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Project history

This document summarizes the CERN/Wuhan project of 2004 for design and prototyping of new
Front-End Electronics ( FEE) for the electromagnetic PHOS calorimeter.

The FEE project started at CERN early 2004, using the TPC FEC card by L.Musa and his CERN
team as a template for the PHOS FEE card, in particular what concerns the grounding scheme, the
use of the Altro chip and the readout backend. The special requirement for PHOS was to achieve
high energy and timing resolution with APD diodes at a relatively large detector capacitance of
100 pF and to include individual APD bias voltage regulation on the 32 channel FEE electronics
cards.The project was conceived from the beginning as co-design of FEE and Trigger Region Unit
(TRU) cards, with fast-OR interconnections and with a common powering and water cooling
scheme. The TRU and FEE share a common GTL bus segment with 14 FEE cards and 1 TRU card,
which effectively segments PHOS modules into 8 TRU domains. Since two TRU domains are read
out by one RCU, one PHOS module consists of 4 RCU partitions. The conceptual design of the
TRU trigger was adressed first in order to define the interfacing requirements for the FEE
electronics. The FEE prototype design, construction, test and revision were completed in 2004,
followed by the design of the TRU in 2005. The first ideas for OP-amp-based signal shaper and
fast-OR shaper were inspired early 2004 by louri Sibiriak. The 32 channel FEE card design for a 14
bit dynamic range parameters was frozen at CERN in Mai 2004. It was implemented with
dual-gain, semi-gaussian shapers, 10 bit ALTRO digitizers, controller FPGA and a digital readout
backend imported from the TPC. The chief electronic designer of the FEE card (Cadence
schematics, components choice and procurement, power and grounding scheme ) was Rui
Pimenta. Cao Xi performed the Allegro layout of the 10 layer FEE card in Wuhan which was was
finalized in August 2004. Li Tan & Gang Su organized the prototype production in China and
delivered the first 8 FEE cards in time to CERN for the october T10 testbeam. Jerome Vallaeys
wrote at CERN the first USB driver and PROM download utilities for the FEE cards. The 32-fold
High Voltage Bias control logic for the FEE card was developed by A.Vinogradov. Qingxia Li
joined the CERN team in April 2004 as first member of the HUST team at CERN in order to
design and evaluate the first CW shaper prototype mezzanine which was tested in the August
2004 testbeam. He participated in all essential aspects of the FEE design project, including
evaluation of first FEE electronics cards in the SPS testbeam. In 2005 Qingxia Li coordinates the
volume FEE production and acceptance tests in Wuhan with his team which also took
committement for the Phos Control and Monitoring (PCM) firmware, including APD bias control
and USB communication. The remotely configurable PCM logic is an essential part of the FEE card
and vital for the RCU-based readout. Still under development, the PCM will be documented later
by the HUST team. The FEE prototying project, carried out at CERN within specially created
Electronics PHOS lab was mostly financed by the Norwegian PHOS group (Bergen and Oslo)
and by the INTAS Project project 03-5747 under leadership of B. Skaali. The mechanical design for
the embedded electronics and cooling inside the PHOS spectrometer was worked out mostly by
CERN in collaboration with D. Budnikov of Sarov, coordinator of the manufacturing of FEE
cooling cassettes and of the embedded support structures in Russia.The beamtests and physics
data evaluation with first FEE prototypes at the SPS with electron triggers were coordinated and
orgainized by M.Ippolitov. Utilities for Root offline data evaluation were provided by
A.Kouryakin. A very first version of an APD bias control screen was provided by P. T. Hille who
als wrote his thesis on TOF resolution of PHOS. Johan Alme was responsible for the FEE readout
via the DCS processor subsystem on the RCU. The Protvino team under S.Sadovsky maintained
the operation of the testbeams and provided the LED mnitoring system. The important FEE card
peripherals, T cards, APD diodes and CSP pre-amplifiers have been finalized and produced by
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T.Sugitate and his team. The revision of the Version 1.0 FEE prototypes as well as RMS noise and
time resolution measurements with blue LED pulsers were finalized by the PHOS CERN team by
the end of 2004, followed by teh CERN/Wuhan FEE revision V1.1 as pre-version for production
readiness in Mai 2005 in Wuhan.
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PHOS FEE summary

The PHOS channel connectivity, it’s readout and control methods, as well as the powering
and cooling methods are designed for >10 year operation inside a closed volume in which
both frontend, trigger and control electronics is embedded.

A PHOS module contains 3584 P,WO, crystals in a cold zone of -25% C, separated by an

isolation layer from the warm volume which encloses the electronics. Each crystal is glued to
an Avalanche Photo Diode (APD) and a charge sensitive pre-amplifier (CSP) of ~ 1V/ pC
sensitivity with a maximum range of ca. 5 pC. The APDs are operated at moderate gain for
the low noise and high gain stability required for achieveing best energy and timing
resolution. With a nominal APD gain of M=50 and an intrinsic PWO light yield of 10
photoelectrons per MeV, ca. 200 electrons per MeV are generated in the APD by primary EM
particles. The PHOS Charge Sensitive Amplifier (CSP) converts the charge signal over a 1 pF
capacitor into a voltage step which is formed by the shaper into a semi-gaussian pulse-shape.
After the CW shaper, the noise background of a dark detector is ca.600 electrons, hence EM
particles with an energy of more than 3 MeV emerge from the noise background of a single
channel.

In order to allow for inter-calibration to a level of <1 % for obtaining best energy resolution at
high energies, the bias voltage of each APD can be set to a precision of 0.2 Volt/bit. With a
gain dependence of 3% per Volt at gain M=50, the hardware gain calibration limit is 0.6%. For
hardware gain calibration, 32 remotely controlled precision HV bias regulators are integrated
on the Front End Electronics (FEE) cards together with the 64 shapers/ digitizers, board
controller, USB processor and an elaborate power regulation system which carefully avoids
noise coupling from digital or High Voltage section to the analog signal section.The FEE
electronics has been designed for a 14 bit dynamic range of the PHOS calorimeter in the range
between 5 MeV to 100 GeV with energy resolution of 2% at 2 GeV and a timing resolution
aiming for 1 ns at 2 GeV. Both goals are somewhat incompatible since high energy resolution
at low energies is conditioned by low noise and consequently by a narrow bandpass for the
charge signal, whilst best timing resolution is conditioned by a wider bandpass for the high
frequency parts of the signal, which increases the noise. Some R&D on two competitive
shaper approaches were conducted by the CERN/Wuhan team and later by louri Sibiriak of
Kurchatov. On the FEE prototype, both the Kurchatov and CERN/Wuhan shapers had been

implemented?. The CERN/Wuhan (CW) shaper is a second order CR-2RC bandpass for 80
kHz cutoff, achieving a 600 electron single channel RMS noise level. With 200 electrons per
MeV, a single channel 3 MeV noise level is compatible with a 11 MeV noise term for the
energy resolution of a shower distributed over 3*3. The test of two prototype FEE cards in the
october testbeam with an electron beam up to 4 GeV allowed verification of all major design
parameters. The results with the CW shaper led to a modest layout revision in order to
remove suprious noise couplings which were present during the testbeam. The K shaper
option will be revised & tested and may be subject of a future FEE card revision.

1. mutually exclusive implementation choice for CW or K shaper
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Each CW shaper channel is split via a low noise gain buffer into high and low gain shapers for
a total dynamic range of 1/16000 ( 14 bit) with two 10 bit digitizers. Four ALTRO digitizer
chips with 16 ADC’s and internal multi-event-buffers are required for a total of 64
high-gain/low-gain channels per FEE card. The choice of the Altro chip, combined with a
board controller FPGA, allows that PHOS can re-use the readout backend protocol of the
ALICE TPC via an external Readout Control Unit (RCU).

With a shaper bandwidth of < 0.5 MHz, the effective number of bits with the 10 bit Altro is
9.7 bits for sampling frequencies above the Nyqusit frequency of 1 MHz. Overclocking of up

to 20 MHz may be applied in order to improve the offline TOF determination’. The TOF
determination was so far based on offline fits to the Gamma-2 pulse-shape produced by
shapers with different bandpass ranges, corresponding to 2 and 4 us peaking time. With
preliminary blue LED pulser tests in November 2000 in the laboratory, a worst-case
differential timing resolution of ca 2 ns in the region of 2 GeV was established with a CW
shaper peaking time of 4 us ( 80 kHz bandpass). The TOF resolution is still under
improvement, since it not only depends not only on the shaper time constant but also on the

setup ( LED pulsers, sampling rates, clock jitter, energy calibrationz) and on the offline
methods ( clock phasing, sample binning and rising edge information ). The final choice of
the optimal shaper time constant as best compromise of energy resolution and timing

resolution is kept open3~4 until mass production is launched.

Each FEE card connects to 2 parallel rows of PWO crystals, allowing that 8 analog charge
sums of quadratic 2 * 2 crystals can be generated on the 32 channel FEE card. These fast-OR
signals are extracted from the input of the shaper and passed through a simple 100 ns
RC-shaper. Eight analog sums per FEE connected via short differential cables of equal length
to the Trigger Region Unit cards (TRU). A TRU card receives in this way 112 analog sums
from it’s 14 surrounding FEE cards. ADC’s of 8 bit and 40..60 MHz sampling are used on the
TRU to generate digital images of 448 crystal towers in space and time within a single FPGA.
The trigger algorithm within the FPGA applies sliding window and peak finder algorithms
for successive level-0 and level-1 trigger generation with programmable thresholds for
simultaneous low, mid and high pt trigger outputs (LVDS) ata decision rate of 40 MHz.

Inside a PHOS module, there are eight readout and trigger domains ( TRU domains), each
consiting of 14 FEE cards for a crystal region of 28 * 16. Each domain is read out by a custom,

200 Mbyte/s GTL+ bus of 1 m length® under mastership of an external RCU card. Each of
the four external RCU cards masters two TRU domains via a custom GTL bus and each
RCU with it’'s DDL data link to an LDC computer constitutes one PHOS readout partition.

1. the number bits at the pulse peak over a fixed dynamic range implies a 1/E dependence of the
TOF resolution, hence efforts are underway to increase the effective dynamic range via overclocking
2. The energy calibration of the crystals used in the laboratory was not known better than
40%.

3. Timing constants for the CW shaper corresponds to a set 5 different R and C values per channel

4. The FEE card layout is unaffected by the shaping time choice

5. 60 cm bus and 40 cm flat cable
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The power dissipation of embededd FEE/TRU electronics in the PHOS warm volume
corresponds to ca. 0.9 KW, extracted via a (leakless) water cooling system which is standard at
CERN. For this purpose, each FEE or TRU card is sandwiched in a copper cassette which are
cooled by water-flown copper pipes. The use of under-pressurized water prevents from leaks
inside the ectronics enclosure.

Control and monitoring access to the FEE card resources is implemented in programmable
firmware logic on the FEE cards, named Phos Control and Monitoring (PCM). This slave logic
allows that the RCU has address-mapped access to both control and data sections on the FEE
cards. The address space includes Altro-chip internal registers, APD bias control registers,
and registers for voltages, currents and temperatures. A USB port allows that an external USB
master ( lika a PC) may be used to emulate the RCU for production testing, local servicing
and for updating of the Flash Prom.

The FEE revision from the V1.0 prototype to the FEE card V1.1 described in this document
consists mainly in noise reduction measures, which substancially lower the initially
measured spurious noise level per channel from 2.4 to 0.41 ADC counts ( without detector ).
The signal traces between the input connector and the shapers have been equalized to the
same length. A board switch was added, allowing to change the FEE card from USB test
mode into RCU readout mode. The HV input was equipped with a HV clamping diode to
protect from overvoltages above 390 Volt. The two shaper options (CW or K) have been
maintained on FEE version 1.1 though the first K shaper implementation is considered
obsolete. With the mathematical methods layed out in this document, the componet values for
CW shaper time constants and gains can be re-calculated and changed if required.

The associated TRU trigger electronics for PHOS is subject of a 2005 project at CERN and will
be documented separately

Document Status Sheet

Table 1 Document Status Sheet

1. Document Title: Front End Electronics for PHOS electromagnetic calorimeter

2. Document Reference Number: Alice 2005-XXX

3. Issue 4. Revision 5. Date 6. Reason for change
1Draft 0 19.07.2004 Complete update with results from first FEE cards in
testbeam, after November PHOS meeting in 2004
1Draft 1 22.1.2005 Summarizing all CERN/Wuhan FEE project informa-
tion from 2004 in one document
1Draft 2 25.1.2005 Revisions, corrections, additions, replacments
1 3 15.3.2005 Updates, additions, corrections, Release
1 4 30.3.2005 Spellchecking, readability and last corrections/updates
1 5 22.4.2005 latest updates, connectors, power, T cards
6a 25.05.2005 Addition of complemetary information and new chap-
ters for Wuhan Review release, small correc tions in
Rev 6a.
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Overview and FEE parameters

The PHOS electromagnetic calorimeter consist of 5identical modules of 64*56 PWO crystals
installed below the Alice TPC. Each module maps with one TPC sector an azimuthal angle of

20 degrees corresponding to 64 PWO crystals of 22 * 22 mm 2 x 180 mm.

smz

|
|
i
i
|
|
i
[
|
i
|
i
warm zone FEE electronics:

Figure 1 Arrangement of the 5 PHOS modules

Each 20-degree sector measures 1443 mm at a nominal radius of 4.6 m from the beamline
center. A single crystal in the center of the module represents an angle of +- 0.135 grad. The
non-radial arrangement of the crystals per module implies however a tilt of the incident
photon angles up to max. 13 degrees (seen from the interaction point).

The pseudorapidity range of n < ]0.12] is covered by 56 crystals.
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A single PHOS module represents a martix of 56*64 crystals as shown in Figure 2. The crystal

< 64 crystals (20 degree sector)
- N Figure 2 One PHOS
module with 14 FEE
== = i cards per TRU domain.
i:rlczj??n = TRU 3 - One of eight TRU
F==domain domains consists of
1TRU
domain 16*28 crystals.
b L PHOS & 56
module
(3584)
H v

matrix corresponds geometrically to a matrix of electronics cards, divided in 8 TRU domains,
each containing 14 FEE cards and 1 TRU card as shown in Figure 2.

The FEE electronics was designed and implemented along the following guidelines:

maximim linearity of the APD charge conversion into a semi-gaussian pulse
individual HV bias settings per APD channel with 0.2 Volt/bit granularity

compromise of low APD gain M for low excess noise factor, stability against
temperature and a hardware gain intercalibration limit of max. 0.6% ( for
M=50)

RMS noise of 600 electrons per channel for a dark detector

APD gain setting to 0.2 Volt precision via software controlled high voltage
regulation per channel on the FEE cards

dual gain shaper with gain ratio 1/16 for a 14 bit dynamic range

second-order Bessel filter for linear transfer characteristics, low noise and
analytically reproducable Gamma-2 pulse-shape.

use of a 10 bit ADC with less than 0.4 bit measured quantization noise

sampling rates up to 20 MHz above the Nyquist frequency, i.e >1 MHz for
a PHOS shaper bandwidth <0.5 MHz.

monitoring of temperatures and LV voltages and currents on the FEE cards
in order to detect long-term-drifts, current variations due to high rates or
due to firmware changes and to detect misfunctions

remotely reprogrammable firmware in the embedded FEE electronics

differential, high-current LV cabling, separate for analog and digital supply
lines

analog sum output for TRU trigger cards for up to 33 GeV from 4 crystals
water-cooled, fully embedded electronics packaging
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For a quick overview, the following tables summarize mechanical (Table 1), electrical (Table 2)
and offline parameters (Table 3) of the PHOS electronics ..

Table 1 PHOS FEE, geometrical and mechanical data

PHOS component Dimension Remarks
PHOS Matrix 56 * 64 crystals 3584 crystals/ module
PpWO, crystal 22 %22 * 180 mm3 radiation lenght for 20 cm ~
Chapter 1.1 inorganic scintillator crystals 18
440 nm ( blue) and 530 nm ( 100um stainless steel wrap-
green) light decay time 25 ns ping

@ -25 C . Radiation lenth X, =
0.89 cm. Max. incident pho-
ton angle per crystal <13
degrees

Moliere Radius 2.0 cm
crystal weight: 721.3 g
Light yield for 2004 produc-
tion (Apatity) ~ 12 pe/MeV

double strip unit footprint

45.1 * 180.4 mm?

2 * 8 crystals, 2 T-cards

T-cards and connectivity
Chapter 13

170 * 50 mm?
8 Crystals / T-card
8 CSP cables / 1 base connec-
tor

Base connector: 37 pin 2.76
mm AMP / Tyco Board
Mount Connector ( 747

470-2)
6-pin CSP cable 1.27 mm
with Molex 51021-0600
header and crimp terminal
50079

CSP connector on T-card:

6-pin Molex 53047-0610

Feedthrough flat cable
T-card<>FEE
Chapter 13.1

ca. 13 cm long
2 Flat cables 40 wire CERN
SCEM 04.21.22.340.3 reduced
to 37 pin
1.27mm pitch

Cable T-card side: 37 pin fem.
3M 8337-6009 CERN SCEM
09.21.20.130.9
FEE side: solder to interme-
diate PCB adapter

Warm Volume

1310*1490*245 mm”™3

Encloses 112 FEE and 8 TRU-
cards, 8 GTL bus strips, the
RCU and Trigger OR is out-
side

IPCB intermediate signal
adapter

Left and Right adapter PCB
for flat cable to FEE connec-
tor:

FEE connector on adapter
PCB
Samtec LS2-130-01-S-D

Chapt. 13.4 max 90 * 630 mm PCB strips 14 connectors @45.4 mm
with mounting holes pitch

FEE card 32 channel front-end elec- 10 Layer PCB, FR4 (or S1155

Chapt 2.1 tronics cards HUST / CERN Halogene free)

CERN No. 0000042476 V1.1
349 * 210 mm?

Weight +copper cassette: 1.2
kG

Input: two 60 -pin connectors
Samtec LS2-1-30-01-S-D-RA1
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Table 1 PHOS FEE, geometrical and mechanical data

PHOS component Dimension Remarks
PHOS Matrix 56 * 64 crystals 3584 crystals/ module
PpoWO, crystal 22 * 22 * 180 mm?3 radiation lenght for 20 cm ~
Chapter 1.1 inorganic scintillator crystals 18
440 nm ( blue) and 530 nm ( 100um stainless steel wrap-
green) light decay time 25 ns ping

@ -25 C . Radiation lenth Xy =
0.89 cm. Max. incident pho-
ton angle per crystal <13
degrees

Moliere Radius 2.0 cm
crystal weight: 721.3 g
Light yield for 2004 produc-
tion (Apatity) ~ 12 pe/MeV

GTL bus strips

50 line terminated GTL+
Data bus, 54*630 mm

Data strips CERN design Ref
EDA-00711-V1 Data

Chapt9.1.1 c - . .
26 line terminated GTL+ Contr. strips CERN design
Control bus, 30(43)*630 mm Ref. EDA-00712-V1 CTRL
TRU Trigger Region Unit (TRU) 14 octal analog sum cables of
Chapt 11 349 * 210 mm2 equal length connect 1 TRU
Level-0 and 3* Level-1 with 14 FEE cards
TRU domain 16*28 crystals = 14 FEE cards 1 of 8 local trigger domains
Chapt 14.1 59*36 cm of a PHOS module
CSP Preamplifier 19 * 19 mm? Discrete logic on PCB, with
Chapter 1.4 attached to PWO crystal, Molex connector 53047-0610
APD on back side
APD Hamamatsu S8664-55 glued to PWO with Quick

Chapters 1.3 &1.1.4

(58148
5 * 5 mm? ceramic, 10.6 mm

Stick, n=1.7
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Table 2 Electrical parameters PHOS FEE electronics

Component

Properties

remarks

CSP preamplifier (-25 C)
Chapter 1.4

0.833V/pCor0.133 uV / e-
64 mwW
ENC=200e+3.2e/pF *
Cin(pF) -> 520 electrons at
Ci,=100 pF

linearity range 0.1 mV- 5.0 V
Ugsp[uVI=M*0.533 / MeV
+69

Ci= 1.2 pF
Input JFET : 2SK932
Cin, reT = 10 pF (CSP)
Ciet = 100 pF (CSP+APD)

M= APD gain

APD diodes (-25 C)
Chapter 1.3

APD light yield: for nominal
crystal L.Y =10

~4 pe-/MeV @ gain=1

200 pe -/ MeV @ M=50
(Excess Noise factor F = 2.27)

S8664-55 Hammamatsu
(S8148) M=50 for 320V

@ -25°C Capp= 90 pF
Breakdown Voltage > 400 V

RMS noise after shaper for
APD at -25C

Chapter 6.4

2nd order CW shaper
620 e- @ 4us peaking time
730 e- @ 2 us peaking

APD operated at 320 Volt
and CDET =100 pF

T=-25C: lgark <1 NA, M=50

Dynamic range
Chapter 4.1

5 MeV.....81.92 GeV
(=2 -> 14 bit

design ratio High/Low-gain
=16/1, measured: 16.3/ 1
(see Figure 43)

CSP linear voltage ranges
for C/W shaper
Chapter 3

C/W shaper:APD-gain
M=50:

5MeV -5.12GeV:0.137 mV -
0.1407 V ( shaper gain=7.2)
80 MeV - 81.92 GeV: 2.19 mV
- 2.245 V ( shaper gain =0.45)

Gain for high energy range is
set

to 80 GeV max. single chan-
nel (=100 GeV for a central
Y)
Gainratio=16->LSBsetto5
MeV

Zero-pole cancellation
Chapter 3

pole-zero time constant at
shaper measured = 67 us.
Undershoot low Energy <
0.8%

Overshoot high Energy 0.5 -
25 %

pole-zero cancels shaper sig-
nal undershoot due to auto-
discharge time constant of
CSP and due to ground-level
offsets (linearity)
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Table 2 Electrical parameters PHOS FEE electronics

Component

Properties

remarks

C/W Shaper CERN/Wuhan
Chapter 7

Filter Order: n=2,

bandwidth (-20 dB) 500 kHz
T peak = 4.1us f, =79 kHz

(T peak = 2.05 us f, = 159 kHz)
high gain = 7.2 (low Energy)
low gain = 0.45 (high Energy)
Dynamic range 14 bit
pedestal low Energy : 26.5
ADC

pedestal high Energy: 23.5
ADC

Linearity <<0.5 %

APD nominal gain M= 50
RMS noise w.out detector 3.1
MeV (0.62 ADC counts)
differential timing resolution:
<=2ns @ 400 ADC counts ( ~
2 GeV) (preliminary)

second order Bessel low-pass
with preceeding RC high
pass,

-20db <f,<-40db

pole-zero compensation,
fully differential output to
Altro ADC

Gamma-2 with 4.1 us ( 2.05)
peaking time. Measured t
peak distribution 3.984 +-
0.044 us. CSP linearity range
0.1mV..2.4Vv

K Shaper (Kurchatov)
Chapter 2.2.2

Filter Order n=2
T peak =2.1us

APD nominal gain= 100
common attenuation stage
followed by gain 1 for high
Energy and gain 16 for low
Energy

dual stage Bessel low-pass
skewed-differential output to
Altro, requires > 2* times
CSP linearity range up 5V

Note: to be revised

channel rate @ E;,>30
MeV Pb-Pb
Chapter 10.1

200 Hz

see Figure 80 for Pb-Pb @ 5
TeV

digitizer
Chapter 9

Altro-16, ST Microelectronics
16 * 10 bit, ENOB = 9.7 bit for
input BW < 1IMHz.

Based on 10 bit, 25 MHz ST
Microelectronics ADC cell
TSA 1001. 15 mWatt/ADC
noise < 0.4 ADC cnt. meas-
ured on FEE card without
detector

Energy calibration
Chapter 4.1

LSB =5 MeV

5 MeV / bit for CW shaper
with nominal APD gain
M=50

1 ADC bit =0.97 mV

Sampling rate
Chapter 10

Shaper Bandwidth < 0.5
MHz

Nyquist frequency 1 MHz
1..20 MHz selectable over-
sampling @ 10..20 MHz

Readout Bandwith increases
with sampling rate

Readout Strobe (L1) latency
decreases with Sampling rate
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Table 2 Electrical parameters PHOS FEE electronics

Component

Properties

remarks

Signal sampling latency
for Altro strobe L1

fg =10 MHz L=1.4 us after
interaction
fs=9 MHz L=1.26 us

fs=8 MHz L=1.12us

Altro pre-sampling pipline:
max. P=14 clocks.

