allp'xsquared

cern.ch/allpix-squared




Allpix Squared

Generic Pixel Detector Simulation Framework

Simon Spannagel
31st RD50 Workshop
21/11/2017



CE/RW

Outline b=
* Why?
* The Framework * Data Storage
* Configuration * Reconstruction
* Detector Models * Comparison w/ Data
* Experimental Setup * Monte Carlo Truth
* Modules
* Electric Fields * Documentation
* Charge Deposition * Continuous Integration
* Charge Propagation

* Summary & Outlook
* Digitization

Simon Spannagel - Allpix Squared 21/11/17 ‘



Why? )\

* We wanted a simulation software, that was flexible and

...allowed us to test diff. charge deposition propagation models

A

...wouldn’t require huge efforts to support new detectors

...would facilitate usage of precise electric fields

* Many existing frameworks which cover parts of this

* Developed new software within CLICdp collaboration
* Understand prototypes, optimize designs for future sensors
* Simulate SOI, capacitively coupled HV-CMOS, ...
* Decided to start from scratch, based on established ideas:
* AllPix - Geant4 for deposition, parametrized detector models

* PixelAV - Charge propagation with Runge-Kutta-Fehlberg
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The Allpix Squared Framework 2

e Written in modern C++

/ \ A Charge Deposition )
Allpix Squared Core

* Provide central components T A
Module Instantiation Logic
* Convenient user interface Unique modules [ Propagation
Modules executed per detector > Drift-diffusion model u—?f
* Logging, configuration Sabsbiididoninit) | ¢
Detector Geometry e g
° G eomet ry/t ran SfO 'm atl ons Generated from configuration €>| pssign charges to %
Coordinate Transformations | s el ChiP) g
* Implement physicsin PR g
. Configuration Parsing Digitisation
independent modules €| Noise, threshold,
User Interface / Logging r e b it
° Plug & play Conce pt é Simulation Output B
Parallelization PAN

* |0 using ROOT TTrees \& —) | nistory amS nin | ¥

* Loading lib, parallelization...
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[AL1Pix]
log level = "INFO"
number of events = 500000

detectors file = "telescope.conf"

[GeometryBuilderGeant4]
world material = "air"

[DepositionGeant4]

physics list = FTFP_BERT LIV
particle type = "Pi+"
number of particles =1

beam energy = 120GeV

[ElectricFieldReader]
model="1linear"

bias voltage=150V
depletion voltage=50V

[GenericPropagation]
temperature = 293K
charge per step = 10

spatial precision = 0.0025um
timestep max = 0.5ns

[SimpleTransfer]
[DefaultDigitizer]
adc_resolution = 4

adc slope = 1000

[DetectorHistogrammer]
name = "telescopel"

file name = "telescopel histograms.root"

[ROOTObjectWriter]

file name = "simulation data.root"
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Configuration <))
* Framework configured by one file

e All desired modules listed in order of
execution

* Key-value pairs in TOML-style
* Human readable
* Nooverhead (as e.g. XML has)

* Parsers for many languages
* Support for physical units

* Never wonder again, what units are
used - type them out!

e Automatic conversion to internal units
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https://github.com/toml-lang/toml

Detector Models e ®)

number of pixels = 256 256
pixel size = 55um 55um

* Different detector types available sensor_thickness = 300un

chip thickness = 700um

* Monolithic detectors

* Hybrid detectors w/ bump bonds [support]

thickness = 1.76mm

* Easy configuration through model files
* Giveitaname, decide on the type

* Set detector parameters

* Some model files already shipped with the
framework, at the moment:

ATLAS FE-I3, FE-14, CMS PSI46/dig, Medipix3,
Timepix3, CLICpix, CLICpix2, Mimosa23, Mimosa26
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Experimental Setup 2

[telescope0d]

Set of detectors in separate file type = "timepix’

position = Omm Omm 10mm
orientation = -15deg 12deg 8deg

.. . . [telescopel]
* Set position & orientation type = "timepix”
position = Omm Omm 150mm
* Possibility to overwrite model parameters orientation = 9deg 186deg Odeg
. alignment precision position = 50um 50um 1lmm
(sensor thickness...)

