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Time Projection Chamber R&D: LCTPC Collaboration

LCTPC collaboration focus: MPGD-based TPC requirements from ILC TDR:
readouts of TPCs for the ILD detector at ILC (driven by Higgs recoil-mass measurement):
@ generic TPC R&D for other future colliders.
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TPC with MPGD readout for the ILD Detector at ILC:
High hit redundancy (200 hits / track)
A 3D tracking / pattern recognition;
A dE / dx information for PID

Micro-Pattern Gaseous Detectors
(MPGD) provide several benefits:

—
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Number of Si hits

V Signifiant reduction of lon backflow

Number 0f TPC hits

V Small pitch of gas amplification regions
A strong reduction of ExB-effects

h
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V No preference in direction
A all 2 dim. readout geometries

0
0 / degrees




ILC TPC (10m?2 Endcaps) with MPGD-Based Readout

V St andard Apad r &)a8daws df detedtor
modules (17%23 cm?2); 240 modules per endcap
A Triple-GEMs with o6standar d
A Double-GEMs (laser-et ched) 100 Om
A Bulk MM (128 mm) with resistive anode

V Pixel readout (55x 55mm?): ~100-120 chips per module
Y 2 5 @80000 per endcap (GridPixes)
GridPixes: MM with 1 mm Al-grid over pixel CMOS ASIC

- 55 mm pitch of readout pixels
- resistive layer for ASIC protection

V Gating scheme, based on large-aperture GEM,

A Exploit ILC bunch structure (gate opens 50 us before
the first bunch and closes 50 us after the last bunch)

A Suppress machine-induced background and ions from
gas amplification

A gating GEM has large holes (@ 300 € m and thin strips
in-between (30 € n).

: : B ElECHrON transparancy. ;.
V Electron transparency of 82 % and good ion blocking power 5 : : e ;

NIM A956 (2020) 163331 | ul EEEEE EENERS Rt LU SRR EIREE S P

Transmission rate

A Gating should be tested in B =3.5-4 T
A Fast HV switching circuit has to be developed



Setup hLarge TPC -Protot)

Large Prototype setup has been built to compare different detector
readouts under identical conditions and to address integration issues
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Future developments: construction of an improved field cage for the LP
Y i mportant for | earning to build
Y resistor chain and HV stabilit.y

PCMAG: B<1.2T, bore O: 85 cm
Electron test beam: E = 1- 6 GeV
LP support structure (3D movable)
Beam and cosmic trigger
Silicon tracker inside PCMAG

A LYCORIS (single point res.: 7 em)

JINST 16: P10023 (2021)
LP Field Cage Parameters:

To T To T Do

A length = 61 cm, inner O = 72 cm
Bd r i ft f i el oSN
A made of composite materials: 1.24 %X0

Modular End Plate:

A two end plates for the LP made from Al
A Each endplate has 7 module windows
Y size of ma7cmieach &
(ILD: 240 modules / endcap)

A ALTRO based electronics (7212 ch.)



Optimization of Gas Electron Multiplier Readout

Two implementations: Paper pubslihed in 2022: i SR A
V Double LCP GEMs (100 £ mthick) V 1.26 x 5.85mm? pads i staggered
A use thicker GEMs to ensure more V dE/dx performance optimization (also
stability (no frames at module sides) depending from pad size)
V Field shaping wire on side of module to
NI 808 (Ete) eklt=ie compensate the field distortions
'g 1) Triglet finder + default
E
é . 3) Pad pulse road search + PRF hit separation
» P
\ Triple CERN GEMs on thin grids 100 200 300 400 500 § 100 200 300 400 500
A Do not use frame to stretch GEMSs, drift distance [mm] Drift distance [mm]

buta 1 mm grid to hold GEM
A 2 iterations of modules built

N * data extrapolation
NIM A856 (2017) 109-118 ZF:_#;.-, N l

{5864 0
(47.89 +0.32) = 10°

100 150 200 500 1000 1500 2000
# track hits drift distance [mm]




