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High particle rates at LHC
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Cluster charge for dut_0
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Strongly reduced cluster charge after HL-LHC
fluences can be simulated with Allpix? by
including trapping of charge carriers
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Radiation damage
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Effects from defects in silicon sensor
bulk:

e Leakage currentincrease
= more noise
=+ more heat and power consumption
e Change in space charge distribution:
=+ decreased active region
= higher operational voltage
e Trapping of charge carriers:
=+ decreased efficiency
=+ decreased spatial resolution

Not considered here: ionizing energy loss resulting in surface damage 4
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e Simulates full chain including stochastic effects, fluctuations,
secondaries
e Simplifications: no self-interaction, static electric field
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Allpix? simulation with bulk radiation dama’é
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Implementation trapping of charge carriers here 6


https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
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Allpix? charge propagation

GenericPropagation module for charge transport:

Mobility from electric (and magnetic if applicable)
field with Jacoboni, Canali et al.

Calculate the mobility, drift velocity using local
electric field at each step

Make a step and add diffusion offset from a
Gaussian distribution

Make N steps: O(N) computation time

Steps for groups of charge carriers

Default number of carriers per group: 10

Default propagated charge: electrons

Image from Paul Schiitze

e

e

Generic
propagation


https://doi.org/10.1016/0038-1101(77)90054-5
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Implementation of trapping

Image from Paul Schiitze

Charge
Propagate only part of the charges in a group according to Transport

Q(t) = Q(t = 0) exp[-t/T ]

8
tis the timestep
T = effective trapping time by Kramberger et al: 7/_l/\_/

— ﬁe,h @eq Effectl\{e trapping time is b
T a function of fluence
Cffe,h

= (6.140.3) x 107 em?/ns. f, = (4.24+0.3) x 10'° cm?/ns

Default trapping parameters from Kramberger et. al. used in A11pix?.
Note this linearity does not necessarily hold above fluences CDeq = 2x10"/cm?



https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
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Trapping in Allpix?

Implemented a trapping model into

T is the effective trapping time

Code: https://qgitlab.cern.ch/ijsonneve/allpix-squared

Merge request:

https://qitlab.cern.ch/allpix-squared/allpix-squared/-/merge
requests/526

the GenericPropagation module

Used an empirical trapping model by Kramberger Q(t) = Q(t = O) exp[-t/T ]
Q: propagated charge; t is the time step

To activate the charge carrier trapping, the parameters can be specified in the

GenericPropagation section in the configuration file:

[GenericPropagation]
EE "dut 0", "dut 1"
charae per step 10

charge carrier trapping

constant trapping time true
temperature dependent trappin
neutron equivalent fluence
4.2e-16
6.1le-16

Code merged

with latest

allpix-squared

beta e =
beta h =

commits

true

g false

>el5 Trapping

parameters



https://gitlab.cern.ch/jsonneve/allpix-squared
https://gitlab.cern.ch/jsonneve/allpix-squared
https://gitlab.cern.ch/jsonneve/allpix-squared
https://gitlab.cern.ch/jsonneve/allpix-squared
https://gitlab.cern.ch/jsonneve/allpix-squared
https://gitlab.cern.ch/allpix-squared/allpix-squared/-/merge_requests/526
https://gitlab.cern.ch/allpix-squared/allpix-squared/-/merge_requests/526

Example of trapp

Cluster charge for dut_0
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Code: https://qgitlab.cern.ch/jsonneve/allpix-squared

Merge request:
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Example of trapping in Allpix Squared:
https://qgitlab.cern.ch/jsonneve/allpix-squa

Jory Sonneveld

red/-/tree/master/examples/trapping

& Collapse sidebar

ampl ¥ | | @ search 45

trapping

nmeme e o

@ Allpix Squared

master allpix-squared / examples / trapping Lock | History || Find file

I+~

©

. renamed file 6a5c6d3f | G
Jory Sonneveld authored 17 hours ago

Name Last commit Last update
#+ README.md renamed file 17 hours ago
 dut.conf files and symlinks for running the example 2 months ago

% eudet_rd53a_trapping_5e15.co... updated example: fewer events, unused p.. 17 hours ago

B README.md

< Radiation damage in RD53A modules with the EUDET RD53a example

Work in progress This example is similar to the EUDET-RD53a example, with trapping applied to the RD53a devices under test. After
radiation damage to the bulk of a silicon sensor, charge carriers can get trapped and no longer propagate in a sensor, so that they no
longer contribute to charge integration. In this example, a neutron equivalent fluence of &., = 1-10'® / cm? and constant trapping
parameters are assumed.

