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Part 1:
1. Tracking at the LHC experiments
2. The CMS and Atlas silicon tracker

Part 2:
1. Performance degradation with irradiation
2. Physical modelling of radiation damage
3. Model applications
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Experiments at the LHC

Two super-conducting rings
in the LEP tunnel

ATLAS

. Superconducting
! magnels

A

CMS
Compacl Muan Solanod

Beam Energy  Luminosity

LEP e‘e 200 GeV 1032 cm-—2s-'
p-p 14 TeV 103 cm2s

Pb-Pb 1312 TeV 10% cm2s-

LHC

Experiments at LHC:
ATLAS A Toroidal LHC ApparatuS. (Study of Proton-Proton collisions)

CMS Compact Muon Solenoid. (Study of Proton-Proton collisions)
ALICE A Large lon Collider Experiment. (Study of lon-lon collisions)
LHCDb (Study of CP violation in B-meson decays at the LHC collider)
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Atlas and CMS

ATLAS A Toroidal LHC ApparatuS
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Tracking requirements at LHC

B Efficient and robust pattern recognition:

— High speed to resolve bunch crossing

— Fine granularity to resolve nearby tracks
B Reconstruct narrow heavy objects:

— 1-2% P+ resolution at 100 GeV
B Tag b’s and tau’'s through seconday vertices
B Radiation hardness of all components

— Up to 3x10'* n . /cm?/year at full luminosity in the
Innermost layers
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Minimum bias events

Luminosity = 1034 cm2s-!' = 107 mb-'Hz
Interaction rate = 107x80 = 8x108 Hz
Interactions/crossing = 20

o(pp) =80 mb at 14 TeV
Bunch crossing = 25 ns = 2.5x10¢ s

Higgs event
+

~25 minimum bias events

Reconstructed tracks

with pt > 25 GeV
z/
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Detector occupancy

® Efficient and robust reconstruction with few hits requires occupancy below few %
® At small radii need cell size << 1cm? and fast (~25ns) shaping time.

® This condition is relaxed at large radii
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Example: CMS Tracker

Innermost layers:
Pixels - Size=100x150 pm?

Strip length ranges from
10cm in the inner layers to
20cm in the outer layers

Pitch ranges from
80um in the inner layers to
~200um in the outer layers

mDetector channels = ©(107)
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Momentum measurement

Goal:

AP/ P,~0.1-P, (P, in TeV)

allows to reconstruct Z—p+u- with
Am, < 2 GeV up to P,~ 500GeV

Example:

Twelve measurement layers
Spatial resolution=(Pitch/N12)
Radius = 110 cm

Impact parameter: Ap pitch e m 4T ;
closest distance to the —~0.12
N p 100 4m L B ) (ITev

interaction vertex

Result:
~ 1/ Sagitta Spatial resolution ~ 20-40 um
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Radiation hardness

AR 857
1015
:' - | :' | I 4 | ! I
3x10Mem™ - Gpp "'+ = 80 mb
= L 5 L =103 cm2s’!
1014 - : i el il =
| ' SCT - barrel
i total D
% i 4 cm layer ®=3x10%4 n/cm?/yr
= 105} | : ®  Fluence decreases
I : 1~ neutrons @y quadratically with the radius
pions @ ® Pixel detectors = 4-15 cm
1> | = mostly pion irradiation
10 3 i ; other Cllﬁl’gﬂd . Stnp detectors = 20-110 cm
- | Pixel ! ~—= ] hadrons @ mostly neutron irradiation
| | - SCT - barrel |
0O 10 20 30 40 50 o0
L i) What is the sensors
response after
Fluence per year at full luminosity a few years of operation?
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Atlas tracker

Barrel SCT

gl
.y P

Solenoidal field=2T

Pixel Detectors Calorimeters outside solenoid

B  The Inner Detector (ID) is organized into:
— Pixels (~8x107 channels)
— Silicon Tracker (SCT) (~6x106 channels)
— Transition Radiation Tracker (TRT) (~4x10° channels)