Optimization of Resistive Anode Micromegas (MM) Readout

NIMA581 (2007) 254

V Use of Diamond-like Coating (DLC) in MM TPC DESY Test-Beam in Nov. 2018:
- Suppress sparks Tests of 4 modules with a new ERAM scheme
- Spread the charge allowing larger pads for the
same spatial resolution

T T T T
E,i = 230 Vicm
G, =574 +1.5um
N,; =247 0.6

New HV design (ERAM) with inverted HV config.;

- grounding the mesh and encapsulating anode
DLC (covering along the borders by 5 mm
photoresist) A reduces field distortions
between modules by factor of ~10

B=1T

"R

P

T | T T T T
%2/ ndf 23.45/24
p0 1.701+0.1587
pi —0.501+0.01606

o
n

E i = 140 V/icm
o, =56.1x1.2 um
N, =227 +0.6
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grounded mesh Detector frame
for capsulation is also grounded

= | == Common ERAM

% developments
PCB

|| Metal back frame W|th T2K TPC

DI C-coated kapton
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2026: MM test-beam paper
(NIMA submission)

I Central module
[ Ed=230V/em, B=1T

L1 1 IT_T_‘\ 111 | 111 1 | 111 IA

P B m (E,=280V/em), N = 2228 * 0.83 (gate)
500 1000 1500 (B 280Viem), N =2028
I (E,~140V/em), N = 22.28 * 0.83 (gate)

Track Iength in TPC [mm] m (B,=140V/em), N = 2228

B=1T

DESY
Test-Beam

@ LP TPC Extrapolation to the
(Nov. 2018):

ILD TPC dimensions
new ERAM C | L

scheme 500 1000 _ 1500 2000
Drift length [mm]

|

E,q = 230 Vicm
Gy = 296.6 + 4.4 [um]
N, =31.0+18
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From MNMridPixesmA Towards Large-Scale Pixel TPC

Standard charge collection:
Pads / long strips
Instead: Bump bond pads are used
as charge collection pads.

o Timepix ASIC =

8kuU X3BB SB8Mm sz SE T

Protection Layer (fev~v pm)

“hlh reS|st|ve matenal against sparks
15 umaSi:H (~10"Q-cm) el
8 pm SiXNY (..1014 Q-cm) XEBB  ZBmm 19 21 SEI

LARGE-AREA
PIXEL TPC
IS REALISTIC!

160 GridPixes (Timepix) & 32 GridPixes (Timepix3)

(Octopuce) [N

(TimePix1) TPX3 chip Quad Module
(2007-14) 2017 2018 2019

3 modules for LP TPC @ DESY: 160 (1 x 96 & 2 x 32) GridPixes
320 cm? active area, 10,5 M. channels, new SRS Readout system

Module with

Charge avalanche is collected by
one pi xel Y one hi
one primary electron

96 InGrids
| on bcoboArdsh




FitstSt eps T o GridPixeso MProducti o

V 2019: IZM Berlin discontinued production of GridPixes

V' Today: Production of GridPixes is being advanced at Q Q Q Q Q Q Q Q
the Forschungs- & Technologiezentrum Detektorphys |
(FTD) Bonn. Q Q Q Q Q Q Q Q

- First sample with grid on pillars: Q Q Q Q Q Q Q Q
high pillars in thi I
\_5_(Opm Igh pillars in this sample . Q Q Q Q Q Q Q ’

first freest awritli ng

- Machine for production of resistive layers still
needs to be commissions 5 Herie
J. Kaminski

(%)
e 29,22 ym

W. 29,00 pm O(3) Lange 110,25 um @




ILC TPC Performance: Technology Comparison

Target requirement of a spatial resolution of 100 nm in transverse plane and dE/dx
resolution < 5% have been reached with all technologies (GEM, MM and GridPixes)

arXiv: 2003.01116

V GEM: ~4-6 mm? pads & -
sufficient diffusion in multi- : _ ¥ s TS
GEM structure [ e A ~v- GridPix

U A5 DESY GEM

MM: 20 mm? pads &

charge spreading using

resistive-anode readout
~&- Micromegas ]

Gridpixes: 55x55 nm? DESY GEM

pixels with digital readout i s ..