With P=14 and level-0
latency LOL =1.4 us, pedestal
time is LOL-L.

Samples per event

Max 256 samples

512 available but due to spe-
cial Altro selection for PHOS,
data memory above 256 may
contain errors

digitization buffer (MEB)

4 buffers 1024*40 bit
or
8 buffers 512*40 bit

with special Altro selection
for PHOS, 8 buffers are
default

digitization ranges
Chapter 4.1

high gain: 5MeV - 5.12 GeV
low gain: 80MeV - 81.92 GeV

digital resolution (bit-
value/1024) < 6/E

FEE power consumtion
Chapter 16.2

FEE (32 channel) card
5.2 Watt (add 2 Watt for 32
CSP)

112 FEE cards + 8 TRU
PHOS module dissipation ~
1 kWatt. (add 40m differen-
tial LV cable 300 W)

CSP power consumtion
Chapter 1.4

+12V -42 mA
-6V-22mA

3584 CSP’s generate 215
Watt heat in the cold volume

Readout partition

1RCU and 1 DDL link (Tx,
Rx)

2 GTL readout branches

14 FEE and 1 TRU readout
branch

2 * 448 channels of 2*10 bit
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Table 2 Electrical parameters PHOS FEE electronics

Component

Properties

remarks

Supply voltages and
currents
Chapter 16

+13.5 V analog, 0.14A
-7V analog, 0.12A

+6 V analog 0.32 A
analog return 0.73 A
digital return 0.45 A
+3.3V analog, 0.34 A
+3.3 V digital, 0.31A
+4.2 V digital, 0.14 A

LV daisy chain connector
Phoenix TMSTBP 2,5/
8-STF-5,08

+13.5 V-> 12 V Bias + CSP
-7V analog-> -6V shaper,CSP
+6 V analog ->5V shaper,
Bias

+3.3 analog ->1V, 2.5V Altro
+3.3 V digital ->2.5V FPGA,
Altro, GTL

+4.2 V digital ->3.3V Flash,
USB, FPGA, Eprom

Fast OR signal shaping
Chapter 2.5

Analog Sum of 2*2 crystals
FWHM = 100 ns differential

8 way differential, termi-
nated flat cable of 50 cm
length, 150 OHM differential,
Samtec FFSD-08--D-20.00-01-N
Pulsewidth adapted for 4
samples @ 40 MHz in TRU
max. pulse amplitude of 2.5
V corresponds 4*10 GeV

HV Bias input voltage
Chapter 2.3

390.0 V +-0.2V
0.65 mA for 32 channels

each channel 20 uA.
above 395V protection starts
shunting current

APD Bias regulation
Chapter 2.3

10 bit between 200-390 V
(~ 0.2V per bit)

Regulation of 32 HV chan-
nels via 32 registers in Board
controller, no HV readback

Table 3 Offline parameters of PH

S FEE electronics

Observable

value

Remarks

Energy resolution ¢/E
Chapter 4

Anojse = 13 +- 0.7 MeV

bstochastic= 0-0358 +- 0.002 ( 3.58 % GeVos )
Ceonst= 0.0112 +-0.003 (1.12 %)

valid for 3*3 crystal cells
See Chapter 4

Timing resolution (differen-
tial between channels)
Chapter 5

Not yet available with
particles

With 2 ns blue LED
pulser and 10 bit
tization, offline
result for t~1.2ns@
2GeV was achievd with M=50, 4
us CW shaper,10 MHz sampling
rate

digi-

2 ns = worst case laboratory measure-
ment with blue LED . Apart from shaping
time choice on FEE card, the timing reso-
lution can be improved by:

use both ADC’s for effective 14 bits
exploit overclocking above 1 MHz
use of faster LED and pulser
determine TOF at rise time and not at
peak time

improve sampling-clock stability

Pedestal
Chapter 3

CW-shaper: 25 ADC counts?
low Energy, 37 ADC counts
high Energy

Measured with board revi-
sion V1.0

RMS nois, single channel
Chapter 6

CW shaper 4 us peaking time
RMS(pedestal )=0.62 ADC

counts? =3.1 MeV

CW shaper APD gain M=50

a. 1 ADC count =5 MeV for CW shaper
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1 PHOS electronics in the cold zone

The electronics of the PHOS EM calorimeter is fully embedded inside the cold and warm
enclosures of 5 distinct PHOS modules of 56 * 64 = 3584 crystals. Low-noise preamplifiers and
APD diodes are attached to the PWO crystal ends and operated in the cold volume at a
temperature of -25 C. The digitization, control and trigger electronics is fitted below the crystal
matrix in a separate, warm volume. Figure 3 depicts the design details of a double strip unit,

45.10 22*22 crystal

0.1 mm stainless steel wrapping

APD 5*5 mm?

Preamplifier

Figure 3 double strip unit consisting of 2*8 PWO crystals with APD/preamplifiers connected to
T-cards
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consisting of 2*8 PWO crystals.
Figure 4 is the photo of a single PWO crystal on which the APD/CSP combination is mounted.

Figure 4 Photo of a single
PWO crystal mounted with
APD/CSP

The APD diode is glued to the Crystal on one side and soldered to the CSP on the other side.
A 6-conductor cable provides both HV and LV connections to the CSP in addition to the analog
signals for the FEE electronics. Figure5 is a photo of a view into the crystal (like from an

Figure 5 View of a central
photon entering aPWO crystal,
the single APD is mirrored n
times.

incident photon). The single APD on the far side of the crystal is symmetrically reflected n
times. The PWO crystals are mechanically mounted first in units of 8 crystals called single strip
units. Since these are connected to the FEE cards in parallel rows of double strip units like
depicted in Figure 3, fast analog OR’s of 2*2 quadratic cells can be generated on the FEE cards.
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One double strip unit ( 2*8 crystals) in the cold zone corresponds to one double flat-cable
passing throught an isolation layer (see Figure 87) to the Front End Electronics (FEE) card. Two
double strip units correspond to one FEE card for 32 crystals ( 2*16 ). Figure 6 is a photo of a

-
FEE card 32 cha
optical fibers for testing L -

flat feedthrough cable

ke Jﬂ‘

al Strip Unit

Figure 6 strip unit assembled with T-card and FEE card. (Optical fibers are

crystal strip unit with T-card and mounting screws, connected via flat cable to a FEE card.

1.1 P,WQO, crystals

As described in [1] the electromagnetic PHOS calorimeter is constructed from synthetically
manufactured, inorganic PbWO, scintillator crystals which emit mainly two lines: 420 nm (
blue) and 480 -520 nm ( green) with decay times in the order of 10 ns. With a radiation lenth
Xp = 0.89 cm, PWO has a Moliere radius of 2.2 cm for 95% transverse electromagnetic shower
distribution. The incident photon angle per crystal is smaller than +-13 degrees. Each crystal
has a size of 22* 22 * 180 mm of which 180 mm ( equivalent to ~20 X;) was chosen as a

compromise in price and absorption efficiency of electomagnetic showers, for optimal energy
resolutions up to 10 GeV.
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The PbWo4 crystals have the following properties: :

Table 4 PbWO, crystal properties ( synthetic Apatity production >2004)

Density 8.28 g/cm? (compare with Pb 11.35)
Radiation lenght X, 0.89 cm approx. conversion length
7.37 g/cm2 via process e->2y, ory->e* e

Moliere Radius Ry, 2.2cm 95 % of shower cone located
in a cylinder with Ry,

dE/dx per mip 13 MeV/cm cosmic muons through 18 cm
PWO leave 234 MeV.

interaction lenght 19.5cm

critical Energy E. 8.5 MeV Radiation region E> E,

Decay time 5-10 ns room temperature

Peak emission

420 (fy nm =2.9 eV (blue)
480-520(s) nm =2.5 eV (
green)

f =fast component,
s=slow component

refractive index 2.16 along ¢ axis

light output 10-12 MeV / MeV improving per year
hygroscopy no

melting point 1123° C
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The average light yield for PWO crystals was under permanent improvement between

competitors! and is obviously a function of crystal growing axis and annealing and doping.
The manufacturing quality for PHOS crystals in Russia (Apatity) improved from 7 to 12
ph.e./MeV from 2001- 2004. Since the light yield for PWO is a strong function of temperature
and roughly a factor 2.5 higher at -25 °C than at 25 °C [Figure 7], it was decided to operate PHOS
at -25 °C in order to have the same amount of photo-electrons per MEV as with two APD
detectors at room temperature. .

a0 T
N F Ell [ .a:xm with radioactiy soume
200 £ A
% i ﬂm Borss 4ordd Y ords 9 ocrss Figure 7 Light yield dependence on
Y A PG 2 it temperature [1]
>
S0 s |

20 %0 60
Temperature, C

Figure 1.1: Light yield of PoWOj crystals vs. temperature.

1.1.1 Electromagnetic showers in PboWO4

The energy of an electromagnetic particle is converted inside the dense PbWOA4 crystals into
electromagnetic cascades (showers), with successive separation into a.) electromagnetic pairs
due to Bremsstrahung of electrons yielding photons, and b.) photon pair production into
electrons and positrons. This shower process is described in lenght by the radiation length Xg,
a property of the material, which is related to the mean free path of a photon, before it produces
apair by X,=9/7 X, The PHOS crystals represent 20 radiation lenght, hence the energy of an

incident photon is split into a very large number photons and electrons with their energy
reduced over 20 radiation lenght until the critical Energy E. is reached and the ionizing
processes (compton and photoeffect ) pervail which produce the scintillation light (2.9 and 2.5

eV). The longitudinal EM shower maximum [4] is at

E, 1
- 0 =
toc = 1022 1)

C

1. PWO manufacturers: a.) North Crystals Company, Apatity, Murmansk Region, Russia.( Alice PHOS 22 * 22 * 180 mm?3
b.) BCTP, Bogoroditsk, Russia ( CMS Ecal 28.52 x 220 x 30.02 mm ) c¢.) SICCAs, Shanghai Institute of Ceramics, Shanghai,
China, ( PrimEX 22 * 22 * 230 )
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The 95% containment is at ty + 9.6 + 0.08Z i.e. for a primary photon with E;,=10 GeV, the

shower maximum is at ca 7.4 radiation length (6 cm ) and 95 % are ca 20 radiation length (
18 cm ). The leakage of energy below 10 GeV is hence less than 5 %.

1.1.2 Timing of PWO scintillation light

The PWO emission spectrum consists of a blue component with maximum at 420 nm and a
green component with maximum at 500 nm. Ca. 5...10 ns after excitation, the luminescent
intensity decreases rapidly by two orders of magintude. The decay can be described as
superposition of several (4) exponential decay components of different amplitude and decay
constant of which the fastest is 2-3 ns and accounts for 20-30% of the light yield. Globally, after
40 ns only a very small fraction of the initial luminescence is still observeable. The decay time
is normally measured at room temperature, with lower temperature, the total luminescence
decay time gets slower, ca. 20 ns per 25 Kelvin.

Crystol NCB770 xisq=1.05

:Meun : 617.3
RMS : 725.8

- newcrystals

& A P SRR AP AP AR R

Ll . . 1
50 100 150 200 250 300

P T |
350

400

2004/05/16 10.38
L

Figure 8 PWO decay kinematics of scintillation light luminance with new
(9830) crystals at room temperature The decay time has been improved and
most light is produced within 25-30 ns after excitation ( logarithmic scale) At
room temperature, the crystal gets ~ 30 % slower. ( Curteousy M.Ippolitov ,
Kurchatov)

For the APD charge integration by the CSP this means that an idealized output step funcion
for a delta(t) charge input function is only an approximation and would have to be replaced
by a charge generation process consisting of several slopes. The observable effect is that the
CSP risetime flattens towards the maximum and the peaking time of the semi-gaussian
output pulse is delayed by the amount of the risetime delay of the input signal.
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This is an indication that the rising slope of the shaper’s semi-gaussian output carries the best
time information of the initial charge generation process.

1.1.3 Synthetic growth of PWO crystals

The natural form of synthetically produced PbWO4 cristals is the natural Stolzite, a crystal of
gquadratic and bi-pyramidal structure with natural colors: yellow, red, brown. The other natural
form of PbWO4 is Raspite, however it’s different crystal structure turns into Stolzite when
heated above 400 C. The industrial production of Apatity synthetic PWO crystals for PHOS is
based on the Czochraski method: Two metallic Oxides PbO and WO3, powders of very high
purity, are mixed in proportion 1:1 and heated to the melting point i.e above 1123 degree C.
An original crystal seed is then inserted and rotated at ca. 15 rotations /minute and pulled out
vertically at 5mm Zhour. After ca. 60 ..75 hours, a round crystal of ca 25 cm length is grown (
see Figure 9). In a subsequent annealing process, the crystals are re-heated in specifically
chosen atmospheres in which transparency and colors are optimized.

Figure 9 PWO crystals:
Top: synthetic raw crystal
Middle: rectangular cutout
crystal after polishment
Bottom: comparative size
of APD and preamplifier.

1.1.4 PWO light yield with APD diode

The number of electrons produced by an APD by a 1MeV electromagnetic particle in the PWO
crystal at temperature 25°C at APD gain M=1 can be estimated by comparing with the light

yield mesaurements performed using an EMI 9814b! PMT photomultiplier [1] covering the
PWO full exit window. For average crystals with LY =10, one obtains, by putting detector
surfaces and quantum efficiencies in relation:

Napp =N pyt X (Sapp/SpmT) X (Eapp/EpviT)

=10x (25/484) x (0.7/0.25) = 1.45¢/MeV ( LY=10, +25°C)

1. http://www.electron-tubes.co.uk/menu.html
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Where:
- Napp - quantity of electrons in APD;
- NppmT - quantity of electrons in PMT;
- Sapp - area of APD S8148 (5 * 5 mm?)
- SpmT = Spwo area of PMT covered by the PWO window 22 *22 mm?
- Eapp - quantum efficiency S8148 @ A=420 nm (M=1) =70 %
- Epmt - quantum efficiency EMI 9814b @ A= 420 nm =25 %
100 i'T‘fp.|T.1:25 i
-5
— | -~ . f Figure 10 Quantum efficiency of APD in
. =1
& !.{ — "~.¥ dependence of wavelenght. The
5 / i Hamamatsu APD S8148 iss equivalent to
1
2 & ; T S8664-55. For 420 nm, the quantum
i g Al efficiency is 70 %
",_',] F Sased- 2 KOsk 10K I.i.'l
= a0 -2 D0 0, A
= I|||
E B
a i
-
0

) 400 L] =] 1000 1200

At -25°C the PWO light yield increases by a factor between 2.5 to 3. ( see Figure 7) We
interpolate the temperature factor here for an estimation to 2.75.

Napp(-25°C, M=1) / MeV = 2.75 X Nopp(+25°C, M=1) ~ 4 &/M eV

Equation 1 Photoelectrons per MeV for a crystal with LY=10 @ -25 °C

With the above, the CSP preamplifier voltage step for 1 MeV photons with APD gain M and
feedback capacitor Cs=1.2pf is at -25 C is equal to Q/Cy: hence with e =1.6 10"*® Coulomb

Uesp/(MeV) = M N - e/C = M- 0533 pV

Equation 2 CSP output Voltage per MeV

By including the CSP’s intrinsic ENC noise of 520 electrons for a detector capacitance of 100 pF,
this becomes

Uep = LM -4/(MeV) +520 |- e/C; = 0533 M/MeV +69 JuV

Equation 3 CSP output Voltage per MeV including ENC
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The CSP output Voltage per MeV as function of the APD gain is shown graphically in Figure 11

Figure 11 CSP
CSP output Voltage per MeV/
as function of APD gain Output Volta.ge as
function of APD gain

160

in uVolt per MeV for
0 o Crystals with a
/ nominal Light Yield of
%120— / 10.
=
Z 100 The CSP’s intrinsic
= -
3 // ‘ ‘ ENC is a constant
g | comoupporvey | B offset (69 uV). For
5 % shapers designed for
5 60 3.6
: _yszE M=50, the relevant
© ol b figure is 26.7 uV /
e MeV
20 32
.99
.66
33
0 533 . .
0 20 40 60 80 100 120 140 160
APD gain M

1.2 FEE/CSP signals with LED pulser

A blue Kingbright L-7104PBC LED, driven by a 2 ns risetime Philips pulser was operated in front of a
crystal/APDpair at an ambient temperature of -25 Voltl, in order to emulate the situation of scintillating (

blue) light.
o ECroy| ' T ] Figure 12 CSP output relative to a 2
268w | | | e e T GeV equivalent LED pulse. Top: CSP
Hf’ ! voltrage corresponding to 0.833V /pC
T FTTT1TT1T Bottom: Pulser output for driving blue
[,' - LED.
|

e A

(o

1. deep freezer compartment of a standard refrigerator
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, LeCroy
oL ong
2B B

Figure 12 shows the measured CSP output step function for a blue LED for an equivalent of ca
2 GeV. The 2 GeV equivalence is based on the testbeam measurements with the same FEE card
channels where 2 GeV electrons had their peak amplitude at ADC channel # 400 (the APD
gain had been set such that 2 GeV electrons peak at ACD channel 400, this corresponds for
the 14 bit dynamic range to a least significant ADC bit of 5 MeV). Based on this equivalence,
the blue LED pulser light intensity was tuned to the same peak amplitude of ca400 ADC counts
with a bias Voltage setting close to the testbeam setting. With this, the CSP output voltage of
Ucsp = 65 mVolt corresponds to an Energy 2.1 GeV (effective 425 ADC counts of Figure 15).

The a priory unknown APD gain value of the testbeam can be determined: With 65mV /
2.1 GeV follows 31 uV/MeV. With Equation 3 the APD gain was ~ M=58 , a value which is also
compatible to the nominal gain specified by the manufacturer ( see Figure 16 for a bias voltage
of 330 Volt, slightly extrapolated from -20 C) Figure 13 shows that the gain between 320 and
ietray r Figure 13 CSP output
- 1.~ fOr same APD pulse
P R | | withdifferent bias
L Voltages
f E Left Ubias: 320 Volt
el gy e f | Right U= 350 Volt

. : The agin difference is
[ ; amost 100 %

?II\I\IIII;H 1
:5 :
i

—
PEL|E brfrrrefrnr

350 Volt varies by a factor 2.

Figure 14 CSP output for
blue LED with 2.1 GeV
equivalent light .

LaCro!
b0 ns :

20.Emy

1%
i
:

A

// s v

. ..M'ﬂu_m—«-h- e,

The CSP voltage output for a blue LED puser and Uyj,s=320 Volt is shown in Figure 14. The

integrated voltage of 65 mV corresponds with Equation 3 to an APD gain of M ~ 58. The CSP risetime consists
of two parts: LED luminescence risetime ( ~ 25 ns) and falltime ( ~ 50 ns)
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Note: The Luminescence decay time with real EM particles and new PWO crystals is faster ( Figure 8 )
compared with the above LED pulser measurement, hence the secondary slope is steeper. Timing
measurements with LED’s (- and particles) should only use the information produced by the initial risetime.

The measured CW shaper output, produced by the shaper’s “ballistic effect”, i.e. a semi-gaussian amplitude
which is strictly proportional to the CSP step voltage, is shown in Figure 15. The low energy channel is shown
with a vertical scale of 5MeV / bit. With 25 ADC counts pedestal, the peak amplitude corresponds to 2.1 GeV.
With 10 MSamples/s the peaking time is ca. 4 us

| Run 2195, Samples 012, event 10 |

45 LED pulser:

estimated 2.1 GeV equivalent
CW shaper pulse 4 us peaking

400
350 time
300
250
200
150
100

50

0 1 1 1 1 1 I I I
0 50 100 150 200 250 300

Mon Dec 13 15:07:58 2004

Figure 15 Semi-gaussion C/W shaper output of above CSP signal.
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1.3 Avalanche Photo Diode (APD)

Avalanche Photo Diodes cannot be used as single photon detectors, however have a very high
quantum efficiency and a gain between 10 and 100 defined by the reverse bias voltage ( order
of 300-400 Volt). APD’s consist of a reverse-biased p-n layer in which a high internal field
provides avalanche multiplication of carriers. The p side is attached to another p++ doped
layer for gamma conversion, covered by a very thin Si3 Ni4 transparent window for light. The
APD response for light pulses is about 10 ns

B Dark current vs. reverse voltage W Gain vs. reverse voltage
m {Typ. Ta=25 'C} 1000 {Typ. =420 nm)
100 nA —
SBEG4-55 20°C fFrrT]
E o SBEG4-E50K L 10 "4 s x/.
L _'.r b A T A T
o SBEGE4-30K - Z1H 0c I‘{(’;’;’;’A
o = 20°C
S 1na e = 77777
° — = I/
i i "
=l
o 100 pA é?‘ 10 I'I'I'l/ ~
— T A
= ___.__,..’ P
0K W
10 A SH664-10K §0°C
PA m——— — |
SHEG4-02K
|
1 pA | 1
100 200 300 400 500 200 300 400 500

REVERSE VOLTAGE (V) REVERSE VOLTAGE (V)
B Terminal capacitance vs. reverse voltage

{Typ. Ta=25 "C, f=10 kHz)

10 nF
l SHE64-65
T - 58664-30K
= N o & JE—
E o = 58664-50K —
) ]
& 100 pF ; == ‘%3%_ _
=g \__\_ — Figure 16 Hamamatsu APD S8664-55
'S ] B
:l -
= 10pF . ..
z ""Ex \52,‘,_ with a sensitive area of 5x 5 mm? shown
= P - on the back-side of the CSP with metallic
=R i mounting base.
— s8664-10KF=— speacon’
100 fF & !_ — |_ — =
W] 100 200 00 A00 500

Contrary to the initial choice of PIN diodes for PHOS [1], APDs were chosen since PIN diodes
show a strong sensitivity for the punch-through of charged particles like muons (nuclear
counter ), whilst this effect is quasi neglegible for APD’s [12] due to their comparatively much
thinner depletion layer ( 6 um, compared to 280 um for a pin diode). The chosen Hamamatsu
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$8664-55 (S8148) is a Si APD diode in ceramic package with sensitive area of 5*5 mm?. At -20

C the nominal gain M= 501 corresponds to a reverse bias Voltage of 320 Volt, with a terminal
capacitance < 90 pF ( see Figure 16) The dark current is a strong exponential function of
temperature, hence the data sheet value of 4 nA at +25 C can be extrapolated to a value in the
order of 1nA for-25C

1. For operation at -25 C we extrapolate to M=55 for 320 VV
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The APD factory gains are however not applicable at -25 °C for PHOS, considerable spreads
in gain have been measured at the PHOS operating temperature (Figure 17).

| Run 1111, Gain, channels per GeV | hGains
Nent = 56
50— Mean = 236.4
RMS = 81.19
4. -
3.
2.
DI | I | I ‘ L H
0 100 200 300 400 500
Mon Oct 11 15:52:26 2004
[ Run 1422, Gain, channels per GeV | hGains
Nent = 56
20F Mean = 207.2
= 1] RMS = 5353
18—
16—
14—
12
10—
8—
61—
4
2
= 7 ! . [\ i ! . ! i
0 100 200 300 400 500
Mon Oct 11 15:43:53 2004

Figure 17 APD gain hardware calibration of 58 channels with 2 GeV electrons
TOP: uncalibrated, very large spread of relative gain. BOTTOM: calibrated to 5.3%
via hardware APD bias control on FEE card (2004 october test beam )

For the hardware gain calibration, individually programmable reverse bias voltages are
generated on the FEE for each APD in a range 200...390 V. The Voltage settings are
programmable via a 10 bit DAC under control of the PCM controller (see Chapt8 .). The result
of APD gain calibration with the FEE-card-resident Bias control logic is shown in the bottom of
Figure 17. (In this example a calibration level of only 5% was reached due to unavailability of
fast online calibration tools during the 2004 october testbeam.)
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1.3.1 APD gain choice for PHOS

A compromise between a high signal gain, noise and signal stability is required. With a
practical APD gain range between 10 and 200, we have chosen a nominal value M=50 in
combination with the CW shaper gain. This choice has a 15 % lower excess noise than M=100
which has a direct effect on the stoachstic term of the energy resolution. More importantly, a
low gain keeps the gain dependencies on temperature and voltage low ( see Table 5 ). These
dependencies have an important impact on the constant term of the energy resolution, in
particular the programmable gain inter-calibration is limited if the gain setting is too high: With
a gain dependence of ~3.2% per Volt at APD gain M=50, the bias logic can achieve with 0.2
Volt/bit an intercalibration precision of 0.6 %. Shown in Figure 18 is the percentual gain
dependence on bias voltage as measured by CMS for room temperature: a factor 2 in APD gain
increases the dependency by a factor 2. i.e with gain M=100, the gain dependence is 6.6%
hence the APD intercalibration precision would be 1.3 % per set bit.

