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The	CERN	Large	Hadron	Collider	(LHC)	

CERN	 LHC	 is	 the	 largest	 and	 most	
powerful	 particle	 accelerator	 ever	
built	
	
It	provides	proton-proton	collisions	
at	energies	up	to	√s	=	13	TeV	

LHC	design	luminosity	was	1x1034	cm-2s-1	
	
Design	value	has	been	widely	exceeded!	
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The	CERN	Large	Hadron	Collider	(LHC)	

CERN	 LHC	 is	 the	 largest	 and	 most	
powerful	 particle	 accelerator	 ever	
built	
	
It	provides	proton-proton	collisions	
at	energies	up	to	√s	=	13	TeV	

LHC	design	luminosity	was	1x1034	cm-2s-1	
	
Design	value	has	been	widely	exceeded!	
	
Large	dataset	integrated	over	first	2	LHC	Runs:	

>	180	fb-1	
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The	CERN	Large	Hadron	Collider	(LHC)	

CERN	 LHC	 is	 the	 largest	 and	 most	
powerful	 particle	 accelerator	 ever	
built	
	
It	provides	proton-proton	collisions	
at	energies	up	to	√s	=	13	TeV	

LHC	design	luminosity	was	1x1034	cm-2s-1	
	
Design	value	has	been	widely	exceeded!	
	
Large	fluence	integrated	over	first	2	LHC	Runs:	
>	9x1014	neq/cm2	by	the	innermost	pixel	layer	
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ATLAS	Inner	Detector	

M.	Bomben	-	Pixel	2018,	10-14	December,	Academia	Sinica,	Taipei,	Taiwan	 6	

1.4	m	

4	Pixel	barrel	layers	
	
3	Outermost:		
250	µm	thick	
50x400	µm2	pitch	
	
Innermost	layer:	IBL	
Inserted	in	Run2	
200	µm	thick	
50x250	µm2	pitch	



ATLAS	Pixel	Detector	
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1.4	m	

4	Pixel	barrel	layers	
	
3	Outermost:		
250	µm	thick	
50x400	µm2	pitch	
	
Innermost	layer:	IBL	
Inserted	in	Run2	
200	µm	thick	
50x250	µm2	pitch	

Planar	pixel	n-on-n	senso
rs	everywhere	

but	at	high	η*	in	IBL	whe
re	novel	3D	n-on-p	are	u

sed	

*outside	tracking	volume	



•  Significant	decrease	of	dE/dx	and	
cluster	size	for	IBL	
•  Similar	effect	for	B-Layer	

•  It	was	necessary	to	increase	the	
bias	voltage	and	adjust	threshold	to	
mitigate	the	negative	trend	

•  Occupancy	decreasing	too	
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Figure: The dependence of the average cluster size and the measured dE/dx on
the delivered luminosity. Each point represents a single run, and only runs
recorded in 2016, 2017 and 2018 are shown (the 4.4 fb�1 delivered in 2015 is
not shown). Clusters are selected which match exactly one reconstructed
charged track with pT > 10 GeV and |⌘| < 1.4, associated to jets with
pT > 200 GeV by 0.1 < �R(track, jet) < 0.4. The lower cut is to reduce
contamination from two particle clusters. The impact on changing the high
voltage in the IBL is clearly visible.The gradual decrease of the measured
hdE/dxi is due to the reduced charge collection fraction due to radiation
damage. Red dotted lines mark the different data taking years.
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Pixel	sensors:	radiation	damage	effects	

8	



Pixel	Radiation	Damage	Digitizer*	Goals	
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Include	all	this	in	
ATLAS	MonteCarlo	

Charge	carriers	will	drift	toward	
the	collecting	electrode	due	to	
electric	field,	which	is	deformed	
by	radiation	damage.	
	
Their	path	will	be	deflected	by	
magnetic	field	(Lorentz	angle)	and	
diffusion.	
	
Due	to	radiation	damage	they	can	
be	trapped	and	induce/screen	a	
fraction	of	their	charge	(Ramo	
potential).	
	
