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The CMS pixel detector

e The (hybrid) Pixel detector is the
core of the CMS tracking system
3 barrel layers (BPix)
er=4.3,7.2and 11 cm

e 672 full modules and
96 half modules

¢ 11528 ROCS, 48 Mpixels

o Total area 0.78 m?
4 disks (FPix)

e Z=%34.5 and +46.5cm

(~ 6 cm above beam line)

¢ 96 blades with 672 modules

» 4320 ROCS, 18 Mpixels

e Total area 0.28 m?
Operation at~ -10 °C in 4 T B field
3 space points up to |n| < 2.5 (9.39)

Dose @ IL: 3x1014 neq/cm2/year at L=1034cm=2 sec?
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Requirements

<TE - 1.6 ps

eVertexing N\
100 x 150 um? pixel size = T

excellent spatial resolution ~10- N}'
20 um beam line

Charge sharing promoted by
4T B field and 200 tilt in FPiX

e Track reconstruction
High detection efficiency:

Impact parameter

e Radiation hardness
Up to 100 Mrad

>95% at end of lifetime Up to 6x10'* cm™
Low occupancy and ghost rate  ® LHC Rate requirements
o The “pixel triplets” are ideal seeds 20 MHz/cm? (at R=4.4 cm)
for tracking 40 MHz readout speed to assign
pattern recognition, all 5 track each hit to the proper bunch
parameters well constrained crossing
can be used as tracks in High Data storage during trigger

Level Trigger (b and 1) latency (3.2 us)
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Paul Scherrer Institut

ED Yield: 71%

FE ReadOUt Ch'p = i@ Order: 123 wafers

, (75 in house)
¢0.25um IBM CMOS rad-hard technology
04160 Pixels in 52 columns x 80 rows
e Each readout cell contains:

Charge amplifier and Shaper
Programmable discriminator
Storage capacitor
Signal injection capability
e Power consumption ~120mW =29uW/pix.
e Double column architecture

e Periphery~ 900 um due to 12 time
stamps and 32 data buffers

Programmable voltage regulators
modified I°C running at 40MHz
28 DACs for ROC setting

e Noise: ~100e- =~120e" after irradiation

e Protection to reduce Single Event Upset

(worst case <3x10-2Hz, 0.1% pixels changed
threshold/ 8 h)
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ROC architecture

. . . sketch of a double column
e Zero suppression in pixel cell

e Pixels above threshold are hit
transferred to the periphery=
timestamp + address (analog)

— 7 pixel unit cells: 2x80
e Kept on ROC during L1 latency

° DOUb.Ie_ .COIumn stops _data column drain fast double
acquisition when confirmed mechanism — "1 | coumnOR
L1 trigger (dead time)

e Double column resets after
readout =losing history

e Serial readout: Controlled through

: . -
readout token passing from chip %7 Time-stamp buffer

to chip and double column to data buffer :/ Depth: 12
double column. Depth: 32

e Total data losses @100 khz and
10%4cm2s1 ~3.8% @4.4 cm

set

marker bits indicate
start of new event

Kasti et. al NIM ph/0511166
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ROC performance
° Pulse helght
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Sensors

e n-on-n sensors for partially depleted operation
e Multi guard ring to allow “high voltage operation”

oBPIX o FPiX

Isolation with moderated p-spray Isolation with open p-stop
biasing grid and punch through which also provides a resistive
structures bias network
fErr T
| . - | 2|
T e s H |
. B & a 8
e . -
T.Rohe . . |
. . -

\ L an i meem:l-wi 0 N
GContact Metal v W o i ol o < e ¢ fom Qe Qe e i
et BT G e e e R

Nitride Pixel Implant
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Sensors status

FPIX Sensor SINTEF

Sensor production completed
Need 96 sets (ensemble of good
sensors in different geometries)
We have 144 sets in hand

BPIX Sensor CIS

- Sensor production is well advanced.:
- Layer 1+2 is finished
- Layer 3 ongoing: Last delivery of
100 sensors due 30 Nov 06
- Half modules are delivered

Sintef 2004
Wafer 22
N-Side
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Radiation Hardness

eBeam test at CERN and Fermilab £ e
eBPiX Inefficiencies s [ BPIX™®
= il

¢ < 6 x 101N, /cm2: < 1% g0t g -

0 <12 x 104N, /cmz <5%  mmmp = |

¢ < 26 x 10MN,,/cm?: ~10% " ]
1-1622 8:1 RUN 8414 Purdue Plaguette 2x4 .
"o T a1
0925 . 10+ AT R A N I
0.875 20 25 30
o232 FPIX ® [10"N, fem’]

e Fermilab Test beam 120 GeV
* FPiX Reconstruction efficiency
(98.8 + 0.1)% for plaquette
irradiated up to
¢ =8x 101N, /cm?