In view of the large numbers of crystals, fast online calibration tools are needed for a complete
intercalibration via Bias control hardware of the FEE.

.. The major APD characteristics for PHOS are summarized in Table 5.

Table 5 APD parameters S-8664-55

M=50 T=- 25 C parameters Value Comment

active area 25 mm?2

terminal capacitance 90 pF for detector capacitance add
(Figure 16) 10 pF for FET input

Dark current (Figure 16) <1nA estimated from 3nA @ +20 C
Quantum Efficiency (Figure 10) | 70 % M=1 and 420 nm

gain dependence on bias volt- 3.3% per Volt room temper- | M=50

age ature

1/M * dM/dV (M=50)

gain dependence on Tempera- -2.2 % per degree room tem- | M=50

ture
1/M* dM/dT (M=50)

perature

60

50 - .
% 40 *

*

S 30 <
B o’
g 20 ”0
—

10 /

0 T

0 500 1000 1500
Gain

2000

Figure 18 Gain-Voltage coefficient of CMS
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1.4 Charge Sensitive Preamplifiers (CSP)

The charge sensitive preamplifier CSP [11] produces an output voltage step which is
proportional to the charge Q produced by the APD on its input capacitor. The voltage step Uy

is inversely proportional to the feedback capacitor Cy. Figure 19 shows the principle:

Cp= 100 pF
+HV F% Ry Re= 100 M
LU C= 1.2 pF
C f p
PWO Rp Cs
I
-~ - - |- EM shower Q |
i R APD :
Ve A % L
. D
scint. light 1
blue, green ENC level

Figure 19 Charge Sensitive Preamplifier (CSP) principle

the input charge Qapp isgiven by the number of electrons on the detector capacitor Cp,

produced by scintillation light in the APD sensitive area ( see Equation 1) and multiplied by
the APD amplification gain M. The APD is reverse biased to 320..350 Volt via a very high
resistance R, The high voltage is decoupled via Cg from the input of the pre-amplifier. The

charge Qapp ,due to the high gain A of the amplifier, is effectively charged on the feedback
capacitor Cs. The input of the amplifier is however virtually at ground potential, therefore the
Voltage at the output of the amplifier is given the charge on Ct. hence:

QA PD
Vg, = —22
out Cf

The charge Qapp produces a voltage step V. like shown in Figure 12.

In order to be ready for a next measurement after about 5 us (200 Hz maximum channel rate
assumed), a discharge resistor Ry is used in parallel with C; and dimensioned to discharge the
capacitor with a time constant of 1 us. This auto-dischcharge method has as side-effect that
the CSP signal is subject to an operator which needs to be cancelled by the shaper ( see
Equation 16 of chapter 7 ) in order to cancel baseline movement for every signal.
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Figure 20 Forward admittance
of the 2SK932 input stage J-FET.

equivalent of the J-FET can be estimated from its forward admittance curve of Figure 20.

The Kurchatov/Bergen design of the CSP preamplifier was tuned for amplitude independent
rise-time as shown in Figure 21.

remade CSP, Cdet=100pF MERSURE
\
—~
r—_ | C5P : 0FF Cursors
DR
——mode:
/ Std Voltage
Std Timg
1 Custom
%tvw#w%%%%ww— Pass
Fail
rstatistics—
\ e [
\ pulser —on trace—
o/ T — [ 02
——fram
120 sweeps: average lou high  sigma 952 div
period (1) e
width(]) oo - oo oo — - =4l
rise(1) 12.0 ns 19.0 15.9 1.2 to
Fallt!) o o - 9.16 div
delay(D) 156ns 149 17.1 8.4 43 pts
500 MS/s
1 Ext DC 235my 508
0 auto

5-Mar-03
17:24:13

1
10 ns
2.000 Y

10 ns
2.60v

10 ns
1.2 VA

2.2V A0

]

remade C5P, Cdet=100pF MEASURE
OFf Cursors
. P
S St
——mode:
/ std Yoltage
Std Time
J 1 Custon
A = Pass
\ EETH
statistics—
\ SO
pulser I
L/ ™ —on trace—
iz
. ) ) —fran
‘ 143 sweeps: average low  high signa | g55 giy
period(D e e m
uidth(m e
rise(]) 88ns 665 115 14 to
Fall(p . . . ___| 9lbdiv
delay(]) 13.30 130 147 e.3 [ f3pts
500 MS/s
T Ext DC 2350 560
0 auto

Figure 21 Tuned CSP for risetime 9...13 ns over dynamic range ( max 5 Volt)
with 4 ns input signal (from [14])
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The CSP preamplifier dissipates ca. 60 mWatt, hence the total heat dissipation of all 3584 CSP’s
inside the cold volume of a PHOS module amounts to 215 Watt

Figure 22

Photo of CSP
preamplifier with 6
pin Molex connector.
The test capactitor
C5 is only to be
mounted for testing.

C5 only Pinout Molex 53047
for test
1....... -6V, 2.2 mA
2, HV Bias
3 Gnd
4. +12V, 4.2 mA
B CSP-Out
6..ooov (Test in)

Figure 23 shows a CSP mounted together with a PWO crystal. The APD, soldered to the CSP

Figure 23 Preamplifier and APD attached to PWO crystal

backside, is glued to the crystal.
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The parameters of the Bergen/Kurchatov CSP, tuned for equal risetime ( 9.. 13 ns ) over the full
dynamic range are:

- sensitivity = 0.833V/pCor 0.133uV / e-

- open loop gain 10000

- feedback capacitor effective C¢=1.2 pF

- Output Voltage for APD gain M=50: 26.7 uV per MeV + 69 uV(ENC) ( see Figure 11)
- rise time 15 - 20 ns over full range ( see Figure 21)

- discharge time constant: nominally 100 us via 100 MOhm resistor

e "ENC=200e+32e/pF *Ci,(pF)

- "DC output level =-0.5V

- Full swing over energy range: 2.4 Volt for CW shaper, 5 Volt for K shaper
- "power =12 V (4.2mA), -6V (2.2mA)

- "power dissipation = 64 m\W

- power dissipation of all CSP’s in 1 Module = 230 Watt
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2 FEE electronics in the warm zone

The overview block diagram of the PHOS FEE electronics, including CSP preamplifiers, TRU
trigger unit and RCU Readout Control Unit is shown in Figure 24.

) ) APD—adapted Shaper Altro-chip TPC-like readout backend
Charge Sensitive Preamplifier

WFET) Vs =-|C-J[ dt seimjgauss 2digtizationranges | Sampling 2.-.10 MHz DATE
TS nsE - (Gamma-2)

TS 7 e

RC discharge =170us peak=4 us A5 MV 5GEV = D AQ
____________________ AesBMe B0GeV w LT

‘4 I

| APD: Hammamatsu | WipC - A)RChighpass B.) Active Bessel fiter Y | DDL (datalinkH
SEMS Smm? + '

ol " [Shaper BW=80 kHz LE‘> -,H- ! o
U ST P ‘.. Shewt | | g
Cold Lic . ! i High gain S5 Egagﬁ P
1 pa =l
e > % [N =N P

e ;A2 " pipeline 1
- ole —Zero) I

PWO % ’QS;P ancellatio 2 [é’hc “:I "'lf| )’ i Readout

A g Low gain [ 1 Controllgr
=50 "[‘]Rbias ‘ok. & Temperature probes ~ ————————— | . . !
—-,'-'l Ao L SPI serial cortrol bus bt RCU
I ]3}2;010 v [~ L{ 8 i
o " 40 cm cables 51 Trigger
o . _— NiARAARARRARRE § U Leveln | (LYDS)
"+Hv 390y |HY Pias — s — TRU £
e 1 — =. 5
! 2°2 analog Sums i 112 analog I el
i 100 ns FAHM — ORInputs r T
i Warm/ 4 MeV—33 GeVrange ’ r '
32 channe! APD bias control (Trigger Region Unit, Level-0/1)  Phos Control&hanitoring

Figure 24 Global overview over all PHOS electronics. FEE electronics is
within the dotted area (warm).

The APD and Charge Sensitive Preamplifier (see Chapter 1 ) are situated at the crystal ends
in the cold zone. The output of the CSP is a voltage step proporional to the input APD charge
with ca 15 ns risetime and ca. 100 us discharge. The gain of each APD diode is regulated to very
high precision by programmable high voltage controllers on the FEE card. The CSP signal is
passed to a shaper which produces a semi-gaussian output pulse, represented analytically by
a Gamma-2 function. The shaper’s second order cutoff characteristics of -40dB provides signal
over noise separation, and corresponds with 80 kHz bandpass to a semi-gaussian peaking time
of 4 us of the semi-gaussian output pulse. The 16/1 gain ratio of the high/low gain shapers
corrsponds to two ADC ranges: 5 MeV..5GeV and 80 MeV .. 80 GeV, each of which is digitized
by a 10 bit ADC with sampling frequencies selectable between 1 and 20 MHz. The digitizers
are Altro-16 chips [3] with built-in zero-suppression and pedestal memory and in particular
with integrated Multi-event buffers for pipelined event storage under control of external L1
and L2 timing signals. The common GTL+ readout bus of the ADC’s is mastered by an external
Readout Control Unit (RCU) which reads, under timing signals of the TTC network, events
from the Multi-Event Buffers (MEB). Whenever a level-2 trigger is received by the RCU, it
transfers data in an event-coherent way from all MEB buffers of all buffers to a local event
buffer in the RCUL. From here, PHOS event-data are sent via the 200 Mbit/s optical DDL to

the Local Data Concentrator (LDC). The RCU also masters a custom serial bus protocol, (similar
to 12C) for control and configuration of the FEE electronics. For this purpose, a programmable
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Board Controller (BC with PCM logic) on the FEE electronics cards can be addressed like 12C
slaves, providing access to a number of memory-mapped control and status registers. These
allow for voltage and temperature monitoring or serve as HV Bias settings of the 32 APD
gain control channels. The PCM transmits the settings of the HV Bias via an onboard serial bus
(SPI) to the precsion HV bias control.

Analog sums with fast shaping time of ca 100 ns are created for each 2*2 crystal quadlet. These
signals are generated on the FEE and transmitted via short cables to the Trigger Region Unit
(TRU) where they get digitized and processed. Also the TRU is mastered by the RCU using the
same GTL readout bus as the FEE cards. Temperature and current monitoring as well as
localized shutdown features allow that in case of FEE board problems, individual cards can be
disabled without damage or without affecting others. For local interventions, the FEE
electronics cards are also equipped with a processor-based USB port, providing diagnostic
access to all data and status registers.

1. the new RCU allows for sparse data scan, i.e it will read out only those MEB buffesr with significant
data.
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2.1 Front End Electronics card FEEC

A 32 channel FEE card (Figure 25 ) was designed in collaboration between CERN and HUST
University of Wuhan as a 10 layer board. It contains 32 dual-gain shapers, four Altro-ADC’s
[3], PHOS Monitoring and Control firmware (PCM), eight analog OR’s and 32 High Voltage

16* HV bias Signal input of double Signal input of double

controllers strig unit (left side)  analog shapers  Strip unit (right side)
left side (both sides y

s . Py

16* HV bias

controller:

right side
/

digitizer
4* Altro
both
sides
LV
regula = A
g
uss b PCM
chip irmwar

/ v
HV and LV power  USB port /4 Fast Or GTL control ~ GTL data bus
connectors JTAG port outputs bus
Figure 25 PHOS 32 channel FEE card HUST/CERN version 1.0

bias controllers.
The card dimensions ( 210 * 359 mm?) and connectivity correspond to the geometrical

requirements inside the PHOS Calorimeter. The following peripheral connectors are available
(see Appendix 2 ):

. LV connector Phoenix MSTB 2,5/ 8-GF-5,08: a6-way power connector with 4 analog and 2 digital supply voltages
for the LV voltage regulator section. Corresponding daisy chain cable connector: Phoenix TMSTBP 2,5/ 8-STF-5,08

. HV connector: dual LEMO connector ( Lemo EPY.00.250. NTN) for daisy chaning of the input High Voltage ( 390.0 V
) for the 32-fold Bias controller.

. Mini-USB connector for service, diagnostics and firmware upgrade (Mini-USB Lumberg 2439-2301)

. JTAG connector for PROM-loading ( 10 pin/ 2-row standard 2.54 mm )

. Fast OR output for Trigger Unit, 8 * differential ( 8 pin/ 2-row standard, 1.0 mm) Samtec FTSH-108-01-L-DH-A
corresponding to a 16 wire flat cable of 50 cm lenght, Samtec FFSD-08-D-20.00-01-N

. GTL control bus (26 pin Samtec EHT-113-01-S-D-RA ) and GTL data bus (50 pin EHT-125-01-S-D-RA )

. Signal input: left and right frontend connectors ( LV, HV and signals) 60 pin Samtec L S2-1-30-01-S-D-RA1
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The 14 bit dynamic range (5 MeV - to 80 GeV ) is implemented as 2 overlapping gain channels,
each digitized by a 10 bit ADC. With a gain ratio 16/1 = 2**4, the dynamic range is 2**(10+4) =
14 bit.

The analogue part of the FEE cards consists of two banks of 32 semi-gaussian shapers with two
implementation options: CERN/Wuhan (C/W) and Kurchatov (K).( see chapters and
221 222)

The shaper logic is repeated on the PCB as dual-channel layout macro, on which either the CW
or the K shaper optlon can be mounted (Flgure 26)

Figure 26 Photo of analog shaper macros on the FEE cards, each can be
quipped as either CW or K shaper ( shown here CW shaper)

The digital part of the FEE card consists of 2 banks of 32 ADC’s of 10 bit with selectable
sampling rates between 1 and 20 MHz. The ADC'’s are implemented as four Altro-16 chips [3]
with integrated multi-event-buffers, zero suppression, pedestal memory and processing chain
('see Chapter 9.1 .) The choice of using the Altro allows the use of the TPC readout backend
via the RCU master and PCM slave logic.The FEE card contains 32 remotely programmable
high-voltage controllers of 0.2 Volt /bit for the APD bias voltages.These are implemented in 2
blocks of 16 HV controllers at the left and right sides of the front-end connector.
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Figure 27 shows the four superimposed routing layers of the PHOS FEE card.The shaper

R .. o , AE ’i s "::: E 12 Figure 27 Superimposed 4
ok =) 4 - =28 ’ EmaY Routing layers of the PHOS
FEE card ( Version 1.1)

1. GTLdata bus connector

2.GTL control bus
connector

3.PMC FPGA
4.Shaper macro

5.HV APD bias control
6.Fast OR connector

10

7.LV power connector
8.Status LED’s
9.Run/Test switch
10.Signal connector

11.Reset pushbutton

EEe 12.Cooling pipe
15 13.HV connector

14.USB connector
= 14 15.JTAG connector

10

macros and Altros are placed on top / bottom of the FEE cards. The traces between the signal
connectors and the shaper macros are equalized in lenght. The High Voltage controllers are
placed on the left and right sides, not overlapping with the shaper signals. Each Altro chip
receives 16 shaper signals which are read out by a 40 bit digital bus. For local servicing of FEE
cards in the laboratory the control and status registers can alternatively be mastered by
dedicated diagnostic software on a PC connected to the USB port.
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Shaper U-Ref

The Top and bottom Silk layers of the FEE cards are shown in Figure 28

i o e '

Be e

j'. DAC-C

LK
g, 2800

-y Tv%e : _ =7

¥ -~ A
+5Va shaper .
LV-SHAPER/CSp ~ T°V Bias

e. 54 i3 |
: ':“:B“: S8 o ] )
: fEﬁ:ﬁ“ s Eoﬁ. : 2 ‘ﬁa Figure 28 Merged Silk layers
8 Ry + of top and bottom FEE card
G L b oL E
[ Bt “ iaH‘E‘ H :E
% Tt ]
T ddaiizoes E _
PN -« s | 1.GTL transceivers
# e & 2.PMC FPGA
i b K .

3.ALTROs ( Top + Bottom)
4.Flash

5.USB controller

6.Clock drivers

7.LV regulators

8.Reset FPGA and USB
9.Reload

10.Eprom USB

11.Temperature Sensors ( T +
B)

12.Bias DACs
13.Fast Or shapers
14.Dual g. shapers (T+B)

The details of the 10 layer PCB stacking are depicted in Appendix 13
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2.2 Semi-gaussian shaper

For 32 channels with 14 bit range, 2* 32 semi-gaussian shapers of high and low gain are
required. The PHOS shapers are built in discrete logic from a RC high-pass and a second order
active low-pass with acommon cutoff frequency f; corresponding to a integrator time constant
1=1/(2n f.) (see Chapter 7 ). The ENC noise analysis for this CR-2RC type shaper ( see chapt

6.4 ) results in an optimal integrator constant for T = 2 us.

The second order implementation was chosen in view of globally 13% better noise suppression
compared to a first order version. For the 2nd-order implementation, the corresponding
peaking time 1, of time response pulse is the order of the filter (n=2) multiplied with the

integration time constant, hence the peaking time of the output pulse for t=2 usis
Tp = 2* 1 = 4us.

The shaper constitues a bandpass with a -20 dB/octave high-pass, followed by a 2nd order
low-pass of -40 dB Zoctave. A differential driver polarizes the shaped time-response pulse into
two skewless, complementary signals of 1 Volt maximum swing, corresponding to the 10bit
analog input range of the ALTRO ADC:s.

The analytic solution of the combined CSP / shaper circuitry is analytically obtained as
semi-gaussian time response:

t
n—

Vout(t) = {@Cf—An} : [I_Lp}n-e_ T

Equation 4 General form of analytic shaper time response of order n

where n is the order of the integrator stage, A the open loop ampilification factor of the CSP, Q
the charge at the input of the CSP, C the CSP feedback capacitor and 1, the peaking time of the

pulse Vgu(t).

In general, a second order (n=2) shaper generates a Gamma-2 time reponse of time constant t,,,

Vout(t) = Q * Gain factor * I',(t,1)

with a peak amplitude proportional to the APD charge Q and a time position of the peak
amplitude which is amplitude independent. This is mathematically due to the linearity of the
CSP - Shaper chain and conditioned by a delta-function like APD charge collection time. For
an integral charge collection time in the order < 35 ns (see 1.1.2 ), no amplitude dependence is
observed however the peaking time of the output pulse is delayed by the charge collection
time. The primary charge generation time can hence be determined from the output pulse
shape.
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The offline determination of Time Of Flight (TOF)( see chapter 5 ) depends on the linearity
between the APD charge stimulus and the ballistic effect of the shaper, producing a
semi-gaussion pulse in a very linear relation with the charge integral. The shape of the
semi-gaussian output carries the charge timing information, which can be recuperated offline
with very high precision.

By defining ty as the time at the peak amplitude of the shaped pulse, the output pulse is
decribed by Equation 6.

t—to

29 t—t2 T

Vout(t) = 4QC£fA [ O-I e

T

Equation 6 PHOS shaper response function

Using low tolerence values for shaper resistors and capacitors of the shaper, the measured time
response of the pulse is very well described by the above analytic form. Figure 29 shows the

z [ D 1

i Entries 64 Figure 29 Measured

12 Mean 3980. distribution of 1 for all 64
I ;:}sdf — /42.$? shapers of one FEE card:

n .

i Constant 7.961 3.98 us mean
i Mean 3984.

10 - Sigme 14,59

B —

6 oo
4 |-
2 -
[ L L I_I—J""- L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 L 1 1 I 1 L L
03300 3850 3900 3950 4000 4050 4100
Tau, ng

measured distribution of shaper peaking times over all 64 shapers of an FEE card. It
corresponds in a narrow band of 0.044 us to the design value of 4 us.

The analytic form of the CERN/Wuhan shaper is shown in the following sub-chapters
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2.2.1 CERN Wuhan shaper

The schematic diagram of the CERN/Wuhan shaper is shown in Figure 30. A low noise buffer

Low Energy range (high gain 7.2) 5 MeV .. 5.12 GeV
U csp =137 0V -

0.1403 Volt
.L;?j
) igh Energy range
E \ }
10b
(5 MeV.. 80 GeV)

0.24V

second order Bessel filter

Bole zero cancellatl gain =2 x
z*Cz = 3

high gain = 3.6 symm. diff driver
R2 gain =1

Differentiator,
fc =80 kHz

Low gain = 2* 0.225 U Altro, max =1v
R2

\ low Energy range
High Energy range (low gain 0.45) 80 MeV .. 81.92|GeV 10b
U csp = 219 mV -2245V
Altro
Le—— Fast OR

_

e ey |

e |

Figure 30 Schematics of the CERN Wuhan shaper ( C/W)

of gain 2 separates the combined RC differentiator/ pole-zero network from two active Bessel
filters of gain ratio 16. The high gain shaper passes the low energy signals from 5 MeV to 80
GeV into the 1 Volt input range of the 10 bit ADC. With a total gain of 7.2, the low energy range
shaper features an optimal RMS noise of 0.62 ADC counts (Figure 60) with connected detector
at APD gain M=50.

The high energy range shaper applies an attenuation of 0.45 in order to fit high-energy CSP
signal amplitudes of up to 2.4 Volt into the 1 Volt ADC window. (The RMS noise is irrelevant
for the high Energy range). A skewless, fully differential output stage with high frequency RC
filter connects the shaper to the ADC input. The fast OR shaper signals are derived from the
shaper input signals.
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The shapers were initially designed with Matlab [15] according to the filter methods described
in chapter 7  For the high energy range with target gain =0.45 the analytic form of shaper
time pulse fuction ( Equation 7) is shown in Figure 31: superimposed with a mathematical

378691107,
C/W Shaper .
fm Figure 31 Calculated transfer

e W1 Eneity 1ance response for C/W shaper [15]:
Superimposed semi-gaussian time
VY response of order 2 ( Vsg(t) ) with
shaper B of gain =0.41, covering the
high Energy range 80 MeV-81.92 GeV
in 1024 bit

i} - - - - - - - _- -_'”"_
0 210 ¢410% 610 %810% 110 *1210 1410161078107 107°
10’ t

t
t T . 22 06(us)
4.06us

Equation 7 Analytical C/W shaper equation High Energy range

V(t) = 2.798- 10°- [

Gamma-2 function.