0 100 200 300 400 500 600 500 1000 1500

Micromegas + GEM studies drift length [mm] track length in TPC [mm]

for CEPC / FCC-ee to minimize
lon backflow (gating is not an option)
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K/t dE/dx

12—

E=200V/cm , E=200V/cm , V\««.‘w = 400V

¥ =  ArfiC4H10(95/5)

| -

-~ GEM+MMG @ IHEP CAS

-~ KnTOF dE/dx ~ <4 % can be
— K/n dE/dx+TOF achieved with Gridpixes
: (cluster-counting)

IBF*Gain)

T

Added value of TIME
information for ILC:
dE/dx combined
with ToF (SiW-ECAL)
for K-PID

Kigr (

separation /G
S = N W AR N O




Cluster Counting / Charge Summation / Granularity
Simulation of PID with gaseous tracking and timing in ILD Prototype

Advantages of pixel TPC:

arXiv: 2205.12160

similation reit wih A Lower occupancy A better track finding &
metho , arr ength:
20k cluster counting,gQOO mm removal Of delta_rays
. e A Improved dE/dx by cluster counting
; o charge summa iOl‘I mm
815 chage simmaten 00 A Improved meas.of low angle tracks
= A G A Excellent double track seperation
(0] 1l
3 Momgs A Pad plane & readout electronics fully
i GridPix at‘ full coverag-e Integrated
0.5 GridPix at 60% coverage
empirical expectation: )
| | = o (pad size) Current full ILD reconstruction: B. Dudar,
200 600 1000 2000 U. Einhaus
pad size / pum ]
V 6 mm pads A 4.6 % dE/dx resolution
7 V 6 mmA 1mm: 15% improved resolution
56-0 simulation result with Vla Charge Summlng (dE/dX)
= method, dif length V 6 mmA 0.1 mm: 30% improved res.
—_ cluster countin N mm g B
% =~ | o cluster countin: 1000 mm Via Cluster COUﬂtlng (d N/dX)
o - #- charge summation, 200 mm
(0]
c * charge summation, 1000 mm
g test beam, pad-based: o . g
E AsianGEM V Cluster Counting promises a few times
8 ;"an“”g better dE/dx resolution & separation power:
:z test beam, pixel based:
GridPix at full coverage H H H ] H

N P ot 0 comne A intime (_smaII drift cells): requires very fast
& empirical expectation: electronlcs
=) i i i i —— o (pad size) 0.13 : 0 g
= i O . A in space (TPC + pixelated endplates):

pad size / um requires good cluster finding algorithm



Test-Beam with 32 GridPixes (Timepix3) Modules: Tracking

* Number of pixels: 256 x 256 pixels NIM A908 (2018) 18-23 S8

* Pixel p|tch 55 x 55 um2 NIM A956 (2020) 1633317 =X

* ENC: ~60 e =

*Charge and time available for each hit

* Timing resolution: 1.56 ns

* Zero suppression on chip (sparse readout)

 Multi-hit capable: Super-pixels store hits for
some time GridPixes based

* Output rate up to 5.12 Gbps on Timepix3:

Test beam was performed at DESY with B =0T & B = 1T (electron energy E = 6 GeV)
V Single electron resolution is diffusion limited
V Tracking systematics are 13€ mnr tand 15/ 2 (fae Bo= O/1M). z

Extrapolation for ILD conditions (B =3.5T)

Test beam results Single electron resolution 10 cm track resolution

—B=1T

|— B=2T

— ILDB=35T
10 cm length
60% coverage

o
W
T
'S
(=1

- B=2T

w
o

w
(=]
TTT TTT]TTTT]

— ILDB=35T

©
)

o
—
o

single electron resolution (micron)

Pixel TPC track resolution (micron)

300F

fitted sigma xy (mm)

200

100F

Coo by b by by b b by by 1
Cow o bow o by bvw s by by n by bywa 1 [N TR A L v b b by b by b b by a by
0 5 10 15 20 25 30 35 40 45 UO 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 400 600 800 1000 1200 1400 1600 1800 2000 2200
d”ﬂ distance (mm) single electron TPC z position (mm) TPC z position (mm)