V. Chiochia — Silicon Tracking Detectors for the LHC experiments, DESY Seminar, March 7t 2006 10



Atlas Semi-Conductor Tracker
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Barrel Forward

~26.7 m? of silicon

~3.0 x 108 channels
1976 modules (4 types)

Space point resolution:
— r@ ~16mm

B 34.4 m? of silicon

B ~3.2 x 106 channels

B 2112 barrel modules (1 type)
B Space point resolution:

- ¢~ 16mm — R ~580 mm

— Z~580 mm ® Coverage: 1.1t0 1.4 <|n| < 2.5
* Coverage: n|<1.1t0 1.4 ¥ 9 disks

B 4 Cylinders
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Atlas SCT integration

| scT Iayeré. // Z W N . N
e SCT insertion in the 1'I'ransmon Rad|at|on Tracker N

zzzzzzz#7 TR R N\
Silicon and TRT tracker integrated on February 17t, 2006
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Atlas Pixel Detector

Technology: Hybrid pixels
1744 Readout modules
8x107 pixel cells

flex-hybrid

Structure:

3 Barrel layers and 3 disks on each side
Innermost layer: r=5 cm

Length ~ 1.3 m (3 hits for |n|<2.5)

One sensor
bump bonded to
16 readout chips
(2 rows x 8 chips)
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CMS Silicon Tracker

CDF & DJ ~ few m?
ATLAS ~ several *10m?2
CMS ~ 210m? of silicon strip sensors

Pixel
Solenoidal field =4 T DUy Beiiel TOE) End Cap (TEC)
Calorimeters inside solenoid | jnner Barrel (TIB)
A
S~ Inner Disks (TID)
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CMS Solenoid

23 days, 9 hours cooling down

Conductor:

Superconductor cable (14.5 tonnes)
embedded in very pure aluminum (74 tonnes).
Structure:

Aluminum alloy (126 tonnes)

Insulation (9 tonnes),

Total mass of = 223.5 tonnes

Bfield=4T
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CMS Silicon Tracker

Quarter of the CMS Tracker along the beam axis

Radius ~ 110cm, Length ~ 270cm n~1.7
1ttt bt Rehi@phionly
6 layers o e e b b e measurement layers
TOB SUUR TSRS SO SO SUUUS SO0 AU SO NS OO |||'||,|,
4 layers
TIB
Pixel
Vertex j i i i i i i i i i i i i i i i i i i i i i i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
3 disks TID 9 disks TEC

® Rely on “few” measurement layers, each able to provide robust (clean)
and precise coordinate determination:

— 2 to 3 silicon pixel hits
— 10 to 14 silicon strip hits
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CMS SST: The components

Sensors: Front-end chips:
6,136 Thin + 18,192 Thick sensors 75,376 APV Chips (0,25 um CMOS)
512 or 768 strips Sampling: Peak and deconvolution mode
Rectangular or trapezoidal sensors 128 ch, 4.8 us pipeline depth
9,648,128 strips = channels 25 million wire bonds
Modules:

29 types

Kapton circuit

opto-
electrical
converter

LA Front end
hybfid

circuit
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CMS SST: Integration

-
P,

-
- |
—
i 4

:;-__.FJ.-.';J!.! :

’u F‘-"’“

3 1

i ——

TOB rods

DESY Seminar, March 7t 2006

|

18

V. Chiochia — Silicon Tracking Detectors for the LHC experiments



CMS Pixel detector

* Hybrid pixel technology

®  3-d tracking with about 66 million channels

® Barrel layers at radii =4.3cm, 7.2cm and 11.0cm

B Pixel cell size = 100x150 pm?

