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NEWS-G

New Experiments With Spheres - Gas Ve

Light DM searches with a novel gaseous detector, the spherical proportional counter
10" NEWS-G Collaboration Meeting June 2021
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Principle of Operation

® Simplest form: ~mm ball in a ~0.1-1 m spherical shell
® |deal electric field varies as 1/r?

*Naturally divides detector: drift and avalanche regions

® | ow capacitance, independent of detector size
*Single-electron detection

® | owest surface area to volume ratio

® Fiducialisation and PID from radial E-field

® Choice of gas targets (H, He, Ne) and pressures
*Kinematic match to light-DM

HV Wire JINST 15 (2020) 06, C06013
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https://doi.org/10.1088/1748-0221/15/06/C06013

The Search for Light Dark Matter

= | ight DM region has attracted theoretical
interest

" Exploring light DM with nuclear recolls
requires:
°Low energy threshold
°Low-mass target nuclel

Cross Section [cm?]
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The Search for Light Dark Matter

= | ight DM region has attracted theoretical
interest

" Exploring light DM with nuclear recolls
requires:
°Low energy threshold
°Low-mass target nuclel

Cross Section [cm?]

B NEWS-G: First results in 2018
*260 cm prototype in LSM

°*Ne:CHa4 (99.3%:0.7%) 9.6 kg day exposure |

*Strongest Sl limit at time on 0.5 GeV

Astropart.Phys. 97 (2018) 54-62

e More with this data?
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Phys.Rev.D 105 (2022) 1, 012002

Kaluza-Klein Axion Search

B KK axions produced in the sun  Phys.Rev.D 62 (2000) 125011
* Gravitationally bound to solar system
*Could explain corona heating problem

= Signal: Decay to 2 photons
*L ook for 2, point-like events with similar energy

Decay Spectrum on Earth
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Phys.Rev.D 105 (2022) 1, 012002

Kaluza-Klein Axion Search

B KK axions produced in the sun  Phys.Rev.D 62 (2000) 125011
* Gravitationally bound to solar system
*Could explain corona heating problem

= Signal: Decay to 2 photons
*L ook for 2, point-like events with similar energy
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Kaluza-Klein Axion Search

B Search performed with SEDINE data (260 cm) wore info on SEDINE: Astropart.Phys. 97 (2018) 54-62
*48 days data — 4.3 day-m?3 exposure
*Ne:CH4 (98.3:0.7%) 3.1 bar
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Kaluza-Klein Axion Search

B Search performed with SEDINE data (260 cm) wore info on SEDINE: Astropart.Phys. 97 (2018) 54-62
*48 days data — 4.3 day-m?3 exposure
*Ne:CH4 (98.3:0.7%) 3.1 bar
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Light DM Kinematics
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= Kinematic matching: low-mass targets are favourable for light-DM detection by nuclear recoils
= Light targets have favourable quenching factors
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Light DM Kinematics *qisaitiin
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= Kinematic matching: low-mass targets are favourable for light-DM detection by nuclear recoils
= Light targets have favourable quenching factors
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Quenching Factor Measurements: TUNL

. . . . . . BD
Neutron scattering-induced nuclear recoils in SPC — compare to calibration A S,
TDPEandPb o
shielding
proton N Liquid
beam scintillator

I

Lifoil 7/ oo
P e interaction

...................................... rcgion

Run Enr [keVnr] Clpr [keVnr] 0 [6] g6 [0]

8 6.80 1.15 29.02 £ 04 245
7 2.93 0.46 18.84 = 0.1 1.47
14 2.02 0.29 15.63 £ 0.3 1.12
9 1.70 0.26 14.33 £ 0.06 1.1
10 1.30 0.2 12.48 £ 0.05 0.94
11 1.03 0.2 11.13 +£ 0.3 1.1
11 0.74 0.11 94 £+ 0.03 0.69
14 0.34 0.11 6.33 £ 0.26 1.1
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Quenching Factor Measurements: TUNL

Neutron scattering-induced nuclear recoils in SPC — compare to calibration P
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Quenching Factor Measurements: TUNL

Neutron scattering-induced nuclear recoils in SPC — compare to calibration
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Quenching Factor Measurements: COMIMAC

X-rays

generator N Electrons and ions directed into SPC — compare response
Studied ions 2 - 13 keV, calibrated with e~ 1.5 - 13 keV
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Quenching Factor Measurements: COMIMAC

