Waveform Sampling Readout — Lessons from the
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Overview
e State-of-the-art DIRC (RICH) detectors

— Readout (needs to be) increasingly integrated
— Finer resolution (spatial, timing) = higher channel

density
« Highly integrated readout

— Reduces system cost (cables can dominate)
— Improved modularity/performance

e A couple examples:

1. Recently deployed DIRC system (Belle 11 TOP)
2. High precision timing (latest)
3. Low-cost, high density, next generation readout



Waveform Sampling: An Enabling Technology
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An Easily understood Selling Point
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Belle TOF FM PMT signal
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Underlying Technology

e Track and Hold (T/H)
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Switched Capacitor Array Sampling

Write pointer is ~few
switches closed @ once
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Basic Functional components
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Upgraded Belle detector

- PID (n/K) detectors
- Inside current calorimeter
- Use less material and allow more tracking volume
—> Available geometry defines form factor

Barrel PID Aerogel RICH

|
LRI RN NN SR8 VR LI ¥ e T8 Ve s i T

T i [T XY ¢ F
s
fol ¥l W
I s W
/ S ; ¢ g
‘.\'I‘ O : t.
o ! ) L
{ o h \ -
/ DL L ¥
! ! b \2
! / b
| i ; ‘ )
e >< e = q ! .

8.0GeV




imaging TOP (iTOP)

Conce pt Use best of both TOP (timing)
and DIRC while fit in Belle PID envelope

Side view of crystal _
/charged particle

GC cherenkovangle
crystal /
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backward-going -< |_ >

———= z-component of unit velocity

BaBar DIRC
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4x1225m
Synthetic Fused Silica
Bars glued end-to-end

Use wide bars like proposed TOP counter

NIM A623 (2010) 297-299.

e Use new, high-performance MCP-PMTs
for sub-50ps single p.e. TTS

e Use simultaneous T, 6c [measured-
predicted] for maximum K/m separation
e Optimize pixel size



ITOP relativistic velocity

* Space-time correlations; |

Channel Vs. time for 3GeV pions/kaons with beam test setup
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Actual PID is event-by-event $

» Test most probable distribution —

Beamtest Experiment 2 Run 568 Event 1

time (ns)

0 100 200 300 400 500
Channel number
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Single photon detection for TOP

e Single photon timing for MCP-PMTs
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Highly integrated services $

Belle IT

e A severely constrained space

R1130 CDC-SC

Backward



imaging TOP Readout (FDIRC proto) $
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IRSX Single Channel

e Sampling: 128 (2x 64) Recording in one set 64,
separate transfer lanes transferring other (“ping-pong”)

e Concurrent
Writing/Reading

e Only 128 timing constants
e Storage: 64 x 512 (5612=8*64)

e Wilkinson (64x1): was (32x2)
e 64 conv/channel




RSX ASIC Overview
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8 channels per chip @ 2.8 GSa/s

e Samples stored, 12-bit digitized in groups of 64

» 32k samples per channel (11.6us at 2.8GSa/s)

* Compact ASICs implementation:
= Trigger comparator and thresholding on chip
= On chip ADC
= Multi-hit buffering
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ITOP Readout Production Testing /O

Belle IT

e 2x Carrier test stations at South
Carolina, 1x backup in Hawaii

e Laser test stand Hawaii

* SCROD test stand in Pittsburgh

est at PNNL

18



Production single photon testing {B

Belle IT

Laser timing: laser_pixel3_0_gain4_ HV3201_18may2015

_ Direct difference
— Entries 92580
7000 —
— n Mean 0.001008
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Production - initial single photon timing (&

Belle I
hLaser
Entries 8192
. Mean 70.8
300 * Allinstalled channels RMS 6.376
* 1 entry per channel
Note: CAMAC TDC and

phototube TTS
contributions included:
actual resolution is better

250

Limited statistics

200
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50

40 50 60 70 80 90 100
Tres [PS]
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If single photon, why bother? PiaS

