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| LC Vertex Tracker

From Instrumentation R& D to Physics Benchmarking

A LNBL and UC Berkeley Program in collaboration
with Purdue U, INFN Padova and INFN Torino

M Battaglia
UC Berkeley and LBNL

WWSILC Vertex-Review
Octplber 22—27,_ 2007
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ILC Vertex Tracker: ~odmeemeits o b
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Pixel Size
(10-20 um)

Thickness
"?~50 pm)
—+ +

Services Readout
Cooling Dissipati - Speed
[80 mW/cm?] | —— 2o || [25-50 MHZ]

B 5 hits/BX

Alrflow removes X9 (20 um pixels)/hit 25MHzrlo
70-100mW/cm 2 gl 2515/512 pixel col
<0.5mW/ADC i O(1 %) occupanc

Impact Parameter Re.olution {um)

_I_

L adder
Support

( demonstrated)
[ R&D in progress]
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Monolithic Pixel Sensor Development
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Analog Pixel Architecture

» Charge Interpolation [c ~ &/(S/N)]

* In-pixel CDS & On-chip Digitisation
» Fast Readout

Binary Pixda Architectur

» Small Pixels [o = pitch/,/12]
e In-pixel Discr. & Time Stamping
* In-situ Charge Storage

AMS 0.35um-OPTO
L DRD-1 (2005):
10, 20, 40um pixels

L DRD-2 (2006):
20um pixels,
In-pixel CDS
3T and SB pixels

L DRD-3 (2007):
P0um pixels,
| lin-pixel CDS
——~spn-chip 5-bit ADCs

LAWRENCE BERKELEY NATIONAL LABORATORY

OKI 0.15um FD-SOI
, L DRD-SOI-1 (2007):
E 10um pixels,
i analog & binary pixels

OKI 0.20um FD-SOI

L DRD-SOI -2 (2008).

10um pixels,

analog & binary pixels
(in-pixel time stamp)
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WP-1 Benchmarks and Physics Tools for Vertex Tracker Optimisation

WP-2 CMOS Pixel Sensorswith in-pixel CDS, in-chip ADC and
Fast Readout

WP-3 SOI Pixel Sensors with Binary Output and Time Stamping

WP-4 Low Mass Vertex Tracker L adder

WP-5 Vertex Tracker Prototype

WP-6 ILC Vertexing and Tracking: Simulation, Reconstruction and
Validation
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WP-2

Monolithic CM OS Pixel-Sensors

with in-pixel CDS, in-chip ADCs,
Data Spar sification and Fast Readout
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L DRD-1 Chip

LDRD-1 Chip: (el T

First LBNL test structure,
simple 3T pixels, analog
output, 3 matriceswith
10x10 pm?2, 20x20 um?2
and 40x40 um? pixels;

BE

AMS0.35 OPTO process
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_
m.1.p. response with

1.5GeV e beam at ALS

200

800 _
SN=15
600
500
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300
200
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| | il =t
0, 250 300 350 '
Cluster Pulse Height (ADC Counts)

8

R eSO| ut | on Stu dy 50 nm Laser Sean, 40:40 um” Pixels |

0 20 40 6 80 100 120 140 160
Position [j1m]

Radiation Hardness Test with
30MeV p and n at 88" Cyclotron

Average Noise vs Fluence

-
[=]

4 10x10pm
* 2020 p m
4040 p m

ADC counts

N W A GO N W@

0.8 1.2 1.4
Integrated Fluence [10"2 p/em?]
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Single Pixel Readout

Charge carriers collected i ; _
by diffusion in amost SN -NM#L""”F‘;M*;#%
field-free epitaxial layer; Pixel Pedestal

First measurement of
charge collection timein
AMS 0.35-OPTO process,

1 ns 1060 nm Laser pulse
collimated on 20x20um pixel,
charge=1 m.i.p.

Charge collection time

1 L1 1 1
ﬁ :I 50 ns Chz 20.0mY 0 MalOn: 25655 [T 8.0psh
t & n;sr 420mY Peipt
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L DRD-2 Chip e p
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LDRD-2 Chip:

Second generation chip features

- more complex pixel architecture
(20 transistors) with in-pixel CDS,
power cycling, different bias
options and diode sizes, two
parallel outputs of 48 x 96 pixels.

