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High	Lumi	LHC	(HL-LHC)	challenges	

CHAPTER 7. PIXELS DETECTORS FOR THE NEW ATLAS INNER TRACKER

Table 7.1: Environment conditions for the inner detector at the LHC and HL-LHC

Parameter LHC HL-LHC

instantaneous luminosity L [cm°2s°1] 1.0£1034 7.5£1034

average number of pile-up events µ 25 200
track rate density for the innermost pixel layer N [MHz cm°2] 0.25 2
fluence to the innermost pixel layer � [ 1 MeV neq/cm2] 5£1015 2£1016

total ionising dose to the innermost pixel layer TID [MRad] 160 1700

of documents, from the “Letter of Intent for the Phase-II Upgrade of the ATLAS Experi-
ment” [156] to the “ATLAS Phase-II Upgrade Scoping Document” [157]. Technical Design
Report (TDR) for strip detector of the ITk was recently published [158]; the ITk pixel de-
tector TDR is due by the end of 2017. This Section is built on those documents.

7.2.1 Performance Requirements of the ITk

In what follows a short list of performance requirements of the ITk.

Track Reconstruction Efficiency The required track reconstruction efficiency in the cen-
tral part (|¥| < 2.7) has to be above 99% for muons with pT above 3 GeV/c, above 85% for
pions (electrons) with pT above 1(5) GeV/c. Fake tracks rate has to be kept below 1% to
avoid degrading resolution of objects built using tracks, like tracks jets.

Track Resolution and Vertex Reconstrucion The resolution on transverse momentum
will be better than 0.5% up |¥| = 1 for muons of 100 GeV/c pT and will degrade mod-
erately till |¥| = 2. For |¥| ∏ 2.7 the solenoid field diminishes, particularly at low radius,
leading to poorer pT resolution. Resolution on longitudinal (transverse) parameter d0(z0)
are required to be better than 100 µm in the very central region |¥| < 0.5 for tracks with
pT = 1GeV/c and better than 8 (50) µm in the limit of very large transverse momentum.

With 200 pile-up events, the mean separation of primary vertices is typically less than
1 mm. It is therefore not possible for all vertices in a triggered event to be reconstructed
individually. However, it is important that high transverse momentum objects (muons,
electrons and tracks in high transverse energy jets) coming from a common vertex can
all be correctly associated to the same vertex with good efficiency. This requirement cor-
responds, in the case of t t events, to the probability of the t t vertex being among the
reconstructed vertices having to be greater than 0.95. In addition, the probability that the
t t decay is associated to the correct reconstructed vertex should be greater than 0.90.

Tracking-reconstruction efficiency and minimisation of multiple scattering effects re-
quirements impose a low material budget. For the ITk, generally it is required to be in
total <1 X0 up to |¥| ∑ 2.7. In Figure 7.2. The ITk material budget is around 30% lower in
the region |¥|∑ 4.0, compared to the Run 2 detector.

7.2.2 ITk detector layout

The ITk will be an all silicon tracker; the main reason for abandoning the TRT is the pro-
jected occupancy in its straw tubes, which is about 100% at L = 5.0£ 1034cm°2s°1. The
ITk will consist of an inner detector made of pixel modules and an outer one made of
strips. In the central region of the ITk Detector, sensors are arranged in cylinders around
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today	 4000	fb-1	

Higher	
luminosity	to	
fully	exploit	
LHC	physics	

reach	
potential	

Much	harsher	environment	in	terms	of:	
•  Event	rate	
•  Number	of	collisions	
•  Radiation	damage	to	tracking	detectors	
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2.3 Fluence and Radiation Dose Studies

z [cm]
0 50 100 150 200 250 300

r [
cm

]
0

5

10

15

20

25

30

35 -2
cm

Si
 1

 M
eV

 n
eu

tro
n 

eq
. f

lu
en

ce
 

1410

1510

1610

1710

ATLAS Simulation
FLUKA + PYTHIA8
ITk Inclined Duals

z [cm]
0 50 100 150 200 250 300

r [
cm

]

