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The Dark Matter Puzzle

One of the greatest mysteries of modern physics:

‘What makes up 84% of matter?’
= eading explanation is Dark Matter

Astron.Astrophys. 641 (2020) A6
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DM properties: \
& ‘Weakly’ interacting ‘
&Non-baryonic |
&Electrically neutral |
&Non-relativistic '
&Long-lived _

No known patrticle
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—_———— _— — — "

Phil.Trans.Roy.Soc.Lond.A 320 (1986) 1556, 447-464

200

halo
100

7 -1)
Uoie/ (kM 1)

stars and gas

stars

1 ) | L 1 1 1
0 10 20
radius/kpc

Galactic rotation curves

13/06/2024


https://doi.org/10.1098/rsta.1986.0128
https://doi.org/10.1086/508162
https://doi.org/10.1051/0004-6361/201833910

Dark Matter Detection

Particle candidate landscape ReptProa.phys. 85 (2022) 5. 056201
102leV peV neV ueV meV eV keVW MeV GeV TeV
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Landscape of Direct DM Searches
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Rept.Prog.Phys. 85 (2022) 5, 056201
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4pRegion has attracted theoretical
Interest
=Asymmetric DM
=Dark sectors

4pExploring light-DM region with nuclear

recoils requires:

=Low energy threshold
=Low mass nuclel
=Novel approaches
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Exploring Uncharted Territory
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Exploring Uncharted Territory

Rept.Prog.Phys. 85 (2022) 5, 056201
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NEWS-G Vewa

Light DM searches with a novel gaseous detector, the spherical proportional counter
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Light Dark Matter Detectlon - Kinematics
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= Kinematic matching: low-mass targets are favourable for light-DM detection by nuclear recoils
® Require low energy thresholds to see recoil energy
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Light Dark Matter Detectlon - I(mematlcs
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Light Dark Matter Detection - Quenching Factor

Stopping and Range of lons in
Matter (SRIM) simulation
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® Portion of deposited energy dissipated as ionisation quantified by quenching factor

= Light targets have favourable quenching factors
*Greater fraction of energy deposited by recoil nucleus is visible to detector
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Spherical Proportional Counters

The detector:
4p~1 mm anodes inside ~01-1m
radius spherical shell

#pRadial electric field
=Divides detector Into

drift and avalanche

, +—— Avalanche Region

- <4— Anode

— Vl ~ < Grounded Rod
E~—r,r
742 Grounded Cathode
\
C ~ 4re 0Tqa
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Spherical Proportional Counters

The detector:
4p~1 mm anodes inside ~01-1m
radius spherical shell

fpRadial electric field
=Divides detector Into

drift and avalanche

Drift Region

, +—— Avalanche Region

Strengths in Direct DM Searches:

4)pChoice of gas targets and pressures

4pLow capacitance, single-electron detection
4prLowest surface area to volume ratio
4pFiducialisation

4pSimple, few-channel read-out
Y»Radiopure construction

<+ Grounded Rod
Grounded Cathode

\
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@30 cm detector, 1.3 bar

Pulse-Shape Discrimination e sAriCHA (51.7:46%:2.39

55Fe source 1nside detector

@ 69 TP
frLots of information in a pulse. e.g. in rise time S F VA
v . - 60
4pElectron from larger radii diffuse more £ ' _
=Larger spread in arrival - higher pulse rise time/width Z OOL it
fpSpatially extended primary ionisation results in higher @ 5oL
rise time/width [ e

YpFiducialisation/Particle ID by pulse-shape discrimination

@ Primary Electron 30 ' B o

Low-Radius

O 2 4 6 8 1012 14 16 18 20
Amplitude [10° ADU]

(1) X-rays in volume, (2) X-rays

near shell, (3) Cosmic muons

El UNIVERSITYOF _ _ _ _
™y BIRMINGHAM Patrick Knights - NEWS-G - Warwick Seminar 13/06/2024

25
20

11



@30 cm detector, 1.3 bar

Pulse-Shape Discrimination e sAriCHA (51.7:46%:2.39
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rise time/width = A5

YpFiducialisation/Particle ID by pulse-shape discrimination

Primary Electron Diffusion — Pulse Rise time 354 r t ST
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First NEWS-G Detector, SEDINE

4rFirst NEWS-G results in 2018: 60 cm prototype in LSM, France
#Ne:CH,4 (99.3%:0.7%) 9.6 kg day exposure

4pStrongest Sl limit at time (2017) on 0.5 GeV candidate
#pMore physics with this data? Astropart.Phys. 97 (2018) 54-62
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First NEWS-G Detector, SEDINE

4rFirst NEWS-G results in 2018: 60 cm prototype in LSM, France
#Ne:CH, (99.3%:0.7%) 9.6 kg day exposure

#rStrongest Sl limit at time (2017) on 0.5 GeV candidate
#pMore physics with this data? Astropart.Phys. 97 (2018) 5462

KK axions produced in the sun phys.Rev.D 62 (2000) 125011
=Could resolve corona heating problem
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First NEWS-G Detector, SEDINE

4rFirst NEWS-G results in 2018: 60 cm prototype in LSM, France
#Ne:CH, (99.3%:0.7%) 9.6 kg day exposure

4pStrongest Sl limit at time (2017) on 0.5 GeV candidate

’”%”MOI’Q thSiCS Wlth thlS data.? Astropart.Phys. 97 (2018) 54-62

“SEDINE”, LSM .