Size: 1.5x1.5 mm?
6 matrices of 20x20 um? pixels;

AMS 0.35-0PTO process,
received October 2006
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2 Chip: In-Pixel CDS creceey] :

Digitisation at end of pixel column limited in precision b
speed and power dissipation: advantageous to subtract
pedestal level in-pixel with correlated double sampling.

Stored reference and pixel level
with pulsed laser light:

pedestal subtracted signal

Chi S00mY M 1.0ps BZSMSS 1.6nz /ot
Cha S00rY A Chd o B30myY
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LDRD-2 tested on ALS 1.3 GeV e
and M Test 120 GeV p beams,

Operated in rolling-shutter mode,

CDS from in-pixel stored ref. charge,
1.25 - 25 MHz r/o speed, noise stable
up to 25 MHz and limited by r/o board:

Preliminary results @ 21°C
at 1.25 MHz

<Nb. of Pixels
In Cluster>

<S/N>
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Cluster Event Display

LDRD2in T966
120 GeV p beam
3um diode

50
) - Ty e
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Cluster Pulse Height (electrons)
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\

ALSBTS1.35 GeV € beam Nb Pixels

L]
T ]
)

In Cluster

Operate LDRD-2 at different
r/o frequencies under same

beam conditions; o1

Nb. of Pixels

Results show no appreciable
degradation of response up to
maximum tested frequency of

25 MHz (integration time 184 us)

90 100
Cluster S/N
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L DRD-3 Chip eeey]

LDRD-3 Chip:

Third generation chip features

same pixel cell as LDRD-2 with

In-pixel CDS and 5-bit successive

approximation fully differential

ADCsat end of columns. CDS -

subtraction performed at digitisation
level;

" E K

Size: 4.8x2.4 mm?
matrix of 96x96 of . .
20x20 um? pixels; 5 TR

AMS 0.35-0PTO process,
received October 2007
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L DRD-2-RH Chip ey §

Radiation-hard test version of
LDRD-2 chip;

Enclosed transistors, various diode
designs (standard, extended thin
oxide, same with poly guard ring, ...)

Chip submitted in October 2007
INAMS 0.35 OPTO process, to be
characterised and irradiated with
200 keV e (NCEM), 30 MeV p

‘ and 14 MeV n (88" cyclotron)

|
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WP-3
SOl Monolithic Pixel Sensor
with Binary Output and Time Stamping
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L DRD-SOI Chip

SOI process offers appealing opportunity
for monolithic pixel sensors, removing
limitations from commercial CMOS;

Pixel

Guard Ring Bias Ring VSSRing |+ 29" »lq
(float)  (OV) (QV) 0=

p+/n+ Implant and
Contact formation

v

_ High Resistive substrate (n)
(courtesy Arai/K EK)

SOl appealing to industry for low-power
devices, ultra-low power stand-by;
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Specialized 0.15um FD SOI process with high resistivity bulk
~ and vias offered through KEK within R&D collaborative effort;

Chip with 10x10 um? pixels, both 3T analog and digital architectures,
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SDI-1: Testsand Irradiation ceeeery]
I B ceee)
:
First irradiation performed with
30 MeV protons (2.5 x 102 p/cm?)
show evidence of charge build-up in
210).&
Significant backgating effect observed | Exposureto 1-20 MeV neutrons
In single transistor test, expect analog | (10 n/cm?) shows no appreciable

chip section functional for V<20V | degradation of noise:

o

a

V
Vd
Y%
Y%

30 35 40 45 50
Pixel Noise (ADC Counts)

LAWRENCE BERKELEY NATIONAL LABORATORY




-,
reecoeee| |

BERKELEY LAB

"‘l |-1 Analog Pixels: Beam Test

ALS1.35GeV e
Cluster Display

First Beam Signal
on SOI Pixel Chip
ALS1.35GeV e

Nb of Clusters

i i i

1000 1500 2000 - ?500
Cluster Pulse Height (ADC Counts)

Cluster Evt
w/ beam

Cluster Evt
w/o beam

<Nb Pixels>

Signal MPV
(ADC)

9.7

0.05

3.31

132

8.9

14.0

0.12

3.39

242

14.9

7.8

0.20

3.31

316

15.0

3.9

0.01

2.45

301

13.6
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to appear in
NIM A (2007)




S01-1 Digital Pixels: Beam Test — [ne.

