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DM D D Land BIRMINGHAM
Irect Detection Lanqascape
i H ; XENONIT(M) (019 = NEWS-G (2018 Higher
Exploring light dark matter in the low mass 3 | for e 1 10-
region (0.01-10 GeV) requires: _d:; e 107 Exposure
- LOW deteCtOI’ th I’EShO|dS N CONEipe (2018 DAMIC (2020) EzO(keV)

- Light nuclei

Combination of requirements necessitates

novel detector approaches!
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The Spherical Proportional Counter

UNIVERSITY©F
BIRMINGHAM

e
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“Achinos” Sensor

U

2

Key strengths for a light DM search:

- Choice in gas targets (light nuclei) and
pressures

- Low capacitance: low electronic noise,
single electron threshold

- Simple design: entirely radiopure
construction

- Electric field split between drift and
amplification region

- Position reconstruction

1.0

<«—— Avalanche Region

¥ <— Anode

<+— Grounded Rod
Grounded Cathode

N

Increased DM sensitivity comes from increased
exposure via:

- Increased pressure

- Increase volume

Requires higher gain — Higher E-field (G~E/P)

o
@

Lighter gases
have good
ionisation QF

o
o

0.4 -

Based on SRIM

lonisation Quenching Factor

mg

Achieved by Achinos: Avalanche region set by individual simulation
anodes, drift by combined field 00 . . . .
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Current SPCs: NEWS-G

[INST 18 (2023) 02, T02005

First NEWS-G results obtained by SEDINE (@60 cm) at
Modane (Astropart. Phys. 97, 54 (2018))

3 cm Archeological lead

22 cm Low Activity lead

Current: S140 in SNOLAB - @140 cm detector of 4N

(99.99% pure) copper (electroplated inner layer)

- First physics run finalised 2023, first results
published

- ~20 kg-days exposure with Ne:CH,

! l
Jl

e

| 1,
) | A

|

| | B

|

Stainless steel skin

2140 cm Copper sphere

See next talk from G.
Giroux on NEWS-G and

SNGLAB

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 4
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https://www.sciencedirect.com/science/article/pii/S0927650517301871
https://iopscience.iop.org/article/10.1088/1748-0221/18/02/T02005

Reducing Backgrounds NI
Based on simulated backgrounds
A. Brossard, NEWS-G Thesis
Cosmogenic activation
1 year coolin
(L y g) SEDINE 5140
@60 cm @140 cm
NOSV Cu 99.99% Cu
500 pm EFCu Layer
Shield materials
19.8%
\' Gas mixture
4.8%
Cavern
Copper 0.6%
54.4%
Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 5


https://theses.hal.science/tel-02923528
https://theses.hal.science/tel-02923528
https://theses.hal.science/tel-02923528

Reducing Backgrounds NI
Based on simulated backgrounds
A. Brossard, NEWS-G Thesis
Underground construction
Cos enic activation
cooling) SEDINE 5140 DarkSPHERE-30 DarkSPHERE

@60 cm @140 cm @30 cm
NOSV Cu 99.99% Cu Underground EFCu

.eld materials
' 8%

Q

Gas mixture

Cavern

Co 0.6%

54.4%

Fully electroformed detector

500 pm EFCu Layer

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026
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DarkSPHERE Experiment

UNIVERSITY©F
BIRMINGHAM

—_

DarkSPHERE: @ 3 m detector constructed
underground FRANS
- Fully electroformed underground ?W;‘;u";;\:jfi‘;mmm
- Water-based shield ‘

- Boulby as potential host
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Pure water shield: 0.01 cpd/kg/keV in ROI :
10—95_ 222RNn ~3 Bq/m3 u\\"\\(‘:{p]ﬂ 4
- p~4x10°8 /cm? SNOLAB xS

Environmental background rate < 1keV [dru]
Photon-induced

Shielding Neutron-induced

Muon-induced 10_105‘,..............................\_

Photon Neutron Photon 1 2 3 4 5 6

Configuration

5 % 10— (4) Vertical overburden depth [km.w.e.]

2.5m water 4.2 x 107 (0.3) 9 x 107%(5) 1.3 x 1071 (0.4)

R&D sphere to assess

DarkSPHERE
@3 m Fully Electroformed SPC

' Shielding design
engineering

study ongoing!

