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ATLAS Pixel Detector

Pixel detector is the innermost layer of the ATLAS detector: High flux of particles!
4 Barrel layers + 6 Disk Layers (3 at each end) with different geometry and technology

N+ in n sensors technology i Fae

* Three outermost layers
> B-Layer, Layer 1 and 2 TRT< N
> 50 x 400 ym?2 A
» 250 pm thickness
» FEI3 readout - 8 bit ToT

 |Innermost Layer: IBL (planar and

3D)

» 50 x 250 pm2

» planar: 200 pm thickness

» 3D: 230 pm thickness (n-in-p)
> FEI4 readout - 4 bit ToT

» 3.3 cm from beam pipe!
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ATLAS Pixel Detector Performance

High flux of particles means high radiation dose on the sensor

Radiation damage effects in the sensor already visible! See also Hongtao Yang talk!
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Correct Monte Carlo prediction that accounts for
radiation damage is essential for physics
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https://indico.cern.ch/event/666427/contributions/2881821/attachments/1602413/2541027/atlas_operation_hongtao_yang.pdf
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ATLAS Pixel Detector Digitizer

Digitization: the conversion from energy depositions of charged particles to digital
signals sent from module front ends to the detector readout system

Develop digitizer that models inside effects of radiation damage

“Chunks” of charges are drifted to the electrodes. Digitizer accounts for:
Q

P,

=

n* elecirodes

e (Charges drift

e E/B Field simulations from TCAD
e Lorentz Angle (function of E/B | A

fields and distance in the detector) ® B-field ® 1 ol NAUCE
e Trapping probability 3 4
e Ramo potential to account for d :

epletion
Induced charge region
I |
* Charge conversion to ToT _ E— Rbers
p* backside diffusion

Digitizer for planar sensors! (3D in back up)
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Fluence

Fluence prediction taken from FLUKA + Pythia

= T N L BN B <
% 76 ATLAS Pixel Prelisig o
. g . . g I . —100
 FLUKA prediction validated with ,»
= [ s , 3
— = ' —80 ¢
~ O ] ; o
leakage current and Hamburg et : :
g 4 60 &
model: 2 L s
S 3
. . . . ° _ —a0
» Assign 15% uncertainties in the g f et
2 C D Predicted by Pythia + FLUKA
. - X Extracted from Hamburg Model + Leakage Currents —20
central region (|z|~0) E
o: | | I - | | I - | | I - | 111 | 111 | 111 | IO
. 0 IBL 1 Me1\é Neq fluence at 2=0 (10" partcleszcmzl 000 tance along stave [am]
— 180 I
&° ATLAS Pixel Prekimina 800
2 ry',,,_,,l ¥ O L L I B L L I B UL R
0 170 —*w WQ' 4‘ © - ATLAS Preliminary ]
S FwR. i . 700 : =
N ‘\\\\u.\, _ -8 = _[ Ldt=25fb" 3
. 160 | - A = =
g : x . .3 ‘s 600~ Data .
= 150 S ' ' RN = - & i + ;
S i e E N H—\—»-A-.-Tsv a‘}_»J_ <:ti. 500 __Layer0 B
-— . . sl : - e ® E .
€ 1405 . R SR s } :
t ot " o =i ; ) : | 2 ¥ '.’_,' N — 400_— —]
= W v | v ‘ - E: .
: 130 B »ocon, 1722)05) of M8, 100.0(00/% of M1 | ’ -] 300:_ Layer 1 -
> 120 B : 12 on), 1400/04)6 of M4, DC.4(0.1)% of M1 : | -} = ]
x B Vo (250 =m), 19711046 of M4, 79.6(0.1)% of M1 | - 200 =~
S 110 Plasar bies changed from 80 ¥ t2 150 V : | _: é *—o PS === g
DC3 sanple rate cTanged - 100_— ]
100 150(\;‘,0:11-50 l i lll ._: OIEllllllllllllll y 1y Layer|2 IIIIEIIIIILIE
0 T T T 25 05 0 05 1 15 2

0
Run 2 Integrated Luminosity [fo™

—
=

Lorenzo Rossini - INFN and Universita di Milano - Trento Workshop




ATLAS Pixel Detector Digitizer: E-field

e- chunks

(X) B-fleld

\ E-field j
depletiyn /[«
region\,

Lorentz angle

p backside
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Electric Field simulations

Radiation damage produces defects in the sensor that change the effective doping
concentration 10°

—_k
6)]

ATLAS Pixel Preliminary

* Depletion voltage and Electric Field E
200 um n-on-n Planar Sensor, 80 V, Chiochia Rad. Model o

profile depends on:
» Fluence
» Type of irradiation
» Temperature during and after
irradiation (annealing)
e Electric Field is simulated with TCAD
technology
» more information in Marco Bomben
talk
» TCAD first step on which build the
simulations
e Typical double junction effect well 50 100 150 200
described —”U” shaped E-Field Pepthin the sensor fuml

Radiation Damage model from: V. Chiochia et al., Nucl. Instr. and Meth A 568 (2006) 51-55

fluence [1 MeV neq/cmz]

Electric Field [V/cm]

-
o
|
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https://indico.cern.ch/event/666427/contributions/2881825/attachments/1603757/2543527/bomben_trentoWS_simulations_180221.pdf
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Annealing

TCAD simulation doesn’t account for thermal history: no annealing effects included
Use Hamburg Model to model annealing

12
>_<1'O | ' | ' | ' 3

- ATLAS Pixel Preliminary I

N

e Set the average charge

distribution in the sensor to

IBL N, [cm™]
W

\®)

match the Neg concentration

predicted by Hamburg model 0

N
IBL Fluence [10™ 1 MeV n_ /cm®]