laser efficiency ASIC 3, ch 6

Belle IT

— Laser on -- no trigger
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10 = RMS 0.475 r
= 180[ - ;
= %2 / ndf 234.8/13 = Entries 4338
C Constant 3.632e+004 + 1.219e+002 160[— Mean 2645
10° = Mean -0.01024 +0.00044 - oo 1.556
= Sigma 0.1631+ 0.0003 140 o Trig. Efficiency = 100.0 %
- 120(—
2 C Extr. Mean Gain = 2.6 x 1075
10°E 100
- 80
10 :
0 = 60—
- 40
1 = H H 20
: 1 1 1 | 1 1 1 1 O : B 0
15 20 2 N
Gain [x10"5] Gain [x10"5]
laser efficiency ASIC 3, ch 3 (gain = 4x), HV2901
- Laser on - viggered Trigger Efficiency vs. Extr. Gain
- Entries 2727
250 — Mean 1.36 100
C RMS  0.6429 95 /I
200— X 0 X
B = 85 /
- g 80 / ‘//
150 — —— 2 75 ¢—Ch.5
r Trig. Efficiency = 70.6 % E 70 / -/
- Extr. Mean Gain = 1.1 x 1045 En; 65 —m—Ch.6
100 =0
C = 60 —e=Ch.7
- 55
50— 0
- 0 05 1 1.5 2 25 3
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FDIRC Experience

“Is that 1t?1?”

-Matt McCulloch (surprise at how few
cables were used in the upgrade)
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Focus now Lo

Global Cosmic Ray Test

* Global cosmic ray data taking
started since July 3, 2017

* Quter detectors including TOP
Joined the data taking

* Rough number of photon hits
per events agrees with MC

* More detailed analyses are
ongoing
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Calibrations Ongoing

First combined data taking

— 7\ 1 1 |.| \.\ ‘ | 1 | | 1 1 1 ‘ 1 L |
2000 20 40 80 80 °

TOP t,
Inter-detector calibration timing

Sampling timebase (inject reference pulse pair)
Channel-channel alignment (laser calibration)

Module-module alignment (readout aligned to SuperKEKB clock)
Subdetector (X,y,z), T alignment (global runs July, Aug 1.5T field)

Versus stand-alone

Bun 3550 -- hit times Slot 4 vs 12

hTditt

Entrias

3583
-0.6594
0.382

Mean
ﬂ AMS
Giv‘ CF: 1-2ns

Online trigger

‘ Algorithm
e\‘&

C

TOPonly: <T _4>-<T_12> (top — bottom)
No detailed alignment
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Biggest challenge: Firmware complexity

bPID/TOP front-end boardstack schematic diagram edt-sub vs pixel : cdt for s01-ch0 r4928 thc4855 ch7
2N carrier revE detail - - N h_cisub_pix_2d
Erlies 3220156

Y
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in addition, on the board, there are:
11 voltage regulators

voltage and current monitoring for all regulators A H
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=

Zynq '045 SoC

IRIRET]

SCROD revB

H Ly
SCROD Firmware (Zynq ‘045) r(/Carrier Firmware\
Programmable Logic (PL) \ \ (zZynq ‘030)
s System clock, ASIC clock, system trigger \2
(ft2u) ; o
- Channel Trigger
OutputTr.\gger .Channel >3 Time Stamping
Streaming Trigger Sorter [&
Aux. Device
__—7] SCRODRegister | s| Aux. Device . Interfaces
Link Control < Interfaces PGP Link T
Layer - - )| - |
@ Regist Register
(B2L, (ﬁ arr;:]ﬁgm & | Control Carrier Register
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PGP) L Streaming Data Output Input Waveform o —
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| Feat. Extr. PL Peripherals |
Y
. )
| Stability Monitoring \ Processmg
4x ASIC Control and
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Technology has room to improve

1GHz analog bandwidth, 5GSa/s Simulation includes detector response
9
Time Difference Dependence on Signal-Noise Ratio (SNR)
N — Single Threshold
8N == = = Multiple Threshold
20 \\ ....... Constant Fraction
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—_ * .
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5 14 . g ~. Analog bandwidth: 1.5 GHz
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G. Varner and L. Ruckman
NIM A602 (2009) 438-445. NIM A607 (2009) 387-393.

