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Introduction o
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 Many types of detectors are implied in projects our lab works in.
Associated electronics can be used either for their characterization
(test benches) or for their readout (experiments).
* For test benches:
— Ultimate performance of the electronics is requested

— If the number of channels is small (<4), then high-end oscilloscopes can be
used, but they are expensive.

— Dedicated hardware/software can also be very useful and effective

— If the number of channels increases, and if one wants to study all of them
in parallel, difficulties occur.

e For physics experiments:
— Usually, dedicated ASICs are used
— They shape the signal and measure Amplitude, Charge and/or Time
* But, what happens if:
— Time measurement precision has to be (much) better than 30ps rms ?

— One wants to measure A, Q and/or T, but also see the waveforms on
demand ?
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The measurement chain

Choice of measurement chain is driven by the ratio

|l rfu
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o performances/cost per channel
00
TesTomtich
Oscilloscope
N Front End Board Acquisition Board
USB, Field
Bus...
arge/WaveForm - Ethernet
ical Li FPGA:
FPGA: Opgcglsb'snks - Evt Buffer Processor

- Evt Buffer |I Q - Post-Processing:

eProcessing: digital filtering
FFT, CFD... -

Photo-detector

Time

PCI/PCIx l

Trigger primitives Trigger, CLK,
Analog Memory CMDs
Trigger System ——, Clk & Ctrl System
Trigger
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Circular analog memories: basic principles f—
J J

An analog memory can record waveforms at very high sampling rate (>>GS/s) '
After trigger, they are digitized at a much lower rate with an ADC (~20 MHz)

Input Signal _j\/\

» | b | |
N N > N
il B oL g}
e P 0 il
Digital sampling signal
B [ [ [ [,
delay delay delay delay delay
L -7

A write pulse is running along a folded delay line (DLL).

It drives the recording of signal into analog memory cells.

Sampling stops upon trigger. e~

Readout can target an area of interest, which can  riger

be only a subset of the whole channel

Dead time due to readout has to remain as small .
op latenc

as possible (<100ns / sample). =Nd

Read offset
= Depth - Nd

well re‘ad)
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TR Our favourite solution: a Sampling Matrix
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« We started designing analog memories in 1992 with the first prototype of the saclay
Switched Capacitor Array (SCA) for the ATLAS LARG calorimeter. 80000 ChIpS
produced in 2002, now on duty on the LHC. : "

 Since 2002, 3 new generations of fast samplers have been 1998-2002
designed (ARS, MATACQ, SAM): total of more than 30000 chips in use.

Sampling

Main shift register

Clk | Pulse shaping
at blocks
[*] 1
3.2GS/s  rotation LE:}([] 'Méj %7 e] IQ / Readout
Wi Amplifiers
Analog — — — — —
Input f ~A x| s 2 s L L] }/
1> in £ —— e e e e — = % AN
@ < T smfl IIIIIIIII q'?qzz}
1 amply/line : £ —— — A HHH == =>_\_
Input j> h :
hnffers:
H i Output
Patented '\ {Ez n | e
in2001  H>— =
s N
Validatiof @ —— P
reglstercnc }#‘E comparators
. Reference shift register
short D LL/ \ Parallelized
less jitter Readout

1 delay servo-control /col: stability
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Analog memories vs ADCs —
J J
. . . . sacla
* Analog memories actually look like perfect candidates for high '
precision measurements at high scale:
— Like ADCs they catch the signal waveform
— TDC is built-in (position in the memory gives the time)

— Only the useful information is digitized (vs ADCs) => reduced
dataflow and power

— Any type of digital processing can be used
— Main difficulty is less sampling frequency than signal bandwidth
* Their drawbacks:
— The limited recording depth
— The readout dead-time limiting the input rate
* But:
— Only a few samples/hit can be read => this may limit the dead time

— Simultaneous write/read operation is feasible, which may further
reduce the dead time

DE L'ACCELERATEUR
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< C The USB_WaveCatcher board (V6) L

Pulsers for reflectometry applications saclay
1.5 GHz BW Board has to be powered by USB Reference clock:
1 . = 9 ) / — 1 S
amplifier. =>power consumption = 2.5W 200MHz=> 3.2GS/s
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mi TR | E A - output
o G 5 ' : +5V
Jack
plug

