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CMS Experiment at the LHC, CERN \
Data recorded: 2012-May-27 23:35:47.271030 GMT
Run/Event: 195099 / 137440354 '
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Compact Muon Solenoid (CMS) Experiment ﬂ(".

Muon 3.8 T Magnet Calorimeters Silicon
Detectors iy, e Absorb particles and Detectors
Identify and charged particles measure their Measure tracks left

measure muons that -ENErgy by charged particles
penetrate = \ -
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Karlsruhe Institute of Technology

CS Tacker__ ) | ﬂ(".
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Si sensor FE electronics

®  Silicon only Tracker (>200m? area) with pixel and

strip sensors: provide track points for % Q
®  Momentum determination § ’
® Charge assignment 8
B Vertex reconstruction - =3
®  Excellent performance so far Carbon fibre support Power + Data
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Silicon (Strip) Sensor ﬂ(".

Desi g n passivation layer

bias resistor

Mini strip test sensor
(2 5x3. 50m2)

oxide layer

WG DN 8

n-doped silicon

readout strip

strip implant p+

F. Hartmann, Evolution of Silicon Sensor Technology ) B i l i 5 E ! ! l ! l ‘
in Particle Detectors, Springer 2008 ke | i ﬂ ] ' 1] ' 1 .
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Silicon Sensor ﬂ(".

Karlsruhe Institute of Technology

Working Principle

particle

GND

Readout Strips

+HV 4 Backplane Al

Create depletion zone (pn-junction) by applying reverse bias
Charged patrticles create electron-hole-pairs

e/h are seperated by electric field

Drifting charge induces signal on AC strips

Readout electronics wire bonded to AC strips
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UPGRADE OF THE CMS TRACKER
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Phase Il Upgrade —Why Upgrade?

s RN T
o T -

® Upgrade of the LHC: HL-LHC (> 2022)
m L=5-10x10%cm3st
® Requirements:
m L, -> Improve radiation hardness
® Pile-up - Higher granularity
" O —> Save material
® L1 Trigger contribution
FZ Silicon
Strip and Pixel Sensors
2.5e+04 i LHCpixel |  HL-LHC :
— I 1 - .
} — pixe | |
7 2e+04- N ~ : :
5 ] L N :
3 1.5e+04 - .:\q « e, -
2 ] o - 1 88
2 ] I I NN
= 1e+04 ! : T ®
) } LHC Stripg \ . 3
“ 50004 - \ 35
1 ® n-n-n, 600V, 2BGeV protons ——: Sx
0 1 m  p-in-n, 500V, 23GeV protons ~ HL}LHC = ]
T LR | T TTTTETT ! T 55
1e+13 1e+14 1e+15 lex16 =2
Fluence (neg/cm?) —=
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[DOI 10.1016/j.nima.2009.01.196]

New Tracker necessary
for upgrade!
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Upgrade Activities —
Radiation Hard Silicon Sensors ﬂ(".

B Campagne in the scope of the CMS Tracker Collaboration (17 Institutes)
B 162 6"-wafers with several sensors and test structures from one manufacturer
® Floatzone (FZ), Magnetic Czochralski (MCz) and Epitaxial (Epi) Silicon

® Different thicknesses from 320um (current inner tracker) down to 50um;
current baseline: 200um to reduce radiation length

® N-bulk and p-bulk silicon

z = Ocm 1
® Choose 5 radii for irradiations 1., 15 @3000fb

—— Charged had.
—— Neutral had. >100keV

—_— Sum

Fluence (particles/cm2)
= =
) )
+ +
= —
(@) ~
| |

le+15+
Diodes 1
Sensors le+14‘---\“‘I‘\""T""'T"-_'"__T
Geometry 0 10 20 30 40 50
New layouts Radius (cm) [M. Guthoff,2012]
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Defects -\-\J(IT
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_ O ? Oo—0O0—O
® The reason for sensor degradation: Defects

Shockley-Read-Hall Statistics O— —0 O O
E.
/
(a) (b) + Acceptor (c) “:;4,/’/
—= O O—0—0
---------------------------------- Band Gap / I O
— Donor O O O T O

