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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 ~5-10 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,
NIM/Camac/VME 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 undetlying
physical processes- e.g. source line widths, photon
statistics, e/photon path length variations.

* What is the ultimate limit for different applications?
3/19/2007 IBM Psec Timing 2



OUTLINE

Introduction: why picosec, and why ‘large-area’?

HEP needs: particles and quark flow, heavy
particles, displaced vertices, photon origin

Three key developments since the 60’s:
MicroChannel Plates (MCPs), 200 GHZ
electronics, and "end-to-end’ simulation

The need for "end-to-end’ simulation

Positron-Emission Tomography (PET): looks
like HEP: data rate, # of channels, S/N, data-
acquisition, real-time imaging (not my area..)

What determines the ultimate limits?
Applications?

3/19/2007 IBM Psec Timing 3



Timothy Credo IMSA senior (Harvard next vear)
Robert Schroll Theory grad student (Physics335)
Shrevas Baht UC undergrad- just joined

Fukun Tang EF1 Electronics Engineer

Harold Sanders Head., EFI Elec. Devel. Gp.

HJF

[any thanks to Katsushi Arisaka (UCLA), Alan Bross (FIWAL), Paul Hink
‘Burle), Mario Kasahara (Hamamatsu), Bruce Laprade (Burle), John Martin
Burle), and Wilma Raso (Burle), and to Joe Lykken and Maria Spiropulu for
=ausing this,

Now with David Yu , Jakob Van Santen (students), Karen Byrum
(physicis? and Gary Drake (Elec. Engineﬁfl) of Argonne National
r

Lab, and Prof.’s Chin-Tu Chen and Chien-Minh Kao of the Dept of
Radiology, Univ. of Chicago. Also have a MOU in progress with
Saclay in ?r’ance, and a close working relationship to Jetry Va’vra at
SLAC. Have developed a community (e.g. Saclay workshop)
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My motivation- High Energy Collisions- understnding the basic force:
and particles of nature- hopefully reflecting undetlying symmetries
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Fermilab (40 miles west of Chicago
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The unexplained structure of
basic building blocks-e.g. quarks

The up and down quarks are light (few MeV), but one can trace the others
by measuring the mass of the particles containing them. Different models
of the forces and symmetries predict different processes that are
distinguishable by i1dentifying the quarks. Hence my own interest.

Q=2/3
Q=-1/3
=" - Bottom
Q /)
Strange
3/19/2007 — - IBM Psec Timing 7
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2 TeV (> 3ergs) pbar-p collisions

apologies for bluriness-ps to pdf to ppt...

Beam’s Eye View Side View

~ 10 million collisions/sec; 1 million electronics channels
3/19/2007 IBM Psec Timing 8



The basics of particle ID by TOF

What sets the 1 psec goal for HEP?

with a 1.5-m Radius Solenoid (CDF)

Separation

Identifving particles by measuring velocity and momen- .mﬁé ps) .- ——  #/K separation
tum. el N K/p separation
n/p separation
Particle masses: e : 0.00051 MeV; p™:105.7 MeV,m™: 20t
139.6 MeV; K: 493.7 MeV; p: 938.3 MeV; 10l
Basic Special Relativity in HEP units (electrical engi- St 1
neers in the audience) !
Work m nsec and feet =+ c=1: N
| ' S pGeV)
0 o 0
B L iaa B RE T i o (1) 2 =
'1,._.""] )<
Figure 4: LOTIEOUTS OF 1-812mMa separation for plo |

What we need is p = Ovym . Solve for m given p and 5.

3/19/2007 IBM Psec Timing



A real CDF Top Quark Event

T-Tbar -> W bW-bbar

_ — o — H W->charm sbar
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T-quark->W+bquark { ! )

B-quark
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Cal. Energy

From electro

}

W->electron+neutrino

Can we follow the color flow through kaons, cham, bottom? TOF!



Why has 100 psec been the # for 60 yrs?

Typical path lengths for light and electrons are set by
pIZysical dimensions of the light collection and
amplifying device.