SAM Chip Cyclone FPGA

Trigger

discriminators Dual 12-bitADC

The module Jss WAVE CATCHAER

Th e £ i2-8iT 3.265/5 DiGiTiZER uss
i Analog input JLv* Trigger
autonomous

USBok - @

test benCh USB access - @
Channel 1 Acquiring - @ NI

Triggered - @

Digitizing - @

+5V- 0

+5V
(Optional)
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tt Board Specific Features
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* Possibility to add an individual DC offset on each signal
* Individual trigger discriminator on each channel

*» External and internal trigger + numerous modes of triggering on coincidence (11
possibilities including two pulses on the same channel) => useful for afterpulse studies

** Real time trigger counting independent of acquisition rate
+ Embedded charge mode (integration starts — - [SISVENISEE ST
on threshold or at a fixed location) => high rates charge spectrum

(~ 7 kEvents/s)
* Embedded pulse generators for reflectometry

applications

Chasger Dhitidbsabas
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SAMLONG: G= f{Amplitude) Nominal Power Consumption Small Signal Bandwidth (100mV pp sinewave)
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£ £ Time characterization with digital CFD method —
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Source: randomly distributed set of two positive pulses Constant Fraction

- Results are the same with negative pulses or distance s
between arches of a sine wave

Agilent 81110/12/12

Al

\4 relative threshold :
- constant fraction
of the peak!
... ES
— —k— —————
R Lk R
— |- kx —_—— -
1,
T >
USB Wave At~0
Catcher
Differential jitter between 2 pulses
- o) with and without time calibration
Nb of bins inTime Histo  Mean [ns] Fitted Mean [ns) RMS (ps)  Sigma [ps) 40
:: 100 0110 0110 461 521 . . ..
a5 Differential jitter
20 | after calibration
- <14ps rms
¢ v — <10ps

for single pulse

33333

Differential jitter [ps rms]
N
o

10 (W —e— WaveCatcher V4 without INL

correction
5
0 ‘ ‘ ‘ —e— \WaveCatcher V4 with INL
0 20 40 60 80 corrected

o]

; ' ' " ) ‘ : . . ‘ D. Bretor|
RRei] 0180 0160 0140 n1z0 0100 0.080 -0.0600 -0.040 0017
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t‘ Summary of the WaveCatcher performances.

@ g &0
« 2 DC-coupled 1024-deep channels with 50-Ohm active input impedance actay
« 1.25V dynamic Range, with full range 16-bit individual tunable offsets
« 2 individual pulse generators for test and reflectometry applications.

» On-board charge integration calculation.
. Integrat_ed raw trigger rate counters Y=o WAVE CATCHER
e Bandwidth ~ 500MHz . i2-8iT 3.265/5 DiGiTiZER use
« Signal/noise ratio: 11.8 bits rms

(noise = 650 pV RMYS)
« Sampling Frequency: 400MS/s to 3.2GS/s
» Max consumption on +5V: 0.5A

» Absolute time precision in a channel (typical):
« without time calibration: ~20ps rms (3.2GS/s)
« after time calibration ~10ps rms (3.2GS/s)
* Relative time precision between channels: <5ps rms.
* Trigger sources: software, external, internal, threshold on signals,
11 modes of trigger coincidence
« Acquisition rate (full events) Up to ~1 kHz over 2 full channels
« Acquisition rate (charge mode) Up to ~7 kHz over 2 channels
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Applications to photo-detectors:
a few examples
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t‘ MCP-PMT characterization at SLAC (J. Va'Vra) —
J 4
Goal was to compare different electronics for measuring the signal time
difference between 2 MCPPMTs => NIM paper A 629 (2011) 123-132

saclay

Tektronix oscilloscope

Using Ortec modules

Using Waveform Digitizers

6~3.4ps 100Hz HPK C-5594-44

Laser diode

1.5 GHz BW amplifier
Start with 63x gain

ADC
(14 bits)

CFD h
9327 CFD "
93} e

TAC
Star ADC
™™ (14 bits)
Stop
Fiber splitter Stop Waveform
— S s
‘,(‘,[.’,ﬁs. .3?.% [ digitizer
(14 bits) oy
Stop = | 63ix
S L
-
WaveCatcher board