X-rays . . .
generator I Electrons and ions directed into SPC — compare response
Studied ions 2 - 13 keV, calibrated with e- 1.5 - 13 keV
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Quenching Factor Measurements: COMIMAC

X-rays

generator I Electrons and ions directed into SPC — compare response
Studied ions 2 - 13 keV, calibrated with e~ 1.5 - 13 keV
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Quenching Factor Estimates: W-Values

= \W-value: Average energy required to produce electron-ion pair

= W different for electrons and ions, and varies with energy
*Difference is quantified by QF

® W of electrons and ions in gases prev. studied for dosimetry

* Comparing asymptotic electron W-value and W(E) for ions, get QF
Astropart.Phys. 141 (2022) 102707
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https://doi.org/10.1016/j.astropartphys.2022.102707

Quenching Factor Estimates: W-Values

Gas W [eV]

_ _ _ ICRU Asymptotic
= \W-value: Average energy required to produce electron-ion pair H, 36.5+£0.7 38.0£0.8
= W different for electrons and ions, and varies with energy CNHfl 32;8? 2;1%01 (?1071

. . o o 2 O, D L L.
*Difference is quantlfled t?y QF | | Ar 264405 98 E+0.6
® W of electrons and ions in gases prev. studied for dosimetry CO2 33.04+0.7 33.0240.12
* Comparing asymptotic electron W-value and W(E) for ions, get QF C3Hs 24.040.5 26.440.5
Astropart.Phys. 141 (2022) 102707
E %\”qum .......................... K%%m;;:ﬁféﬁ
102 | & -+++"-'||,vv
] e ta ] g
. %hmuﬂﬂm ............. 29 00, Q.omﬁ%&nu.nn:;émmﬂ. qu ...... an‘tq: . i&ﬁ;ﬁ

Energy [keV]
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Quenching Factor Estimates: W-Values

Gas W [eV]
ICRU Asymptotic

= \W-value: Average energy required to produce electron-ion pair H, 36.5+£0.7 38.0£0.8
= W different for electrons and ions, and varies with energy C&Hfl gzzgg 2;1%01 (?107%
. . . g 2 O, )k, L.
*Difference is quantified by QF Az 9B ALOE 28 ELOE

® W of electrons and ions in gases prev. studied for dosimetry CO2 33.04+0.7 33.0240.12

* Comparing asymptotic electron W-value and W(E) for ions, get QF C3Hs 24.04£0.5 26.440.5
Astropart.Phys. 141 (2022) 102707
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JINST 12 (2017) 12, P12031

SPC Readout: ACHINOS ST 15 20200 1.1

® Single anode: gain and drift fields coupled
® |dea: Multiple anodes located at same distance from centre of detector
® Gain and drift decoupled
*Drift field determined by collective field of all anodes
* Gain determined by individual anode
® Anodes arranged to sit on surface of sphere with radius rs Central Electrode
® Future: Individual anode readout Wire to Anode ‘/

Anode

—h
o
)

— _ VY N T = L . T | | — I
Ty & S Rl i T W | | |

Single Anode
—— 11-anode ACHINOS
——— 60-anode ACHINOS

Infinite anodes ACHINOS % 11-anQde (@1 mm)
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https://doi.org/10.1088/1748-0221/15/11/P11023

SNOGLOBE 1in LSM

® 140 cm detector
©99.99% pure copper
* Ultra-pure electroplated inner layer NIMA 988 (2021) 164844

® |nitial commissioning data taking in LSM
UV Laser and 3’Ar calibration systems
* Multi-anode sensor - ACHINOS
® | ead and water shielding installed end 2019
® 156 hrs of commissioning data taken

*135 mbar of CH4 (~1009)

\ - T W ———
———————
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Electron Counting

1 2 3 4 S 6

o

® After pulse treatment, resolve primary electrons - " UViLlaser Events T
e Diffusion O(100 ps) in commissioning data v,
. . C . = ¥2/NDF=0.97
°|f >1e, time separation surface/volume discrimination _ F ..\
% 10° = // =
6001 Raw s F/ s
: 3 ~/ e g o h
500 S wg T T T T !
400 - ? / \\_\ 0N 'R
300_; 1;_// | \ lii :H -
200 s T e -
: 0 50 100 150 200
100; Energy [ADU]
OWWMM
| Processed . U\( 231 nm I_aser L_Js_ed fpr continuous detector monitoring
| Time separation *Drift time, gain, efficiencies etc.
L > ® 37Ar at end of data taking

e Gain measurements
e\V-value and Fano

h ‘ W h e Electron attachment

L) ' L) L) L L l Ll L) L) L) ' Ll L) L ' L L) ' L) L ' L) L) L LJ L)
3420 acce acce 2000 4200 4400 4600
nmicrosecxids
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Commissioning Data in LSM