KK axions produced in the sun phys.Rev.D 62 (2000) 125011
=Could resolve corona heating problem

S5Fe
source

-
- -
-
—
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-—
-

2.9 keV photon
(Ar fluorescence)
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First NEWS-G Detector, SEDINE

4rFirst NEWS-G results in 2018: 60 cm prototype in LSM, France
#Ne:CH, (99.3%:0.7%) 9.6 kg day exposure

4pStrongest Sl limit at time (2017) on 0.5 GeV candidate

”%f”MOre thSiCS Wlth thlS data.? Astropart.Phys. 97 (2018) 54-62

“SEDINE”, LSM .

KK axions produced in the sun phys.Rev.D 62 (2000) 125011

= Could resolve corona heating problem 10—
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First NEWS-G Detector, SEDINE

4rFirst NEWS-G results in 2018: 60 cm prototype in LSM, France
#Ne:CH, (99.3%:0.7%) 9.6 kg day exposure

4pStrongest Sl limit at time (2017) on 0.5 GeV candidate
#prMore physics with this data? Astropart.Phys. 97 (2018) 5462

“SEDINE”, LSM .

KK axions produced in the sun phys.Rev.D 62 (2000) 125011

=Could resolve corona heating problem = 109 s e,
% - te Phys.Rev.D 105 (2022) 1, 012002
= 10-10 -
© s
55Fe -

. But where next?
“< |, Development in instrumentation, detector
-7 physics, and detector simulation were required >

for next generation of NEWS-G |
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Simulation Framework

“"Many packages available for detector simulation:

“Geant4: for simulation particle interactions with matter Development of a simulation framework for spherical

" ANSYS: finite-element methods software for electric field calculations  roportional counters

»Garfield++: For simulating electron-ion drift and signal calculations
v Interfaces with Magboltz, SRIM and HEED nd v e R cloposon R Gt

“School of Physics and Astronomy, University of Birmingham,

“»Simulation framework combines these with custom calculations to ~ smim iz

YIRFU, CEA, Universite Paris-Saclay,
F-91191 Gif-sur-Yvette, France

form complete simulation i 2sets06mm
”‘%I n use by NEWS-G, R2D2 and for detector R&D Aserasc: Tio sphercal roputiousl ouskce 1+ novel gaseous dokector it mesoss spplics

tions, including direct dark matter searches and neutron spectroscopy. The strengths of the Geant4

and Garfield++ toolkits are combined to create a simulation framework for spherical proportional
counters. The interface is implemented by introducing Garfield++ classes within a Geant4 appli-
cation. Simulated muon, electron, and photon signals are presented, and the effects of gas mixture
composition and anode support structure on detector response are discussed.

Keyworps: Detector modelling and simulations I (interaction of radiation with matter, interaction
of photons with matter, interaction of hadrons with matter, etc); Detector modelling and simulations
II (electric fields, charge transport, multiplication and induction, pulse formation, electron emission,
etc); Gaseous detectors; Simulation methods and programs

JINST 15 (2020) 06, C06013

& GEANTS

A SIMULATION TOOLKIT

g UNIVERSITYOF _ _ _ _
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® ® ®
. . S . - S ~— —1_1 11 TT11 I T TTTTT I L LA 14
Simulation Chain Ostecor s ifalsed and it 10"
p— particle is generated in Geant4 E [ ZAcCH, (98.0%2.0%); 03 bar :
= - —He:Ne:CH, (72.5%:25.0%:2.5%); 1.0 bar .
e el | ¢ 2 5| —NeCH,(94.0%:6.0%); 1.0 bar
800 —_— §1 0 E E
1000 37Ar decays Geant4 tracks particles and interactions 2 :
..l G4RadiocactiveDecay | ¢ §104; .
: Electrons with kinetic energy : §
T 100 Mese <2 keV are passed to Garfield++ ' '
¢ Magboltz gas =
— parameters
200 - L-shell Heed calculates further ionisation ]
/ 1 10 10° 10° 10*
| Electric Field Strength [V/cm]
°"00 o5 1o 15 20 25
. Energy [keV]
£ CTTTTTTTTTT Cathode: 15 om radius F R s s L RS AR AR AR R
g Anode: 1 mm radius; 1430 Vi 5 8:_ Cathode: 15 cm radius E
w 3 Ar:CH, (98%:2%); 300 mbar_: s F Anode: 1 mm radius; 1430 Vé
— Microscopic avalanche < 7F Ar:CH, (987%:2%); 300 mbar,
2.5 —Polya fit - ° —2.38 keV electron -
o - o) 6'_ —
G=326+1 E = ]
2 £ =0.256+ 0.006 - S 5E E
) c -
15 Gain 3 3 -
) . - 2] n ]
parameterised : S 3 =
1 - 2 z
by Polya : 2- | Simulated E
0.5 ~ -/ recorded pulse =
E |2 T PR DU FUTI P ST e
NP PP SR IR PR B rare o 0 50 100 150 200 250 300 350 400
%200 400 600 800 1000 1200 1400 JINST 15 (2020) 06. C06013 Time [us]

Gain of Avalanche
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Example Simulation Application: Alpha Particles

R2D2 OVBB experiment investigating energy resolution
“Simulation used to understand distribution of pulse-shape parameters

JINST 16 (2021) 03. P03012

Measurement

vvvvvvvvvvvvvvvvvvvvvvvvv T

Rt [us]

Events

Rt = pulse rise time
Ma = pulse amplitude
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Example Simulation Application: Alpha Particles