Digital CFD Summary of electronics comparison

: 'I'nmq Facshaen B [TAL]
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2t : : : :
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-~
correction ) p— = 120 | a Laser test - Ortec 9327 Amp/CFD
[ Errien = —a— Laser test - Waveform catcher with HPK amp, CFD algorithm
I { b} :..5 :.,.; s a0 '» 100 A —o— Laser test - Waveform catcher with HPK amp, chi-sq. algorithm
] :."' I‘ % o SLAC beam test - Ortec 9327 Amp/CFD, HPK amp.
' - 3 804 a Fermilab beam test - Ortec 9327 Amp/CFD, HPK amp.
% m Laser test - TARGET chip with HPK amp, chi-sq. algorithm
o =~ 23ps/iv2 I 60 - o .
@ ¢ Laser test TARGET chip with HPK amp, CFD algorithm
: - | ~ 16.2 ps gn 40 : : : :
j - . - . E : :Q:
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o & | ﬂ—@ A\ — :
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PM characterization at APC

» Goal is to precisely characterize the Antares opto-
modules in single photoelectron mode

1,000,000 triggers per measurement step

* 0.45% of triggers give a photoelectron (=> ~1.5%
of statistical error)

» There are 289 measurement steps spaced by 1cm
(3 degrees of aperture on the optical module)
starting from its center

 Using the integrated charge mode, reading out
the 289,000,000 events took only 2h30 with V4.

1 g P ——— —
300 320 340 360 380 400 420 440
X
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m‘ Increasing the number of channels ...
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- To validate the principle, we decided to build a synchronous 16-channel
acquisition system based on 8 two-channel WaveCatcher V5 boards

4-channel

prototype

New controller

board

Differential jitter between 2 pulses
in a multi-board system
16,00 . . Mean
14’00 y - | - - ..
T VAR U difforential jittr
s IS OT abou S
2 10,00 d_‘ Lb\/\:/\wg \./v\\:\;: . P
1 S V ¢ rms which
T corresponds to
§ ’ ) —e— Different channels on same board B
% 4,00 /‘ —=— Same channel on different boards — 85 pS rmS Of
200 —A—\IZI)Jf&fiecn;tz:zr:l:/e‘Ils on different boards B tl me prEC|S|0n
0,00 , , , , , , per pulse
0 10 20 30 40 50 60 70
Distance between pulses [ns]




TOF at the SLAC cosmic ray telescope

lrfu

* TOF experimental setup on the CRT

« Goal was to measure the time
difference in cosmic muon detection ——,
between the two quartz bars in view of
SuperB FTOF prototype

sce Configuaton Bun_Gragh Ermosre Advanced_Hielp
f@iPOnNiRAQQ™iNAD L
| onans | Bom 1.1 s 2.| B0t | B .| Bown5.| B | Bowd 7. Bomi |

New 8-board
acquisition
software

<1). Breton — Réunion Suivi de
d
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Entries 1908
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Time
resolution
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saclay

More than
adequate for final
physics goal
of 50 ps with 5 to
10 photoelectrons

8 9 101112 131415
8 channels from the bottom

One example of time difference

v
Gnarrowlsqrt( @
S ——



MCPPMT test bench at LAL
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BURLE 85012
MCPPMT on its
scanning setup

Towards
16-ch

SL10
test

Obscurity chamber

saclay

setup

Optical
fiber

Neutral
density filter

Collimator

lens

~ Single photoelectrons level (60%)

-3.3 kV

Output
signal

USB wave catcher (16 channels)

Output
trigger

Output

signal ~10 times
—»| voltage |—P

amplifica

UsBwWC

tion

Output
trigger

LeCroy oscilloscope wavepro 740zi

Output

signal

~20 times
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amplification

Oscilloscope
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The 16/18—channel.
board

— L VCC \

Sis" T ke @S QUL el D SE : 1.6mm thick
T = L ey & STCSTI. - . r . €10 Ve
10 layers

= ()

+ 233 x 220 mm?
» 3200 components

25 power supplies
(5 global, 20 local)

» 4 4-channel blocks
(can be used as

nat St [ v | & mezzanines on other
3 i A b @ boards)

e R 1111

e
7 « 2 channels

A, =5 4 , dedicated to digital
s ‘i“”J ;,"~~ 3 — % P 5. . j ‘ ~ signals

L

L
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R 2-channel front-end diagram
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: Run, read Controller ¢ dat P
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A flexible architecture thanks to LP-BUS

N\ Interface

[ reg |

Layer 1

Multi-layer protocol
based on
encapsulation and
decapsulation of the

data field.