® Data divided into 2/3/4 peak ® Only test data analysed so far: ~30% data
® Principle discriminating variable: time separation °*Remaining data is blind
* Surface/volume and coincidence discrimination ® No significant DM signal observed
2 peaks 4 peaks

htimesep_elec_lrg... | | htimesep_delec ... |
% Entries 1086 Entries 131
2 Mean 2353 14 Mean 272.8
O Std Dev 162.9 | Std Dev 126.2 |

[—— WIMP (excluded) | 12 —— WIMP (excluded)

et - . —=
~ Coincidences 1C - Coincidences
w— TOl2 — Total

o e
0 ///,,/A'l""l‘-.‘o-‘ — B s s s S 'é‘/(///l/”//l.'fﬁw-nc--- ——— n:;
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time separation [ps] Time separation [us]
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LL.SM Physics Results

WIMP exclusion limit (S140@LSM, 135mbar CH4)

/

B Results with 0.12 kg-days test data

GSD-p [pb]
S

B Combination of W-value and Comimac QF 10°
used 10

e Conservative logarithmic extrapolation
® Profile likelihood ratio method used to 10°

calculate 90% exclusion limit

® Full results with blind data expected within
weeks - potential for best constraints on 10’
SD-p DM interactions below 1 GeV!

| IIIHII1 IIIIIHI| IHHIII‘ IIIIIIIII IIIHII1 Illllﬂll IHHIH‘ IHIIIHI [ 11
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New Result! 108t _
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SNOGLOBE: Prospects

® Now in commissioning in SNOLAB

BIRMINGHAM Vew2 P Knights - NEWS-G - EESFYE HEP2022
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SNOGLOBE: Prospects

® Now in commissioning in SNOLAB
1;_

% [ T T | y [ [ T | I [ LR IE
L —— NEWS-G: SEDINE — — NEWS-G: SNOGLOBE __
= — DarkSide-50 =
= —— CRESST-III =
_ —— CDMSLite == He v Floor Z
= —— Xenon 1T - Migdal 3
= N -
— \\ E
First signal in SNOLAB, summer 2021! — 3
- =
Data taking _%
e T

\\3&\ NI
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Ne:CH4(10%) \§§ \§\
[ N I B I \\ & &

- 107 1 10

m, [GeV/c’]
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Future Detectors

= Dominant background in current detector: Copper XIA Measurement
= Ultra-pure EF Cu, underground, intact o ool el bl 105

s=== Total modelled bulk 21°Pb

80 -
210Ph in NEWS-G

4N copper: 28.5£8 mBqg/kg

Cosmogenic Activation
(1 year cooling)

60 -

Bulk Activity [mBa/kg]

Shield

Expected
SNOGLOBE Background
0 - - - . .
0.0 0.5 1.0 1.5 2.0 2.5
Cavern Time [years]
Gas Mixture
— |ICP-MS Assay
Sample Weight #**Th =380
8] mBakg™'] [nBgkg™']
C10100 Cu .
(Machined) BrEL6 2919
Cu
Electroformed <0119 <0.099
Hemisphere 1 0.256 <0.58 <0.26
Hemisphere 2 0.614 <0.24 <0.11

NIMA 988 (2021) 164844

=41 UNIVERSITYOF
Ay BIRMINGHAM Ve P Knights - NEWS-G - EESFYE HEP2022 15/06/2022

18


https://doi.org/10.1016/j.nima.2020.164844

Future Detectors

= Dominant background in current detector: Copper XIA Measurement
= Ultra-pure EF Cu, underground, intact o ool el bl 105

s=== Total modelled bulk 21°Pb
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210Ph in NEWS-G
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Electroformed Cuprum Manufacturing Experiment

® ECuME: An EFCu facility in SNOLAB
E uME

" Will make a 2140 cm, fully electroformed SPC
*Use SNOGLOBE'S shielding
® Work ongoing for 230 cm prototype miniECuME
® PNNL will produce prototype in shallow underground laboratory
*Used to define conditions required for ECUME
® Following these tests, we still have a (mini) detector...
*Potentially exciting physics to be done there!