The same analytical output is shown for the low Energy range with gain =7.2 in Figure 32 and
Equation 8:

L
_ 3 [_t 7% faiws
V(t) = 47.4-10 [4.1;5} e

Equation 8 Analytical C/W shaper equation Low Energy range

/5000
642107,

C/W Shaper Figure 32 Calculated transfer
low Eneray rage response for C/W shaper [15]:
Superimposed Semi-gaussian

6000

%t‘"m order 2 (Vsg ) with shaper B
output (Vsb) of gain =3.35,
covering the low Energy range 5
2000 MeV- 5.12 GeV in 1024 bit
0 o

0 210°410°610°210° 1101210141016 1071810210 °
D0, t 20107°

These design values have been tuned after verification in the testbeam including the pole-zero
cancellation. The obtained gain and RC values are shown in chapter 7.2 . The measured gain ratio
is 16.3

2.2.2 Kurchatov shaper
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On the FEE cards V 1.0 and V1.1 a simple 2us shaper option is available as alternative
implementation option. This Kurchatov shaper is depicted in Figure 23. It uses less active
components and replaces parallel differential amplifiers by skewed differential amplifiers.
With a common attenuation of 0.22 in the input stage, the K-shaper requires twice the linear
output swing of the CSP at a nominal APD gain of 100. With shorter integration time constant
( wider bandpass ) and with attenuation of low Energy signals, the RMS noise is ca 900
electrons (see 6.3 ). A revised K shaper is subject of ongoing R&D and will be documented at
a later time [23] i

bandpass gain = 0.22 skewed diff driver
. . R2 gain =1
1* Differentiator

igh Energy range

——
10b

ow Energy range

b
10b

Fast OR

Altro
Figure 33 Schematics of the Kurchatov shaper ( K)

2.3 High Voltage, APD bias control

The large spread of APD gain at T =-25 C of up to 300 % makes gain control of APD necessary.
The FEE cards implement therefore 32 individual high-voltage bias controllers for all
connected APDs (see Figure 34).
I+ 390 VvV
R

PHOS FEE card

| |
|
" PHOS
SPI ¢ H Cold Zone
8X 8 n
Alice | II_ =
SP
Slow maste DAC, 104 II g - a
controls Registers + ¢ ' 8
= B2 :
. DAC, 104 i lx 8
L _ 7 H =
[+
-
etherne EPGA l o L : @
RCU 3% u 32* APD
Ias 19} u 8
Board Controller DAC, 10 Il_ gm 8
DCS I ] -
board |12C Master + ¢ - S
a 8
8X 8 I_ : II_ —
] I_ u
DAC, 104 I_ 8n
|
o : g
Bias control logic (2* 16 ch) &
|
| |

Figure 34 Principle of HV Bias controller
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A single LV->HV converter cell is shown in Figure 35

390 V ?
KPC452IJ
<
=h

6.2K

HV; out to APD
(~200-390V)

Figure 35 PHOS LV-HV adapter ( one of 32)

32 individual precision voltages in a controlled range between 200 and 390 Volt are derived
from a common input Voltage of 390 Volt [24]. The controller circuit for HV; regulation via

optical couplers is depicted in Figure 35. Each APD bias is set via a 10 bit digital value,
converted by a 10 bit DAC for a slope of ca. 0.2 Volt/bit. The maximum Voltage corresponds
to the input voltage ( 390 V). Each DAC is controlled via the Motorola SPI serial bus, mastered
by the PCM controller FPGA.

Each individual APD has a nominal leakage current of 1nA (-25 C ), however each converter
circuit requires a current of ca. 20 uA per channel for a bypass resistor in order to operate in
a stable way.

With 32 HV supply channels, a single FEE card requires a minimum of 0.64 mA @ 395 Volt.The
DAC settings are controlled remotely, via the RCU, though the slow control system. The RCU
operates as networked master which can address ( via the 12C protocol of the FEE readout
backend) all registers of the PCM board controller. The 32 DAC registers are simply mapped
into this register set.

. The Bias regulators are grouped into two 16 channels at the left and right extremes of the FEE

-

e~ WS, - , Figure 36 Photo of the right side block
o - of 16 Bias controllers on the FEE

card.The high voltage traces to the FEE
connector do not cross with any signal.
A capton foil protects the upstanding
ceramic capacitors from touching the
cooling cassette and pipes which will
surround the FEE card.

¥ g . - SO ,,ﬂ,
card, allowing for HV signal routing to the FEE connectors without crossing signals. The total
current drawn from the 390 V primary supply per FEE card is 0.65 mA such that 14 FEE cards
can be alimented from a single, daisy chained HV supply line of max 10 mA. With 8 FEE

domains per PHOS module, this corresponds to asingle, 8 channel HV ISEG supply! (compare
Chapter 15
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2.4 Readout Backend

The digitizer and readout backend of PHOS FEE electronics is closely related to the Alice TPC
electronics [10] and hence uses the 10 bit ALTRO-16 chip! [3] developed for the Alice TPC. The
Altro ADC contains zero-suppression logic as well as an 8-deep multi-event buffer (MEB). A
GTL+ bus, mastered by the external RCU, is used for MEB readout under timing of the level-2
trigger rate.

A single RCU partition has two GTL branches, i.e. covers 28 FEE cards and 2 TRU cards. New
features of the RCU allow for sparse data readout, allowing to skip the readout of empty buffers
and leading to significant reduction of the required readout bandwidth. The 40 bit wide GTL
bus implies that groups of four 10-bit ADC’s inside the Altro chips can be read in parallel,
hence with 16 ADC'’s per Altro chip, digitized samples are read out in four consecutive bursts.

The 40 bit wide GTL+ data bus is used together with a 26 bit wide control bus, which
interconnects TRU domains ( 14 FEE cards) with the RCU module. The latter masters the MEB
readout as well as control and setup of the FEE cards via the control bus which contains the 12C
protocol as a subset.

RCU branch 40 bit bus

¥ 3B I B 24 19 0

\ T T
Par  BCAST BC/AL Channel ADDRESS instruction code ‘ Data
£ [ |

Branch gr / FEE card geographical addresses Altro adresses Altro internal _addresses
s \ \ \
v < \ \ \
N \ \ \
- Voo \
RCU

r S

Branchl | Branch0| [ — — — @m s o  wmw o ws  @m] e
0 0 ﬁ\ 0 0 \ 0 0
\ \
FEE-15 FEE-14 FEE—8\ TRU FEE-7 \ FEE-2 FEE-1
\
. - - \

4AltrochipyFEE T 7 1T 155 \

L \ ;

e e
Notedsting: 001b 101b 110b 1llb T — — 4 T

Figure 37 Address scheme of 14 FEE cards and one TRU card via the 40 bit GTL bus

1. ISEG EHQ 8605p_156-F ( 8-ch floating ground )
1. commercially available via ST Microelectronics
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The TRU module is connected to the same GTL bus as the FEE cards, hence is seen by the RCU
like an FEE slave. The RCU address mapping for the PHOS FEE cards is depicted in Figure 37.
The channel address field in the 40 bit frame contains a 4 bit geographical address by which
FEE cards are selected. These addresses are allocated to fixed posistions on the GTL bus.

Note: The TRU is placed at the special address 0 which is geographically in the center of the
GTL bus.

The TRU card may also act as RCU master if connected to an external USB2.0 master (any PC
with appropriate software).
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2.4.1 Channel mappings

For each FEE card, there is a fixed relation between Altro chip High and Low gain channel
addresses of the connected 32 crystal channels. Figure 38 shows this mapping in a geographical
way: one FEE card maps with two rows of 16 crystals. The crystals are numbererd with their
CSP preamplifier numbers.

Left (TOP) FEE connector

ALTRO 2 ALTRO2 Altro OlOb
a}i\@n 2 ALTRO2 /
ALTRO 2 . ALTRDZ
ALTRO 2 E ALTRO2
k \
ALTRO 3 E ALTRI} 3 ItrO Ollb
ALTRO 3 ALTRO 3 f
ALTRO3 ALTRO 3
ALTRO 3 ALTRO 3
ALTR 4 ALTRO 4 AHZI'O 100b
ALTR 4 ALTRO 4
ALTRON 4 [ ALTRO 4
ALTRO & — ] ALTRO 4
ALTROD { ALTRI} 0
Altro 000b
ALTRO O i ALTRO 0
ALTRO0 /
| HI
Cr yga] S : o rmeoo

row 2 —

FEE card %\}'\,Stlals

Right ( bottom) FEE connector

Figure 38 Channel mappings Altro - PHOS crystals (CSP)
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2.5 Quad analog sums for TRU trigger

Since 80% of the PWO scintillation light is generated withing less than 35 ns ( see Figure 8), a

relatively precise charge TRU trigger can be based on 100 ns analog sums based on 2*2 cells.
The TRU alogorithm generate charge sums over a 4*4 sliding window based on 2*2 analog or inputs.

In order to generate 2*2 analog sums, the FEE cards split the CSP preamplifier output signals
into semi-gaussian and in fast-OR channels. The latter are generated by simple RC shaper (
see Figure 39) with 100 ns FWHM on the FEE cards. With eight analog sums per FEE card, a
TRU trigger card receives 112 analog sums from 14 FEE cards ( for connectivity see Figure 97).
In this way, one TRU card receives summed charge signals from 14*32 = 448 crystals.

csp_A1 o1 | I82pF 1.8K
'? 11 | S |
CSP_B1 i i82pF [ [ 20pF 4.92K
11 —1
csp_Az 51 I82pF 4.22K
CcspP_B2 _51 82pF
I | ” b 4.22K
r—
 — R
+2v5_ref AKX QUAD+
O+2v5_ref /
Channel Gain =2.25 4.22K
+
—
4.22K

v

Figure 39 Schematic diagram of simple Fast Or shaper. There are two RC time
constants for fall and risetime which combine 4 CSP signals into s summed signal. A
differential line driver allows to send the quad charge signal over a 50 cm diffrential
cable to the TRU trigger card.
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Figure 40 A shows the time relation between the CSP output and the analog sum signal. .

8-Dec-B4
14:08:30
lecroy
el I Figure 40 A Direct Fast-OR
1.5my [ = P S S [ | signal on the FEE card relative
e : i, - | to one of four CSP outputs is
— / | ||| shown. The CSP signal
1.00 V T corresponds with 250 mV and ~
— J A F . 25uV/MeV! to~ 10 GeV per
S VH VTS PEDEE Y 208 M eS8 S e ..,_,_..,.,-.,.T.r._,g crystal. The Fast OR output

\ I Voltage from 4 equal CSP
signals of 4*10 GeV is 2.25 Volt

1. Equation 3

The latency between the risetime of the CSP signal at the FEE card input and the FOR is ca 75
ns, hence with ca 1 m cabling before and after the FEE card the FOR signal is available at the

TRU input at ca 80 ns after the APD charge conversion. Differential flat cables® of equal length
(50 cm) connect the FOR output of the FEE cards to the TRU input. With 10ns APD charge
response and another 10 ns for the scintallation light after excitation, the FOR signal is ca.100
ns after interaction available at the ADC of the TRU. This ADC has a 12 bit range for 2 Volt

1 leCroy 1 1 1aCra 1
e + . eCray el mm
Ll ops HE us I il ML PR S P
1.3 % fLsnhibincy b mid s i w | - ﬂ% W n"‘\- o T
CSP - .!.. R wae] o A w.. . ..Eé ........ o
ﬂ17 I T ? J
-1 ops aE " BNTE
19975 o 5 R T Sl ey —
- 2 ,f{{ \}'\{\.‘ﬂ :E Tt : )[ lll"}u U\;‘,\z .E:
ﬂ:l_z _| ) ‘ar“;‘l /lr} 'JJ\'.IHV__ o {ﬂ:1_2 n’h"l'A A_'l_H’y '_\.\\. I';,." N‘.Jr“’l P '_Ml et PRI Y
-1 ps - = T P I
1,33 4 oh Ca)e\_‘\ g Cobv H{ T
| N i
LA ADC IBULEE. ool cue LI R
Ly ) o K\/J e | “anw FUTON — j Wl e, P IV
LA j::

Figure 41 Relation between 1 CSP, differential cable and ADC input of FAST Or. LEFT:

32 GeV equivalent input. RIGHT: A 10 GeV higher CSP voltage saturates at 2 Volt at

the ADC.

input. Figure 41 LEFT shows that a 2 Volt pulse at the ADC of the TRU corresponds to 200 mV
CSP Voltage, hence with 4 CSP’s and ~ 25 uV/MeV, the maximum TRU range is 32 GeV. Input
pulses of higher Energy than 32 GeV saturate the FOR logic on the FEE card and hence produce
a pulse of the same 2 V amplitude at the ADC input of the TRU.

1. SAMTEC FFSD-08D-20.00-01-N
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3 Linearity

The energy and timing measurements are based on linearity between the energy of the
electromagnetic shower and the peak amplitude and position of a semi-gaussian pulse.
Explicitly, the linearity is a feature of the design methods applied for the FEE shaper (see
Chapter 7 ) Implicitly this linearity relies on charge integration within a very short time and
on the linearity of the output voltage swing of the CSP over the maximum ADC range. With a
PWO scintillation decay time ( Figure 8) of ca. 10 ns, photoelectrons generated by the APD are
converted into a step voltage over the charge integrating capacitor of the CSP like shown in
Figure 12. The range of the CSP Voltage swing for a nominal APD gain of M=50 for two
shaper gains is composed of two ranges (compare chapter 4.1 :)

High gain: 5MeV -5.12 GeV:

U csp = 137 UV - 0.1403 Volt shaper gain =7.2

Low gain: 80 MeV - 81.92 GeV : Ucsp=219mV -2.245V0lt  shaper gain = 0.45

The maximum linear CSP range is therefore 2.245 Volt. The linearity of the C/W shaper was
measured in Figure 42 for the high energy range: showing that the linearity is better than 0.5%.

Shaper's Linearity (High Energy)
1100
1000
900+
800 -+—
700 /
600
500
400 g

My

ADC=23 5+380=(input Volt)

ADC Counts
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200

F

100

“\ Measured
. Minus Ped.

Linear regression, Minus

Ped.

0.50

Input Step Function (Volt)

1.00

1.50

2.00

2.50

3.00

Figure 42 C/W linearity in high signal range, measured with pulser step input

After a pedestal subtraction of 23.5 ADC counts, the curve passes through zero.
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The CSP capacitor is auto-discharged with a time-constant of 100 us, which is small compared
to the maximum channel counting range (200 Hz see 10.1 ) The pole-zero cancellation on
the FEE cards corrects for the linarity deficit which is generated by the auto-discharging of the
CSP capacitor, i.e cancels the signal undershoot. The mathematical linearity correction is

handled in chapter 7

150

o

| Run 1654, Samples 038, event 10 | Samplest3s
Nent=
[ Run 1654, Samples 039, event 10| hSamples03s i ﬁ"&l" 32183 Fi_gure 43
Nent=0 r — High and
g Bt = 18 g low gain
400— f i channel of
s 5 the same
- ) ) i Low gain pulser input.
300 High gain i
- 50
250 i
200 / \ " _

50

0

Thu Oct 21 10:50:10 2004

100

(- “

T

I | L | 1 1 1

et 3

100
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Thu Oct 24 10:51:01 2004
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The dual gain outputs for the same input signal are shown in Figure 43. The measured gain

ratio for pedestal-corrected amplitudes is 425/26 = 16.3.

The digitized semi-gaussian signal output of a LED pulser test signal, recorded after the CW
shaper is shown in Figure 44 with and without pole-zero cancellation. The signal corresponds

to the CSP signal shown in Figure 14.

Run 1784, Samples 007, event 10 |

[ Run 1787, Samples 012, event 10 |

hSamples012 140.—

Nent =0 L /A\ ™,
Mean = 112.3 - # L
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! y
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100 — Y
70 E / !
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r "

40— ] ",

N S A SN .
205 — —
o- | | |
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Figure 44 Digitized Shaper output LEFT: without RIGHT: with pole-zero cancelletion
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The high gain underhoot for CSP signals < 0.14 V is cancelled by the pole-zero compensation
of the shaper to a level below 1 %. ( Figure 45, ) For the low gain range an
High Gain - undershoot vs maximum ADC Count
1.0000%
0.9000% & e £ <&
0.5000% L e
@ 0.7000% w2 & * 4
& 06000% =
& 05000% £ < Undershootft
o 0.4000%
& o3000%
0.2000%
0.1000%
0.0000% T T r T T \
200 400 600 200 1000 1200
ADC Count
X ) Low signal range:
Low Gain - OverShoot vs Maximum ADC Count
underhoot ~ 0.8 %
0.0000% *o— ; . ; . .
R \ High signal range:
@ -1.0000% \ overshoot up to 2.7
- *
E; -1.5000% \.'\\\ —o— Overshootiax
2 ™~
-2.0000% C—
2.5000% i WO
===
-3.0000%
200 400 600 800 1000 1200
ADC Court

Figure 45 Pole-zero correction Wuhan/CERN

amplitude-dependent overshoot up to 2.5 % of the max CSP signal of 2.3 Volt! is measured.

1. probably indicating a slight baseline upshift in the CSP for signal amplitudes above 2
Volt
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4 Energy resolution
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The PHOS energy resolution 6/E in dependence of EM shower energy was measured [19] with
a 16*16 PWO prototype matrix during the CERN SPS testbeams 2002 ... 2004 ( see Figure 46)

& Expedmenk, 2002 Figure 46 Testbeam
, Results of PHOS Energy
[0 Experiment, 2003 .
\ resolution 2002 and 2003

\ Noise term 134+ —-0.7 MeV
\ Stechastic term 0.0358+—-0.002

Constant term 0.0112+-0.003

Energy, GeV

The 6/E dependence was fitted with the standard parametrization for calorimeters
(Equation 9) ..

E JE

Equation 9 Standard parameteization of calorimeter energy eesolution

The noise term “a”, important for the low energy range, is largely due to electronics noise
generated by parallel and serial noise sources at the capacitance of the APD and the CSP input
(J- FET) It is a function of the APD dark current and of the FET input noise voltage( see 6.4 )
Other contributions like pileup and radioactivity are neglegible for PHOS. The 6/E noise term
is integrated over 3*3 crystals ( since showers are 99% shared in this range) and therefore
compatible with the triple single-channel RMS noise.

The stochastic term “b”, dominant in mid-energy rangs, is due to statistical effects of shower
fluctuations, and quantum efficieny but in particular due to APD execess noise (see Chapt
6.1 )
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The constant term “c” important for the high energy range , depends on quality and detection
losses of the calorimeter, on inter-calibration, non uniformities, non-linearity, instabilities in
temperature and high voltage, as well as rear/front light leakage. It follows that the
inter-calibration of all channels, i..e equal response ( product of light yield * APD gain ) should

be better than 0.5 %.. The programmable APD gain adjustement at -25 °C with FEE electronics
(see Figure 17 ) clearly simplifies the PHOS calibration. The preliminary determination of
coefficients from the data of Figure 46 with 200372003 beam test results were estimated as:

®  Angjse = 13 +- 0.7 MeV

e Dgochastic= 0.0358 +- 0.002 ( 3.58 % GeVO-5)
e Coonst=0.0112 +-0.003 (1.12 %)

The analog electronics processing chain ( from APD to ADC ) aims primarily to minimize the
noise contributions and maximize energy and timing resolution. Both are only in limits
compatible since a low noise shaper bandpass removes high frequency timing components
which are needed for the timing information.

4.1 Dynamic range

Table 6 shows the power of 2 values of the nominal PHOS energy equivalence for the two gain
ranges. The APD gain is here a priory a variable which requires calibration on a channel-by
channel basis until this gain equivalence is obtained ( compare Figure 17).

The two ranges cover a total effective range between 5 MeV and 100 GeV with a single channel
digital resolution ( ADC-count /1024 ) which lies ( apart from the 5 GeV crossover point) well
below the 6/E requirement of the calorimeter ( see Figure 47.).

Table 6 ADC bit significance in dynamic range

Bitvalueof | 2 4 8 16 . 64 128 256 | 512 | 1024
peak signal

High Gain 5 10 20 40 80 160 320 640 1280 2560 5120
range MeV

Low Gain 80 160 320 640 1280 2560 5120 10240 | 20480 40960 | 81920
range MeV

digital reso- | - - - 0.8 16 32 6.4 12.8 25.6 50 100
lution %

Note: The step in the digital resolution at5 GeV scales with the combined gain before the ADC
and is shown here for a nominal APD gain of M=50 and the CW shaper gain ratio of 1/16.
Within the CSP linearity range it can be shifted up to 10 GeV for APD gain M=100. For larger
shifts, the shaper gain has to be reduced in linear proportion.
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Two 10 bit digitization ranges are implemented with fixed gain ratio of 16/1 for the two

shapers: high gain for the low energy range 5MeV-5 GeV! and low gain for high energy the
range 80 MeV -80 GeV. The dynamic range is consequently 80.000/5 = 2**14 ( = 14 bit).

2- range digital resolution resolution PHOS FEE 1 channel

compared with 3x3 resolution requirement

14
V128 \12 8
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N = = Extrapolated Resolution low energy
10 Y O Measured resolution high energy
N —eo—Digital resolution low energy
N —e—Digital resolution high energy
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= \
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Figure 47 two range single channel digital resolution compared with full calorimeter resolution

This implies an equivalence of 1ADC bit =5 MeV for the high gain range and 1 ADC bit =80
MeV for the low gain range.

1. The range selection was chosen starting from the requirement that 100 GeV central photons correspond to ca. 80 GeV deposited en-
ergy in asingle crystal. By selecting 80 GeV as the maximum 10 bit value of the high energy digitizer, the digital resolution is near 5GeV
equal to the energy resolution, hence the maximum 10 bit value of the low energy range is set to 5 GeV as crossover point for the two
ranges. Based on this, the LSB setting for the digital channel resolution corresponds to 5 MeV which is above the RMS noise floor of

3.2 MeV.
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5 Time resolution

Neutrons and anti-neutros contribute via annihilation for a large contamination of photons and
hadrons. In order to separate the parasitic processes from primary photons, time of flight
separation is needed. For hadron separation, shower distribution cuts are appropriate.

Figure 48 shows the situation as described in the Alice Technical proposal chaper 11.7.4. . The

= 45 4-
2 F hotons 10°R
= 3E photons photons
= B :
=2 2F L A N —— antineutrons
b 10%
g age:
%:IIIIIIII F
010 2 30 40 50 60 2
- . 107En
4 tume of flight [ns] i
B .
S 3k . antineutrons
5 "}__ ﬂnn:ﬂ a : a a ]O :_ i i
.-G 3 I:‘|:||:|:||:| oo oan = o HE ra
=] F [= =] ooO0ocCOOooo o oo i b ut
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1 b o he? oof o L H
. I = A s O S TP A PP T L TR [0 LT,
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time of flight [ns] Shower width [cell units]

Figure 48 (from Alice Technical proposal) Left: Deposited energy Eqe vs. TOF

for photons and antineutrons (TOF resolution 1 ns) Right: shower width
distributions for photons and antineutrons (GEANT simulation).

time of flight method was estimated to require a timing resolution of ca. 1 ns at 1 GeV. An
approch to implement time measurement in hardware on the FEE electronics was however far
too expensive. It was concluded that TOF resolution of the order of 1 ns could be obtained by
offline determination from the digitized shaper pulse.

For optimal TOF determination, the Gamma-2 CW shaper pulse characteristics and linearity
have been carefully evaluated [15] and confirmed with testbeam data (see 2.2 . and Figure 44)
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More recent simulated spectra ! of photons and background compared to neutrons and
antinutrons for 1 (left) and 2 ns (right) TOF resolution (Figure 49) show suppression levels
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Figure 49 recent simulation by D.Peressounko for TOF separation of neutron
and antineutrons from gammas

against photons and background. Without TOF cut, the antineutron contamination would
amount to ca 10% between 1 and 3 GeV, with 2 ns resolution ~2 % and with 1 ns <1 %, i.e. the
systematic error in photon identification depends strongly on the TOF resoluution and
resolution of 1 ns is desirable.