LP-out 0 LP-out 1

LP-Bus 1

Protocol is adapted

LP-out N

LP-Bus N

broadcast access

LP-Bus O

& internal registers, Fifos, RAMs ...

to tree

architectures: same firmware
blocks at all layers + possibility for

FPGA LP-in FPGA LP-in FPGA LP-in

LP-outO LP-outl f===- LP-out M LP-outO LP-outl f==== LP-out M LP-out O LP-out 1

LP-out M

Event fragments are pushed towards USB => this permits a sparsified readout
=> can be based on the dual signal threshold
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m‘ Present and future board features (not exhaustive)

¢ Possibility to add an individual DC offset on each signal
*» 2 individual trigger discriminators on each channel

s External and internal trigger + numerous modes of triggering on
coincidence

* Embedded charge mode (integration starts on threshold or at a fixed
location) => high rates (~ 3.5 kEvents/s)

% 2 extra memory channels for digital signals

“ One pulse generator on each input

* External clock input for multi-board applications

“ Embedded USB and Serial Lite/Fibre Channel/Conet interfaces

¢ Possibility to program the FPGAs via USB/Backplane/Altera Blaster
 Possibility to chain channels by groups of 2

s Embedded digital CFD for time measurement

* Embedded signal amplitude extraction

D. Breton — Réunion Suivi de projets SERDI — Septembre 2012
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£ Front-end block can be used as a mezzanine o O

I
* The latter has been mounted on a CAEN USB-driven digitizer motherboard e

% Almost fully validated!

% Measurements results are equivalent to those of the WaveCatcher module: noise
level : 0.72 mV, signal bandwidth ~ 500 MHz, time precision < 10ps rms

1
| t:l‘.;!!wF?KNL
P ‘vt:\lunsu |€5°"m @'
- \lr-'&"‘ﬁ'l‘l?h‘ A\"::“ 3
SIN: PiGaorg i B
Einis lllllllllllllll\ll .
ar Sunnyvale CA 94089
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16-channel acquisition software

|l rfu

Main panel:

oscilloscope
like, but 16
channels

Time
measurement
panel

WAVECATCHER 16CH V1.2.2

Interface Configuration Run Graph  Eirmwate Adwanced Help

o H A S -

Data mY/Div

Top | ChiMt | Ch23 | Chas | Che7 | chea | Chioa1 | Chiz43 | Ch1445 | Others |

All channels: ==
Analog Of On Ind Digital Event #
Cho @ Chs @ Cha @ Ch12@ Detaut 296
chl @ chs @ cha O Ch13®  ChiB© EmTrgoer | b Required
Chz ® Chg @ Chwi0 @ Ch14 @  Cwi7 @ ExtSpnc 0
Ch3 @ Ch7 © Chll @ Chi5@
Run Type
Pulse Owutput " Single
All plots: v OnfOFt ¢ Finite
€ Equidistant Pulss CLE = FFT @ Continuous =
€ Merged I~ Average 2
& Byboard Pulse ™ Nomalize Events/s 2
€ User defined Int Ext ™ Persist 277 %
£
T
Sources
SAMPLING [G5/s] Type Chi ¥ Ché ™
¢ Software Chl I Cha ™
@’ BETEME
& Intenal
O B CMCOM2T
¢ Coincidence CHe [ Chid
wihestuig [T (8 —EE —
<K Div 312 ps/sample
Gate Length 2 10 s @3.265/5

Exit

Infos | Warnings I Emors I

18h:3min:26s: Run stopped.

18h:Imin:26s: Run is over.

18h:3min:26s: Run started in continuous mode.
18h:9min: 313 Bun stopped.

18h:3rmin:31s: Run is over.

B Measurements

Compute Reference Pulses OFF

Measure Jitter ON INL Calibration

Spline Interpolation Facter 315
MODE

Fraction ratie 3 010 Align on :  Fraction Ralio Peak
INL Calib Time Jitter .