Generation / Space Charge Trapping Vacancy and interstitial atom
Recombination

® Radiation damage introduces defects in the silicon crystal: forming of energy
levels in the bandgap

m Effects
® Increase of leakage current (a)
B Generation of space charge (b) — Increase of depletion voltage
® Trapping of charge carriers (¢) — Reduction of signal and collected charge
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IV: FZ200Y_02_DiodeL_2 o nonirrad. T=20°C
. g . guard=1
Se NnsSor Q u al Ifl C atl on B F=5.0c+14Negiom2 A=33.16h T=-20°C
. < f
Karlsruhe Probe Station :
= After irradiation
10'7;
- Current-Voltage
107 E
0 f o
- Before irradiation
[ll I I2(](}I I ‘400| I I600I I IBOO‘ I I1[](}(}
Voltage (V)
CV: FZ200Y_02_Diodel _2 ® nonditad, Te20°C
f=1000Hz guard=1 F=5.0e+14Neqg/em2 A=33.16h T=-20"C
_ x10"° : — bl
:.‘:: 5000? (f‘ BN v ’Z o
o F }F
 5000f R\ A
® Measure Characteristics ao00F JI N .-".r Canacitance
- } \f \.;ap UILAAT TV G
®  Strip measurements anoof N -Voltage
® Rbias, RStrip, Ccouple, IStrip, Idiel 2000f } J-"‘"! \\
- - - i } _,..H'f Depletion Voltage
® Interstrip Capacitance (electronics 1000F g
noise for chip) OJ/ AR R R R
0 200 400 600 800 1000
Voltage (V)
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Radiation Hardness | -\\J(IT
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® The reason for sensor degradation: Defects
Shockley-Read-Hall Statistics

I EC
(a)
_____ e | Band Gap
I EV
Generation /
Recombination

® Radiation damage introduces defects in the silicon crystal: forming of energy
levels in the bandgap

m Effects
® Increase of leakage current (a)
]
]
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Radiation Hardness | — Alpha Factor -\-“(IT

; v P

T=20°C
0.10
] expectation
0.08 \
= 0.06
£
O
<
> 0.04 - l FZ320N
< ® FZ320P
B FZ200N
0.02 - FZ200P
= MCZ200N
MCZ200P
0.00 T T T T T I\
0.0 5.0x10* 1.0x10% 1.5x10%
Fluence (g /cm?) [Sabine Frech]
Increase of leakage current A7
proportional to fluence: 7= Feq
radiation damage factor a
15 Robert Eber

Institut fiir Experimentelle Kernphysik, KIT

® Current in both n- and p-type
material scale the same

® Cooling power estimation at 0°C
and F=1e15n,,/cm?

A
Al = 0.008 — X 200pm x 200m?
cm

= 3.24
U =600V

AP = U X Al = 1.9kW

® CO2 cooling at -20°C foreseen in
phase Il upgrade

® Cool additional thermal power
| Atlower T = lower Al
® Prevent/ control annealing

GRK-Workshop Bad Liebenzell
8.10.—10.10.2012
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Radiation Hardness Il S

® The reason for sensor degradation: Defects

Shockley-Read-Hall Statistics
— E.

(b) + Acceptor Irradiation
creates more
------------- Band Gap .
acceptor like
— Donor defects
— E
Space Charge !

® Radiation damage introduces defects in the silicon crystal: forming of energy
levels in the bandgap

m Effects
]
B Generation of space charge (b) — Increase of depletion voltage
]

GRK-Workshop Bad Liebenzell
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AT

Radiation Hardness Il — Depletion Voltage
® Depletion Voltage increases after (high) irradiation
® Vg, Iin p-bulk sensors increases faster due to acceptor like defects
® Short annealing reduces depletion voltage, long annealing increases Vg,
® Sensors above 1000V could not be depleted any more
Depletion Voltage
1200 - —e— FZ320N
1 —=— FZ320P
| —e— FZ200N
1000 —=— FZ200P
< | —e— MCZz200N
© 8004 —=— MCz200P
© i
> 600- P Ip+n
0 .
3 400+
2 ] T=20°C
200 ¥/ f=1kHz
o+ K¢ & & B 0000
0 5e+14 1e+15 1.5e+15\

Longer annealing (5d@RT)

Fluence (neg/cm?)