Access to detector

Modular water-based shield

Phys. Rev. D
108, 112006

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026

underground performance!

Lias shales

Keuper marl

| Cosmic radiation attenuated

A. Hamer |
on Boulby



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112006
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Electroforming underground produces ultra-pure

copper:

- Underground: no cosmogenic activation

- Electroformation process preferences copper
deposition over radio-impurities

- Effective removal of radio-impurities

First ultra-pure copper electro-plated in Boulby
- Moving towards 30 cm sphere

Power supply _I

Cathode
Reduction Potentials .

CP o G 0oLV See also pure alloys project (D. Spathara NIMA (2026)
Bb? 1 26 = Pb: 0.13 V arXiv:2509.07406):
U +3e=U: -1.80V - Improving mechanical performance of EFCu w/ CuCr
Th** +4e'=Th:-1.90 V allovs!
Kt +e =K: -293V ys:

Electrolyte ' Fratiea eemces

() See also: Poster from D. Spathara Research Council
Oxidation Reduction
8
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https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://arxiv.org/abs/2509.07406
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Towards DarkSPHERE-30

Working towards commissioning of @30 cm SPC in Boulby:
- Fully electroformed
- Also capable of world-leading limits

Key requirements being worked towards:
- Underground electroforming of sphere - to begin this year!
- Suitable underground performance - in process!

- Water-based shielding: sims in process, decision being made

Proposed location!

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 9
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Detectors for Spallation Backgrounds &

| Co-authors: H-M. Huckvale, A. Mattison | Study muon-induced neutron backgrounds with detectors
constructed in Birmingham:
M - Constituent PMTs characterised for quality assessment
L - Final detectors characterised for muon tagging

Ability to separate muon-induced neutrons strengthens neutron
SPC background characterisation

detector - SPC capable of neutron measurements with N, gas
(NIMA, vol 1049, 168124 (2023))

-

i} PMT QA testing setup
/ . Data
/)1 L_) sCinti"ator detectors 175 [ Lindau Approximation rDark Box —
u 150 S Optical Breadboard _ |
0 ND Filter
3125 ’ \ Pinhole \\\K
S; 200 -'. Collimator P a ﬂ\ D
Assembled detector (efficiencies >99%) £ » / ‘ A
_{‘r 50 ‘ ( / /
25 } '\\ \
% 250 s00 75(.)“‘ 1000 1250 1500 '+

Pulse Integrals (pC)

Oscllloscope HV Power Supply

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 10


https://www.sciencedirect.com/science/article/pii/S0168900223001146

Physics Potential

£ @'1 UNIVERSITYOF
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« Sensitivity up to the neutrino fog in S| DM-nucleon interactions

« SD limits for both p/n interactions are world-leading via H and C isotopes

« A 230 cm detector also capable of world-leading limits, actively working towards commissioning

But can we do more?

— 10736

(=1 (=1
Cll Cli
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o -l
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'_I
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b
o
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10744
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DM-neutron o

CDMSLite

90% CL Upper Limit
He:i-CaHyp (909%:10%)
I 300 days
E(0.014, 1) keV

XENON lT\

~100 10
DM mass my [GeV/c?]
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Physics Potential: Exotic

FW UNIVERSITYOF
&y BIRMINGHAM

« Sensitivity is enhanced via the Migdal effect

DM-electron scattering limits possible via low threshold

« Other exotic candidates can also be studied

Can we even go on-wards from this?

DM-nucleon ag; [cm?]
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DM mass m, [GeV/c 2]
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Marie Sklodowska-Curie Actions
(MscCA) Postdoctoral Fellowships

Physics Potential: EFT Operators = =i @& i

dR pO — -
_:NT_* vf(v+vE
Assess the potential of DarkSPHERE assuming dEpR My Jysv,im
different EFT operators
16 linearly independent operators, containing: >V — 1
- g: momentum transfer 1 | .
- vt:transverse relative velocity O3 =isy-(gxvy), Oy =8y 8N,
- s,,n: dark matter/nucleon spin oY =is,-(qxvy). OY = (s, -q)(sx-q)
S TN =8y vy, 7y =8, vy
Some intuition; oV — ' ON o
and O are typical SI/SD interactions 0T “Ox (sn xq), 0= 'i-‘ 4
- Extra g: weighting towards harder recoils O =18y q, O = vy - (8y X 8y)
- s,y and g: non-standard responses beyond SI/SD | &7 = i(s, - vy)(sy - q) | O =i(s,-q)(sy-vy) .
O = (sy-q)sn-(gxvy)],  Of = (8- vy)(sn - vy)
O = [y - (g x vy)](sn - vy) -