The goal of this setup is to simulate the performance of sensors after radiation damage with a simple model of charge carrier trapping.
The user can alter the trapping parameters, fluence, and choose to use trapping dependent on temperature and/or the electric field
using the configuration parameters of the GenericPropagation module. See the documentation for this module for more details.

In this example, a linear electric field is applied; however, external electric fields can also be applied by changing the configuration of
the ElectricFieldReader module.

10
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Test of trapping: simulation of RD53 modules for 1Tk
, / 74BR

Cluster charge for dut_0
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Cluster size as function of in-pixel impact position for dut_0
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Landau fit on DUT cluster charge

Cluster charge for dut_0
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Cluster charge MPV vs fluence with trapping in Allpix?

Each point
from
100000
events
simulated
in Allpix
Squared

Most probable value / [ke 7]

10+

Cluster

charge prediction from Allpix? with trapping

Effective trapping time by Kramberger et al

fit: 15.7e70:46%q
for RD53A 100 um, 25x100um2, 25x100
fit: 15.7e70:46%=
1 . ﬁ @ " for RD53A 100 um, 50x50um?, 50x50
Teff e,h *eq | Landau MPV from fit
eh for RD53A 100 um, 25x100pm2, 25x100

Landau MPV from fit
P for RD53A 100 um, 50x50um?, 50x50

Q(t) = Q(t = 0) exp[-t/T ]

0

2

4 6 8 10
Fluence ®eq /[10%°]
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https://doi.org/10.1016/S0168-9002(01)01653-9
https://doi.org/10.1016/S0168-9002(01)01263-3

Allpix? charge propagation

e

Projection
propagation

e

e Compute drift and
diffusion time

e Put charge on sensor

surface with offset from
Gaussian.

Image from Paul Schiitze

Ideally use tran
propagation, too:

contribute here!

Transient

O(N) propagation € 0(2xNxM)

Used Generic

How propagation

o

e Mobility from E and B
fields with Jacobi/Canali

e Make N steps with each e In addition, get induced
the drift velocity and charge from weighting

diffusion offset. potential from M
neighbors 15



https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://doi.org/10.1016/0038-1101(77)90054-5
https://doi.org/10.1088/1748-0221/14/06/P06012
https://doi.org/10.1088/1748-0221/14/06/P06012
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf

Methods of trapping charges: with a or time

Now used an empirical trapping model by Kramberger Q(t) = Q(t = 0) exp[-t/T ]

Trapping ideally in module
that can be used in all
propagation types

In generic
propagation

Work in progress:

Draw trapping time ttrap randomly from

e exp(-ttrap-BcDeq) and add to propagation time

e Once propagation time is larger than
integration time, do not continue propagation

e Detrapping with certain probability at each time
step

A charge group is either propagated or trapped
depending on the trapping time.

-
A charge group can also be detrapped.

A number of charges reduced by a trapping factor
that is a multiple of those computed at each mage from Eaul

timestep is left over in the end. 16


https://doi.org/10.1016/S0168-9002(01)01263-3
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf

Possible trapping model extensions

(T ® ) [10™° cm?ns]

The following are not yet tested or implemented: o
e Temperature dependent trapping From Kramberger et al o © L ;,:”;j:' SR e
“ 1e
NP PRI SYCo R SYCOI () R
e Electric field dependent trapping ;‘ e " ++
s +plon e = 2 05
T(E)=1+7-FE Thesis by Thomas Péhlsen N e -

e Error bars from errors on parameters: errors are not implemented / accounted
forinAllpix Squared
e Variable or parametrized irapping constanis

17


http://dx.doi.org/10.1088/1748-0221/11/04/P04023
https://doi.org/10.1016/S0168-9002(01)01263-3
https://doi.org/10.1016/S0168-9002(01)01263-3
http://www-library.desy.de/preparch/desy/thesis/desy-thesis-10-013.pdf
https://doi.org/10.1016/S0168-9002(01)01263-3
https://doi.org/10.1016/S0168-9002(01)01263-3
https://doi.org/10.1016/S0168-9002(01)01263-3