PNNL Shallow Underground Laboratory

- A ol . -
* o M, R "I - o J "
PR W , - = - '7~ of o - '. J» —

Rev. Sci. Instrum. 83, 113503 (2012)

https://tour.pnnl.qgov/shallow-lab.htmI#Assembly
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https://doi.org/10.1063/1.4761923

DarkSPHERE

® After copper, next leading BG: shield

" DarkSPHERE: 2300 cmm SPC with low-background water
shield % v

® 2.5m thick water is sufficient for <0.01 dru BG //// = ==

*Dominant BG: photons in cavern
= Additional R&D ongoing for required ACHINOS DarkSPHERE
® Physics potential and design paper coming v. soon! K/

Simulation with 60-anode ACHINOS in DarkSPHERE

Calibrated Energy [keV]
0 1 2 3 4 5

(V)]
405)1400_ DarkSPHERE Preliminary - Anode

37 Ar calibration source L .
|18 _

L 1200 23 m, 5 bar

SEDINE SNOGLOBE miniECUME E&s uME DarkSPHERE

@60 cm @140 cm @30 cm @140 cm
NOSV Cu 99.99% Cu EF Cu EF Cu
500 um EFCu Layer

Grounded Rod o o
: Q
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DarkSPHERE

DM-nucleon og [cm?]
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DarkSPHERE
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DM-e Scattering and Heavy DM

Fuelling the search for light dark matter-electron scattering, L. Hamaide and C. McCabe

— 10733
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B Attracted interest of theorists
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Plots from C. McCabe and L. Hamaide

* Applying work to DarkSPHERE for searches beyond ‘standard’ methods and candidates
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WIMP exclusion limit (S140@LSM, 135mbar CH4)

O

Summary
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® SPC is versatile detector used for DM searches
® Quenching factor result in two experiments
* Third method using W-value measurements Vews
® Analysis commissioning data in LSM concluding
* Expect strongest SD-proton limit on 1 GeV DM!
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= SNOGLOBE installed and commissioning in SNOLAB N\
*\Will begin physics data taking soon! el i Nl

® Future SPCs using underground EFCu: ECuME, DarkSPHERE, ...
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Correction Electrode P o
=, 650~ ® Including Wire v _

O - Including Rod vv" :

2 - v Including Field Corrector v :

ANSYS © 6001 Ve oo

. S [ v ]

~. Second

“_Electrode 5001 -

\\\_Metallic Rod 450:_ _
400:|||||||||||||||||||||||||||||||||||||||:

O 20 40 60 80 100120140160180

Angle from Vertical at r=2.00 mm [Degrees]

A sparkless resistive glass correction electrode for the

spherical proportional counter
JINST 13 (2018) 11. P11006

|dea: incorporate correction electrode at top of support rod
\/oltage on correction electrode used to adjust electric field  Kationtan’s L Groamemia’ i Kehtar®® . Groa.® X Revielc K efotopenton
Shapes electric field near anode Tt CEA. Ui P St 51151 Gif e Frnce

bSchool of Physics and Astronomy, University of Birmingham, B15 2TT, United Kingdom

Geometry and voltages studied using ANSYS Finite Element v v oo o
MethOd (FEM) SOftware E-mail: ioannis.katsioulas@cea.fr

ABSTRACT: A new anode support structure for the spherical proportional counter is presented that

® F i g u re Of m e rit: e I eCtri C fi e I d h O m Og e n e ity n ea r th e a n Od e incorporates a resistive correction electrode made of glass. This electrode improves the electric

field homogeneity versus angle, while suppressing the probability and intensity of sparks compared
to non-resistive alternatives. The configuration of the correction electrode was optimised with

simulations. Such support structures have been constructed and measurements have demonstrated
homogeneous response of the detector and operational stability. A measurement of the resistivity
of the glass used is also presented.
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Slngle—Anode Sensor Testing
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® >Fe source placed inside detector
eSource of 5.9 keV X-rays
® At 8000 s, correction electrode
voltage changed from 100 V to 200 V

°mmediate response in amplitude

no sparks

= Small decrease in gain over
time due to contaminant
gases (e.g. O2) leaking into
the detector/out gassing
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® Over ~12 days, stable gain,
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® Uniform detector
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Pulse-Shape Discrimination