Test-Beam with 32 GridPixes (Timepix3) Modules: PID

Pixels V A new way of cluster counting algorithm
Rectangles I ) is to measure the distance between hits
ggf(;gsp‘-“”dm : ' which corresponds to an exponential
: function. The slope indicates the energy
loss

V Adding different test beam events to build a
Pixelized readout allows for various 1.m i Lrack (mdUdmg 60% acTiiE
improvements of energy loss gives an energy resolution of 6.0 % (3.6 %)
determination: at B =0T (1T) for electron counting and 5.4
Standard energy loss dE/dx % (2.9%) at B = OT (1T) for new cluster

/ electron counting counting algorithm.
I cluster counting dN/dx 8 8§ 8

Distance between primary hits corresponding Projected particle separation
to a cluster counting measurement power for an ILD pixe ITPC

Extrapolation to ILD
conditions

—— electron - pion

separation [c]

— kaon - pion
(longer track length, — proton - pion
B=35T):

energy resolution
of about 2.5%

20 30 40 4y NIM A 1081 (2026) 170849
distance (pixels)

60 70 80 90 100
particle momentum [GeV/c]




Higgs / Electroweak / Top Factory Detector Concepts

Guide R&D, maintain freedom to combine technologies later :

#94 #102 in #95 #211 in #95
Concept SiD ILD’* CLD* IDEA ALLEGRO

Vertexing

Tracking/

PID

Silicon
MAPS

Silicon
Strips

. Silicon/
Calorimetry [imhim
Muon Scintillator
System

vagnet  ER

*evolutions from detector concepts for CLIC (#78) and ILC
PID, dE/dx, dN/dx @ Future Colliders

Silicon
MAPS

Time
Projection
Ch.
Silicon/

Scintillator,
Gaseous

Scintillator

3.5T

Silicon
MAPS

Silicon,
RICH
option

Silicon

Gaseous

2T

Silicon
MAPS

Gaseous

Dual
Readout

Gaseous

2T

Silicon
MAPS

Gaseous,
Silicon+
RICH

Noble
Liquids

Gaseous

2T

U.Husemann

Accelerator & Time

Application

Technology

Detector size & Module
size

Requirements

Special requirements

> 2030

'TPC for Tracking &
dE/dx

' TPC for Tracking &
dE/dx

MM/GEM (pads)
InGrid (pixels)

MM/GEM (pads)
InGrid (pixels)

Total: 20 m?
400/130 cm?
pad/pixel

Total: 20 m?
Module: 400 cm?

Max rate < 1 kH,
Spatial res < 150 um
Time res ~15 ns
dE/dx 5%

Max rate > 100 k H,/cm?
Spatial res ~ 100 um
Time res ~100 ns
dE/dx < 5%

Si+TPC dpl/p
<9 x 107" 1/Gev

Higgs/z pole runs
Continues readout
Low IBF & dE/dx

FCC-ee/CEPC
>2030

IDEA central tracker for
Tracking &
Triggering

He based
drift chamber

Total: 50 m?
Module:
12m* x 4m

Max rate > 25 k H,/cm?
Spatial res < 100 um
Time res 1 ns

Rad Hards NA

PID with cluster
counting at 2% level|

Super Charm Tau
> 2025

Super Charm Tau
> 2025

EIC
>2025

Main tracker

Inner tracker

Tracking

Drift Chamber

Tracker/cylindrical
URWELL
TPC/MPGD readout

Barrel:
cylinder MM/{{RWELL

Endcap:
GEM/MM/URWELL

Total: ~ 3.6 m”

Total: ~ 2-4 m?
Module: 0.5 m?

Total: 25 m?

Max rate 1 kH,/cm?
Spatial res ~100 pm
Time res ~100 ns

Rad Hards ~1 C/cm

Max rate < 100 kH,/icm?
Spatial res < 100 ftm
Time res ~5-10 ns

Rad Hards ~0.1-1 C/cm

Lumi (e-p): 1033
Spatial reso ~50-1 09 Hm

Max rate ~kH,/cm

dE/dx < 6%

Mat. budget < 1% X,

ALLEGRO




lon Backflow: Linear and Circular Higgs Factories

TPC for ILC 250 GeV (L~103%4 cm2):

At ILC beam-beam effects are dominant: primary ion
density 1-5 ions/cm?® A track distortions <5 mm

Gas amplification 102 A ILC without gating leads to
track distortions of 60 nm A gating is possible (e.g.
gating GEM)

E

i

5

® -

g».