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

BCADE COMPOUND

SCINTILLATOR PARABOLIC
CONCENTRATCOR )
(LUCITE) PREAMP PC BOARD

BASE PC BOARD

I

FPMT + BASE + PREAMP ASSEMBLY

R77E1
Fine-Mesh PMT

= I: 5.0cm

Typical Light Source (With Bounces) Typical Detection Device (With Long Path Lengths)
3/19/2007 IBM Psec Timing 11



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 (300 micron = 1 psec)

3/19/2007 IBM Psec Timing 12



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

2. Ability to simulate electronics and systems
to predict design performance

3/19/2007 IBM Psec Timing 13



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 SiGe
el Process-

— Tw=1003ps
=9 Fukun Tang
T 10060
_ . Tw T007ps (EF I_EDG)

——— Tw-1008ps
Tw=1009ps

Vo) _

3. Electronics with typical gate jitters << 1 psec

3/19/2007 IBM Psec Timing 14



Major advances for TOF measurements:

UG Designed 2GHz VOO Chip with 5 fsec Cycle-to-Cycle Time Jitter

Most Recent
work-

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

grd! | | ouesep| | | |zid! zieil ! i iii y http://hep.uchicago.edu
/psec/conf.html

M
k=
=|

i

0 uoon

| IJ]I[I?PJ{L]

A
e
fr—eeeeeeeeeeern T

Ja. Oscillator with predicted jitter ~5 femtosec (!)
(basis for PLL for our 1-psec TDC) .

3/19/2007 IBM Psec Timing 15



Solutions: Generating the signal

Incoming rel. particle

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

A 2” x 2” MCP-
actual thickness

~3/4”

Collect charge here-differential
Input to 200 GHz TDC chip

3/19/2007 IBM Psec Timing



Geometry for a Collider Detector

2% by 29
MCP’s

Typical Area:
28 sq m (CDF)
25 sq m (LHC)
=>10K MCP’s

Space in the radial direction is expensive- need a
thin segmented detector

3/19/2007 IBM Psec Timing 17



Small dim. Anode Structure?

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

3/19/2007 IBM Psec Timing 18



Equal-Time Collector Anode

Module divided into

4 17x1” pixels (good 4 differential

for CDF,e.g) outouts-
ecach to a
200:1 "time
stretcher’

chip (ASIC)
directly on
back of
module

Equal-time transmission-line traces to
differential output pins (S and R)

3/19/2007 IBM Psec Timing 19



Anode Return Path Problem

Current out of MCP 1s inherently fast- but return path depends on where in
the tube the signal is, and can be long and so rise-time is variable

Photocathode to IWICE M gap (<1lmimw)

Photocathode
MCPIN -------
WICPOUT = c - o
Atinde sutface

Liultilayer anode

Cwirent retiun path

LICE OUT to anode gap (<1mim)

Would like to have return path be short, and located right next to
signal current crossing MCP-OUT to Anode Gap 1T

S R
3/19/2007 IBM Psec Timing 20



Capacitive Return Path Proposal

Return Current from anode Current from MCP-OUT
MCP_PMT Window

+HV
= =—\ 7 A——
Photocathode

: MCP_IN
CLEREEETLELEEEET]
LKL e

=

[G] Anode/Grid

Proposal: Decrease MCP-OUT to Anode gap and capacitively couple the return (?)
3/19/2007 IBM Psec Timing 21




Solving the return-path problem (?)—
Add a grid to the anode layout

------------------------------------------------------- (]

Signal (anode) pad
\ > .
\+|—|+ e
\ i Return leg surface (DC
N . biased off of ground)




Mountin

electronics on

back of MCP- matching

Conducting Epoxy-
machine deposited
by Greg Sellberg
(Fermilab)

Temporary Solution
for prototyping- can
have custom anodes
built and installed in
MCP

($, but more so
time...)

3/19/2007

IBM Psec Timing
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Anode Voltage Qutput

3/19/2007

IBM Psec Timing

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 Desigon for Readout

MCP GUTPUT _— .
I0PEOSECOND FECSCOEHT TIMING WGP OUTPUT PICO SECOHD TIMING
REETIME MODULE 10 P05 BSOND

Each module h
5 chips- 4 TDC
chips (one per
clockto associate stop quadrant) and a
with eventtime DAQ ‘mother’

Clock farrout buffer and o
2.8 MHZ CLOCK 1M digital output interface Chlp.

data includes afd converter
25252 MHZ DATA outputs and address of cel :{> s hainta nesitube Probl

cell
FIFELIME I

(39fns period) Staplllt}{,
calibration, rel.
phase, noise.

