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Some alternatives for Liquid

Scintillator Readout




An example of highly integrated readout
e A highly constrained space

R1130 CDC-SC

Backward

= L A DA TG L, 1-'5.:—
\ ! _,-_-1-/'1...._1.3.\_1-_.?\5._] g:,i ?
{] :\3:\ e

Backward Forward
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ITOP Readout

Waveform 64 DAQ fiber COPPER
sampling ASIC transceivers Giga-bit Fiber

Transceiver Links
‘ Timing e
o | generator

FINESSE

Subdetector Readout Module
ASICs

i FPGA

| O —
\ 5
| ' —

Input

500 —
term.

and L
Sampling

Wilkinson §
ADC

Global Decision Logic 64 FIN ESSE
16 COPPER

or ADCs
On or in Detgflor

FPGA lirmware

nsists ol 3 parts:

1) ASIC/ADgdriver (common)

2) Triggegature extract (subdet. specific)

8k Cha n Clock/Event Timing Distribution Trlgger
3) Unifjfl DAQ transport protoeol

- I
1k 8 ch{.{BASIC; - Low-jitter \ E modules
64 oar stacks clock N :

A

Clock, trigger,
programming
module
(FTSW)
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—————————————————————————

e Sampling: 128 (2x dine
64) separate transfer Recording In one set 64,

\\\\\\\\\ (“ping-pong”)

e Storage: 64 x 512 (32k per ch.)
. |« Wilkinson ADC (64 at once)
e 64 conv/channel (512 in parallel)

5 December 2015 PSEC4a Alternatives -- Hawaii 4



RSX ASIC Overview

SS5Tin . . o . TST_out
Sample Timing Generator Write/Read ADDR Decode Wilkinson Clock Monitor }%
MonTime
Gain/ W b
ain
Sampling Array Buffer Amps Storage Array Data bus
Channel 1 64 sample 64 sample . : Wilkinsen ADC _/_)aut
window windows > Window 0 | Window 1 : ~
WRITE Window 2 Window 3
=
% L,
e A 4
L4 ® ° ,
® 4 ® L4 Tri-state
L] 4 e €— Output
L ] [ ]
l T T Enable
) Gain/ l T
Sampling Array Buffer Amps Storage Array
Channel 8 = 64 sample #4 sample o
; i Wilkinson ADC
i . ’ Window 0 Window 1
T ) R Window2 EWIRAGWS T Die Photograph
Serial readout Se
Serial Config/DAC rial readout Sequencer

- Timing ce———
generator

8 channels per chip @ 2.8 GSa/s E
* Samples stored, 12-bit digitized in groups of 64 | S .
» 32k samples per channel (11.6us at 2.8GSa/s)
* Compact ASICs implementation: | i
= Trigger comparator and thresholding on chip
= On chip ADC
= Multi-hit buffering

5
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Single photon timing, 3x10° gain

Laser timing: laser_pixel3_0_gaind_HV3201_18may2015

_ Direct difference
— Entries 92580
7000 — _
: i S011 C001 AD Cli{)— Sllpw—ﬂm% n MEE,I"I 0-001 {}DB
- -oe3ps /|2 RMS 0.1819
0000 ™ pulser | | & i X2/ ndf 55.51/12
I [\ Constant 7050 £ 35.9
5000— = I Mean  -0.05767 + 0.00028
- — - \ o Sigma 0.05758 + 0.00030
s000r e iy
3000— ~31ps TDC+phase
~ Belle Il TOP
2000— SL-10 TTS ~35ps _ (TTS+IRSX)
- Time res. = 47.9 [ps]
1000 = IRSX electronics:
: ~33ps
U_I IR N N T R N NN AN A B u'r||’ I [ R R A
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Residual Time [ns]
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Gain and Efficiency

laser efficiency ASIC 3, ch 6

_ Laser on -- no trigger
- Entries 137863
- Mean 0.03772
10 RMS 0.475
- %2/ ndf 234.8/13
C Constant 3.632e+004 + 1.219e+002
10° = Mean -0.01024 + 0.00044
§ Sigma 0.1631+0.0003
10° =
10 =
T=
: | |
20
Gain [x10"5]
laser efficiency ASIC 3, ch 3 (gain = 4x), HV2901
Laser on -- triggered
- Entries 2727
250 — Mean 1.36
C RMS  0.6429
200—
150 —
r Trig. Efficiency = 70.6 %
[ Extr. Mean Gain = 1.1 x 10A5
100 —
50—
7 L =l 1 ‘ 1 1 ‘ 1 1
2