Reference Pulses

Load Fram File

Calibration Threshold|

[¥ Correct INL Time before Afgrment Poirt (5.00 s Time after Afgrment Point [10.00 s

075~ 075
Time Measurements q 25, Yes
P
General Parameters = 0.00
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Chi2 Start

Leading Edas Trailing Edge

Fixed Threshold CFD

Exclude Pulses with distance [~ n/0ff CFD ratio 30.40

@
Statiatie 010 Load INL From leesi a
below % 10001 ne above 310001 pe 4 8
B E ALL i _ g
Chi2 End &
SavelNL values 5
_ Edge | TJT n Leading Edge Traifng Edge =
Exclude Pulses with Peak Amplitude J P — 5
r Thieshold " H
below 50000 V I 0wl 05 0z Endrato 040 Nb of means =
P
= I~ on0ff o~ ¥ 18
abave - 0o v N a7 07 7k
Cell ta plot
FE-IRR T 30
Time Distance Histogram Chi2 Slde Window |1.00 |
d omy
N " .
Show Chi2 Piot Resut_OFF INL Histograms
iDisplay Time on Waveforms! Max Peak-Threshold Distance ¥ No Max;j 500 pe OFF

ON Peak Interpolation Folynomial Mo Interpalation

beptembre 2012

Perform Spline Interpolation  Yes No Compute bandwidth

-

e distance between:

Fitted Mean [ns) Sigma [ps)

After gaussian fit: 10209

100 Nb OF Entries
Time difference distribution

il

0T [ 0 D D v ! D 0 0 1
-10 565 -10600 -10.450 10400 10360 -10.300 10250 10200 -10160 -10.100 10014

Time difference (ns)
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PWHM [ps)
9.48 23.26
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R Building large scale systems o (O
Crate backplane interconnections saclay
Individual E'_'iﬁ'ij-:_"»‘-ﬁ"‘-' Clock & common trigger Layout of the controller board
r 3 T
DAQ connected F 17

to all boards or only
to controller

-
Ethernet

[ —
«

[ Y
L
I

Up t; 10 Controller

board

Upto 10
WaveCatcher boards WaveCatcher boards

64-channel backplane

» To synchronise N boards a controller board is needed +
backplane for the interconnections
» we are building a very compact 64-channel system:

- will soon be used for the CORTO Cosmic Ray
Telescope at Orsay
> we are also building a 320-channel system in 6U-crate
(SuperNemo experiment)

PRARARS P MARRA N
o

s
=
=
S
=
<
".
LB
L5
=
<
e
i
Fow

EY Re2i2e4

BACKPLANE_4FE T o2l AO/LAL/ORSAY 12/11 ' l
D.BRETON J.MAALMI L=Z21 p RUSQUART JC.HERNANDEZ ‘\__,

O O O O
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A Continuing R&D: SAMPIC, the 5-ps TDC

Clock

Delay

(AP

» Works on analog fpat gana

signals
. Threshold

» Produces time and

digitized waveform ! Critical path
for time —_—

measurement

{option)
Digcri

I

2top or Copy

» We started designing the SAMPIC ps TDC six months ago
=> This ASIC makes use of the new AMS 0.18 um CMOS technology

* First version will house 8 blocks of 64 analog memory cells

= Sampling is performed between 2 and ~10 GS/s
= Signal bandwidth is ~ 1 GHz

lrfu
saclay
Counter
Delay line
I
|
|
|
I
Analog memory | W ADC

* Digitization will be performed inside the chip with a parallel 10-bit Wilkinson
One SAMPICchanneI _

ADC running at 2 GHz in each cell
= The 2-GHz clock is not distributed to the cells but runs a
unique gray counter
= The cells house a fast comparator and a latch

« Submission is targetted for October 2012
= First tests should take place in January 2013
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» Electronics associated to detectors can be used either for their characterization
(test benches) or for their readout (experiments).

* For test benches:

— if the number of channels is small (<4), then high-end oscilloscopes are commonly used.
For small budgets, analog memory-based acquisition boards can do the job for cheap.

— If the number of channels increases, and if one wants to study all of them in parallel,
analog memories are good candidates for a reasonable price
* For physics experiments:
— Dedicated A/Q/T ASICs are a natural option

— But to see the waveforms, or if time measurement precision has to be (much) better
than 30ps rms, analog memories seem to be the right answer

* The 2-channel USB Wave Catcher module is used worldwide, together with the
software we developed here.

* The 16-channel board is already used at CERN on UA9, at IRFU on a germanium
detector, and on CORTO. It will be soon used for testing MPRCs at CERN, on
SuperNemo and SuperB, and maybe on EUSO.

* R&D is going on: the multi-channel SAMPIC TDC will soon produce both 5-ps
timing and signal waveforms ...
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