D. Arai, K. Fujii ;
J. Kaminski

Graphene might be useful.
v Asingle layer of SP2 hybridized carbon atoms arranged in honeycomb
lattice with pore size ~ 0.06 nm.

TPC for FCC-ee / CEPC for H- and
Z- pole running (L~103%4 ~103%¢ cm-2):

Luminosity & background change, leading to a
different ion accumulation in the drift volume:
A ILC beam-beam effects are dominant
A CePC & FCC-ee studiesA g g
background is very small at Z-pole
A Operation at different magnetic field
A Power pulsing and gating is not possible

lon Backflow can give a lot of additional charge.
Background situation is still very uncertain: Too
early to draw any conclusions:
- H/ttbar operation A pixels are probably OK (5x1034
- Z running (@103%%)A occupancy might be too high
A tracks distrotions O(cm)
A could space charge effects be calibrated (e.g.
ALICE-like procedures) ?

*

Modules per endcap 248 modules /endcap
Module size 206mm X 224mm X 161mm
Inner: 1.2m Outer: 3.6m Length: 5.9m
-62000V
T2K: Ar/CF4/ICA10:95/3/2
345 @2.75m

v’ Transparent to electrons, but impermeable to ions.
v’ Can separate different gas volume in the same detector.
v Mechanically strong. ;

Geometry oflayout

The transmission coefficient of
5 eV electrons to monolayer
graphene is 40-50%

Pixelated Micromegas

* French team has examined Graphene coating technology using two MM bulk samples
* We have found that an intermediate conductive structure smaller holes, ideally < 1um, may be
necessary to achieve high-quality graphene transfer.

= will test Nano-Channel Plate (NCP)

- NCP mounted on Micromegas
- Coating graphene on NCP

S. Narita, S. Ganjour
TYL 2025




lon Backflow: CePC TPC Simulations

CEPC Ref-TDR

TPC selected as main tracker for CEPC
Spacechargedmym't,,eTPC reference detector in TDR:
w. low- energy photon, IBFxGam~ 7

a— nggs mode

p_(r) [nC/m’]

sC

| Higgs mode (L ~ few x 1034 1/cm23s) and
Low Lum1 Zmude

CePC TDR Simulations included: low lumi Z mode (L 2x10% 1/em S)
- Pair production (beamstrahlung)

- Deviations expected are ~ 400 / 800 pm
. - Single-Beam (Beam-Gas Coulomb,
Beam Gas Bremsstrahlung, Beam

Thermal Photons Touchek Scat)

V Maximum ¢pr ¢an be reduced to hundred
‘& @Low Z (detailed optimization of MDI)

160 180

V Aimed a test beam to assess the
Radius [em] performance and validate at DESY
CEPC Ref-TDR

it CEPC Ref—TDR
. Higgsmgde . ...................... ...................... T

Low Lumi. Z mode

__iE,=230V/cm,B=3T _
fo:rc—»l(l '

; =230V/em;B=3T
;lBFxGaln;_l w. <10 MeV photons or-10.

‘ IBF><Gam-1 w. <10 MeV
C I.lll(ld(,

2000 2500
Drift Distance[mm]

(a) H mode

500 1000 1500

arXiv:2510.05260
2000 2500
Drift Distance[mm]

500 1000 1500

(b) Low-luminosity Z mode



Machine-Related Background in FCC TPC: Simulations (1)

- Beamstrahlung:
copious low pT e+/e- produced when bunches
cross interact with forward material LD @ FCCee

- Synchrotron Radiation (SR), produced when beam
particles pass through final quadrupoles off-axis

Depend on details of still-developing MDI design:
beam pipe design and material, SR masks, ...