=]
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8 10
Gain [x10"5]

180

160

140

120

100

5% P [=23 2]
o [=] o o

M\II‘\IIlII\lll\|II\|II\|II\|II\|II\|II

=

laser efficiency ASIC 3, ch 3 (gain = 4x), HVY3051

Laser on -- triggered

Entries
Mean

YW Py

Trig. Efficiency = 100.0 %

Extr. Mean Gain = 2.6 x 1045

4338
2.645
1.556

8 10
Gain [x10%5]

100
95
90
85
80
75
70
65
60
55
50

Trigger Efficiency [%]

Trigger Efficiency vs. Extr. Gain

/.
[ A
/ / +—Ch.5
1/ " —m—Ch.6
—aCh. 7
0 05 1 15 2 25 3

Fit Extracted Gain [10/5]
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1,536 readout channels IVl | n i Ti m e C u be 10cm”3 detector

voltage (mV)
2
=
[=1]

-
o en w®
1

(‘W f“ﬁ?"’h E
030 A0 60 R0 100
tune (ns)
« IRS ASIC serves 8 channels. GigE readout, backend is simply PC
Measured z

* 4 xASICs per “carrier board” (32 channels).

* 4 xcarrier boards per “boardstack” (128 channels).

*  One control board w/ FPGA per boardstack.

* One boardstack serves 2 Planacon MCP-PMTs.

* 12 boardstacks required to instrument 24 Planacons.

* Total envelope per boardstack ~10cm x 10cm x 8 cm.
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KLM Detector upgrade

Outside the magnet, the KLM detects K, mesons and muons
BARREL ENDCAPS (2)

15 layers in 8 sectors 2 x 14 layers in 4 sectors

1253

% f ? '
RPC or Extruded ol
scintillator Scintillators 7}
modules (75x, 75 ) g
|
X-Strips~._
% ‘ &
58 | =
3258

Resistive Plate Counters

(13 outer layers)
Extruded Scintillators . 0.25 mm Mylar
. round plane 0.035 mm C
(2 innermost layers) e
Dielectric foam { 7 mm
0.035 mm Copper
Cathode piane 0.25 mm Mylar
+HV [ | 3.00mm
Gas g 2.00 mm
-HV [ | 3.00mm
Insulator 0.5 mm Mylar
HvV [ | 3.00mm .
= Optical glue j
& Gas gap p 2.00 mm - ? g Tio,
& reflector
g HV I ] 3.00mm S
i 0.25 mm Mylar = g WLS fiber
Cathode plane 0.035 mm Copper S fibe

Dielectric foam 7 mm

polystyrene

D‘\ —_— it *1.S%PTP+ 0.01%POROP *Oetecto,
/ 2 bluc photon A . f ‘o\\;e
il Q

RPC cross section
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Technical Implementation :
ihv

 Pre-amps and TARGET ASIC >
B o N Q 7,
— » 1 Depletiéh ‘
, Region
e QI 2 pm
. \ o
i 3
! | M r|lr |
* 16 channels ol _;' i '.J A '\'*I
A "\':' [t I

*0.5-1.2 GSa/s
* 10-12-bit dlgltlzatl.o.n. . 500kHz - 2MHz dark rate not a problem
* Samples stored, digitized in groups of 32 . o.e. threshold reduces rate to < 1kHz
* 16k samples per channel (16us at 1GSa/s) \yhile maintaining > 99% MIP efficiency

* Integrated triggering capability

15 December 2015 PSEC4a Alternatives -- Hawaii 10
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TARGET ASIC Overview

« Wilkinson (32x1):
32 conv/channel

Single Channel

e Sampling: 64 (2x 32)

separate transfer lanes

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

Clock/Event Timing Distribution

Very similar to IRSx:

15 December 2015

PSEC4a Alternatives -- Hawaii

e Sampling aligned to

22 SuperKEKB RF clock
& * 2x more channels

e Sampling 3x slower
& * No precision timing
& requirement

11



Installing at Belle Il (Dec. 9, 2015)

