The “Giga” Era of Instrumentation at the
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The big Questions

1. Are there undiscovered principles of nature?

2. How can we solve the mystery of dark energy?
3. Are there extra dimensions of space?

4. Do all the forces become one?

5. Why are there so many kinds of particles?

6. What is dark matter? Can we make it in the lab?
7. What are neutrinos telling us?

8. How did the universe come to be?
9. What happened to the antimatter?

Origin of Mass

Origin of Universe

Unification of Forces

New Physics
Beyond the Standard Model

Proton Decay Cosmic Particles QK



The (Particle Physics)
Discovery Frontier

v expts accel, reactor,
g,-2, u—ey, etc.

/

v mass and mixing,
CPV, and LFV

LHC. ILC UHE neutrinos

Higgs boson mass
and couplings. New
particle searches

Quark sector

t LFV, Flavor mixing,
T CPV | CPV phases

Super B Factory,
LHCb, BESIII, Rare K expts, ...



Overview

e Further advances at the Discovery Frontier

— Depends upon developing new instruments and techniques
— Exploit commodity resources

* The “easy” experiments are being completed

— Can’t necessarily scale up ($$$, T>N*t,.sctudent)
— Innovation fuels new opportunities

 \What | hope to convey:

1.

2.
3.
4. The Belle Il (Time Of Propagation) Particle Detector

What the “Giga” Era means
Key elements
An example where this has been fundamentally enabling



Detector Instrumentation Evolution

e Traditional “crate based” electronics
— Gated Analog-to-Digital Converters

— Referenced “triggered” Time-to-Digital Converters — Disc.

Trigger

e High-rate applications -

— “pipelined operation™ o
— Low-speed, low-resolution sampling

nHH‘HH‘HH‘HH‘HH TT

A\ "*\\W\W“""
« High channel counts |

— Motivation to reduce cabling
— Integrate electronics onto detector elements

o o

Issues: cost, power, resolution, data volume




A “Giga” Overview (Modern Readout)

2.100’s of Gigaflops per

4. Commodity Servers
Field-Programmable Y

running at Giga-Hz rates,

GateArray — 1000’s of Gigaflops
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1. Gigasample/s
“digital oscilloscope

3. Inexpensive Giga-bit/s
on a chip”

fiber link interconnect;
Giga-bit ethernet

Technology advances =» high rate, high-precision experiments



Physigal

Measurer

Focus on the first of these

2.100’s of Gigaflops per
Field-Programmable
Gate Array

nentf 8

1. Gigasample/s
“digital oscilloscope
on a chip”

4. Commodity Servers
running at Giga-Hz rates,
1000’s of Gigaflops
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3. Inexpensive Giga-bit/s
fiber link interconnect;
Giga-bit ethernet

e Defines limit of the physical measurement
* What Instrumentation Physicists contribute



Underlying Technology

e Track and Hold (T/H)

CLK
T/H e A
Sampled o
Analog Input —/t — Data sawPLED
—C
v TH HOLD II' TRACK \ﬂ

e Pipelined storage = array of T/H
elements, with output buffering

Write Bus N capacitors Top Read Bus

Vout=A/ (1+A) * Q/Cs

A — =V1* A/(1+A)
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Switched Capacitor Array Sampling

Write pointer is ~few
switches closed @ once

L |L |L | L | |k | (= (= [
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Input e

Few 100ps dela\ .

y

~~
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Vdd
Read

1 of 256 cell IL

Write

Rsense

Vout

Channel 1 %

E
Channel 2 < 2009

Tiny charge: 1mV ~ 100e-

300MHz RF Sine [50mV amplitude]
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Basic Functional components

Single storage
Channel

Sample timing
Control

Few mm X
Few mm
In size

[
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The Giga Package

0.2

PMT pulse comparison

Ow""'ﬁ.' /—q—-—ai | -
s 02 v 2 GSals, 1GHz ABW
g o i Tektronics Scope
: L { . 2.56 GSa/s LAB
0.8 %-J

WES ASIC Commercial
Sampling 0.1-6 GSa/s 2 GSals
speed

Bits/ENOBS 16/9-13+ 8/7.4
Power/Chan. <= 0.05W Few W
Cost/Ch. | < $10 (vol)| > 100%

11



Time-Encoded Differential Absorption

elactran
microscape

Neutrinos

CONCEALED NUCLEAR DETECTION AND IMAGING
TWO-COLOR FAST
GAMMA-RAY TIME-RESOLVED
SOURCE DETECTOR
M ﬁ““ 1 e
| ] ]
mmmmm concealed nuciear
gamma pulse train
/ a pulses.
K(gnr:‘ahomm ;,4'1' DIFFERENTIAL ABSORPTION IMAGING ",::;J:S,';".:,‘:g:,jf
"DeTECTON
UH STURM
Free . piutaniuen st Type
Electron R Readout
Laser . (Super-KEKB
(FEL) - ps bunch
«low noise testbeam)
* good countng sttt
*SFiva” spackal resomng power

Fundamental enabling technology (all current Hawali activities)

Very broad Impact

How we see
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To be explicit, a demanding Application

Antarctic Impulsive Transient Antenna
(ANITA-I)

lat mplitud
|
o o
o o wn
T T ‘ T T T é T T T
PRI ? 1

time, ns

RF Transient (impulsive)
Events (200-1200 MHz)