The FEE card electronics aims to maximize the timing resolution within the limits given by the
energy resolution ( Chapter 4 ), both requirements are somewhat contradictory. For the CW
shaper, the bandpass can be adapted by recalculation the R-C components. ( see method
desribed in7.1 )

The following features have been implemented for an optimal timing resolution:

- the shaper reproduces an analytically described Gamma-2 function

- the pole-zero cancellation corrects linearity and eliminates signal undershoot
- the shaper time contstant is selected to minimize the total ENC noise

- the low-energy shaper amplifies the signals

- a strictly symmetrical interface between shaper and ADC preserves time
resolution

1. Dmitri Peressounko (dmitri.yurevitch.peressounko@cern.ch)
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The instrumental time resolution of the detector with preamplifiers was improved in 2004 testbeams to
a level of 0.5 ns above 1 GeV (Figure 50) .Figure 51 shows the pulser-based differential time resolution

Ez.s - - Beam Test of PHOS Time of Flight Figure 50 _ Instrumental timing resolution of PHC
- Johe 2008 | Fune 264728571 detector without FEE electronics
2- "‘_ Beam 6 GeV, Threshold of Discriminator 7 mV
‘+ Crystal #1_4
15 4

N
R e

1) PP P SN PR BRI BN
0 1 2 3 4 5 6
Energy, GeV
4 us shaper differential time resolution for low energy digital range 5 - 5000 MeV Fig ure 51 Measured
o,
': s s differential timing
' resolution with pulser
oft-4) 1 SARTZ) for the 4us CW
25 4 shaper.
Time Resolution Gamma-2 fit
L #— Timing Resolution Buzuloiu method Comparison Wlth the
) 2y —+— Digjital Resolution .. .
2 \ digital resolution
] | 2 ADCsignaI/ADCmax
. ", | shows that timing
- \\ i - -
| - resolution is
\| ' dominated by the
N -
1 _ number of available
N ; 4 bits, i.e shows a 1/E
1 naence.
i 1| . I " . dependence
0 A 0
100 1000 10000

deposited Energy(Mel)

between two channels of the FEE electronics with CW shaper, measured with two different methods:
Gamma-2 fit and Peakfinder. These pulser measurements correspond to an equivalent energy setting of
1024 ADC counts = 5 GeV. Each measurement is a Root fit with I',(t, t=4us) for timing differences be-
tween neighboring FEE channels with 4 us CW shaper. The measured timing resolution is proportional
1/E .The 1/E dependence originates from the digital resolution (analog signal input / max analog signal
input ) of the 10 bit ADC, resulting in 0.1% for Emax =5 GeV ( bottom curve) As a consequence, lower
energy egivalence per bit (i.e. higher APD gain ) shifts the timing resolution over the E scale, however
this would modify the dynamic range. A better approach is the use of more bits, either by making used
of both ADC’s for the full 14-bit range, or by overclocking and obtaining more effective bitts.

At 2 GeV , the pulser-based FEE card timing resolution with 4us CW shaper is ca 800 ps.
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5.1 Measurement of differential timing resolution with step pulse on FEE

The differential time resolution consists of measuring a common light stimulus of one channel

I's(t,7)

| time difference determination

ADC
shaper — o(ty-tn)

step(t)
L ] «Gamma-2 fit

ty
e N epPeakfinder
shaper — ~ ~other

Figure 52 Principle of differential TOF resolution measurement

| Run 1731, Fit adc Tdiff 005, nsec i hTdiffo05
= Nent = 109
30— M Mean =-112.8
C RMS = 1.52
u Chi2 f ndf=5.001/5
25— Constant = 28.02 + 3.487
- Mean =-112.7+0.1512
56 |_Sigma__= 1.491+ 0.1212
15—
10—
5
Lo v v v by vy v Lo v AN b v by e Loy gy

-140 -130 -120 -110 -100 -90 -80

Figure 53 Differential timing resolution at 2 GeV with pulser on FEE card,

against another one. Figure 53 shows the Root plot of the difference of Gamma-2 fits between
two channels. A 15 ns step function with amplitude equivalent to a 2 GeV CSP pulse was
applied to the input of the FEE card, to two adjacent shaper channels. The shapers are 4 us
CW-shapers @ 10 MHz ADC sampling.

At=149ns /SQRT(2) = 1ns @ 2.1GeV

( Note: This measurement was taken during testbeam when the ADC noise of Figure 59 was
not yet eliminated )
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5.2 Measurement of differential timing resolution with blue LED

For a differential timing resolution measurement in the laboratory ( December 2004) a blue
LED (Kingbright L-7104PBC ) with a 2 ns risetime pulser was used. The LED was mounted
at 2 cm distance in front of the input windows of two adjacent crystals, and geometrically
arranged such that both crystals share approximately the same amount of light. The crystals

were cooled inside a deep freezer to ca -25 °C. The APD gain was set to the nominal value of
M=50, and the light pulse intensitiy was adjusted to correspond approximately to 400 ADC
counts, corresponding to 2 GeV (see Figure 54.left) The resulting Root fit is shown in Figure 54

[ Run 2195, Samples 012, event 10 |

| Run 2195, Fit adc Tdiff 012, nsec | ETaiE

Nent = 3114

450:. _;'/\\ 450(— Mean = 40.73
[ {0\ r RMS = 2.963
b / Y A0 Chi2 / ndf = 25.24 / 20
L f A Constant = 419.4 + 9.415
i / \ 350 Mean =40.74 + 0.05298
300/ :'. ‘.\ 300/ Sigma =2.939 + 0.03956
. ] \ ‘
250" / \ 250—
- { \. )
! Y
200+ J \ 200
. f \ i
150 | \ 150-
L \'\ 100
100 | —
L 4 \ L
s0— | e 50—
S S PR SR RS oo = | I o P S W L
0 50 100 150 200 250 300 30 35 40 45 50 55

Mon Dec 13 15:08:88 2004
Mon Dec 13 15:07:58 2004

Figure 54 Differential timing resolution measurement of neighboring FEE shaper channels with a
common blue light pulser. The Amplitude of the semi-gaussian CW shaper output ( 4 us peaking time)
corresponds after pedestal subtraction to ca 2.1 GeV.

right.

With asigma( A-B) =2.94 ns

single channel timing resolution of the FEE cards at 2.1 GeV with a blue LED pulser
At=294ns /SQRT(2) = 207ns @ 2.1 GeV

This timing resolution constitutes a worst case, it could be improved by :

- different offline handling: binning, clock phase

- use of the rising edge

- increment of ADC sampling rate from 10 up 20 MHz
- use of particle-equivalent LED pulser

- improvement of sampling clock stability
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6 Noise

The dynamic range as well as energy resolution is limited towards low energy by several noise
sources which have been carefully minimized in the PHOS FEE electronics described in this
document.

Ground noise, pickup noise and the digital noise are spurious noise sources to eliminate before
the detector noise minimization via the shaper can become effective. The optimization via an
elaborate grounding scheme and elimination of the digital ADC noise is discussed in the next
chapter.The following chapter analyzes the noise characteristics of the second order shaper for
the PHOS APD detectors.

The energy where the detector signal emerges from the noise sea (S/N=1) depends (for fixed
light collection geometry and quantum efficiency ) on crystal light yield and the APD gain.The
crystal light yield has meanwhile reached a level of 12 photoelectrons/MeV whilst the PWO

crystals which were available for all FEE tests had a 60% lower light yield?.

The effect of noise increase with APD gain is globally shown in Figure 55 where the measured
inclusive noise for 400 MeV equivalent LED pulses (RMS of ADC Maximum / Mean of ADC
count ) is plotted against the APD bias voltage.

SigmalS at 400 MeV [CERNAVuhan] on CH 24

2.80%
2.70%
2.60% -
2.50%
2.40%
2.30%
2.20% -
2.10% -

2.00% |
1.90%
1.80% -
1.70% -
1.60% -
1.50% -
1.40% - MZ=50 M=100
1.30%

Sigmals

T T T T T T T T T T T T T T T T |
300 305 310 315 320 325 330 335 340 345 350 355 360 365 370 375 380 385

High Voltage (volt)

Figure 55 Measured noise dependence on Bias Voltage ( APD gain)

1. Hence all measurements reported here can be considered worst case
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The choice for a nominal’!APD gain is also constrained by the CSP preamplifier gain, which
produces a voltage step proportional to the input charge, proportional to the APD gain. With
the maximum voltage of 1 Volt at the input of the ADC (for 1024 counts) , the only other
remaining variable is the shaper gain. For the low energy range, the shaper gain needs to be
number >1 in order to increase the S/N ratio.

U=Qi/C Ujn.max= 1 VoIt = 1024 bit
e /
ll/ = llz\ 3.6 ADC (high gain)
N
Q= M* Npe High gain range, Umax_z 0.14V e )
Low gain range, Umax= 2.4V 0> ADC (|0W galn)
N

Figure 56 Relation between APD gain and CW shaper gain ranges.

As depicted in Figure 56, the maximum CSP Voltage? is 0.14 Volt for 5 GeV, and 2.4 Volt for
the 80 GeV range. Hence the low energy shaper must apply a gain of 7.2 in order to place 5
GeV to 1024 bits of the ADC, the high energy shaper must apply a attenuation of 0.42. The
cascaded signal amplification in the low energy range ( high gain) improves the S/N ratio
according to the well known formula below. N1 and N2 are the noise figures of the OP-Amps

[ .2 (N2)2
Npoise = N1 +(ﬂ)

Equation 10 Noise for cascaded amplifiers in CW shaper

and K1 is the gain of the first stage. For a gain less than one in the input stage, the noise
increases. The positive gain K1=2 in the input stage of Figure 56 reduces the noise N2 of
the shaper amplifiers which is particularly important to minimize the noise level for the low
energy range signals. Any S/N loss for the high energy range has no effect on energy resolution
since S/N is by definition very high in the high energy range.

6.1 APD excess noise

The 8664-55 is a Si ADP from Hamamatsu with quite low noise characteristics. It has a excess
noise factor F which can be approximated as F =kM +2 ( McIntyre formula approximated for
k < 0.1and M > 20 ) where k, the ionization rate ratio for Si is very low k=0.0055 (see [9]):

1. nominal means that this value is used as default scaling factor for calculations. The real value may be
changed, for example as function of the increasing PWO light yield

2. this results from M=50, 4 pe /MeV and C=1.2pF
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The excess noisefactor Fisameasure of gain uncertainty in APD’s, it quasi contributesto the stochastic

term like Equation 11 by avariancein the el ectron multiplication. F”isthefactor by whichthe statistical
noise on the APD current exceeds that which would be expected from a noiseless multiplier on the basis
of Poissonian statistics (shot noise) alone. F islargely temperatureindependent. The spontaneous gain
fluctuations lead to the r.m.s. broadening of the signal given for Npe photoelectrons by
Equation 11

With the CMS measurement of Figure 57 the excess noise factor is F=2.27 for M=50.

f : i Figure 57 EXcess hoise
8 . _ =t measurement by CMS
2 UL Il for 8664-55 for room
ol temperature

] 50 100 150 200
Gain

There are two types of APD leakage current of which the total dark current is composed
Ip = Ips + IpsM

The surface current Ipg is ohmic, whilst the bulk current g is subject to carrier multiplication
and also radiation.

The APD contribution to the current noise ( see Equation 4) is described as (see 6.4 ).

2 _
Ipstlpg M - F = lgax

The excess noise is gaussian like noise with variance F-1 which broadensto the signal resolution.
The lower limit of the stochastic term of the Energy resolution due to the Excess noise factor,
can be approximated with Equation 11 by

Equation 11 Single channel stochastic term approximation

where Ny, is the number of primary photoelectrons.
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With 4 e- /MeV and F=2.27 @ (M=50), the lower limit of the single channel stochastic term b
at 1 GeV can be approximated as 2.3 % GeV 2

6.2 Grounding scheme

For a 10 bit ADC with a single bit equivalence of 0.97 mV and a LSB quantization noise limit
of 0.4 LSB which corresponds to 40 uV, any noise coupling from the digital and high voltage
part to the analog part must be carefully avoided. For this purpose a ground plane layout was
chosen following the scheme used in the TPC FEC card, which keeps analog and digital return
currents completely separate and connects them only at a single common equipotential point
close to the LV power connector.

CAW350 V 7.6 : Mon May 23 14:31:12 2005 - (Untitled)

_— - o
eececcce . . @' ' . @ . 800000 seberesesse
seeoesnese ] . seesessee

HV Bias sl

" HV Bias
® Gromd@) | o - AndlogShaper groun

d Ground (R)

..........

B e et e e e e T g R et .
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Figure 58 FEE card Rev 1.1 grounding scheme
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The effect of noise coupling across hidden path’s is show in the first measurements taken in
the october 04 testbeam.

[__Run 1533, Samples 012, event 10| [[Run 1533, Adc maximum 012 | hMaximum012
x10 Nent = 600908
r Mean = 51.5
56/ 14002_ RMS = 2457
u 1200
. 54— L
First FEE card [ 1000
without 52 o
noise fix so- ;
; 600
a8t 400~
ot 4 Altro starts buffering 2001
P! N S T S R R | P R PR R NI B
[i] 50 100 150 200 250 300 40 45 50 55 60 65
[ Run 2098, Samples 017, event 10| [Run 2098, Adc maximum 017 |
aft_er _ o r —
E Nent = 81928
noise fIX 23 50000— Mean = 22.18
E I RMS = 0.4673
. 22.5F
(reVISEd FEES) sk 40000
2f r RMS=0.46
E 20000
205f | ADC counts
20? 10000
19.5 L
E P P BRI I TP B
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=
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Figure 59 Digital noise coupling to analog part. TOP: RMS noise 2.5 ADC
counts due to current coupling across reference voltage tree. BOTTOM:
digital/analog noise couplings removed in revised FEE card prototype.

6.3 RMS noise

The RMS noise is measured offline from the variation of the pedestal noise ( dark detector )
over the N measurements.

Noise, s =

2l

D (v, ~Mean)2
i

The measurement of the RMS noise with APD detector connected includes the dark current
noise and excess noise.
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Figure 60 shows Root evaluations of RMS noise of FEE channels with and without detector for

RMS Noise

1.00- (1000 electrons )

- S K shaper [2us] with Xtals

0.90 e T1.0.92 ADC counts ~ 4.6 MeV

0.80
& 0.70-
» C/W shaper [4us] with Xtals
8 0.60- M ~0.62 ADC counts ~ 3.1 MeV
(1
G 0807 & oz AR A A ]
5 Il FANVEY =4I VA A [\ i C/W shaper [4us] without Xtals

PR | S = o F LN L\ 041 ADC counts ~ 2 MeV
(¥s) 0.40 4= T T = _3\:{- v Y N/ WAV ‘l_'é' 1)
= ) 4 VAR VAR
@ 0.304 Quantization Noise of ALTRO "\ RMS With Pulser
. RMS 4us shaper
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0104 With CSP
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0.00 . . :
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Channels arrangement on FEE

Figure 60 RMS noise (ADC counts / electrons ) after shaper for 3 cases

both CW and K shaper. The RMS noise of 1 ADC count corresponds here to 1000 electrons since
1 ADC count corresponds to 5 MeV and because the APD light yield for M=50 is is 200 electrons
per MeV.

a.) the RMS distribution over all 32 high gain FEE channels ( no detector connected) results in
0.41 ADC counts, which is close to the Altro 10 bit ADC quantization noise.

b.) the RMS result from 6 channels with a4 us CW shaper and APD connected at a corresponding
APD gain of M=50 results in 3.1 MeV/!

c.) the RMS result from 4 channels with 2 us K shaper and APD connected at a corresponding
APD gain of M=100 results in 4.6 MeV.

The higher RMS noise for the K shaper is due to the double bandwidth bandpass and due to
attenuation of the low energy signals ( compare Equation 10)

1. Crosscheck for b: Since 1 ADC count corresponds to 970 uV, 0.62 ADC RMS noise counts
correspond to 600 uV. The shaper gain is ~7, hence RMS noise corresponds to a CSP amplitude
swing of 86 uV. From Figure 11 the CSP swing is 30 uV/MeV, hence the noise level is 86/30 =
2.8 MeV.
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6.4 Shaper time constant

A general noise model of an amplifier reflects all noise sources to the input and representing
them in an equivalent representation as Equivalent Noise Charge (ENC) which includes both
the amplifier and the detector noise. There are in general 4 noise components:

1.) Current noise (parallel) : Shottky 2qly + Shunt resistor thermal Ry+ equivalentinput current
2.) Voltage noise (serial) 4kTRg thermal + Johnson noise at amplifier input
3.) 1/f noise ( neglegible for PHOS)

4.) pileup noise (neglegible for PHOS).

+Hv

Ry ’ Real circuit

||
| |
APD%

* csp shaper

Detector

2 v
i2nd :2q|5h0t "np =4KT Rb RS na | N | @ l--------.

ENCced - 1 _
V2155 =4KT Rg cs LA 1| ENC=f(r)

=g = s
C; Rp = T le

CaPD n

Figure 61 ENC noise analysis components

The shaper applies via its bandpass filtering a noise reduction which filters noise contributions
(like pickup noise) to a minimum. The CSP noise charge represents the integral of noise over
the full Fourier spectrum. The shaper further separates the charge signal information from
the noise sea. The measuring of charge at the step amplitude of the CSP would be overdefined
since the information contained in the plateau of the voltage step like in Figure 14 is not needed,
it’s fourier spectrum contains a spectum of noise components . The shaper produces from the
charge signal a ballistic effect for the peak amplitude of a semi-gaussion output pulseshape. It
can be proven that the peak amplitude is strictly proportional to the detector charge (see chapter
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7 ) The pulseshape of a correctly designed shaper filter belongs to Gamma-n family of time
functions where n is the order of the shaper.The bode diagram of the filter has a cutoff
characteristic above the critical frequency f. which is of negative slope n*20dB/ octave ( see

Figure 66). The critical frequency is related with an integrator time constant as t =1 / 2r f

Low noise analysis for particle detectors [22] is a method to determine the minimum noise level
of detector noise as function the integrator time constant t of the shaper. The analytical
equivalent noise charge ENC after the shaper and as function of the shaper time constant t as
depicted in Figure 61 is shown below Equation 20 [17]. The time constants t for the successive
differentiator and integrator stages of the shaper are equal. The minimum ENC defines the
best shaper time constant.

e’ 4KT .2 . Cp 2
ENColectrons = (g){(zqelDark + R + ina) T+ (4KTRst+e,) - T +A4A; - CD:|
p
Current noise ~t Voltagenoise~ 1/t Uf noise~Cp?
independent Cp and ~ Cp? independent t

Equation 12 ENC after shaper as functiion of shaper time constant

T is the absolute temperature, Cp is the detector capacitance (Capp +Cin ), Rs an equivalent
series resistor in the input stage, R, an equivalent shunt resistor for Cp, corresponding to the
APD leakage current and the Bias Resistor ( see Figure 61).

The parallel shunt resistor Rp can be calculated by taking i as dark current of the APD at 320

_ A _
Rp = k5= 43MQ

Volt and -20°C as ~ 1 nA ( see Figure 16 for room temperature 3.5 nA ) and T= 250 Kelvin®.

The serial noise ( voltage noise) is produced by the Johnson noise in the input J-FET Transistor
and can be described by a series resistor Rs whose resistance is inversely proportional to the
inputforward transconductance gm. For modern FET transistors the proportinal constantisa~1.

Rs = & = L = 400
m ~ gm

R can be calculated with the forward transmittance gm of the input transistor (see Figure 20)

1. The dark current is an exponential function of temperature Iy~ exp( -aT)
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The input capacitance of the CSP consist of 2 parts:
Cp = Capa+ Crer = 100pF
The S8664-55 APD diode has ca 90 pF terminal capacitance at 320V (Figure 16), the input

capacitance of the 25K932 J-Fet is 10 pf.

For CR-n RC shapers the noise depencence on the shaper time constant t is given by [18].

ENC = JENCp2+ ENC.2+ENC,’
f

which can be expressed is a general way by using serial and parallel noise figures Fs and Fp
to separates the parallel and serial noise in three terms of which two depend in on the time

2 _ 4kT 4kT C 2
ENC® = ——— - F, -1+ =5 Ry Fg- — +C,° - const
q R, q t
Equation 13 Noise of CR-2RC shaper as function of integration time
constant

constant t of CR-nRC shapers. The third term represents the 1/f noise which is independent
of 1. The manufacturing constants are not known to us for the J-FET transistor used in the CSP
(2SK932) however since the 1/f contribution is constant, the minimum time constant t is
independent of this term. The noise figures Fp and Fs depend on the order n of the shaper and
are listed in Table 1. )

Table 1 Noise figures Fs (serial) and Fp (parallel) [18]

n 1 2 4 6
Fs 0.92 0.84 0.99 1.16
Fp 0.92 0.63 0.45 0.36

When using CR-nRC type band-pass filters of order n, the low-pass slope is n*20 dB / octave (
see Figure 66. For second order CW shaper, the low pass bode diagram Figure 66 shows
correspondingly an attenuation of -40 dB/octave. The -3dB cutoff frequency f; of the shaper

is given by

f. = 1/(2rn)
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The time response function ( shaped output) produced by such bandpass filters closely
resembles a semi-gaussian shape of analytic form (see chapter 7 ) with n=2

t
n—

Vout(t)) = [E’Cf—’*n} . [rﬂ Pk

In order to fine-tune the analytic form to almost identity with the pulseshape obtained by the
electronics (see Figure 31 and Figure 32) one can finetune the relatice cutoff frequencies for the
low pass and high pass.

By initially neglecting the 1/f noise as a constant, Equation 13 becomes for T= 248 K for n=2

2

F C

ENC = «/5'35' 10" =2.1+535.10" - R F - -2
RIO T

(CR-2RC) shaper and the PHOS paramaters (Cd = 100 pF)

Figure 62 shows this ENC dependence on the shaper time constant for 3 values of the APD
dark current Id (1 nA, 0.8 nA and 0.4 nA). The dark current is a strong function of temperature
as seen in the Hamamatsu specification ( see chapter 1.3 ) we simply extrapolate the dark
current given for -20 C to values less than 1nA in order to see the dependence.
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The ENC noise minimum bejond shaper time constants of 2 us is predominately a function of
the current noise of the APD, shown here for 3 cases of the dark current More than 2 us is
| = T 10000
ENC after CR-2CR shaper in dependence of shaper time constant for different
APD dark currents
Nisal \Voltage noise (FET) T ia s
) ‘ —e—800pA 1000 %
4 400 pA z
e — 1
k‘\\,@ 'Current noise (APD)
f 3
| ] [ ius (433e) (733with 1) ‘f_ e ‘ — 22t~ "1/fnoise
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CR-RC shaping time constant ° [s] ‘ 2us (325 e-) (625 with 1/fb 300 e-
1L e
1.00E-07 1.0%E—06 1.00E-05
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Figure 62 Calculated noise for PHOS APD/CSP frontend after CR-2RC
shaper in dependence of shaping time constant t.

however not adequate due to the increasing pileup of pulses the longer pulses.

Below 2 us, the Voltage noise increases. Figure 62 shows the calculated ENC noise level for the
second order CR-2RC shaper for two choices (1= 2, 4 us) .

By addition of an estimated 1/f noise contribution of 300 electrons, though this is a crude guess
in view on the 1/f dependencies for shapers as described in [16], the estimated ENC noise
levels after the shaper are shown in Table 2

Table 2 Two choices of 2nd order shaper time constant for CW shaper and noise with etector

with estimated contribution
shaper constant © electrons without 1/f noise from 1/f noise
T=2Us 325 625
t=1us 433 733

The peaking time of the time response pulse is defined by

Toeak = N-T = 21
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A compromise between low noise and pileup reduction isa shaping time constant of t= 2
us and correspondingly a peaking time of t,¢4,= 4us for the semi-gaussian shaper of second

order. ( see Figure 15 and Figure 31)

The RMS noise measured with this choice for the CW shaper has been determined as 0.62 ADC
counts or 620 electrons (see Figure 60 ) as compared to 0.92 ADC counts (920 electrons) with
the 1= 1 Us , Tq,)= 2Us setting of the K-shaper.

Notel: The fact that the =1 us K shaper measures with 920 electrons more noise than expected
is due to it’s signal attenuation factor of K1 < 0.4 which increases the noise according to
Equation 10

Note: The shaper time constant t=1us for the CW shaper represents a compromise with the
expected better timing resolution with shorter time-constants ( wider bandpass ). The FEE
version V1.1 will initially be produced with both time constants 1 and 2 us ( corresponding to
peaking times 2 and 4 us) in order to determine the best compromise between low noise and
best timing resolution.
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7 Shaper

The CW shaper is a bandpass for the voltage step signal of the CSP pre-amplifier, suppressing
noise contributions from the low and the high frequency noise sea available at the CSP level.