Using pre-defined detector models
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Modular Approach i

Geometry Electric Charge Charge Charge Digitization Monitoring Writing
Construction  Field Config. Deposition Propagation Transfer Output Data
ErTER @ M) r—\
( All detectors B ( Detector 1 ) ( All detectors B f Detector 1 ) Detector 1 Detector 1 Detector 1 All detectors
Construction of the P»1  Linear e-field > Charge deposition > Project charges P! Transfer charges > Digitisation > Monitoring P»1 Write simulation
l Geant4 geometry with Geant4 histograms results to file
J L J \ J L J \. J Nt R SR

* Modules are placed in linear order in the configuration file

* Select suitable deposition, propagation, ... modules

* Approach allows to quickly plug together simple
simulations (start from examples shipped in the repository)
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Modular Approach (I1)

Geometry
Construction

' All detectors I

Construction of the
Geant4 geometry

“»| Electric field from

Electric
Field Config

Detector 1

Linear e-field
M ——

Detector 2

Linear e-field
— e/

Detector 3

Charge
Deposition

Charge deposition
with Geant4

TCAD simulation
—

l All detectors l —>]

Charge

Propagation

T

Detector 1

Charge
Transfer

Detector 1

Project charges

Detector 2

Transfer charges
| S—

Detector 2

Project charges

P e

Detector 3

Transfer charge
 S—

Detector 3

“»| Drift-diffusion

simulation

Capacitive coup-

ling to RO chip

* ...aswell as more involved setups

NS
Digitization Monitoring Writing
Output Data
Detector 1
il
Digitisation
N——
D ———
Detector 2
> All detectors
Digitisation N7
N — 7”1 Write simulation
N results to file
Detector 3 Detector 3
> Digitisation with Monitoring =l |
threshold A histograms
—/
N
Detector 3 Detector 3
Digitisation with Monitoring Tl
threshold B histograms
N——

* E.g. have detailed simulation for device under test and
quicker, less detailed simulations for telescope planes

* Apply different settings in the same simulation run
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Electric Fields
* Electric fields defined by module, not by detector config.

Viem

E [
E

* Different options available

e Option 1: Linear electric field

* Good approximation for
thick, planar sensors

* Defined by setting
* Depletion voltage

* Bias voltage

21/11/17 ‘
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Electric Fields () &

* Option 2: Electric field from TCAD

* Detailed electrostatic simulation from TCAD

5000

* Allow drift along field lines

undepleted

e TCAD DF-ISE Mesh Converter

e Converter tool from TCAD

1000

E HRCMOS

* Reads DF-ISE format with adaptive mesh
* Converts 3D, 2D quantities via barycentric interpolation

* Qutputs regular mesh for fast lookup, plotting, ...
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Charge Deposition: Geant4 )

* Dependency on Geant4 only on module level
* Framework can be built without Geant4

* Geant4 interaction abstracted by module

* Define particle type (name or PDG code)

* Beam energy, position, direction, size
* # of particles / event

* Select physics list,
possibly enable PAI

* BeamOn called for every particle
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Charge Propagation 2

* Pick up deposited charge carriers, transport to implants
* Option 1: Projection

* Project charges on implant side, adding diffusion

* Only for linear fields, integrating

* Option 2: Drift-Diffusion model

€
E
N

* Drift along field lines using
4th order Runge-Kutta-
Fehlberg method

* Transient information available et
4.05 3. PR

y(mm) *

* Allows to create drift animation

e See website projection along il
particle trajectory il
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https://cern.ch/allpix-squared/page/screenshots/

Digitization
* Simulation of readout chip circuitry
* Different (optional) stages:

* Electronics noise

* Amplifier gain & gain smearing

* Threshold & smearing

* ADC resolution & smearing

* ADC calibration (currently: linear)

* Monitoring plots for each step produced
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pixel charge w/ el. noise

3
pixel charge [ke]

pixel charge above threshold

pixel charge [ke]

pixel charge after ADC
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Data Storage 7

E3R0OT Fies
* Different output writers available: o
* LCIO (EUTelescope), RCE (Proteus) [E“m
----- ([ EkcincFiedReaderdetector?;
* Native format: ROOT files with all objects §
* Also contains detectors & sim. parameters DQE,:
e Full framework configuration can be E:

reconstructed from single datafile @ Ponctoncs roe:

----- D gain_smearng;1

* ROOTObject reader replays datafromfile o

""" D output; 1

----- D-:n.nn.n_nms:'
----- D-:um.ﬂ_nlms_:ulns:'

* Simulate deposition & propagationonce | I

----- Dmresh-:uld:'

----- D threshold_smeanng; 1

* Read data fromfile and quickly repeat final S e——

----- |:| DetectorHistogrammer.detecton ;1

digitization step with different parameters = Jpetectofisogamnerdeteciors;

..... [ roOTODECWEr: 1
----- D detectors; 1
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Reconstruction 2

* Framework allows to simulate full setup, not only DUT
* Beam telescopes, source measurements...

* Possible to use different methods
* Precise simulationin DUT

* More coarse simulation for telescope planes

8 250 _:-::. — F I LR I E
o : 50000 F -
S 200 - ]
o . 40000 | 3
> 150 : .
© 1 30000 | -
S 100 : :
= 1 20000 -
50 E 10000 3

O X A i O i —_——
0 50 100 150 200 250 20 25 30
local y v?/ndof
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Comparison - Work in Progress
Cdp Timepix3 Telescope + DUT: 50um planar sensor

Data
Allpix?

CE?W
\
N4
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Monte Carlo Truth Information )

e Monte Carlo Truth information available

* Entry & exit point of primary and secondary particles

* Compare tracks reconstructed from telescope simulation
with MC truth

30000_—.,-...-..,......,._: B :
- clicap - i cLicdp
- work in progress i E work in progress
- : 3000 | =
20000 - — : —
2000 |- | .

Reco

amt _: 1000 )} MC Truth hL :
i : O:LL.J-. el LT ]

LIS e i
" FE I -0.04 002 O 0.02 0.04
-0.04 -0.02 O 0.02 0.04 Residual (mm)
Residual (mm)
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Documentation & Manuals

* Extensive User Manual ~90 pages (PDF/TeX)

Allpix2 User Manual

Koen W

olters (koen.wolters@cern.ch)

Simon Spannagel (simon spannagel@eern.ch)

Daniel Hynds (daniel. hynds@cern.ch))
November 15, 2017

Version v1.0.2

e Well-doc

e Module documentation (Markdown)

umented code (Doxygen

Simon Spannagel - Allpix Squared

GenericPropagation

frorasommich, Srmon Spnrgel s gekicemct)

Descriplion

Sraates thep
R——

stion chepserts on the skectric fiskd conf
e implant: sicks F

o shociric

‘tirTestion b e tr

ok ci i

ared thes s et £ Thee propugation shops sshen the met: of

Thes inclucke 20 e plot of Hes s
. vt ey s i o
rert: zhcke of crange. | n addtion,

i rTEtioTS b very HiTe CormUTIg and

Dependencies

Thiz mocdulen sopton o Exgeni3

Parameiers

& 4 - srw of e mermit e device, satirruste the dffusior aré: sl thersfona the sirengih

syt gt e, Cviches thes bt e
g CarTieTT el o et

o CalcLatng e LncaTtanty e srTor methe,
* timsrtep start  Tiremten o ki e Augs- K

rEEraton e, AL

prn precaion

ez shoukd e

. ta Pl : Sekect sttt hoks: tyFSS CHargs CarTiens shoud b propgats
® outpt plats :Cetermines f outias pos shoukd be gererates for svery svert