>21,000 channels fabricated, production tested |

First crate installation at left: P T rille
14 9U cards of 150 channels each —n _ 18 =
(2,100 channels) - — ' -

MRS
TARGETX production costs N ; - ‘
(S1.4/channel, >95% vyield, incl. trigger and ADC) o el Ny

——

15 December 2015 PSEC4a Alternatives -- Hawaii



GCT Camera (CTA

Windshield —

Pointing .
LEDs — Lid motor

Pedestal subtracted, ——
=3 f .

un-calibrated data

Photodetectors
attached to
trigger and
digitisation
electronics

ealy #6Nd

Mounting
eyelets
\

—LED Flasher
Units .
L Desiccator

L Focal plane
plate Telescope

Lid Locking Interface \

Mechanism

Motor Bulk-head

Connectors
Enclosure

Thermal —

Single pixel
(289)

%
‘Sampie numzer

Average over MAPM
{module 8)

B
‘Sampie mumser

500 T 500
Exchange Chiller send/return e ! FEEEH EEE ! A

Unit 450 | 450

Power and data . .

connections el el

350 350

300 300

Samtec 40 pin connec_:tor to the backpt_ane carrying raw a0 a0

data, trigger and sync signals and power FEHH

- Xilinx Spartan 6 Preamplifier module Ednan, S5 - -

ﬁ FPGA Samtec individually shielded ~ consisting of 4 x 16 S -

(on reverse of PCB)  coaxial ribbon cables for channel preamplifier o "

. analogue signals and boards N N

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 /
5L21F‘1/P|V TARGET ASIC providing
(12 Vin, i mitiaati
0— 1200 V out. 16 channels of digitisation

12 bit resolution) 2N triggering

Individual amplifier
circuit

High Voltage connection to the
MAPM

(cable secured and pins insulated
during normal operation) MAPM

PSEC4a Alternatives -- Hawaii

(Hamamatsu H109668)
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Even though not designed for precise timing...
TARGETX timing measurement

_ 20MHz sine
7000 - Entries 49999
~ Mean 0.01099
— RMS 0.0855
= 6000 — * I ndf 3550/ 55
- - . Constant 5601+ 39.6
& so00f- Core gaussian Mean  0.008678 % 0.000307
~ — .
< - o< GOpS Sigma 0.06597 + 0.00?35
3 4000 :_ 500 Windowl #100—11_34 for E\n_ent #149.9 with \A{riteF‘ointu_er #373
g N . fﬁig I.ﬂ". f'&
= ~  Could improve “r i 3 f
< 3000— I f 1 f
—  with further A A B
- ° - E 0 $ Ll : '* )
2000~ calibration IR R
1000 :— ; 7_ U | -U*
D : L1 1 | L1 1 | L1 1 I_ L | | | L1 1 | L1 1 | L1 1 |
-1 -0.8 -06 -04 -0.2 0.2 0.4 0.6 0.8 1
Calibration period residual [ns]
15 December 2015 PSEC4a Alternatives -- Hawaii 14



Time Difference Resolution [ps]

Of course, still pushing envelope on timing

 Noise/amplitude
* Non-linearity
e Timebase non-uniformity

1GHz analog bandwidth, 5GSa/s

Time Difference Dependence on Signal-Noise Ratio (SNR)

10 100 1000
Signal Noise Ratio

G. Varner and L. Ruckman
NIM A602 (2009) 438-445.

15 December 2015

Simulation includes MCP response

\ i Single Threshold
8, ————  Multiple Threshold
\\ ....... Constant Fraction
7 N ———  Waveform Sampling
.\‘
\c

6 i Sampling 40 GS/s
= N, Analog bandwidth: 1.5 GHz
Qo
5
8
3
[=]
17
2
]
E
-

1 1 rs
40 50 60 70 80 90 100

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

Time Difference Resolution [ps]

NIM A607 (2009) 387-393.