324 chan. @ 2.6GSa/s

Completely solar powered
(tight demands on power,
few hundred W total)

Need full waveforms

13



ANITA concept

balloon at ~37km altitude

cascade produces
UHF—microwave EMP

-

,,-"\“»——— 0."'1-..7 1 Od"Ee_y neutrin_cﬁ/.;'m_‘

antenna array

?/ on payload

e B
[t ntarctic ice shests _{=7km-

earth

Ice RF
clarity:
~1.2km(!)
attenuation
length

field attenuation lenjgth, m

2000 T

1500

1000

o i ;

n
o
o

refracted RF_, ¥ )
:;.J_'_""' ~700Kkm to horizon
ice ORI
cascades .7 observed area:
#2‘. P 1-3 km
- ."f\ ~1.56 M square km
N Cherenkov cone

T [ T T T [ T T T I
Radio Echo measurements ]
Amundsen-Scott Station

g 00m depth
B mean T= -45C

nT= -4
B Errorbars show ~2 o systematics

o] 200 400 600 800

frequency, MHz

Typical balloon
= field of regard

14

lee sheet thickness (m)

~4km deep ice!

Effective “telescope” aperture:
+ 7250 km?3 sr @ 108 eV
+ 710* @ km?3 sr 101° eV

(compare to ~1 km3 at lower E)
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Large Analog Bandwidth Recorder and Digitizer
with Ordered Readout [LABRADOR]

] J8BE) AN

Straight
Shot
RF inputs

Switched
Capacitor
Array (SCA)
Massively
parallel
Wilkinson
ADC array

Random access:

*r..---u------“---n--un---

8+1 chan. * 256+4 samples

..f...,|

Common
STOP
acquisition
3.2Xx2.9mm
Conversion in
120us (all
2340
samples)
Data transfer
takes 80us
Ready for next
event in
200ps
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LABRADOR performance
12-bit ADC

Labrador ADC Performance y =1606.8« + 105.26
R"=0.9999
3500
3000 /
2500 / LABRADOR SAMPLING FREQUENCY (ROGND)
2 2000 /,
o / —— Average 35
=] .
g_ 1500 — Linear (Average)
=] / 3
1000 /
25| 2,.6GSals =
O
0 - 5 2
0 05 1 15 2 25
=
Voltage (v) w ——ROVDD |
215
s
w
14
All ch Is, 1000 events | Noise w 1
A0 Entries 2234721 /
§ Mean 0.0261
- RMS 1.264
800 indt  1.717e405/14 0.5
Constant 6.752e+05 + 563
- M 0.2576 + 0.0009
son: 1-3mv SI:ar::a 1.16+0.00 0 ! ! ! ! '
aoof 0 0.5 1 1.5 2 2.5 3 35
::oof— VOLTAGE [V]
zouf—
100
o .

L | | . 1 |
-0 -8 -6 -4 -2 0 2 4 6 8 10
Sample Measurement [mV]

e 10 real bits (1.3V/1.3mV noise)

e Excellent linearity, noise

e Sampling rates up to 4 GSa/s with voltage overdrive 16



(SURF = Sampling Unit for RF)
SU RFV3 Board (TURF = Trigger Unit for RF)

J4 to TURF J1 to CPU

!

o A
fg

=1
Ly s B &

T aatER
12 oar rion (50

aaaaa

F¥FTIRGe
t % =

Programming/
Monitor Header

e

P Fidea
—

Trigger Inputs

PCl bus: 64bits, 66MHz ~ 0.5 GigaByte/s (upgrading for 39 flight)
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A “high rate” Experiment

Raw Signals

Level-1 Level-2 i
Level-3 Prioritizer
Antenna Cluster Phi (+tcompress)
A
|_
c
|ﬂ m .é
2
o
Few kHz 5-10Hz >
@ 36kBy/evt @ 36kBy/evt v
=36-72Mby/s = 180-360kBy/s =
100-200kHz To disk -
@ 36kBy/evt
80 RF channels = 3.6-7.2Gbyl/s

@ 1.5By * 2.6GSa/s

- 312 Gbytes/ . - :
yIesE Permits thermal noise level operation
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Timing vs Angle (with Impulse Calibration Radio Signal)

TX Up
by 1.56 m

Vertical Angle

Dependency

l

TX Down

Jiwoo Nam
UC Irvine

dt{surté_ch2-surfé_ch@)_TX_up

220

¥ ! ndf 221716
fgg Constant 2276 =123
160| Mean 1.434 + 0.004
140] sigma 0.07609 = 0.00229
120F
100F

BD;—

BOE 80ps

40F

20F
D T T T B e | I
-1 0.5 0 05

expected

T i 2 25
f dt (ns)

dt{surfé_ch2-surfé_ch0)_TX_DOWN

240F
220F
200E
180
160
140
120F
100F

BOE

60E

40F

20f

1=

[ BRI AR RALN LLLN LRI LA LAY L L b
?d——___—_'

05 0 05

Faceto TX «——  pependency

Impulse signal from
Ground Calibration
TX

_ t2_expected

| TONA Y dt_expected = t1_expected- t2_expected

dt = dt_observation - dt_expected

ime delay
dt(surtS_chl-surfé_ch0)_TX_down

32 I ndl 148317 1200 £ 2 1 mdf 24078
Constant 23761121 r Constant 1031 7.5
Mean  -0.004691: 0.003536 10{]_— Mean 0.5332+ 0.0073
Sigma 0.08407 + 0.00245 - Sigma  0.1452+ 0.0076

30

gok 150ps

40

20-
IR BRI B o 1 P BRI
1 15 2 25 07705 0 0.5 ‘* 15 2 25

dt (ns) , dt (ns)
expected time delay
Horizontal Angle

—» Off by 1 Antenna
19



Pulse Phase interferometry
A. Romero-Wolf (Hawalii)

Ultrawide-band Interferometry

-Interferometric technique applied
by radio astronomers.

