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OUTLINE

Introduction: Role of TOF in HEP, MI; unique expertise
developed in HEP should be more widely available to society.

Three Key Developments since the 60°s: a) Fast MCP’s, 200-
GHZ electronics, and Electronics Simulation Tools;

HEP Needs: Particle ID and Flavor Flow, Heavy Particles,
Displaced Vertices, Photon Vertex Determination;

MI Needs: 3D localization (TOF); real-time filtering,
reconstruction.

The Need for End-to-End Simulation in Parallel;

What We’ve Achieved So Far on UC, LDRD, and DOE-ADR
seed funding:

Proposal Request and Milestones
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Introduction

*Resolution on time measurements translates into
resolution in space, which in turn impact momentum
and energy measurements.

* Silicon Strip Detectors and Pixels have reduced
position resolutions to ~10 microns or better.

* Time resolution hasn’t kept pace- not much changed
since the 60’s in large-scale TOF system resolutions and

technologies (thick scint. or crystals, PM’s, Lecroy
TDC’s)

Improving time measurements is fundamental , and
can affect many fields: particle physics, medical imaging,
accelerators, astro and nuclear physics, laser ranging,

* Need to understand what are the limiting underlying
physical processes- e.g. source line widths, photon
statistics, e/photon path length variations.
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Possible Collider/ILC Applications

*Separating b from b-bar in measuring the top mass (lessen:
combinatorics => much better resolution)

*Identifying csbar and udbar modes of the W to jj decays in
the top mass analysis

. Segarating out vertices from different collisions at the
LHC in the z-t plane

*Identifying photons with vertices at the LHC (requires
spatial resolution and converter ahead of the TOF system

* Locating the Higgs vertex in H to gamma-gamma at the
LHC (mass resolution); also missing mass Higgs searches

*Kaon ID in same-sign tagging in B physics (X3 in CDF Bs
mixing analysis)

*Fixed tar%et geometries- LHCDb, Diffractive LHC Higgs,
(and rare K and charm fixed-target experiments)

*Super-B factory (Nagoya Group, Va’vra at SLAC)
* Strange, Charm, Beauty:and.Bavyon Flow in Heavy Ion

Callicinne Kée
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K-Pi Separation over 1.5m
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Slide from Chin-Tu Chen (UC) talk at Saclay Workshoy

Time-of-Flight Tomography
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Why has 100 psec been the # for 60 yrs?

These are now on the order of an inch. One inch 1s 100 psec. That’s
what we measure- no surprise! (pictures from T. Credo)

M COMPOUND
BC408 PARABOLIC PMT + BASE + PREAMP ASSEMBLY

COMNCENTRATOR ~ AT
(LUCITE) FREAMF PC BOARD -

SCINTILLATOR

BASE PC BOARD

, &l F
- —— RY7E1
J ‘ \V Fine-Mesh FIT
- 280cm o T . 3.8cm = b 5.0cm =

Typical Light Source (With Bounces)  Typical Detection Device (With Long Path Lengths)
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Major advances for TOF measurements:

Micro-
photograph of
Burle 25
micron tube-
Greg Sellberg
(Fermilab)

1. Development of MCP’s with 6-10
micron pore diameters
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Output at anode
from simulation of
10 particles going
through fused
quartz window- T.
Credo, R. Schroll

2. Ability to simulate electronics and
systems

13 predict desion Beftdftiance °



Major advances for TOF measurements:

SIM-1V: TAC Outputs vs. Tw Inputs
Sweep Tw from 1ns to 1.01ns with 1ps Simulation

Increment | with ITHP
' Tw=1000ps Gen3 SlGe
e=coMlll pProcess-

= — Tw=1003ps

e Fukun Tang

Tw=1003ps
= - (EFI-EDG)

i WU _Tw—lﬂﬂEips
Tw—lﬂﬂgps

1.728

1.725

viv)

3. Electronics with typical gate jitters << 1 psec
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Major advances for TOF measurements:

LIG Designed 2GHz VGO Ghip with § fsec Cycle-to-Gycle Time Jitter
__Using IBM 0.13pm SiGe BIGMOS8HP Process (Feb. 2007

Most Recent
work-

IBM S8HP
SiGe process
See talk by
Fukun Tang
(EFI-EDG)
at Saclay

i
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3a. Oscillator with predicted jitter < 100 femtosec (!)
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A real CDF Top Quark Event

T-Tbhar -> W*bW-bbar

W->charm sbar

< |

rk->W+bquark

B-quark - -

T-quark->W-+bquark

B- quark

Cal. Energy |
From electron *.

W->electron+neutrino

Canwé’follow the color flowthreugltk#ons, cham, bottom? TOF!



Geometry for a Collider Detector

2” by 299
MCP’s

“r’’ is expensive- need a thin segmented detector
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Idea 1: Generating the signal

Incoming rel. particle

Custom Anode with
Equal-Time Transmission
Lines + Capacitative. Return

A 27’ x2” MCP-
actual thickness
~3/4”

Collect charge here-differential
Input to 200 GHz TDC chip
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1. RF Transmission
Lines

2. Summing smaller
anode pads into 1”° by
1” readout pixels

3. An equal time sum-
make transmission
lines equal
propagation times

4. Work on leading
edge- ringing not a
problem for this fine
segmentation
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Equal-Time TL-Anode Bd

Designed by 4 OlltplltS-

Tim Credo each to a

(IMSA) TDC chip
(ASIC)

Equal-e transmission-
line traces to output pin
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Idea 3: Solution to the Anode Return
Path Problem- Capacitive AC
Return

Photocathode to BCE [N gap (<1mm)

Photocathode
MR I mmme
DICP OUT == - oo - - -

Anode sutface --------

Cmrent retwan path

LICE OUT to anode gap (<1lmim)

Problem is inductance, non-uniformity
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Capacitive Return Path Proposal

Current from MCP-OUT

Return Current from anode
MCP_PMT Window

1 H‘u'
N\  —
Photocathode

MCP_IM

L LR]

L@' I,&I |_G|J = * * [G] Anodersrid
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Solving the return-path problem




Anode Voltage Output

06/28/07

NSF Visit, Arlington VA

Output at anode
from simulation of
10 particles going
through fused
quartz window- T.
Credo, R. Schroll

Jitter on
leading edge
0.86 psec




EDG’s Unique Capabilities -

Harold’s Design for Readout

MGRO LT P ICOSECOND TIMING
0P KOS ECOND e
rEETHE —— -

MG P OUTELE PICOSECOND TIMING

IOF S ECOND :
REETME [—— MEDHEE

¥ Each module ha
S chips- 4 TDC
chips (one per
quadrant) and a
DAQ mother’
chip.

odule must he

chronized with system

clockto associate stop
with event time

Clock farrout buffer and

B2.6 MHZ CLOGCK IN I:Il> digital output interface
data includes afd converter

DIGITAL DATA QUT
2.5262 MHZ DATA :ll> B dal RS Rkl :: > daisy chain to next tube

REQLUEST AMD cell

FIFELIME M
(396ns period)

Problems are
stability,
calibration, rel.
phase, noise.

RZP GUTPUT
I0PECCGESBEZOND
RIZETIME

P
Mep OUTELT PCSECOND TIMING

O SESD
10P K-S BZOND F MG OLLE PICHSECOND TIMING
RIZETIME -

MODULE

4 CELL PICO-SECOMND TIMING
MODLULE
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Readout with sub-psec resolution:

1/4 Tang Slide
“Zero’ walk Disc.