P QUTPUT I BCP OUTPUT P,
s R PIGOSECOND TIMING R AT PICO SECOND TIRING

RIZETIME RIZETIME M3DULE

4 CELL PICO-SECOMND TIMIMNG
MODULE

3/19/2007 IBM Psec Timing




Placement of chips on module

Module divided into
4 17x1” pixels (good
for CDF,e.g)

200:1 "time
stretcher’
chips

"DAQ’ Chip
TDC, digital
readout, clock
distribution,
calibration,
housekeeping

Equal-time transmission-line traces to
differential output pins (S and R)

3/19/2007 IBM Psec Timing 26



Start V
500ps Reference Clock
Stop e Iy A z
. Tw | “fine” time interval

C latch strecher driver

http:/ /hep.uchicago.edu/psec/conf.html Tang slide- March 8, 2007 Saclay France
3/19/2007 IBM Psec Timing 27



Tang slide- March 8, 2007 Saclay France
Electronics Requirements & Process Evaluations

Input signal bandwidth: ~23.3GHz
Input signal width (FWHM): ~40ps
TDC resolution: ~Ips

Minimum Requirements:

w ultra low noise, ultra high £ transistors
- 5-10x of the input signal bandwidth ~ (J10-220GHz)

m stable passive components
Inductors, MIM Capacitors, Resistors, Varactors ...

Available Processes:
s IHP SiGe BiCMOS 0.25um technology:
(SG25H1, SG25H2) —-- Europractice

s IBM SiGe BiCMOS 0.13um Technology:
(8HP) — MOSIS

Saclay, France March 8-8 2007

3/19/2007 IBM Psec Timing 28



Microphotograph of IHP VCO Chip
(submitted through Europractice)

1 Taken at Fermilab by

Hogan —

Design by Fukun Tang

Affordable: <10K/shot

Training Classes (Europe)

But- meager technical
support, libraries, ... (nice
folks tho- structural)

3/19/2007 IBM Psec Timing 29



So, switched to IBM 8HP- same 2-GH~z

3/19/2007

VCO in SHP

Fukun Tang, UC

UG Designed 2GHz YGO Ghip with 5 fsec Gycle-to-Gycle Time Jitter

Using |
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EDA Tools:

Verification Tools:

*Purely hetero-junction transistors
*Negative resistance

*On-chip high-Q LC tank

*High Frequency PN diode Varactors
«Capacitor voltage dividers

=130Mhz tuning range

«Full differential 50-ohm line drivers

3/19/2007 Tang slide: http://hep.uchicago.edu/psec/conf.html



VOO Post Lavout Simulation Result (Final

Phase Noise; dBc/Hz, Relative Harmonic = 1 Periodic Noilse Response

J0.0

Equivalents to RMS cycle-
to-cycle time jitter of 5
femto-seconds

Bo.q

90.0

0(-97.19dBc/Hz)

o, n

(dBc/Hz ) (dBc/Hz)

=110.0

120.0
104 210t awi1o? awro? 105 rTRL'L 1x10% 4xiod 10

relative frequency (Hz)

S 02000 Tang slide: http:/ /hep.uchicago.edu/psec/conf.html



DAQ Chip- 1/module

Figure L1: Alters, deselopment board with TISE JTAG intersoe.

m Jakob Van Santen (4™ yr undergrad) implemented the DAQ chip

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

m ASIC will be designed at Argonne by John Anderson and Gary Drake.

m Again, simulation means one doesn’t have to do trial-and-error.
3/19/2007 IBM Psec Timing 33



Why is simulation essential?

m Want optimized MCP/Photodetector design-
complex problem in electrostatics, fast circuits,
surface physics, ....

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

m At these speeds (~1 psec) cannot probe
electronics

m Debugging 1s impossible any other way:.

3/19/2007 IBM Psec Timing 34



Time-of-Flight Tomograph

Slide from Chin-Tu Chen (UC) talk at Saclay Workshop

depends on timing
resolution of detectors

weighted back-
projection along line-of-
response (LOR)

A X = uncertainty in position along LOR
=C - At/2
Karﬁ{l@?%ﬂ? UPenn IBM Psec Timing 35



— Our goal is 30 psec TOF+reconstruction
A OF 800 . [ Benefit of TOF

SRR, AR Better image quality
- ' ' Faster scan time
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Back-end Processing for PET

L2 Buffers
Inputs from COT

SERDES
RAM* Edge
_ _ 64 words [*Detector

TEST-DATA RAM*

To VME ,
eco er 7 VME32 words
168 VME32 words

CDF CLOCK ToP3

Tx Pulse
12ns 22ns,66ns RAM#*

clocks 512 words LI Tx Out Pulse

SERDES

to front panel

Example of a TDC for CDF we designed in Altera- has trigger logic,
pipeline, pattern recognition, ....- lots of local "region-of-interest’

analysis. Speeds real-time imaging. 48 channels/chip
3/19/2007 IBM Psec Timing 37



Status ot First (VCO) Chip Submission

*Were on path for Feb 26 MOSIS submission of VCO with 8HP...

