherent noise
of the different channels of the FEB was calculated when ##&CSbus is completely quiet
because it is isolated from the MS fibers (SPAC Off), when tRAG bus is not isolated
from the optical receivers and a carrier is generated orMBdines (SPAC On) and when
frames are being sent on the bus. Typicallyhaving some SRA@tg on the bus increases
by 5% the coherent noise on FEBSs, except on the boards wheoekierent noise is smaller.
Whatever the situation, in any case, the coherent noisevisyalbelow 3% (to be compared
to the requirement of less than 5%).

e Test of redundancy of the SPAC and TTC optical links: Theptoa of the TTC signal was
tested on both receivers without difference. In the waydiln@icatedVIS andMS lines were
also tested. Communication could also be performed withd-8&n when the Controller
did not had a valid clock (test performed in Paris test benahdl with or without carrier on
the download and readback lines.

¢ Effect of dead FEBs on SPAC (failure modes): like in Pari$ besich, it could be possible
to communicate with 1 FEB while the 15 other boards conneiti¢lde bus had their power
supply off.

The OTx was tested to verify its performance for the reldgigtow SPAC signals.

Production and Testing

All the different buses have been tested on a SPAC bus teshliertheck the connections and the
line impedances and then assembled on the FE crates.

A total of 135 FECont boards have been produced, while 122@eeed for the experiment.
The following actions have been taken during the produgbi@tess:

e The radtol commercial components bought correspond to tingber required to equip the
135 Controllers plus 8% spare components.

e The OTx are custom made optical devices made by AcademieaSTaiwan and tested with
the same criteria as for the FEBs.

e The TTCrxDCU2 daughter boards have been produced and tastad individual compo-
nent.

e The SPAC slaves have been tested before cabling and a setsgdi®%s remains for ATLAS
operation.

¢ After the PCB fabrication, standard continuity tests hagerbperformed.
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e The cabling of all the components of the Controller (inchglithe various daughter boards)
have been done by the cabling company and the boards werétshto a standard burn-in
procedure.

e A burn-in sequence (with at least the power on) has been npeefh to each board together
with a subsequent functionnal test.

e The quality of the TTC signals on each TTC output have beersured and registered.

e The SPAC functionality (SPAC slaves on the Controller amdugh the SPAC bus) have also
been checked.

e The Controllers having passed the tests have been sent tbl@a&Rregistered into a dedi-
cated production database.

***reduce and get rid of itemize

6. L1 Trigger Electronics

The LAr readout electronics must form and transmit to the tidger system analog sums for
trigger towers of typical sizén x Ag = 0.1 x 0.1. The sums are made through a multi-stage
analog summing tree. The stages are implemented in the FEB@mer Builder/Tower Driver
Boards mounted in the FEC, and in the L1 Trigger Receiverfidoisystem mounted in USA15.

6.1 Tower Builder Board

The Tower Builder Board (TBB) is a link of the Level 1 (L1) tggr chain for teh EM calorimeters.

The L1 trigger is designed to deliver to the back-end ADCsraaday signal per trigger tower
of the calorimeter (3584 trigger towers in total), each ailgmeing proportional to the transverse
energy received by the trigger tower. In the Barrel, a triggever is aAn x Ag = 0.1 x 0.1 section
of the calorimeter, containing 60 cells distributed amoogrflayers in depth. In the Endcap, the
granularity and the cells quantity by trigger tower dependtlte n value. Each ADC takes five
samples of its corresponding analog signals, and theselssme used to estimate the energy in
each tower and so to trigger (or not) the acquisition.

The trigger signals are made by successively adding thalsigioming from all the cells of a
same tower. This summation is done in two steps: the FEB dtidteasignals of a same layer (in
the Shapers and Layer Sum Boards), and the TBB adds thessidoats coming from each layer.

To summarise, the three functions of the TBB are the adjustroiethe input signals shape,
gain and delay, the addition of these signals tower by toarat,the driving of the resulting output
signals to the back end Receiver in the control cavern, tit@70 m 16-twisted pairs cable.

TBB Requirements - delete title?

The transverse energy is the important quantity. The sigmgdlitude at every TBB output should
be linear with the transverse energy; the integral nonliteahould be better than 1% for the range
of amplitude up to 2.5 V. The gain should be of 2.5 V for ET = 256\Jor every trigger tower

and for every energy distribution between the layers. The geecision should be better than 5%.
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The TBB output signal should have a peaking time of 35 ns,iwihfew ns. The saturation
of the trigger chain is a normal working mode of the triggeheTsignal amplitude at the TBB
output should not be below 2.5 V when saturation occurs. ithgies clamping at all gain and
summation stages to avoid the deformation of the decre@slgg. The noise of total trigger chain
is expected to be less than 400 MeVf|Eper trigger tower at) = 0, and the TBB contribution
should be negligible.

TBB Architecture **delete title?

One TBB (see Figure 14) includes 32 summation cells (the étetfy devoted to the analog sum-
mation, trigger tower by trigger tower, of the signals cogiinom the 4 layers of the detector
(Presampler, Front, Middle, and Back). Each TBB therefangains 32x 4 analog inputs and 32
outputs.

Figure 14. Photographs of both sides of the Tower Builder Board. Thergay summation cells of four
channels each can be recognised.

Figure 15 shows the schematic diagram of one of this summaélis. Each summation cell is
made of six stages (labelled A to F in Figure 15): A) the inmaiver (5QQ termination; gain = -
2), B) the pole zero compensation (it adjusts the signalipgakne by integration or differentiation
depending if C1 or C2 are removed/short-circuited or natl, @@mpensates the resulting amplitude
modification by gain; the magnitude of these correctionsljgsied channel by channel by varying
the values of R1, R2 and R3), C) the delay line (it compenghtedifferences in cable lengths and
values of particles flight time between the four inputs; aaleg multiplexer (the Bimux) under
software control allows to choose among 8 delay values frams @ 17.5 ns), D) the delay line
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receiver (100Q adaptation; gain = 2), E) the weighted linear mixer (the gdieach channel is
adjusted before summation with R7, so that the output aogdiis 2.5 V when ET = 256 GeV ;
the amplifier is clamped to limit the saturation), and F) thdpat differential driver for the 70 m
twisted-pair cable that delivers the signal to the countomm.

Back plane

D 8001 _
HFA 1135 o ste

stte QUTPUT
D 8001

519

511@Q

4229 383kQ

24k 1,82ke

IN BACK]

oM € (D>t D> O D> P> D

LAYER MIXER

(A Input receiver.

(B) Pole zero compensation (differentiator or integrator).
(O Delay line (17.5 ns).

(D Delay line receiver.

@ Linear mixer.

(B) Output driver for shielded twisted pair cable (70 m).

Figure 15. Schematic diagram of one of the 32 analog summation cellseoTBB. See the text for more
details.

As the compensations before summation change from onetrigger to another, the value of
some components changes from one summation cell to andifese components are R1, C1, R2,
C2, R3, R6 and R7. Their values are different according ta#te but equal from one TBB to the
other, thanks to the cylindrical symmetry of the detectdre§e components have been calculated
from Spice simulations validated by measurements (seaé&tefe [13] for more details).

As it as been shown, the value of certain passive componeech of the board summation
cells differs from one cell to another and depends on ther@atcharacteristics of the concerned
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trigger towers. But this variability is attenuated by thdirgrical symmetry of the detector. So to
cover all the possible configurations, five versions of TBRiols are necessary : one for the Barrel
crates, one for the Standard End Cap crates, and three f8péngal End Cap crates. The PCB and
the design of these five versions are identical. The onledifices between them are the number
of cabled towers (certain towers are not cabled), the nurabehannel in certain towers, and the
value of the "variable" components in every towers.

A logic interface is included in the board and devoted to astool and command through the
SPAC bus. Four functions are implemented: read/write ofBheux registers (that determines
the delay line output used), control of the board power spapid temperature, reset the logic
interface itself, and read the serial number of the boarce IBlgic interface contains four mains
chips : the TTCRXx, the SPAC 3 Slave, the DCU2 and one Bimux. TThéRx provides, from
the TTC signal, the 40 MHz clock and the reset signal. The SBA&lave circuit receives the
read/write commands and data from the SPAC bus. The DCUditontains a 12-bits ADC that
is used for the monitoring of the supply voltage and of thegerature given by its on-chip sensor.
The BiMux circuit is used here to read the serial number thatlbcated to each TBB at the time
of its production. ***reorganize/shorten this para

TBB Performance

***can shorten this section??

This section summarises the performances of the board, asuresl in our laboratory on the
Barrel prototype in its final configuration. More details d@found in Reference&]and [?].