® | ots of information in a pulse. e.g. in rise time
® Electron from larger radii diffuse more
e[ arger spread in arrival — higher pulse rise time/width
® Spatially extended primary ionisation results in higher
rise time/width
® Particle ID by pulse-shape discrimination possible

Primarx Electron Diffusion — Pulse Rise time '

@ Primary Electron
A P
// //

/ AN
/ / “éit\
| u

\ N

\.\ \.\
\\ \\
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Vewd

Rise Time [us]

P Knights - NEWS-G - EESFYE HEP2022

230 cm detector, 1.3 bar
He:Ar:CH4 (51.7:46%:2.3%)
OFe source inside detector
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Other projects

on volume of detector,
Solar KK axions

not its mass!

— 10
Solar KK axion model predicts Z
accumulation of heavy (~10 keV) =
axions in the Solar System. These >

axions decay into two photons of
equal energy, absorbed at different
locations in an SPC.

10"

1012

Can reject background at 99.99% in Single photoelemt imeraction
2-22 keV range by keeping only \/

events with two pulses of similar

amplitude arriving shortly after each e

other. o 10-4L . : .
| 101 10 10" 10" 10* 10"
Axion density on Earth n, [m™~]

10-13

With 42 day exposure of SEDINE
detector, and an integrated sensitivity g NEWS-G collab., PHYSICAL REVIEW D 105, 012002 (2022)
to solar KK axion decays of 16%, still
improve over previous XMASS limit R e e S et
by factor ~6.

F. Vazquez de Sola Rencontres de Blois, May 2022
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Cut Physics Axion Background 2!°Pb 210Bj 210Bj
4 data simulation simulation  (Cu surface) (Cu bulk) (Pb shield)
Quality cuts 13078 95.5% 9050 3040 2000 1890
Prel. axion cuts 44 25.5% 111 83.7 14.2 3.96
+ adv. risetime cut 6 19.2% 5.06 1.78 1.00 1.50
+ adv. asym. cut 2 19.2% 4.07 1.42 0.795 1.16
+ adv. energy cut 1 17.9% 2.23 0.769 0.476 0.476
Table 1: Effect of the preliminary and advanced cuts on data and simulations in the 2 — 22 keV range. The numbers for the
data column (resp. background simulation and specific contributions) are the number of observed (resp. expected) events for
the 38.0days SEDINE run. Background simulations are taken from Ref. [35]. The numbers for the axion simulation column is
the proportion of simulated axion decays under 22 keV that pass the cuts.
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Quenching Factor

Quenching Factor of H in CH4
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Background Contributions to SNOGLOBE

Source | Contamination / flux | Unit Events rate <1 keV [dru| | Events rate in [1;5] keV [dru] | Total rate [mHz]
Gas *H 13 uBq/kg 0.05 0.06 0.005
mixture Z2Rn 111 uBq/kg 0.05 0.04 0.2
0pp 28.5 mBq/kg 1.04 1.01 0.86
Copper sphere =50 3 uBq/kg 0.0117 0.115 0.028
500 pum electrolyte | =“Th 13 uBq/kg 0.0754 0.0692 0.163
YK 0.1 mBq/kg 0.0157 0.0186 0.0622
<0ph <25 mBq/kg <(.14 <0.12 0.057
=5U 44.5 Bq/k 0.142 0.094 0.277
Roman lead =y 0.1 Zaﬁfé 0.0256 0.0161 0.0577
WK <1.3 mBq/kg <(.28 0.23 0.65
““Pb 4.6 Bq/kg 0.053 0.055 0.17
.. =5U 79 Bq/k 0.17 0.132 0.5
Low activity lead |-y 9 ﬁaﬁfé 0.0251 0.0201 0.075
YK <1.46 mBq/kg <0.35 0.26 0.67
Gamma 487 x 10~° v/cm* /s 0.0084 0.0095 0.00464
Cavern Neutron 4000 neutron/m-/day 0.0044 0.0004 3.54 x 10—H
Muon 0.27 muon,/m~/day 0.00062 0.00044 5.04 x 107°
Total 1.67 1.54 2.4
Total 4+ cosmogenic activation of the copper sphere 5.20 5.20 5.4
Total 4+ cosmogenic activation of the copper sphere and 6 months of cooling | 2.8 2.5 3.4
Total + cosmogenic activation of the copper sphere and 1 years of cooling | 2.1 1.9 3.0
Total + cosmogenic activation of the copper sphere and 2 years of cooling | 1.9 1.7 2.9

Table 5.6: Summary of the main background of NEWS-G at SNOLAB, without rise time selection. The upper
limits of activities 1n the lead are not taking into account in the total.