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 13



Physics Potential: EFT Operators

Marie Sklodowska-Curie Actions
(MscCA) Postdoctoral Fellowships

European l
Commission

i

UNIVERSITY©F
BIRMINGHAM

Operators can strongly modify recoil -~ mﬁ,_'
distributions from typical provided by O1 e}
and 04 R
- Enhancement of intermediate energy e
region E
. . = 1n-0L
- Enhancement at lower energies in some i
cases 20t
- Components can drop out depending on ;
s,,n dependence 1
o) =1 T
‘ =107
o) =s, E
: “ o0k
(./".':” =18,'(q Xvy), im
Oy = (8y-q)[sn - (g X vy)] ;%_‘10-’-
—_— H He ¢ === 90He:10C4Hy, q 1 > 3
Ep [keV]

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026

density [keV ™1

Normalized recoil-energy

14



Physics Potential: EFT Operators = =

European l
Commission

(MscCA) Postdoctoral Fellowships

£ @'1 UNIVERSITYOF
g-y BIRMINGHAM

Physics potential (projected limits) compared > T T
to DEAP-3600: . m— DarkSPHERE (this work)
- Approx. equivalent sensitivity, but in 10~k u | === DEAP-3600 1
lighter unexplored regime M 00% CL
. ege s \ ’
- Broadly constrained by O1 sensitivity -k ll\‘ _
- Sensitivity order of some operators are o Ly
changed/reversed M i
2 SO 10 MR HITEN -
- Sensitivities on par = M e
‘T \_/"‘II‘ ‘\ \\ ________
£ 107 PN e .
O N _ I = = Operator O; l1 \\\ _____________
1 o — O “ S =T
10-10F ! \ -
O, =isy-(qxvy) N\ — o, \
: 10481 — —_—— —=
(_);\ = 18, (qxv\] 10 Os N T
N On S m—""
N 1L it —— il L ol
Oy =8, Vy 10T 107 107 107 104
. ‘ my, |GeV]
O,=18,"q

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026
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sSummary

Light DM mass range largely unexplored - spherical proportional < 1070
counters well-suited to explore this region S 1057 N\
g W %’0%
c 107°°¢ :
. . 2 &
DarkSPHERE is proposed as a future detector that will reduce key g Lo %y,
backgrounds dominantin current SPCs E . .
-40L O
- Fully electroformed e T
—a1[ 8'?8
- Constructed underground 107 G5,
- Pure water-based shielding 1042
| 0-e e,
Converging towards a 230 cm fully electroformed detector N et
(DarkSPHERE-30) 107 107 10° 10

DM mass my [GeV/c?]

- Electroforming of sphere planned for this year
- Underground performance of SPC in Boulby being studied

Potential of DarkSPHERE assessed assuming different EFT

operators .

- Potential on par with that seen in DEAP-3600 but for lighter
unexplored regime

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 16
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Backups

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 17
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Achinos Sensor

Increased DM sensitivity comes from increased exposure

.. 102 4
via. : —— Single anode
| nereased pressure — 12anade AcHNS
; . . . . . 10" - —— 60-anode ACHINOS
Requires higher gain — Higher E-field (G~E/P) =
J
Challenge: hard to scale V with size and pressure (EccVr, /r?) E 100
Solution: “Achinos” sensor =)
@
2
= 1071
= .
)
w
L
1072 -
- Avalanche: Individual anode radius + ‘
voltage 10-3 . _ | | . .
- Drift: Combined field of all anodes 20 40 60 80 100 120 140

Radius [ecm]

JINST 15 P11023 Lachlan Mllllgan - Ijmllllgan@bhamacuk - IDM 2026 18



https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11023
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11023
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11023

FW UNIVERSITYOF
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Pure Alloys Project