The linearity measured in the linear zone (0-V +2.5 V) is contained between +0.2% and
-0.6%. The maximal crosstalk between towers is 0.8%. Thammboffset value measured at each
TBB differential output is 70 mV on positive and negative.eldyguivalent noise of one TBB tower
at the Receiver output (and so including the transfer fonatif the 70 m cable and the receiver) is
0.22 mV. The saturation level measured at the outputs ofihitype is 3 V+ 200 mV.

Each TBB input channel has been tested injecting a refersigoal, and comparison of the
measured amplitude and peaking time with Spice simulatemldeen performed. The maximal
amplitude error ist1%, and the maximal peaking time differencetis0.4 ns. The differences
between measurement and simulation are due to the limitsdision of the Spice model, and the
1% precision of R and C components.

The trigger chain is designed to deliver a signal risingdihe with transverse energy up to
2.5V at 256 GeV, and for energies above this value the sigmalld not decrease below 2.5 V.
The behaviour of the saturation is controlled by placingrapenal amplifiers with clamping at all
amplifying stages of the trigger chain. However despits,tdue to the presence of the shapers
that behave like a derivative of the signal, the increasigga at the chain output is not a priori
assured (see Figure 17). In some configurations, the signplitade at saturation (when ET is
beyond 256 GeV) could be lower than the signal amplitude fobElow 256 GeV, and that could
induce trigger errors. This type of behaviour would be tgtahsuitable for a trigger system. So
it has been important to verify that our trigger system doatssuffer from it. The saturation has
been studied using three tools : a test bench that reprodueeltannel of the trigger chain, one
detector module and its electronics during beam tests, @pula model of the trigger chain that
includes all its channels.
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Figure 16. Diagram of the possible undesirable behaviour of satursitgthls. Non-saturated signals (ET <
256 GeV) are represented by dashed line, whereas satuigiads ET > 256 GeV) are represented by solid
line. : Both signals at the input of the shaper. : Signalsatthtput of the shaper behaving like a derivative
of the signal. : A possible signal shape after the shaping®flBB and the receiver - the amplitude of the
saturated signal is smaller than the amplitude of the ndmraieed signal, inducing trigger error (it is even
worse if the signal is sampled at a fixed time : at the peak reidtie saturated signal can give 0). ***fig

needed?

The important point is the amplitude finally digitised by ADThe ADC takes 5 samples
separated by 25 ns from the receiver output. The evolutidgheodmplitude at these five samples is
measured when the injection, and thus the energy, is inagads an example, Figure 17 shows
one of these plots measured when the signal is injected inoigee cell of the middle layer, &t =
0.3. Figure 17(a) represents the receiver output signalugaime for increasing energies (the 256
GeV reference signal is in bold line, and the five sample plasgpreviously explained are in dotted
lines). This figure is used to calculate the Figure 17(b),clwliepresents, versus energy, the signal
amplitude at each sampling time. We have made these meamutefor many different values of
n and layer, controlling that the amplitude of the central pengline “3”) doesn’'t decrease below
its level at 256 GeV over all possible configurations.

But when an electromagnetic shower occurs in the calorimieteduces signals not in only
one, but in numerous cells of the four layers. So we have sitedlthis with Spice using different
shower profile. The same conclusion is reached, namelyrtat ¢ases the amplitude at the chain
output is linear up to 256 GeV, and that it doesn’t decreasmnbits value at 256 GeV.

The total quantities of boards produced is 135, and the tptahtity of board installed is 120
(15 additional boards have been produced as spares). Thty@fizhe produced boards has been
controlled during all the production. The main parametersdntrol were the amplitude and the
width of the output signals when signals similar to the pbatssignals of the experiment were
injected at the input. Tabl@? show the results of these controls. The gain standard dewvigt
about 0.5% for each board version, and the gain maximal tlemigs between 3.2% and 1.5%
according to the board version. This is below the requiredimal deviation (5%). Concerning
the signal width, the standard deviation is about 0.25 ndlamdnaximal deviation is around 1 ns.
Again, this is below the required deviation (a few ns). Mdsthese dispersions between boards
are due to the precision of the used components (1%).
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Figure 17. (a) Receiver output signal, versus time, measured for &sing energies on our test bench (the
256 GeV reference signal is in bold line, and the five samglistants in dotted lines). b) Evolution of the
five sample amplitudes versus energy, extracted from figuneasurements (the points of figure b are the
intersection between solid lines and dotted lines of figyir&leB. : The Receiver’s gain is 0.73, instead of 1
in final the Receiver, reason why the amplitude of sample 25& GeV is not 3V, but 1.9 V. ***re-word

Type EMB | EC Standard EC Special 0| EC Special 1] EC Special 2
No. of TBB (incl. spares) 70 35 10 10 10
Gain Error | Std. dev. | 0.52 0.55 0.49 0.54 0.50
(%) Max. dev. | 3.05 3.19 2.32 2.39 1.52
Width Error | Std. dev. | 0.26 0.29 0.23 0.26 0.22
(ns) Max. dev. | 1.28 1.03 0.70 0.99 0.69

Table 4.***need to write

6.2 Tower Driver Board

The trigger sums for the Hadronic Endcap Calorimeter (HE€)farmed by summing the longi-
tudinal depth segments at the samep coordinates. This summation is performed by the Linear
Mixer (LM) of the shaper chip in the FEB. In contrast to the EMazimeters, therefore, no further
summation of signals is needed for the HEC L1 trigger systétre same is true of the forward
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Figure 18. (a) Simulation of the receiver output signal versus timeifamreasing energies (solid lines)
for one electromagnetic shower, and the five samplingsdddibes). b) Figure calculated from figure a
simulations, and representing versus energy the signditaigg at the sampling instants

calorimeter (FCAL). Therefore, instead of using a TBB ascdésd in the previous section, the
HEC and FCAL crates include a Tower Driver Board (TDB). Thediions of the TDB are to
receive via the baseplane the trigger sums from the LSBs@wahious FEBs, convert them into
differential signals with approximately unity gain, andverthese differential signals over the 70 m
trigger cables to the Receiver system in USA15.

Specifications of the TDB performance are summarized in€fabA schematic of one trigger
channel of the TDB is shown in Figure 19. The single-endedfterdntial conversion is performed
using the same AD8001 as on the TBB, to take advantange addiegion qualification performed
of these devices.

The TDB is implemented as a six-layer PCB with the same physiicnensions as the other
boards in the FEC. Each TDB contains 96 channels. A photbgraa TDB is shown in Figure 20.
The total of 192 amplifier chips are all mounted on one sidéefRCB, and placed near the input
connectors at the bottom of the figure in order to minimizetthee length for the input signalgs
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Figure 19. Schematic of one trigger channel as implemented on the Tbreer Board.

from the FEBs. The six output cable connectors are mountaugahe front panel at the top of
the figure. Since the TDB is strictly an analog board, with rmal control, the TTC and SPAC
signals are not connected to the TDB.