—N_. with Hamburg Model
 No 1-1 correspondence between o Wi Famburg Mode

— Fluence

TCAD and Hamburg model

| _/|f | | | | I_O

02/07/2015 01/01/2016 01/07/2016 31/12/2016
Date

»  We only match the total
effective concentration

|
N
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ATLAS Pixel Detector Digitizer: Lorentz Angle

TR I secodes

e- chunks

® B-field h* chynks

region k

depletion

drift

p* backside diffusion
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Lorentz angle

Hall scattering factor

. ,r.B Zfinal
Lorentz Angle:  tan 67797 (5, iial, Zfinal) = u(E(z))dz
|Zfz'nal — Z’initial‘ Zinitial \
e |ntrinsic dependence on the E field Mobility
. e : T 05 . .
 Radiation damage modifies E field shape £ | ATLAS Pixel Preliminary
% 0.45— 250 um n-on-n Planar Sensor, 80 V, Chiochia Rad. Model
and therefore 6. < i
> depends on final and initial positions & ozt
» Integrate over path 0.3
@\? 0.25
B 02 —Electrons :?enﬂari f};[:er:z
PIL holes gyt
0.1;—
0.05 ‘;'_ IR e s
drlft o- 5|0 I 1(;0 1F|>O I

Pixel Depth in Z [um]
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ATLAS Pixel Detector Digitizer: Trapping Probability

D G
'\ ;

e- chunks
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induced charge

trapping!

depletion
region
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Trapping probability

Defects form in the silicon and are sites for charge trapping

Charges are trapped if the time to reach the electrode is larger than a trapping time =

TCAD model of an ATLAS IBL module

e 7is arandom variable exponentially _

—h

= g
distributed with mean value 1/(Bne®) WY ATLAS Pixel Preliminary oo 2
» ¢ is the fluence S S
. . . 5 08 —0.8 E
> PBnse is the trapping constant: different 2 g
for electrons and holes 0.7 07
> Be=4.5+1.0 10-'6cm2/ns 0.6 0.6
» PBh=6.5+1.5 10-16cm2/ns 05 05

» Average of neutron and proton
irradiation studies
e Trapped charges induce a partial signal on
the electrode, given by:
> -g(R+R): 0.1 |
* Rrand Riare the Ramo potential in final and | .

L N 0 02 04 06 08 1 12 14 16 1.8
Initial positions Y /200 um

0.4 0.4

0.3 0.3
0.2 0.2

0.1

0
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Trapping probability

Different trapping constant for electrons and holes

— 0.07

 Trapping probability depends on time of
annealing
+ Different results for type of irradiation (protons DR L B
vs neutrons) and temperature 003,:4; B
* Two main sources for these values SRR
» G. Kramberger et al., NIM A481 (2002) 297.
Plot: trapping constant as a function of FHHE L .'.".“?’.3"’ o
annealing time 10 1 10 10’
» Q. Krasel et al., IEEE Trans. Nuc. Sci. 51 o3 Tors o B B
(2004) 3055. Plot: mean half life for __n_%% Krasel
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Model Prediction and Data Comparison

Charge Collection Efficiency as a function of Luminosity for IBL with
data from Run 2

e Simulation points error bars

ATLAS Preliminary

lBLplanar modules 5

4 Daasoyv.

0.9
0.8

@x: 15 % on fluence-to-luminosity

conversion
0.7

@y: radiation damage parameter 06

fraction of collected charge

variations 0.5

0.4

0.3 0 Standalone Simulation 150V

Y N S I N I ; S N I
10 10°

Integrated Luminosity [fb™]

e Data points error bars
@x: 2% on luminosity
@y: ToT-charge calibration drift

A Standalone Simulation 80 \Y

Good agreement with data!
Essential to understand what operational condition to use in the future
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Model Prediction and Data Comparison

Lorentz Angle depends on the fluence
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Conclusions

* A new digitizer for the ATLAS pixel detector has been presented
» Many features that account for most of the effects involving
radiation damage
» Based on TCAD maps for E-fields
 We produced simulations that are in good agreement with Run 2
data, in terms of
» (Charge collection efficiency
» Lorentz angle
* Predictions useful for:
» Decide pixel detector operation condition
» Improve our modeling of data for physics analysis

* We are now prepared to model the radiation degradation for Run
2+3 and for HL-LHC
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Conclusions
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ATLAS 3D Detector Digitizer

| ATLAS Pixel Preliminary

-
e-chun ,Mlp ack To save computing time,

frk charges created by a MIP are'
divided into chunks (each :

one made of several

Charge collection times
retrieved from lookup tables
are compared lo random
time-to-trap to determine if

charge \chunks fundamental charges). chunk is trapped or not
Carrler diffusion is modeled & ' Charge induced from each chunk is finally |
by spreading chunks through * P - calculated by means of the Rama potential ’
random one-step jumps in x,y . changes. Finally, all charge chunks g
drawn from a Gaussian . contributions are added (with an 2ri
distribution. | “unsmearing” procedure) and converted into LU :
dlffusmt\ R i Time-aver-Threshold (ToT). me |
Simulation
. . v g o 10 — 1 T
* Similar approach of digitizer - WA R
g re: ¢ o N -
g 20 E.\ ‘ ,‘ - \EJ 80 - \ - .
» Charges are drifted towards electrodesg 7} .. : N
9 .\. | 3 (N
. . 2 Pl NG -
e Charge collection efficiency 50| . S
40 E. ....................................... 11 w - \\ -
N S T I R e
»  Only simulation results 20 e 20 .
10 E-[ AIi’.AB :’tud P:nlmluly R . -

» higher fluences than IBL results v o T " Rrvvr

0 g0 1" 150® 210" 251"
Fluence [ny/cm?) S

Lorenzo Rossini - INFN and Universita di Milano - Trento Workshop




