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2ATLAS Pixel Detector

4 pixel layers

Outer three layers

Innermost layer

50 x 400 x 250 µm3 

50 x 250 x 200 µm3 

FEI3 readout 
chip (8 bit ToT)

FEI4 readout 
chip (4 bit ToT)

3.3 cm from interaction point; includes 3D sensors at high |z|.
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Pixel Radiation Damage 6
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Part I: Monitoring 
Radiation Damage Effects

1.1.1 LHC machine backgrounds and radiation environment during LHC Phase I

The design requirements for IBL have assumed an integrated luminosity of 550 fb�1 and a peak lu-
minosity of 3⇥1034 cm�2s�1 to evaluate the readout parameters. Recent LHC plans have reduced
the expectations, but different evolution scenarios could happen in the years to come; keeping a
larger safety factor has been considered appropriate. Furthermore, some developments for the IBL
are considered to be used for the Pixel system at HL-LHC. The design specifications for IBL apply
to that phase for a minimum radius of about 8 cm for the full life of the machine or for shorter time
at a smaller radius (replaceable B-layer).

The requirements of radiation dose for the IBL have been studied simulating the fluences at
IBL position from operation of LHC. In an older simulation made for Radiation Task Force [5],
ID fluences for LHC operation were obtained using FLUKA for 2 cm radial binning. This is too
coarse for B-layer studies so the simulations were repeated for 2 mm radial binning with an updated
Pixel layout. In the simulations only a simple silicon cylindrical representation of the IBL has been
implemented. This should still produce a reasonable estimate of IBL fluences and doses, though in
longer term a more detailed geometry implementation, including services, should be considered.

Radiation background close to the interaction point is dominated by particles from pp col-
lisions. Beyond a radius of 10 cm or so, albedo neutrons back-splashing from the calorimeters
become important. Figure 2 shows simulation results obtained using the PHOJET pp event gener-
ator and FLUKA 2008 particle transport code.

Figure 2 (b) includes a simple parameterisation of the data for the case z = 0, obtained from a
fit to the data for 2 cm < r < 20 cm. The small z dependence suggests the z = 0 parameterization
is useful for providing fluence estimates over the full Pixel region. The fluences are normalised to
550 fb�1. For the case of r = 3.1 cm (minimum radius of the IBL sensors), the 1 MeV neutron
fluence is estimated to be 3.3⇥1015 neq/cm2.

The average dose in a 500 µm thick silicon cylinder of inner radius 3.2 cm from the beam line

(a) (b)

Figure 2. (a) 1 MeV neutron equivalent silicon damage fluences normalised to an integrated luminosity of
550 fb�1 and (b) corresponding 1 MeV neutron fluences versus radius r from beamline, for the cases of z = 0
and z = 70 cm.
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8Leakage Current

PIX-2016-006

Crystal defects are energy levels in the band gap
→ More defects = more thermal charges = leakage current

Ileakage / �(= fluence)

Lo
w

er
 |z

| →

annealing

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2016-006/
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9Depletion Voltage and Leakage Current

]-1Run 2 Integrated Luminosity [fb
10 20 30 40

C
 [%

]
o

Le
ak

ag
e 

cu
rre

nt
 ra

tio
 a

t 2
0

100

110

120

130

140

150

160

170

180
]-2 particles cm13 fluence at z=0 [10eqIBL 1 MeV n

5 10 15 20 25

M1 (z=4 cm),   172.2(0.5)% of M4, 100.0(0.0)% of M1

M2 (z=12 cm), 148.8(0.4)% of M4,   86.4(0.1)% of M1

M3 (z=20 cm), 137.1(0.4)% of M4,   79.6(0.1)% of M1

Planar bias changed from 80 V to 150 V

DCS sample rate changed

Co15 SetC = To5

ATLAS Pixel Preliminary2016

PIX-2016-006M
IP

undepleted region

Leakage current proportional to fluence; 
proportionally constant is independent of |z|. 