Cluster Evt
w/ beam

Cluster Evt
w/o beam

<Nb Pixels>

25 30
Nb. of Hits in Event

3.62

0.04

1.78

5.81

0.04

1.32

8.31

0.04

1.26

1.60

0.01

1.14

Digital pixel consists of

3T + comparator and latch,

no internal amplification for
minimum power dissipation,
total 15 transistorsin 10x10um?
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W P-4
Low Mass Vertex Tracker Ladder
based on Thin Pixel Sensors
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Multiple Scattering and Sensor Thickness R

BERKELEY LAB

Preserving track extrapolation accuracy to
bulk of particles at low momentum requires
ultra-thin sensors and mechanical support:

Mokka+Marlin

| Simulation of VXDO

§
102
Track P, (GeV)

a b
wm wm

Impact Parameter Resolution {um)

20 N
/| 326
38| 117

4.0| 175 - need thIN monoalithic pixel sensor.

120




CMOS Sensor Back-thinning eeen]

'Thin sensitive epi-layer makes CMOS Pixel | _Si0O + Metal
sensorsin principle ideally suited for Bl b
back-thinning w/o significant degradation of
performance expected (especialy SIN),

but questions arise from earlier results; SEM Image of

CMOS Pixel Chip
Back-thinning of diced CMOS chips by partner Bay Area company: Aptek.
Aptek uses grinding and proprietary hot wax formulafor mounting die on grinding plate;

Backthinning yield ~ 90 %, chip thickness measured at LBNL after processing:
“50 um” = (50+ 7)um, “40 um” = (411 6)um; three chips fully characterised:
Chip mounted on PCB Chip removed Back-thinning Chip re-mounted and

with reversible glue and from PCB re-characterized
char acterized :

Bulk Si
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40 um Back-thinned Sensor Tests eeee) ;

Study change in charge collection and signal-to-noise before and after back-thinning:
Mimosa 5 sensors (IPHC Strasbourg), 1 M pixels 17 um pitch, 1.8x1.8 cm? surface

Entries

~ Pre Back-Thinning ' — Pra Back-Thinning ' — Pre Back-Thinning
Post Back-Thinning Post Back Thinning Post Back-Thinning

[
=
=3

- ]
5 100 150 200 250 300 350 400 140
ADC Counts Electrons

Published i L
o ('2007) 675 CMOS sensor s back-thinning demonstrated
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VTX Ladder Design & Testing e £
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| : : : . =
Program of engineering design, construction and characterization of full

ladder equipped with back-thinned CMOS pixel sensors based on experience
from STAR HFT project and in collaboration with them;

e STAR Low mass carrier: 50um CFC+3.2mm RV C+50um CFC (=0.11%X,);

er prototype with 50 pm Component Thickness (% X;)
thin MIMOSA-5 chips Pixdl Chip S
Adhesive 0.014
Kapton Cable 0.090
Adhesive 0.014
Carrier 0.110
Total 0.282

LAWRENCE BERKELEY NATIONAL LABORATORY




-~

VTX Ladder Design & Testing

BERKELEY LAB

Mechanical and thermal characterization of STAR prototype,

study of heat removal using
low-speed airflow;

Power on, air cooling 2.0 m/s

180

170

160

150

140

130

120

110

|R Camera | mage I““
Air Cooling Test *

36
34
32
30

28

26
24
22

1990 140 160 180 200 220 240 260 280 300 320

r.m.s displacement on unsupported
end of ladder mounted at one end,
w/ gquasi-laminar airflow at 20° angle

'S
tn
I
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E—STAR Prototype

§Capacitive Probe M easuremen

[74]
T

M
n
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th M
Ty rrrrpretd
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o
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LI L

L1 1 I L1 1 I - I 11 | I 11 | | 11 | | L1 1 | | - | 11 1 | 11 1 | 1 1
% 02 04 06 08 1 12 14 16 18 2
Airflow speed [m/s]
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VTX Ladder Design & Testing ceee]

BERKELEY LAB

STAR study of accuracy of chip positioning on carrier:
50 um back-thinned MIMOSAS are positioned using a vacuum chuck
with alignment bump edge and individual vacuum chuck valves;

M easurements
using Optical

‘ Survey Machine
with ~ 1 um
accuracy.