B 704 barrel modules, 96 barrel half modules, 672 endcap modules
B ~15,000 front-end chips and ~1m? of silicon
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CMS Pixel sensors

Metal Contact via

. va
Hybrid pixel detector 10\ Bumppad| Biasdo

Each pixel cell is bump-bonded to
its own front end circuit

‘ <

-

Full dose p-spray n-Implant

® n-in-n type with moderated p-spray isolation

® Dbiasing grid and punch through structures
(keeps unconnected pixels at ground
potential, |-V tests possible)

B 285 um thick <111> DOFZ wafer
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80 rows

Pixel readout chip
0.25 um CMOS
Each readout cell contains:
» Charge amplifier
» Shaper
* Programmable discriminator
 Storage capacitor
Chip periphery Pixel above threshold transferred to
periphery with timestamp+address
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CMS Pixel modules

Kaptoncable (Data)

HDIw. SMD’s Powercable

- Sensor

Baseplate
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CMS Tracker: Status and plans

® Priorities for 2006:
— Complete integration and commissioning of the Tracker at CERN
— Magnet test and cosmic challenge: CMS slice test with cosmics

25% System test

® HW Status:

TIB+/TID+ integration in Italy in very good shape.
TEC+ integration in Aachen started (first sector of 18 petals completed)

TOB integration planned to start at CERN (week 9). TOB module
construction completed at FNAL.

Pixels: start barrel module production May 06. Mechanical support
structures for 2007 pilot run ready by end 06.

B SW plans:

Software for magnet test fully commissioned by April 06
Software for 25% system test fully commissioned by June 06
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Performance degradation
after irradiation




Silicon detector operation at LHC

B “Assembled and installed detector” does not mean “ready for physics”!

B Detector commissioning and calibration software development is a
very delicate phase where detectors experts and sw developers must
collaborate and share know-how.

E Calibration of a silicon detector involves e.g.:
— Pedestals, tune thresholds, spot noisy or dead channels
— Charge collection efficiency and trapping
— Lorentz angle, alignment etc.

®  The physical properties of a silicon detector will change under heavy
irradiation. Calibrations must be kept up-to-date.

B A “case study”: CMS pixels (similar case for LHC strip detectors but
lower fluence, no oxygenation)
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Type inversion

after type inversion

B After irradiation the sensor bulk becomes more

p+ n+ .
T implant acceptor-like
150 pm ® The space charge density is constant and negative
" p-bulk across the sensor thickness
Ul p Stop > B The p-n junction moves to the pixel implants side
. . o B Sensors may be operated in “partial depletion”
[E+13 I
By = 0.0437
— — OF+]2 'EI 1) ]
Neff ND NA<O 1 ’ —+ 500 _
S Standard (P51} %
= 270 pm 7E+12 4 —8—O-diffusion 24 hours (P32 4 400 =
—_ —a— O-diffusion 48 hours (P54 Bs = 0.0154 %
E, 4 T GE+12 H c o - =
£ E n —a— O-diffusion 72 hours (P36) [ » ] 2
fully depleted __r; sp+12 1 —o— Carbon-enriched (P303) _ ’ 1 300 ;
z I B o g
4E+12 i | & . s S
~~partly depleted 3E -rllz ype T p-, ype" i By = 00044 0.0053 ’ I
» F x - - ":
2B+ e D AHL 1 100 =
1E+12 - Lt e ges s WP
- - . -
Based on C-V measurements! 0 = .
—is all this rea”y true? 0 IE+14 2E+14 3E+14 4E+14 SE+14

Proton fluence (24 GeVic ) I-:m'll
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Charge collection measurements

Charge collection was z axis
measured using cluster y axis

profiles in a row of pixels
illuminated by a 15° beam Low alectric field n+ pixel implant