GRK-Workshop Bad Liebenzell
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Radiation Hardness ll| —\\J(IT

® The reason for sensor degradation: Defects
Shockley-Read-Hall Statistics

7 E c
----------- Band Gap
: EV
Trapping

® Radiation damage introduces defects in the silicon crystal: forming of energy
levels in the bandgap

m Effects
]
]
® Trapping of charge carriers (¢) — Reduction of signal and collected charge

18 Robert Eber GRK-Workshop Bad Liebenzell
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Strip Readout Sytem (Signal) — ALiBaVa ﬂ(".

Robert Eber
Institut fur Experimentelle Kernphysik, KIT

XYZ stage

Collimator for 20Sr
source

Sensor

Daughterboard

Peltier cooling
Primary cooling

Scintillator (trigger)
Isolation and shielding

GRK-Workshop Bad Liebenzell
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Radiation Hardness lll — Electron Signal
2L —e— FZ320N 900V
—e— FZ200N 900V I p+n n P
_— —®— M200N 900V
— = FZ320P 900V N -
% \ = F7500P 900V MIP creates 80 e/h pairs
- M200P 900V per pm silicon
§ Thinner materials = lower
g 20000 signals
o
= 320um recover more
> . signal at 900V - Signal
¥ 15000+ lower at 600V
FZ320N doesn't work at
1.5e15n,,/cm?
10000

0 | 2 | 4 | 6 | 8 | 10 12 14 16 18
Fluence (1el4n,/cm?)
® S/Nis important for final readout chip

® Noise is better in thinner sensors (less leakage current)

® Noise of ALiBaVa comparable to CBC

20 Robert Eber
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Radiation Hardness ll| -\-“(IT

® The reason for sensor degradation: Defects
Shockley-Read-Hall Statistics

7 Ec Influence on the

a b A C \ / .
(2) (b) *acceptor (€)1 / electric field

---------------------------------- Band Gap in the silicon bulk

— Donor
; ; E, Important for readout

Generation / Space Charge Trapping

Recombination

® Radiation damage introduces defects in the silicon crystal: forming of energy
levels in the bandgap

m Effects
® Increase of leakage current (a)
B Generation of space charge (b) — Increase of depletion voltage
® Trapping of charge carriers (¢) — Reduction of signal and collected charge
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Basic Material Characterization ﬂ(".
Picolaser Setup (TCT)

® Measure current created by particle tracks in the device (diodes)
® Charge created by Laser

Readout PC Laser Driver

Oscilloscope

Laser Head Laser Fiber

Amplifier
Wire Bond Focusing Lens
@ /
/é:)de
Noise +- I
Filter HV I
GND

m Laser openings

-

- backside frontside '

8 Peltier cooling
+ pre-cooling

Signal Readout

22 Robert Eber GRK-Workshop Bad Liebenzell
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Transient Current Technique (TCT)

AT

Karlsruhe Institute of Technology

B Red Laser (680nm) generates charge carriers just beneath the surface

absorption length ~4um

® Observe drift of charge carriers (current) of only one type through the diode

vdr « E y Var < Umax

B Measurements in unirradiated diodes show

expected electric fields

TCT with red Laser, frontside

0.8 o
0_7_: — Vv
3 — 100V
0.6 4 — 200V
. — 300V
7 027 — 400V
S 047 —— 500V
r_c‘j 0.3—2 I r
5, E Electrons, fast
% 0.2
0.1
0 4
_01 = T T T T T T T T T T T I T T T
1le—08 1.2e—-08 1.4e-08 1.6e—08 1.8e—08
Time (s)
23 Robert Eber
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Signal (a.u.)

E
by
TCT with red Laser, backside

0.6

] — 0V / 100V
0.5 1 — 200V

] — 300V
0.4 — 400V

. — 500V
0.3

0.2

0.1

Holes, slow

0

-0.1-

T 1 T |
1.2e—-08 1.4e

U 1 T | 1 T T | 1 T T
—08 1.6e-08 1.8e—08 2e-08 2.2e-08

Time (s)
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TCT In Irradiated Diodes

B After irradiation: electric field in the bulk changes

TCT-Signals FZ320N ]
0°C, 680nm, frontside 10’

AT

Karlsruhe Institute of Technology

F=10n,,/cm?