LAWRENCE BERKELEY NATIONAL LABORATORY
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VTX Ladder Design & Testing

 Performed surveys of 40 um and 50 um thin chips and FEA analysis

of stress on flattened chip, results suggest sandwich ladder design;

M easured Surface M ap FEA stressanalysis
of 50 um thin chip of flattened 50 um chip

[ME =.001e81
MMy =-52408

aME =, 110E+0%

A= 3558 BT
LAWRENCE BERKELEY NATIONAL LABORATORY
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VTX Ladder Design & Testing

BERKELEY LAB

» FEA of prototype structures: (core-cooled Si/CFRV C sandwich,

Si/Al/RV C sandwich, CVD coated CF);
» Core-cooled ladder concept is promising, optimisation in progress to

move to prototyping in 2008;

Concept for Symmetric Ladder | " Vertex Tracker Design
Sandwich Support with .. A || with core-cooled ladders
Air Cooling through Core e d -

Detector

Low density
(0.2-0.6 g/cc)
high thermal

- ' conductivity

Air Manifolds (40-180 W/m K)

(milled passageway)

Detector

foam

LAWRENCE BERKELEY NATIONAL LABORATORY




WP-5
Vertex Tracker Prototype
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Vertex Tracker Prototype | ceeen §

Study Lﬁracki g and vertexing il
over full mo entum range
relevant to ILC physics with
small trackers updatéa’ b
through prog
development
|adder |prototyping;

Use combination of

accelerators at :BNL and |
FNAL for beam tests.._ R T
i Track p (GeV)

LAWRENCE BERKELEY NATIONAL LABORATORY
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Thin Pixel Pilot Telescope | e

Layout: 3 layers of thin Mimosa 5 sensors (17um pixéls)
(40pum + 50pum + 50;,5@)[ + ref%r ence detector;

Sensor spacing: 1.7 cm

o First beam telescope based on
thin pixel sensors; 4

« System test of multi-layered
detector in realistic conditions.

Beam:. 1.5 GeV e from AL Shooster at BTS

o =S == ' i
b " | ' W

S = =i — - . ) -_ T
= ' r o o
LAWRENBE BERKELEY NATIDNAL LABORATOR




hin Pi x|e| Pilot Telescope

b= & Sl e | v |

I —_ ' | Rrunose EvenM
lowslisto ™

detailed -

§=

llable,
densit
mm)

conditions;

TPPT layout .
chosen to-closely
resemble
INGAVAD.&

0.5 1 1.5 2 25 1] 0.5 1 1.5 2 25
Distance from Closest Hit (mm) Distance from Closest Hit {mm)
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1 PIXEl Pilot Telescope ‘

__1_n.$_|__l

-— = e ge——

Ni ﬁ ent peerrmed using
ATLAS optlcql survey machln

I - )

IIEE

Extraﬁ'olatioﬁ ‘Resolution
on Layer 1. .= 85um

meets IL C requi rement _
Published on NIM A579 (2007) 675 pt (GeV) "°
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|LC Target
Resolution

o extrapolati
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T-966 Beam Test Experiment at FerﬁTqu
I-.-“‘- e

TPPT-2 telescope: 4 layers of 50jm thick
|LC-like geomtry, extrapolati on fesoluti

Study LDRD-1, LDRD-2 and LDRD-SOI sensors:
e single point resolution & sensor efficiency,
* response to inclineditracks,

o tracking capabilities
In devLse envifonment,

* vertex.reconstruction
accuracy"‘wit\rlthi n target,

Validate s muIation,Test patrec and reco algorithms.

LAWRENCE BERKELEY NATIONAL LABORATORY
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T-966 Beam Test Experiment at Ferimilab coecond] ‘;n
T | _, [ T B

Experimental Setup .