Stretcher Driver 11 bit Counter
Receiver

T CK5Ghz

ZGhZ PLL

REFEES T Front-end chip
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Diagram of Phase-Locked Loop

Tang Slide
CP
Fref |1 1 U
—_— PD . e . _\ C:
; ! LE F,
, L+

PD: Phase Detector
CP: Charge Pump
LF: Loop Filter
06128/07 V@OrsVoitage Controlled Oscillator:



Microphotograph of IHP Chip

: ‘ Taken at Fermilab by
’ - | T Hogan —
' :. . = | fhl| EECEES | | Design by Fukun Tang
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IB Bi HP Pr

130-nm technology
SiGe hetero-junction bipolar transistors

High-Q inductors and metal-insulator-metal capacitors

4 types of low-tolerance resistors with low and high sheet
resistivity

Electrically writable e-fuse
CMOS transistors (VDD=1.2V or 2.5/3.3V)

Deep trench and shallow trench isolations
5 copper layers and 2 aluminum layers (3 thick layers)

Wire-bond or controlled collapse chip connect (C4) solder-bump

terminals
06/28/07 NSF Visit, Arlington VA 25



Recent progress: Stretcher Chip

Tang has designed and simulated the phase-locked
loop, the heart of the sub-psec Stretcher chip.

Expect jitter < 100 Vcontrol(net068) voltage showed PLL locked from 1. 96GHz to 2.04Ghz (plot2)

fsec (!) from ¥ psdesign pli2g6l8_inv schematic : jun 22 22:15:07 1007
g g File Edit Graph Axis Trace Marker Zoom Tools Help
simulation (but

S #HE BeBE»ui MOE{d=E] [ Label M%)
have not, and do

Trassiert Response
not know how to, J————
simulate jitter on
the input clock
from the DAQ

chip)

’)‘mt E'ﬁi\n

W i M2978 2m\
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Recent Progress: DAQ Chip- 1/module

Jakob Van Santen implemented the DAQ

chip functionality in an Altera FPGA - tool-
rich environment allowed simulation of the
functionality and VHDL output before chip

construction (Senior Thesis project in
Physics)

Gary Drake and John Anderson (Argonne)
are trying to do this in a new Xilinx FPGA:
if can do 20-30 psec in Xilinx get

filtering/higher functions too! (big step for.)

Again, simulation means one doesn’t have

to do trial-and-error. Great for PET and
06/28I)_IEP. NSF Visit, Arlington VA 27



Recent Accomplishments of ANL/UC

. Designed, simulated, and constructed VCO block of stretcher chip in IHP proces:

. Have designed, simulated full PLL (with VCO+phase detector +filter and
feedback blocks) in IBM S8HP process-

. Have visited IBM - good working relationship at high management and
engineering levels (PH and TCC, e.g.- also Keith Jenkins visit)

. Have placed an order with Burle/Photonis- have the 3% of 4 tubes and have a gooc
working relationship (their good will and expertise is a major part of the effort):
got new 10 micron tube, Burle working on capacitive-return design.

. Harold and Tang have a good grasp of the overall system problems and scope,
and have a top-level design plus details

. Have modeled DAQ/S;(stem chip in Altera (Jakob Van Santen); ANL has started
serious design in new Xilinx FPGA chip (John Anderson, Gary Drake).

. ANL has built a test stand with working DAQ , very-fast laser, and has made
contact with advanced accel folks:(+students)

. Growing collaborative effort: have established strong working relationship with
Chin-Tu Chen’s PET group at UC (mention China); Ditto Va’vra at SLAC. Hav
MOU draft with Saclay; close working relationshH) with one of their top engineer
(coming back for visits 2 and 3 this summer). Had very productive 2 day brain-
storming with engrs inc. Bill Moses (LBL), on PET - led to new design for a CFD

. Have found Greg Sellberg and Hogan at Fermilab to offer expert precision
assembly advice and help. Submitting joint ANL/UC/Fermilab proposal to add
fast timing to Fermilab test beam, help support engineering effort.
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Project Milestones: p1

Wersion l!l
Aptil 17, 2

D R% FT

ond Detector and
elopment

1 Year 1

1.1 Time Stretcher Chip
i : :

3. Initial I

. Initia

PET TDC/Trigger Chip

Simulation Development

i
selinge at 20 peee resolution with 25-micron pore tube amd old
L BN e
alish logbook and documentation framework

n ulbra-fast oscl ;] Jitberometer.
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roject Milestones: p2

