Monte Carlo Simulations of an
electromagnetic sampling calorimeter
with semiconductor sensors

Petru-Mihai Potlog
Veta Ghenescu, Marian-Trailan Ghenescu, Alina-Tania Neagu

LCWS2024

INSTITUTE or
SPACE SCIENCE "\
A subsidiary of INFLPR MWO“’W‘




b INSTITUTE or
'SPACE SCIENCE

j A subsidiary of INFLPR

Monte Carlo Simulations & semiconductor sensors

goal, method, analysis

+ Goal:
= this contribution focuses on optimizing the electromagnetic calorimeter (such as used in LUXE experiments)

foreseen to achieve higher energy resolution, using a Monte Carlo approach.

* Method
= Geant4-based simulations, study of Si and GaAs sensors response to e with energy in the range from 1 to 18 GeV

—= Elektron/Positron

I em Photon

e Steps:

= implement of various configurations geometries in Geants
= evaluate various physics lists and check their influence
= collect quantities of interest (eg. hits position, energy deposition)

» Analysis:

. Energy response and linearity: corre.la.lte the sensor response to. the energy c_leposition Electromagnetic shower %‘
= Longitudinal shower: energy deposition of electrons as a function of depth in detector
= Energy resolution: the fractions of how much energy is deposited in the absorber and in the detector

This talk presents the overall simulations.
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Monte Carlo simulations and data analysis workflow
FreeCAD, Geant4, Root

Experiment Y’

> raw data > unpacking > mapping multiplicity determination

O reconstruction QO analysis

< event generation < MC transport particle tracking

Monte Carlo simulations

« 2 experimental setups generated and exported using simple

computer-aided design — FreeCAD R' FreeCAD

challenge: export to a format readable by simulation tool

« full response of the sensor and the test beam setup with high

statistics is simulated with Geant4.11.06 6\ GEANT4

challenge: choose/construct physics list, write data to file

« data analysis of the sensors is performed using ROOT framework
challenge: extract physical quantities matching foreseen experimental data 4/‘ RO OT

- Data Analysis Framework
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Monte Carlo Simulations & semiconductor sensors

Electromagnetic Sampling Calorimeters

Passive absorber

Shower of secondary particles

Principles:

* asampling calorimeter consists of alternating layers
of passive absorbers and active detectors.

Incoming particle

e typical absorbers are materials with high density,
e.g.: Fe, Pb, U

Detectors

Multi Wire Proportional
Chamber

Possible setups:
e Plastic scintillators
¢ Silicon detectors

e Noble liquid ionization chambers

e Gas detectors

- Analogue signal

Charge amplifier

Absorber and
electrodes

Absorber Scintillator

Light guids

High voltage
Photomul 4 7 200

0PG5S0 : 02 _Schaschiik™Typ
pieo WLS-Fasern
Liquid Argon
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Advantages:

e can optimally choose the absorber and detector
material independently and according to the application.

* by choosing a very dense absorber material the
calorimeters can be made very compact.

* the passive absorber material is cheap

Disadvantages:

e only part of the particles energy is deposited in the
detector layers and measured

* energy resolution is worse than in homogeneous
calorimeter (sampling fluctuations).

UA1 Scintillator 1.5 Pb 1.2 15%NE
SLD liquid Ar 2.75 Pb 2.0 8%/NE
DELPHI | Ar+20% CH, 8 Pb 3.2 16%/NE
ALEPH Si 0.2 W 7.0 25%/E
ATLAS liquid Ar Pb 10%/E @ 0.7%*
LHCb Scintillator Fe 10%/E @ 1.5%*

* Design values
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Configurations design

Semiconductor sensors
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= S| sensor

1.5 mm Carbon fiber

. Squared shape:

« X*Ydimension: 90 mm * 90 mm
. Separated in 256 pads

« Thickness: 320 um

beam

0.32 mm Silicon sensor
0.1 mm epoxy glue
1.7 mm PCB

»
L

0.1 mm Copper kapton /
\ \“ 1.2 mm chips

Rectangular shape
X dimension: .Z = 4,7mm*15 (pad) +
0,3mm*14(gap) =
= 74,7 mm
Y dimension: ¢=4,7mm*10(pad) +
0,3mm*9(gap) =
=49,7 mm
Thickness: 500 um