* Tapeout/Details available at http://edg.uchicago.edu/psec/

* Starting on Phase-Detector; then Charge-Pump; then Const.
Fraction Discriminator- long ways to go! (we are beginners...)

UG Designed 2GHz YCO Chip with 5 fsec Cycle-to-Cycle Time Jitter
U IBM 0.13pm SiGe BICMOSEBHP Process [Feb. 2007
i EERH o) | | xdat
D:.' N xm: _ -. T S st
~ I oz 2 oz culea A== e
Zinsadmei i ==
A 03] _.:I —_— . I §§§i E.— IIE
i) 2 L1 1 — I
- 3 —
1 D =8
-_r e :%E: 1 \Jl H_E E_l
4 7 ey : +: E|E" :
L =M - : " % ) b —
Hilg
EW—HEE] grrd? | |DUsep|| | sid!| | 0L Esen
;
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SOME REFERENCES

Saclay Workshop (March 8,9-07; talks on PET, Detectors, Electronics, Simulation... (in
particular see talks of Chen, LeDu, Genat, Jarron,...)

http://indico.cern.ch/contributionListDisplay.py?confld=13750
http:/ /hep.uchicago.edu/psec/conf.html

ANL/UC effort, links (workshops, talks,references...)

http:/ /hep.uchicago.edu/psec/
http:/ /hep.uchicago.edu/~frisch/

J. Va’vra et al latest paper: on MCP timing:
Nucl. Inst. Mett A572, 459 (2007)
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NSRS

Questions (we are just starting)

What determines the ultimate limits?

Are there other techniques? (e.g. SiPM’s, ...)?

. Could one integrate the electronics into the MCP

structure- 3D silicon (Paul Horn, Pierre Jarron)?
Will the capacitative return work?

How to calibrate the darn thing (a big system)?!
How to distribute the clock

What is the time structure of signals from
crystals in PET? (photon arrival at psec level)

Can we join forces with others and go faster?

3/19/2007 IBM Psec Timing 40
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Slide from K.Inami (Nagoya university, Japan)-
http:/ /indico.cern.ch/contributionListDisplay.py?confld=13750

Jerry Va’vra has B camnm te S t Ircs ult

new similar results
(see ref’s)

m With 10mm quartz radiator
= +3mm quartz window
= Number of photons ~ 180
B Time resolution = 6.2ps

B Intrinsic resolution ~ 4.7ps

m Without quartz radiator
® 3mm quartz window

= Number of photons ~ 80

m Pxpectation ~ 20 photo-electrons

® Time resolution = 7.7ps
3/19/2007 IBM Psec Timing 43



Slide from Chin-Tu Chen (UC) talk at Saclay Workshop —see url in references..

PET, TOFPET & SPECT

Disclaimer- I know almost nothing about PET- need Chin-Tu or Patrick LeDu!

Chin-Tu Chen
Chien-Min Kao, Christian Wietholt,
Qingguo Xie, Yun Dong, Jeffrey Souris,
Hsing-Tsuen Chen, Bill C. O’Brien-Penney,
Patrick J. La Riviere, Xiaochuan Pan

Department of Radiology &
Committee on Medical Physics
Pritzker School of Medicine &
Division of Biological Sciences

anr2007 The Untvesisitymet Chicago "



PET Principle

Slide from Chin-Tu Chen (UC) talk at Saclay Workshop



TOFPET DREAM

Slide from Chin-Tu Chen (UC) talk at Saclay Workshop

30 picosec TOF li?)'sigb‘iay be
4.5 mm LLOR Resolution (LeDu)

10 picosec TOF
1.5 mm LLOR Resolution

3 pico-sec TOFE

0.45 mm [LLOR Resolution

Histogramming

No “Reconstruction’

3/19/2007 IBM Psec Timing 46
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3/19/2007

VCO Post Layout Transit Simulation Result (Final)

ransient Response

“TRD0Y . ABEY)

r'-...-'iﬂdif:*-' échemétic design

Saclay, France March 8-9 2007

IBM Psec Timing
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The Future- Triggering?
T-Tbar -> W*bW-bbar

