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DRD1 EXTENDED R&D PROPOSAL
Development of Gaseous Detectors Technologies

Abstract

This document, realized in the framework of the newly established Gaseous Detector R&D
Collaboration (DRD1), presents a comprehensive overview of the current state-of-the-art and
the challenges related to various gaseous detector concepts and technologies. It is divided into
two key sections.

The first section, titled "Executive summary", offers a broad perspective on the collabo-
rative scientific organization, characterized by the presence of eight Working Groups (WGs),
which serve as the cornerstone for our forthcoming scientific endeavours. This section also
contains a detailed inventory of R&D tasks structured into distinct Work Packages (WPs), in
alignment with strategic R&D programs that funding agencies may consider supporting. Fur-
thermore, it underlines the critical infrastructures and tools essential for advancing us towards
our technological objectives, as outlined in the ECFA R&D roadmap.

The second section, titled "Scientific Proposal and R&D Framework," delves deeply into
the research work and plans. Each chapter in this section provides a detailed exploration of
the activities planned by the WGs, underscoring their pivotal role in shaping our future scien-
tific pursuits. This DRD1 proposal reinforces our unwavering commitment to a collaborative
research program that will span the next three years.
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Quick note (please bear with me)

reconstructed
track position -
track position
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position  resolution  as :> o

defined for collider TPCs

position resolution outside

<:| most collider TPCs:
(~ Ot @ Opsp @ pad width)

4

2-hit/2-track resolution as
defined for collider TPCs: T
(~ Opim @ Opsp @ pad width)

the extent to which this can be
deconvoluted in an actual
experiment is far from understood (a
lot of potential!)

raw

A. Simoén, arXiv: 2102.11931
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after deconvolution




Quick note (please bear with me) sorting this out will help

greatly (and quickly)!

reconstructed

track position proposal, try to stick to these two:

track position
\ / 1) position resolution

11) 2-hit resolution

position  resolution  as :C
defined for collider TPCs

position resolution outside

<:| most collider TPCs:
(~ Ot @ Opsp @ pad width)

4

the extent to which this can be
deconvoluted in an actual
experiment is far from understood (a
lot of potential!)

2-hit/2-track resolution as
defined for collider TPCs: —>
(~ Opim @ Opsp @ pad width)

raw

A. Simoén, arXiv: 2102.11931

\ 4

after deconvolution




Collider-type TPCs (tracking)

arXiv: 2003.01116

ILC/CEPC TPC
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Collider-type TPCs (tracking)

arXiv: 2003.01116

pads

Pads can beat the Ax/V12 resolution limit by
a factor of ~x6, at least, by tuning the Point
Spread Function (PSF):

* GEMs: adjust the PSF by tuning the
distance to the induction plane.

* Micromegas: tune the PSF through
resistive coating (AC coupling!).

ILC/CEPC TPC
Parameter
I:> Geometrical parameters Fout ‘
~2m ~2.5m
=)  Solid angle coverage up to cos =~ 0.98 (10 pad rows)
|:> TPC material budget ~ (.05 Xy| including outer fieldcage in r
< 0.25 X, for readout endcaps in z
I:> Opoint iN T'¢h |: 60 um for zero drift, < 100 um overalll
st ) ~ 0.4 — 1.4 mm (for zero — full drift)
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0 B ~ 3.5 7]
) gainxIBF (distorsions <40um @CEPC)
pixels
Limited by diffusion:
br(B) 2.2
L = /1/(1 + @212)
D:(0)

o = (q,/m,)|B|
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‘pads’ vs ‘pixels’?
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arXiv: 2003.01116

ILC/CEPC TPC
Parameter
q Fout z
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Solid angle coverage
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50-200um x 50-200um pixels, GridPix (alternative)

Built-in ASIC.

change of paradigm?

Much improved 2-hit resolution (down to diffusion limit).
Improved energy resolution (~electron counting).
Low gain and low IBF (IBF x gain ~ 2-4).

But... present 50um probably too small (optimization/cost
reduction!).



A surprise in 2024: no universal solution to reach the ‘TPC limit’ of

Collider-type TPCs (ion back-flow)

ALICE 4-GEM (IBF x G ~ 20)
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https://doi.org/10.1016/j.nima.2020.164282
https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03022

inverse kinematics

o TPCs for low-energy Nuclear Physics (aims)
P——

heavy, short-lived, light target

projectile (He, H,...)

