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Modeling Radiation Damage to Pixel 
Sensors in the ATLAS Detector
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Benjamin Nachman
on behalf of the ATLAS Collaboration

LHC-experiment radiation damage workshop

Lawrence Berkeley National Laboratory

(31 RD50 Meeting)

https://indico.cern.ch/event/663851/timetable/#20171120.detailed
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Logo: Large

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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Logo: Large

Pixel Radiation Damage 3

not to scale
PID

electrode

depletion 
region

e-

h+
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IP

Readout chip

bump 
bond

innermost layer (IBL): 
3.3 cm from the interaction point 

20
0 

(IB
L)

, 2
50

 µ
m

pitch: 
50 x [250 (IBL), 400] µm2

Focus on planar; 3D in backup
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Logo: Large

Pixel Radiation Damage 4

not to scale
PID

electrode

depletion 
region

e-

h+
M

IP

Readout chip

bump 
bond

20
0-

25
0 
µm

E-field 
deformation

charge 
trapping

→ Defects    in the crystal!→ Defects    in the crystal!

innermost layer (IBL): 
3.3 cm from the interaction point 

pitch: 50 x (200 - 400) µm2
Focus on planar; 3D in backup
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150 V

Pixel radiation 
damage already 

measurable in Run 2!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2017-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2017-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2016-006/
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Pixel radiation 
damage already 

measurable in Run 2!

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 !

See N. Dann’s talk for details

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2017-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/IDTR-2017-002/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/PIX-2016-006/
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7ATLAS Pixel Digitization Simulation
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11Fluence

Lumi-to-fluence from 
Pythia + FLUKA

Validate with leakage 
current + Hamburg model
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See P. Miagaya’s talk for details
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13Electric Field
Chiochia Model, NIMA 568 (2006) 51
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To save time, we pre-compute (‘maps’) all 
the quantities derived from the E-field.

tan(✓L) / µ(E)E

pixel 
implant backside

Electrons are deflected 
more than holes

Electrons move 
faster than holes

high fluence
Small field = long 

time at high fluence
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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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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

15th May 2017 – 18:15 20
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20Systematic Uncertainties
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ATLAS Pixel Internal The existing rad damage 
models only have central 

values in the effective traps

We vary the model 
parameters by 10%* to 
assess the sensitivity

In the future, we will try to 
profile these uncertainties 

with collision data

Would also be great to 
provide fit uncertainties from 

TB data for new models!

*the occupation 
probability is 

exponentially sensitive 
to the energy

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

4−

3−

2−

1−

0

1

2

3

4
1210×]

-3
 [c

m
ef

f
IB

L 
N

 Pixel PreliminaryATLAS

 with Hamburg ModeleffN

Fluence

0

1

2

3 ]2
/c

m
eq

 1
 M

eV
 n

14
IB

L 
Fl

ue
nc

e 
[1

0

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

4−

3−

2−

1−

0

1

2

3

4
1210×]

-3
 [c

m
ef

f
IB

L 
N

 Pixel PreliminaryATLAS

 with Hamburg ModeleffN

Fluence

0

1

2

3 ]2
/c

m
eq

 1
 M

eV
 n

14
IB

L 
Fl

ue
nc

e 
[1

0



21

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

21Model Prediction and Comparison with Data
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22Model Prediction and Comparison with Data
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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 HL-LHC is 
on the horizon .. 
are you ready?
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26TCAD setup

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

Structure	

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

3D sensors  
Perugia 3 trap 

model

planar sensors 
Chiochia 2 trap 

model

Marco Bomben et al., Planar 
TCAD Simulation Details

Gilberto Giugliarelli et al., 3D TCAD Simulation Details

https://indico.in2p3.fr/event/9786/contribution/4/material/slides/0.pdf
https://indico.cern.ch/event/587631/contributions/2467354/
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27Radiation Damage Model Variations
Each trap comes with 4 parameters: capture cross-section for 

electrons/holes, the introduction rate, and the energy level. 
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28Radiation Damage Model Variations
Each trap comes with 4 parameters: capture cross-section for 

electrons/holes, the introduction rate, and the energy level. 
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We apply corrections and uncertainties to our data in 
the CCE plot on p21 based on the observed drift.
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303D E-field
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Figure 20

Previous version: Updated version:
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Figure 23

Previous version: Updated version:
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