Property Si GaAs
Bandgap at 300 K (eV) 1.12 1.43 el
Relative Dielectric Constant 1.8 12.8 Kl
Saturated Drift Velocity (cm/s) 1X107 2 X107 = = =
Thermal Conductivity (W/cm -C) 1.5 0.5 BEE
Maximum Operating Temperature (K) 300 460 HENR
Melting temperature (°C) 1415 1238 ENN
Electron mobility at 300 (cm?/Vs) 1400 8500 = = =
Breakdown Electric Field (V/cm) 3 X105 4 X105 T

Al—=1pm

Vanadium —0,05 pm

GaAs—487,93 pm

Ni-0,02 um

= GaAs sensor

=300 um

0,3 mm

beam

I

Al=1pum

A
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Geant4 geometry implementation

sensors, setups, visualization
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= S| sensor

Electromagnetic Shower
[Monte Carlo Simulation]

u
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v
v

= GaAs sensor

Useful tips viewer-0 (OpenGLStoredQt)

Geant4 visualization

o 1%t configuration (left) consist of
20 layers of alternating 3.5 mm
(1X,) tungsten absorbers and
Si/GaAs sensors.

o 2" configuration (right) use the
first 10 layers of 3.5 mm (1X,)
tungsten plates and the following
5 layers of 7.0 mm (2X,) tungsten
plates interleaved with Si/GaAs
sensors.
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Primary particle generation & Physics list
GPS source, G4VUserPhysicsListPhysics, G4VModularPhysicsList

Create ‘diverging’ beam

* when firing an accelerator based beam, the beam
will have some divergence and shape

e 12 x12 mm?2collimator -> square source

e gaussian energy distribution with 0.1% spread

* 0.752 mrad divergence

Beam Energy

L]

FTF_BIC
FTFP_BERT
FTFP_BERT_HP
FTFP_BERT_TRV
FTFP_BERT_ATL
FTFP_INCLXX
FTFP_INCLXX _HP
FTFP_QGSP_BERT

L]

L]

L]

L]

L]

L]

L]

Beam

1800: Entries 500000 . LBE
1600 MW swbes _anes|  ° NuBeam
1400F- * QGSP_BERT

B  QGSP_BERT_HP
12000 « QGSP_BIC
10002— « QGSP_BIC_HP
800 « QGSP_BIC_AIIHP
600  QGSP_FTFP_BERT
a0 « QGSP_INCLXX

-  QGSP_INCLXX_HP
200F" « QGS_BIC

M50 4850 4900 4950 5000 5050 5100 5150 5200 « Shielding

e ShieldingLEND
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) FTFP_BERT
FTFP_BERT_HP

counts

QGSP_BERT

BERTINI CASCADE
BERTINI CASCADE

BERTINI CASCADE
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FRITIOF STRING MODEL

" FRITIOF

QBBC
: : : : : : : : > Cel/
energy 2 4 6 8 10 12
Name of most physics list follows name of physics constructor
for hadronic inelastic, optionally followed by EM option
Energy deposition for (1W + Si sensor) —— FTFP_BERT
—— FTFP_BERT EMV
— ~ FTFP_BERT EMX
4500 — —— FTFP_BERT_EMY
= FTFP_BERT EMZ
4000 —— FTFP_BERT LIV
- FTFP_BERT PEN
3500|— ~ FTFP_BERT__GS
= —— FTFP_BERT_SS
3000
2500 —
2000 —
1500 —
1000 -
500 k .
OilI‘I\I\l\llIl\l\l‘l\l\ll\l\l\l\l‘l\II\I\i\
0 0.1 0.8 0.9 1
Eqp [MeV]
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Hits collection

sensitive detector

7 observables

e Number of hits
_ ks _ Layer.Layer
1’ i : s i
F T e Pads hits 1ol S T
10— Mean 2795 E Mean 0
Pad Pad : C Sl 2% ¢ Position of hits (X, Y, Z) oo e
. L r
E TR - o Hi C
o o 27 [ its momentum (px, py, pz -
—— = . . - . C
e i  Particle identification i
su000 - L 600
muoz— a- e Total energy per event r
C - -
oo al » Total energy of hits :
E r 00—
o000 = L _ -
!,DOOOE_ 90' 11 1 | 111 |1D 1‘5\ 111 | I HE\E .E15w'\5ﬂﬂh_rﬂﬂ1 e-z_l\l\-‘\ll\-‘\l\l-‘\\\l I\I\ll\\\ II\\EEIILIB\
£ nHits : . yer Layer
== ﬁﬂ\ ResulisTree1
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) 2 413 ] [ 10 1;‘2F[.Jm i 'ﬁ
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10’ htermp T ﬁ LaYE[ 10 pamced pare o Ftermp
£ Enirios 1307448 T Pad a0 Elfes 1307448
B00F- Mean 0009389 ’ ﬁ / F Maan 2383405
E StdDev 3619 C Sid Dev_1.5¢4e+07
= .. 0% _X
_ Edep.Edap e ﬁ pos_ s
I E C
: T s ' ﬁ Pos_y 1000
F ! 01885 E C
" s;a[n)au 01626 e ) ﬁ pos_z sl
0l e . ﬁ DX F
E B00—
S00f- 0 /’————-ﬁ py C
2005— B pz -
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14
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L
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OS_X.p0S_X
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F Entrigs 1307448
10000 Mean 0003328
E StoDev 1168
o=
0o~
10uo -
0o
000
loooo =
3:\ Il 1 ‘ Il 1 1 ‘ 1 1 1 | 1 Il
- 0
POS_X.05_X
_ EdapPlan
10 htemp
120 Enties 500000
Mean 08212
StoDev 05126
100~
80
80
)
2
3 |\\I|I\I‘\II‘\II|I\\|
0 4 14
EdepPlan
9