~ electron
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L.

2.

3.

4.

TPCs for low-energy Nuclear Physics (main assets)

Space resolution (‘2-hit separation’) ~ few mm. Fine granularity needed!.

Avalanche-readout in
pure noble gas (He!).

-> multi-layer THGEM

Operation with low
IBF.

-> multi-mesh THGEM

Dynamic range —

Cortesi et al., Rev. Sci. Ins. 88, 013303 (2017)
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Readout electronics (minimize signal saturation and add more bits).

Stability (e.g., resistive protection).

for differences in ionization by factors 10°— 10%. <:|

Linearity | unsolved
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The community will be busy for the next ~10years... 10



DARWIN (40ton fiduc.)

LZ, PANDAX...

DarkSide20 (20 ton fiduc.)

Cross Section [cm?]

Main AAr
safety exhaust

i Calibration pipes

and feedthroughs

~ Signal Feedthroughs

| Detector Support

System

 Inner SS membrane

+— Insulation (foam)

Cryostat beam

i/ structure

Dual-phase TPCs

107
1074
1 0—4 |
107
10—13
l 0»44
1 0—15
lOﬂ&()
107"
] 048
I04‘J

IU—S()

1

NEWS-G

I!RI-/\'/,/ DAMIC-M
SuperCDMS (Si)
SuperCDMS (Ge)

solar neutrmos <j:| |:> dlffuse SN neutrmos (and atmospheric)

Lils " caunl J I T

0.1 0305 I 3 5 10 30 50 100 300 IOOO 3000 l()4
WIMP mass [GeV/c?]

what else could take off at that time scale?

* Improved EL-readouts (scalability, maximum voltage, no sagging).

* Electroluminescence (EL) directly in the liquid.

* Operability at single-electron threshold (background control/mitigation).
* Digital SiPMs? (~individual pixel digitization)

* IR detection and IR photosensors?.

* Cover the barrel with photosensors?

* Improved spatial resolution (combined light/charge readout).

* New Rn mitigation strategies.

* Doping and optical track imaging (for neutrino physics). 10



Dual-phase TPCs (improved EL-readouts)

*small-area R&D

Bubble-assisted Liquid Hole Multiplier (LHM)

A Particle interaction point %Sﬂ,

ey GEM/THGEM
GEM/THGEM + Cs| I

Noble liquid

';photocathode -
BV 2 — |

Position sensitive photosensor

https://doi.org/10.1088/1748-0221/13/12/P12008

Cascaded Liquid Hole Multiplier (LHM)

SiPM SiPM SiPM SiPM

GEM/THGEM

photocathode

——
- |nteract|on

cathode

IunIIIIIIIIIIIIIIIIllllllllllllllllllllll

https://arxiv.org/abs/2308.08314

covered by DRD1!
Floating Hole Multiplier (FHM)
PMT, SiPM
Floating
AN GEM/THGEM
o = L,N_tzq [ -
P il hotoelectrons
Csl h\\ §
’5_1,*'.“53
PMT, SIPM
https://doi.org/10.1088/1748-0221/18/05/P05013
Floating FAT-GEM TPB coating

(coming soon)

(or reflector)

I 5-10 mm

¥
mesh or VUV-

transparent
electrode 51

https://arxiv.org/abs/1907.03292
https://arxiv.org/abs/2106.03773
https://arxiv.org/abs/2401.09905 11



arXiv:2207.11127 arXiv:1808.02969

Dual-phase TPCs (charge readout)

arXiv:1912.10133

arXiv: 2311.09568

pixelated readouts for LAr/LXe TPCs:

Cathode

Analog output

oot example:
1 Q-Pix (Schmitt
trigger-based)

Voltage [V]
o
Lo}

LAr-Pix (2018) and Q-Pix (in production)

Schmitt trigger output ———

d J'j I MJMLJ J ;

RWELL-top

\
e
/ 2%

By
— — \'—\ —_——

—

T QPix-LArPix?

Il
Chlarge input
Reconstructed signal

Current [nA]

0 resistive protection

t QPix-LAPix?