→ leakage current ratios tell us about the depleted volume
(normalized to 3D sensors that are always depleted here) 

80 V 150 V Lo
w

er
 |z

| →

N
or

m
al

iz
ed

Le
ak

ag
e 

C
ur

re
nt

 [%
]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2016-006/


10

CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

10Charge Collection Efficiency
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Part II: Modeling 
Radiation Damage Effects

Radiation damage is already producing measurable effects; 
this will only continue to be more important.

→ Need to include radiation damage in our simulation!

This is currently not done by default for the 
current or HL-LHC ATLAS simulations !
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13ATLAS Pixel Digitization Simulation
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14Modeling Electric Field Deformations DRAFTStructure	

M.	Bomben,	TCAD	simula*ons	of	planar	FEI4	pixels,	Rad	Damage	Digi*zer	Mee*ng,	8/12/2016	

Figure 4: A schematic setup of the geometry for the planar TCAD simulation.

Electric field maps

Gilberto Giugliarrelli (UNIUD and INFN) PixelRadDamage 3D Sensor Digitizer February 6, 2017 4 / 21

Electric field maps are obtained
(TCAD, Synopsys) at various
fluences.
Vbias values ensure full depletion

Bulk radiation damages were modeled through Perugia model
(Moscatelli et al., IEEE Trans. Nucl, Sci., vol. 63, no. 5, 2716-2723, 2016)

Von Neumann boundary conditions

allows to make E–field calculations in a

reduced box.

E-field does not show appreciable z-dependence
� charge drift is in x-y plane!

E-field map for the
unirradiated case

by Veronica

Figure 5: A schematic setup of the geometry for the 3D TCAD simulation.

While the Chiochia (planar) and Perugia (3D) models are used as default, there are additional radiation212

damage models (EVL [30], Petasecca [36], New Delhi [37], etc.), some of which are investigated in213

Sec. 3.3.5. The TCAD simulations for planar and 3D sensors are valid for silicon that has been instantan-214

eously irradiated to a given fluence�. In reality, the irradiation and thermal history play an important role215

in the e�ective doping concentration, which influences the calculated electric field profile. These e�ects216

are accounted for with a model of annealing, as described in the next section.217
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Use TCAD to calculate the E-field

2-trap (Chiochia model) for planar and 
3-trap (Perugia model) for 3D 

traps are O(kBT) from the 
intrinsic energy level

additional parameters: e/h 
capture cross sections and 

introduction rates
references in backup
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Electric Field: Field Profiles 15

m]µPixel Depth in Z [
0 50 100 150 200

 [M
V/

m
m

]
〉 z

 E〈

0

0.0002

0.0004

0.0006

0.0008

0.001

Unirradiated
2/cmeq1e14 n
2/cmeq2e14 n
2/cmeq5e14 n

TCAD w/ Rad Damage (NIMA 568 (2006) 51-55)

| = 0ηIBL, 80V, | before 
space-

charge sign 
(“type”) 

inversion

characteristic 
double-peak

pixel implant backside

IBL planar modules



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

Time-to-electrode 16
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The Lorentz angle also changes with depth because 
of the non-uniform field:   tantL proptoEtan(✓L) / µ(E)E

Lorentz Angle IBL planar modules
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DRAFT

the Ramo potential of the collecting electrode is 1 and that of the backplane or p

+ electrode is zero:390

Q

e

induced + Q

h

induced = �Q[�(~xeend) � �(~xhend)] = �Q[1 � 0] = �Q. This is what is meant by charge being391

‘collected’.392

In
du

ce
d 

ch
ar

ge

0

5

10

15

20

25

30

35
6−10×

=6e15neq/cm2, Vbias=-190V)φTrapped charges (

x position
5 10 15 20 25 30 35 40 45 50

y 
po

si
tio

n

20

40

60

80

100

120

=6e15neq/cm2, Vbias=-190V)φTrapped charges (

Induced signal from trapped charges

Veronica Wallangen 11/17/16 8/9

“Tracking” charges in one hit pixel as  processed  by 3D code
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Figure 16: An illustration of charge trapping and the Ramo potential in one-fourth of a 3D sensor. Three initial
electrons are ionized in the top left corner of the plot. Under the influence of the electric field, they drift toward the
n

+ electrode in the center. As they drift, there is a chance that they get trapped. Markers indicate the location of
trapped charges and the color shows the charged induced on the n

+ electrode. The process is repeated many times,
with di�usion.