0

5

10

15

20

25

30

35

G
y

to
ta

l i
on

is
in

g 
do

se
 

410

510

610

710

ATLAS Simulation
FLUKA + PYTHIA8
ITk Inclined Duals

z [cm]
0 50 100 150 200 250 300

r [
cm

]

0

5

10

15

20

25

30

35

 / 
co

llis
io

n
-2

cm
ch

ar
ge

d 
pa

rti
cl

e 
flu

en
ce

 

-310

-210

-110

1
ATLAS Simulation
FLUKA + PYTHIA8
ITk Inclined Duals

z [cm]
0 50 100 150 200 250 300

r [
cm

]

0

5

10

15

20

25

30

35

 / 
co

llis
io

n
-2

cm
ha

dr
on

s 
> 

20
 M

eV
 fl

ue
nc

e 

-410

-310

-210

-110

1

10
ATLAS Simulation
FLUKA + PYTHIA8
ITk Inclined Duals

Figure 2.18: The fluence and dose distributions for the Pixel Detector. Top left: 1 MeV neutron
equivalent fluence. Top right: Total ionising dose. Bottom left: Charged particle fluence. Bottom
right: Hadron fluence for energies greater than 20 MeV. The top two lots are normalised to 4000 fb�1.
No safety factors are taken into account for this Figure.

Table 2.9: The maximal 1 MeV neutron equivalent fluences and total ionising dose for different parts
of the Pixel Detector, for the baseline replacement scenario for the inner section. All values have
been multiplied by a safety factor of 1.5.

Luminosity Layer Location R z Fluence Dose
(cm) (cm) (1014 neq/cm2) (MGy)

2000 fb�1 0 flat barrel 3.9 0.0 131 -
4.0 24.3 - 7.2

inclined barrel 3.7 25.9 123 -
3.7 110.0 - 9.9

end-cap 5.1 123.8 68 6.3
2000 fb�1 1 flat barrel 9.9 24.3 27 1.5

inclined barrel 8.1 110.0 35 2.9
end-cap 7.9 299.2 38 3.2

4000 fb�1 2-4 flat barrel 16.0 44.6 28 1.6
inclined barrel 15.6 110.0 30 2.0

end-cap 15.3 299.2 38 3.5

31



ATLAS	Inner	Tracker	(ITk)	
•  Replacement	of	Inner	Detector	
•  All	Silicon	system	(pixels+strips)	
•  Coverage	down	to	|η|=4	

•  Pixels	detector:	>	10	m2	of		
50x50	µm2	pixels	

•  New	inclined	geometry:	
ü  Larger	coverage	
ü  Less	material	

Ø  Radiation	hardness:	

Ø  3D	for	innermost	layers	

Ø  Thin	planar	everywhere	else	

Ø  ITk	requirement:	hit	eff.	>	97%	
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Outdated	
design	

Outdated
design	

Inner	system	

Outer	Barrel	 Outer	Endcap	



LPNHE	planar	pixel	productions	

		

PAE1	 P2	 PAE3	

4”	200	µm	thick	n-on-p	
Active	Edge	technology	
Pixel-to-edge	down	to	100	µm	
Tested	extensively	on	beam	

JINST	12	P05006	(2017)	

NIM	A	712	(2013)	41–47	

6”	130	µm	thick	n-on-p	
INFN	ATLAS/CMS	project	
Tested	extensively	on	beam,		
after	irradiation	too	

6”	130	µm	thick	n-on-p	
INFN	ATLAS/CMS	project	
Active	Edge	technology	
Pixel-to-edge	down	to	50	µm	
RD53	compatible	sensors	
Measured	on	beam,		
after	irradiation	too	
	