Anode

RPWELL

Anode

*small-area R&D
covered by DRD1!

arXiv:2307.02343

arXiv:2305.12899

arXiv:2304.04044

Sia:oable gain - comparison study at 90K, 1.2Bar

25

10

- 20GQ-RWELL
-l 75%Fe;03-RPWELL

—4— THGEM

Ey=0.5kV/cm, E;=5kV/cm

7

resistive-protected

THGEM/LEM

2.7 2.8 2.9 3.0 31 3.2
Detector voltage [V]

an appealing possibility: couple to avalanche amplification!
GridPix-style (Csl can be added to the THGEM gate)

good for O(10keV) thresholds in large-volume detectors

12


https://arxiv.org/pdf/2207.11127.pdf
https://arxiv.org/abs/2311.09568
https://arxiv.org/abs/1912.10133
https://arxiv.org/abs/1808.02969
https://arxiv.org/abs/2307.02343
https://arxiv.org/abs/2305.12899
https://arxiv.org/abs/2304.04044

*not covered by
DRD1!

Dual-phase TPCs (morphing into single liquid-phase?)

single-wire
demonstrator

PMTs

PMTs

Qing Lin JINST 16 P08011, 2021
Jianyang Qi arXiv: 2301.12296, JINST 2023

Yu Wei, arXiv: 2111.09112, JINST 2022

A cylindrical Single-Phase LXe detector design (thin anode wire in the
center) was first proposed by Lin (2102.06903, JINST).

No liquid-gas interface: No trapped electrons!

S2 in LXe ({20 photon,fe-]is typically much smaller than Sz in
GXe: induceTess delayed e-

Wealk field on the cathode: less micro discharges; anode/gate
surface area is very small: less e- from metal surface

More photosensor coverage, no reflection at liquid/gas interface:

higher light collection (lower S1 threshold, better sensitivity for

low-mass DM)

(previous)
Aprile et al., 1408.6206
Juyal, Giboni et al., 2107.07798

Kuger etal. 2112.11844

a low energy nuclear recoil event (Anode: 4.5 kV)

MR Event. 4.3 k¥ anods

light emission

nitage [
8 =

downside: spurious single-photon activity

...preferrable to high electron activity!

Normalized Histogram
=)
o
=]
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[
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—
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*not covered by
DRD1!

Dual-phase TPCs (morphing into single liquid-phase?)

PMTs

PMTs

A cylindrical Single-Phase LXe detector design (thii
center) was first proposed by Lin (2102.06903, JI|

®  Noliquid-gas interface: No trapped electr(

*  S2inLXe(

20 photon,fe-]is typically much
GXe: induceTess delayed e-

®  Weak field on the cathode: less micro disc
surface area is very small: less e- from met

low-mass DM)

(previous)
Aprile et al., 1408.6206
Juyal, Giboni et al., 2107.07798

Qing Lin JINST 16 P08011, 2021
Jianyang Qi arXiv: 2301.12296, JINST 2023

MSGC alternative
28151,
PMT
R8520-406
LXe Quartz windaw/ mesh

cathode strips

anode strips
D263 Schott
: : = glass
~ 4= > SS backplane
1.0mm 400 pm 8 um
pitch cathode width width =

*  More photosensor coverage, no reflection at liquid/2as incerface:
higher light collection (lower S1 threshold, better sensitivity for

<

very recent

G. Martinez-Lema, et al 2312.14663

10’
Yu Wei, arXiv: 2111.09112, JINST 2022 Kuger et al. 2112.11844 Design et
_ 10% ---. MSGC o
a low energy nuclear recoil event (Anode: 4.5 kV) Pls
. . : FiR Event. 4.3 kW Anode - 105 St COCA'COLA ’/, //,
- -
light emission < s NJCC e A
1S s - A
@ 104_ 3 MSGC data ,,’ ,/’ ’,”
: |1 L 8 ,/' ,/’, ,a/
H I L ’ - -
= : - l 2100| 35.5ph/e 7
L bo) - ’ -
am ‘\\_// 1 F.) 5 1 ,,I ,,/:,/’
b= 104 g w7 ,/’
b . o 2. sl
101_ /’;”
downside: spurious single-photon activity /5"
4
100 - I | | I
0 2 4 6 8 10

...preferrable to high electron activity!

Vanode (kV)

13




*not covered by

DRD1!