p+ sensor backplane

High electric field

and no magnetic field Bump bond
Readout chip
®_ =5x10"3 n/cm? d_ =2x10" n/cm? ® =6%10"n/cm
eq eq cq
2 12000 2 C v 25y | B C ~ V=150V
s 5 14000 ) ) -~ Vg™ o 14000 — Vm 200V
8 g & n*side p-side =Vesov | 8 F = Vyoi=20
= 10000 < 12000 —V,,=100v| © 00— o V=250V
% 1 = _ B C =
A 8000 .§1unuu— Vyias=150V X 10000 V., =300V
@ @ V=200V | @ C Vieras=400V
5 5 8000 V. =300V & so00| V. =450V
£ 6000 c - biss™ ov| £ - V"“‘-‘ 500V
® v, =400V o -V,
& & 6000 = o S 6000 \ T e
£ 4000 s : 5as™500V| § - | Veus600V
© © 4000F © 4000 — !
2000 2000 2000 —
0 (= e .
el e Lo v Lo Lo Lo Lo Lo Lo a1 [ e b b b b b by o I T N e P T N T
-200 0 200 400 600 BOO 1000 1200 1400 -200 0 200 400 600 800 1000 1200 1400 «200 0 200 400 600 800 1000 1200 1400
distance to beam entry point, microns distance to beam entry point, microns distance to beam entry point, microns

Y2 year LHC low luminosity 2 years LHC low luminosity 2 years LHC high luminosity

AGEING
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Hit detection efficiency

hit pixel cluster sum specified
— 2505 — 250 . .
= 2 unirradiated radiation
£ 200 £ 200 hardness
n:;‘150 n:;‘150 |...V/....|.|...|...
A —
S :
— I —
I‘l - —H g : : :
0 Position fum] 0 Position fum] £ ! e
E 1020 '=?=' o B=3T -
'E' 'E'QEU - E < : E
< S oo - | fraction of lost -
3 % - I : 1
$ $ f¥ l hits .
= 150L =150 1
10-3|..‘.\|...\....|.‘.‘|H.‘|‘...|..‘.><1015
0 0.5 1 1.5 2 2.5 3 3.5

Fluence (neqfcmz)

® = 6x10"4 n/cm2

0 50 100 Y50 200 250
¥ Position [pm] Paosition [pm]

Charge losses below
metal biasing grid
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Detector simulation

4 ISE TCAD 9.0 A
DL UEfps 3-D Electric
models field h
(DESSIS) 1lof e

Electronlc
Charge HEE Trapping response + | mm ROOT
deposit transport data formattmg Analysis

Trapping times ROC+ADC

PIXELAV  from response

literature

" =/

M.Swartz, Nucl.Instr. Meth. A511, 88 (2003);
V.Chiochia, M.Swartz et al., IEEE Trans.Nucl.Sci. 52-4, p.1067 (2005).
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Models with constant N

L IIIIII L | L L L | L | L
3 3.5F
i V=190 V E
—2.5 _ — 3L
L2 N, =-4.5:10"" em™®] 2
5 2:_ Measured _- 52.5:—
= | N =-24:10" cm™ > [
(0 C ] m 2L
= 15[ = [
o T o f
[ - T B
< < 150
L ..l_ L B
© ©
() B o 1=
S 05" 5
.I:U‘E__ L B
O f O 0.5F
0g :
0

_I | I 1 1 1 1 I 1 | 1 1 I 1 | 11 III 1 1 | 1 I 1 1 1 1 I | 1 1 1

0 500 1000 1500 0 500 1000 1500
Position (um) Position (um)

A model based on a type-inverted device with constant space charge density
across the bulk does not describe the measured charge collection profiles
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Two-traps effective models

00O EConduc’[ion
Electron & /3
traps A A
acceptor E.-0.525 eV NA > Ge 5 Gh

1.12 eV R e A SRR,
E,+0.48 eV

D
HOIe ND p) Ge p) Gh
traps ® ®

\ 4 A 4
ﬂﬁ @O © E
Valence

= IX
Model parameters Eup _trap energy S e .
_ N, p = trap densities extracted from fit
(Shockley-Read-Hall statistics): a . : .
c., = trapping cross sections extracted from fit
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The double peak electric field
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i c) Space charge densit
a) Current density ) Sp 9 y n+p np+
n+A J (@) :p+ n+A (c) .p+ junction junction
’ AQ
J J ¥ >
e h doped :
o , |ml
n+A l (b) .p+ n+A Ez l (d) :p+ “HV
i \/ [ prike
double peak .
>»Z —Z n'l|ke
detector depth detector depth I:I
b) Carrier concentration d) Electric field
There are