R2D2 OVBB experiment investigating energy resolution
“Simulation used to understand distribution of pulse-shape parameters

Measurement

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Rt [us]

9 UNIVERSITYOr
ey BIRMINGHAM

JINST 16 (2021) 03. P03012

Simulation
U — 0.0
3 - Simulation < :
= 100} 720V, 200mbar Ar/CH4 (98/2%)
-0.2
80 <§
' )
-0.4 S
101 S
Y
=
S
-0°6§
.E
-0.8
10° -1.0
Rt = pulse rise time
Ma = pulse amplitude
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Measurement

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Rt [us]

9 UNIVERSITYOr
ey BIRMINGHAM

Example Simulation Application: Alpha Particles

R2D2 OVBB experiment investigating energy resolution
“Simulation used to understand distribution of pulse-shape parameters

10%

JINST 16 (2021) 03. P03012

: Anode rod

Simulation

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

L Simulation
L 720V, 200mbar Ar/CH4 (98/2%)

..........
\\\\\\

posSition
‘."‘-.\ (~direction)

Rt [us]

|
.t
N

|
O
I

P0210 soyff - o (5.3 MeV) emitted in 4x st

|
o

o
Initial a direction cosf

Rt = pulse rise time
Ma = pulse amplitude
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Multi-Anode Readout: ACHINOS

#Single anode: drift and avalanche fields coupled

=E=V-ra/r2 > higher voltage for same field at high r
=Challenge to scale detector size or pressure

=9 UNIVERSITYOF
S BIRMINGHAM

102 ;

=
o = =
I o o
= o =

Electric Field [V/cm]

=
o
N

1073

Patrick Knights - NEWS-G - Warwick Seminar

. Individual anode: JINST 13 (2018) 11. P11006 |

Simulation framework: JINST 15 (2020) 06. C06013 3,

—— Single anode

40 60 80 100 120 140

Radius [cm]
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Multi-Anode Readout: ACHINOS

#Single anode: drift and avalanche fields coupled

=E=V-ra/r2 - higher voltage for same field at high r

=Challenge to scale detector size or pressure
4pldea: multiple anodes at fixed radius - ACHINOS
= Avalanche field: anode radius + voltage
= Drift field: Collective field of anodes
4)pProcess industrialisation: 3D printing and DLC coating

B

{JINST 15 (2020) 11. 1

sea urchin

axIvog
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. Individual anode: JINST 13 (2018) 11. P11006 |

! Simulation framework: JINST 15 (2020) 06. C06013 ;,

—— Single anode
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Radius [cm]
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Multi-Anode Readout: ACHINOS [ individual anode: JINST 12 (2018) 11, P11005 |

#Single anode: drift and avalanche fields coupled | Simulation framework: JINST 15 (2020) 06. C06013
=E=V-ra/r2 = higher voltage for same field at high r 107 - o
. ; —— Single anode
= Challenge to scale detector size or pressure ; — 11-anode ACHINOS

4pldea: multiple anodes at fixed radius - ACHINOS
= Avalanche field: anode radius + voltage
= Drift field: Collective field of anodes
4)pProcess industrialisation: 3D printing and DLC coating

B
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- «a B’ A 20 40 60 80 100 120 140
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{ JINST 15 (2020) 11, 11 )

axIvog sea urchin
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Multi-Anode Readout: ACHINOS [ individual anode: JINST 12 (2018) 11, P11005 |

4)Single anode: drift and avalanche fields coupled ‘iU_lon framework: JINST 15 (2020) 06, €06013 u
=E=V-ra/r2 = higher voltage for same field at high r 107 — ' ; —
=Challenge to scale detector size or pressure f L rode ACHINOS

frldea: multiple anodes at fixed radius - ACHINOS 10
= Avalanche field: anode radius + voltage &
= Drift field: Collective field of anodes 2. 100

fp-Process industrialisation: 3D printing and DLC coating 5

—r— . E) 10_1
3
LLJ T~7x
1072
103

20 40 60 80 100 120 140
Radius [cm]

Enabled larger detectors, higher pressures

4 Key for NEWS-G DM searches

4 Energy resolution key to OvBp searches: R2D2
4 Exploring application to liquid Xe for S2
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ACHINOS Response: 2-Channel Read-Out

4pEarly ACHINOS read out all anodes together

“Experimentally observed amplitude dependance on source azimuthal position
4pInvestigated with simulation

DLC-Coated
Central Electrode ',
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ACHINOS Response: 2-Channel Read-Out

4pEarly ACHINOS read out all anodes together

YExperimentally observed amplitude dependance on source azimuthal position
4pInvestigated with simulation
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ACHINOS Response: 2-Channel Read-Out

4pEarly ACHINOS read out all anodes together

YExperimentally observed amplitude dependance on source azimuthal position
4pInvestigated with simulation
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ACHINOS Response: 2-Channel Read-Out

4pEarly ACHINOS read out all anodes together

YExperimentally observed amplitude dependance on source azimuthal position
4pInvestigated with simulation

4pSignal on higher on Near anode than Far: Electric field higher due to rod
4pIncreasing voltage applied to Far anodes corrects for effect

4“pNow standard practise for bias
on 2 ACHINOS channels
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6 Far Anodes

ACHINOS Response: 2-Channel Read-Out

4pEarly ACHINOS read out all anodes together

YExperimentally observed amplitude dependance on source azimuthal position
4pInvestigated with simulation