/ _'_“———-—-_._‘_.“.
2 1 43 W->charm sbar
L] 3 r

</

CPeqd rk->W+bquark

i
II‘H‘!:
1ty

B-quark P Lq'hb

ey

ﬁ.lfz
&
- 1
[
72

.1
{5 : e

T-quark->W-+bquark )

. __-*':j,r‘:' :
Cal. Energy@ =
From electron .
LY .
b

}

W->electron

an we follow the color flow of th
ﬁ'ﬁ?rtons themsélves? E

B- quark




Interface to Other Simulation Tools

ASCII files: ASCll files; &S
Geant4/ 1R00t Waveform time-value pair Waveform time-value pair
Tube
Output
Signals Cadence Virtuoso
from Analog
Simulation Environment

Or

Cadence Virtuoso
AMS Environment

Spectre
Netlist

Cadence Simulator =



Questions on Sitmulation-Tasks
(for discussion at Saclay)

1. Framework- what is the modern CS approach?

2. Listin% 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 it make sense to do Medical Imaging and HEP
in one framework?

7. Are there existing stimulations for MCP’s?

3/19/2007 IBM Psec Timing 51



What sets the 1 psec goal for HEP?

SO L

LITnes Lo ol = |4 nsec | 1.4 INE T i

At
100 ¢

50 |

1L Ehe :'.|-|-. LHIL B = "Il' viErles [l the i

& ¥ separatian
K/ p separation

A presel v o this with the tracking chaoanber (OO T
oD separatkon

with a rescdution on the arder of a nse
AL CDF: 1 18 correlated with zoerer! (From the nev

TAMU EM timing svstem in CDF ( Goncharoy, Foruats

20
10 |

iy, Tokiuk

e

-y sle Emel

i iad 2.

[
L}

bodr i o ET5L oonop
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Simulation for Coil Showering and
various PMT's

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

m GEANT4: pi' enters solenoid, e- showers

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

® Both parts are approximations

B Could we make this more modular?

m 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 well. And, new, at Saclay
Irene Buvat attended and expressed good intentions
in getting the OpenGATE Collaboration involved.
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Present Status of ANL/UC

. Have placed an order with Burle /Photonis- have the 15 of 4 tubes
and have a good working relationship (their good will and expertise
is a major part of the effort): 10 micron tube in the works; optimized
versions discussed;

. 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/System chip in Altera (Jakob Van Santen);
ANL will continue in faster format.

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

. Have found Gre% Sellberg and Hogan at Fermilab to offer expert
precision assembly advice and help (wonderful tools and talent!).

. Ageworking with Jerry V’avig (Qla); draft MOU with Saclay s,



Simulation of Circuits (Tang)

Approaches & Possibilities _ : _
From Harold’s talk, we will build two Chips for Tube Readout SIM-IV: Tlme-to-Amplltude (TAC) Schematics

(1) psFront-end (2) psTransport Based on IHP 0.25um BiCMOS Process
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SIM-1V: TAC OQutputs vs. Tw Inputs
Sweep Tw from 1ns to 1.01ns with 1ps

SIM-II: Zero-Crossing Voltage Comparator Schematics
Based on IHP 0.25um BiCMOS Process
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Input Source code, Macros Files
Geometry
*Materials
*Particle:

*Type

*Energy

eInitial Positions, Momentum
*Physics processes
*Verbose level

*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

3/19/2007

A 4

Shreyas Bhat slide

1+ Generation, Coll
Showering
GEANTA4

Have position,

time, momentum,

kinetic energy of

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

PMT/MCP
GEANT4 - swappable

Get

osition, time

IBM Psec Timing

56



Shreyas Bhat slide

Input Macros Files - precompiled
source

Geometry
:IF\)/Iattc_er:a!s Physics processes
article: macros file
*Type
*Energy

e[nitial Positions, Momentum
*Verbose level

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

GATE Get position, time

3/19/2007 IBM Psec Timing 57



A real CDF event- r-phi view

Key idea- fit t, (start) from all tracks
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The Future of Psec Timing-

From the work of the Nagoya
Group, Jerry Va’vra, and ourselves it
looks that the psec goal is not
impossible. It’s a new field, and we
have made first forays, and
understand some fundamentals (e.g.
need no bounces and short
distances), but it’s entirely possible,
even likely, that there are still much
better ideas out there.

Big Questions:
* What determines the ultimate limits?
* Are there other techniques? (e.g. all Silicon)?
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