ATLAS	 CMS	
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6”	130	µm	thick	n-on-p	
INFN	ATLAS/CMS	project	
Tested	extensively	on	beam,		
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ATLAS	 CMS	
Target:	ITk	
Pixel	outer	
layers	
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6”	130	µm	thick	n-on-p	
INFN	ATLAS/CMS	project	
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SECOND	PRODUCTION:		
RADIATION	HARDNESS	OF	THIN	
PIXEL	DETECTORS	
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Irradiated	pixel	detectors	
130	µm	thick	FE-I4	detector	irradiated	up	to	1.4e16	neq/
cm2	at	CERN	IRRAD	(24	GeV/c	protons)	
	
Gaussian	beam	profile	(20	x	20	mm2	FWHM)	
	
Position	unc.	~	2	x	2	mm2	(for	ref.	white	box	in	the	map)	
	
Peak	position	re-calculated	on	data	(white	arrow	in	the	
map)	

Fluence	map	on	module	size	
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Module	measured	w/	120	GeV	π	



Irradiated	pixel	detectors	
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130	µm	thick	FE-I4	detector	irradiated	up	to	1.4e16	neq/
cm2	at	CERN	IRRAD	(24	GeV/c	protons)	
	
Gaussian	beam	profile	(20	x	20	mm2	FWHM)	
	
Position	unc.	~	2	x	2	mm2	(for	ref.	white	box	in	the	map)	
	
Peak	position	re-calculated	on	data	(white	arrow	in	the	
map)	

Fluence	map	on	module	size	
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Irradiated	pixel	detectors	
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Ø  Data-driven	approach	

Ø  Adjustment	within	
uncertainties	

	
Ø Much	less	charge	

dispersion	

130	µm	thick	FE-I4	detector	irradiated	up	to	1.4e16	neq/
cm2	at	CERN	IRRAD	(24	GeV/c	protons)	
	
Gaussian	beam	profile	(20	x	20	mm2	FWHM)	
	
Position	unc.	~	2	x	2	mm2	(for	ref.	white	box	in	the	map)	
	
Peak	position	re-calculated	on	data	(white	arrow	in	the	
map)	

Fluence	map	on	module	size	



Thin	pixel	performance	
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Performances on beam of pixel detectors
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Figure 7.20 – Charge collection e�ciency extrapolation for two sets of tuning: Threshold=1200e,
6ToT at 6000e and Threshold=1000e, 6ToT at 4000e. Expected end-of-lifetime fluences for ITk
are also indicated.

Table 7.2 – Charge collection e�ciency for 2 tunings over the ITk fluence range

Fluence (1015 neq/cm2)

2.7 3.5 3.8 13.1

Thr=1200e, 6ToT at 6000e, CCE = 61% 53% 51% 21%

Thr=1000e, 6ToT at 4000e, CCE = 71% 64% 62% 29%

128

CCE	down	to	50%	for	innermost	
planar	pixel	layer	impact. Hence the � values obtained are to be considered as lower limits for332

the true ones.333

The 4 vertical blue dotted lines represents the expected fluences at the334

end of lifetime of 4 di↵erent layers of ITk [7] (see list in Section 4.3). The335

Table 5 compiles the values of the intersections of the 2 fits with the 4 fluence336

lines.337

Table 5: Charge collection e�ciency for two tunings over the ITk fluence range.

Calibration Fluences
(� = 1⇥ 1015neq/cm2)

2.7 3.5 3.8 13.1
Thr.=1200e, 6ToT at 6000e, CCE = 61% 53% 51% 21%
Thr.=1000e, 6ToT at 4000e, CCE = 71% 64% 62% 29%

For the 1000 electrons threshold and the three fluences corresponding to338

the accumulated dose at layer 1, the charge collection e�ciency is higher than339