4pSignal on higher on Near anode than Far: Electric field higher due to rod
4pIncreasing voltage applied to Far anodes corrects for effect

5 Near Anodes
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Individual Anode Read-Out

First operation of an ACHINOS-equipped Spherical
Proportional Counter with individual anode read-out

4pDeveloped electronics and read-out to
instrument all 11 anodes individually ... .o e o

T. Neep,“ K. Nikolopoulos,*“ G. Rogers®

[ ]
’W ’ “School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, United Kingdom
{ # I I l p rO V‘ ( n ‘ r y r‘ : ; O u I O n ’ b European Spallation Source ESS ERIC (ESS), Box 176, SE-221 00 Lund, Sweden

“Particle Physics Department, STFC Rutherford Appleton Laboratory, UK

9d]nstitute for Experimental Physics, University of Hamburg, 22761, Hamburg, Germany

fiducialisation, track reconstruction, ... oo

ABSTRACT: The multi-anode sensor ACHINOS revolutionised the spherical proportional counter’s
capabilities by enabling large size, high pressure operation, and TPC like capabilities through
individual anode read-out. First measurements with an individually read out ACHINOS are per-
formed, which enables improved calibration and response homogenisation. Experimental results
demonstrating the improvement in energy resolution brought by the individual anode calibration are
presented. These are complemented by detailed simulation studies on the effect of sensor design
and manufacturing imperfections, and how they may be corrected both in hardware and analysis.
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LS b -
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Individual Anode Read-Out

First operation of an ACHINOS-equipped Spherical

/ﬁi/l;, D eve lo p e d e le Ct ro n i CS a n d rea d _ O u t tO Proportional Counter with individual anode read-out
instrument all 11 anodes individually ... .o e o

T. Neep,“ K. Nikolopoulos,*“ G. Rogers®

[ ]
M ’ “School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, United Kingdom
{ # I I l p rO V‘ ( n ‘ r y r‘ : ; O u I O n ’ b European Spallation Source ESS ERIC (ESS), Box 176, SE-221 00 Lund, Sweden

“Particle Physics Department, STFC Rutherford Appleton Laboratory, UK

9d]nstitute for Experimental Physics, University of Hamburg, 22761, Hamburg, Germany

fiducialisation, track reconstruction, ... oo

ABSTRACT: The multi-anode sensor ACHINOS revolutionised the spherical proportional counter’s
capabilities by enabling large size, high pressure operation, and TPC like capabilities through
individual anode read-out. First measurements with an individually read out ACHINOS are per-
formed, which enables improved calibration and response homogenisation. Experimental results
| demonstrating the improvement in energy resolution brought by the individual anode calibration are
presented. These are complemented by detailed simulation studies on the effect of sensor design
and manufacturing imperfections, and how they may be corrected both in hardware and analysis.
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Individual Anode Read-Out

First operation of an ACHINOS-equipped Spherical

/ﬁi/l;, D eve lo p e d e le Ct ro n i CS a n d rea d _ O u t tO Proportional Counter with individual anode read-out

instrument all 11 anodes individually
4pImproved energy resolution,
fiducialisation, track reconstruction, ...

D. Herd,“ I. Katsioulas,%? P. Knights,! |. Manthos,* J. Matthews,? L. Millins,?:
T. Neep,“ K. Nikolopoulos,*“ G. Rogers®

“School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, United Kingdom
bEuropean Spallation Source ESS ERIC (ESS), Box 176, SE-221 00 Lund, Sweden

“Particle Physics Department, STFC Rutherford Appleton Laboratory, UK

9d]nstitute for Experimental Physics, University of Hamburg, 22761, Hamburg, Germany

E-mail: p.r.knights@bham.ac.uk

ABSTRACT: The multi-anode sensor ACHINOS revolutionised the spherical proportional counter’s
capabilities by enabling large size, high pressure operation, and TPC like capabilities through
individual anode read-out. First measurements with an individually read out ACHINOS are per-
formed, which enables improved calibration and response homogenisation. Experimental results
3y demonstrating the improvement in energy resolution brought by the individual anode calibration are
- presented. These are complemented by detailed simulation studies on the effect of sensor design
and manufacturing imperfections, and how they may be corrected both in hardware and analysis.
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Simulation
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Event Localisation

4Single-anode(channel) - Radial information from rise time
=Also track vs point-like from rise time
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Event Localisation

4Single-anode(channel) - Radial information from rise time
=Also track vs point-like from rise time

4p2-channel - +Near/Far information from amplitude asymmetry

\ Shared

Risetime [us]

B
—-1.0 —-0.5 0.0 0.5 1.0
Asymmetry

11-anode ACHINOS simulation

e UNIVERSITYOF _ _ _ _
#*y BIRMINGHAM Patrick Knights - NEWS-G - Warwick Seminar 13/06/2024 19




Event Localisation

4Single-anode(channel) - Radial information from rise time
= Also track vs point-like from rise time

4p2-channel - +Near/Far information from amplitude asymmetry

4»11-channel - +potential for event localisation
= Potential to reconstruct tracks in detector volume

760 anodes - higher field and improved position resolution

\ Shared

60-anode ACHINOS simulation

Risetime [us]

e
-1.0 —-0.5 0.0 0.5 1.0
Asymmetry

11-anode ACHINOS simulation
1 GeV muon, 100 Torr

————— initial electrons
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Event Localisation

4Single-anode(channel) - Radial information from rise time
= Also track vs point-like from rise time

4p2-channel - +Near/Far information from amplitude asymmetry

4»11-channel - +potential for event localisation
= Potential to reconstruct tracks in detector volume

760 anodes - higher field and improved position resolution
4pLight read-out > event to

\ Shared

60-anode ACHINOS simulation
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ACHINOS in other spherical detectors

4 XMASS recently published results of full data set
4pSimilarities between the spherical proportional counter and XMASS are striking
=SPC: Charge-only, and gas. XMASS: Light-only, liquid Xenon

4pQuestion: Could XMASS sensitivity be improved with fiducialisation/background rejection?
=Can this be done by adding charge-amplification to get S2 signal?