-They use single narrow band
frequency.

-More interested in source
imaging rather than point source
direction reconstruction.

Produce Ultrawide-band Interferometric Images with ANITA

eyl el
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0.5 i1, : L I_l'.' ke
0 .“...I.1.4'!:..;,'.-.I_-!..a_a,,z\, .,*Lllrll || -’l 1 -.n']'| _r’,l..J';E:h" -.‘,.'.Ilirl|:.1-1,f'..'-hr._- .,-,.,<.-.r;;|l|'=l|i|l :f-.'l"r"‘x"-
I B | 3 I’
- h |IH P
—_ 15 L L L L L : L
@
£ - I I
e il f’-' LAt 0 e 1 Al I|
d 1| A W ol b A
3t -
= _.1 ; -
g 3

fime (ns) IO ns

~30ps (16ps) resolution between channels
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Mapping
Waveforms to
Interferometric

Images
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After full calibration — 100’s km

AMITA Flight Path

Gmourd Pulser BEvents Recon. Period

<30p5 ti m i ng ¥ Reconstructed RF Souce Position

RF Projection onto the surface
9

1% assumption
Y of surface

2" assumption surface

Fast Algorithm: Line Sphere intersection
1* R_ ., =Geoid + Surface @ Ballon position -> Rough Projection

2" R = Geoid + Surface @ (position from 1)

earth
3" one more iteration -> converged after 2" iteration

V-pol results
Borel_mle Data (used for calibrations)

2250 3 i . - : et e :
2000 [ Elevation 1400 [ AZimuth
E - ° F inid
1750 :—H—U-gg7 1200 |E |
C < L
1500 E_G=0' 1000 [
1250 C
3 8O0
1000 E :
750 z_ 600 -
500 F 100 [ e[| L)
. C 8.8km KROS5 v E A
250 F 200 F
SErE W C
@ _— -1 i} 1 P 4] b, I T N T B
—4 -2 0 2
Om-0¢ (deg) Om-9e (deg)
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The “no free lunch” Theorem

e Excellent results obtained

1. Made the ANITA project possible & highly successful

2. Similar architectures being studied for new and upgraded
experiments

3. Minimize costs for large systems

* Not a magic solution

— Significant constraints
— Technology in its infancy — will continue to improve

e Limits and future directions

The technology, In a bit more detail

23



Constraint 0: An Intrinsic Limitation

No power (performance savings) for
continuous digitization

Won’t displace Flash ADCs

/A Cherenkov
Jr ",

/ \_ cone

J\\ ‘\\ Trigger
\

;/ / \\\ \ M —= to Global Trigger
// '\_\*JQRhom Freq (Gz) _hold
UHE ~ 7 ™ IGHzBW —
Ny g/ - S iHz \L

interaction &%\I RF arfenna 22 17 High—speed low—power _
el ElectroMagnetic Sampling ADC —=> to Data Collection
shower
~GSa/s ~MSa/s

“down conversion”
-> For most “triggered” “event’ applications,
not a serious drawback
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Constraint 1: Analog Bandwidth

Difficult to couple in Large BW (C is deadly)
inside ASIC

Lg

f3dB — 1/27'CZC -------------------- I —

Input Coupling versus total input Capacitance

Input coupling versus frequency

0
= (Cin=300fF, Rs=500hm
-1
-2
g 4
T 4
2
o
£ 5
]
¢ 6
=
T 7
e
-8
-9
10 0 100 200 300 400 500 600
0.1 1 10 100 Total input Capacitance [1F]

Frequency [GHz] 2 5



Bandwidth Limitations (LAB1 example)

x+8 an
Fixed
03{1 . "‘O?kﬂ)ﬂ I Csiote
x oh
= 10fF 470
Rfeed /_JH\'\ Bi Bi B Ri
-— -~ +* L I
Rl O S ) ]‘ T
:‘|i Cpad :‘[ Cdrah I Cdrah 7~ Cdtaih :‘|i Cdiaih
Flaper A Biel
e e JPC\ L 1 0.02Q | L} ~12fF | L L L“\ L =
+- . 280)
P C B
5 pad I 50 ~130
50-1300 1 Rpd =40k
LABRADOR Resistance Estimate Input {RF) Input (ref)
- bond wire
Length 17000 & 0.0 0.1 pad
70O 0.2 M5-ha

Metal 4(shest) = 0.07 Ohm'sq 71.42857 5.0 typ length (=q.)
Metal 5{sheet) = 0.03 Ohm'sq  166.6667 5.0 typ length (=q.)