110

9T | I e o s ey
8- [ 2-Channel timing at 10.24 GSals (o) 3
7E- | —e— Pulse separation: t=0 ns 3
= —a— 3
°F —.— 8
5 —.— =
E —a— =
4 =
E — 3
3 e —
2F =
= —— 3
= —e— =
D; | IR R RN S BT B

0 5 10 15 20 25

Time of Pulses in PSEC4 Buffer [ns]

PSEC4a Alternatives -- Hawaii
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A detailed study of Z-by-t (Si tracker Orel PhD)

fg (GHz) & 20
time-space resolution in z-axis
A
e T
_,/ ) I o
# by
- F |
, /| At
/ /
- s ¥
2305“”&._ f
o
Atffs] 531 5

SMR (d2}

" Need to hold sampling frequency
to least at 20 GHz to

have timing resolution in 2
100fs range

13 g (GHz} B3

time-space resolution in z-axis

AU 1
U ,J0.34%BW *f,

2 5B

< For the above sampling freq and
BW integrated noise amplitude
*~--—--a-ﬂ_kxahas to be in the range or less than

/10.5mV to 0.6mV corresponding
_ | to SNR~580B (V,,=1volts)
/

time-space resolution inz-axis
f/""\-\_\_'_

/ Ty

SNR~58dB corresponds to 9.4
bits for 20um resolution
inre (Ideal ADC)

16



‘-..

PSEC4: Sampling Analysis

Utilizing PSEC4’s SCA as starting place

-Adjustable Sampling rate between 4-15 GSPS

-1.6 GHz bandwidth

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

''''''''

also
-0.13um CMOS (IBM-8RF)
-10.5 bit DC dynamics

17



Summary — Requirements comparison

Bandwidth (Single cell) 1.7GHz @665Vdc @50Q 3GHz

Bandwidth (Multi cell) 1.0GHz @665Vdc @50Q 3GHz
SNR 61.7 dB 58dB
ENOB 9.8 bits (small region) 9.4 bits

Things to improve:

Reduce Ron variance over the dynamic range to reduce distortion and increase
the ENOB
Bandwidth dominated by Cin:
* Reduce Cin or reshape the channel to increase the bandwidth (first pole)
 Reduce Ron overall value to increase the bandwidth (second pole)
Speed dominated by bandwidth:
* Increase bandwidth
e Overlapping of sampling cell windows to increase the effective sampling
frequency
Use differential configuration to reduce pedestal error and increase noise

coupling and crosstalk immunity
18



ASICs in the works

Low-power, 64 channel ASIC (ALPS)

PSECS ASIC

— 256 - 32k sample storage
— Work to optimize bandwidth, ENOB
— Persistence effects

RFpix ASIC
— Push limits of ABW, timing

— Below 100-200fs, direct spatial measurement becomes
Interesting

— Many practical issues, but none fundamental (CF 1ps)

DRS5, SAMPIC ASICs
— Will be interesting to see how well can perform

19



Toward increased timing precision

ASIC # chan Depth/chan Time Resolution [ps] Vendor  Size [nm]
LABRADOR 3 8 260 16 TSMC 250 2005
BLAB 1 65536 1-4 TSMC 250 2009
STURM2 8 4x8 <10 (3GHz ABW) TSMC 250 2010
DRS4 8 1024 ~1 (short baseline) IBM 250 2014
PSEC4 6 256 ~1 (short baseline) IBM 130 2014
RITC3 3 Continuous TBD IBM 130 ---
PSEC5 4 32768 TBD TSMC 130 ---
DRS5 8/16? 128x32 TBD uMcC 110 ---
SamPic 16 64 ~3 [pic 0] AMS 180 [2014]
RFpix 128? TBD <= 100fs (target) TSMC 45 ? ---

20



e Scalable Triggered Readout and
Advanced Processing (STRAP)

e DOE SBIR Phase | funded first
prototypes at Innosys Technologies

 Applying Phase Il STTR to get these
systems into field

e |nitial units will use available ASICs,
Innosys to commercialize P5P
(separate SBIR)

e Adapter (“ASIC”) board project
specific (FMC connection)

15 December 2015 PSEC4a Alternatives -- Hawaii



Summary of UH-centric Alternatives

There are now a number of alternatives that exist
and additional ASICs in the pipeline

Trade-offs on density, power, storage depth, etc.
Having on-chip triggering and ADC functionality

greatly simp
Moving reac

One huge ac
Calibration!

ifies implementation
out state machines on-chip next

vantage of PSEC4 architecture =»
(or can live without doing)

Developing a common readout infrastructure
addresses the biggest headache in fielding these
systems =» Firmware!