R p—
By thotmrTTi the e

s outpt plots e e g : Drstwrrine ¥ te pic

I it zoTe P

vt 3 5l F arirastic

ireg thes anirmtion bk & cormiderabis e
o st

‘the anirmastion Lmed i convert the sctusl simlstion)

s lrmacky

o s theonetical reodmum
ke o b

at: thes ez

[raye—

armart: of charges dvidesd by ban i vakuss b e e i ook, Prararmastar can be L)
T the colkr zake o the e
e custput snimeti tuar: Disterrines ¥ ol b ot ek in e arrustion. defamx b
fatm
Usage

& mxarmiple of gerenic propagation
ke

all s of yFan  TITERPEE” S (XTI BT SRr At LI LITing Fuschostx: of 24 chargee it the



https://cern.ch/allpix-squared/usermanual/allpix-manual.pdf
https://cern.ch/allpix-squared/usermanual/allpix-manual.pdf

Continuous Integration & Testing ‘y‘ >

Compilation Testing Formatting Performance Documentation

(*) cmp:cc7-gee () corercc7-gee () fmtcc7-Iivm-for... () perf:ccT-gec (%) cmp:doxygen
@ cmp:cc/-lvm @ corexcc/-llvm @ fmt:cc/-livm-lint C:f: perf:mac1013-cl.. @ cmp:usermanual
(¥) cmp:ixplus-gce (*) coredxplus-gec () fmtslcé-livm-for...

@ cr @ coremac1013-c. @ fn

@) (+) coresleé-gee
v (») coreslc-llvm

—
N,

—
N,

-
b

new user manuals to website

using clang-format / clang-tidy
monitor execution time

compilation with 2 compilers

on 3 different platforms
O,
automatic deployment of

31 unit tests for

modules & framework
code formatting & linting
performance tests to

21 Simon Spannagel - Allpix Squared 21/11/17



Summary & Outlook %)

* Generic, modular framework to simulate pixel detectors
* Reads TCAD e-fields, implements drift-diffusion model

* Modern, documented code & extensive user manual

* First comparison with test beam data

* Version 1.1 to be released soon

* New modules & various improvements to framework
* Welcoming contributions from the community

* Propagation with Ramo field/induced charges

* Radiation damage models

22 Simon Spannagel - Allpix Squared 21/11/17 .
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Resources 2

Tutorial @ BTTB6 - January 16-19, 2018, Zurich

‘ Website

https://cern.ch/allpix-squared

* Release Notes, Information, User Manual, Code Reference

V Repository
https://gitlab.cern.ch/simonspa/allpix-squared

* Source Code, Issue Tracker

D<] Mailing List allpix-squared-users:
https://e-groups.cern.ch/e-groups/Egroup.do?egroupld=10262858

User Manual:
https://cern.ch/allpix-squared/usermanual/allpix-manual.pdf
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Updates since Version 1.0

* Framework
* Unit Tests
* Better Handling of Module Configurations
* Improved Handling of IO Files & Folders
* Improved Configuration Parser
* Features
* Automatic Detector Misalignment

* Capacitive Coupling Module

* Forthcoming features

Simon Spannagel - Allpix Squared Updates
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Automatic Detector Misalignment <)

e Artifacts in reconstructed simulation residuals

* From pixel-perfect alignment, cured by misaligning detectors

* New parameters for detectors:

alignment precision position = O.1mm ©O.1lmm 1lmm

alignment precision orientation = 0.ldeg 1.3deg 2deg

* To be added in detectors file for each detector individually
* Parameters define Gaussian width to draw shifts from
* Reproducible misalignments:

e Setrandom_seed_core to known value

Simon Spannagel - Allpix Squared Updates 21/11/17 ‘



CERN

Module Tests 2

Test project /builds/simonspa/allpix-squared/build ® TeStS fo r eve ry m Od u le

Start 15: test_modules/test_08-1_writer_root.conf

Start 3: test_modules/test_01_geobuilder.conf

Start 4: test_modules/test_02-1_electricfield_linear.conf

Start 5: test_modules/test_02-2_electricfield_init.conf o F i Xe d ra n d O m S e e d
1/18 Test #4: test_modules/test_02-1_electricfield_linear.conf ..... Passed 1.10 sec