Hits versus digits

sensitiveDetector, DigitizerModule

G4VHit
Hits are a “snapshot” of the physical interaction of a track (step) or an accumulation of interactions of tracks in the sensitive region of
the detector, thus hits represent the “true” energy deposited in the detector

G4VDigitizerModule

Digits are instead intended to be used to simulate the process of reading-out of the signal: for example “true” energy is transformed
into collected charge, electronic noise can be applied together with all instrumental effects

> Event .
Each step generates a new hit or

accumulates in an existing hit

Monte Carlo simulations

End of Event

0O Digits Collection | aDigi QO Hits Collection

. me—

read-out ‘signal’ is generated

No digitization has been applied to simulations performed for this task
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Number of e-h pairs created

sensor materials

N
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= S| sensor

. R htemp i
§ - Entries 999167
© 1001 Mean 0.1195
- Std Dev 0.06549
sl 22 / ndf 1.324404/99 |
L Constant  5.708e+05 + 9.068e+02
- MPV 0.09088 + 0.00002
ol Sigma 0.007587 + 0.000009 |.
wl \\
20
D]—l L \.’p| L1 1 -|“'|—-y—-'— I TR T L1 L1 Ll L1
0 0.1 0.2 0.3 0.4 05 06 0.7 0.8
Edep, MeV
Energy deposition:
e 5GeV mono-energetic e- e-hole pairs / um 78.45

* 3.62 eV ionization energy

= GaAs sensor

35000

Lounts

30000

25000

20000

15000

10000

5000

htemp
Entries 764218
Mean 0.3905
Std Dev 01214
¥2/ ndt 1833/30
Constant 1.834e+05 + 3.421e+02
MPV 0.3301+ 0.0001
Sigma 0.02401 + 0.00005

DC?"'I"'I"""'I"'"'I"'I

Dep. en. (MeV)
e-h pairs / pm

0.3905
165.12

Physics list used: FTFP_BERT _EMZ

Edep, MeV

Energy deposition:

* 550 pm thickness

* 5 GeV mono-energetic e-
* 4.3 eVionization energy
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Energy response

sensors, configurations, energy deposition
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= S| sensor

Physics list used: FTFP_BERT_EMZ

3 L 20(W + Si)
= L ] 2Gev
3 01— 0 4Gev
5 - O 6Gev
- 2 | 8 GeV
- 10 GeV
0.08/— ] 12Gev
B i | 14 GeV
B ] 16GeV
P ] 18GeV
0.04—
0.02(—
- "L‘v‘
ol i £ b e P P e, e VO
20 40 60 80 100 120 140 160 180 200 220 240 260
Eqep [MeV]
2 i 10(W + Si}+5(2W + Si)
S B ] 2Gev
B otl— 5 | 4 GeV
5 E O 6Gev
- [] 8Gev
- 10 GeV
0.08(— ] 12Gev
E O 14Gev
= 1 16GeV
el ] 18GeV
0.04(—
L i W
0.02(— 3 B
oladi | T e LR i |55 o R B
20 40 60 80 100 120 140 160 180 200 220
Egep [MeV]

s
e 15t configuration (up): N
20 (W +Si) layers

Energy deposition

e The spatial extension of a shower
depends on the material.