Dual-phase TPCs (morphing into single liquid-phase?) | GEM alternative
PMTs Gate PMTs
i SiPM matrix
A cylindrical Single-Phase LXe detector design (thin anode wire in the i deh dsh ih i
center) was first proposed by Lin (2102.06903, JINST). \ 1S2 (NBrS EL)
P . ‘\ I LAr level
®  Noliquid-gas interface: No trapped electrons! /

*  S2inLXe ({20 photon,fe-]is typically much smaller than Sz in \ Zrﬂggr e
GXe: induceTess delayed e- S1 (primary
scintillation) \ [e~
®  Weak field on the cathode: less micro discharges; anode/gate Cathods
surface area is very small: less e- from metal surface @~ == | |[====== -‘I -------
X-rays
*  More photosensor coverage, no reflection at liquid/gas interface: from pulsed Mo tube

higher light collection (lower S1 threshold, better sensitivity for

low-mass DM) @

(previous) neutral bremsstrahlung in the liquid (not EL!)
Qing Lin JINST 16 P08011, 2021 Aprile et al., 1408.6206 10° ¢ : : : : : : :
Jianyang Qi arXiv: 2301.12296, JINST 2023 Juyal, Giboni et al., 2107.07798 I;gﬁ nLAT Bysulutskoy, arXivi2305.08084  thicker? -
- L S1 matrix o=
Yu Wei, arXiv: 2111.09112, JINST 2022 Kuger et al. 2112.11844 § [relsed Xy 1 e
_ 3 10 F Experiment: i THGEM (0.4mm)
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light emission’ H § L ¥ GEM
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~ ; — 2100k ' Theory 5
\w\_// e >_§ Il Momentum-transfer cross section:
) g THGEM GEM |
- - - o e o . - 4 ! Energy-transfer cross section:
. . . .. 107 - - - THGEM
downside: spurious single-photon activity . : —_—
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B . (kV/cm)

...preferrable to high electron activity! not viable for DM, but not excluded for neutrino TPCs | 13




arXiv: 2301.02530

Fu113D _ Camera_based Optical tracking (pure argon TPC) https://doi.org/10.3390/instruments4040035
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...............................................
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Raw data is 3D. Just need to convert ToA to z position
using known drift velocity in the TPC and (x,y) pixel
number to mm using the known field of view of the lens.

Huge readout rates are possible (§0MHits/s)

Zero-suppressed readout (~few KBytes per event)

Relies on Timepix sensor

Comparatively low cost

Same readout is possible for dual-phase and gas TPCs
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spectrum |pe/ns)

Full3D — camera-based optical tracking (argon + CF, TPC)

P. Amedo, arXiv: 2306.09919

CF4_doping in argon works well down to 1%, possibly even less, A. Sad-Hernandez https://arxiv.org/abs/2401.09920
enables tl”aCking and To'tagging on lal”ge volumes P. Amedo et al, Primary scintillation yields

induced by alpha particles in gas mixtures of
Argon/CF, at 10~bar (in preparation)
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"% CF, 8150 — 0.0% (3D-optical imaging soon to follow)
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Full3D — camera-based optical tracking (pure xenon TPC)

diffusion suppression
seems possible!

camera-read in xenon at 10bar!

. : thermal
(3D-optical imaging soon to follow) ..
limit
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35cm %
- >
sl 200m > ; Sk Oscilloscope 0.6 pure Xe
6.66 cm 10 cm EL+ g
5 '
, - 0.4 0]
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Low-mass DM TPCs IAXO (solar axions)

Micromegas
_J_/_//_H X-ray optics T
P i e |

' 4 L
Eapsiram P
| b P
| i
[
Mermy wis I
I:: E— ‘Q . X-ray detectors
I
i METarmegas

Reused Drift design
from IAXO DO

Micromegas

Spherical detector

3D printed ACHINOS with DLC coating

11 spherical metallic anodes
5

Resistive central electrode




Very-low-energy tracking (DM) TPCs

good optical gain in GEMs negative-ion optical TPC is a reality!

*  Some strides on SF; mixtures at near atmospheric pressure!.

*  Operation under (He/CF,/SF  at 59/39.4/1.6) demonstrated at

around 1bar!
~40 Torr CF4

electron 10n

. drift TPC drift TPC

e

5.9 keV electrons

+ 4 Torr CS2

Bragg Curve along Trajectory

ion [ drift TPC (st A
' electron l

~45 Torr CF, + x Torr CS, ' T
CS, (Torr) o(pm)
0

:r._.". -.\\.\_ / !
~500 ./ Bragg

pure optical readout already used for Migdal studies!