. | 'I | -
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Phys.Rev.D 108 (2023) 8, 083022 /

Source: XMASS website
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ACHINOS in other spherical detectors

4 XMASS recently published results of full data set
4pSimilarities between the spherical proportional counter and XMASS are striking
=SPC: Charge-only, and gas. XMASS: Light-only, liquid Xenon

4pQuestion: Could XMASS sensitivity be improved with fiducialisation/background rejection?
=Can this be done by adding charge-amplification to get S2 signal?
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Towards Scalable Amplification in LXe

4prAmplification directly in LXe demonstrated previously - challenge is scalability
=|dea: an ACHINOS-like structure / ‘\
4 First tests with 250um-tip needle mounted inside test vessel

LXe
= |nstalled with 249/Am source, and volume observed by 2 PMTs \ /
[' T

XXX RARNKN Field Cage

Needle

AAAAANS V
o l0%e%e%% % 0% %"
ONOININOINININEININENSS
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4 First tests with 250um-tip needle mounted inside test vessel

LXe
= |nstalled with 249/Am source, and volume observed by 2 PMTs \ /
[' T

XXX RARNKN Field Cage

Needle

AAAAANS V
o l0%e%e%% % 0% %"
ONOININOINININEININENSS

I3 UNIVERSITYOF _ _ _ _
Py BIRMINGHAM Patrick Knights - NEWS-G - Warwick Seminar 13/06/2024 21




Towards Scalable Amplification in LXe

4prAmplification directly in LXe demonstrated previously - challenge is scalability

=|dea: an ACHINOS-like structure /
4 First tests with 250um-tip needle mounted inside test vessel

LXe \
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Towards Scalable Amplification in LXe

“rAmplification directly in LXe demonstrated previously - challenge is scalability

=|dea: an ACHINOS-like structure

4 First tests with 250um-tip needle mounted inside test vessel
=|nstalled with 2'Am source, and volume observed by 2 PMTs

Insulated Cu wires (HV and ground)
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Towards Scalable Amplification in LXe

“rAmplification directly in LXe demonstrated previously - challenge is scalability

=|dea: an ACHINOS-like structure /
4 First tests with 250um-tip needle mounted inside test vessel

LXe \
=|nstalled with 2/Am source, and volume observed by 2 PMTs \\ /
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Towards Scalable Amplification in LXe

“rAmplification directly in LXe demonstrated previously - challenge is scalability

=|dea: an ACHINOS-like structure /
4 First tests with 250um-tip needle mounted inside test vessel
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lonisation Quenching Factor

1.0

H* in H, ArTin Ar

lonisation Quenching Factor

w=He™ in He Ge™ in Ge
Ne® in Ne == Xe™ in Xe
04 - Sit in Si
02 -/—____—__-__—
s
0.0 T T . '
0 2 4 8 8 10

Energy [keV]

YrKinematic matching: low-mass targets are favourable for light-DM detection by nuclear recoils
YpLight targets have favourable quenching factors
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lonisation Quenching Factor

1.0

Stopping and Range of lons in
Matter (SRIM) simulation

0.6 = H* in H, Ar* in Ar
= He™ in He Ge™ in Ge
Ne® in Ne = Xe™ in Xe
Si* in Si

lonisation Quenching Factor

0.0

0 2 4 6 8 10

Energy [keV]
4pKinematic matching: low-mass targets are favourable for light-DM detection by nuclear recoils
YpLight targets have favourable quenching factors
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lonisation Quenching Factor

1.0 Stopping and Range of lons in
Matter (SRIM) simulation

0.6 - = H* in H, Art in Ar
e He* In He Ge™ in Ge

Ne™ in Ne = Xe™ In Xe

lonisation Quenching Factor

0 2 4 6 8 10
Energy [keV]

4pKinematic 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
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Quenching Factor Measurements: TUNL
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enching Factor Measurements: COMIMAC

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
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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
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%?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
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Quenching Factor Estimates: W-Values

W [eV]

ICRU Asymptotic

Hs 36.54+0.7 38.04+0.8
CHy 27.3£0.6 27.904 0.01
No 34.8+0.7 34.914+0.17
Ar 26.41+0.5 28.5+0.6
CO2 33.04+0.7 33.02+0.12
CsHg 24.0+0.5 26.4%+0.5
100 100 102 10° 101 10° 100 102 103
Energy [keV]
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Overcoming Backgrounds in Copper
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Overcoming Backgrounds in Copper

++  Total measured bulk ?1°Po
s=== Total modelled bulk 21°Po
s=== Total modelled bulk ?!°Pb
53 #rMain source of background is 5
Pa contaminants in detector copper E o
I o) 4p‘High reduction potential’ of copper
— Preferentially deposited 2
WAdditive-free, electroforming
0.0 0.5 1.0 o [yearls.:]S 2.0 2.5
_|_
Anode Cathode
214 210
Po Po
214 /8416°US 210 /84 138 - curt | [outi2e—cu
Bi | Bi ' Oxidation  Reductiog .
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Ultra-Pure Copper Electroforming