The TDB gain and rise time in response to a step function impere mesured for the 96
channels of the preproduction TDB. The mean gain is 0.98 lsmdhannel-to-channel variation of
0.3% is well below the 1% specification. Similarly, the meee time of 0.68 ns is well below the
2 ns specification. ***need to refer to fig. 21

The TDB power is very low (< 15 W), so water-cooled coolingtetaare not required. Instead,
simple aluminum plates are mounted on both sides of each TDBdraday shielding as well as
protection of the active components.
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6.3 L1 Trigger Receiver/Monitor System

The receiver system in ATLAS is the electronics at the itegfbetween the FE electronics of the
calorimeter systems and the Level 1 Calorimeter Triggetstress is located in USA15, and used
also for TileCAL

The system consists of 8 crates, 4 on each side. The systerhddsllowing functions
(**shorten since details given later, or move after Fig 22):

a) Differential receiver. The analog trigger signals arst$eom the detector to USA15 over
shielded twisted-pair caibles, containing 16 pairs eadte first section of the Receiver is a
wideband stripline transformer, which converts the signain differential to single-ended
format.

b) Gain adjustment. A critical active element in the receig¢he variable gain amplifier whose
gain is set by a DC voltage provided by a 12-bit DAC, configusadh that the gain of each
receiver channel can be varied between 0 and 4.

c) Reordering of signals. The signals arrive at the receivan order determined by the phys-
ical properties of the calorimeter. The L1 electronics ieggisignals ordered in a specific
pattern in @, @) space. This reordering is done via a "remapping"” daugbsehlocated on
each Receiver.

d) Summation. Most of the summing of the L1 trigger signalsagied out in the on-detector
electronics. However, there are certain cases where itdessary to make additional sums
in USA15. These are done in both the Receiver and the L1 prepsor.

e) Monitoring. In the main readout, the signals are digdize the FE electronics. Thus the
only place where analog signals can be examined is in thgairigums. The Receiver system
contains a monitoring pickoff for each Receiver channetl \uting circuitry permits any
input signal to be routed to any output of either of the two itwing modules in the crate.

f) Differential driver. The outputs of the receiver are semthe L1 preprocessor module over
twisted pair cables identical to the input cables. The fitads of the receiver electronics
chain is a transformer-coupled differential driver.

The chain of electronics which accomplishes these reqengsns shown in Fig. 22.

Description of the Receiver system

The four receiver crates on either side of the detector (A arde) house the receiver electronics
for different parts of the calorimeter system (EMB, EMEC,EiBnd FCAL, TileCal).

The receiver crate is made up of four different type of moduddl in 9U VME mechanics, but
as this is an analog system, no VME protocol is used. Themsyistdoused in a standard 9U crate
outfitted with a custom backplane. The modules in the receirae include transition modules
(16 per crate), receiver modules (16 per crate), monitamiglules (2 per crate), and one controller
module per crate.
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The transition module, containing completely passivetebadcs, is a PC board 12 cm deep.
The other three modules are 400 mm deep PC boards which ayggalunto the front of the crate.
Each of these modules is discussed below. More detail ory#ters is available in Reference [15].

The transition module resides in the back of the crate, instbeoccupied by the receiver
with which it is associated. Trigger cables from UX15 areggied into the connectors on the front
panel of the transition module and the signals, after camerto single-ended mode, are fed to the
receiver through the connectors on the backplane. Transitiodules for three of the four crates
are identical; the transition modules for the EM barrel hameadditional connector to permit four
of the input signals to be routed to the EMEC crate. This wiowi is required since one of the
trigger towers is split across the barrel and endcap, andithening of the two halves of this tower
is carried out in the receiver system.

A schematic diagram for the signal chain is shown in Fig.2&epassing through the 1:1
input transformer, where the conversion from different@aingle-ended mode is carried out with
the output inverted, the signal enters the VGA (variablenganplifier) daughterboard. Here it
is inverted again and amplified by a gain (max value=2.0) jasadhe signal level to its correct
amplitude (10mV=1 GeV at the ADC input). The gain is changgadijusting the value of a DAC
which is also located on the VGA daughterboard. A DAC valuel@®6 corresponds to a gain
of 2, while a DAC value of 0 corresponds to a gain of 0. At thet exithis daughterboard, the
signal, which is bipolar with the first lobe negative, is semboth a buffer amplifier and to the
remapping board. The signal in the monitoring branch is seatbuffer amplifier, where it enters
the monitoring circuitry. The signal sent through the repiag board becomes transposed in its
position among the output signals to the ordering requingthb L1 Calorimeter Trigger. It then
undergoes RC shaping=£5 ns) to provide bandwidth reduction and amplification byxadigain
of 2. This factor of 2 serves as an approximate compensatiotiné attenuation in the long cables
from the detector. A differential driver consisting of an @lifier and a 1:2 wideband transformer
converts the signal back to differential mode (with its oraj polarity) for transport over twisted
pair cables to the L1 preprocessor.

The maximum voltage at this point is set by the voltage-limgitop amp HFA1135 to be
3 V, whereas the range of the ADC in the preprocessor modudetiso 2.5 V, corresponding to
250 GeV of transverse energy. The gain of the circuit comgjstf the differential driver on the
receiver and the differential receiver on the preprocessamity, so the difference in amplitude
(~ 10%) between the signal level at the output of the HFA113&éréceiver and that seen by the
ADC in the preprocessor module is due to attenuation o&ti® m twisted pair cable between the
two units and the final RC shaping o£5 ns in the preprocessor.

The receiver motherboard has 64 channels, and contain¥ @ardaughterboards, one remap-
ping daughterboard, and one SCDB (serial control daugbéed).

The remapping board [20] is a 253 mm50 mm PCB located in the center of the receiver
motherboard. Its purpose is to change the ordering of theaSgrom the input ordering to the
one required by the L1 system. Itis, in most cases, totalbgipa, the exception being for the case
where two-fold sums are carried out in the receiver.

The SCDB sends and receives digital data over the crate lzaekp Mounted directly on
the receiver motherboard are the shaper/driver circuity the circuitry for driving the monitoring
lines, which are located in the crate backplane. A photdgddphe receiver and transition modules
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Figure 22. Diagram of the analog circuitry which performs the signadgessing for one channel of the
Receiver. The trigger sum cable is incident at the upperdeft the input to the cable to the L1 preprocessor
at the lower right.

in a test bench setup is shown in Figure 23.

Monitoring is accomplished in this system by picking off aput signal and routing it into
one of 16 monitoring channels. Two monitoring boards, eamhdling 8 channels, present the
output of the monitoring lines on two output connectors, witd shaping identical to the signal
output and the other with additional filtering, designed &wén sensitivity to different regions of
the noise spectrum. The heart of the monitoring circuitrgt sosspoint switch (AD8114), located
physically on the VGA daughterboard. This device routesggaalion one of its 16 inputs to any
of its 16 outputs. The four crosspoint switches in a recemedule are bussed together in such
a way that any of the 64 channels in a receiver module can ledda any of the 16 monitoring
channels. The signals pass through a buffer amplifier witlowput enable (HA4600). In the
monitoring module, the same chip is used (see Figure 24)li¢éatsehich of the receiver modules
are to be transmitted to the monitoring outputs. Enablirgsiiynal at both the source and receiver
ends is not logically necessary, but this arrangement exipossible crosstalk between the active
and inactive monitoring lines in the backplane. The gairhi teceiver chain is chosen to make
equal the monitoring signal and the signal on the front pah#te receiver. Due to attenuation in
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Figure 23. Photograph of the receiver and transition boards in a tésps&he signals enter on the right side
at the front panel of the transition module. The elementsugh which the signals pass can be identified
(right to left) as (1) input transformers, (2) backplane wectors, (3) VGA daughterboards, (4) remapping
board, (5) output drivers, (6) output transformers, ando{itput connectors on receiver motherboard. The
SCDB, top center, is a special testbench version with a US&face, permitting direct control of the
receiver module with a computer. Monitoring line drivers écated just to the right of the SCDB.

the backplane, which depends on the position of the receaivisrequality is accurate only to the
level of a few percent.

The receiver system is controlled from a computer via its 8B. The controller module,
which resides in slot 1 of each receiver crate, contains t88 orts. One is dedicated to the data
acquisition system and is the port through which all digitata are transmitted, including gain
data as well as monitoring setup data, and identificatioorimétion is read from the receiver mod-
ules. The second port is used only for monitoring purposed,itstherefore has a more restricted
instruction set available to it.

Communications are carried out between the controller acdiver or monitoring modules
using a serial link running at 6 MHz. As mentioned above, gackiver or monitor board contains
an SCDB, which communicates with the controller and cawigsthe required digital operations
on the board. More information on the digital communicagiémthe receiver system is contained
in Reference [16].

Due to the fact that the receiver module must rearrange tther af signals between its input
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and output, it is of utmost important that receiver modules @aced in the slot for which they
were configured and that each module is correctly configuoedt$ slot. For this reason, all
daughterboards and the receiver motherboard have beamegjmetronically readable ID numbers.