TPC hits are induced by

~MeV photons entering TPC TPC hits from beamstrahlung

Slow-moving ions

Y space chaupge b
Y additional el e
Y di st odrifted e

ILD 911 keV
preliminary

R . |

—‘mumw o mmu_.wmmmxmm
wgwwmn- mmw«www‘ﬁ‘ﬁ"mﬁhw
V\.v-f- e -\5~¢‘h.

100 keV| 10 MeV Current estimates @ FCCee

# photons/BX entering TPC:
~100 (beamstrahlung)
~105~108 (SR, under study)

et ‘/\

. mf’ k JmT‘m-u
._4'_._.

Typical distortions:

- I. . i L \ .o
-2500 2000 1500 -1000 -500 0 500 1000 1500 2000 2500

zimm] ~ few mm (beamstrahlung)

https://doi.org/10.1051/epjconf/202431502017 ~many cm (SR)
https://indico.cern.ch/event/1588696/timetable/#114-status-and-plans-for-tpc-s D. Jeans




Machine-Related Background in FCC TPC: Simulations (1)

VANCS (T RCIBRSTI VIO RTTIIEUR IR ¢ Primary ion*: Ar ¢ ~ Max -5.5um with 4000 bunch/full drift
information was developed for

ILD@ILC and studies of » RMS (Ar¢> by ¢ :~0.1 MHm (TPC center) [preliminary]
impact of curlers and the phi » Reproducibility of (Ar¢) : RMS ~ 0.01 um (TPC center)
dependence were carried out. >> Scaling to 30 MHz yields ~ 16.5mm

This simulation was also applied
to the FCCee settings ¢ Secondary ion::-Ar¢ ~ Max -9.5 um with 4000 bunch/full drift

(beamstrahlung). > RMS (A by & ¢ ~ 0.1 e o
Only 4000 bunch crossings were (Ar¢) by ¢ um (TPC center) [preliminary]

= nd the results were » Reproducibility of (Ar¢) : RMS ~ 0.01 um (TPC center)
scaled to the full 30MHz bunch >> Scaling to 30 MHz yields ~ 31.35 mm

BlE=sing rate K. Watanabe, LCTPC2026 Collaboration Meeting




Summary and Outlook

TPC ILC studies have been carried out for nearly 20 years:
A GEM and MM-based TPC readout have a very similar tracking performance
A ultimate step: build a next generation common module, including a gating structure, to
compare technologies and, in particular, ion blocking capability;

GridPixes is a promising alternative, allowing for a much lower occupancy. Feasibility of large-
scale GridPixes development and production & handling of large amount of GridPix data
needs to be studied

Excellent PID with Gridpixes has been demonstrated in simulations and prototype tests
Circular machines running at Z-pole are (much) more challenging A higher luminosity and
backgrounds, no gating possible:

A Good calibrations procedures will be necessary to achieve required tracking performance

LCTPC benefit from synergies with the TPC R&Ds from T2K / ALICE / FCC-ee / CEPC / EIC;

LCTPC is open for groups interested in TPC applications beyond the ILC scope
A effort is ongoing to investigate the feasibility of a MPGD-based TPC readout for
CEPC & FCCee (mostly ion backflow and track distortions correction studies)

Many thanks to the LCTPC collaboration colleagues (J. Kaminski, P. Colas, P. Kluit,
J. Timmermans, R. Settles, S. Narita, H. Qi, D. Jeans, and many others)
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Critical Items for a TPC Readout Technology Choice

x MM Distortion challenge: module flatness

A control of mechanics (deformations if not
rigid enough) A give rise to ExB effects

Several aspects are important:

V Minimize power consumption (detector/electronics)
V Cooling optimization (e.g. 3D-printed structures,

2'phase C02 COO“ng) E Tmf,:;"ﬂﬁ;m, e Ed=230 [Viom), B=0[T]
V Material budget (thin detector/radiation length) - - —
T . =]
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Deformation challenge: GridPixes Technology - " -
A Quad / pixel module: Considerable effort to reach :
very high precision mechanical mounting (10-20 um) =
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x MM Distortion challenge: module edges
A xy-plane (new encapsulated ERAM scheme)

P. Colas, S. Ganjour, T. Ogawa
publication in preparation
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