4 Iayé'r‘s~ofﬁ 50um thick MIM OSA§ chips

precisely ma h
cut through below-chi ’
~finger.scintillator cojncidence for trigger
BRI

-
i

r
[

f e L.
‘ it i X
2 -gg‘,!“:"lﬁ':?”!“17 e A e
Yo St MO b e -ﬁ i = o <
* i ke i (¢ §:@j§ =
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T-966 Beam Test Experiment at Ferﬁi'i-la_lg_

| - » --
- - BERKELEY LAB

-\-\.H-H. L

First run-Jdune; Jul y-2007: collected good statistics in various configurations:
TPPT only forﬁallgnment & tragking studies, w/ 1:DRD-2 as DUT, w/ target;
Operated at 20°C through forcepl cold air coolin sgmtl ay/night

temperature effects, need rep ; %sis N

progress, first prelimi reSuLsonT
™~
Preliminary

TPPT-2 event display 0=5.7 um
120 GeV p

%1 -0.08 -0.06 -0.04 002 0 002 0.04 006 008 0.1
Residual (mm)
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Thin Pixel Pilot Telescope: DAQ - [

o '-\._\_
o - BERKELEY LAB

ev ngiﬁf“ of new DAQ system based on commercial Xilink Virtex-5
devel opment board with Ethernet and USB:2 orts, 64 MB SRAM +--.

custom ADC card Wlth 5“14 bltADCs 100 M&/s™

(devel oped
ADC board b ﬁ |

obtained <
over twiste

USB driver
for data bar||dW| dth 50
Firmware under development

In coIIaboratl on with STAR; | -
Linux/ROOT: based onti ne sw.
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W P-6
Tracking and Vertexing for the | L.C:
Simulation, Reconstruction and Validation
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From Sensor Simulation to PhysicsAnalysis ceecend]

Developing full suite of ssmulation and recontruction from pixel
response to analysis of ILC events at highest energy;

|mplemented sensor ssmulation (PixelSim) &cluster analysis (PixelAna)
iIn Marl 1n and interface to LC10 for beam test data (Pixe IReader)

Mar 1 in Processors to analyze beam test data and validate simulation response,
estimate effect of changes in sensors response and detector geometry and obtain
realistic digitized simulation of full physicsevents-and overiayed backgrounds;

CDF Vertex Fit and b-tagging ported to Mar I in framework, being tested;

Jet Flavour Tagging and PhysicsAnalysis of Dark Matter-motivated
SUSY scenarios with fully simulated and digitized VTX currently in
progress. physics benchmarking to provide guidance to sensor R&D.

LAWRENCE BERKELEY NATIONAL LABORATORY




Change in Cluster Size

Simulation Validation

Cluster Pulse Height
TPPT-2
1.5 GeV e beam

Ill|l.|||l||ll||l||l]|ll||.||

500 o600 700 800 900 1000
Cluster Pulse Height (ADC Counts)

Change Cluster Size
vS. Incidence Angle
1.5 GeV e beam

40 50
Angle (degree)

Fraction of Charge
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— 1

Fraction

of Chargevs.
Nb. of Pixels

1.5 GeV e beam

Nb of Pixels

] Cluster Size+
TPPT-2-

2
)
o
8
3

1.25G

-

@w

1

9
Pixel Multiplicity

Published in NIM A572 (2007) 274
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Pair Background Studiesat LOASIS —
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Developing design of

dedicated user test facility at

exit of LOASIS magnetic
Spectrometer: dedicated beamline
w/ defocusing quad + beam
monitor and detector cold box.

Generatelibrary of background
pair hitsto overlay to hitsfrom
physics event and perform detailed
simulation of occupancy, reection
and effect on event reconstruction.

 LDRD-2. \Se
J: g B |I-——: e O i
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Project Funding Sources and Spin-offs s

BERKELEY LAB

Project Funding

LBNL LDRD Grant: Advanced Pixel Detectors for the ILC (FY 05-07)

DOE LCRD Grant: Design of a Monolithic Pixel Detector Ladder (FY 06-07)
PD Core Budget allocated to IL C Project (Sw, Mechanics, CMOS from FY 08)
LBNL Strategic Grant: Detector Test Infrastructures at LOAS Sand ALS (FY 08)

External Collaborative Funding
Collaborative effort on SOI and DAQ with INFN Padova, open to other groups

Spin-off Projects

LBNL LDRD Grant: Advanced Detectors for Beam Monitoring and Imaging at
Short Pulse X-Ray and FEL Facilities. (FY 08-FY 10)

Compar ative Sudy of Performance of LDRD-series CMOS chips and Conventional
Filmfor Electron Microscopy at NCEM (w/ EG, NCEM)
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