LABRADOR M5 Paly contact = 5.1 Ohm 5 & 0.9 0.9

1025 via 1= 2.7 Ohm B 3 0.5 0g

— ,
— Wa2= 535 0hm 5 3 0.9 1.8
M4 ¢ 1| £~13Q2 Wa3= 828 Ohm 8 3 1.4 2.8
2384 via 4= 11.34 Ohm -] 1.9
10.5 11.5 Total per teed
28 Rterminator
Measured: Chm 50.0 Grand Total

fig = 1/2nZC

Would like smallest possible Cstore

e For 1.2GHz, C <~ 2pF (NB input protection diode ~10pF)

e Minimize C, (Cg,, NOt

negligible x260)
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An Example Bandwidth Evaluation

600 T T T
“oor Transient LA83
200 Impulse l
QpF— S le l!ur'ﬁv“'i"_'ﬁu'“‘w_‘_”'—"“_‘ﬂ"_— .
-200 h
_lmﬂ 10 20 SI'D 40 50 80 70 alﬂ 9'[: 100
time, ns
v I —h.nﬁ.wﬁ—/\uf\(f
15} WM% ALUQM |
:E '/I'|| IhI | I
%: 1off | /J'\JI FFT || L ||
V3 Difference ~> |
! w'fﬁ'-l' deB 1.2GHZ
Labrador th £ filter
S 0!2 074 {:!ﬁ cn!a ; 1.2

1.4

Frequency [GHz]

9 channels of
256 samples

To do

better,

reduce
Input and
storage C
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Constraint 2: kTC Noise

Want small storage C, but...

Impact of Storage Cap size

2.5

2 g | 9bis

For 1V useable input range

b Lo

0.5

0 12bits
100

Storage Cap [fF]

150

200

——\'rms
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Similar Constraint 2b: Leakage Current

Increase C or reduce conversion time << 1mV

5 S oF

Eo E ¢

2100 L

- -

200 -200

anu: =300~

400F -400-

500" 5001

-Gﬂu_'"l"'l"'l"'l" o Lo e L Lo L -Guu__|||||||||||||||| [ Lo o by o by o by a0

1 I 1 1 1 1 1 L 1 1 1 L 1 I 1 Ll L L L
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
Time (sec) Time (sec)

Sample channel-channel variation
~ fA leakage typically
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No missing codes

Constraint 3: Digitization

Linearity as good as
can make ramp

Can bracket range of

interest

Run count
during ramp

-

Win
"u’l:arnp /

Yio

£

Vramp

/

Ramp Genetalor

Register
> Cd:11)

F

I

Cleack Grlay Code Counler

Excellent linearity
Basically as good as can make current source/comparator
Comparator ~0.4 — 2.1V; 133MHz GCC max (—31us)

Output Code

3500

3000

2500

[~
o
o
o

—
(6]
o
(=]

12-bit ADC

Labrador ADC Performance

y = 1606.8x + 105.26
R?=0.9999

yd

—— Average
—Linear (Average)

v

7

05

1

1.5 2 25
Voltage (v)

Wilkinson ADC
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Constraint 4: Sample Aperture Variance

DoPaea>eae e e el e e

ITTr )

I e e e

'l‘ Vlf 'l‘ »

A
V

Inverter chain has transistor
variations

— At between samples differ

— “Fixed pattern aperture jitter”

“Differential temporal nonlinearity”
TD,= At, — At

nominal

“Integral temporal nonlinearity”
Tli = ZAti - I'Atnominal

“Random aperture jitter” = variation
of At; between measurements

AL, |AL, AL, A, At

- 1 1 | -
4« D, a( — TI,

A
A
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Non-uniform sampling timebase

Baby Blues >> Kirkman & Scott
PEE"YEWI SURF data MMM’;&M'. SURF data
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dT Spread

2.6 GSa/s [LABRADOR3]

250

200

150

100

50

Bin Interval
Entries 18720
Mean 386
RMS 343
72 f ndf 582 /253
Constant 227+ 2.2
Mean 384.8+ 0.2
ﬂma 31.81+ 0.19
~34 ps RMS

10-15% of dT
typical

L1 I 1
QOO 250 300 350 400

1 I | - | -
450 500 550 600

Bin width in Calibration File [ps] 33



Average aperture calibration

e Fixed aperature offsets are
constant over time, can be
measured and corrected

e Several methods are commonly
used (sine fit [left], zero-crossing)

e Most use sine wave with random
phase and correct for TD, on a
statistical basis
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Sinq Curve Fit Method

j Y

500 1024

Z Zz(yp—(a Sln(|—+05 +,B)+0 )) — min

j=0 i=0

Vi . I-th sample of measurement |
a; f; a; 0; @ sine wave parameters

B, : phase error — fixed jitter

“Iterative global fit”:

e Determine rough sine wave parameters
for each measurement by fit

e Determine g, using all measurements

where sample “I” is near zero crossing

e Make several iterations

S. Lehner, B. Keil, PSI
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Option 1: Even Faster Sampling

x —
6 GSPS * 8 = 48 GSPS | 20 GSa/s interleaved on 8 input channels | 400MHz sinel
—G00
= F
O VAN E
400, o - + :>
5 K 9 1
/(-f)\ _/¥ ?t;_ :'L ™ F L 7 . 5 -
L%L E C = . -
L0 / ~ 2005 . . )
1 B . X . )
o0 / o= - . .
m B - & | .ll #
o ~ . .
S AN 200 2 . - .
< \ AN L " ' :
4 400|— * . .. . 2 .
© B - .. % -~
g AN Cornnl | | | | | | | !
_/\ -Eﬂﬂﬂ 1 2 3 4 L & T 8 9 10
Time [ns]