60%. At � = 1.3 ⇥ 1016neq/cm2, the fluence expected at Layer 0 in the flat340

section after 2000 fb�1, the charge collection e�ciency is lower than 30%.341

5. Conclusions342

Planar pixels sensors produced at FBK Trento by LPNHE and INFN were343

tested on beam before and after irradiation to fluences comparable to those344

expected at the end of the HL-LHC. Results indicate that the detectors345

meet all the specifications of the ATLAS ITk for all but the very innermost346

pixel layers; in particular hit e�ciency is as high as 97% for fluences up347

to to � = 7 ⇥ 1015neq/cm2. Collected data allowed also the estimation348

of the trapping constant, even if the accuracy is limited by pixel geometry349

modelling and the FE-I4 chip performance. A new pixel production at FBK is350

completed and detector prototypes are being measured; the available sensors351

are 100 µm thick and compatible with the new readout chip for the ITk pixels352

modules (RD53A [30]).353
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Hor.	uncertainty	bar	è	fluence	
	
Ver.	uncertainty	bar		è	ToT	dispersion	

Charge	Collection	Efficiency	(CCE)	

Fit	with	Hecht	formula*	
β	=		(3.6x10-16	±	0.1)	cm2/ns		
for	large	fluences	
To	be	interpreted	as	a	lower	limit	

*Zeit.	Physik.	(1932)	77:235	
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Hit	eff.	>	97%	for	fluence	
≤	7.5e15	neq/cm2	

arXiv:1810.07279	

Performances on beam of pixel detectors

Figure 7.22 – Hit e�ciency for thin irradiated sensors. The red triangles are for sensor ir-
radiated at an average fluence of 1 ◊ 1016 neq/cm2 and the blue ones at an average fluence of
3◊1015 neq/cm2. Threshold and gain are indicated in the upper box.

Figure 7.23 – Hit e�ciency for thin irradiated sensors. The blue triangles are for sensor irra-
diated at 1 ◊ 1016 neq/cm2 and the red ones at 3 ◊ 1015 neq/cm2. The black square represents
data for a thin un irradiated sensor. Threshold and gain are indicated in the box.

130

Performances on beam of pixel detectors

Figure 7.22 – Hit e�ciency for thin irradiated sensors. The red triangles are for sensor ir-
radiated at an average fluence of 1� 1016 neq/cm2 and the blue ones at an average fluence of
3�1015 neq/cm2. Threshold and gain are indicated in the upper box.

Figure 7.23 – Hit e�ciency for thin irradiated sensors. The blue triangles are for sensor irra-
diated at 1� 1016 neq/cm2 and the red ones at 3� 1015 neq/cm2. The black square represents
data for a thin un irradiated sensor. Threshold and gain are indicated in the box.

130

Figure 10: Hit e�ciency for a 130 µm thick sensor at various irradiation fluences. The
blue triangles are for sensor irradiated at � = 1 ⇥ 1016neq/cm2 and the red ones at
� = 3 ⇥ 1015neq/cm2. The black square represents data for a thin un irradiated sensor.
Threshold and gain are indicated in the box.

Table 4: Extrapolated e�ciency for ITk benchmarks fluences for a 130 µm thick sensor.

Fluence (� = 1⇥ 1015neq/cm2) 2.7 3.5 3.8 7.45 13.1
Threshold (electrons) 1200 1200 1200 1000 1000

ToT tuning (ToT corresponding to ke-) 6 at 6 6 at 6 6 at 6 6 at 4 6 at 4
Extrapolated Hit E�ciency (%) 98.6 97.6 97.2 97.0 88.6

tuning could certainly help to reach higher values in terms of e�ciency. For260

example, the prediction from the 1000e threshold data, assuming a linear261

dependency shows that the crossing between the ITk requirement line and262

the extrapolated values happen around � = 7⇥ 1015neq/cm2.263

4.4. Pixel Resolved Hit E�ciency264

In Figure 11 the hit e�ciency for two di↵erent pixel detectors in several con-265

ditions is reported after having folded all cells in the matrix into one - the266

so-called pixel resolved hit e�ciency. Data are presented for three di↵erent267

fluences; unirradiated, and irradiated with a fluence of � = 3⇥ 1015neq/cm2
268

and of � = 1⇥ 1016neq/cm2. As indicated in Section 1 the W80 pixel sensor269
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THIRD	PRODUCTION:		
EDGE	EFFICIENCY	AND	RADIATION	
HARDNESS	OF	THIN	PIXEL	
DETECTORS	
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PAE3	sensor	with	staggered	trenches	
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Active-edge	performance	before	irradiation	