Total	induced	charge	is	then	
digitized	and	clustered.	*Digitization	happens	after	simulated	charge	deposition	

and	before	space	point	reconstruction	



Pixel	Radiation	Damage	Digitizer	Goals	
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Include	all	this	in	
ATLAS	MonteCarlo	

Now	ready!	
Charge	carriers	will	drift	toward	
the	collecting	electrode	due	to	
electric	field,	which	is	deformed	
by	radiation	damage.	
	
Their	path	will	be	deflected	by	
magnetic	field	(Lorentz	angle)	and	
diffusion.	
	
Due	to	radiation	damage	they	can	
be	trapped	and	induce/screen	a	
fraction	of	their	charge	(Ramo	
potential).	
	
Total	induced	charge	is	then	
digitized	and	clustered.	



Implementation	Strategy	
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under the influence of the electric field, with a field- and temperature-dependent mobility. The number120

of fundamental charges per chunk is set to be small enough so that the over-estimation of fluctuations is121

negligible. A field- and temperature-dependent Lorentz angle is combined with the mobility to compute122

the time for a charge carrier to be collected (Sec. 3.4,3.5). This time is compared to a fluence-dependent123

trapping time (Sec. 3.6), the characteristic time a charge carrier will travel before it is trapped. If the drift124

time is longer than the trapping time, the chunk is declared trapped. The location of the chunk at the125

trapped position is calculated based on the starting position and trapping time (Sec. 3.4). Since moving126

charges induce a current in the collecting electrode, signal is induced on electrodes from trapped charges127

as well. This induced charge also applies to neighboring pixels, which contributes to charge sharing. The128

induced charge from trapped chunks is calculated from the initial and trapped positions using a weighting129

potential (Sec. 3.7). The sum of the collected and induced charge is then converted into a time over130

threshold (ToT) [26] that is used by cluster and track reconstruction tools.131
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Figure 2: A schematic diagram (left) and a flowchart (right) illustrating the components of the digitizer model
described in this article. Left: the blue line represents a MIP traversing the pixel sensor; groups of electrons and
holes are transported to the electrodes (one pair shown for illustration; in practice, there are many), under the
influence of electric and magnetic fields. Electrons or holes may be trapped before reaching the electrodes, but still
induce a charge on the primary and neighbor electrodes. Right: the digitizer takes advantage of pre-computation
to re-use as many calculations as possible. Various global inputs (fluence, annealing, etc.) are validating using
standalone studies based on particle production / transport codes as well as analytic models for the time-dependence
of defect states.

3.2. Luminosity to fluence132

The most important input to the radiation damage digitizer is the estimated NIEL. Section 2 introduced the133

baseline FLUKA simulation that is used to determine the conversion factor between integrated luminosity134

and fluence. This prediction yields a conversion of about 59.6 ⇥ 1011 neq/cm2/fb�1 for the IBL and135

29.2⇥1011 neq/cm2/fb�1 for the B-layer. In order to establish systematic uncertainties on these predictions,136

the fluence is converted into a prediction for the leakage current. The leakage current can be precisely137

measured and therefore provides a powerful constraint on the FLUKA simulation. For a time t at constant138

temperature T after an instantaneous irradiation with fluence �, the predicted leakage current is given139

by [9]:140
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Ingredients:	fluence	and	trapping	time	

M.	Bomben	-	Pixel	2018,	10-14	December,	Academia	Sinica,	Taipei,	Taiwan	 12	

30− 20− 10− 0 10 20 30
Distance along stave [cm]

0

1

2

3

4

5

6

7

 ]-1
/fb2

/c
m

eq
 S

i 1
 M

eV
 n

12
Ab

so
lu

te
 fl

ue
nc

e 
[1

0

 PreliminaryATLAS
 = 13 TeVs

0

20

40

60

80

100

120

(z
=0

) [
%

]
Φ

(z
) /

 
Φ

R
el

at
iv

e 
da

ta
 fl

ue
nc

e 

Insertable B-layer (IBL)
Predicted by Pythia (A2) + FLUKA
Predicted by Pythia (A3) + FLUKA
Predicted by Pythia (A3) + Geant4

 only)πPredicted by Pythia (A3) + Geant4 (n + p + 
Extracted from Hamburg Model + Leakage Currents