N junctions at both

sides of the detector
V.Eremin et al., NIM A 476 (2002) p476, NIM A 476 (2002) p537
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Model constraints

® |dea: extract model parameters from a fit to the data

® The two-trap model is constrained by:
1. Comparison with the measured charge collection profiles

2. Signal trapping rates varied within uncertainties
I :1/T :B(I) ;VGAN
A
h Fh — I/Th — th)e ~ VhGhN

Te/

3. Measured dark current
J
"Z v,v.ol o N, (np—n?)
E. /KT
i=D.A V.0, (n+ne ’ )+vh0h(p+nie

—Ej/kT)

Typical fit iteration: (8-12h TCAD) + (8-16h PIXELAV)xV, ... + ROOT analysis
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Fit results
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3-5;_ Vbias=15 v _Z
E
o5k E ®,=0.5x10"4 n/cm?
24 N,/N,=0.75
&, ; o /oA ,=0.25
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®  Near the ‘type-invesion’ point: the double peak nrSide - sxiotsoy  PrIe
structure is still visible in the data! ek T oy
. . — Bx 13
» Profiles are not described by I R e
thermodynamically ionized acceptors alone "
B At these low bias voltages the drift times are % PO N e
comparable to the preamp shaping time 1 |
(simulation may be not 100% reliable) =
500 |-
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Space charge profile

Nameefin””
5.0-1012 BT TEaNEIEY B Space charge density uniform
- - 0.5x10"n,cm™, 50V before irradiation
o 2810 et oty ®  Current conservation and non
E = uniform carrier velocities produce
= o} a non linear space charge density
% after irradiation
§ 2ot ® The electric field peak at the p+
S backplane increases with
' -s.01012 irradiation
wow0ld pniSide ., piSide

0 50 100 150 200 260

sensor depth (um)

V.Chiochia, M.Swartz,et al.,physics/0506228
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Temperature dependence

Tl | [l
Phatt
it B 1
IIl-III
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S iz = , :
. n+Side 6x10"" n,.cm p+Side |3
25000 R {{ = Comparison with data collected at
- ' — T=—10C,150V A o
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Q \
o 20000k ’,’ ®  Use temperature dependent
o _ o/ variables:
9 15000 . ) )
i / — recombination in TCAD
O : — . .
s / ] —_
E 10000 y | variables in PIXELAV
= 7/ i ® The double-trap model is
5000 | / predictive!
- A el B
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i I T B el o by g

" position (um) " position (um) V.Chiochia, M.Swartz,et al., physics/0510040
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Impact on reconstruction

r-¢ plane

a

charge
width

i‘

® B field

after irradiation

Irradiation modifies
the electric field profile:
varying Lorentz deflection

charge

no B field

after irradiation

Irradiation causes
charge carrier trapping
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Lorentz deflection

Switching on the magnetic field: _
tan(0) linear in the carrier mobility w(E): tan QL =T, lu( E) B sin HVB

0 p+Side n+Side “0 p+Side n+Side 40 p+Side n-+Side

Unirradiated, 200V 2.0x10" n,./cm®, 200V 5.9x10" n,./cm?, 300V

00 5'0 1(.30 1é° a"m zéo ca;nlénlé{)g(l}uaéo 0 . . : . .
Detector Depth (um) Detector Depth (um) ° % Detel:::.or Dlzr)th (;orn) e0
LHC startup 2 years LHC low luminosity 2 years LHC high luminosity

The Lorentz angle can vary a factor of 3 after heavy irradiation:
This introduces strong non-linearity in charge sharing
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Position resolution