15 December 2015
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BACKUP
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Single photon timing

e Record single photon timing with resolution

comparable to MCP-PMT +
System timing

Laser Scan
— Entries 2245
S0 Mean 16.22
B RMS 0.1382
400 x?/ ndf 375.8 /42
- Constant 485.9+15.0
B Mean 16.18 + 0.00
& Sigma A +0.
300/ g 0.Q3837 + 0.00078
200 _—
100
0 It | | | | | | | | | | | | J | \ | et o _._J | =1 il | I | |
15 15.5 16 16.5 17 175

time (ns)
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{mV,

™ 5 s [

%LSSQ

voltag

[ Two CH Timing | e
00— Mean 2.705
C ?Ms" 0'.15/41
Co nt 6.4 + 7.7
e awallr oot o
400(—
300
200/
100[—
. S0 v nnllananlloan, e llg
#Pes 1.69 a7 a7 472 473 a
time (ns)
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iTOP Readout “boardstack”
(1 of 4 per TOP Module)

., Belle-I
\HC MANA ERSITY CEEM 4G!ﬂ

I-Ill Carrler (x4) B
= Ee=s

i @ ®— >

INDIANA UNIVERSITYZEEEM TTE @
G.VISSER  famb (SR ciintoan— SERIA
10/6/2014 _ ;
4030021 REV 1 Belle=IL iTOP

T P T
SRS BEDREE

000000000C00e0)
Aanooopnooonnnn
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Test Stations

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

e Laser test stand Hawaii

e SCROD test stand in Pittsburgh

Firmware test at PNNL

o S — -

\_1

Carrier test stand

Laser scan

15 December 2015 PSEC4a Alternatives -- Hawaii
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2500

2000 L

1500 L

Resistance [Ohms]
=
o
o
o

500

Pass Transistor (Switch) Resistance

TRACK state

0 0.2 0.4 0.6 0.8 1 1.2

Voltage [V]

e Ron=2.4k @665mVdc

Resistance [GOhms]

20

18 L

16 |

14 L

12 L

10 +

HOLD state

0.2 0.4 0.6 0.8 1 12

Voltage [V]

e Roffisin GQ

e The PFET and NFET are not matched and

Ron varies considerably
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Frequency Analysis

Performance: S(Z)-parameter

+1.0 s 711 TRACK 200mVdc
711 TRACK 600mVdc
+0.5 . 711 TRACK 900mVdc
Z11 HOLD 200mVdc
Z11 HOLD 600mVdc

— 711 HOLD 900mVdc

+0.2 +j5.0

0.2
0.5
1.0
2.0

0.0

0.5 2.0

41.0

The input impedance

is high and it is
capacitive.
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Input coupling analysis

R

{ “ouT :> N ———+—OUD
I e ’_'21 =
1.2V Csamp —‘Fn fout

1+ SCOUTR

Z11

The transfer function parts:
input parasitic capacitance of the transistor
plus capacitance of the transmission line

section.

~ s2CinCoyrR + s(Cy + Coyr)

Series resistance of the transistor channel

(Rds)

Output capacitance which is formed of the
parasitic capacitance of the transistor,
sampling capacitor and load capacitance

Capacitance [fF]

55

50 |

45 L

40 L

3B L

30 |

25 L

20 |

15 L

10

Capacitance values

s CON-NOpAC
s CON-PAN
Con-par&load

e COf

Cin +
Cout
10 10° 108 0% 10
Frequency [Hz]
-
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Bandwidth [GHz]

20

18

16 p

14 L

12 L

[y
o
T

©
T

Small signal frequency response

Bandwidth

e LOWZ i€
s | OWZ par

s LOWZ load&par
s 50Z il

s 507 par

s 507 |0A0&pAT

0 0.2 0.4 0.6 0.8 1 12

Vdc [V]

e BWworst=2.3GHz @665mVdc
@LowZ drive

e BWworst=1.7GHz @665mVdc
@50Q drive

Isolation

Frequency [Hz]

Isolation is over 60dB over
all parameter space
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