Fluence	prediction	taken	from	FLUKA	&	
Pythia	
	
FLUKA	prediction	validated	with	leakage	
current	and	Hamburg	model*	simulation	
	
Ø  15%	difference	in	the	central	region	

Trapping	constants	from	literature**:	
	
Ø  βe	=	(4.5±1.5)x10-16	cm2/ns	

Ø  βh	=	(6.5±1.5)x10-16	cm2/ns	
	
	
	
*	M.	Moll,	DESY-THESIS-1999-040	

**	ATLAS	pixel	coll.,	JINST	3	(2008)	P07007	
G.	Kramberger	et	al.,	Nucl.	Instrum.	Meth.	A481	(2002)	297	
O.	Krasel	et	al.,	IEEE	Trans.	on	Nucl.	Sci.	51	(2004)	3055.		
G.	Alimonti	et	al.,	ATL-INDET-2003-014	(2003)		



Ingredients:	electric	field	(planar	sensors)	
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Radiation	damage	induced	defects	deform	the	electric	field	distribution	in	the	bulk	
	
We	use	TCAD	simulation	tools	to	make	predictions	of	electric	field	in	the	bulk	
	
A	2	trap	model	due	to	CMS	collaborators*	has	been	used	with	Silvaco	tools**	

*V.	Chiochia	et	al.,	Nucl.	Instr.	and	Meth	A	568	(2006)	51-55	
**	https://www.silvaco.com/products/tcad.html	
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Vbias	=	150	V	Model	chosen	because:	
•  developed	on	n-on-n	pixels	
•  irradiated	at	CERN	w/	24	GeV/c	p	
•  built	on	testbeam	data	
•  predicts	type	inversion	at	right	fluence	

Main	feature:	double	peak	electric	field	
	
	



Ingredients:	electric	field	mod.	uncertainties	
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ATLAS radiation damage digitizer

Table 4.1 – Summary of the Chiochia model parameters (from [100]) and relative uncertain-
ties

Fluence

(1014 neq/cm2)

EA
T

(eV)

±0.4%

ED
T

(eV)

± 0.4%

NA

(1014 cm≠3)

± 10%

ND

(1014 cm≠3)

± 10%

‡A,D
e & ‡D

h

(10≠15 cm2)

± 10%

‡A
h

(10≠15 cm2)

± 10%

1

EC-0.52eV EV +0.48eV

3.6 5

6.60 1.652 6.8 10

5 14 34

In the following, I will present simulations at 2 ◊ 1014 neq/cm2 for a bias voltage of 80 V
and 150 V. Electric field maps have been computed to emulate the conditions in terms of
bias voltage (up to 400 V) and fluence (up to 8.1 ◊ 1014 neq/cm2) of the four planar pixel
layers for various Run2 conditions milestones (up to the predictions for the end of 2018). The
various results of the digitizer over the Run2 range of fluence and bias voltage are presented
in the next section.

The Figure 4.3 presents the electric field maps and its variation for a fluence of 2◊1014 neq/cm2.
It can be seen that the electric field is highly sensitive to variations in the defect energy,
especially to the variations in the acceptor energy ((a) and (b)), the electric field value at
the surface of the sensor varies between 7000 V/cm to 14000 V/cm at 80 V (a) and between
12000 V/cm and 20000 V/cm at 150 V (b). The variation in donor energy is less important
than the one for acceptor but is still significant: at 80 V and at the surface of the sensor,
the electric field varies from 8000 to 12500 V/cm.

The Figure 4.4 presents the electric field in the sensor depth with various variation in the
acceptor/donor capture cross sections for electrons/holes. As for the energy, a variation on
the acceptor capture cross section seems to have a bigger impact than a variation of the donor
cross section. Globally, for both bias voltages, the impact of the variations on the capture
cross section is lower than for the energy variations. The variation for holes/electrons is
comparable.

The Figure 4.5 presents the electric field in the sensor depth with various variation in the
acceptor/donor concentrations. As for the energy and the capture cross sections, a variation
on the acceptor concentrations have a bigger impact than a variation on the donor concen-
tration. The variation impact is globally slightly bigger than the variations on capture cross
sections and lower than the impact of trap energy variations.