MCP Development
e and assemble 10-micron MCP
ution of 10-mi
n, Lirme resolution v

d-tube ffom Photon /Burle with small & T ode wap
System Issues
cport on calibration
cport on clode distribution
stual report on stabilicy
Applications

{to be

Year 2

TDC,/Clock/DAQ Chip (TCDC)
. Pinish Chip Diesi full sirulation

Submit first TCDC chip w foundry

PET TDC/Trigger Chip

1. Final Performance Specifications

"urther de 1 MOP Module Code comparing to test results

sipnal peneralion om waring o best results

Simulation Development

. Purther 1CP Module Caode
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Instrumentation and Laser Test Stand

. Construct precision stage and beam-splitter for 2MOP tests

Project Milestones: p3

sion lime . jitter measurenenis and equipment, down to fow

solution with 10-micron tube and new electronics.

MCP Development

new tube Fom Phatoo
. and p

System Issues

. Initial desipgn of calibration s

2. Small scale implementation of calibration

3. Initial desipn of clock distribution

System /Beam Tests

. Implementation of D reference clock, ete.

2, Pirst siny Lion bvear Lest

3. Multiple station beam test

Applications
. FP420 (to be Glled out)

Year 3

Time Stretcher Chip

Anode gap

plating up
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Project Milestones: p4

: Ind-peneration chip
Write and commission a frat-generation DAG
3. Construct and characterize a micro-pe rn with this readout.
3.4 Simulation Development
1. Continue development, refinement, and validation
sl lation & ‘Mib-generation’ simulation-optimized MCP
milation to spec an ‘Nth-generation’ simulatic atimiwed micro-pet de
Instrumentation and Laser Test Stand
. Achieve 1 psec resolution with optimized 10-micron tube and custom Stretehe

chip electronics.

MCP Development

System Issues

nd generation Clock and Calibration

3.8 System/Beam Tests
1. Test a 4-station multiple-uni et with 1
3.9 Applications

Ued out)

atruetion of a 100-unit 4-station system appropriate for muon coolin

reaclution )

06/28/07
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What are we requesting?
Take Year 1 (very typical):

M&S: Chip submissions, MCP Prototypes, PC
cards,... : 175K$

Equipment (Instrumentation): 40K$

Personnel: 1/3 EDG head +1 engineer 190K$
orad student+ undergrads 48K$
visitors (from Saclay, LBL, SLAC)
24K$

Travel: Domestic 10K$, Foreign 16K$

Top Priority 1s the EDG engineering- this 1s our critical path, and also corresponds to our
unique collection of expertise and tools- unmatched, I (arguably) would argue...
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That’s All...
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Questions on Simulation-Tasks
(for discussion)

1. Framework- what 1s the modern CS approach?

2.Listing the modules- is there an architype set of
modules?

3.Do we have any of these modules at present?

4.Can we specity the interfaces between modules-
info and formats?

5.Do we have any of these interfaces at present?

6.Does 1t make sense to do Medical Imaging and HEP
in one framework?

1. Arg.there existing singulatigns for MCP’s? "



Accelerator Applications

Momentum (velocity times known mass)

Analysis In a beam (e.g. test beam). 4 single-
module stations (this is our proof of principle- first
step after laser)

*6D Muon Cooling (muons.inc, hopefully)
measurements- two 25-module stations replace a
magnetic spectrometer (need pos. tho still 2 places)

* CERN Accelerator folks very interested (per
Patrick LeDu, Saclay)

Other fields: nuclear physics, astrophysics,.....
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Why is simulation essential?

Want maximum performance without trial-
and-error optimization (time, cost,
performance)

Debugging 1s impossible any other way.