FSI efficiency vs X 7hits,//6hits tracks

1.05 b:]_ ‘

1.025

0975
0.95
O.225
0.9
o.875
0.85
0.825
Q.8

PR R S S S N ST S N S T S A T S S EN T S N S I S SR S S B L
o o1 oz 0.3 0.4 a.5 0.6 0.7 o.8

PSSl efficiency vs Y 7hits,/6Ghits tracks

Both can operate beyond ¢=6x10* N,/cm? assumed in TDR
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Test beam Performance

NO CHARGE SHARING
e Pitch size 100 um
o RMS(y) ~ 28.7 um

res 4 () = \/RMS ? —res 2

tel

—/28.72-6.22 =28 .0

2/ ndf 83.68 1

Constant
Mean

CHARGE SHARING
1 column - 2 row events:
Charge sharing in y direction

6,/9.0 pm =y res(y)=6.7 um

Fpix beam test at Fermilab
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Bump Bonding BPIX

* In House Indium  « Two flip chip machines
bump deposition «Placement of chip to sensor within 1-2um

- UBM atPSI or atCIS «Probe card for ROC testing

- — «15 min preparation+ 50 min/ 16 ROC module

Typical through-put: 6 modules/day (1 operator

with bare module testing)

Production plan 4 modules/day (8 modules/day

possible) |
Paul Scherrer Institut

!. —r =

 Silicon splinter problem
<< 1in 25 modules are
affected

« Bumping defects
Investigated mainly with
electrical tests

a-_..._

 Reworking in place at PSI :_-
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Bump Bonding FPIX

e Two vendors both using Pb/Sn [PbSn by 1ZM)

Al-Bond Pad with

Each qualified by checking quality |
with 10% production Phota e,

e Yield >80% without reworking W

o Reworking under investigation Elcctroplating of Cu and PbSn

(some re-working already at 1ZM)

Plaquettes = 84 ROCs = 540 DATA
AVERAGE = 8.55E-5 BAD CHANNELS or

-

1000 192 out of 2246400
| Example: 1ZM only 3 »
o out 540 Rocs have > z

RTIin NC and IZM in Germany Under Bump mmnmam-?f‘-% s

20 unbonded
- w- “1* channels out of 4160 after 1. reflow

H I “ | n - Productlon of the remaining
* 80% modules has started.
D. Bortoletto 6" Iroshima symposi D€lIVery resumes in October




Bpix Modules /

e Power and Signal cable (Kapton with 21 traces)

e 3 layer HDI (6 um Cu, 10 um Kapton)

Top and middle layer for routing the signal; third
layer for power distribution

Hosts capacitors and Token Bit Manager chip
e Sensors bump bonded to Front End readout chip
e Si;N, support strips (250 pum thick) '

Excellent CTE match to SlI, connected to cooling

capacitors

PSI146, wirebonds SIN for mounting screws

6" Iroshima Symposium Sept 11-15, 2006

D. Bortoletto




Modules Readout Scheme
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FPix Modules

e Plaquettes (5 types)

2 metal layers flex on 300um ROCs Sensors
Si

Sensors bump bonded to FE
ROC

ePanels (4 types): with 3 or 4
plaquette, L or R from IR

Be Panel Blade

VHDI

Laser testing possible
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Modules production

Paul Scherrer Institut

= || ® FPIx PURDUE

Ex: 6 plaguette/day trial
Production started in June

* At 6 Module/ day = 34 | |« At 6 plaquette / day > 27
production weeks (incl. production weeks (incl.
30% reserve & spares) 30% reserve & spares)

D. Bortoletto 6™ Iroshima Symposium Sept 11-15, 2006 16




o B T R

maskDefects

defectiveBumps >~ > 4%

trimbitDefects
AddressProblems —
Noise| >1000e"