In conclusion, one can say that:

• the electric field is highly sensitive to the variations in the trap energy, moderately
sensitive to the defect concentration variation and slightly sensitive to the variation in
capture cross sections.

62

TCAD	radiation	damage	
model	parameters	come	
with	no	uncertainties	

So	we	had	to	explore	the	
sensitivity	of	electric	field	on	
each	defect	parameter:		
	
•  concentration	
•  energy	
•  electron	and	hole	capture	

cross	sections	

Trends	are	compatible	with	
expectations	
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Ingredients:	annealing	
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Ingredients:	signal	from	trapped	carriers	
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Charge	drift	towards	collecting	
electrode	
	
They	induce	larger	and	larger	current	
the	closer	they	get	to	the	electrode	
	
If	trapped	only	a	fraction	of	the	total	
charge	will	be	induced	
	
Trapping	position	is	stochastically	
determined,	based	on	fluence	and	
voltage	conditions	
	
The	final	signal	is	calculated	in	a	3x3	
pixels	matrix	thanks	to	the	Ramo	
potential	 2D	slice	of	3D	Ramo	potential	calculated	

using	TCAD	simulations	

B	



Ingredients:	Lorentz	angle	deflection	
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Figure 13: (a) The depth dependence of the Lorentz angle for electrons and holes for four fluences in an ATLAS
IBL planar sensor biased at 80 V. (b) The integrated Lorentz angle for electrons (see Eq. (13)) as a function of the
starting and ending position for a fluence of � = 2 ⇥ 1014 neq/cm2. The collecting electrode is at a z position of 0.

smaller �-values than irradiation by charged particles [40]. The uncertainties reported in Table 5 do not457

include a systematics of about 10% on the fluence received by the devices, and refer to the average found458

by fitting measurements on several devices.459

Irradiation Annealing �e (10�16cm2/ns) �h (10�16cm2/ns) reference
Neutrons minimum Vfd 4.0 ± 0.1 5.7 ± 0.2 [40]

Pions minimum Vfd 5.5 ± 0.2 7.3 ± 0.2 [40]
Pions minimum Vfd 5.13 ± 0.16 5.04 ± 0.18 [41]

Neutrons > 50 hours at 60� C 2.6 ± 0.1 7.0 ± 0.2 [40]
Pions > 10 hours at 60� C 3.2 ± 0.1 5.2 ± 0.3 [41]
Pions minimum Vfd 4.0 ± 1.4 - [3, 42]
Pions 25h at 60� C 2.2 ± 0.4 - [3, 42]

Table 5: Measurements of the trapping constant � are summarized, normalized to a temperature of 273 K. Some
measurements are reported after annealing to the minimum in the full depletion voltage Vfd (reached in about 1 hour
at 60� C) while others correspond to the asymptotic values observed after long annealing times.

For the simulation results reported in this paper, a value of �e = (4.5 ± 1.5) ⇥ 10�16 cm2/ns has been460

used for electron trapping and �h = (6.5 ± 1.5) ⇥ 10�16 cm2/ns for hole trapping. These values have461

been chosen after considering the data taking and irradiation conditions of the IBL pixel modules during462

the LHC Run 2. The ranges of � values we have chosen cover fairly well the range of measured values463

presented in Table 521.464

21 In particular, annealing is not included.

15th November 2018 – 16:55 22

Electric	field	profile	no	longer	shows	
linear	dependence	on	bulk	depth	
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It	is	now	even	more	important	to	model	
the	Lorentz	angle	depth-dependence	



Validation:	Charge	Collection	Efficiency	(CCE)	
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1 10CCE	for	IBL	across	its	lifetime	

	
Simulation	uncertainties:	
Horizontal	error	bars	include	
uncertainties	on	luminosity	
to	fluence	conversion	(15%)

		
Vertical	error	bars	include	
uncertainties	from	the	TCAD	
radiation	damage	model		
	
Data	uncertainties		
Horizontal	error	bars	include	
luminosity	unc.	(2%)	
Vertical	error	bars	include	
calibration	drift	effects	