130	µm	thick	sensor	with	staggered	trenches,	no	GRs,	~50	µm	last	pixel	to	last	edge	2	
fences	of	discontinued	edges	(such	sensors	do	not	require	a	support	wafer)	
The	efficiency	follows	the	edge	pattern	
The	efficiency	is	higher	than		50%	up	to	44	µm	from	the	last	pixel	
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Edge	efficiency	after	
irradiation	+	in	soft	
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Comparable	to	
unirradiated	
performance	
	
Efficiency	higher	
than	80%	up	to	25	
µm	from	last	pixel		
	

NIM	A	2018	–	in	press	

Active-edge	performance	after	irradiation	
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Pixel	edge	 Trench	

Eff.	@	plateau:	
Ø  99.5%	
Ø  97.4%	
Pointing	resolution	~	20	µm	

Uniform	irradiation	at	KIT	(23	MeV	p)	
Φ	=	2.7x1015	neq/cm2	

Module	measured	w/	4	GeV	electrons	



RD53A	compatible	sensors	
Different	solutions	
implemented	on	the	wafer;	
	
2	designs	with	bias	dot	
	
Temporary	metal	for		
50x50	µm2	and	25x100	µm2	
	
In	the	following	preliminary	
results	after	irradiation	of	this	
design	(50x50	µm2	&		
bias	dot)	
	
	
	
	
	
	
Results	in	preparation	also	for	
the	25x100	design	

100	µm	

25	µm
	

50	µm	

50	µm
	

50	µm	

50	µm
	

50	µm	

50	µm
	

Temp.	metal	
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Significant	efficiency	loss	
when	whole	matrix	is	
considered	
	
Restricting	analysis	to	the	
inner	part	of	the	cell	brings	
back	>	97%	hit	efficiency	

98.4%	@	500	V	

ITk	spec.	

PRELIMINARY	

Performance	of	irradiated	RD53A	
Irr.	at	CERN	IRRAD	@	<Φ>	=	5x1015	neq/cm2	

Fluence	map	being	reconstructed	
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Hit	efficiency	map	
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Hit	efficiency	map	
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ALL	PRODUCTIONS:		
COMPARISON	OF	BIASING	
STRUCTURES	
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Biasing	structures	

M.	Bomben	-	33rd	RD50	Workshop	-	28/11/2018	 23	

arXiv:1810.07279	

LPNHE 7 - Prod 1
Temporary Metal

W80 - Prod 2
Bias Dot

M1.4 - Prod 3
Temporary Metal

Un-irradiated

Fluence 
1 x 1016 neq/cm2

Fluence 
3 x 1015 neq/cm2

V = 40 V V = 40 VV = 50 V

V = 600 V

V = 600 V

V = 100 V

Temporary	metal	considered	for	ITk.	We	were	the	first	to	propose	it	for	planar	
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Conclusions	&	outlook	
•  Unprecedented	HL-LHC	radiation	fluences	demand	for	radiation	hard	

pixel	detectors	

•  Thin	n-on-p	planar	pixels	sensors	produced	at	FBK	by	LPNHE	proved	
to	meet	the	stringent	ATLAS	Inner	Tracker	specifications	after	HL-LHC	
like	fluences	

•  New	small	pitch	pixels	show	once	more	the	interest	of	using	
temporary	metal	as	biasing	solution,	assuring	large	and	uniform		
hit-efficiency,	after	irradiation	too	

•  Next	steps:	test	more	prototypes	and	improve	pixel	cell	design	
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APPENDIX A. CHARGE COLLECTION EFFICIENCY IN IRRADIATED SILICON
PADS

The charge collection efficiency, hence, is CCE =
Q
Q0

:

CCE =
Q
Q0

=
hde +dh

w

i
°

≥de

w

¥2≥
1°e

°
w
de

¥
°

≥dh

w

¥2≥
1°e

°
w
dh

¥
(A.11)

From Equation A.9 and A.10 it is also possible to get the contribution to CCE for elec-
trons and holes separately.