J-F Genat, G. Varner, F. Tang, H. Frisch

e L S B A
E 3; 2-Channel timing at 10.24 GSal/s (c) é
& 72| —®— Pulse separation: t=0 ns = .
S .~ . 1 | Extending to 1ps and
E. Oberla, J-F Genat, T 5 . 5 | lower, with advanced
. 2 4F = . . .
H. Grabas, H. Frisch, 3 s 1 | calibration techniques
K. Nishimura, G. Varner £ £ Measurement: | 3
NIM A735 (2014) 452-461. £ 1 .o ° clrea 2014 1
D_[|15|1b H‘1‘5| IH2|O‘ HI2‘5T 26
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Now pushing to the femtosecond regime

Pushing sampling speed and analog bandwidth

5
P. Orel, G. Varner

140 and P. Niknejadi

s.|

) 4 120 zNIM A857 (2017) 31-41.
- 1100 2
£
5 [ 2
5 60
40

20 25 30 35
Sampling frequency [GHz|

And pushing the space-time limit
(new type of PID or DIRC devices?)

P. Orel and G. Varner
|IEEE Trans. Nucl. Sci. 64 (2017) 1950-1962.

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 27
Propagation speed ||



A very different kind of DIRC detector

Askaryan Calorimeter Exp (ACE)

matching transition,
low-noise amplifiers

Tungsten
Pre-
shower
block

Induced
microwave

{”/' Cherenkov
pulse

T/

Beam/shower

[

Shorted end
(causes reflection)

|

>

Additional
——
tungsten

Alumina-loaded
WR51
Waveguides

Radio (mm wave)

arXiv:1708:01798 (5-AUG-2017)

2.3ps Intrinsic timing resolution

events per picosecond

(SLAC ESTB measurement)

ACE channel-to-channel cross-correlation relative timing delays

150 T
L ACE ch2-ch1 Gaussian fit:
——u=-032+005ps
100 F X‘ a=343+ 007 Ps
1 }hﬁh
O 1 —t
-30 -20 -10 0 10 20 30
100 T T
— ACE ch3-ch1 Gaussian fit
Fi —u =13+ 007 ps
L o=49+010ps
| ‘Hﬁ:}ﬂ&uﬂz
0 — L
-30 -20 -10 ] 10 20 30
100 T T — T T
S ACE ch3-ch2 Gaussian fit
? — =209+ 005ps
o =445+ 0.08 ps
1 -::ﬁfﬁ
O 1
-30 -20 -10 ] 10 20 30

delay, picoseconds

28



GCT Camera (CTA) — TARGET ASIC

Windshield —

Pointing .
LEDs I/*Ud motor
\ [

Photodetectors
attached to
trigger and
digitisation
electronics

Mounting
eyelets
\

—LED Flasher
Units .
L Desiccator

L Focal plane
plate Telescope

Lid Locking Interface \

Mechanism

Motor Bulk-head

Connectors P
Thermal —
Exchange Chiller send/return
Unit

Power and data
connections

Samtec 40 pin connector to the backplane carrying raw
data, trigger and sync signals and power

A s Xilinx Spartan 6 Prea_rnpliﬂer module

"/; FPGA Samtec individually shielded ~ consisting of 4 x 16
4 (on reverse of PCB)  coaxial ribbon cables for channel preamplifier

: analogue signals and boards

preamplifier power

Front-most front-end
buffer PCB forming
the interface to the
focal plane plate

Mechanical
standoff with
threaded hole
for securing
the TARGET
module to the

backplane &
High Voltage /
supply  TARGET ASIC providing e =
(12Vin. 16 channels of digitisation ——
0-1200Vout  aq triggering
12 bit resolution)

Individual amplifier
circuit

High Voltage connection to the
MAPM

(cable secured and pins insulated
during normal operation)

MAPM
(Hamamatsu H109668)

Pedestal subtracted, ——
un-calibrated data

&

ealy #6Nd

Single pixel
(289)

%
‘Sampie numzer

Average over MAPM
{module 8)

B
‘Sampie mumser

FE T T 500 T 500 HEFH T 500
!,.. ‘ ! !
- - -
350 350 350
300 300 300
. fhae 250 250 250
f B 200 200 200
: 150 : 150 150
100 100 100
50 50 50
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TARGET ASIC Overview <O

Belle IT

_______ COPPE

Single Channel

Ic Sampling: 64 (2x 32)
| separate transfer lanes

Recording in one set 32,
transferring other (“ping-pong™)

Clock/Event Timing Distribution

Density evolution:

] * Sampling aligned to
SE=SEsERsiititty| global Reference clock

« Storage: 64x 256(256=8%*32) & =« 2x more channels
Eies * Sampling 3x slower

| * Expanding next

= generation to 64

= channels, on-chip

= feature extraction

« Wilkinson (32x1):
32 conv/channel
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Performance Reference D

Belle IT

KLM SciFi: noDate (KLMS_0065_asicO_chQ_sipmdata)

>= 2p.e. signal
800 i Entries 1045
- Mean 66.01
sooi MPPC self- RMS 8.318
a00[— triggered Time TARGETX timing measurement
- . _ 20MHz sine
s00_ resolution 20001 Entries 49999
— C Mean 0.01099
- set by FPGA- - RMS 0.0855
200 — 6000 — %2 1 ndf 3550/ 55
= based TDC C Constant 5601+ 39.6
100 — 5000 — Mean 0.008678 + 0.000307
- / - Sigma 0.06597 £ 0.00035
- L T | T | L : L L | L L B
% 20 40 50 80 100 720 40001—
trig Time-winNum*(ssTin/2)-TDC[chno] [ns] C
3000 :— << 100 ps
KLM SciFi: noDate (KLMS_0065_asic0_chQ_sipmdata) 2000 =
Trigger Efficiency -
Entries 20000 C
M : =
MPPC force - RV, 3% 1000
10° C
E i "'4.5 .E. tri er thrESh0|d [ L1 L1 | | - Ll L
trlggered g - . o3 -0|_8 -0|.6 -0%4 0.2 0 0.2 0.‘4 0.‘6 0.|3 1
Trigger Effic. = 92.0 % Calibration period residual [ns]
10°
Sine scan data (zero crossing)
> 99% for
10
Npe > 10
;

160

180 200
Channel PHD [ADC]
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TARGET family Synopsis

~21000 channels of TARGETX deployed for Belle Il
K-long and Muon system scintillator upgrade

Each CTA camera 2048 channels
256k storage cells per ASIC (>300 million tested)

16 channel density attractive for compact sensor
arrays (e.g. high-density DIRC ...)

64 channel version (SiREAD) in design

Engineering run quantities: $1.40/channel
(ADC and trigger on-chip)

While not for precision timing, < 100ps




Storage Depth in [us] at 10GSa/s

Looking back on >10 year development

o ASIC costing well understood, very competitive!

NIM A591 (2008) 534-345.

Storage Depth Capacity

100

10

¢]

Samplin

Array Linear Dimension [mm]

Cost per Channel [2007 $]

1000

100

10

0.1

ASIC cost estimate

Based on actual fabrications
or quotations from
foundaries

10 100 1000 10000 100000 1000000
Total Number of System Channels
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One example: modular RICH readout

Challenge:
Readout of compact H13700 MCP-PMT
Compact and dense: 256 channels in 2”x2”

2) TARGETX both sides

Timing resolution: ~100ps
Long buffer
Abutted Photosensors

2 TARGETX/ daughtercard
8 Daughtercards
16 TARGETXs
16x16=256 channels

1) FPGA
Controller

Likely convert to SiPM array later
Minimize analog cabling
Solution:

15t gen prototype based on existing
TARGETX ASIC:

211
1GSa/s full waveform sampling 3) Adapter board:
16 us trigger buffer Connects PMT to
16 channels digitizers

Self triggering capability
Low cost 250nm CMOS
Upgrade to 64-channel SIREAD chip

-

Bottom of adapter board

256 channel PMT connects directly here
No extra cabling

: o UNIVERSITY
Nalu Scientific of HAWAL'T

MANOA 34

Data Acquisition Systems



Summary

Waveform-sampling readout, directly married to
photodetectors Is an almost ideal DIRC readout

e Cost:
» Reduce cabling, power requirements
» Underlying technology inexpensive, powerful

e Performance:
» Space-time photon resolution PD determined
» High rate, pile-up robustness