CF, (50Torr)

4 ~150-200 | peak 100keV.. recoil ol B eleé:tron
I (] H
at least x100 smaller than a typical collider TPC (e.g., ALICE) :gll ;

*resolution here refers to ~PSF 5 OOkeVee reco:ll

(~2-hit separation in collider physics) with glass-GEMs 18



Conclusions and outlook

* New gas mixtures and amplification structures are being introduced for the readout of TPCs:

1.

IRl

Double-mesh (low IBF x G).

M-THGEM (operation in pure noble elements).

Liquid-hole and Floating-hole multipliers for extraction in dual-phase TPCs.
RWELL/RPWELL for cryogenic TPCs.

FAT-GEMs for TPCs working with electroluminescence.

Sand-blasted Large-Area Glass-GEMs.

*  Wires, MSGCs, GEMs, THGEMs are all capable of producing usable scintillation in the liquid.
Scaled-up concepts already on their way.

* Full3D camera-based optical tracking used or considered by several collaborations.

» Radiopurity of amplification structures continues to be key.

* Optical readout of negative-ion TPCs achieved at around 1bar!. Perhaps surprisingly... resorting to
GEM structures with a classical design and no particular optimization.

* Continued success of MPGD structures developed decades ago
(GEMs, THGEMs).

* However new production techniques and optimization, keeping the
up and coming new applications seem inevitable




Appendix

20



600

500 A

Drift Distance from S1 (us)

100

Precision (us)

400 -

300 A

200 A

N B o o]
o o o o o
1 1 1

Electroluminescence in gas TPCs

demonstration of absolute-z
determination through diffusion

Symmetry Averaged

NEXT-White Data i

E > 1.5 MeV ’

=== RMS Precision 37.0us
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Az~33mm

600

new multi-hole EL
structures for large area

I. ELCC (structure == light reflector)

m“

Line of electric force

l 1 | electrode w/ hole
i1/ /

S. Ban et al., Nucl. Instr. Meth. A, 875(2017)185

“PTFE w/
holes(-$5Smm)

*~Mesh electrode

" S~MPPC photon
sensor array

II. FAT-GEMs (structure == transparent light collector)

mesh or VUV-
transparent
electrode

TPB coating
(or reflector)

5-10 mm

S1

https://arxiv.org/abs/1907.03292, https://arxiv.org/abs/2106.03773

FAT-GEMs: (Field Assisted) Transparent Gaseous-
Electroluminescence Multipliers, S. Leardini et al (in preparation) 21


https://arxiv.org/abs/1907.03292

Very-low-energy tracking (DM) TPCs

a roadmap for the next decades!

upcoming phase: |:>
prototypes at 1m?

Dark matter

Cranus-Nm? Crawus-m® module

0.5m 05m

from G. Dho

‘perfect’ detector for measuring nuclear recoils?:

Neutrinos Other physics

Sub-Gev Wi search’ [P e - e * He/CF,/SF, at around atmospheric pressure.

L Mmten™

Best SD-p WIMP limi

Competitive
non-WiMpP
D search

Directional CEvNS measurement Directional neutron detection
N " e

* 3D optical readout via CMOS cameras down
to 50um vixel size.

g::ig',.':..d e ; *(speed requirements are of the order of ~0.1
EvNS interactions . .

_/’o,";',‘,;“.'.“.;'.’;: Mfps, already within the reach of ultra-fast
"""""""""""""""""""" cameras)

Precision directional
sub-keV ER/NR
measurements

High-statistics directional
background measurements

i)

% |
n

%

22

Global TPC network



Single-ion tagging I
A=136 [3* |59 Pr
a background-free method, particularly for studying decays . r.
Y
-4
One of the possibilities: resort to the chemistry of the species.
-3
-> adapting SMFI (single molecule fluorescent imaging)
= 2
Not fluorescent Fluorescent "
Receptor (MeV) Ba

CO,H cO,H  CO,H COzH 2

N b e /H
N N Fae |:> but novel dry fluorophores are in need!
= W N
0 o° Phys. Rev. Lett. 120 (2018) 13, 132504

Sci. Rep. 9, 15097 (2019)

ACS Sens 2021, 6, 1, 192-202
Nature 583 (2020) 7814, 48-54
Nat. Comm. 13, 7741 2023

Fluo 3-Ca complex

1mm? —scan at the Abbe limit in HPGXe

1mm