A.3 Predictions for Interesting Cases: Unirradiated vs Large
Fluences

A.3.1 Unirradiated Sensor

In the case of unirradiated sensors the fluence ¡ is zero, so the trapping time ø and the
collecting distance d are infinite. Working out the limits the CCE is found to be:
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(A.12)

To summarise: CCE(¡! 0) ª 1° w
6

≥ 1
de

+ 1
dh

¥
; for infinite collecting distances the CCE is

exactly one. It is interesting to notice that there’s a contribution 1/2 from electrons and
1/2 from holes to the CCE. Neglecting holes in case of no trapping for electrons the CCE
would be merely 1/2: all the holes would be trapped and screen on average half of the
total charge Q0.

A.3.2 Large Fluences

In the case of sensors irradiated to large fluences the collecting distance d is negligible
with respect to the sensor thickness w .
Working out the limits the CCE is found to be:

lim
¡!1

CCE ª

lim
de ,dh!0

nhde +dh

w

i
°

≥de

w

¥2
°

≥dh

w

¥2o

ª
hde +dh

w

i
(A.13)

To summarise: CCE(¡!1) ª
hde +dh

w

i
; for zero collecting distances the CCE is exactly

zero. The result in Equation A.13 means that in case of heavily irradiation the charge
can be effectively collected only within a distance from the electrode that is equal to the
collection distance d ; all the remaining w °d have a negligible contribution. As for the
unirradiated case, if holes are neglected the CCE would be only about 1/2 of what it should
be (in general the collection distances are different for electrons and holes).
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PADS

The trapping effect will be modeled through an exponential attenuation with time of
drifting carriers:

qe,h(t ) = qe,h(0)e
°

t
øe,h (A.4)

The trapping time øe,h is related to the fluence ¡ through:

(øe,h)°1 = Øe,h¡ (A.5)

Øe,h are the trapping constants.
The event of trapping and de-trapping within the current integration time will be ne-

glected.
The passage of a MIP through the entire sensor thickness will be considered. The rate

of charge created per unit length is Q(ª 80e
µm

). The total charge released in the silicon bulk

by the MIP is Q0 = Q w

A.2 From Instantaneous Current to Charge on Electrodes

Under the assumptions made in Section A.1.2 the instantaneous current i (t ) from elec-
trons and holes is simply equal to:

ie,h(t ) = e
v (sat )

e,h

w
e
°

t
øe,h (A.6)

To get the charge on electrodes the Equation A.6 has to be integrated over the collec-
tion time tcol l and over all the possible initial z position of the carriers. Given that the drift
velocities are constant the collection times are equal to:

tcol le,h =
(z, w ° z)

v (sat )
e,h

(A.7)

The charge appearing on the electrode due to electrons is Qe :

Qe =
Zw

0
dz

Z z

v (sat )
e

0
dtQ

v (sat )
e

w
e
°

t
øe (A.8)

Integrating Equation A.8, and introducing the collecting distance de = v (sat )
e øe =

v (sat )
e

Øe,h¡
,

the charge Qe due to electrons is found to be:

Qe = Q0
de

w

h
1° de

w

≥
1°e

°
w
de

¥i
(A.9)

Similarly, the charge appearing on the electrode due to holes is Qh :

Qh = Q0
dh

w

h
1° dh

w

≥
1°e

°
w
dh

¥i
(A.10)
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(Brutal)	approximations:	
-  saturated	velocities	
-  1D	Ramo	potential	
-  (From	TCAD)	same	saturation	
velocity	for	electrons	and	holes	

Full	derivation	also	here:		
M.	Bomben	-	2018	
https://tel.archives-ouvertes.fr/tel-01824535	

Same	for	holes	