Good	agreement	with	data	but	large	uncertainties	
In	the	future	collision	data	can	be	used	to	further	
constrain	the	radiation	damage	model	

End	2016	

End	2017	

End	2018	



Validation:	Lorentz	angle	
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The	trend	of	increase	of	Lorentz	angle	
with	luminosity	is	robust	
	
Models	predicting	no	double	peak		
in	electric	field	fail	at	reproducing		
increase	of	L.A.	with	luminosity	

• The IBL was operated at -150 V 

in 2016


• Fit distribution with:  

α is the incidence angle

G(α) a gaussian function

θL is the Lorentz Angle

Lorentz Angle

10 Lorenzo Rossini -  INFN and Università di Milano - Radiation Damage Workshop

Mean transverse cluster size distribution as a function of incidence 
angle on the module
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2/cmeq 1 MeV n14 10× 2 ≈ Φ

F (↵) = [a⇥ (tan↵� tan ✓L) + b/
p
cos↵]�G(↵)

Lorentz	angle	is	extracted	from	a	
fit	to	the	cluster	size	vs	track	
incident	angle	

Petasecca	et.	al,	
IEEE	TNS	53	(2006)	2971	



Validation	and	predictions:	HV	scans	
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Bias Voltage Scan

7 Lorenzo Rossini -  INFN and Università di Milano - Pixel Week 

Using standalone simulation (see slides from Trento Workshop) to predict MPV of 
the fitted landau distribution of the ToT as a function of bias voltage for fixed fluence. 
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200 400 600 800 1000

To
T 

[B
C

] 

1
2
3
4
5
6
7
8
9

10
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 (end 2017)2/cmeq n14=6 10φStandalone Simulation: 

 (end 2018)2/cmeq n14=8.7 10φStandalone Simulation: 

ATLAS

Preliminary

IBL planar modules

• Both data and simulation charge 

to ToT are tuned at the same 

value 


• Good agreements in both shape 

and plateau position


• Correct Bias Voltage Working 

point to avoid under depletion 

End 2017

End 2018

Standalone	simulation	
to	predict	MPV	of	the	
fitted	Landau	distribution	
of	the	ToT	as	a	function	
of	bias	voltage	for	fixed	
fluence	
	
Good	agreements	in	
both	shape	and	plateau	
position	
	
This	confirms	that	both	
the	electric	field	and	the	
trapping	time	are	
correctly	reproduced	in	
our	modeling!	

Predictions	now	used	to	determine	desired	bias	
voltage	during	LHC	Run3	for	all	pixel	layers	



Predictions:	energy	loss	
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Digitizer	can	be	used	to	
make	predictions	on	
fundamental	observables	
	
Energy	loss	per	layer	for	
tracks	with	pT	>	1	GeV	
	
Several	scenarios	
considered,	in	terms	of	
		
•  fluence	

•  bias	voltage	

•  different	layer	by	layer	

N.B.	other	parameters	
(thr.,	tuning)	fixed	



Conclusions	and	outlook	
•  Effects	of	radiation	damage	to	silicon	sensor	bulk	are	already	visible	

in	the	ATLAS	pixel	detector	
•  Increasing	bias	voltage	helps	mitigating	the	main	effect	(signal	loss)	

•  Fundamental	to	reproduce	these	effects	in	simulations	
•  The	new	ATLAS	digitizer	includes	radiation	damage	effects	
•  First	comparison	with	collision	data	are	promising	

•  The	new	digitizer	is	an	essential	tool	to	determine	ATLAS	Pixel	
detector	data	taking	future	conditions	

•  Work	is	ongoing	to	include	3D	modeling	and	extend	predictions	to	
High	Luminosity	LHC	fluence	for	the	new	ATLAS	Inner	Tracker	
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THANK	YOU		
FOR	YOUR	ATTENTION	



Backup	
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ATLAS	Detector	

M.	Bomben	-	Pixel	2018,	10-14	December,	Academia	Sinica,	Taipei,	Taiwan	 25	

z	θ	
η	

ϕ	

R	



Run2	Pixel	data	taking	conditions	
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