The backplane in the crate has several functions. The mcaivd monitoring modules each
contain three 96-pin DIN connectors which mate with conoresobn the backplane. On the receiver,
the two lower connectors transport the signals from thesiteom module into the receiver module.
The upper connector is used to transmit digital signals ftieencontroller to each receiver module
over a common set of lines, which are carried by the backpldrgés connector is also used to
transport the 16 monitoring signals out of the receiver nb@d®n the monitoring module, the
two lower connectors are used to input the 128 monitoringdifrom 16 receiver modules, and
the upper connector is used for digital communications. fraees in the backplane carry the
monitoring signals from the receivers to the monitoring dosa Monitoring lines 1-8 are sent
to monitoring board No. 1, which resides in slots 2 and 3, aliihes 9-16 are transmitted to
monitoring board No. 2 in slots 4 and 5. Power is also disteduwver the backplane, using the
power bus provided by the crate manufacturer.

Analog power for the system is provided by two 100 Ampere posupplies running at5 V
(one for each polarity). Digital power is provided by an iteal but separate +5 volt power supply.
A full crate consumes about 730 watts, and is air cooled irsed rack with recirculating water-
cooled air.

Performance tests

Several automated test stations were set up to evaluatedtieerhoards and daughterboards in the
receiver system during the acceptance tests, which weriedaut in laboratories at the University
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of Pittsburgh. A complete discussion of the testing prograurontained in Refreence [17]; here
we give the salient results of the more important tests.

The most critical component in the analog chain is the VGAicWthas its own test bench
where each unit was evaluated thoroughly for dynamic ramgeliaearity. In Figure 25 is shown
how the integral nonlinearity is evaluated for each chamfehis daughterboard. In this test a
standard value of the DAC (2700) is used, which correspondsdain of about 1.4. A DC signal
is ramped at the input, from -3.5 V to +3.5 V, and the output &asured on a digital voltmeter,
yielding the DC response curve for each of the 16 channelg sldpe of this curve is the gain,
which is evaluated separately for each channel. The intagrdinearity is evaluated separately for
negative and positive voltages. Note that the responses égsir@symmetric, with a larger dynamic
range on the negative side, and this gives rise to a lowegrat@onlinearity for negative voltages.
This is a property of the CLC522 chip, and is the reason thahawe chosen a double inversion
of the signal in the receiver, which results in the leadingel@f the pulse in the CLC522 being
negative.
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Figure 25. Left: DC response curves of the 16 channels of one VGA boaith all channels set at
DAC=2700. The black oorixontal lines represent the maxinmsigmal height expected. The slope of each
curve yields a value for the gain, which is plotted in the uppght hand graph. Integral nonlinearity is
evaluated separately for the positive and negative patidrthe response curve, and the values are plotted
in the lower right hand graph. The lower set of points (alldveD.1%) are for the negative region and the
upper set of points (between 0.2 and 0.3%) are for the pesitigion. The heavy black line at 1% represents
the specification for the nonlinearity for the entire eleaics chain in the receiver.

Another quantity which is measured for the VGA is the vadatpf the gain as the control

voltage is varied using the DAC on the VGA daughterboard.sTaiationship is a linear one, and
the behaviour can be quantified as a nonlinearity, but in ppligation it is not essential that the
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gain vs voltage relationship be linear, as the gains araesatively. The gain nonlinearity is better
than 1% over the full range. ***shorten and combine with poes para.

One of the more important quantities measured in our acnepteests is the overall integral
nonlinearity of the receiver circuit. This measurementried out with bipolar pulses of 38 ns rise
time, simulates closely the situation encountered in theeement. Due to the short rise time of
the pulse and the relatively long RC time constant of 15 nerleeduced to 5 ns) the midrange
gain of the channel is 1.7 instead of its DC value of 2.0.
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Figure 26. Pulse linearity test of the 64 channels of a receiver boaith all channels set at DAC=2047.
Upper left: Response curve for a bipolar pulse of 38 ns riseti Lower left: residuals of linear fit of
response curve. upper right: gain value for each channetekaoght: integral nonlinearity (for maximum
output pulse height of 2.5 V) for each channel. ***not needled

Another important aspect of the receiver is the noise whicinjected into the system by
the receiver module. The noise is dominated by the contabutom the CLC522 chip, which,
according to a model given by the manufacturer [18], depamuts the gain of the circuit. In
Fig. 27 we show measured values of the noise at the outpu¢ oétieiver, along with the evaluation
of the noise model for our circuit. The dependence on gainel described by the model, but
it gives values which are some 10% higher than our measuitsmétie view the agreement as
reasonable, given that we are operating the chip with vesydain (G=2) compared to common
applications. The maximum noise seen in the test (whefé ns) is about 0.5 mV, corresponding
to 50 MeV. Reduction of the time constant from 15 ns to 5 nsdases the noise to about 0.7 mV
or 70 MeV. Typical values of noise in the trigger sums 4800 MeV.

Tests of the digital logic of the system were also made in @oraated test bench into which
was integrated a Tektronix Prism 3001 Logic Analyzer. Comdsawere downloaded into the
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Figure 27. Receiver noise vs gain, as measured with a wideband RMS etdtnat the receiver output.
The solid curve is an evaluation of the noise model providgthe manufacturer of the CLC522 for our
particular circuit.

controller, and its output bit pattern in the internal sdiig&k was recorded in the logic analyzer and
compared to a standard pattern, produced by a controllevkrio be operating properly. Similar
tests were carried out for each SCDB. Any board which failégsawas either repaired, or, in rare
cases where repair was not possible, rejected.

Tests of two passive components—the remapping boards andrdte backplane— were also
part of the test program. The position of output vs input aigmvas measured and compared with
the required mapping [20]. For the backplane tests, a recenodule was moved systematically
from slot 6 to slot 21 while automated performance tests veareied out. This test not only
checked the proper connectivity of the backplane but alidataed the operation of the serial link
over the full length of the communication paths in the reeesrate backplane.

Implementation in ATLAS ***can move this earlier and just gi ve refs?

Information relevant to the implementation of the recesygstem is ATLAS is contained in several
internal ATLAS documents. One [19] contains tables indigathow the cabling of the system
between the detector and the receiver system is done, assvédle detailed composition of the
receiver crates. Another [20] contains the specificatianséch of the remapping boards. the
relationship between the order of the receiver input angwusignals. A third [21] summarizes
the connectivity of the L1 Calorimeter Trigger signals frtime signals on the detector to the inputs
of the L1 processors and establishes naming conventiortedaeceiver input and output signals.
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Remapping boards

There are a total of 22 remapping boards defined for the erdoeiver system, but in one case,
the specifications for two boards (EMB and Tilecal, side Agrtap completely, so the same board
serves both purposes. Most of the boards are completelywpabst on six of them (three on each
side), twofold sums are carried out:

1. Summing of EMB and EMEC portions of the shared trigger towWée trigger tower in the
region 1.4 |n| <1.5 is split between the EM barrel and EM endcap, which arepasate
FECs. The portions within each calorimeter are summed irapi@opriate TBBs, but the
sum of the two halves needs to be carried out in the Receivhis i$ done by splitting
off 4 signals from each transition module in the EMB and hiriggthem as inputs into the
EMEC transition module at the corresponding valuepofSummation is carried out in the
remapping board in the EMEC receiver.

2. Summing of FCALn bins. Then granularity of the FCAL trigger sums reaching the re-
ceiver is 4, whereas the current L1 trigger has only one bip.ifthe higher granularity may
be exploited in the L1 trigger at a later date, but at the siiithe experiment, it is necessary
to reduce they granularity ahead of the L1 processors. In the preprocegsgsipossible to
create a digital sum of four, but in the case of FCAL2 and FCAk&h hadronic calorime-
ters, an additional two-fold sum is required to add togethertwo hadronic sections. Thus
one level of summing is carried out in the receiver. Due todimeilarity of signal shapes,
a sum of neighbors im is made in the receiver, leaving the remaining summuatiortset
done digitally.