] 20v | E_E  \Uniradiatedcase ./
0.2 — 30V o
: — S L e — B L ——
50.15 —— S0V 500 30 [ A T m—
° ) oV
— 1 / — 70V 400 [ S s i - b
0.14 K
& — 80V 00 Y e A B—
2 . — 90V
0.05 — 100V WL\ e
100 A -----------------------------------------------------------------------------
0 - T T T T | T T L) I | T _I T T | L] L] T T 0 e R |'i::| """"""""" !11111 """ FR— Fi L 1 """ ] ] L (i |' e i ] i X1 0-3
0 0.05 0.1 0.15 0.2 0.25 0.3
2e-08 3e-08 4e-08 5e-08 6e-08 x (m)
Time (s)
B Stepwise reconstruction of the electric field in a diode
® E-field is pulled towards the backside Higher fluences:
- : . double peak
B Strips at frontside won't see full charge . pea
_ _ _ _ visible at higher
® At higher voltages, low field region vanishes voltages
24 Robert Eber GRK-Workshop Bad Liebenzell

Institut fiir Experimentelle Kernphysik, KIT

8.10. -10.10.2012



25

AT

Karlsruhe Institute of Technology

UPGRADE - TRIGGER CONCEPT
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Tracker Trigger — L1 Contribution ﬁ(“.

® Trigger needs to maintain 100kHz output rate (with 5 — 10 times increased
luminosity and pile-up)

® Not possible with contribution from Muon triggers only
calorimeters and muon detectors - —
. . =] e L1
® Flattening of L1 rate as function of pT ¢ 35)|a L2
- Increasing threshold doesn't work ~ *, 9 L2+ isclaon fosc
A L3 + solation {calo + fracker

®  Tracker will have to provide information for — 10F =, e "5
L1 trigger

B Precise transverse momentum threshold

10 g

11111111111111111111

30 4 5 6
py threshold [GeVic]

[Gaelle Boudoul, Vertex2012]

26 Robert Eber GRK-Workshop Bad Liebenzell
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Tracker Trigger ﬂ(".

Karlsruhe Institute of Technology

Reduction of data volume

B 90% of tracks have pT<1GeV, 97% pT<2GeV
B Preselection of cluster widths
B Low momentum tracks are bent in the
magnetic field
— \
"N
low pT high|pT

N

Strip Read Out Chip
with on-chip correlator

Working principle of Tracker Trigger

® Hitsin 2 sensors close together provide
geometrical cut on pT

® Measuring A(Rg) over AR (sensor spacing)

e Fail
® Optimize selection window and sensor spacingz | | | | | | | [] i
e.g. search window = 3 strips [ 1-2 mm Upper Sensor
— i I ~200
I "IEHm o Lower Sensor
27 Robert Eber
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Track Trigger Modules

B Stacked sensor modules

B Correlation between hits in 2 sensors close
together

W Strips read out at the edge

® Correlation done on the chips

B Cutin X-Y plane allows to select pT treshold
® 2 Modules foreseen for the Tracker

Pixel + Strip pT module stripsensor i

FE hybrid with strip ASICs

——

Service hybrid (readout)

Support frame = =———>

7 10 cm x 4 cm Cooling contacts ===
100 pym pitch sic

. Pixel + Strip Pixel ASICs

2 Strip Sensors pT module Pixel sensor

28 Robert Eber GRK-Workshop Bad Liebenzell
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Light Modules ﬁ(".

Karlsruhe Institute of Technology

1 —————r—7— 0.5
oL Total module mass: 29.0g |
ol (320um: 34.49) o
8 | Total X/X0: 1.06%
7t (320um: 1.33%) |,
2 6| =
= =
5F o
S o 102 %
S 4r X
3t ® 9
_ (] ¢
o | o l -4 0.1
_ g [] E
L _
o [ NupbersiromD. Abbane¢ | | | AP A e A 0.0
WOOQ@K\*&\E}G}'Q\*QQE}. 2&0\9\ 0@.000(\@&‘9 . 6&@.\ QOO-\\(\% ?EJ\QG) {\(\é}d %o\ @,\‘-" ?‘Q
& O{o ?S{\e'\ 6\3 Z ?»5 P
%2' Q\ Q\"b