It consists of aseries of 1st order high-pass (differentiator) and nt order low-pass (integrator)
of the same time constant. The order of the shaper corresponds to the noise cutoff power, a first
order shaper for example has the cutoff power of an RC filter with -20 dB slope per octave. An
order-n shaper performs as n* -20db, i.e with better noise cutoff characteristics. For example
the total ENC noise for first order shapers is generally 12.5 % higher than for second order
shapers. For the PHOS FEE electronics, the best economical compromise for a discrete logic
shaper implementation was n=2 ( second order).

Pre-Amplifier Shaper
U =1/C¢ *[1dt semi-gaussian time respon
Ry
—L

1 Differentiator n Integrators

t .
J\ Il Rp tp=Cp+Rp /\,
~ S
| [ | Vout

L — — 1 L — — 4

Csp

Cin
( pole-zero cancellation J%=Cp*Rd To To

Rf*Cf = Rp*Cp

Figure 63 Semi gaussian shaper of type CR-2RC with pole-zero cancellation

With (s=iw) the Laplace analysis is the standard approach to calculate shaper transfer functions
H(s). The transfer function for astep functions, followed by asemi-gaussian shaper as depicted
in Figure 63 is given by [16]

T A n
H (s) =s 0 x
Shaper/( [l + 87, 1+ st
step function _
CR differentiator RC integrator
1-st order n-th order

Equation 14

where 1y is the time constant of both the differentiator and the integrators, and A is the gain of

the integrators and n is the order of the semi-gaussian shaper. The step function is represented
by the operator s
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By defining the peaking time of the output pulse as

Toeak = N Tg = 27

the inverse Laplace transform results in a semi-gaussian pulse shape of form

ot
Vo(t) = [ﬁ—” C’fAn][fj”-e G

giving a peak amplitude Vy, at Tpeax

n n

v _Q-A -n

max ~ n
Ci-nl-e

For PHOS, the shaper implementation with discrete logic is cost and real estate- critical, hence the
optimal choice was n=2 since dual integrators can implemented with a single stage of operational
amplifiers.

For a second order shaper the time response function is:
G T

p
Equation 15 second order Gamma function for PHOS

Vong(t) = FQ—AZ '[i}z-e_ztl"

The complete transfer function has to be extended to include the CSP:

T n
HCSP+shaper(S) = SX L X[ 0 —‘X’V A —‘
1+t 1+s7, 1+s7,

Rf'Cf

Equation 16 Complete transfer function for CSP and Shaper

The new term effectively produces an undershoot in the semi-gaussion time response.

The pole zero-cancellation consist in adding a RC network whose Laplace term cancels with
the new term, hence of a network operating as

1

1+

Equation 17 Pole-zero term
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This is simply an RC network as shown below:
Rp tp=Cp+Rp

]

1
p

between the CSP and the shaper ( see Figure 63). The time constant t, = C,« R, should
theoretically be equal to R¢Cs (=100 us), in practise, it has to be determined by experimenting.

For the CSP, the empirical pole zero time constant was determined as 67 us. With this, the complete
CSP-pole-zero-Shaper (n=2) chain produces a semi-gaussian output with undershoot <1 % over the full high
gain range ( compare Chapter 3 )

7.1 Calculation of the 2" order Bessel filter values

The second order filter requires implementation of a dual integrator stage. This is feasible with
asingle operational amplifier with multiple feedback architecture ( MFB), shown in Figure 64

R2

1

L 1

dual integrator n °©
1
R1 R3
! | I |
C2 =F

Figure 64 Second order low pass implemented with Multi-Feedback MFB.

It's transfer function can be expressed [8] as a function of frequency ( Equation 18)

H(f) = s

(;)Z_FEXL_'.]_
fc- FSF Q FSF-fc

Equation 18 Transfer function of dual integrator MFB architecture

showing that for the frequencies above and below the -3dB cutoff frequency fc two cases apply

- f<<fc H(f) ~ K (constant gain K)
- f>>fc Hf) ~-K*(FSF*fc / f )2 (attenuation at square of frequency ratio)
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The attenuation above f, with 1/f% corresponds to a second order low pass filter with an

attenuation of -40 dB per octave. FSF is the frequency scaling factor for the -3dB cutoff frequency
f.. Q is a quality factor.

In general, the Laplace transform for MFB integrators have the polynomial form

K

H(s) = 5
1+as+bs

Equation 19 Laplace form of MFB architecture with polynomial

The Bessel type of transfer functions other than ( Tschebycheff or Butterworth, see Figure 65)
have a maximally flat response and group delay at f<<fc, hence they can replace RC-based
integrators.

The Bessel filter of second order has a quality factor of Q=0.5773 and a frequency scaling factor
of FSF =1.2736.

1.4

1.2

0.8

Tschebyscheff
0.6 =

0.4 - Butterworth |[{]|
Bessel

0.2
W

0.01 0.1 1 10 100
Frequency — L}

Tgr— MNormalized Group Delay —sis

Figure 65 Comparison of Bessel filter types with other filters

For Bessel filters the coefficients[21] of the transfer function are with o, = 2=rf;
- K=R,/R3 (gainforf<<fc)
d a = wCCl (R2 +R3+ R2R3/R1) = 1.3617
e b =02CCRR; =0.618

Given values for C1 and C1 which satisfy the condition

c,>c,. % ;LZ—K
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With this, the resistors can be calculated as The -3dB cutoff fregency f. is

aC,— Ja® - C2—4bC,C,- (1-K)

R, =
R2
Rl:rlz

b
4n°f2- C,CyR,

Ry =
Equation 20 Resistor formulas for shaper in dependence of cutoff frequency

fe = 1 1
27"«/R2‘R3'C1'C2 FSF

For the optimal PHOS shaper time constant (see 6.4 ) of 10 =2us the components are to
be calculated for the -3dB cutoff frequency of the Bessel filter:

f= o, /2n=1/(2n*19) = 79.5 kHz

7.2 Dual gain CW shaper RC values

The shaper applies a gain such that the maximum CSP voltage (for a constant APD gain)
fits in the full range ADC window of 1 Volt input (= 1024 bit). Based on a nominal light
yield of 10 obtained with PHOS crystals and APD gain =50 ( see Chapter 1.1.4 ) the
following two ranges and gains were implemented ( compare chapter 4.1 ):

High gain: 5MeV -5.12 GeV: U ,=137uV - 0.1407 Volt shaper gain =7.2

Low gain: 80 MeV-81.92GeV: U,=219mV -2.245V shaper gain = 0.45
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The CW shaper was developed ( see PSCC-5 shaper in [15] ) for optimal noise performance
(chapter 6.4 ) as successive RC differentiator and dual Bessel integrator stages of common
cutoff frequency and with gain ratio of 16 for low-energy and high energy ranges. The RC
differentiator is combined with a pole-zero cancellatio, tuned for the CSP (see chapter 3 ). The
outputstagetothe Altro ADC isfully symmetrical and contains a high frequency RC noisefilter.

dual integrator Bessel

Cz)L%éezrgfﬁl;CEHatIOn Rx gain =2 X gain =3.6 -> High gain =7.2 symm. diff driver

R2 gain=1
T
470pF
" ci Fy 100 op igh Energy range
R3
—]}- .—:|—4>—I>—4—
) Cz c2 [ 10b
‘Ao

Rz*R0 = Altro

Differentiator

fc =80 kHz Low gain = 2 * 0.225 = 0.45 U Altro, max =1V

R2
T
\ c1 low Energy range
R1 R3
H:|—0—1>—4—
— 10b
c2
T Altro
H—— Fast OR '

—_—
e ——
E— ——

Table 3 shows the results obtained with the Bessel calculation for the CW shaper RC
components for the example of 4 us peakingtime and gain ratio 1/16. Rz has been determined
empirically as the best non-overshoot value of the pole zero cancellation.Rz corresponds with
Cz like shown in Equation 17. For a change in the bandpass frequency ( or peaking time ) of
the shaper, RO must be adjusted to correspond with Cz to the new bandpass value. All other
values R1..3, C1..2 can be calculated with the method described in 7.1

Table 3 RC values for CW shaper 4 us and 2 us peaking time ( buffer gain = 2, gain ratio =16 )

CW Shaper

R1 R2 R3 C1 C2 Cz Rz RO
gain 2*3.35
Tpeak =4.1 US 649 4.42 k 1.78 k 150pF 2.2nF 470 pF | 143k 9.1k
gain 2*0.21 105K 422K 59 K 220 pF 470pF 470pF 143 k 9.1k
Tpeak =4.06 us
gain 2* 3.35 681 4.87 k 1.96 k 68 pF 1000 pF | 470 pF 143K 4.22K
Tpeak =2.04 Us
gain 2*0.21 4.02 K 1.69 K 536 K 150 pF 470 pF | 470 pF 143 k 422 K
Tpeak =2.04 Us

page 74




Front End Electronics PHOS electromagnetic calorimeter
Alice Note
7 Shaper

Ref: Alice 2005-XXX
Issue: [1] Revision: [6a]
Date: 25 Mai 2005

The BODE diagram corresponding to the CERN/Wuhan shaper with 4 us peaking time and

o |

. |

2010zl | BE LRF(R)|) -

_—
@

g %g{l He_HPE (k)| ) - |||

~
=

-ED-l-ogl:l Hsbn(k) | }o- f

—40

e

50 /

60

=70 -7g
1 10 wo 1100 1.0t
2250x0”
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£ log(k)

1 -llfll5

(1] 7 8

10 110 1-10

__]DCIK]D'S_

Magnitude Response of Shaper, HFF, LPF

Figure 66
CERN/Wuhan shaper frequency response

with gain 2*0.21 is shown in Figure 66.

The relative oscilloscope pulseshapes for step pulse input to the second order CW shaper with
2usand 4 us peaking time (implemented with the RC values of Table 3 are showninFigure 67.

16-Fehb-A5
16:15:44

1 leCro T
2 ps — T
106wl T

2
2 ps
188 my

2 ps

118 mv AC 3
Won moAn E

Figure 67 oscilloscope picture
of CW shaper output with 2 and
4 us peaking time (
semi-gaussian )

The undershoot is due to the fact that the measurement was taken without CSP connected,

hence the pole zero-network creates an undershoot.
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8 PHOS Control and Monitoring (PCM)

The PCM controller! on the FEE cards are state machines which respond as slave device to the
communication protocol of the Readout Control Unit (RCU). For this purpose the PCM
implements the 12C-like protocol of the 26 line GTL bus which connects all FEE cards with the
control domain of the RCU (see Figure 57).

embedded TRU domain embedded FEE card domain

GTL-bus
“]2C-RCU

12C

Registers/Counters - -

t

Control domain L1 L2

uP

Eprom

Figure 68 Principle of Board Controller

The PCM either mirrors the status of values in a set of monitoring registers or it uses a register
to update a setting. It also implements specific commands like Reset.

The board control logic on the PHOS FEE card was based on the BC on the TPC FEC card.
An addition for the PHOS BC are 32 registers for the APD bias setting and the Motorola SPI
bus for the APD bias regulation. For local board diagnostics (without RCU), both the FEE and
the TRU are equipped with a single-chip USB port, which maps into the 12C bus on the FEE
card. In this way, all resources which are available to the RCU via I2C can be used also via a
USB connection to a local PC. The USB controller on the FEE card is used for local servicing via
a standard PC. It also serves a micro-processor which is checking the board controller alive
status. In case of a misfunctioning boardcontroller FPGA, it can re-initialize it’s configuration
from a Flash memory.

1. previously called Board Controller, renamed PCM to avoid confusion with the TPC Board controller
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The FPGA-based PCM logic structure is shown in Figure 69, containing:

- communication logic with the RCU

- information about temperatures, voltages and currents
- a set of counters and registers.

- controls individual voltages of each APD

The communication between the RCU and the PMC is made through either the RCU-12C protocol
or the ALTRO bus, with priority given for the RCU-12C over the ALTRO protocol..

Altro bus RCUI2C
Master M aster
7 RCU
7 RCUI2C
PCM
Altro bus RCUI2C
Slave Slave
j; BC Busjt EEPROM
MU
Scdr 16+8+1
decoder 3 Be
Commands Regiser |[— al
e Block Al use
T Sensor = updale — FiFO
ADTHNT T [eon| 1€ |== - 1646
12C = Master | 10+4+1
Slave i
y- &
E1B+8+1 ’
1
Regulator EN
SPI & Status FLASH ololalo
G+4
JTAG
Bias R egulators
Control

Figure 69 Details of Phos Control and Monitoring logic (PCM)

Through it’s protocols the RCU can:

- Configure the registers with threshold values for setting up temperatures, voltages
and currents limits.

- Send control flags in order to clear counters, reset the ALTROs, reset of the PCM, and
control the AD7417 Voltage digitizer.

- Control the APD BIAS by loading the internal registers on the PMC which are then
transmitted via SPI to the BIAS controller.
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The PCM can inform the RCU of:
- Critical voltages, currents, or temperatures that are acquired/digitized and stored on
the AD7417 device The communication between the PMC and the AD7417 is via
RCU-IC.

- Values of counters regarding the number of level-1 and level-2 triggers, sampling
clocks, and data strobe. With this feature the RCU can be certain that the time domain
of the collected data is the same on all FEEs Digital Readout

- High voltage settings of each APD
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8.1 USB diagnostic port

The Cypress USB2.0 chipset EZ-USB FX2 is integrated on the FEE card as programmable USB
peripheral for diagoniistic use. It contains a 8051 microprocessor with RAM based architecture
allowing for programmable reconfigurations. It is connected via it’s peripheral lines to the

VCC33

FEC schematics
USE FX2 interface with FPGA
and EPC16

Date : 2004/08/07

Figure 70 Schematical
overview of the USP control
port on the FEE card. A 480

s VBUS
CONNECTOR
GhD!

GFLUS DMINUS reset# wakup

RCU_SCL  pan

from FFOA_relnad button

RCU_SDA N_Pai ? .
RELOAD Fpoa ROU-SDAOUT pullp 29pF Mbit USB 2.0 controller
= T XTALOUT
TCK peo] XTALIN WM
TS roi]| P EZ-USB Fx2
Ol Foa| © 22pF
e e ¥ usB RCU_ALARM
PGM [Z2.0] pors|l & CTL3 —
2
FEC_ADDM.0 g c vCe3a
e e i GPIF master
irnns 0]_CTLO CTL1 CILZRDYORDYIFCLK 5ol _sda | 2.2K] 22K
A A A A
C
CLRIEF#|FF#
A4 ¢ vCC33
FOU5.0]) csufrin =T oia ‘
NCC —T
EEPROM
24LC256
VP
VSS%“
YyYvv YyYYyy
TCK FIFO SLAVE INTERFACE scl sda
YyYvYvy »| TS 12C
SLAVE
oI
TCK TS TOL o
DO
DCLK
S EP1K100
Epcig  DATAR.O] P DATA[T.0]
Eprom OE nStatus PCM
ncs | conf_done
PGM[2.0] Init_conf nconfg
— 0
INIT_CONF

PCM FPGA’s FiFo port, allowing to transfer data (under 8051 control). A particular feature is
that the Eprom of the PCM can be programmed via the USB port C. A detailed thesis report
[25] on the USB port on the FEE card is available under http://cern.ch/hmuller/usb4fee.htm.
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9 ADC and dig

The connection overview between the Altro digitizers and the RCU is depicted in Figure 71.
The RCU’s bus interface uses two protocols to address and control both the ALTRO’s and the
PCM logic: parallel Altro Readout bus and serial RCU-12C bus. The RCU’s can geographically
address individual ALTRO chips (see Paragraph 2.4 ) in order to setup their internal registers

ital logic

or to readout event data.

RCU
DDL Q FEE INTERFACE
BCf ALTRO
Int
DCS ntertrace Inteirface
B sy i
| Control bus
- + -
~ ¥
50 }26 Data bus
Altro CTRL Lines T
ALTRO Bus 3
ﬁ | 12C_RCU
) SPI BIAS
3| CTRL
PCM
2
ALTROs c o1 AD7417
Figure 71 Readout bus hierarchy between RCU master and FEE slaves
9.1 Altro ADC

The ALTRO-16 chip! [3] of the ALICE TPC is also used by PHOS used for digitization and
processing of the semi-gaussian pulseshapes after the FEE shaper describend in chapter 2.2 .
The Altro chip contains sixteen 10 bit ADC’c, each followed by a signal processing chain and
up to 8 event-buffers. The Altro chip is produced by ST Microelectronics, based on a 0.25 um
HCMOS process, consisting of ca. 6 million transistors and sold ina TQFP-176 package. With

1. produced by ST Microelectronics
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a supply Voltage of 2.5 Volts it’s power consumption is 15 mW per ADC channel. Shown in
Figure 72 is one of its sixteen 10-bit ADCs blocks, follwowed by a processing chain and the
Multi-event buffers. The common control logic contains registers, the readout bus interface and
the trigger manager.

The Multievent buffer (1040 * 40 bit ) can be partitioned into 4 or 8 blocks.

10 bit ADC Channel address 5 kbyte Data Memory
25/40 MSPS & time-stamping partitioned in
format 4 or 8 buffers

ACQUISITION CHANNEL {*x16)

DATA PROCESSOR \ %

First Baseline Multi - Event

10 cormsetion 11 3rd Orel 1 Second 1 = 1 40 Buffer
- Padestal * Dir?t"ilrl:(iﬁ;r * Basaline . Su rzrsosion #—1 Data Format ey
T Megn‘f,irﬂ, sC = st | Correction | 2'sc B 2'sC
Memory

e ——

| | A f | & |
tw
{ |
|
COMMON . )
CONTROL Configuratien Bus Trigger
LOGIC and Status - M
Registers Interface anager
[ Runs with Sampling Clock * ¥ L1 L2
B Runs with Readout Clack /? CTRL /
40 bit wide Readout bus Event store trigger signals
300 Mbyt/s L1 = start acquisition

L2 = close buffer

Figure 72 Block diagram of the Altro-16 chip ( From Altro Manual ) showing
on of 16 ALTRO channels.

The data readout requires a GTL interface to the LVTTL interface of the Altro chip. This is
implemented using GTL transceivers in an ALTRO compatible mode, i.e. the GTL drivers
GTL16612DGG are operated at 2.5 Volt Altro supply voltage.
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95

851

ENOB

6.54

The A/D converters are macro blocks which are based on the TSA1001 made by
STMicroelectronics which can be clocked up to a maximum of 40 MHz. At 10MHz sampling
frequency we have 9.7 effective number of bits (ENOB) as shown in Figure [73]. The converted
data is fed into a 6 stage pipeline of data processing which can perform a baseline subtraction,
atail cancelation filtering, adaptive baseline correction, and zero suppresion. The output of the
filter inputs into an embedded multi-event buffer.

| PHOS:9.7 TPC:9.5
1
* . Effective Number of Bits vs Input Frequency

10

754

e 9.5 ‘_._-_-‘-‘-‘-‘-*-\-_ -
| . '_'““%—-R _
._.h.,_,\‘—‘;vl

o
\

A= ALTROTE
a0 b1
AD5200 \

55%

7 4 JDABEEE

! : 7
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fs (MHz)

Figure 73 Left: Effective Nr of bits vs sampling frequency of the ALTRO chip [27].
Right: Effective Nr of bits vs input Bandwidth ( shaper ) for several ADC’s and Altro [28]

The sampling rate is in principle freely selectable (at the RCU level) between the Nyquits
frequency = 2* input bandwidth and a maximum sampling frequency of 20 MHz. With a shaper

bandwidth < 0.5 MHz, PHOS applies overclocking! above the Nyquist frequency of 1 MHz.
All 2004 tests with the FEE cards applied a sampling clock of 10 MHz.

9.1.1 GTL readout and control bus

Each TRU domain consists of 14 FEE cards and one TRU card all sharing a common GTL data
and control bus which is mastered by an RCU branch. The data bus is a bidirectional, 40 bit

data bus, clocked at 40 MHz? for a nominal bandwidth of 160 Mbyte/s. The control bus is a
mostly uni-directional bus for 16 control signals, also including the differential sampling clock
in LV-PECL standard. The signal names and pinouts of the two GTL buses are shown in
Appendix 3 The connection plan between the RCU master and the 15 modules of one TRU
domain is depicted in Figure 74.

1. Overclocking combined with averaged binning may increase the effective number of
bits, provided that the noise power spectrum at the ADC input is gaussian like. So far this
has not been applied to our measurements.

2. potentially on the new RCU, the data clock can be increased to 50 MHz for a bandwidth of 200
MByte/s matching the DDL bandwidth.
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The GTL+ bus consists of 40 cm flat cable and 60 cm PCB strips, and is terminated on both the
RCU and the GTL strip extremes. A detailed interconnection plan of one TRU domain is shown
in Figure 97 and the connectors and cables are specified in 14.1

FEE -1 FEE or TRU FEE -14
GTL+
ALTRO | ALTRO ALTRO
1.5V Vit
RCU master A
GTL%656\1/2 0.55V Vg,
t +2. A
GND  caABLE | o AT
— 40 vV
V 79121\- TT
1o TT GNL
)
L [ sermtes
TCMD
— cable STRIP
= el || VT
FPGAE DATA
Zdir GTL16612 termhination
' 200 Q
GND | Vot
SN65LVDS101 UD GND
= s i | S, =i £ M e
/ Control L5150 Q
B el 1 220 Q e
o | (I N T
L) 10V Vit
VrT Bin || MPcsdoL J
€P) Y Y v 0.5V VgL
Figure 74 GTL bus connection plan for one ﬁ» ﬁ» -
TRU domain iflorrcw:()hng

The detailed bus dimensions are shown in Figure 75. The pinout, connectors and termination
are equivalent with the GTL bus strips of the TPC. The PHOS GTL bus strips are re-engineered
for a regular and parallel FEE connector spacing of 45.4 mm with one central TRU module
connector at half space. The geographical address coding is shown in Figure 37. A 4-layer PCB
thickness of 700 um is used. A photo of the GTL connectivity with FEE cards in a test crate is
shown in Appendix 14
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9.1.2 Run and Test mode schemes

Through a onboard switch (SW1 which is located near the LEDS) one can change between two
modes. Run mode and Test mode. The main mode is the Run mode and must be always selected
whenever the RCU and other FEE cards are pluged into the backplane. Test mode should be
used whenever there is no backplane present.

DATA Lines

TL Backpla
CTRL Lines

onnection
to RCU
5
5 Y SO
= ‘ ]
& Backplans i
Cnboard & Clocks OCLH y Clocks :
R3T 2 T R Select i
] Test or Run mo(jf"le
oz
I
PCM i
ael et MW j !
1
F Test or
i
L Run Mode RST i
B | lIRG - Slave FIFO :
a A I A Distributed i
o = %: - - Throughout :
o
0 M IzOof FEE i
Hu o !
wowa RST | Master FIFO RCUI-I2C !
ittt
b ! o
52l version | USB
— CONTROLLER
A
=) o
@99°® |nltera Byte-Blaster = FEE
Connector Connector

Figure 76 RUN and TEST mode selection on the FFEE cards

9.1.3 Voltage, temperature and current monitoring scheme

The Voltages, Currents on the FEE card are measured for each LV input and temperatures on
3 different places. The principle of measurement is based on quad ADC chips with integrated
Temperature sensors as depicted in Figure 77 . The values read out by the individual 10 bit
ADC’s of 2.5V maximum input are given by

Uadc (+)voltage = Uin (R2/R1+R))
Uade (+)current = (Uin - "R5)(R2/R1+R))

Uadc (-)voltage = (Uint+8.2) (Ry/R1+Ry)
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Uade ()current = (Uin - I"R5+8.2)(Ro/R1+Ry)

Uin RS Uout
O — Regulator
R1 R3 AD7417
<] v
R2 o—< 2|
— |
6 (al[jac ||SDA+SCL+Flag)
3
PCM
Figure 77 Principle of C,T,C monitoriing on the FEE cards |

|

|

|

Table 4 Hardwired monitoring setting for the FEE card low voltages

Uin +42V D +3.3V_D +3.3V_A +6.0V_A -6.0V_A +133V_A
R1 6.19k 4.42k 4.42k 10k 1k 27k
R2 2.7k 2.7k 2.7k 2.7k 1k 2.7k
R3 6.19k 4.42k 4.42k 10k 1k 27k
R4 27 2.7k 2.7k 2.7k 1k 2.7k
RS 0.27 0.15 0.15 0.15 0.33 0.27
Uout +3.3V +2.5V +2.5V +5.0V 5.0V +12.5V
| 0.14 Amps 0.31 Amps 0.34 Amps 0.32 Amps 1.12 Amps 0.14 Amps
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10 FEE readout partition

Four RCU modules per PHOS module master the triggered readout of the Multi-event buffers
on the FEE cards via two GTL bus branches( see Figure 96). Each GTL bus branch connects 14
FEE and one TRU card. (see9.1.1

Figure 78 Connectivity of one RCU (=Readout Partition)
Readout partition. There are 4
readout partitions per PHOS DCs |
module.