7. Frontend Crate Infrastructure

7.1 FEC Mechanics

Dimensioning of the crate and pedestal has been done witidta# finite element analysis (FEA).
The total weight of the electronics installed in the cratapproximately 190 kg. Crates mounted
at 90 present the largest problem. At this position and with at®unted from its base stresses
may induce deformation of the crate which may result in difinsertion and extraction of boards.
Stresses at high values may also induce rupture at weldjiinbt properly dimensioned. Results
of the study revealed weak points in the design. Calculatiwere performed assuming a uniform
load of 400 Ib (200 kg). Deformations were found to be minimifowever stresses at the pedestal
base were unacceptable and very near to aluminum yieldsialue

The results of the analysis were then used to modify the desighe crate and pedestal.
Stresses in the pedestal were solved by eliminating as napbssible weld joints at the mounting
points near to the feed through. The new design is shown iar€ig*. ***remove history and
update

7.2 FEC Baseplane

***something about springs, ground posts, etc.
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The FEC baseplane is mounted at the back of the crate, much tiladitional crate backplane.
It is a printed circuit board containing three rows of cortoes (96-pin DIN) which mate with the
connectors on the various FE boards. As shown in Fig. 28ether four different configurations
of FECs, which employ five different types of baseplanes. iflaén functions of the baseplane
are to provide mechanical support and guidance via alighmpies for the boards in the FEC, to
provide an electrical interface between the warm cableBarpedestal and the FEBS, to shield the
warm cables from noise radiated from the FEBs, and to trah$ipe trigger sum components from
the FEBs to the TBB or TDB mounted in the same HFEC.

Slot EM Barrel | EC Standard | EC Special FCAL
1 |FEBPS FEB PS CALIB
2 |FEBFRO FEB PS FEBFRO CAL SHAP
3 |FEBFR1 FEBFRO FEB MID 0 FEBF10
4 |FEBFR2 FEBFR1 FEB MID 1 FEBF11
5 |FEBFR3 FEBFR 2 FEBFR 1 FEBF12
6 |FEBFR4 FEBFR 3 FEBFR 2 FEBF13
7 |FEBFR5 FEBFR 4 FEBFR3 TDB 0
8 |FEBFR6 FEBFR5 FEBFR 4 FEBF14
9 |TBB TBB TBB O FEBF15
10 |CONT A CONT B CONT 1 C FEBF16 E

11 |FEBBKO FEB BK 0 FEB BK 0 FEBF17
12 |FEBBK1 FEBBK 1 FEB MID 2 CONT

13 |FEBMIDO FEB MID 0 FEB MID 3 FEBF20
14 |FEBMID 1 FEBMID 1 FEB FR5 FEBF21
15 |FEBMID 2 FEB MID 2 FEBBK 1 FEB F2 2

16 |FEBMID 3 FEB MID 3 TBB 1 FEB F2 3
17 |MON MON FEB MID 4 TDB 1

18 |CALIB MON FEB MID 5 FEBF31
19 CALIB FEB L1 FEB F3 2
20 |FEBPS TBB 2 MON

21 |FEBFRO FEB PS FEB L2

22 |FEBFR1 FEB FR O CALIBO
23 |FEBFR2 FEBFR 1 CALIB 1
24 |FEBFR3 FEB FR 2 CONT 2
25 |FEBFR 4 FEBFR 3 FEB 1
26 |FEBFRS FEB FR 4 FEB 2
27 |FEBFR®6 FEB FR5 TDB 1
28 |TBB TBB FEB 3
29 |CONT A CONT B FEB 4 D
30 |FEBBKO FEB BK 0 FEB 5
31 |FEBBK1 FEBBK 1 TDB 2
32 |FEBMID O FEB MID 0 FEB 6
33 |FEBMID1 FEBMID 1 MON
34 |FEBMID 2 FEB MID 2 CONT 3
35 |FEBMID3 FEB MID 3 CALIB

36 |MON MON Lv
37 |CALIB MON Lv
38 CALIB LV

Figure 28. Configurations of the different FEC baseplanes. The coluanedabelled by FEC type, and
the slot number is shown in the first column. Entries in thdetamow the type of module, for which the
following abbreviations are used: PS=Presampler, FR=tF8ection, MID = Middle Section, BK = Back
Section, L1 = First section of EMEC Inner Wheel, L2 = Secondti®a of EMEC Inner Wheel, F1, F2,
F3 = FCAL1, FCAL2, FCAL3, MON = Monitor Board, CAL SHAP= Caliation Shaper (used for FCAL
calibration). All FEC except those for the FCAL contain twaskeplanes.

The mapping of the trigger signals out of the FEBs is deteeahiby the cabling from the
calorimeter electrodes to the FEBs. The order of the triggen signals out of the TBB and TDB
is determined by the layout of the baseplanes. The mappidgdamented in detail in Refer-
ences [22] and [23] for the EMB/EMEC and for the HEC/FCAL restively. The routing of the
trigger signals in the baseplane requires care to minimgeas distortions and crosstalk, and to

37—



avoid the introduction of oscillations. The impedance éfs&nal lines is specified at 5P Q.
Routes were chosen to avoid capacitative coupling betweirace and the input of any preamp
whose output contributes to the sum being routed. The pipatierns on the connectors on the
FEBs, TBBs, and TDBs were chosen mainly to minimize crokstaid are shown in Figure 29.

The FCAL baseplane has an additional feature not found irother baseplanes. Since the
calibration signal for the FCAL is not sent to the electrqdesis done for all other calorimeters,
it is necessary to distribute the calibration pulse at theaece of the signal to the preamps. This
is done by a separate PCB which is mounted underneath thpléasgjust behind the middle row
of DIN connectors. The calibration signals for FCAL themefdvave a somewhat different nature
than those for the other calorimeters and need to receiv@aireatment in the analysis.
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Figure 29. Signal patterns used in the trigger sum connectors (96-pi) i the baseplane. The shaded
pins are connected to ground. Figure (a) shows the pattewch atsthe TBB input, with the pins labelled P,
F, M and B corresponding to the four depth layers (Presamplent, Middle, Back) for a trigger tower.
A row of grounded pins grounds is placed between each grouvgdiace crosstalk between trigger towers.
Figure (b) shows the pattern used on the TDB input as well@§HEB output. To reduce crosstalk between
signals, each pin carrying a signal is surrounded by grodpites.
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As part of the verification process for the prototype basegda electrical tests were carried
out at Brookhaven National Lab and the University of Pittgbu Continuity checks were made for
each of the traces in the baseplane. The impedance of the §iggs was measured using a Time
Domain Reflectometer for a few cases and verified to be withénspecifications. To check for
possible shorts or other anomalies, the capacitance oftem#was measured and plotted against
its length. No anomalies were found in any of the baseplanes.

Crosstalk is an important parameter for the trigger syst€ne of the trigger conditions is
an isolated high energy EM shower. Isolation is determinteldlaby examining pulseheights in
trigger towers which are neighbors to the trigger tower d@éiast, and crosstalk to such a tower
would reduce the sensitivity to detect such showers. Simeetaximum pulseheight considered at
L1 is 250 GeV and isolation thresholds are set at a small pielof the noise, typically 0.5 GeV,
crosstalk values of more than 2 GeV induced by a 250 GeV signal would be problematic. For
this reason the maximum permissible crosstalk for the emtiralog chain for the Level 1 trigger
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has been set at 1%. A study of the crosstalk was carried otihédodEMB baseplane. In this study,

the trace representing the middle layer of a given triggeetovas excited with a 3 V pulse of rise

time 38 ns, similar in shape to calorimeter signals. An amaiom of the four layers for all other

trigger towers was then displayed on an oscilloscope, am@dlak-to-peak amplitude determined.
The typical waveform resembled a derivitive of the excitipgjse, as expected for capacitative
coupling between the traces. The maximum crosstalk valisedgtermined for each trigger tower
as the ratio of the maximum value of the signal in the charmgliestion divided by the amplitude

of the source signal. In no case did this ratio exceed 0.2%.tDBthe nature of derivative coupling,

the first-order effect of the crosstalk is to shift the timioigthe pulse rather than its amplitude, so
the effect of baseplane crosstalk in the amplitude is cotalyl@egligible.