4500 um electroplated layer to NEWS-G detector inner surface

#rDemonstrated potential to electroform full detector on
feasible time scale 500

210pp .\ﬁ EF Copper Gas
opper
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Ultra-Pure Copper Electroforming

40500 pm electroplated layer to NEWS-G detector inner surface

“#rDemonstrated potential to electroform full detector on
feasible time scale 500 ym

210pp, .\IB EF Copper Gas
r
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Ultra-Pure Copper Electroforming

40500 pm electroplated layer to NEWS-G detector inner surface
4pDemonstrated potential to electroform full detector on

feasible time scale S
210py, .\IB EF Copper Gas
':"N
4N Copper T
— |- I | S A | I | S A | L N I T 1 1 z“_:
g 0.5 - 2
— i e Polishing and Plating A 4
% i E
§ 0.4~ © Absolute Amount Plated —
5 I
(V)] -
3 0.3 —
-
< |CP-MS Assay
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() —1 —1
> : g] nBake™| [nBgkg™)
S o ~1 mm/month -
o U.Ir | C10100 Cu
I ] . 8.7+ 1.6 279+ 1.9
< (Machined)
ON - Vewdy) Cu : <0119  <0.099
05'1'01'52'0 Electroformed
Time Since 09:36 01/08/2018 [days] Hemisphere 1°-0.256 - <0.58 <0.26

Hemisphere 2 0.614 <0.24 <0.11
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https://doi.org/10.1016/j.nima.2020.164844

SNOGLOBE in SNOLAB

#2140 cm detector 4N (99.99% pure) Aurubis copper
= Electroplated internal layer

4pConstructed and tested in LSM, France e
v Commissioning data analysis finalising (CH.)

- 22 cm Low
Activity Lead

3 cm Archeological
- Lead

A\

Vew?

(INST 122023 02, Tozeed
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SNOGLOBE in SNOLAB

#2140 cm detector 4N (99.99% pure) Aurubis copper 4pDiscriminating variable: time separation

= Electroplated internal layer

4pSurface/volume and coincidence

4pConstructed and tested in LSM, France /b discrimination
v Commissioning data analysis finalising (CH.)
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SNOGLOBE in SNOLAB

#2140 cm detector 4N (99.99% pure) Aurubis copper

= Electroplated internal layer
4pConstructed and tested in LSM, France
v Commissioning data analysis finalising (CH.)

=W rcmion

Activity Lead

3 cm Archeological

o - | eq d
7

A\
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5 |
L (" JINST 16 (2073 07, 767005)
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SNOGLOBE in SNOLAB

#2140 cm detector 4N (99.99% pure) Aurubis copper
= Electroplated internal layer

4pConstructed and tested in LSM, France e
v Commissioning data analysis finalising (CH.)

10°
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SNOGLOBE in SNOLAB

#2140 cm detector 4N (99.99% pure) Aurubis copper
= Electroplated internal layer

4pConstructed and tested in LSM, France
JComm|SS|on|ng data analy5|s ﬂnallsmg (CH4) '

' i First physms run in SNOLAB in 2023 |

0.SD p [pb]
=

IIIIIrI I

Val
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
#pMedical and industrial applications
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
%%Medlcal and mdustrlal appllcatlons

»%BHe and BFs: expensive, toxic, fast-neutrons thi through moderation
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
#pMedical and industrial applications

43He and BFs: expensive, toxic, fast—neutronsrough moderation
4SPC as neutron spectrometer with N, gas

14N + n - 14C + p + 625 keV
“N +n - "B+a -159 keV
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SPC Applications: Neutron Spectroscopy

4pBackground measurements for rare-event searches
%Medlcal and industrial applications

) | ,-~.¢’¥:ﬂ"’"ﬁ
~ 40 Cyclotron U. Of B|rm|ngham §

’/%»3He and BF;; expensive, toxic, fast-neutrons th through moderation
4SPC as neutron spectrometer with N, gas

14N + n = %“C+ p + 625 keV

“N+n->1B+a -159 keV

| | 1-0 3 1 |

£ S 3He(n,p)*H
S —— 1N(n,p)HC
— o I‘N(n.a)nB
c "

S 0.8

©

Q

n 103 .
A 0.6

o

O f 101 | -

o
o
|
k—- - ——————— ~ — - —
-
<
-t
| ||
/ )
1 1

I
. - T 103 —===%" .
0.2 [~ l" I !;‘ ) r\ T 10 10
| |q; \‘ f '\ e
|?: i 3 r'/\ \)é S \\.‘.-* ~-—‘- ....................
ooV N
' 5 10 15 20

Neutron Energy [MeV]

= UNIVERSITYOF _ _ _ _
#*y BIRMINGHAM Patrick Knights - NEWS-G - Warwick Seminar 13/06/2024 29




SPC Applications: Neutron Spectroscpy

4pBackground measurements for rare-event searches
WZyMedlcal and mdustrlal applications ?".“.}1

’/%»3He and BF;; expensive, toxic, fast-neutrons th through moderation
4SPC as neutron spectrometer with N, gas

14N + n - 14C + p + 625 keV

“N+n->1B+a -159 keV
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Rept.Prog.Phys. 85 (2022) 5, 056201
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Towards the Neutrino Floor with NEWS-G