See also pure alloys project: Improving mechanical performance of

EFCU W/ Cucr alloyS! Layer Thickness
- D. SD athara NI MA (2026) Configuration Crlayer Culayer Alloy Time
- D. Spathara arXiv:2509.07406 (um) (um) (um)
Single-sided 1.5 245 246.5 32h
Requires novel materials design to optimize alloy composition Double-sided 3 245 493 32h
- e.g. Alloy profile impacts material properties Double-sided 6 490 986 5d
- Layer thickness and specifics of heat treatment impacts alloy profile
0.600 0.600 1 0.600
0.580 0.580 S 0.580 See: D. Spathara
0.560- 1050°C - 24 hours 05604 5 24 hours 0.560 Communications
— 0.540 = 0.5404 - 0.5401 /
- s g i Rl 2hours | &%) Physics vol 8, 464
8" g g (2025)
8 0.500 1 — 8_0.500* 8 0.500 _/
% 0.4801 L\1050°C - 32 hours % 0.480 % 0.4801
= 0.460 = 0.460- 5 = 0.460-
1025°C - 72 hours
0.4404 0.440 1 0.440 1
5 | Note: from
0.4201 - 0.420 1 5 ) " 0.420 1 - ] ]
0.400 LLLL --0 T T T 0.400 T T T T -Tm}e —-0 T T 0.400 T T T T :'Tlm'e . 0 T T simu Iatlo ns
0 0.5 1 1.5 2 2.5 0 05 1 16 2 25 3 35 4 45 5 0 1 2 3 4 5§ 6 7 8 9 10
( D, Distance (m) x10" (r;-’h\j Distance (m) x10" \l’H‘D Distance (m) x10"

(a) (b) (c)
Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026 19


https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900225007727?via%3Dihub
https://arxiv.org/abs/2509.07406
https://arxiv.org/abs/2509.07406
https://arxiv.org/abs/2509.07406
https://arxiv.org/abs/2509.07406
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
https://www.nature.com/articles/s42005-025-02363-z
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100

1072

104

10"

108

Normalized recoil-energy density [keV 1]
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Normalized recoil-energy densities for 90 He: 10 CsHyg (my = 1 GeV)

— O Oy l\ ’
— ), )y, [
O = Oy
1 1 1 [ 1 1 [
0.0 ( 2.5 3.0
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Underground Performance
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R&D SPC currently underground in Boulby

- @Goal: assess performance of SPC in underground

environment

- Aim: Achieve single electron sensitivity underground

Plan: Utilise 213 nm UV laser system currently used for

gas property studies

Demonstration for future use as in-situ monitoring

of gas propertles

I
II] USba Srnulato )
[T] 1 bar - Simulation l"|3 I
5 —
10 E @ 0.5 bar - Experiment
C B 1 bar - Experiment T
N

Gain of Detector

ot hA il _:

103 ¢ *

1000 1250 1500 1750 2000 2250
Anode Voltage [V]

Electron Drift Time [ps]

707,";

30

60F

L PRI L B B
1' N 0.1 bar - Simulation

_,} K N2 0.1 bar - Experiment ;
L )lr [IJ ArCH, 0.5 bar - Simulation
X B ArCH, 0.5 bar - Experiment |
A ArCHg 1 bar - Simulation ]
A ArCH, 1 bar - Experiment —

LI L I L

Photodetector

DAQ

Pulsed: 10 Hz

A =213nm 230 cm

Laser

55Fe source

Performed using
methods
outlined in:
NEWS-G, Phys.
Rev. D 99, 102003

: ++
R

T IR B R AR
750 1000 1250 1500 1750 2000
Anode Voltage [V]

UV laser, 213 nm,

Lachlan Milligan - l.j.milligan@bham.ac.uk - IDM 2026

Counts / 1500 Electrons Detected

00
1 005

104

108

102

10

100

Charge Detected [pC]

0.01 0.02 0.03

Anode Voltage : 1450V
Laser Current : 114 A
Calculated Gain : 21396 + 620

1 s
('
E v
- fl: ’
7 1!3
¥
0 50 100 150 200
10 Hz pulse rate Electrons Detected [x1 09]
2 =5 2 e "?’
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.102003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.102003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.102003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.102003
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