7.3 Power Bus Implementation

The FE LV power distribution scheme is different from schenypically used in electronics crates.
Since sensitive low-level analog signals are enteringgatbe FEC baseplane at the bottom of the
FEC, the power distribution to the FE boards is mounted albegsides of the crate. A power
bus is installed with Hypertronics contact inserts. Theseiits provide pass-through connections.
After a board is inserted into the FEC, a “comb” holding a sepios is inserted through the
power bus. Each pin mates with a connector on the board. Al détdhe connection scheme is
shown in Figure??. The contacts are rated to 10 A, and have a nominal resistité nQ. At
the maximum current foreseen, a temperature increase oéd@dabove ambient temperature is
expected.

Hypertronics KS10-0002 Signal Description 1 GND 2 +6V Diagi8 +11V 4 +7V 5 +6V
Analog 6 GND 7 +4V 8 -4.25V 9 -7V 10 GND

7.4 SPAC Bus Implementation

The SPAC bus consists of a PCB attached on one side of the AiECcdnnection between the
PCB and the electronics boards is achieved by insertingvarsig pin comb through the SPAC
bus PCB and a connector on the receiving board. This desgjpiesremoval of a single electronic
board from the FEC without needing to disconnect all the ectians.

The connector on the PCB is a right angle female connector 8amtecP] (SSW series, ref-
erence iISSW-107-02-G-D-RA). The connector on the SPAC bus is a female “pass-thru” asnne
tor (Samtec HLE series, referene E-107-02-G-DV-PE). The traversing pins comb that mates
with both the female connector on the FEB (SSW) and on theexonon the SPAC bus (HLE)
belongs to the Samtec ZW series (referedWé-07-20-G-D-310-820).

Two or three SPAC bus PCB are needed to equip a full FEC. MdkedfE crates are equipped
with two 19-position buses, one bus covering the slots 1 totli® second the slots 20 to 38.
However, the special EMEC/HEC FEC contains three 12-msibuses, the middle bus differing
from the left and right ones. The two identical left and rigjaises cover the slots 1 to 12 and 25
to 36. The middle bus covers the slots 13 to 24, and diffens flee left and right buses by the
gap between slots 19 and 20, which is larger than the starpiitd of the other slots. To equip
all of the FE crates, 98 SPAC19 standard buses, 16 SPAC18 hude8 SPAC12 middle buses are
required.
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The buses are 1.6 mm, four-layer stripline PCBs. The fodeftial SPAC signals are routed
on the two inner layers (1@D characteristic impedance), and enclosed between two dnolanes.
The lines are 100 terminated on both sides of the bus. The buses printed tdrate not directly
screwed on the FEC frame, but through copper spacers whecéoddiered on the PCB. The aim of
the copper spaces is to guarantee a gap between the bus dfigGheame, and to make a good
ground connection between the bus and the FEC. More detaitieo connections between the
SPAC ASICs and the bus are given in [10]. Simulations on thepgarformance have been done.
The results can be found i

Prototypes of the SPAC19 bus was also installed on a FEC iokBaven and could therefore
be validated. Concerning the SPAC12 buses, given the smallat of samples to be produced,
the full production was done directly. The mechanics of tRAG12 buses was validated on a FEC
in Brookhaven, and their functionality could also be testethe Electronics Maintenance Facility
(EMF) at CERN, within the Back End Crate test setup.

The reliability of the bus was validated, at the design stgfh) simulations of the SPAC bus
and was also verified by measurements on the SPAC19 busypetdtfhe bus was integrated into
a system containing a SPAC slave ASIC configured in repeatelenidedicated configuration for
the Controller) and several SPAC ASICs configured as stanslaves. Some passive loads were
also added to the bus to simulate a partially or fully loadEccFate.

Figures 30 to 32 are a few plots of the measurements perfooméite bus. The measurements
have confirmed a good communication with all the boards onrtiafig or fully loaded bus; the
ability to still communicate both on the download and thedtesck lines with one board, even
when all the other boards are in power failure conditionan8aevorst conditions were also tested:
(example in Figure 32) when one of the signal pair wire is &tbto ground on one slave output
on the readback bus, the signal pairs is unbalanced, but comation can still be done with 75%
success.

@; 3.18 V

4 On SPAC bus

: : : : : : On Slave input
fﬁ R ﬂm\wrm -| (behind 510 Ohms)

1 Bus differential

S N St
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Malh1 400my,  50.0ns: . :

Figure 30. Download lineMS1, fully loaded 19-slot bus. The ripples present on the bussareothed at
the slave inputs by the isolation resistors.
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Figure 31. Readback lin&&M1, fully loaded 19-slot bus. The ripples present on the busareothed at the
receiving slave inputs. ***combine with previous fig intd&,
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Figure 32. Readback linesM1, fully loaded 19-slot bus, one line is forced to ground. 258the frames
are read back with errors.

7.5 FE Electronics Cooling

Cooling is required to remove the *** W dissipated in one LVPS and the: *** W dissipated
among the electronics boards in one FEC. Given the spacéramts plus the requirement to not
disturb other nearby detector systems, air cooing is nattige. In addition, the magnetic field in
the region of the FE electronics would present problemsdaie of fans in this area.

Instead, a water cooling system is employed. This solutmsep some particular issues to be
addressed. To avoid water leaks, the cooling water is @tedlat an under-pressure,600 mbar
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below atmospheric pressure. Small leaks will, therefoeadlto air migrating into the cooling
system, rather than to water leaks. Since the cooling is i, water-cooled heat exchangers
need to be placed in contact with active components to rertiavdissipated heat. Given the space
constraints, plus the desire to minimize the presence ¢f &igmic number material, most of the
cooling infrastructure is manufactured from aluminum, gfhrequires special care when bonding,
welding, etc.

The coolant circulator will be dimensioned to provide watearound 18 deg C below atmo-
spheric pressure. As illustrated in Figure 33, the cirarl# a semi-leakless unit. The circulator
consists of a water reservoir where the top part is kept bét@aatmospheric pressure. The pump
is locate at the bottom of the reservoir and compresses tierwa the way up. With enough
negative pressure in the reservoir the pressure at the offiie cooling plates is already negative.

To operate such a unit it is necessary a PLC (Programmahiledogtroller). Constant moni-
toring of the vacuum and water ow is required.

Figure 33. Schematic diagram showing the under-pressure water gpsjistem. ***helio’s fig 13

In the case of the present electronics one of the largesigimzbis the space constraint. In
theory a thicker plate in contact with the component woulddesirable since it would spread
the heat more uniformly. However with 2 mm of space availdhle requirement is hard to be
satisfied. The water flow channel alone would take this spadeerefore the option that was
chosen is to manufacture very thin plates and have many flanrgs. This increases the contact
points between water and components. However the platéigs®t a good heat spreader.

To eliminate gaps between components and cooling plabeséiimpregnated with aluminum
oxide is used. This material has a heat conductivitydf W/(m x K), which is roughly 300 times
lower than aluminum. Therefore places with large gaps betvemmponents and cooling plates are
filled with metallic (aluminum) heat spreaders of propeckiness. Note however that the metallic
spreaders themselves are not appropriate to guaranteetiygrogal contact between cooling plate
and components. Mechanical tolerances and surface gsélityequires the use of foam, but in
reduced thicknesses.

Thin heat exchangers are fabricated as two bonded platemelof the plates a flow pattern
is embossed by hydro forming channels against another alumimold. This process is slower
than traditional stamping. However it is more appropriaddrm soft metals. The next step in
the manufacture is to provide surface treatment for the mlum. Aluminum is known for its
corrosion problems. Pure aluminum will oxidize in contadthaair in matter of minutes. There
are several types of treatment that can be used to prevemsam. Widely used by the aircraft
and electronics industry is the chemical surface conversibhis is covered in length by MIL-
C-5541E. The advantages of this process are: readily &laiknd cost. Tests in the lab with
chemically active water (with chlorine) showed that thipdyof treatment is not adequate for our
applications. Microscopic analysis of the aluminum mateshowed that during hydro forming,
microfissures are introduced in the bends and those canmpubteeted by chemical treatment. The
surface also becomes too smooth for bonding purposes.
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A second method to protect aluminum from corrosion is arindiz In anodizing process a
layer of aluminum oxide is formed on the surface. The **Imnf@d by anodizing penetrates in
fissures and thus preventing corrosion at these points. Uitfece is also appropriate for bonding.
Therefore we used this process for the surface treatmeates?lone flat and one with flow chan-
nels, are bonded next with glue from DuPont. This bondinghabas a kapton carrier that helps
to keep the adhesive in place. Tests with the channels dthanguring processes. When bonded
the important parameter to watch is the peel strength. Theashadhesive has a peel strength of 8
Ib/in2 which is adequate for our purposes. Tests made witkeiwanning at 60 Ib/in2 for 8 hours
showed that bonding can withstand the pressure. Sampldsoautthe bonding were examined
using metallurgical techniques. Analysis show a good ddbesirface. A second exploratory
technique was used to examine the bond - X-Ray micro-tonpbgrar his also shows good surface
adhesion. Figure 34 shows a photograph of a final cooling plelhe channels for the water flow
are clearly visible.