VealThrWidth

>400 e

* Rapid thermal cycling box
for 4 pixel barrel module

full test @ -10°C (1.5h) Pedestalpread >10 LA
*10 cycles [-10°C,+20°C] (3.5h) 1150V K
full test @ -10°C (1.5h) IVslope flum >

full test @ +20°C (1.5h) [Vratiol710 >1.5
» Testing of 4 modules/8 hours > |

8 Modules / day ! 21% grade C, should get better
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FPiX testing and qualification

Plaguette

“Quick Test” at
Purdue

% hour/plaquette

Visual
Inspection/ Plug-
in test at
Fermilab

D. Bortoletto

,-...-aa"a—-

6 plaquettes/day |

Panel Assembly

Assembled + 2 pane|s/day
at Purdue M

I N

Bare Stuff Panel

2-Day Burn-in

Detailed
Plaquette

Testing
2h/plaquette

Nemmed S plaquette/d ay

|
Burn-in (2-day)

14 plaquettes

and 3 panels

- -150C

10 cycles +20 °C [z

6" Iroshima Symposmm Sept 11-15, 2006

V (HDI,TBM only)

Plug-in Test

Plug-in Test

Detalled Panel
Testing
4h/panel

2panel/day

Assembly on
Half-disk
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FPix mechanical support

*Al Brazed cooling
50 brazed channels just
received and under
pressure test (Bodycote)

Machining Fermilab
(1 channel/day)

1 half-disk/3 weeks

A

Be F’nls.
, vgith\Fiducials

Carbnn Postw - Al Support
Prototype half disk used for system test, developing survey ... /

, First Production half disk ready for panel installation in Oct 06
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Service tubes and Installation

eBpix and Fpix will be installed when the beam pipe is
already in place using rail systems.

eAn installation test has taken place at CERN in June 2006
with FPiX mockup cylinder

- X A Wt g
e R e S e = #
--- -'. L. \ = -
x ' = - QNS n/’“ Insertion Test at CERN -
* At —-";«#tw‘s - — Ys-Disks N e
N —— Tapered end of %2-ServCyl| =L ServCyl:

-~ Barrel

e[roned out interference
between FPiX and BCM

*Assembly of final service
cylinder (for eng. run) will
be completed Sep/18/06

D. Bortoletto 6™ Iroshima Symposium Sept 11-15, 2006 20



BPix mechanical support

tructure Design Zurich
» Parts ready —

Endflange TR
: . éﬁsgmbly | NG
Aluminum going NS -~

Detector-
~ endflange

Endring prints

Alumi
are motnted here

cocling tubes Carbon fibre
(0.3 mm wall thickness) bl EldES

Detector-

Carbon fibr o -
Detector Support Structure blaa::les ) suspension
with all 3 Layers (0.24 mm thick]
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BPi1X Mechanics & integration

« Cabling
prototype for
exact
determination

" of all module

. r a4 _ cable lengths!
e 96 different
module cable
lenghts !

» Testing of

module

mounting
machine !

Signal (ZIF) &
Power Plugs i

Cooling Manifolds

Stereolithographic copies of C-fibre endflanges
D. Bortoletto 6™ Iroshima Symposium Sept 11-15, 2006
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Pixel Readout

Vienna, PSI,
Rutgers,
Fermilab-ete — — — — —

BARREL
ENDFLANGE

CCU motherboard

I2C¢ CLK L1A

SERVIC
TUBE  Reset

D. Bortoletto 6™ Iroshima Symposium Sept 11-15, 2006
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Electronic integration

e Ongoing both at PSI and Fermilab

e BPix 12 module test Half disk test at Fermilab
1 pFEC channel = 12 modules Output of 6 Panels

2 X per slot: layer 1+2,_ layer 3 R
« verify all (pre-)production sty

components/ interfaces A ~ 10ROCs
 control signal fan-out using _ TBM only !
LCDS chips e :
« DOH mother board g 24 ROCS -
*houses 2 x DOH + PLL + Y 24 ROCS
Delay25 + Gatekeeper gl A e
e provides clock/trigger/fast 12C TR N .
to L1+2 and L3 endring prints e 8 B OBl
e AOH mother board hr_"- TBM only
o Supply board T ' ;
« CCU board for slow control (still i i
under design) T o

D- et A LU nualiniia oyIHipusiultl ert 11'15, 2006
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2007 pilot run

oFPIX

8 panels (already built) = 2
blades each in two half disks
= 4% solid angle

Instrument sectors F1 and
F2 in the —Z direction.

eBPIX:

Half shell partially equipped
with modules in the same
region
eLearning tool for the
“real” run:

eAssembling the whole
detector

eIntegrating FPIX and BPIX

Debugging tracking with real
data
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Conclusion

oS public | oA lot of progress has been made
but much work still to be done

eWorking on crucial detalls:
End flange

Cooling distribution
Cables

e|nstallation conceptual design on
hand

N

The LHC and the CMS
clocks are clicking

A\
AQ
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e Backup slides
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Prototype half disk

Cooling Channe

Extension Cable

Side Facing
Away From IR

V.