B Position resolution along the r-¢

Irradiated: ® = 6x1014 n/cm?2

coordinate from simulation 20— 5 _ _ _
® Pitch = 100 um, Lorentz effect ~ % o0 no eta-correction
® Before irradiation: wfo.0 & With eta-comrection
— Size=2,0=0°—>6~9um £ [ O @
B After irradiation (6x10™ n/cm2) & [ o
. _ Ao _ 10— ... ............................................... ‘l ...................... .........
— Size=2,0=0°—>0c~12 um - Size = 2 plxe| .
® Eta corrections can improve - Vs = 300 vV ;
resolution after irradiation! A N R S A
| 2 -0 5 j [de[t:'g ree] 5 10
o__| . _________ (D _____ On/cm _______________________________________ R 7 (|Ongitudina|) coordinate:
. : CD 0. 5x1014 n/c? residuals mean along the z
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Summary

After heaVy irradiation trapping of the leakage current pmroduc':es electric field
profiles with two maxima at the detector implants. The space charge density
across the sensor is not uniform, only ~half of the junction type-inverts.

What is the meaning of V., depletion depth and type inversion? A
Measurements reflecting the electric field profile (e.g. TCT, CCE, long clusters _&
etc.) are preferable to C-V characterization to understand radiation damage in
running detectors

A physical model based on two defect levels can describe the charge
collection profiles measured with irradiated pixel sensors in the whole range
of irradiation fluences relevant to LHC operation

Our model is an “effective theory”: e.g. in reality there are several trap levels
in the silicon band gap after irradiation. However, it is suited for calibration
and software development related to silicon detectors at LHC.

We are currently using the PIXELAV simulation to develop hit reconstruction

algorithms and calibration procedures optimized for irradiated pixel sensors.
—_— . . Jl W g | - % » ’._— —T:r;.};_ ; =

T ]

V. Chiochia — Silicon Tracking Detectors for the LHC experiments, DESY Seminar, March 7t 2006



References

¥ PIXELAV simulation:
— M.Swartz, “CMS Pixel simulations”, Nucl.Instr.Meth. A511, 88 (2003)
B Double-trap model:

— V.Chiochia, M.Swartz et al., “Simulation of Heavily Irradiated Silicon Pixel Sensors and
Comparison with Test Beam Measurements”, IEEE Trans.Nucl.Sci. 52-4, p.1067 (2005)
eprint:physics/0411143

— V. Eremin, E. Verbitskaya, and Z. Li, “The origin of double peak eleciric field distribution
In heavily irradiated silicon detectors”, Nucl. Instr. Meth. A476, pp. 556-564 (2002)

® Model fluence and temperature dependence:

— V.Chiochia, M.Swartz et al., “A double junction model of irradiated pixel sensors for
LHC”, accepted for publication on Nucl. Instr. Meth.A, eprint:physics/0506228

— V.Chiochia, M.Swartz et al., “Observation, modeling, and temperature dependence of
doubly-peaked electric fields in silicon pixel sensors”, Accepted for publication on Nucl.
Instr. Meth.A, eprint:physics/0510040

BN g s e S R Fg T

sRetal b

V. Chiochia — Silicon Tracking Detectors for the LHC experiments, DESY Seminar, March 7t 2006

42



	Silicon Tracking Detectors for the LHC experiments
	Outline
	Experiments at the LHC
	Atlas and CMS
	Tracking requirements at LHC
	Minimum bias events
	Detector occupancy
	Momentum measurement
	Radiation hardness
	Atlas tracker
	Atlas Semi-Conductor Tracker
	Atlas SCT integration
	Atlas Pixel Detector
	CMS Silicon Tracker
	CMS Solenoid
	CMS Silicon Tracker
	CMS SST: The components
	CMS SST: Integration
	CMS Pixel detector
	CMS Pixel sensors
	CMS Pixel readout chip
	CMS Pixel modules
	CMS Tracker: Status and plans
	Performance degradationafter irradiation
	Silicon detector operation at LHC
	Type inversion
	Hit detection efficiency
	Detector simulation
	Models with constant Neff
	Two-traps effective models
	The double peak electric field
	Model constraints
	Fit results
	Scaling to lower fluences
	Space charge profile
	Temperature dependence
	Impact on reconstruction
	Lorentz deflection
	Position resolution
	Summary
	References