* Radiation length (X,) is the
distance in which the projectile

looses 1/e (=63.2%) of its energy 5
due to radiation 3

e Approximation:
7164 A _2

" 72z + Dines7ND) T

Xo

o 2"d configuration (down):
10 (W+Si) + 5 (2W+Si) layers.

o
o
2

e
=3
@

0.04

0.03

0.02

0.01

= GaAs sensor

o ™

LA
100

i
150

350

20(W + GaAs)
2 GeV
4 GeV
6 GeV
8 GeV
10 GeV
12 GeV
14 GeV
16 GeV
18 GeV

G0
D
D
ED
|
£

[Ty,
400 450

Eqgop [MeV]

N
100

i

10(W + Si)+5(2W + Si)
2 GeV
4 GeV
6 GeV
8 GeV
10 GeV
12 GeV
14 GeV
16 GeV
18 GeV

OODEEREE

|
250

ll‘!
Yol | Hl\"“‘r--u__qk‘ﬂ\“\-)-mq_l e
300 350

400
Egop [MeV]
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Liniarity

sensors, configurations, energy deposition

1T
L] - 0
= S| sensor Physics list used: FTFP_BERT_EMZ = GaAs sensor
[ |
H £ 2500 i histo10
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L £ 1400
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1000 . C so0l
00 i particle s g
600 [ 400— anu;
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o i li e - kN 200/~ ,ﬁ’;
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%B 90 100 110 120 130 140 150 160 170 60 80 100 120 140 160 1700 180 180 200 210 220 =230 =240 250 260 270 120 140 160 180 200 220 240
P et * All energy deposited through
B ionization/ excitation of s E
L 200 bbb s b ssessssdoeses b e oo 400
£ absorber = "
§ 1 O - PSSP SO o NP SO g —
S0 S SN A SN SO S S S o [ ] ¥ o T
......... 15t configuration| 2" configuration 300 = /’
----- Si | GaAs | si | GaAs 250 ////
""" E [GeV] u[MeV] = el
......... E -
4 47.82 | 87.90 | 42.93 | 79.19 ol //'
| —m— * configuration i C —a— 1 configuration
—s— 2configuration |1 : ;15'8677 :73;.21 22'3(6) :157‘::2 100 f /','V//:/ —e— 2" configuration
----- 10 [119.58 | 219.35 | 103.57 |190.82 0=
g —,—_—_—_—_— T 12 |143.37263.05 | 123.18 (226.78| £ "°°F
(i o« S L [
14 167.13 | 306.51 | 142.61 [262.64 '-ﬂﬂf:_ . ; . : . : |
: 16 [190.92| 350.17 | 161.78 |298.04 0.005 - s .
H 0.99
= 18 214.61 | 393.51 | 181.13 |333.33 0985 i i i i i
Beam energy [GeV] | | Beam energy [GeV]
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Longitudinal shower

10 GeV incident e-, 2 configurations

Physics list used: FTFP_BERT_EMZ

E 14 »2/ ndf 0.2445 /17 g 14:— x*/ ndi 0.2044/12 3 F 2 § 25:_ ¥2 / ndf 0.6587/ 12
5 b 0.5147  0.005405 S OF b 05147 +0.006918 2 5 S # 0516%333 ;2‘771 g r b 0.5154 £ 0.006771
a 4.262 £ 0.03806 1ol a 4.266 = 0.04595 ooF A L a 4.243 +0.04461
EO 28.26 +0.3377 - EO 28.26 + 0.4307 na £o 4'521%25 ioi)o.gggg 200 E0 52.09 +0.775
10~ r L
5; '5} 15}
6;_ 0} 10;
e [ r
i 5C s
2~ C
0 07 2 4 6 8 10 I12‘ 14 16 18 20 ‘)(‘0
ot PP Parametrization bt lexn(—bt .
configuration | 2" configuration F(E,t) = E, b( ) p( ) conﬁg!utration 27 configuration
E [GeV] trmax Xo] [Longo 1975] I'(a) E [GeV] trnad Xol
2 4602 4599 e t... shower depthin units of Xo 2 4563 4.547
4 5.350 5.357 .. ;
* E,... energy of incident particle 4 >3%3 30
6 5.788 5.788 0 6 5.735 5.738
8 6.095 6.106 e /... Euler’'s Gamma function: 8 6.049 6.051
10 6.338 6-346 * a,b...fit parameters (in first approximation b~0.5, a=bt,.,) 10 6.291 6.293
12 6.532 6.541 = 12 6.487 6.497
14 6.700 6.705 14 6.654 6.656
16 6.844 6.854 Position of the shower a—1 o 6.790 6806
18 6.969 6.966 . : . bnax = —3—
maximum in units of X_: b 8 6-915 6-929
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Longitudinal shower

all incident energies, 2 configurations
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= S| sensor