e Maturity:
» Complex firmware biggest headache

» In-ASIC functionality, commercial support
35



First showering
Event:
CDC +
TOP +

ECL

-300

-300

-200
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Calibration Procure

* What we have to calibrate for timing; mignmem

= —2 L log E[’J'{p = min,
_ 0 0
T — [dt'g:'t-l- T::hmnsf-l- Tmnd'l.:{s

/ / \ p=(Ax, Ay, Az, 0.8, k)
Time base calibration (TBC) Module TO

Calibration of the bin size of the digitizer Local TO Synchronization of the modules
Synchronization of the channels one with the others
within a single quartz bar
Double cal pulse Laser calibration system
(T o ]| Local TO alignment
u =4 Mean of &T eeid (oI e ot ot T e e e e
: - ] 5
Efﬂi:ll ﬁi\_.ﬁ_‘ -i]-' _'-":,: I—.. - . e ) . : ::ﬂ } _-;i -;-j
1 i ;__“] _— -:_‘_n#"i-..hﬂ:‘:;..- I.ﬂ'e. l‘i" q= \.F"‘:lﬂﬂ'ﬁn:gi .=
o \_\l S : : E =
t, tE o i et et E
| | | | | | | | | | H | | | | : | | | | | ol I‘E-.-l ohi® pal rey h:rl'l E-'H'I'I:i: n:l-:*: E DATA AL 2-r351 1 Laser time 25 a lencdonad pixel |2fer TB comeciion, aler fme alignment)

- e ! N i E B r 30 E=l ool ch T looarr v [e] vos elaol
T "y Resq]utmn ] -
. w2
S5T clack (KEKE diock-based) = ! | | fad
Samgple-0 i : i —
o = 1 :
™ '-h*'-*'-d'.!"ﬂ‘-“""""""ﬁ"u.gpﬁi 7
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Timebase Calibration

» Took a while to get new FW release, SW work continued

/group/belle2/users/wangxl/iTOP/TBC/DB201612b/xval/. The data of run3523 and run3524 are also pro-
cessed and skimed, and finally saved at /ghi/fs01/belle2/bdata/group/detector/TOP /Skim-wangxl/2016-

12/.
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FICG. 1: Example of calculation on Slot_01 ASIC_00. (a) is the shape of time difference (AT') of the double pulses in channel 7
from the raw data, (b) is the dime dilference alter correction, (¢) is the project of AT aller correction and a [it. performed Lo the
distribution to show the mean and the resolution of AT, (d) shows how the x¥* values change in the iterations of caleulation.
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FIG. 2: Summary of calculation results of the 64 ASICs of Slot_01. Plot (a) is means of the time difference of double pulses,
and (b) is the time resolution.
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Channel-by-channel Timing alignment

. Global timing alignment — laser studies

Scales
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Laser timing calibration/alignment

+ To synchronize the channels within a single module, we flash
them with a pico-second laser pulse through optical fibers.

* The system has been developed by Italian group (Padova/Torino)

TOP light distribution system
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Reglon Of Interest & Feature Extraction

H Reference |

: «g ChnO

E z:ug— pUIse

8 F % s T s ——F

. =EChn 1 Poised to take

T \ large data sets

: - N a p—
/ Single p.e. laser pulses

. *=Chn2 /

: o o = b

sample numbear

Standard CFD algorithm works well, though performance
degrades at low PMT (mandated to mitigate aging effects)
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Low PMT Gain Operation

@ using laser data from Hawali test setup
o TProfile to get waveform template
e fit with central Gaussian and exponential tail

@ current feature extraction uses constant fraction
discrimination to extract signal timing

@ resolution deteriorates at small signal amplitudes

Rising Edge Resclution CFD vs. Amplitude

1

£ £ [ng]

L 1 L L L L
200 230
Amplitude [ADC counts]

@ use template fitter to improve resolution at small
amplitudes/high noise

Wave

form Histogram Morm

Necessary to maximize MCP lifetime

Studying how best to implement
(Zyng: PS is too slow(?), PL option)

Timing Resolution [ns]

0200

Data

Timing Hesolution Comparison - With systematic Uncertainties

»  Template Fitter fiom:
#» Constant Fraction

Significant

LR e——

Improvement at
low pulse heights
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After installation — comparison plot

time projection over all the channels, with quality cuts

tirming_qual
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ITOP Trigger Requirements

* Few ns time resolution triggering

MCP-PMT Focus m
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PMT signal transmission through front board and pogo pins to

(mock) carrier board

2014-04-10
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similar amplitude
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time shifted
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Risetime of these pulses ~130 ps
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