The Ramo potential is calculated using TCAD to solve the Poisson’s equation. For planar sensors, most393

of the variation in the Ramo potential is in the z direction, but one must include the x and y dependence394

in order to account for charge induced on the neighboring pixels. The left plot of Fig. 17 shows a slice395

of the three-dimensional Ramo potential at x = 0. Vertical lines indicate the position of the pixels: the396

potential can be as much as 20-30% in the nearest neighboring pixel. The right plot of Fig. 17 shows397

a one-dimensional projection of the Ramo potential along the z axis. Due to the simple geometry of a398

planar sensor, the full TCAD simulation is well-approximated by a series expansion that solves Poisson’s399

equation with periodic boundary conditions. The expansion matches the full three-dimensional potential400

well and is shown in the right plot of Fig. 17 for illustration. In the digitizer code, if the user does401

not supply a Ramo potential calculated with TCAD, this series expansion is substituted instead so that402

geometries for which a TCAD model has not yet been created can be studied. The z-dependence of the403

planar Ramo potential alone is also very well approximated by a double exponential of the form404

�
z

(z) = [e�z/↵L + e

�z/L � e

�↵ � e

�1]/(2 � e

�↵ � e

�1), (21)

where L = 200 µm and the denominator is chosen to make �
z

(0) = 1. Good agreement is found for405

↵ ⇠ 3L/p, where p is the sensor pitch in the short direction (see Fig. 17). Note that �
z

(z) does not solve406

Poisson’s equation, but is still useful for quick (and analytic) estimates of radiation damage (see Sec. 4).407

The implementation of the Ramo potential and charge trapping are illustrated in Fig. 18 for planar sensors.408

On the electrode from the same pixel as the electrons and holes, the induced charge equals the electron409

charge as the time to be trapped exceeds the time to drift toward the electrode. The average collected charge410

is an asymmetric function of the depth inside the sensor because the drift and trapping times are di�erent411
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Figure 15: Left: The depth dependence of the Lorentz angle for electrons and holes for four fluences in an ATLAS
IBL planar sensor biased at 80 V. Right: The integrated Lorentz angle for electrons (see Eq. 19) 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.

random trapping time t that is exponentially distributed with mean value 1/(⇥), where ⇥ is the fluence.368

The constant  (sometimes called � in the literature) has been measured at the 2001 CERN test beam369

and is approximately  = 3 ⇥ 10�16 cm2/ns [43]. Charge trapping reduces the collected signal and thus370

degrades track reconstruction e�ciency.371

3.7. Ramo Potential and the Induced Charge372

Even though radiation damage causes charges to be trapped, the measured signal need not be zero. This373

is because charge is registered as soon as the electrons or holes start to move. One can compute the374

total induced charge without modeling the detailed time-dependent current via the the Ramo potential375

from the Shockley-Ramo theorem [44, 45]. This theorem states that the amount of induced charge is the376

particle charge multiplied by the di�erence in the Ramo potential � from its starting and ending (trapped)377

location:378

Qinduced = �Q[�(~xend) � �(~xstart)], (20)

where Q is the charge of the drifting carrier. The Ramo potential for a particular electrode is computed379

by calculating the electrostatic potential with the boundary condition of the electrode held at unit voltage380

and setting all other electrodes to have zero potential. For example, for a an infinite parallel plate381

capacitor, the field is constant in between the plates, so the Ramo potential is linear (starting at 1 and382