TTC fiber ( level-1 + level-2 trigger, 40 MHz Clock)

Ethernet (Controls)

Iv

D-RORC
level-0 (LVDS)

Branch A Branch B LDC
TRU domain A cable  cable TRU domain B
|

1N

[ C ] ( \ R

PEEE ! ) o  T*FEE \ Readout Bandwidth
< L ]

: : o g_ [ ]

\ ] S ]
TRU A ... ' TRU H-RORC

[ o = [
. [ T O [0) L ]
TFEE | ] : | 7*FEE HLT

[ ]

[ ) L ]

The RCU is equipped with a DCS card ( dimensions see Appendix 10 ), consisting of a
networked processor subsystem which also receives via the TTL optical link the level-1 and
level-2 trigger decisions, as well as the 40 MHz LHC clock. The RCU of PHOS also contains a
simple mezzanine card connector for inputting local level-0 trigger decisions generated by the
TRU'’s.

The RCU distributes both the level-0 and level-1 trigger decisions as well as the sampling clock
via its two GTL bus segments A and B to the FEE cards, 28 in total.

‘Fake Interaction 1 ‘ Interaction 2
|

llevelOgy level0; levell, | level0, levell, level2; level2,

‘ | |
Level-0-local 1 1 } 1 ‘ l ——» RCU
(LVDS) _ E* e e ey Bl B s e —7 —;Ee f?OLiT» ﬁ?f?;ru;
uirer
vt kb, LeAltochip
(TTC) GTL %4 ‘Ll h_z tl ‘ L2 | K MEB
| 2ndevent |
1.2us Bus 88 us
9 !
~ - = = = _
1st event

Figure 79 Trigger timing relation with Altro strobe/readout timing

The ALTRO digitizers on the FEE cards contain Multi-Event-Buffers (MEB) which are
opened/closed by two timing strobe sequences (named L1 and L2) generated by the RCU as
function of the level-0 and level-1 trigger. The ALTRO strobe relation with the level-x triggers
is depicted in Figure 79. Other than for the TPC, the PHOS L1 corresponds to the level-0 trigger
and L2 corresponds to the level-1 trigger. L1 opens an MEB data buffer and L2 closes it.
Successive L1 signals with missing L2 strobe re-open the same buffer. L2 closes a buffer.
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Whenever the RCU receives a level-2 signal, it initiates the readout of the Altro buffers via it’s
two GTL bus branches. The synchronization between level-2 triggers and their event buffers is
managed by a triger mask inside the RCU . Defacto, on each level-2 trigger, the RCU addresses
all Altro chipson all 14 FEE card and read’s the MEB buffers which belong to the level-2 trigger.

The Altro chip has a digitization pipeline of up to 14 clocks, therefore for PHOS, the L1 strobe
has a maximum latency of 1.4 us for a typical 10 MHz sampling rate. The locally generated
L1 strobe (ore’d level -0 signal from all TRU’s) is available earliest after 650 ns. The L2 strobe
(level-1trigger ) which closes an event in a MEB buffer is received after a maximum latency of
6.2 us.

The readout decision is taken by the RCU aftera L2 trigger. Up to eight ALTRO buffers are
available to be filled by L1+L2 strobe pairs withing a level-2 readout boundary. Each buffer
has a maximum depth of 512 words of 10 bit.The zero-suppression feature of the Altro reduces
the readoutblock toaminimum. The RCU reads and forwards the assembled event data through
the Digital Data Link (DDL).

10.1 Readout bandwidth

The maximum readout bandwidth per PHOS readout partition (1 RCU) can be approximated
as 50% of the raw DDL bandwidth of 200 Mbyte/s. With two readout branches per RCU,
the balanced maximum bandwith per TRU domain is 50 Mbyte/s with dynamical fluctuations
up to 100 Mbyte/s.

With a peaking time t,,c, Of the shaper output pulse shape, the signal is digitized by a sampling

frequency f;. A semi-gaussian shaper pulse is measured?® over an envelope time of 3.2* theak
(compare Figure 53 ). The number of samples N ist then

N = 32 fg toen

Equation 21 Number of samples per shaper channel of 1 triggered event

With fs =10 MHz and tpeak =4us, N =128 samples per semi-gaussian pulse.

The number of samples S per channel and per second per trigger is:

Schannel = N - channelHit(E)

Equation 22 Number of samples per second and channel

1. including some presamples for pedestal measurement
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where channelHits(E) is the average number of hits/second above a chosen energy cut E (see
Figure 80). Given an hitoccupancy H, the readout bandwidth for one partition (2*448 channels
of 20 bit) in bit/s is:

S = 1.79-10* (H- Sy ne) + (1—H) - 8.96 - 10°

partition

where 8960 bits! represent the number of bits read out by 1 RCU partition for 100% empty
channels, this is however only 1.1 kbyte and therefore neglegible. Finally the partition
bandwidth in Mbyte/s can be approximated with 30% overhead due to byte boundary rounding
etc. as:

-2

SBW[Mb te} =10 " H - fg- tpeq - channelHit(E)
S

Equation 23  Partition Bandwidth approximated

where fs is in [ MHZz], tpeak in [us] and channelHit in [Hz]. The above approximation does
not include zero-suppresssion.

The channelHit rates are taken from channel rate simulations of 2004 [5] for p-p and Pb-Pb
interactions, reproduced in Figure 80 below

| PHOSHits number at different energy cut |
3

[ PHOSHits number at different energy cut |

average number of hits per crystal per second

=

=

<%

=3

10

ry
o
™

=
o

average number of hits per crystal per second

-

10 10°

Enegy cut (Mew Enegy cut (Mem3
Figure 80 (D. Rohricht et al. 2004) TOP: average number of hits per channel for 5 TeV,
8kHz Pb-Pb interactions in dependence of the energy cut (Hijing , min. bias ) BOTTOM:
average number of hits per channel for 14 TeV p-p interaction rate of 8 kHz in dependence
of the energy cut (Pythia min. bias)

1. one empty channels consists of one 10 bit word.
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10.1.1 Bandwidth of Pb-Pb interactions

100
90
80
70
60
50

Mbntels

30
20

With an interaction rate of 8 kHz for a high pt trigger Pb+Pb, a PHOS occupancy of 20% is
expected for energy cuts at 40-50 MeV. With a 4us CW shaper and 10 MHz sampling rate there
are N=128 samples per trigger. With an single channel rates for differentenergy cuts as depicted
in Figure 80 TOP, and Equation 23 Figure 81 shows the partition bandwidth for three different
occupancies as function of the energy cut. These numbers scale with sampling frequency and

Partition Bandwidth Ph-Pb (10 MHz 4 us) Figure 81 Partition
bandwidth for Pb-Pb

as function of Energy
4\ cut for different
\ occupancies (40, 30
and 20 %)
L | \ ——Pb-Pb 40%

\\ —#—Pb-Pb 30%
‘\ Pb-Pb 20%

o~
j__‘*a—_*_____!b
| |
10 20 30 40 50 60 70

Energy cut MeV
with peaking time of the shaper.
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10.1.2 Bandwidth of p-p interactions

With an interaction rate of 200 kHz for a trigger p+p, a PHOS occupancy of < 1% is expected
for energy cuts at 40-50 MeV. With a 4us CW shaper and 10 MHz sampling rate there are N=128
samples per trigger. With an single channel rates for different energy cuts as depicted in
Figure 80 bottom, Figure 82 below shows the partition bandwidth as function of the energy
cut. These numbers scale with sampling frequency and with peaking time of the shaper.

Partition Bandwidth p-p (10 MHz, 4us) Figure 82 Partition
3 bandwidth for p-p
\ as function of
25 Energy cut for 1%
\ and 10%
2 occupancy

\ —a—p-p 10%
’ \ —a—pp 1%
1

Mbytess
P
=]

.\\ '—-—_.ﬁ_‘_%
0.5 \I
0 F_\_\‘_—\—n—____ﬂ_
0 10 20 30 40 50 60 70
Energy out MeV
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11 Trigger Region Unit ( TRU)

The FEE and TRU consitute a co-design of embedded electronics inside the PHOS modules.
The TRU generates Level-0 and Level-1 trigger decisision over a TRU domain of 28*16 crystal
areas[2], it will be described in more detail in a separate document. The level-1 trigger has 1
LVDS outputs for level-0 and 3 LVDS outputs for low, mid, high threshold triggers A TRU
receives 112 fast analog sums from it’s left and right FEE cards (see 14.1 ) and digitizes these
on the fly for fast trigger processing in a large FPGA. The FPGA-based algorithm sums the
charge of crystal patches of 4*4 in all combinations, compares the integrated charge against
programmable thresholds and defines the peaking time relative to the 40 MHz LHC clock. The
12-bit TRU trigger ranges from 8 MeV(LSB) to 32 GeV. .

L1, L2 timing strobes

GTL bus ™ 3
FEE, .... FEEg FEE; | | (TRU: FEEg | ...  FEEy
analog sum =
INSIDE PHOS MODULE cables S

OUTSIDE PHOS MODULE Hl-— - — - — - — — — — = — — — -

from 8 TRU’s
level-10T7 level-0
] RCU (1 of 4)
m ' Branch A
Fanout Level-0 and Level-1 leveh o
Error Branch B
40 MHz LVDS-OR |
™~ loos|siu

D
A DDL fiber
z 2 A
é <
3 2
~ S~

Figure 83 TRU domain connectivity COUNTING ROOMS

TRIGGER CRATE (40m) | — 1 =
level-0 v ‘
| Ethernet[ D-RORC[ H-RORC{
49 Fanout ‘
LTU CTP-out CTP :
BUSY
i - TTC fiber| | DCS DAQ HLT
\
\

The FPGA-based algorithms take trigger decisions in ca 200 ns processing time, using a fully
parallel sliding window algorithm, combined with a fast peak-finding method over 3..4 ADC
samples [2]. These local level-o decisions are also combined into a locally available low latency
level-0 timing signal required as buffer-strobe L1 for the Altro digitizers of the local FEE
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domains. Therefore the local level-0 decisions are input the RCU. Figure 83 is an overview of
the TRU connectivity within the ALICE readout and trigger context.The TRU trigger decisions
are NRZ encoded 40 MHz LVDS yes/no signals, connected to an external FAN out which “OR’s”
the Level-0 and Level-1 decisions from 8 TRU’s per PHOS module for the Central Trigger
Processor. A local level-0 output level-0-L is connected to the RCU, whcih converts it into the
L1 strobe for the GLT bus, which enables the Altrodata buffering ca. 650 ns after particle
interaction. The Level-1 trigger decisions on the TRU are generated as a continuation of the
level-0 processing with more samples and with graded thresholds for low, mid and high pt

These are OR-ed and transmitted to the ALICE Central Trigger Processor (CTP) via LVDS cables
of ca 40 m length, hence arrive after ca 200 ns delay at the CTP. With a given Level-0 latency at
the input of the CTP of 800 ns, the TRU’s have to output their level-0 decisions latest at 600 ns
after interaction.

The TRU implements a permanentely connected USB2.0 port, allowing the TRU to take
mastership over its FEE domain, in replacement of a RCU. This feature allows for diagnostic
servicing of all FEE cards and for updating of all FPGA configurations via an external PC. The
totality of all embedded electronics can be serviced by one PC if all 8 USB cables are externally
concentrated via a USB hub.
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12 Cold Zone Connectivity

The PHOS detector isconstructed fromarrays of scintillating PWO crystals, organized indouble
Strip Units (Figure 3). Each crystal is equipped at it’s end with one APD, glued on the crystal
bottom side. The charge sensitive premplifiers (CSP) are situated below the APDs. The crystals

and APD’s are placed in the cold zone (—25o C). Both the detector signals and the supply voltages
for CSP and APD are passed via T-cards to a temperature isolation ( Figure 84 ) which separates
the cold and warm zone. Flat cables interconnect the connectors in the warm and the cold zone
on both sides. In the cold zone, pairs of two T-cards (1 double strip unit) are mapped to a single
FEE card connector in the warm zone. This mapping of double stip units to single FEE card

COLD ZONE

pairs of T-card connectao

WARM ZONE

intermediate PCE

Figure 84 T-card-to FEE card connections through temperature isolation

connectors is depicted in Figure 84. Flat cables provide the interconnection of CSP signals and
LV / HV supplies between the cold to the warm zone. The flat cables are passed through
temperature isolation. Onthe warm zone FEE side, the flat cables are soldered to an intermediate
PCB with FEE card connectors. Two T-card connectors are mapped to one FEE card connector.
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12.1 T-card connectivity

The T-cards serve for connectivity grouping of octal crystal strip units, receiving the short Molex
cables from the 8 CSP preamplifiers of an octal Strip Unit. The T-card makes three groups of
signals ( HV-Bias, LV and CSP output) of one strip unit available on one common, robust AMP
base connector (Figure 85). The T-card also contains RC filtering of HV lines towards acommon,

backside
strip unit

COLD ZONE

L -

Figure 85 Closeup of T-card relative to strip unit and carrier frames
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analog ground. Pinout and connectivity details are shown in Figure 86 below.

8 * PWO Crystals

[
N
w

4 5 6 7 8
AP test

CSsP

6 Molex connector

APD / CSP /4

o cable i
~
+2V T-card
e 4| CSPout 7 v Ealin B—
1 I J %e\ 1 6 1 6 1 6 1 6 1 6 1 6 1 6
\ Y, \ %l Peego9l [ o9 1 op 99904l 995909l \ gl
1 6 ~ T T ° T T
Molex 53047-0610 v 1] 5 \olt
4 o analog GND
Y F s i T ﬁ." H.'l it f +12 Volt
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by soldering II
| —
Connector on T-card: g
37 pin male AMP 747470-2 \/,g Do en oo
Connector on cable: ! i ¥
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L;Outl..S \ 1 - L — ~+12V
CERN SCEM 09.21.20.130.9 < ~ . TV
BiasHV 1.8 ~ ~ < e — -~ GND

Figure 86 Overview of connectivity of a T-card
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12.2 Signal feedthrough block

The output signals from the CSP’s which are attached to the crystals are connected with the
FEE cards in the warm zone via intermediate connector blocks (Figure 87) . The connector block

double
strip unit

==

bottom

connector

plate with
intermediate
pch

FEE cards

Figure 87 Position of the intermediate connector block between T-cards and FEE cards

serves both for thermic isolation and passes signals between the T-cards and the FEE cards. The
signals of two parallel T-cards (of one double strip unit) are routed through the connector block
to one FEE connector on the bottom side. FEE connectors are 60 pin SAMTEC LS2 connectors,
soldered on the bottom side of a 2 mm thick PCB plate. They mate with the LS2 connector of
the FEE cards. Due to the 180 degree rotation of the L and R double strips, the bottom connector
plate requires some routing to adapt a.) the different pinouts of the T-cards and b.) the
orientation. As shown in Figure 91, the flat cables from the T-Cards are soldered in their natural
orientation ( without turn). The PCB with LS2 connectors on the bottom side has soldering
pads for the flat cables on it’s upper side.
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13 Warm zone connectivity

Within the warm zone (ambient temperature ~ 25 C) of a PHOS module, two double strip units
in a line are read out by a single, 32-channel FEE card. The lateral dimension of a FEE card
spans over two FEE connectors as can be seen in Figure 88.The orientation of the two strip units
is “Left” mounted and a “Right” mounted, resulting in a left-right mirroring of the two FEE
connectors. This choice allows to have the high and low Voltages routed from the left and right
extremes of the FEE cards, and leaving the signal traces and analog ground in a quiet central

zone ,
O O OO OO O O™
G Strip Unit o Strip Unit
: -
éULD
L
T-card T-card
(Left) (nght)
flat cables flat cables O
Isolation
Intermediate PCB
FEE card connector FEE card connector
WAR (Left) (Right) O
O
32 -channel FEE card
(inside cooling envelope) O

Figure 88 Situation of FEE cards in warm zone below strip units

The PHOS module dimension of 64 *56 crystals corresponds to 4*14 FEE cards. The mounting
of the FEE cards (within cooling envelopes) below their double strip untits is shown in Figure 89

page 99



Front End Electronics PHOS electromagnetic calorimeter Ref: Alice 2005-XXX
Alice Note Issue: [1] Revision: [6a]

13 Warm zone connectivity Date: 25 Mai 2005

The overview principle of the embedded/cooled PHOS Front End Electronics (FEE) is depicted

2*16 PWO strip units

APD and preamplifiers

Figure 89 bottom view on FEE
cards embedded in copper envelopes and with cooling pipes

in Figure 89.
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13.1 FEE card connectivity

The outer dimensions of an FEE card is 210 * 348.8 mm? with a PCB thickness of 2 mm. More
precise outline details are shown in Appendix 1

Figure 90 shows the FEE card with it’s surrounding connectors on the signal input and on the
PWO CRYSTALS

A8.B8 A9.B9
= ]

A16.B16
L R N PO R et~
U A Y B N 4

T-card
AMP connector 747 470-2
3M cable connector 8337-6009
> Flat cable 37 pin, 1.27 mm ( CERN 04.21.22.340.3)

olex 5360 connector / or solder

]
T . T | Sp—
]
SamtcL -1-30-0 | N intermediate PCB/ | |
LS2Comnector L~ |L.52-130-01-5-D-RAL
I
| : R ] AAAARA ) 7 P
® s e Bl B e
lernamantrnatlasy. iSﬁép’eFS
i
1 )
: et
adfle 2
. 13
5
®
= - Q... " GTL & GTL strip Data 4R
LED's  Run/Test &} 5 m
cooling pipe{in) Sy cooaling pipe (out)

Figure 90 Layout of FEE card and Crystal mapping with FEE shapers

readout and Power side. These are detailed in the following chapters.
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13.2 FEE signal input connectors

Each analog feedthrough passes 16 channels of bias high voltage, and 16 signal-gnd pairs of
preamplifier signals. There are 2 low voltages, one test signal and analog grounds. The 2 mm
pitch LS2 series SAMTEC connector with align and latch mechanics is used with right angle
through-hole version is used on the FEE card, and straight-pin, through-hole version on the
connector block.

The dielectric constant of the connector material is E= 3.7 ( 1 kHz) and the dielectric strength is
47 KV/ mm at 23 °C and 50% humidity. With a nominal 1.5mm isolation thickness, the high
Voltage feedthrough up to 0.4 k\Volt has been tested by SAMTEC for pin-to-pin and row-to row
and unproblematic. The pad distances on the PCB for soldering flat cables should have an
isolation distance of 1.5 mm.The flat cables are 2mm pitch cables.

Right bottom connector PCB
From T-card '
|
|
|
|
2mmPCB | ! | PCB
= | =
iEE connector
I_ |
pinl |
Left
2 mm pace

flat cable /solier
1

PCB

— B —
3.35_{
- —AJUJ LS2-130-01-S-D

il

FEE card

SAMTEC

T
€33 LS2-130-01-S-D-RAL

.250

2,00) —12_
G ,‘L(%gg-' (2,29
30 090

Style —02 Style —01

Figure 91 Orientation of flat cables from L and R with FEE input connector

Asshown in Figure 91, the FEE cards are equipped with 60 pin LS2 connectors which mate with
LS2 connectors in the bottom PCB plate of the connector block. When inserted, there is a 3.35
mm air gap between the FEE card and the bottom of the connector block, allowing for air
ventilation.
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Figure 92 shows a view from the FEE card up to the L-R oriented T-cards. The FEE card
connectors are on one side relative of the FEE card. The T-cards left and right are rotated by
180 Degrees such that the T-card position relative to the FEE card plane changes.

60 pin SAMTEC connector

FEE card 87 pin AMP connector

Figure 92 Orientation of Strip Units / T-cards relative to FEE card
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13.2.1 Flat cable feedthrough

The Flat cable feedthrough connections per 32 channel FEE card are shown in Figure 93.

© T-cards L Connector T-card R o

360000000000000000000000000000 NNANNNANANNNANANANANNNNNNN

Connector

40-wire Flat cable ’DiLl
CERN SCEM 04.21.22.340.3
11 UUUUUUUU UUUUUUUUUUUUUUUY |
v .
I I 1 LS2-1-30-02-S-D I
LS2-1-30-02-S-D -1-30-02-S-

60 11 ]
11 l l |
00000000000000000000000008 1l 000000000000000000000000 1
| bottom connector plate 11 bottom connector plate |
A ox on o on o o o om o om ow o o R, E_- - - T T s e s s - d

Left (L) Right (R)

Groupl: HV Group2:LV Groupl: analog signals Groupl: analog signals Group2: LV Groupl: HV

illllIIIIIIIIIIIIIIIIIIIIIIIII lIIIIIIIIIIIIIII LR
Iy VLRLLLLLLE D TR L LT

- -
61.57 mm

Figure 93 Implementation of signal pinout mirroring L and R
connectors.

The flat cable connections between the T-cards and the bottom PCB of the connector block are
firstsoldered onthe PCB and then connected on the T-card side. The R ight connector is mounted
in the same orientation on the FEE card however has a mirrored left-right signal allocation. This
situation is depicted in Figure 93.
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13.3 FEE connector pinouts

The pinout of one 60-pin FEE connector is shown in Figure 94. There are 3 signal groups: HV,

LV and analog signal.The pinout is mirrored into A and B ( belonging to one double strip unit)
and Left and right. Each row is connected via a single flat cables to a single T-card/strip unit.
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13.4 Intermediate signal adapter PCB

The signal adapter on the bottom connector plate ( Figure 93, Figure 87) the FEE connector is
depicted in Figure 95. It shows the signal correspondence of the four T-cards and Crystals with
the pin allocation on the LS-2 connectors of the FEE card.
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14 Module Connectivity

The global connectivity withinaPHOS module and with the external logic is shown in Figure 96.

DCS slow controls
Canbus cables

1 PHOS Module (3584 Xtals)

8* 400 Volt

High Voltage | # 1TRU=28*16 xtals 1RCU=2TRU (28*32xtals) B4
crate (Iseq) power-bar, A FEE(Q) ‘ :
= ok o w56
Low Voltage EE) 1 — . l—
crate (Wiener) Feeg— - e > <+“— >
LO/L1 = ’IFE & s H: - T RY(2mmn | T RU (- il R U (4
+ FEE(8)
T—— | :
L —FEE(IO— - —. )
28xtals | —FEEQL -, 1
2*Cats 59 cm | EEE(ﬁ)} L. 3 '
m cables v _FEm T J 4* TTC links
I 4B XEY™T e i e T D - -] (optical)
[ 4.. [ '

...............

LoL1(1y ;e : ‘—I_’
" y =T R (S : =l RU _6)_ e — :_-TRU(7FL. :—I'_RL_J(§)?5+_-

LVDS
LO ModuIeA. Signal

-
L1ModuleA | OR
-

LOL 1(8) : : f
3 > 1§

to Central + o >

Tr i gga- v v v V©

Processor 4* DDL links (optical) 4 * ethernet links
(optical)

v vYV Y

Figure 96 Connectivity of one PHOS module

Stacks of 14 FEE cards (corresponding to 448 crystals ) are interconnected each with one central
TRU, such that in total, 8 TRUs domains are situated within one PHOS module of 3584 crystals.
Each TRU outputsone Level-0 and one Level-1 output cable (twisted pair) to a central (external)
trigger OR. The TRU'’s are all aligned in two of the 28 horizontal air-channels formed by the
horizontally aligned FEE cards. A simple, external OR unity receives 8 Level-0 cables and 8
Level-1 cables from the 8 embedded TRUs of a PHOS module.