Possible with delay is implemented on PCB
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Constraint 5: Cross-talk

Coupling between wire-bonds, Vref

.

| —

/R

N
A

M—EET

eim T = X
eim T2 = Y
08 X 08

oe

enuation (dB)

33 380
G352 30 W
302 a9
tHOTS MM

“« M%///////

v

Ziim

_

.'5‘. * ;00 av._l‘.".;.;..: .3.-:- S e - == "
B e T Bt et e
=30 -..:;&‘;-X:Eﬁ."-' u-“..‘c'..“*x i e *u i
35
\ 0g 0 100 200 300 400 500 600
OR X3 frequency (MHz)
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Advantage 1: Compact, low-power

e Comparable performance to best CFD + HPTDC
e Time difference measurement of recorded pulses
e Using full samples significantly reduces the impact of

noise
G |
ool A
20 i
s ¥ CH1
ol =
Ewu'_— Two CH Timing | BLAB1
o ¢ Entries 10000
%1007 B Mean 4702
>k . : : RMS 0.006433
a3 P 600 Comint 45453
F . . L Mean 4702 0,000
l:l: . / il | Sigma  0.006341 0000046
-50:— 500 —
uh""1|u""|"“'3|u" a0 "5'11""'5"0""'710"' :
time (ns) I
G| 400 —
w00 A - 6.4 ps RMS
20 s - (4.5ps
= r - - .
E il 200 single)
g : e -
5o 100 —
o;f\fwd" E\/‘M__— -
: H _ Ll | L | 1 L | 1 Ll |
'mE /PGG 4.67 4.68 4.69 4.7 4.71 4.72 4.73 4.
| . - P time (ns)

1 . 1 [ I
0 10 20 30 40 50 60 70
time (ns)



Advantage 2: Scaling to Large Systems

o ASIC costing well understood, very competitive!

NIM A591 (2008) 534-345.

Storage Depth Capacity

100

Storage Depth in [us] at 10GSa/s

Array Linear Dimension [mm]

Cost per Channel [2007 $]

BLAB ASIC cost estimate

1000

Based on actual fabrications

100 or quotatlon_s from
foundaries
10
1
0.1

10 100 1000 10000 100000 1000000
Total Number of System Channels
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B-factory Detectors — a huge success!

1.5 UL T T T | LAY, I i B B T L
I %
excluded area has CL "

Measurements of CKM matrix elements s g,
and angles of the unitarity triangle '

Observation of direct CP violation in B decays = oo

Measurements of rare decays (e.g., B=>tv, Dtv)

b->s transitions: probe for new sources of CPV and .
constraints from the b->sy branching fraction g

Forward-backward asymmetry (Acg) in b—>sll has become a
powerfull tool to search for physics beyond SM. g “*°f & > 8 BYtag

300F

200

Observation of D mixing

Entries /0.5 ps

100}

o],

Searches for rare t decays

o
o

0

Observation of new hadrons

Asymmetry

o
o

-5 -2.5 &) 2.5 5 7.5

-E,At(ps) 40
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Are we done yet ?

L=

BAU: CKM
B mechanism still
HAPYWUEHMWE ¢p-MHBAPHMAHTHOCTH, c-ACHMMETPHA

W BAPHOHHAR ACHMNETP A BCEIERHOH short by 10 orders of
T A bn-:‘::“::lﬂuunnuu CREpRRNOTIOS WE- m ag n i tu d e .

poCRONEVECROTO pAILRACHNE BOLOCTDA N EHTHRGILECTEE] NOITOMY CIOAYET 41




D

O “Super” B Factory strategy

Belle IT

B factories - is SM with CKM right?
Super B factories - How is the SM wrong?

- Need much more data (two orders!) because the SM worked so well
until now - Super B factory

However: it will be a different world in four years, there will be serious
competition from LHCb and BESIII - PANDA

Still, e*e- machines running at (or near) Y(4s) will have considerable
advantages in several classes of measurements, and will be
complementary in many more

Update of the physics reach with 50 ab! (75 ab1):
Physics at Super B Factory (Belle Il authors + guests) > arXiv:1002.5012
SuperB Progress Reports: Physics (SuperB authors + guests) > arXiv:1008.1541
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D
o

Belle IT

SuperKEKB luminosity profile

Integrated luminosity
(ab™)

-

o
[#]
L))

Peak luminosity x
(cm2s)

-
=

20

N Ea O 0o
T

3 Goals of Belle //SuperKEKB

— We will reach 50 ab™?

= in 2021

— 9 months/year
el L~ POdays/mopth

— Commissioning starts

C in late 2014.