Physics list used: FTFP_BERT_EMZ

= GaAs sensor

E =L Ef‘oonﬁglilration E 45; P 1! configuration
= B e H i—— 2GeV = I~ ™ —-— 2GeV
. = 4Gev e //-z\ \\ 4 Gev
T i BGeV Y ssE | = ooev
5 = oy * 15t configuration (up): - 1SN 06w
u i H P o 30 - e
= H : - + - —— C]
o[ ey 20 (W +Si) layers ji: / \ \ - rasey
- ; i—— 18 GeV - —~— 18 GeV
: | N A N N
10— - e Ny
- f ? for the design of V) SO0
- .5 * Important for the design o - T
& calorimeter is, first of all, the 10| fﬂ\\
. ; longitudinal dimension of the i /_A ]
- | | Shower' : [ Ll [ »\\TT
00 I 2 * 4 I 6 ! 1I.T!I 113_’I 14 16 18 20 o 00 2 4 6 8 1
Layer [X] * About 95% of the energy of the Layer X
= [0 : TR incident particle is contained s 5 : pm——
= B / —_conl ugra on . . . ] - Py X r
% F T W|th!q the depth T (semi ol / ] \ 2Gev
W ol VA8 NS SR NS VO S [~ 6GeV empirical formulq) woE ~ 6GeV
B : i~ 8GeV 851 / — \ - 180%(5\(/
— ; e— 10 GeV - k - e
B . L - -— 12 GeV
15__ , 16GeV osE Y :g gex
- 18 GeV o —— e
- 201 / //:\ ANy
10—:—— ............................................................ o /// "] o
- e 2" configuration (down): ol ™
5f— . . =
- 10 (W+Si) + 5 (2W+Si) layers. N 28
cu_ 2 2 a S0 iz 14 16 18 20 oy 6 8 0 12 14 16 18 20
Layer [X] Layer [X ]
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Energy resolution

Energy deposition per plane
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= S| sensor

Relative energy resolution

= GaAs sensor

o
" 016 . E 69 c A, 0147
g o6 e YT * a: stochastic term £ /— W[ Endi 124900676
~ T a 0.2168 + 0.0003519 o - . ek a 0.1857 + 0.0006405
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B c 0.01195 + 0.0007801 « sampling fluctuations B c 0.008953 £ 0.001688
i - : At r = __agh
0.12— ¢ signal quantum fluctuations (e.g. photo-electron statistics) 0.4 Er ECECS
ol * b: noise term C
L L 0.08—
= ¢ readout electronic noise -
0.08— ¢ Radio-activity, pile-up fluctuations -
B 0.06—
0.06— e C:constant term -
B * inhomogeneities (hardware or calibration) 0.04—
P IR EFRPEPIN EPEFETSN BRI EFEPEPE EFEE BT BT I T o T T B T T
2 4 e 8 10 12 "o Energ;y?[GeV] ¢ imperfections in calorimeter construction (dimensional variations, etc.) Beam Energy [GeV]
" ¢ non-linearity of readout electronics =
3 o e
° 2 q q q . . ° C
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- Ea Conslant 1574 +9.6 [ histoio | E <Bup> VE E
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i 14001 Sigma 38400 1400 Constant 1517 £9.1 0.11—
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01— F E =
| 6001~ 600— C
: 0.08
400~ 400} C
0.08— 200F- N 200F . ) 0.07—
B ; ‘_,I,r‘: M N B s Bl | | 1 | | P c
,_,,|,,,|,,,|,,,|,,,|,,,|,,,|,,,|,,,|,,, 5 10 15 20 25 30 170 180 190 200 210 220 230 240 250 260 270 "‘é""‘t"'é‘“é"'1‘(]"‘1|2‘“1‘4"'1‘6"""‘
Eg,, [MeV]
2 4 5] a 10 12 14 Be;?n Energy (GeV] e d Beam Energy [GeV]
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Conclusions Y Sk

simulations, analysis

Simulations Analysis

e define electromagnetic calorimeter configurations to be used

calculate e-hole pairs for different material of sensors

e construct geometries in FreeCad and import in Geants test various physics lists and their influence

e define source and control via GPS commands

evaluate each pad energy deposition

e define sensitive detector and construct hits collection to gather
information

fit the energy deposition histograms to get the MPV

evaluate MPV for different setup configurations
e collect relevant data in a Root format

find the longitudinal shower distribution for different
configurations

evaluate resolution of the configurations investigated
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