There are 4 external Readout Control Units (RCU’s), for reading out energy and trigger data

from two TRU domains. Each GTL branch consists of a data and a control bus. A branch consists
of

- two GTL+ cable branch cables of 40 cm length that are passed from the external
RCU via openings in the bottom plate of the PHOS module

- two GTL+ backplane strips of 606 mm length as shown in 9.1.1 .
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Each RCU is connected to the DAQ system through the optical ALICE DDL links. The SIU
(Source Interface Unit) for the DDL is attached as a mezzanine on the RCU. A second mezzanine
contains the DCS node, which is connected to the ALICE DCS via a magnetics-free Ethernet link.
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Figure 97 Embedded connectivity of a TRU readout domains.
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14.1 Readout Domain connectors (GTL)

The 50 pin data bus and the 26 pin control buses ( see Figure 75) are implemented as terminated
pcb striplines, derived from the strip bus of the TPC Each stripline connects 2 * 7 FEE cards
spaced at 45.32 mm center line, and a central TRU inserted between the middle FEE cards at
half pitch.

Table 5 SAMTEC FEE card backend connectors

on Strip backplane

Data bus ( 50 pin) Connector on FEE or Cable

50 pin 54 pin MMS-127-01-L-DV
EHT-125-01-S-D-RA note: only 50 pins used

Cable connector for RCU:
2mm cable connector:

50 pin MMS-125-01-L-DV

Cable: 2 mm IDC, 50 wires,
15 inch cable Samtec
TCMD-25-D-15.00-01

modified: each pair is to be

inverted!
Control bus ( 26 pin) on FEE on Strip backplane
26 pin 30 pin

EHT-113-01-S-D-RA MMS-115-01-L-DV

note: only 26 pins used

Cable connector for RCU
2 mm cable connector:
40 pin MMS-120-01-L-DV

Cable: 2 mm IDC, 50 wires,
15 inch cable Samtec
TCMD-20-D-15.00-01
modified: each pairis to be
inverted!

on FEE or TRU 0.645mm-cable 50

cm

Analog Sum (2*8 pin)

SAMTEC connector

FTSH-108-01-L-DH-A

Cable 20 inch
FFSD-08D-20.00-01-N
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15 High Voltage distribution

The ISEG HV modules[7] are available in 6U Eurocard standard, with asingle multi-wire REDEL
connector for 8channels. The EHQ 8405p_156F module has8*(500 Volt/15mA) floating Ground
HV connections. The Iseg HV connector provides 8 floating HV supply voltages to a
multi-conductor HV cable ending up on a HV patch panel with Redel connectors ( Figure 98
) which serves as HV fan-in for a single, 56 wire HV cable of ca 100 m lenght and ending at
the PHOS HV distribution board in UX25 close to the PHOS detector. Each of the Redel
connectors feeds eight octal HV cables for the eight readout domains of the PHOS module.
Each of these is daisy-chained inside the PHOS module. .

Iseg HV power supply
EHQ 84 05p_156F

Octal HV connectors (differential, floating’
7

HV fan-in board in Counting roon

100 m multiconductor HV cable (CERN 04.31.52.075.¢
37 *0.15 mm2 HV wires, 12.4 mm dia

2 cables for 40 differential HV lines, 2 common
outlets are groupted on 1 wire

1 octal ISEG
supply per PHOS
module

HV distribution board in UX2:

_________ e

PHOS module n X single cable per PHOS moddle

_________ -

_ -~ daisy chained HV of one
— HV channel over 1 Readout
- domain of 448 APD’s

Each APD has it's own
precision HV Bias Controller.

Figure 98 PHOS HV Bias
plan for 1 PHOS module: 8
Iseg HV bias channels to
8*14 FEE cards ( 8 * 448
APD channels)
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16 Low Voltage power distribution

Thetotal power consumption per FEE card adds up t05.4 Watt

o~ whpE

The FEE card requires 6 low voltage power connections via differential power cables between
the PHOS module power block and the LV power supplies. At the power block, the analog and
digital grounds are separately connected and continued as analog and as digital ground. Each
FEE card is alimented from the PHOS power block via 8- wire strands to 8-pin power connectors

on the FEE cards. as shown in Figure 99.

14 FEE card connectors inside PHOS

40.87 mm

/ +135aV, 0.14
~7aV,012A
+6aV,0.32 A
A-Gnd, 0.73 A
D-Gnd, 0.45 A
+33aV,0.34A

+3.3dV,031A
+42dA,014A

I |vSubPowerblock —

B +13.5a
outside PHOS

+6.5a

Gnd
N A)

Gnd
N (D)

A +3.3a]

\| r+4.2d

Phoenix TMSTBP 2,5/ 8-STF-5,08

@ =2.5mm2 copper, Ha ogene free Isolation 3.5 mm dia

Figure 99 one of 16 power strands for powering FEE cards

The strands consist of eight 2.5 mm? isolated copper wires and 12 A daisy chained cable
connectors of type Phoenix TMSTBP 2,5/8-STF-5.08. The 6 LV connections are:

+135aVO0lt ..o 0.14 A
-6.5aVO0It o 012 A
6@ VOIT .o 0.32A
+4.2d VOl o 0.14 A
+3.3@VO0It oo 0.34 A
+3.3dVOIL 0.31A
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The logical LV connectivity and power plan for the FEE cards combined with the TRU and

Power connector FEE 8 pin LV power mOdUIeS

csp& T-card FEE card odule P block LV supply type:
APD odule Power bloc :
analog GND _ digital GND (31) | FEE+TRU Wiener PL500/F12
6 - + 4.6V digital
1oV a €024 202 | | 120324 =2 26 A g 2.8V
Shaper 0.14A +|ﬂ d | L] 50A
Bias Ctrl +3.3d: Flash, USB - [g] 112°0.14A 114 7
o AH A 53 [uzoun = 1" vanaog | 2
FPGA-core, GTL® | +33a | | 72 A 100A
HAV+25Va < 0¥Al 1) 112*0.34A| @ |
ova ALTRO J 0427 ‘?%a 12:0.12A == 5..15V
S {a8Var Shaper; ¢ Rerll | +13.7V analog| o,
+1Va 4——5va < OLAL M) | izeld ] 16A
EESGL 112+0.45A] T 2.8V
":: 112 0.734 e — +§64X analog 504
L 6.6V anal 2.8V
- 6.8 Vanalo
32 BAPD Y g 25A
ANy, +4 V digital 2.8V
Jumpers (0-Ohm) for equipotential | |foatinganb 100A
of analog/digital G Igs " | e . 69 A
Modde Chasss [ —~ 35 m " Total: 1.4 KW
| .
Power connector | I:?S’Ezugfllyszgrs’e - 156-F
TRUcard TRUG6-pin Q p_-56-
) 8*05 A +6a
*14A 10 A
6 Foa 8 ! +4.2d
4.1A *
wvas——— [ | 8734 | +33d. 10 A
FPGA DA 4.2V d |
+33vd : [1 +3.3a
+25V +1,5 an |13V | -
Altro I g 6.5 ‘
Ay 2A |+33Va 8*4.2 l
+1V 3, +25a E; +135a RCU-4 RCU-4
4.25A |
pe - | D! L L
e — | A RCU-4 RCU-4
- |
analog GND digital GND
internal | external

|
Jumpers for equipotential of analog/digital GND

Figure 100 Power schematics for 1 PHOS module

RCU’s is detailed in Figure 100.

The LV power supplies for 6 different Voltages are of type Wiener PL500/F12 [6] providing a
total power of 1.3 kWatt per PHOS module. There 2* 6 LV power cables of 35-40 m length and
cross sections between 95 and 120 mm2 required (see 16.2 ).
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16.1 LV supply hierarchy on FEE cards

The LV supply hierchies for the FEE card electronic sections is depicted in Figure 101. The

o 2
N i N a 2I < < 3
> S O o~ Q &
il ¥ ? ¢ 5 2 ¢ S Py
CONNECTOR @ * ® o o o ° ° |
Regulators [ RE4 RE 2 RE 4 IC18 [ 1c17 |
( board Ref.) [Re4 | RE 1 'CJlG REGL
L
FPGA FPGA ALTRO | | || SHAPER|-¢— PRE-AMHA—|
110 [ CORE [| [ANALOG[R
O] = o) 0]
FLASH] |0 [ GrL = [5REF]_< 5v0 REF.
EPC16 | |A |DRIVERS 2, |votaced |2 = 8 V\é)LTAGE_ g
o p 3z 2 (DACY |=
& |ALTRO <
Uss =% |\ AaRaL 5 %—FAST'OR <Z(| N
DAC CLK + S ]
BUFFER [ | O +
Do Values Stored on Registers of Board Controller
g § 8|2 o Voltage Registers Current Registers
>0 <§ — | Mnemonic | Reg. Address | Mnemonic Reg. Address
AN kaveo | D4V 09 D4vC 0A
/2 |+aep| D3V3 0B D3V3C 0C
/3 |[vavaAa| A3V3 39 A3V3C 3A
/A [revoa | ABV 3B ABVC 3C
A oA | AMBV 29 AM6VC 2A
/B [H13vsA AL13V 2B A13vVC 2C

Figure 101 LV Power hierarchies and Board Controller LV test registers on the FEE cards

designations of the regulators corresponds to the ones on the FEE cards. The Current/Voltage
sense testpoints are depicted as triangles, their correspondence with the U/I test registers of
the PMC controller [26] are shown in the table below.
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16.2 LV Power supplies and cables for 1 PHOS module

There are 6 high current LV power supplies of different voltage and max 300 Watt each per
PHOS module. The output voltages at the LV power supplies have to be higher than at the
input of the FEE electronics due to ohmic voltage drop over 35 m of differential LV power cables.
Two different cable cross sections are used per PHOS modaule, all have a length of ca 35 meter.

- 6 LV power cables of 95 mm2 copper (CERN SCEM 04.08.61.975.0) with outer
diameter >23mm and of CERN Type UCH1s
- 6 LV powre cables of 120 mm2 copper (CERN SCEM 04.08.61.980.3 ) with outer
diameter > 25 mm CERN Type UCK1s
The ohmic resistance of these cables for 35 meter length is calculated as follows:

Annealed Copper: 1.724 x 10-6 Ohm.cm @ 40°C
Resistance of 35 m length 95 mm2: 1.724 x 10-6 * 3500 * 100/95 = 6.35 mOHM
Resistance of 35 m lenght 120 mm2: =5.02 mOHM

With the required FEE Voltages at the FEE input power block and the total supply currents, the
Voltage drop and power dissipation per cable is shown below:

P.S. output differential Voltragedrop LV current Cable pair heat LV power Voltage on power block
13.7avalt ............ 0.2Von 9% mm2........ 16A...ccenee 3.2 Wett.............. max 0.22kW ... (+13.5aValt )
6.8avolt.............. 0.18V on 95 mm2........ 4A....... 25 Watt.............. max 0.095 kW  .....cccoce..e. -6.5aVolt)
6.4avalt ... 0.4V on 120mma2......... A0A............ 16 Watt.............. max 0.26 kW ... (+6aVolt )
4.7dVolt ... 0.46V om95 mm2...... 36A... 16.6 Watt............ max 0.17 kW (+4.2d Volt)
4avolt ... 0.720n 120 mm?2 ........ T2A...e 52 Watt.............. max 0.29 kW (+3.3aValt)
4dvolt ............... 0.69 on 120 mm?2 ........ 69A....coenne A7.6..ooeiiiinienns max.0.28 kW (+3.3dVaoalt)

This requirement corresponds to 6 LV power modules of 300 Watt

1* 2.8Volt ....25A, 300 W
1* 3..15V...... 20 A, 300 W
2* 2.8V...... 50 A, 300 W
2* 2.8 V... 100A, 300 W

LV Power Totals per PHOS module

Power consumption per FEE card + CSP: ...... coocoevinninnenrereeeseee e 7.2 Watt ( FEE aone 5.2 Watt)
Power consumption per TRU Card: ........ccocveee eveenieieniercneeeee s 35 Watt (estimated)

Power consumption 1 PHOS module (112 FEE /CSP+ 8 TRU+4 RCU )......... 1.16 kwatt®

Power dissipation of LV CableS (12):.....ccccceviereienirnie e 137 Watt

Power delivered by LV supplies FEE/TRU/RCU: ..o, 1.3 kWaitt

Real power (~20% 10SSINPS) ..oovcviiiiieieieee s 1.62 kWatt

Max. PS. supply rating (5 power MOAUIES..........cooveeerieereeireereeesee s 1.8 kWaitt

1. Power consumption for 1 Module in cold zone by CSP 215 Wait
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LV Power Tota for 5 PHOS modules:

Delivered power by rack with LV suppliesfor 5 modules ..........ccccevveeeveriieniennnns 6.5 kWatt
Real power (including ~ 20% CONVErSION [0SS) .......ccccvveceevviieeseseeseesieieeens 8.1 kWatt
Max. power rating for Rack(s) with 5 module LV suppli€s .......cccccvvevvveveeenne 9 kWatt
Power dissipation 60 LV cablesfor 5 modules..........ccovevevviceiieicn s 0.68 kWatt

(50 % inside magnet, hence ~ 340 Watt inside magnet )
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17 Cooling of 1 PHOS module

Each FEE card is enclosed inside copper cassettes like shown in Figure 89 ( for geometrical
details see Appendix 4 and Appendix 11 ) which are open on top and bottom for connectors
and cables. Copper pipes of 4 mm diaand 65 cm length are soldered to one side the copper
cassettes ( see Appendix Appendix 5 and Appendix 11 ) The pipes interconnection between
FEE cards consists of plastic pipes. The TRU requires cooling pipes of 6 mm flow diameter.

The copper boxes are needed to cool the dissipation of electronic components on the FEE cards
and, using a controlled (underpressurized) water-flow through copper pipes which are soldered
to the copper boxes. According to Chapter 16.2 , the power dissipation of one FEE card is 5.2
Watt (without CSP) and of one TRU is 15 Watt. Four FEE /TRU cassettes in a line consitute
one water cooling channel between In and Out Manifolds. The cooling pipes are connected as
shown in Figure 89

1TRU cooling channel 4* 15 Watt ( 6 mm dia pipes)

water manifold in \ 1 FEE cooling chanel: 4* 5 Watt (4 mm dia pipes)
[ * X ay |
I I \ . \ . . FEE —
I \ M \ . FEE "SR
I I o ; e 1
I \ FEE —
I I \ . . FEE —
I * . +FEE
. | TRU ' TRU ' TRU T TRU I
| : : : . — Out
201/min | , . : G 18°C
: | 28* 22 W Z —Lr —
> I + , . FEE —

I 1 2* 60 W : — s —
I — FEE

15°C I - . . FEE
I —— ~0.75 kWatt—; —
I T T T
I I L N N FEE
: | TRU : TRU : TRU : TR’l:JEE
I ' : " FEE
I I FEE
I R ] ' ' FEE
I T ' ’ ' FEE
I : ' ' " FEE
I - FEE

| + . " FE |
120cm PHOS module
-
(145 cm)

Figure 102 Cooling channels and Water manifold plan for 1 PHOS module
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Figure 102 depicts the total cooling situation. A total of 28 FEE cooling channels of 22 Watt and
two cooling channels of 60 Watt amount to a cooling power requirement of 0.75 kWatt per

warm? volume of the PHOS module. The water cooling requires 20 | water per minute per
PHOS module. With an In/out pressure drop of 300 mbar and an input water temperature of

15° C in, the output water temperature is ~18 C°

1. note that this counts only for FEE and RCU cards, the CSP and RCU are in different volumes
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Appendix 1 FEE card embedded dimension
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Appendix 2 FEE /CSP connectors
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Appendix 3 GTL strip pinout (from TPC)
GTL+ Control bus

GTL+ Data bus

SAMTEC MMS-120-01-L-DV - on backplane [EAWTEC MMS-125-01-L-0V -on backplane
PIN FNCT Terminatlion required-technalogy PIN FNCT Termination required-technology
! il ; GDEE GTL
2 ERROR C:T GTL 3 D36 oL
3 DSTB GT GTL 7 Do oL
4 ACKN GT GTL 5 D36 GTL
5 TRSF_GT GTL 8 D35 GTL
5] GND 7 GND
7 L2 GT GTL 8 D34 GTL
8 L1 GT GTL ] D32 GTL
5 WRITE_GT GIL ~ Bgf g?r'[
10 C3TB GT GTL 1 D30 el
1 RST_GT GIL E GND
12 GND 14 D29 GTL
13 RDO  CLK GTL 15 D28 GTL
14 INTERRUFPT GTL 16 D27 GTL
15 SC_DIN GTL i7 D26 GTL
16 SC_DOUT GIL — éﬁg GTL
17 SC CLKE GGTL 20 D24 GTL
I Y] 21 D23 GIL
18 VTT (to the tlermination on backplane) 22 D22 GTL
20 VIT ite the termination on backplane) 23 D21 GTL
21 VTT {lo the lermination on backplane) 24 D20 GTL
- N = o
23 SCLK_DN On backplane only - LVPECL = T (I;TL
] GhD 28 D17 GTL
25 SCLK_DP On backplane only - LVPECL 29 D16 G
26 GND 30 D15 GTL
27 PWR SW-1 3 GND
28 PWR SW-2 ‘ a2 D14 GTL
29 PWR SW-3 o 33 D13 GIL
O T —— -
)
H PWR SW.5 8 36 D10 GTL
32 PWR SW-6 c = ZND
33 PWR SW-7 s 23 iEl Tl
34 PWR SW-8 O 39 D8 GTL
35 PWR SW-2 o 40 D7 GTL
36 PWR SW-10 ! M D6 GTL
37 PWR SW-11 O ok D5 GTL
38 PVWR SW-12 = — B —
39 PWR SW-13 T =3 T
40 GND 16 D2 GIL
47 D1 GTL
43 Do GTL
49 VTT (to the termination on backplane)
Figure 103 pinout of GTL bus 50 VTT {to the termination on backplane)

(adopted from Alice TPC)
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Appendix 5 Cooling pipe and heat areas
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Appendix 6 Cabletrays on PHOS bottom plate

ETH3 ETH1 TTC3 TTCl DDL3 DDL1 ETH4 ETH2 TTca TTC2  DDL.

optical fiber, tical fibers
118 | D P D ]
A f — hoe— ~ GTL busf
USB Host USB hub

Trigger-OR i, o
i N

blocks TRU

pwer blocks FEE

T3V, 16A

) 6.8V, 14A

v [eav.ara

Peasm | 46V.28A

ap |39V.HA
4V, 61A

Silisol H
Multicore (8)

Wiener LV Supplies

LV power distribution in UX25

95 mm2: SCEM 04.76.21.08.7 M 12, L=61, b=26.2
120 mm2: SCEM 04.76.21.094.7 M 12, =65, b=29

=

lateral é:onnections

95 mm' plastic fixations

Filter capacitors4.7 mF

&
= 3

lateral LV cross

t:tr connection ;
P‘A % Lateral view /
RN ), ——llEE1EEA - LV Power block
bottom plate _— v o ° oy plastic
T LT Mizeontactsrel IR
LV power block up to 10 fanout wiresper Voltage Y
(s . g . copper fanoutscreNs
N o top view of piece
[ : 2 LV power block
|
"ﬁ"i’” 1=l \67—\
63mmecablelugs T iR ////?\'\O ‘“
VX! VYI Vz! o
. <4 bottom plate
0aly, u
€2 1 % PHOSmodulel
| N PHOS-LV2
=
PHOSLV3 L | S K .'Tfﬂiis
Node 3 5 [ [assasasaazsd
in UX25 /(
PHOSLV1
Node 1 . 2
in UX25 12* LV cables 95 and 120 mm

L L
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Appendix 8 Adaper PCB strip for FEE card front connectors
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Appendix 9 Intermediate PCB
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Appendix 10 RCU dimensions and Power/Signal cables indications

flxatlon holesfor RCU on PHOS bottom plate (M 3)

\\\

\ \ ~

\ _7\ LD
JODL: 2)‘ optical Input

TTC optical
\

Ether net (C/b\\TS)

Appendix 11 FEE cooling cassette dimensions

"7///.%\\\\\ Tty .
s VAR

N\ 1
2 N
~ ~N
~ ~
(SN
e \ \
N ' GND
b ————
LV power
43V /3.3V
105
3 [
8T
soldered T T
copper
pipe B
-
Y~ ———copper sheet 05
0.5mm #5*

FEE card FR4
(2mm)

M3 x 17 rounded
head brass screw

Brass spacer 3 mm

5 mm dia copper pipe

M3 brass nut 2.6 mm

8 mm brass spacer
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Appendix 13 FEE card 10 layer stackup

FEE card 10 layer stackup

ALICE FEE —Printed Circuit Board Stack-Up

{ 10 conductive layers PCB, Total thickness 1800~2000 pm.)

Layers sequence Material and thickness
Protection [ -  Coating 7~17um
Metallization -

Top N - (U 1207
L2 avo (I - CU 10z
L3 pwe (I - CU10Z

L4 I - CU10Z
L5 pwr [ - CU 10Z
Le Pwr I - CU10Z

L7 I - CU10Z

Le por [ - cu10z
Lo anp . - CU10Z
porToM N - (U 1207

Metallization -—

Protection |, - Coating 7~17um

Note: The Ppreg Laver is composed by two types of semi-solidified slices. Their types are 1080 and
2116,whose thickness are 2.6mil and 4.2mil respectively. The final thickness of Ppreg layer
can be adjusted to fit the total thickness of the FEE board.
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Appendix 14 FEE cards in test cradle with GTL bus and RCU
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	2 * 8 crystals, 2 T-cards
	170 * 50 mm2
	8 Crystals / T-card
	8 CSP cables / 1 base connector
	Base connector: 37 pin 2.76 mm AMP / Tyco Board Mount Connector ( 747 470-2)
	6-pin CSP cable 1.27 mm with Molex 51021-0600 header and crimp terminal 50079
	CSP connector on T-card: 6-pin Molex 53047-0610
	ca. 13 cm long
	2 Flat cables 40 wire CERN SCEM 04.21.22.340.3 reduced to 37 pin
	1.27mm pitch
	Cable T-card side: 37 pin fem. 3M 8337-6009 CERN SCEM 09.21.20.130.9
	FEE side: solder to intermediate PCB adapter
	1310*1490*245 mm^3
	Encloses 112 FEE and 8 TRUcards, 8 GTL bus strips, the RCU and Trigger OR is outside
	Left and Right adapter PCB for flat cable to FEE connector:
	max 90 * 630 mm PCB strips with mounting holes
	FEE connector on adapter PCB
	Samtec LS2-130-01-S-D
	14 connectors @45.4 mm pitch
	32 channel front-end electronics cards HUST / CERN
	CERN No. 0000042476 V1.1
	349 * 210 mm2
	10 Layer PCB, FR4 (or S1155 Halogene free)
	Weight +copper cassette: 1.2 kG
	Input: two 60 -pin connectors Samtec LS2-1-30-01-S-D-RA1
	50 line terminated GTL+ Data bus, 54*630 mm
	26 line terminated GTL+ Control bus, 30(43)*630 mm
	Data strips CERN design Ref EDA-00711-V1 Data
	Contr. strips CERN design Ref. EDA-00712-V1 CTRL
	Trigger Region Unit (TRU)
	349 * 210 mm2
	Level-0 and 3* Level-1
	14 octal analog sum cables of equal length connect 1 TRU with 14 FEE cards
	16*28 crystals = 14 FEE cards
	59*36 cm
	1 of 8 local trigger domains of a PHOS module
	19 * 19 mm2
	attached to PWO crystal, APD on back side
	Discrete logic on PCB, with
	Molex connector 53047-0610
	Hamamatsu S8664-55 (S8148)
	5 * 5 mm2 ceramic, 10.6 mm
	glued to PWO with Quick Stick, n= 1.7
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