W=

3 Plaquettes (
.- \
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Power supply system

Pixel features

- Dynamic digital currents (@2.5V)
- Steady analogue consumption (@1.735V)
« No CMNC due to zero suppr. read out

! Have voltage regulators in ROC !

« HV: -600V 20mA, noise not critical

pergroup: | |

~100m

Cntl room

Grouping per complex power supply channel (LV + HV) .

1 Barrel group = 12 modules = 192 ROCs, 12 sensors, 64 groups in total
1 Forward group = 3 blades = 135 ROCs, 21 sensors, 48 groups in total

" + branch controllers

| iiariaie = Chips on, high lumi off

=—digital idle

. = chips on, high lumi on = | Al, = 2.5A
Gaﬁs between LHC bunch trains=1-3 ps
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Triplet efficiency

Pixel triplet efficiency

« Blue line for tracks with three pixel hits

« Red line for all tracks

- difference due to geometrical inefficiencies but excluding

reacont inefficiencias
b o= |} el

LA

1 Iﬂl.l H‘I :FI Iﬂl.l ﬂlﬁ H:IEI:{IH.IEI | |

E-. 1R Pl ot s S L S S RS AR BRI L E' 4 P ITTTITT]
8, ..F T g :
g 0.95F it e . 8 N ]
P 9 -
n.aﬁzd L B I ]
0.aF o0.aF ]
0.7E 0.85F dn i
f N ]
D'EEE —— 3 hits tracks N J“ — 3 hits tracks
0.68 0.8 —
- —all tracks N —all tracks
0.55[ : -
_|||||||||||||||||||||||||||||||||||||||||||||||_ 1111 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.8 s 05 D D6 1 45 7 25 °T% 1 2z 3 4 5 = 7T B 9 10
n 2=N p2= [GeWic]

D. Bortoletto 6™ Iroshima Symposium Sept 11-15, 2006 30



Primary Vertex efficiency

pixel PV finding efficiency

T

0.8 |
. —a— Histo Clgsest PN
0.7 —e—ThT Clogest P

L il H1=to L a ed PN

PV Efficiency

0.6 —a—Thvi Tacfed P

j 2
o s5——=
it X\ v §
m —
& £ @ % = = =
1F = = -— o
;:'.:' - .;— - _l_ — 'Q‘T—_:'\‘ /k
'% - z A / [T -
EE 0.8 | 7
[ - —&— Haisto Clgsest PV £ \\
E?- ol = L Clogest.v | ‘3\ ‘\
0.6 ———&— Histo Tazoced PN HIL .
5 [ D Toasealr P F)
ﬂ-j B T — — —
g g F =g ~§8 §
- = 5 : = - z =
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Lorentz angle

Lorentz angle at B=4T

—— p-spray, &=0, T=-100C

s p-spray, O=Bx10"n_jonr, T=-20'C

| —W— p-spray, ©="1=10"n_fcnr, T=-20°C
A pestop, d=3<10"n,Jen?, T=-20°C

—@— p-stop, =8x10"n,Jon?’, T=-20°C
3 pestop, @=0, T=-10"C

[=1

rg.ngle %egreelﬂ

(=]

LI 2 O A Y 90

200 200 400 500 600
Bias voltage (V)

=
=]
=]

* Dorokhov et al NIM A 530 (2004) 71-76
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FPiX Schedule

Calendar Year

I Construct
I Detector

| Assemble detecor

I Commission at
I SIDET

| Commission at
CERN

Ilnstall in IP
| Commission/Beam

IOperate Exp

I Construct '07 det

= Commission in
SIDET

Commission in
“CERN

Ilnstall at CERN

- operate

e e s e s e D e D e e e — e — —

[ Construction
6™ Iroshima Symposium Sept 11-15, 2006
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fector