decreasing to zero). This potential depends only on geometry and therefore can be computed once383

prior to any event simulation. Figure 16 schematically demonstrates the combination of charge trapping384

and the Ramo potential by re-simulating three initial electrons many times, including di�usion. As385

the electrons drift toward the electrode under the influence of the electric field, there is a chance that386

they are trapped. If the electrons do not move very far, the induced charge is small compared to the387

charged induced if they travel nearly the entire distance to the electrode. Note that the charge of one388

electron is only induced if both the electron and hole in one pair travel their full drift distance. Since389
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Figure 17: Left: A two-dimensional slice of the full three-dimensional ATLAS planar sensor Ramo potential as
computed with TCAD at x = 0. Dashed vertical lines indicate pixel boundaries. Right: A one-dimensional slice of
the Ramo potential at x = y = 0. Overlaid on top of the TCAD simulation are a series expansion solution of the
Poisson’s equation as well as double-exponential defined by Eq. 21.

for electrons and holes and the Ramo potential is very asymmetric: the average fraction is lower far away412

from the collecting electrode. In addition to inducing a charge on the electrode from the same pixel as413

the electron-hole pair generation, charge is induced in the neighboring pixels. This is demonstrated in the414

middle and right plots of Fig. 18. In the limit the induced charge is the electron charge in the same pixel415

as the electron-hole pair, the induced charge in the neighbors approaches zero. For some combinations416

of starting location and time to trap, the induced charge can even be negative. This happens when holes417

are trapped very close to the pixel implants. Even though the Ramo potential map extends beyond one418

neighbor pixel, in practice the nearest neighbor pixels are considered in the simulation. The right plot of419

Fig. 18 indicates that this is good approximation.420
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Figure 18: The average charged collected as a function of the starting location and the time to be trapped for the
same pixel as the electron-hole pair generation (left), the neighbor pixel in the short (50 µm) pitch direction (middle)
and the pixel in the long pitch direction (250 µm) (right). For simplicity, the electric field field is simulated without
radiation damage and the vertical axis is a hypothetical trapping time.
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Conclusions and Future Outlook

We have developed pixel 
digitization model with 

radiation damage effects.

Tracking performance 
seems insensitive to the 

present fluence levels, but 
degradation is inevitable

We are now prepared to 
model the degradation for 

Run 2+3 and for the HL-LHC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2016-019/


The LHC-LHC is 
on the horizon .. 
are you ready?
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26Slide Change After Presentation

p10 was slightly modified to reflect the fact 
that the HV was changed in the IBL and not 
the b-layer towards the end of the run.  The 
b-layer was fully depleted during all of 2016.
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27Depletion Voltage - Predictions
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• fitted	model	predictions	(dashed	line)	and	

measurements	(blue	lines)

• decrease	of	depletion	voltage	before	type	

inversion

• strong	increase	of	depletion	voltage	during	

run	in	2016
• due	to	excellent	performance	of	LHC

• earliest	point	not	reproducible	with	
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Electric Field: Field Profiles 28
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Figure 8: The electric field magnitude in the z direction, averaged over x and y for a the ATLAS IBL sensor biased
at 80 V and at various fluences.

Figure 9: The magnitude of the electric field as a function of local x and y in an ATLAS IBL 3D sensor for an
unirradiated sensor (top) and for a fluence of 5 ⇥ 1014

neq/cm2 (bottom).

Petasecca was also briefly investigated. While the model itself is supported by testbeam data [36], it is302

found to disagree qualitatively on the fluence for type-inversion with the Chiochia model and does not303

display a two-peaked electric field profile after irradiation. Therefore, this alternative model was not304

studied in further detail.305

Next, Chiochia model parameters are varied. The summary of the parameters variations is presented in306

Table 3.307

Figures 10 and 11 show the electric field for variations in respectively the acceptor and donor trap308

15th May 2017 – 18:15 14

no double peak, but field is weaker 