= Shutdown

F for upgrade R Y. Ohnishi

02012 2014 2016 2018 2020 2022

Year
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Requirements for the Belle Il detector

Critical issues at L= 8 x 103%/cm?/sec

» Higher background ( x10-20)

» Higher event rate ( x10)

Ex 25 Run 1886 1

Eher 8.00 350 Dote 1031120 Time 90351
BELLE TrgiD ODetver 1 Mugl 21 BField 150 Dagver 7.80

Pot{ch) 0.0 Elotigm) 0.050-M O0CDO-M 2KLM-M 0

» Special features required

Result: significant upgrade
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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
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Original TOP counter concept

Linear array PMT (—=5mm)
Time resolution c~40ps

e Measure Position+Time

y Simulation
> w400mm”3°”00 2GeVi/c, 0=90 de
o 2}\ Quartz radiator __4——"1" Ne o g_
Linear-array type z X — e -~ I*Uzwmﬁﬁﬁ%@%way, o
photon detector - 2 ..
pr I = 20mm & '
26000}

24000 SR i
Side view of crystal . . :
charged particle 22000}
— 60 cherenkovangle K
crystal / / 20000
o>

o ~200ps
W/{ I K 180008

backward-going - >
- 16000}:

= z-component of unit velocity

Different opening angle for the same momentum 14000'?’:
—> Different propagation length(= propagation time)

N 1200051752
+ TOF from IP works additively. X (cm)
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Slightly Enhanged “image plane”

e Must fit in a very crowded envelope

H~71cm 512 channel readout

8 Pl il T

0 e
AECL) | o ==

NNy D ~13cm (PMT incl.)

R1130CDC-SC_ *._

Backward Forward
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Performance Requirements (TOP)
e Single photon timing for MCP-PMTs

Laser Scan Two CH Timing —TT—
Entries 2245 600 e ﬁ«sm ;;_‘%%
200 Mean 16.22 r Corsiant fmader
RMS 0.1382 soo | Skims  oooeuis's 0a0cnas |
¥/ ndf 375.8/ 42 F
i Constant 485.9+15.0 4001 10
Mean 16.18 +0.00 g <~ pS

Sigma _ 0.03837 + 0.00078 300

a0 a0l (ideal waveform
sampling)
rEBg I4.(:';9I = |4!7‘ I ‘lir;:‘él-’(::s)‘ I ‘4.112‘ 11."{3I — I4.7
NIM A602 (2009) 438
0~ S - A
time (ns)

7 Y O <~ 50ps target
ol L NOTE: this is single-
o: g T photon timing, not
o st event start-time “T,”

Sype (PS) Spc (PS) 48



Readout Option Chosen

e« Why Waveform Sampling?

 Lower power, high density, cost effective
e Handle charge-sharing/cross-talk

Single PMT (beam test data — 90ns windows)

Leverage experience from radio-neutrino
work (<=30 ps on large, solar-powered

| i load
. Why Not use eX|st|ng AsIC? )

* No suitable existing ASICs (reason why current ASICs developed)
 BLAB/IRS are only GSa/s SCA ASICs with 5us depth (L1 trig)
* Triggerless operation? = higher power, 330X data rate

49



Readout ASIC Specifications

32768 samples/chan (>5.2us trig latency)
8 channels/BLAB3 ASIC
8 Trigger channels
~9 bits resolution (12[10]-bits logging)
64 samples convert window (~16ns)
4 GSals
1 word (RAM) chan, sample readout
1+n*0.02 us to read n samples (of same 64)
30 kHz sustained readout (multibuffer)

 Time alignment critical
— Synchronize sampling to accelerator RF clock (Belle TOF)

— >5us buffer depth a must for trigger, since single photon rates high

50
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ASIC 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 x512 (512 =8 *64)

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




TOP Readout Architecture

16 COPPER

Waveform
Sampl | ng AS I C Gigfl bit l_:iber

Transceiver Links

i Hl'r‘__ BT Y R i
| Tlmlng R
=i 7 Subdetector Readout Module

1 ASICs
= l —
= sturage

Input Wilkmson l

5002 ADC
term. Regrsters

and v
Sampling '
;\‘

or ADCs
On or in Detgflor

i
.......................J FPGA firmware gfnsists ol 3 parts:
1) ASIC/ADgdriver (common)

8k Chan \ eIS 2) Triggegature extract (subdet. specific)
3) Unifjfi DAQ transport protocol
1k 8-ch. A§ICs ’
Clock jitter

cleaners

FTSW clock,
trigger,
programming

SRM Control “SCROD” 52




Event Timing

e At Super-KEKB the timing of signals should be

fixed relative to trigger (system clock)
— But it is random with respect to 21 MHz derived (Super-KEKB RF

clock).
- t,, from waveform must be combined with t.,, from CAMAC TDC to
align events.
- tf.l,\l...‘l — tl..:; + tl'a..-... 21 M HZ perIOd (~50 S) htemp
Collision time e I Mean 12,80
REfTBCO - RMS 12.18
[0 . E 22ps- 50—
RF signal - T - n
sosonvz  MITTCMOOMADOMMm, -~ = ‘J
o E 30:—
Reduced RF signal ' -
BC/O reference time w Jm 20—
128 MHz : -
30ns W mf_
TOF signal  trof — A B - W
' ! 0_|I||||I||||I||||I||||I...I....I....I....I....I..

50 55 60 65 70 75 80 85 90 95
t... (NS, uncal.)