® Light modules

® Thin silicon sensors (main contribution to material budget)
® New sensor designs

® Integrated pitch adapters on the sensors

29 Robert Eber GRK-Workshop Bad Liebenzell
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CMS Tracker Layout

® 2 Designs for the CMS Tracker

1. Built of trigger modules only
® [nner radii: PS module
B OQOuter radii: 2S module

2. Long barrel geometry
(no end caps)

VPS modules only: like PS
modules with vertical
Interconnector

30 Robert Eber
Institut fiir Experimentelle Kernphysik, KIT

Lower density
2S modules
outside

zinfo in trigger
B info in trigger

PS modules inside
2 for measurement
+1 for redundancy

AT

Karlsruhe Institute of Technology
— T ——
10 cm x 10 cm .
90 pm pitch
2 Strips

10cm x 4 cm
100 pm pitch
Pixel + Strip
00 02 04 06 038 1.0 1.2 14
r(mm) 1.6
1200 1.8
1000 T T T R |
ol e
800 22
W ;
600--=-=------mmuuua- A=d=dr=h=-lr=-k==4--- 2.5
400 r]
200 Square end-
0 cap modules

0 400 800 1200 1600 2000 2400 2800 z(mm)

Stefano Mersi et al.

0.0 0.2 0.4 06 0.8 1.0 1.2 14 8
/ , y . -
T 1200
E
= 18
1000 — -
20
BOO -
| 22
500 —|
2.5
I M
200
o Q'IJO o0a 1800 EDI'JU 2500 )
1
IP z [mm)
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Summary AT

Karlsruhe Institute of Technology

® The CMS Tracker will be upgraded during the Phase Il upgrade beyond 2022

® CMS Tracker Collaboration has to decide within the Campagne on a sensor
material till end of March 2013

® Next step module building and testing
® Contributions at IEKP to
® Sensor characterization (probe station)
® Material characterization and electric field (TCT)
® Signal, S/N measurements (ALiBaVa)
® Sensor layout studies for 2S module

® Huge campaign in full progress, a lot of irradiations, measurements to be
done; annealing studies to come

B So far p-bulk material and a thickness of 200um is considered baseline
(material budget)

® Radiation hard sensors, higher granularity, less material budget and a trigger
contribution will make the CMS Tracker ready for HL-LHC

32 Robert Eber GRK-Workshop Bad Liebenzell
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Mixed Irradiation Study ﬂ(".

Degradation of silicon sensors due to radiation in the tracker

Different contributions from protons and neutrons

Fluence: Normalise to 1MeV neutron damage (NIEL scaling; k: hardness factor)
n _ n(E) X k(E)

F=Z eq A

Goal of mixed irradiation: imitate real radiation environment
Study effect of possible NIEL violation

35

n irradiation n irradiation —
" Wy ' LA \ L
le;::...
offll i

E-“ o4

sevs BRI

.......... : =

Il =~
p irradiation p irradiation
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Alibava Analysis Page
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Pt Modules types (2/3):
VPS Modules
Strip / Pixel module with Vertical interconnections

Single chip connected to top and bottom sensors

Analogue paths through interposer from top
sensor, segmented in ~ cm long strips

Bottom sensor gives z info (¥ mm long pixels)

Interposer

Electronics and connectivity (interposer) are
technological challenges (yield, robustness, mass, I _
large—size module) RRiTIBPY 2{0EY

R e s

Bump
Bond
module

— Several developments ongoing in parallel — W

Technology for interposer still an open problem

Data processing simulation started

Option to use active edge sensors

Robert Eber GRK-Workshop Bad Liebenzell
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FOSTER - Intro AT
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® New design: FOur-fold segmented STrip sensor
. W
with Edge Readout S0
@ increase granularity

B Kkeep sensor size of ~10cm x 10cm

B allow correlation of two sensor planes on
hybrid at the edge

Strip Read Out Chip
with on-chip correlator

pr module concept,
ACpads guardring biasring poly resistors  DC pads M RaymondTWEPP2008

a2
M

256

Q‘””“!””””'

1 DI Lo
FOSTER near-strip far-strip farstip  near-strip
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