UNIVERSITYOF

BIRMINGHAM Vevd 15/06/2022

P Knights - NEWS-G - EESFYE HEP2022



Uniformity of Anode Response
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ACHINOS Simulation Study
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B Simulate experiment sending 5.9 keV photons from different ¢ at fixed 0

® |ooking at signhal generated on Near and Far anodes separately found higher amplitudes on Near
*Electric field higher on Near side due to grounded rod

® |ncreasing voltage applied to Far anodes corrects for effect
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Far Weighting Field

NeaI‘ VS FaI' Slgnals Simulation / / ////
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Towards TPC Mode Operation

® |ncreased number of anodes — spatial information
® For TPC operation need a to
* Primary interaction and avalanche scintillation Simulation
* Additional light-readout could be used
® Demonstrated by R2D2 collaboration using SiPM

230 cm detector, 1.1 bar Ar

w
£ 10000}
3
g
= 8000
£
<
8 6000
<<
At
4000 : 2 1 _750° 1 GeV muon, 100 Torr
Irgger B Initial electrons
| . ' 0 200 400 600 800 1000 1200 1400 * Start
2000 ¢ Avalanche 1 A Peak time [us]
| SiPM signal _ light |
0 ww
—400 -200 0 200 400 600 800 1000
] o time sample [us)
https://doi.org/10.1016/j.nima.2022.166382. Simulation framework: JINST 15 (2020) 06, C06013
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Neutron Detection

® Exploring SPC as a fast and thermal neutron detector
with N2 gas

* Non-toxic, non-flammable
*Simple and robust set-up
*Easy deployment and operation
*Cost efficient
°Low y-ray efficiency
*Direct spectroscopic measurement of fast neutrons

[ 1 Fast neutrons
1 Thermalized neutrons

“TON

222Rn + progeny

101

“N +n — 1“C + p + 625 keV
a-particles “Y“UN+n—->"B+a -159 keV

Rate [HZ]
=
<

=
9
w

® Measurements conducted at UoB and Boulby
1.5 bar N, Underground Laboratory
ﬂ *|ncluding Birmingham MC40 cyclotron
L ll “ | ® Studied using dedicated simulation framework for SPCs
0 250 503u|s7eSXm?i(38déZiODJSOO 1750 2000 ‘Unf0|d|ng |S neXt Step
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Simulation Framework

® Many packages available for detector simulation:
B Geant4: for simulation particle interactions with matter
O ANSYS ﬁnite'element methOdS SOftware fOr' eleCtriC f|e|d CaICUIatiOnS Development of a simulation framework for spherical
= Garfield++: For simulating electron-ion drift and signal calculations proportional counters
*Interfaces with Magboltz, SRIM and HEED - |
= Simulation framework combines these with custom calculations to  smw " T TR

choo! of Phyvaicy und Astronvey, University of Birminghwrrn,
“Schou! of PH o At U tyofB F

form complete simulation Bminghen 818 17 Unied Kl
p PIRFU, CEA, Universite Faris-Saclay,

791191 Gif-sur-Yveite, France

B Used by NEWS-G, but also R2D2 and for detector R&D A

ABsTRACT: The spherical proportiona. counter Is a novel gaseous detector with numerous applica-
tions, including direct dark mattar searches ard neutron spectroscopy. The strenztas of the Geantd

and Garfield++ toolkits are combined to create a simulation framework for spherical proport.onzl
counters. The interface s implemented by introducing Garfield++ classes within a Geant4 appli-
cation. Simulazed mucn, electron, and photon signals are presented, and the efects of gas mixturz
composition and anode support structure on deteclor responss are discussed.,

Kevworps: Detector modell gand simulations [ (interaction of radiation with matter, interact:on
of photons with matter, interaction of hadrons with mattar, ete); Datactor modelling and simulatio

11 (electn: helds, cnarge transport, mu.tiplication and :nducticn, pulse formation, electron emissior..
elc); Gaseous delectors; Simulation methods and programs

JINST 15 (2020) 06, C06013

& GEANT4

A SIMULATION TOOLKIT
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