Start 6: test_modules/test_03-1_deposition.conf
2/18 Test #3: test_modules/test_01_geobuilder.conf ................. Passed
3/18 Test #5: test_modules/test_02-2_electricfield_init.conf ....... Passed

[

.30 sec

* Reproduces same output

[

Start 7: test_modules/test_03—2_deposition_mc.conf
Start 8: test_modules/test_04-1_propagation_project.conf

4/18 Test #15: test_modules/test_08-1_writer_root.conf .............. Passed 4.67 sec
Start 9: test_modules/test_04-2_propagation_generic.conf () M atC h i n re u la r eX reSS i O n S
5/18 Test #6: test_modules/test_03-1_deposition.conf ............... Passed 4.27 sec g g p
6/18 Test #8: test_modules/test_04-1_propagation_project.conf ...... Passed 4.07 sec
7/18 Test #7: test_modules/test_03-2_deposition_mc.conf ............ Passed 4.11 sec

Start 10: test_modules/test_05_transfer_simple.conf
Start 11: test_modules/test_06-1_digitization_charge.conf
Start 12: test_modules/test_06-2_digitization_adc.conf

8/18 Test #12: test_modules/test_06-2_digitization_adc.conf ......... Passed 3.65 sec

9/18 Test #9: test_modules/test_04-2_propagation_generic.conf ...... Passed 4.20 sec M °

10/18 Test #10: test_modules/test_05_transfer_simple.conf ............ Passed 3.68 sec o S I n gle C h a n ge l e d I ffe re n Ce
11/18 Test #11: test_modules/test_06-1_digitization_charge.conf ...... Passed 3.68 sec

Start 13: test_modules/test_OG—S_digitization_gain‘conf 04

Start 14: test_modules/test_07_histogramming.conf fa I lS th e CI
Start 16: test_modules/test_08-2_writer_rce.conf

Start 17: test_modules/test_08-3_writer_lcio.conf

12/18 Test #13: test_modules/test_06-3_digitization_gain.conf ........ Passed 3.77 sec ° . .
13/18 Test #17: test_modules/test_08-3_writer_lcio.conf .............. Passed 3.77 sec I nva u a e O r I I lo n Ito rl n g
14/18 Test #14: test_modules/test_07_histogramming.conf .............. Passed 3.77 sec

Start 18: test_modules/test_08-4_writer_corryvreckan.conf f k
Start 19: test_modules/test_OS—S_writer_corryvreckan_mc‘conf ra l I IeWO r

Start 20: test_modules/test_09_reader_root.conf

15/18 Test #16: test_modules/test_08-2_writer_rce.conf ............... Passed 4.18 sec

16/18 Test #20: test_modules/test_09_reader_root.conf ................ Passed 0.92 sec ° C a tC h i n iSS b f

17/18 Test #18: test_modules/test_08-4_writer_corryvreckan.conf ...... Passed 3.69 sec g u eS e O re
18/18 Test #19: test_modules/test_08-5_writer_corryvreckan_mc.conf ... Passed 3.69 sec

L]
100% tests passed, O tests failed out of 18 m e rgl n g COd e
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Adding New Unit Tests ®)

* Very simple: only requires configuration file!
* Regular expression defines test condition

* More elaborate description to be found in the user manual

[Allpix]

detectors file = "detector rotate misaligned.conf"
log level = "TRACE"

number of events = 0

random seed = 0

random seed core = 0

[ GeometryBuilderGeant4]

Simon Spannagel - Allpix Squared Updates 21/11/17 ‘
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