SEDINE SNOGLOBE
@60cm @140cm
NOSV Cu 99.99% Cu

500 um EFCu Layer

o @

Current detectors
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Towards the Neutrino Floor with NEWS-G

Simulated backgrounds in SNOGLOBE

Cosmogenic activation

(1 year cooling)
20.4%

Shield materials

19.8%
SEDINE SNOGLOBE
@60cm @140cm
NOSV Cu 99.99% Cu

500 um EFCu Layer

o @

Current detectors

Gas mixture

4.8%
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€r 0.6%
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Electroforming...
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Towards the Neutrino Floor with NEWS-G

Simulated backgrounds in SNOGLOBE

..underground

OS

(1 year cooling
20.4%

SEDINE SNOGLOBE
@60cm @140cm
NOSV Cu 99.99% Cu

500 um EFCu Layer

o @

Current detectors

N
54.4% .

Electroforming...
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Towards the Neutrino Floor with NEWS-G

SEDINE SNOGLOBE
@60cm @140cm
NOSV Cu 99.99% Cu

500 um EFCu Layer

Q

Current detectors
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Simulated backgrounds in SNOGLOBE
..underground

OS

(1 year cooling
20.4%

tivation

Water-based shield

ShieTamesasials
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Gas mixture

4.8%
Cavern
er 0.6%
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Towards the Neutrino Floor with NEWS-G

Simulated backgrounds in SNOGLOBE
..underground

OS

(1 year cooling
20.4%

tivation

Water-based shield

M

19.8%

SEDINE SNOGLOBE DarkSPHERE-30 DarkSPHERE

@60cm @140cm @30cm

NOSV Cu 99.99% Cu Ungerground EF Cu y L

500 um EFCu Layer
Gas mixture
4.8%
Cavern
M 0.6%
54.4%
O o 0 Electroforming...

Current detectors Future NEWS-G DM projects
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Towards the Neutrino Floor with NEWS-G

e - Simulated backgrounds in SNOGLOBE

..underground

Vew2

Exploring light dark matter with the DarkSPHERE s

proportional counter electroformed underground 0S tivation
at the Boulby Underground Laboratory (1 year coolin g |
L. Balogh,' C Beaufort,” M Chapellier,’ E C. Corcoran J.-M. Coqulllat A Dastghelbl-Fard h ¢ Deng D. Dumford ; 20.4%

C. Garrah,’ G Gerbier,” I. Giomataris,” G. Giroux,” P. Gorel,” M. Gros,® P. Gros,’ O Guillaudin,’ E W. Hoppe
I. Katsioulas,” F. Kelly," P. Knights®, 5. P. Lautndou '9'1. Manthos®,” R D. Martm J. Matthews J.-F. Muraz,’
T. Neep®, 9 K. Nikolopoulos®,” P. O’Brien,” M.-C. Piro,” N. Rowe,” D. Santos,” G. Savvidis,’ I. Savvidis,"’
F. Vazquez de Sola Fernandez,® R. Ward’

Water-based shield

ShieTa mesasials

(NEWS-G Collaboration)

E. Banks,]2 L. Hamaide,13 C. McCabe@,l?’ K. Mimasu,”’ and S. Paling12 19.8%
SEDINE SNOGLOBE DarkSPHERE-30 DarkSPHERE
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500 um EFCu Layer _
Gas mixture
4.8%
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N 0.6%
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https://doi.org/10.1103/PhysRevD.108.112006

Science and
Facillties Council 222Rn ~3 Bq/m3 P_Scovell, DMUK 2019

Boulby Underground U ~4x10-8 [cm2/s NIMA 511 (2003) 347-353
Laboratory i E__ ~

[
o

DarkSPHERE in Boulby

4pDarkSPHERE will use a modular water-based shield
YA pure water shield is sufficient for background goal of T

0.01 event/keV/kg/day in ROI | N ‘ ‘
4pBoulby as potential host - UK's deep-underground science facility

Lias shales

Keuper marl

Bunter Sandstone
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https://doi.org/10.1016/S0168-9002(03)01973-9
https://indico.fnal.gov/event/19947/contributions/54719/attachments/34157/41788/DMUK_BoulbyUpdate.pdf

Science and
Facillties Council 222Rn ~3 Bq/m3 P_Scovell, DMUK 2019
Boulby Underground U .~4X1O‘8 /Cm2/S NIMA 511 (2003) 347-353
Laboratory k -

[
o

DarkSPHERE in Boulby

4pDarkSPHERE will use a modular water-based shield
YA pure water shield is sufficient for background goal of T

0.01 event/keV/kg/day in ROI | N ‘ ‘
4pBoulby as potential host - UK's deep-underground science facility

Lias shales

Keuper marl

Bunter Sandstone

* Current @30cm R
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https://indico.fnal.gov/event/19947/contributions/54719/attachments/34157/41788/DMUK_BoulbyUpdate.pdf

Science and
Facillties Council 222Rn ~3 Bq/m3 P_Scovell, DMUK 2019
Boulby Underground U .~4X1O‘8 /Cm2/S NIMA 511 (2003) 347-353
Laboratory . G

DarkSPHERE in Boulby

4»DarkSPHERE will use a modular water-based shield
4pA pure water shield is sufficient for background goal of

0.01 event/keV/kg/day in ROI | N
4pBoulby as potential host - UK's deep-underground science facility

Lias shales

Keuper marl

Environmental background rate < 1keV [dru]
Shielding Photon-induced Neutron-induced Muon-induced
Configuration Photon Neutron Photon