Figure 34. Photograph of one cooling plate.***helio’s fig 12

Cooling plates are attached to the water manifolds by Ma&hiBbocks. These blocks provide

a side entrance and exit of water. Early tests with waterctep and extracted from top using
tubing show a large impedance due to the thickness of the.pdtthis point the plate is sealed by
two O-rings. Plates are attached to the electronics boaalwninum stand-offs Amatom 19053-
A-2545 Female Standoff and Amatom 19931-A-2545 Male/Fensandoff. The stand-offs are
made of aluminum and establishes a distance of 6 mm from thedsuirface to the cooling plate.
The space between the cooling plate and components areliglsgrace occupiers. Screws for the
attachment of plates are low head profile screws.

7.6 FEC Monitoring

The Crate Monitoring Board (CMB) plugs into the FEC to pravishonitoring information of the
crate power levels to the ATLAS Detector Control System (D% There is one CMB installed
in each of the 58 FECs. The CMB is not a full-sizeed FE boart;esit does not need to connect
to the baseplane. The CMB measures 489 m203.2 mm. Below is the list of functionalities of
CMB.

e Crate Voltage Monitoring. The CMB monitors the seven vaitdipes in the FEC. The
CMB gets these voltage signals from the FEC power bus thrtiughO-pin power connector
(Hypertronics KS10-0002). The analog voltage signals #emaated (202:1) on the CMB
and transmitted to the Embedded Local Monitoring Board (BB)NR9] which is installed
locally for each FEC. The ELMB digitizes the analog signatsl dhe digital results are
retrieved by the DCS server through CANbus.

***move connector ref no’s up to previous section
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e ELMB Analog Power Supply. Digital power of the ELMB is supgdi from CANbus power
supply installed in USA15. However, to avoid potential grduoops, the CMB uses +11V
voltage line from the crate power bus to supply analog pow&ltMB.

¢ Noise and Ripple Filtering. CMB provides additional filtegito voltage lines on the crate,
there are 500uF ceramic capacitors mounted on each of selage lines, this provides
additional noise and ripple filtering to LVPS output localtythe crate.

¢ Radiation Monitoring. CMB is chosen as mounting board of k&diation monitoring sensor
board. To monitor the radiation level inside the FEC, LAriadidn monitoring sensor board
is mounted on empty space of CMB, the cable is going throught fpanel of CMB and
connect to radiation monitoring readout.

There are two 10-pin connectors on CMB, one is Hypertroni848:0002 which is a custom
connector manufactured for all of the front end electromioard, CMB is connected to power bus
of FEC using power comb connector (Hypertronics KS10-0Q@iich penetrates through power
bus and plugged into KS10-0002. The other is Molex 7055%0€@#s connector send attenuated
voltage signals and +11V analog power to ELMB through a custade cable. ***not needed?

8. Low Voltage Power Supplies and Distribution

The FE electronics are powered by AC-DC primary power sa@sglPS) located in the underground
USAL5 counting room. These primary supplies are fed from4b@ V three-phase AC network
in the ATLAS pit. Each primary PS delivers an output currehtlf-11 A at 280 V DC and
powers a single FE LVPS placed on the detector adjacent toatiesponding FEC. The one-to-
one connections are made via long 70-100 m cables.

8.1 280 V Power Supplies

The 280 V supplies were supplied by industry [24]. Their mepecifications are listed in Table 6.

The power supplies are controlled and monitored by the ATLZ&ector Control System
(DCS) [27, 28]. The DCS is run by the Supervisory Control Anat®Acquisition system PVSS,
a commercial software product [25] which executes manysoédintrol and data acquisition func-
tions, including the temperatures and voltages of the FES\VRa the CAN fieldbus protocol.
A fast hardware interlock powers the units off in case of arral (e.g. cooling water failure),
independently of software processes.

The power supplies are housed in closed racks in USA15, 8 tmia rack (see Figure 35).
Each rack has a closed-loop ventilation system with a terlin top of the rack. Air is forced
through ducts along the sides of the racks and then deflegi¢larough the power supplies. Fan
trays below each power supply enhance the air flow. The heamsved by air/water heat ex-
changers using medium temperature (“mixed water”) coolitager provided for the experiment.

The racks are part of the ATLAS “infrastructure” and are reéetp controlled (on/off power)
and monitored (temperature, smoke) by the DCS system. Tihs e equipped with a fire ex-
tinction system using C&xelease in the closed rack volume.
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Parameter Value ‘ Unit ‘ Condition

Input Voltage 400440 V rms
Phases 3+N - Balanced
Frequency 47-63 Hz
Inrush Current <35 A peak
Input Power <55 kw Operating at full load
Powerfactor < 0.95 -
Output Voltage | 280 (+20 / -0) \% output terminals
\oltage Adjustment - - Not required
Output Current <16 A
Load Regulation < 100 mV Load varied from 0— 100%
Line Regulation <100 mV Line input varied by+-15%
Efficiency > 85 % Load range 10— 100%
Ripple and noise < 500 mV p.p f < 10MHz
Stability - - Not a key requirement
\oltage rise time | >150,<300 V/s | Atstart up or Interlock enable

Table 6. Specifications for the 280 V AC-DC power supplies.

8.2 Low Voltage Power Supplies
8.3 HEC Low Voltage System

The HEC LV System has to provide the low voltage power for tiheaRplifier and Summing
Boards (PSBs) mounted on the HEC detector in the cold (desAlHEC cryogenic electronics are
presented in Referenc@]]. In each HEC endcap there are 160 PSBs.

The HEC LV system begins with the ATLAS three-phase 400 VAGwoek, which is con-
verted to 300 VDC by a 4.8 kW power supply located in USA15. Bh® VDC output is dis-
tributed to eight LV boxes on the cryostat, each of which pies power to 40 PSBs. The LV
box uses DC-to-DC converters to produce three intermediatages (9 V, 5 V and -3 V). Two
DC-to-DC Converters are used for each output voltage, wmigir outputs coupled via diodes.

The LV box outputs are routed to LV Distribution Boards maadhin the HEC FECs. On the
Distribution Board the three intermediate voltages arellatgd via Low Dropout Voltage Regula-
tors to provide the final three supply voltages (7.2 V, 3.2 4 ah6 V) for the PSBs. The voltages
and currents are measured, and can be individually switohemt off.

The HEC LV system is controlled by PVSS via the CAN fieldbus.ciE800 VDC PS is
controlled and monitored. Each LV box contains a monitorragith microcontroller and CAN-
Interface, and measures a total of 1920 PSB voltages anehtsirin addition, 28 internal voltages
and currents are monitored.

9. High Voltage Power Supplies and Distribution

The HV PS system provides the drift voltage across the LAngging gaps between electrodes and
absorbers. For illustration, the layout of a HEC HV chansedhiown in Figure 36.
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Figure 35. Racks housing the 280V supplies.

The LAr calorimeter cells are connected in about 4700 HV sugpoups, roughly equal
numbers in each of the three cryostats. Each HV group is viticed the calorimeter via a cryostat
feedthrough port to a single HV channel. Atotal of 157 conuiaB2-channel HVPS modules[26]
are used, mounted eight to a subrack in 20 subracks. TheHbdtalystem occupies five racks in
USA15. During integration in ATLAS, several upgrades [31ilte HVPS modules were necessary,
mainly due to component failures. A summary of the HV modudert with channel parameters
is listed in Table 7.