53



System Synchronization

Crucial to obtain required performance

FTSW (Timing &
Trigger Distribution
board)

-

Serial data
(trigger &
synchronization)

|
4

o 127 MHz clock is divided by 6 on front-end module to
~21 MHz

= This corresponds to sampling rate of ~2.7 GSal/s
» FPGA uses serial data stream to determine clock phase

127 MHz |

21 MHz

o4



Clock Distribution Performance

e Test results performed as part of the cosmic ray test
stand integration at Nagoya Univ in August 2011.:

Measured phase and jitter of . |
21.2 MHz clock from two Clocks are phase-aligned.
modules =» Measured jitter: 20 ps

(on oscilloscope) RMS. SE




2011-2012 Fermilab Beam Test

=1200+1310+30

st



Hit distribution for normal incidence

Exp 9
Entries 53401

I40
=257 |F35

—30

—125

120

—15

10

II|\II|I\I|II\|III
100 120 140 160 180 ©
Unfolded Channel #

1 \-l 1
80

o7

i I’ ”
80 100 120 140
TimeWM+FTSW-Timing1

mirror-reflected photons.
However, there is large background

\eto shower and cross-talk cuts needed



ADC counts

Signal processing

100—_ 1 T 1 T T 1 1 _— ‘s‘-‘n 100:_ 1 1 1 T 1 1 1 1 1 | 1 1 1 | 1 T I |_:
N 1 < N ]

[ — 8 N ]
50 — o S0 ]

- . 8 u 3

0 M —: < 0 :’M/\wvﬂ ]
-50F = -50f- =
“100F- = -100F- —
150F- = -150F~ —
200E B 200 3
B - o - | T R R B

0 2|0 1 4'0 1 1 6|0 1 1 1 8|0 1 1 1 1[')0 0 20 40 60 80 ]00
time (ns) time (ns)

.....

= Pt “cross talk” hit (red) ==
T remove by filtering

Clean hiL(cen_teI of Anode pad) Depending upon amplitude,

-ty —_— ~=  Can (in principle) decouple
- | | PMT, wiring & readout x-

= = talk

o8



Photon Counting Studies

Example event, waveforms from all channels of one MCP-PMT

Red — waveform with a
hit to be counted in total
NY
Blue — waveform with no
hit

Testbed for:
e Ensuring cross-talk or
charge sharing events
are not double counted.
e Counting double hits.
« Avoiding any artificial
digital glitches that
might otherwise be
counted.

P

FT i
.8 N N B B B B B B B _ B B B |
P, gk Al P B fade (AT
13 -

=» Single p.e. laser studies allow a more controlled
environment to check cross-talk from various sources.
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Temperature Dependence
For pulsed channel, hit time vs

- Timing observed to drift ™"

over event number

— Contributions:

e Baseline shifts in
waveforms

e Change of time-base with
temperature
— Timing over limited

event region

demonstrates

Improvement in timing

resolution by removing

these effects

2 -1.5 -1 -0.5 0 0.5 1 1.5

S AT

- | —
— - | ]
2 12281 |
2 - . i
12278 | |
- - " —
n I r _
12276~ |, =
i il ]
122,741+ ¢! . -
Y _
-] i
12272 1, =
_J_\ I L | L L L L ‘ L L L L | L L L L | L L L L ‘ L L L L |_
0 500 1000 1500 2000 2500 3000
P EEE O S O S O S S S S S S S e W event number
1 times_corrected_CHO !
. Frorrrr T T T T T T T T T T T Entries 273
1 SO Mean 1
. - RMS 0.05284 | *
70 22/ ndf 7.283/6 ||
I - Constant 8409+ 668 |,
i 6“__ Mean 0.000722 + 0.003138 I
- Sigma 0.05046 + 0.00257
i S0 Gt ~5O = |
. 40 = -
- 1 1
! 30 ps -
I 2E 3!
|
|
|

(ns, corrected;
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Cosmic Ray Telescope (Fuji Hall, KEK)

Side View —m = =K‘4\
ﬁ_‘ Tracking Lavers
- - Mirror, laser-feed, gas-feed reSO I uti On
4x TOP modules / end . -
— Sci Fi tracker
over
CRT rack = O ~2 meters
Caen L < ~1mrad
HV \_- - - 4x shortened TOF counters g Beam ; negative 2.0 [GeVic]
4--"'""—_- (start timing, dE/dx) E %0 * .
CORRER “m W = W 5 /N
% 80 / \./!‘
S 60ps/va g e
VME Steel/concrete shielding block ~30 S 60 /—/J/ \\\
/‘FTSW >1m Fe (1.5m better) p /‘/‘ _/.
NIM/ 4x full TOF counters ~—=— 3¢m! TOF,
CAMAC (range stack trigger/select) a0 o Semt- TOE

Under construction now: testbed for “final” ASIC, o 2 fend
pre-production electronics 61



CRT Platform: Back-end processing

Schematic Drawing of the COPPER

e S e

Local Bus PCI Bus

Mezzanine Cards
—» FINESSE

—» FINESSE

Detector Signals

—» FINESSE

—» FINESSE

Control Bridge

t Trigger input

e Bridge

PCI Mezzanine Cards

—» Memory

Subdetector Readout Module

11

Upgraded for
Belle 11

« COPPER (COmmon Pipelined Platform for Electronics Readout)

e Used in Belle, J-PARC experiments

*FINESSE (Front-end Instrumentation Entity for Subdetector Specific Electronics)