2.5m water  42x1072(0.3) 9x107°(5) 1.3x107*(0.4) 5x 1073 (4)

Bunter Sandstone

"4
#—250.0cm™7 f—+#150.0 cm

DarkSPHERE
@3 m Fully Electroformed SPC

Access to detector

Modular water-based shield
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Facillties Council 222Rn ~3 Bq/m3 P_Scovell, DMUK 2019
Boulby Underground U .~4X1O‘8 /Cm2/S NIMA 511 (2003) 347-353
Laboratory k -
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P

DarkSPHERE in Boulby

4»DarkSPHERE will use a modular water-based shield
4pA pure water shield is sufficient for background goal of

0.01 event/keV/kg/day in ROI | N
4pBoulby as potential host - UK's deep-underground science facility
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Keuper marl

Environmental background rate < 1keV [dru]
Shielding Photon-induced Neutron-induced Muon-induced
Configuration Photon Neutron Photon

2.5m water  42x1072(0.3) 9x107°(5) 1.3x107*(0.4) 5x 1073 (4)

Cosmic radiation attenuated

"4
#—250.0cm™7 f—+#150.0 cm

DarkSPHERE
@3 m Fully Electroformed SPC

Access to detector

Modular water-based shield
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E FCu i n Bo u lby Example electroforming bath

at Pacific Northwest National Laboratory

#pECUME project, SNOLAB, of @140cm detector + scale model in PNNL y N ‘

#)pSTFC funding for an ultra-pure EFCu facility underground in Boulby
= Currently under construction

Credit: E W Hoppe, PNNL
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https://indico.sanfordlab.org/event/29/contributions/475/attachments/310/792/LRT-2022-Electroforming%20Hoppe.pdf

E FCu i n Bo u lby Example electroforming bath

at Pacific Northwest National Laboratory

fPECUME project, SNOLAB, of @140cm detector + scale modelin PNNL P _amw A ‘
4STFC funding for an ultra-pure EFCu facility underground in Boulby ‘ 4 TN '
= Currently under construction

Boulby EFCu [ #4507
Facility oot
ng_:t@

Credit: E W Hoppe, PNNL
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E FCu i n Bo u lby Example electroforming bath

at Pacific Northwest National Laboratory

1y \
~
P s it |

4pECUME project, SNOLAB, of 2140cm detector + scale model in PNNL
#)pSTFC funding for an ultra-pure EFCu facility underground in Boulby
= Currently under construction
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E FCu i n Bo u lby Example electroforming bath

at Pacific Northwest National Laboratory
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BUTTON-30

4»BUTTON experiment - a technology testbed for
neutrino detector hardware and active media

4pHosted in Boulby, with BUTTON-30 under construction
=~30 tonne first stage instrumented by ~100 10” PMTs
=Fill media: water and water-based liquid scintillators

(+Gd doping)
4Exploring synergies as active veto for DarkSPHERE

From: L Kneale, IOP HEPP&APP 2023
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BUTTON-30

4»BUTTON experiment - a technology testbed for
neutrino detector hardware and active media

4pHosted in Boulby, with BUTTON-30 under construction
=~30 tonne first stage instrumented by ~100 10” PMTs
=Fill media: water and water-based liquid scintillators

(+Gd doping)
4Exploring synergies as active veto for DarkSPHERE

Rough schematic for scale
with 230 cm detector

From: L Kneale, IOP HEPP&APP 2023

=@ UNIVERSITYOF - : i i
¥ BIRMINGHAM Patrick Knights - NEWS-G - Warwick Seminar 13/06/2024 34



https://indico.sanfordlab.org/event/29/contributions/475/attachments/310/792/LRT-2022-Electroforming%20Hoppe.pdf

Instrumentation for DarkSPHERE

4pCurrent ACHINOS thought to be sufficient for S140
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DarkSPHERE Physics Potential

— 10_36 = | =

N = >

- - .

'2' 10_37 = =

& - ]

o N i}

c 10738 =

o = =

@ - ]

g 1039 = =

= - E

L O \ -

% 10740 "o \ =

S S/o/y \ E

N é\'?é\ \\ ]

10741 E (5, N =

- é& \ -

- 7)) N i

107% £ =

E9o<y CL Upper Limit D ~><

10743 §He:f—C4H1(§)?9O%:1O%) =

-300 days neutrino floor =

“E(0.014, 1) keV .

10—44 . Lo ool ! { A A LA A ' v /L SAN
102 101 100 101

DM mass m, [GeV/c?]

4)‘Neutrino-floor’ reaching potential in DM-nucleon Sl interactions

“World-leading potential in SD interactions through natural-abundance H and C isotopes
4p230cm prototype in Boulby in a DarkSPHERE-like shield will have world-leading sensitivity
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DarkSPHERE Physics Potential
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4pLarge sphere is also ideal shape to study more exotic candidates
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DarkSPHERE Physics Potential
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Summary

4pSpherical proportional counters have a number of strengths in
probing light DM candidates

YNEWS-G first physics campaign in SNOLAB, analysis ongoing
4 Fully electroformed SPCs will overcome main background

=DarkSPHERE proposed for current Boulby lab space
=30cm scale detector to begin in next weeks

=World-leading DM search in Boulby

£—250.0 cm—+ 150.0 cm
=
» DarkSPHERE
g @3 m Fully Electroformed SPC
;? Access to detector
-
= Modular water-based shield
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