06/28/07 NSF Visit, Arlington VA
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Simulation for Coil Showering and

various PMTs

Right now, we have a simulation using GEANT4, ROOT,
connected by a python script

GEANT4: pi* enters solenoid, e- showers

ROOT: MCP simulation - get position, time of arrival of
charge at anode pads

Both parts are approximations
Could we make this less home-brew and more modular?

Could we use GATE (Geant4 Application for Tomographic
Emission) to simplify present and future modifications?

Working with Chin-tu Chen, Chien-Minh Kao and group, -
they know GATE very well!
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Interface to Other Simulation Tools

ASCl files: ASCI files: e shde
Waveform time-value pair

Waveform time-value pair

System
Simulation
Results

Spectre
Netlist

i

Cadence Simulator



The Future of Psec Timing-
Big Questions:

Questions:

* Are there other techniques? (e.g. all
Silicon)?
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Smaller Questions for Which I’d
Love to Know the Answers

Could one integrate the electronics into the
MCP structure- 3D silicon (Paul Horn)?

Will the capacitative return work?

How to distribute the clock

Can we join forces with others and go
aster?
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The Future- Triggering?

T-Tbhar -> W*bW-bbar

W->charm sbar

[

Equark- >W+bquark

B- quark

Cal. Energy |
From electron *.

W->electron+neutrino

an we follow the color flow of the

06/28/07 NSF Visit, Arlington
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Simulation of Circuits (Tang)

Data

11-bit 5Ghz
il Counter

5Ghz PLL oo

SIM-II: Zero-Crossing Voltage Comparator Schematics
Based on IHP 0.25um BiCMOS Process

2 gain Stages, 2 level shifters, A =400

¥
ooyl -
3

¥

SIM-IV: Time-to-Amplitude (TAC) Schematics
Based on IHP 0.25um BiCMOS Process

Switch Forward Charge
Cancellation

SIM-IV: TAC Outputs vs. Tw Inputs
Sweep Tw {rom 1ns to 1.01ns with 1ps

Increment
\Nopi

Tw=1001ps

— Tw=1003ps
Tw;i'o'btlps

Tw=1005ps

Tw=1006ps

- T==1007ps
T Twl 008ps

- Tw=1000ps
TAC Sensitivity = - 640uV/ps T

2 3

time (ns)




Mountin
back of

Conducting
Epoxy-
machine
deposited by !
Greg Sellberg |
(Fermilab) -

06/28/07

electronics on
CP- matchlng
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VCO Schematic & Post Layvout Simulation Setu

Schematic

. sch_tn

Vbias

Ycontrol

sch_tn
[ ]
12
(= =)
- -

B sch_outs5on

ouTSBN

ouUT5@p

. le_tp

le_tn
| | f
11

Vbias

Ycontrol

vdc=Yc

06/28/07

=% =
= -

B sch_out58p
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ouUTSBN

.

B e_out50p

ouTSPp

av_Extracted (RCL)
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2GHz VCO Design

*Purely hetero-junction transistors
*Negative resistance

«130Mhz tuning range

*On-chip high-Q LC tank

*High Frequency PN diode Varactors
«Capacitor voltage dividers

Full differential 50-ohm line drivers
*Deep trench isolation
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VCO Post Layout Transit Simulation

5 {/LE_OUT50p]!

WaVefOI‘mS Transient Response
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VCO Schematic and Post-layout V-F Transfer Function Plots

e Frnqllnr\ry(\f'rl"ll E_QUTS0 "'

(\IT{“IQ(‘I—I 0l |'r-:np")

7

\ Schematic V-F
.l Transfer Function
! y/
\z
0 1(2x109

P
7

Post Layout V-F
Transfer Function
F=2GHz@VC=1.35V
Tuning Range=130MHz
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VCO Post Layout Phase Noise Simulation

Phase Noise; dBc/Hz, Relative Harmonic = 1 Periodic Noise Res ponse

—-70.0

VCO Cycle-to-cycle 0(-97.19dBc/Hz)

timing jitter can be
estimated by
following formula:

2x10% 3x10% axi104 103 2x10° 3x10° 4x10°

relative frequency (Hz)
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Phase Detector and Loop Filter Design

Cmd: Sel: 0 Status: Ready T=27 C Simulator: spectre 3
Tools Design Window Edit Add Check Sheet Options Migrate 1IBM_ PDK Help

: schSingleSelectPt () M: schHiMousePopUp () E: DIcycleSelSeti)
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Characteristics of Four-quadrant Multiplier Phase Detector
Differential Qutputs with over-driven Inputs

% | psdesign Analog_pd2 schematic : Apr 23 13:13:30 2007
File Edit Graph Axis Trace dMarker FZoom Tools Help
= 3 B e = 5 20 u i 2 B 0k = B [r]Laper |
Transient RBesponse Eﬂ
— fMeoontroll — fWeoantrol2
SR
201.63%)
1i-545
sy oC1.212%
= i b
= ]
>_ 4
1.0
2}51 1721 . 5rrmv
ST
FoE EEE Jent 2.0 SR =% e
Lirme (sl
@« = graphl selected: double-click to bring up attribute dialog.
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A example showing Phase Detector & Loop Filter Open Loop Responses to the

Ref_clock phase variation (1-20ps)

Vusdez.ir_;u ;'{nr:lin::_}_p(lz sche ic : r 18 13:31:06 2007
File Edit Graph Axis Trace Marker Ffoom Tools Help

= o BB EE =S 2 R e 30 o B jlaner| |
Transient Response m
—dlywl="1p"; /Phase_OlLITZ= — dlae] ="2p fPhase: QLITZ —dlwl ="3p'"; /Phase_CQlLITZ= —dbyl ="4dp"; /Phase_QOlLITZ2 ‘
diyvl="5p" /Phase_QUTZ cdiywl ="ep";/FPhase_ QUTZ2 —diwv1l="7"p" /Phase_QULTZ2 diwl="8p";/Phase_QIUTZ2 J
diwl="2p" /Phase_OULT=2 dlwl="10p";/Fhase_QOUT=2 —dlwl="11p";/Phase_ QT2 —dlwl="12p";/FPhase_QUT2Z2 =~
1.368

Oper) loop (PD+LP) Sensitiyity: 2mV ripple with 2Ghz fundamental

1s67| 20UV/ps. frequency at loop filter output is
20pss timing jitter at ref_clock observed, PLL timing jitter is
1201 - generates about 33fs jitter at dominated by this ripple, which
local clock! equivalents to ~66fs.
0(1.365V)

1.565
1.364

_ NS 7/
1.363 0 ;\--. —// /

N
169.0 16‘3".25 169 .5 . ]EGE;).?S 17&).0 1?6.25 1?&).5
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Shreyas Bhat slide

Input Source code, Macros Files
*Geometry
*Materials
*Particle:

*Type

*Energy

eInitial Positions, Momentum
*Physics processes
*Verbose level

Have position,

time, momentum,

kinetic energy of

each particle for each step
(including upon entrance to PMT)

*Need to redo geometry

(local approx.=>» cylinder)
*Need to redo field

*Need to connect two

modules (python script in place
for older simulation)

Pure GEANT4 Get position, time

06/28/07 NSF Visit, Arlington VA
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Shreyas Bhat slide

Input Macros Files - precompiled
source

*Geometry
-I;)/Iatgr:al_s Physics processes
*Particle: macros file

*Type

*Energy

o|nitial Positions, Momentum
*VVerbose level

But, we need to write
Source code for
Magnetic Field, recompile

GATE Get position, time
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A real CDF event- r-phi view

Key idea- fit t, (start) from all tracks
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MCP’s have path lengths <<1 psec:

Micro-
photograph of
Burle 25
micron tube-
Greg Sellberg
(Fermilab)

Can buy MCP’s with 6-10 micron
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Slide from Chin-Tu Chen (UC) talk at Saclay Workshoy

Time-of-Flight Tomograph
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