62




Fast-feature extraction -- beam & CRT

e 500 MHz processor per core

e 32x waveform channels per core DS P F I N

e 60k Waveforms/s benchmarked

Dual Core DSP 128 MB SDRAM

2.54 GB/s

4x Fiber Optic Dual Core DSP 128 MB SDRAM
Connections

63



Data Reduction Exercises

Event Generator Design “full speed” testing

Event Generator

* 30kHz L1 Trigger: - e
2.5% occupancy =
(100ns window) [ S
» <100 samples>/hit Mt | o) (ore|  weromss
« 0.3Gbps (~10% link vomery || [Beese e

capacity)
» ~100 samples
reduced to T,Q per

Me=w Addition for Event Generator

FT3W

Aurara protocol over Flbar

p.e. S :
Fiber Readout module y . SCROD Firmware
== © hipamcoy
° FeW kByteS/th rene a Data Fetcher e,
-
t o

I 1
I 1
: = ASIC Digitizer E
(max) : i = 'y yYIN | e Mage !
| . »{ASIC digitizing and |
: ~ Ao Busy _readout.vhd) :
» 13 Mbytes/s | , e E
| g ]
expected output | S |
: [CE] L.:w:: Lm-:s 1
| e [ 1
L I
Detector vy

PMTs/ASICs

Front End Board Stack
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Belle Il TOP Readout Status

IRS3B fabricated (“final ASIC, if no changes needed”)

Next generation control firmware in development v.2
fDIRC CRT; v.3 IRS3B, backend processing

Redesign, fab of next generation board stack
— Improved HV, cooling

— Feedback control, in-situ calibration

— Amplifier options being studied (N.B.: 5x10° gain)

Experience with confirming prototypes by end of 2012,
“pre-production” early 2013

Production in late 2013-2014
Installation, commissioning and operations: 2015-2016
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Summary
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\

| Instrumenation is here

 Enables whole new
ways of instrumenting
detectors

e Commodity
components and
processes open whole
new opportunities
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Global
Clock
~20 MHz

—

O5Cin
ECIn®

CLEoutD
CLRout0*

CLEaun
CLEout1®

Timing Big Systems |

LMKO3000 Clock Conditioner
(National Semiconductor)

-

E Partially
] Integrated Intarnal
. T Loop Filter VOO
R Dwickar
L SR >
N Civicar Betector u
<1 [
~d Dhistribution Dider
Path ~—
oo <+ D>+ -8
| —1

Fout

CLKoutd

CLKoutd*®

CLKouls

CLKouls™

Reference
Clock for
DRS4 PLL
2.5 MHz

e —

—

Reference
Clock for
timing
channel
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Pedestal and Pedestal Stability

Pedestal Distribution
Pedestal Stability

Entries 74592

4000 Mean 1204.710 107 ;_ Entries 7.423961e+07
: RMS  49.609 ; Mean 1.608
I 106 = RMS 2,759
3000 - i i
I 10°F
: 10°F
2000 E
: 10°
I A
1000 - 10° ¢
10 =
| | SN R R B
0 | 1 l | | | | | 1 1 1 I | | | -
1000 1100 1200 1300 1400 >0 0 50

(Warm - Cold) in mV

AT = 17C (&t ~ 24hours)
~0.052mV/C

Pedestal (ADC counts)

e AC coupled input
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125MHz sine wave
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Real MCP-PMT Signals (with BLAB2)

BLAB1
Entries 10000

700;_ Mean 4.381
r RMS 2.56
600
s00] Residual Time Walk
100 :_ D _: Enlrll!BSLAB19754
- 0.015(— Mean 3.968
300[— C Mean y 0.0001665
C - RMS 1.73
200[— 0.01 :_‘ RMSY 0.007667
100;— éous ‘ ‘
3 E Il | :
Qe e 0 Tz 14 16 18 2 E [ HHH:'ﬁH O N %I | ‘ ‘
Charge (pC) % o ” || ||||| T M s Tt 1 'Ei %l : |:| :‘ o
o {i iy |: H||| :|| H| ||| 1l
[ Two CH Timing | BLAB1 -0.005}-” I I '“' || ‘lll
Entries 10000 | C | ‘
1200— Mean -1.419e-05 -
B RMS 0.007795 -0.01
C ¥*/ ndf 157.6 / 41 B
1000— Constant 1086+ 14.4 B
- Mean 1.391e-05+7.204e-05 || = Bl Lo by by by by v by b n by n i b0y
L Sigma _ 0.007055 + 0.000060 0 1 2 3 4 5 6 7 8 9 1
800 Charge (pC)
soof- /-8 psRMS Rather robust for amplitude
aoof- Invariant signals,
200f- TOF still hard, but can shape
g Lol extract

-8.04 -0.03 -0.02 -0.01 0 001 002 0.03 004 005 00 71
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Simulated Performance vs. SNR

300MHz ABW, 5.9GSa/s

Time Difference Resolution [ps]

12
10

o N B~ O

10

100

Signal Noise Ratio

Time Difference Dependence on Signal-Noise Ratio
(SNR)

voltage (mv)
R - )
JE88igREasbons

30 325 35 375 40 425 45 475 50 525 55
time (ns)

1000
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