In order to avoid stresses to the LAr detectors caused bylogstage, the HV system is pow-
ered via a UPS (Uninterruptible Power Supply) system. Eack has closed-circuit air-cooling
with water-cooled heat exchangers similar to the LVPS raeksdescribed Section 8. In case
of loss of the primary cooling water, the cooling system shdts automatically to an alternative
non-recycling water circulation system.

Each HV channel is individually controlled (on/off, vol&gtrip current, voltage ramp speed)
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Figure 36. Schematic layout for one HV channel connected to the HECQricadder. ***poor quality fig

by software. For additional protection, per-module voltaand current limits for a HVPS are
selectable in hardware. As an example, the specificatioa60uA HV module are summarized
in Table 8.

The control and monitoring of the subracks and modules Uee€AN fieldbus. The comput-
ers for HV control and monitoring are located in an adjacankr The software sets the demanded
values of the voltages and current limits and, in continummamunication with the modules, mon-
itors and logs the actual voltage, current and channelsstadudescription of the control system
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Number of 32-channel modulds detector Operating Voltage (V)| Max. Current (iA) |

53 EMB 2000 75
56 EMEc 1000 to 2500 200
32 HEC 1800 75
14 FCAL 250,375,500 6000
2 3 x 10 purity detectorg 2500 75

Table 7. List of HV modules used for the various parts of the LAr catogiter system. ***move nmodules
to last column?

Parameter EDS 20 025p-204-KB3
Channel density 32-channels in 6U Euro cassette
(40,64 mmx 220 mm)
Output currentp max. 200uA
per channel a¥p + 2550 V
Ripple and noise f=10-100 MHz: < 20 mV (at max. load)
Current limitlnax Potentiometerlf,ax Same for 32 channels)
Voltage limit Vmax Potentiometer\(yax Same for 32 channels)
Interface CAN:-Interface
Data format (setting, measurement) floating-point single precision
\oltage measurement resolution better than 50 mV
Current measurement resolution better than 4 nA
Accuracy of voltage measurement | +(0.01%x Vo + 0.02%x Vonom) for one year
Accuracy of current measurement +(0.1%x lo + 0.4% X lonom) for one year
Temperature coefficient <5.10°/K ***not correct
Stability <5.107° (no load/load and\V,y)
Rate of change of output voltage via softw. Up to 500 V/s
Power requirementegy +24V (2.0A)and +5V (0.4 A)

Table 8. Specifications for a 29 A HV module.

can be found in Reference [30].

Each subrack and module is equipped with hardware intetockections which will ramp
down the HV in case of an alarm condition (e.g. cable discotme cryogenics failure). The
modules are equipped with a crowbar relay which, if operadéstharges the detector capacitance
within seconds rather than many minutes. The relay funatityncan be programmed by software
and is normally disabled.

A functional diagram of a HV module and its connection to thters and cryostats is shown
in Figure 37. The HV source is electrically floating relatteecavern ground and is only referenced
to the cryostat’s potential. For electrical safety, eadbrack is equipped with a back-to-back diode
pair connecting the HV reference ground and the generalgemknd.

Shielded 37-conductor HV cables, rated for 3 kV and teste®l kW, bring HV from USA15
to the detector. The cables have a 13 mm outer diameter artgipacally 120 m long. They are
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Figure 37. A HV module output and a multi-conductor cable connector BNMwrong caption; poor

quality fig
terminated by 51-pin multi-contact HV connectors like the@hown in Figure 38.

A HV module output and a multi-conductor cable connector EMoroduced by

Figure 38.

LEMO/REDEL.
The HV cables ground wires and the cable shields are intetugt the entrance of the filters

in order to avoid ground loops (see next section). The HVeandrreturns to the HV modules via

the safety ground links of the corresponding cryostat.
At the detector, the HV cables are connected to HV Filter neglimounted on the HV

Feedthroughs of the LAr Cryostats [32]. RC filters in thesedaies reduce potential electrical
pick-up noise entering on the HV lines. Each 3U10HP filter module contains 64 RC filters,
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divided over four daughter boards, with typical componeaitigs R=200 ® and C=27 nF (5 kV).

Individnal filter cectinng are well senarated electricathnrevent leakane cornna and ditharges_
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Figure 39. Grounding scheme for the Low Voltage system.

As mentioned in Section 9, the shields of the HV cables aran@cted on the side of the
USA15 ground but left disconnected at the cryostat end**#being made now?. On the contrary,
as discussed in Secti®??, the trigger cables (the only LAr analog signals between UAnd
the detector) have their shield connected at the cryostahd@iuat the USA15 end, keeping the
possibility of an AC connection. As shown in Figure 39, théekhof the 280V DC cable is
connected to the USA15 ground. At the cryostat end it is cotaakonly to the case of the LVPS
for safety. The DC-DC converters inside the LVPS on the detearovide DC-isolation to the
cryostat ground.

During installation and cabling, a ground short detecti@thanism (incorporating an audible
alarm) has been operating on each cryostat to prevent aitaldgound connections.

In summary, all LAr services and connections to the crysstae electrically insulated from
them. The single DC current return path (in particular fa thV return current) is a single con-
nection (composed of two cables for redundancy) linkingdtyestats to a single grounding point
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in the USA15 counting room close to the LVL1 trigger racks.isTéonfiguration avoids parasitic
ground loops.

**section from Bill C.; need to integrate with other parts

It is very important to control the electrical connectionstween the detector and USA15,
as multiple conducting paths introduce the possibility adund loops, which cause unwanted
additional sources of noise and baseline shifts. The caimmeof the trigger cables and their
shields are therefore carried out with some attention taidehe basic principle is to extend
the Faraday cage of the calorimeter to the far end of the dablEiSA15, but not to make a DC
connection at USA15. Instead, we leave the possibility ttneat the shield to the analog ground
on the receiver through a capacitor, permitting noise wiidmmmon to both the signal and ground
to be reduced if necessary. The signal itself is passeddghrauransformer whose center tap at the
input is connected to the receiver analog ground. AC cogpbrpossible in this system without
the undesirable effects of rate-depedendent baselinis sisithe LAr signals are bipolar with area
balance. (Baseline shifts are expected for the tilecalatgynvhich are monopolar, but given their
amplitude distribution and expected rates, their effeexigected to be negligible.) The common
terminal of the receiver power supplies is connected to taezground, which is in turn connected
to the ground line running between USA15 and the cryostats.

The output signals from the receiver are also transformepled, and they are sent over
twisted-pair cables which are identical to the input cablége shields are handled in a similar way
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as the shields on the input cables, only the DC connectioragemat the receiving (preprocessor)
end. The purpose of this arrangement is not so much to pregrennd loops but to reduce the
effects of digital noise generated in the preprocessor iegcan the receiver signals.

11. Cable Plant

The cabling of the ATLAS detector has been a major task wittsgntial manpower and many
teams involved in planning and execution. For the LAr systieene are many long cables connect-
ing the FE and BE electronics. Their repetition unit of répet is one FEC. For each FEC the
connections include one 280 VDC power cable, four Cu triggdnles, one optical fiber cable bun-
dle containing 48 individual fiber connections for digit&drsal data transmission, and one optical
fiber bundle with six individual fibers for the TTC signals.

Additionally, other services arrive at a FEC from differgrgints in the cavern and count-
ing room. These include temperature probes and anti-caatien heaters on the feedthroughs,
cryostat and calorimeter temperature probes locatedérthiel LAr volume, and LAr purity probes
inside the LAr volume.

Cables and services, enter the cavern from USA15 via the gatdleries and typically follow
one of the following routes (marked in Figures 41 and 42:

1. Barrel outer ring route.

2. Barrel inner ring route for time-critical cables (Trigg@ TC).
3. End Cap chain at sector 9.

4. End Cap chains at sectors 11 and 15.

5. *** get rid of itemized list

From the middle£= 0) of the cylindrical Tile calorimeter at the correct azimuthe cables are
routed in horizontal cable trays towards the end faces tgplaees in-between the “finger-boxes”
of the Tile calorimeter. From there radially inwards thegcek the FEC. This region is shown in
Figure 3.

12. Summary
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