] M&O
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Data Losses: Simulation

Pixel busy:

0.04% /0.08% /0.21% —

pixel insensitiv until hit
transferred to data buffer
(column drain mechanism)

Double column busy:
0.004% /0.02% /0.25%

Column drain transfers hits ——4

from pixels to data buffer.
Maximum 3 pending column
drain requests accepted

Data Buffer full:

0.07% /0.08% / 0.17%

. 1IxLHC: 10¥cm s

» 11cm/7cm/4 cm layer

. total data loss @ 100kHz L1A:
. 0.8%
. 1.2%
. 3.8%

Pixel-column interface

Y

- _

S

Double column readout

Timestamp Buffer full:
— 0/0.001% /0.17%

Readout losses:

0.7% /1% [/ 3.0%

for 100kHz L1 trigger rate
——dp  Column is blocked after L1A and

K Sti reset when read out
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FPiIx readout

Major missin,

. Bortoletto

Production
TBM
[ —

Y>-Service
Cylinder

LCDSs-driver chip

( Kapton cable drivers)

peza

( Analog Level
Translator for AOH)

Blade:
2 Panels

TBM HDI,

Plaquettes .

15-Disks:
12 Blades

P N

Pigtail:

Panels to

Adapter Board
Fan-in/Fan-out

Extension Cable

O-fibers

ﬂ Cooling

CMS DAQ

Port Card: AOH (2),
DOH, ALT, Gate Keeper,
PLL, DCU

6™ Iroshima Symposium Sept 11-15, 2006
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Data Losses measured

e High rate test at PSI
300 MeV/c n+

Variable intensity up to 100
MHz/cm?

50 MHz beam structure

e CMS like conditions
(LT1 = 3.2usec, 100 KHz)

e Measured inefficiency with
tracks

e Inefficiency <3 % at 80
MHz/cm?

e Agreement with simulation

D. Bortoletto

inefficiency

S

-
T

" 100 kHz trigger

* fracks

-~ simulation

10 kHz trigger
* tracks
+ tracks (scint.)

| o test pulses

| —— simulation

60 80 100 120

Thaam intensity [MHzfcm’]

6™ Iroshima Symposium Sept 11-15, 2006
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Transportation &Installation of BPIX

Use rigid Installation Cassette with pixel rails integrated -> roll
into TIB - rails

Transport by truck
from PSI directly to
Point 5

barrel (half) + 2 supply tubes
are contained in cassette

structure
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Slow controls and Optohybrids

Control of AOH,DOH,PLL,

Delay25 by FEC-CCU-System
Follow Strip Tracker design but
adapt geometry. Last PCB to b
designed !

5

AOH, DOH,
o) PLL, Delay25

12C wires (~200cm)

Strip FEC : :
BPIX: PSI/ Univ. ZH ongoing

CCU mother board | FPIX: FNAL ongoing
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Installation of BPIX and FPIX

Height adjustable * Installation Casette lowered by crane

“sc_issors”-tablefor e Connect Casette & roll BPIXinto TIB
BPiX & FPIX.

— transfer f=—=
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Readout Components

e px-FED Front End Driver,FED decodes pixel address into binary numbers for
DAQ

e 9U VME readout module (HEPHY Vienna)
V3 delivered
V4 being built now

e px-AOH 6 lasers-AOH with pixel specific Analog Level Translator-Chip (PSI)
PCB designed & fabricated (HEPHY)

e ALT chip fabricated, tested & mounted (PSI)

e Final Laser mounting ongoing, testing (HEPHY)

e px-FEC standard FEC hardware (CERN) with pixel specific firmware
(Rutgers U.)

normal CERN production ongoing
e px-Firmware done

e px-DOH standard DOH (CERN) with pixel specific modified RX40 chip
(CERN//IPSI)

e CCU, PLL, Delay25 standard components delivered by CERN
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Pixel Fed

Pixel - FED 36 channels/board

« Read out of 576 ROC —2 360 cmZ ~ 2.3 Million pixels

« 3 x 12 Optical Analog Links (40 MHz with ~ 9 bits range)

—
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.::  »~Adapter

Board 3. Survey Balls

on Rings with
CMM and
Touch Probe

/

Relates to

1. Sensors
have
Fiducial
Marks

—

2. Optical
sSurvey
OGP CMM

=
-

[

fﬁlnner Ring CMS

~. S
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