Cluster charge prediction from Allpix? with trapping

. fit: 15.7e70-46%
10 " for RD53A 100 um, 25x100um?, 25x100
fit: 15.7e70-46%

" for RD53A 100 pm, 50x50um?, 50x50

8 Landau MPV from fit

t for RD53A 100 um, 25x100um?, 25x100
Landau MPV from fit

6 t for RD53A 100 um, 50x50um?, 50x50

Summary

Most probable value / [ke ™ ]

Trapping of charges after radiation damage: ,

e Now implementedin Allpix Squared:
still work in progress!

e Cluster charge reproduces exponential behavior

e Documentation in README for GenericPropagation

e Unittest: 09-trapping Sapharga ot i 1

e = will be moved to a separate module i

1000 area 6.6786+04

: smear 0.3313
Next:

600

® = investigate influence of electric field and weighting field N
o

e = investigate time-dependent trapping TR 8



http://dx.doi.org/10.1088/1748-0221/14/06/P06012

Additional material
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https://doi.org/10.1016/j.nima.2020.164396
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://indico.cern.ch/event/669866/contributions/3234997/attachments/1767999/2871473/Pixel2018dmurray.pdf
https://cds.cern.ch/record/2285585/files/ATLAS-TDR-030.pdf
https://cds.cern.ch/record/2272264/files/CMS-TDR-014.pdf

Method of propagation: generic propagation

Propagation:
e Groups of 10 (default) charges propagated 1
step in one timestep: this case, electrons
e Take into account mobility and drift velocity
from local electric field and diffusion
e Stop when drift time > integration time: by
default LHC bunch crossing 25 ns

e Mobility from E and B
fields with Jacobi/Canali

e Make N steps with each

From Paul Schitze the drift velocity and

Generic . diffusion offset.
propagation
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https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://indico.cern.ch/event/984049/contributions/4146598/attachments/2163621/3651169/AllpixSquared.pdf
https://doi.org/10.1016/0038-1101(77)90054-5

Setup of testbeam environment in Allpix?

Reem Taibah -
JRJC 2019

5 GeV e at DESY test beam with EUDET telescope:
Implemented in Allpix? by Reem Taibah:

o 6 Mimosa26 planes Telescope in Allpix?
o 2 RD53A DUTs RD53A 25x100 and RD53A 50x50

o 1IBL planar reference
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https://gitlab.cern.ch/allpix-squared/allpix-squared/-/tree/master/examples/eudet_rd53a
https://gitlab.cern.ch/allpix-squared/allpix-squared/-/blob/master/models/rd53a_25.conf
https://gitlab.cern.ch/allpix-squared/allpix-squared/-/blob/master/models/rd53a_50.conf

RD53A sensor

% cat model/rd53a 50 100.conf
type = "hybrid"

number of pixels = 400 192
pixel size = 50um 50um

sensor_ thickness = 100um

sensor excess _direction = 0.0mm 0.0mm O0.6um 0.6um
bump sphere radius = 9.0um

bump cylinder radius = 7.0um

bump height = 20.0um

bump offset = 0.0um 0.Oum

chip thickness = 100um

[support]
thickness = 100um
size = 53mm 94mm
offset = 0 -28.2mm
location = "sensor"
material = "kapton"
Adapted from RD53A 50x50 in Allpix? by Reem Taibah 24



https://gitlab.cern.ch/allpix-squared/allpix-squared/-/blob/master/models/rd53a_50.conf

Electric field and propagation

[ElectricFieldReader]

name = "dut 0", "dut 1", "Reference"
model = "linear"

bias voltage = -600V

depletion voltage = -400V

[ElectricFieldReader]
type = "mimosaz26"
model = "linear"

bias voltage = -4V
depletion depth = 15um

[GenericPropagation]
name = "Reference"
temperature = 293K
charge per step = 10

[GenericPropagation]

name = "dut 0", "dut 1"

charge per step = 10

charge carrier trapping = true

constant trapping time = true
temperature dependent trapping = false

neutron_equivalent_fluence = 5el5 EUDET telescope in Allpix? by Reem Taibah 25
e



https://gitlab.cern.ch/allpix-squared/allpix-squared/-/tree/master/examples/eudet_rd53a

