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1974 — The Time-Projector Detector

PROPOSAL TO INVESTIGATE THE FEASIBILITY OF A
NOVEL CONCEPT IN PARTICLE DETECTION

David R. Nygren

Abstract

A new approach to the problem of high energy particle detection
is described, in which parallel electric and magnetic fields are employed.
It appears that a particular regime of operating conditions will allow a
very substantial suppression of diffusion transverse to the fields in a
suitably prepared drift chamber. If the more optimistic estimates are in
fact achievable, single track-segment measurement errors of only a few

tens of microns in a volume ~1 m3 should be feasible. Additional benefits

are the possibilities of unambiguous spatial reconstruction, as well as
high data rate capability, high multitrack efficiency, and easy applica-
bility to 4m geometry. A program is outlined which is designed to gain
further experience with the concept, provide needed data about electronic
diffusion within various gas/field environments, and hopefully lead to

practical detectors.
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PEP-4 FACILITY

First TPC, started operation in 1982 at PEP (SLAC)
Compact non-projective 3D tracking and PID device
Operated at 8.5 bar, B=1.5T, P-10 gas

13,824 readout pads for tracking

dE/dx from anode wire readout (3.5%, 8.5 bar!)
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and PID device

S Digital Remastered

e 13,824 readout pads for tracking

* dE/dx from anode wire readout (3.5%)
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DELPHI

ALEPH TPC at LEP, 1989-2000

Drift length 2m, diameter 3.6 m
B=1.5T,P-10

Atmospheric pressure, active gating grid, 41,000 pads
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First heavy-ion TPC
At BEVALAC, later AGS
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Bevatron

AGS
NA36
SPS
CERES Fixed Target

ALICE 1

ALICE 2
SPHENIX
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ALICE@LHC

Dedicated heavy-ion experiment at the LHC
In operation since 2009

Pb-Pb, pp, p-Pb, Xe-Xe at up to 13.6 TeV
Central barrel and forward muon system
Main tracking and PID device: TPC
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ALICE 1 TPC

8}AJCEERF|ELD

5m long, 5m diameter
Active volume 88 m3
2.5 m drift length, 100 kV
Ne-CO,-N, (90-10-5)
Maximum electron drift time: 100 us
72 MWPC Readout Chambers
550,000 readout channels

CENTRAL HV

ELECTRODE PASA, ALTRO 10 bit ADC

ENDPLATE 10 MHz samplmg frequency

Readout rate 100-1000 Hz (live time 1-10%)
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ALICE 1 TPC

ALICE

e ALICE's main tracking and PID device
through LHC Runs 1 and 2 (2009-2018)

e 5000 charged particles in a single central
Pb-Pb collision

Run: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb
Collision energy: 5.02 TeV
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ALICE 1 TPC
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ALICE performance
pp, Vs =13 TeV
B=02T

Momentum (GeV/c)

ALICE

ALICE’s main tracking and PID device
through LHC Runs 1 and 2 (2009-2018)

5000 charged particles in a single central
Pb-Pb collision, dE/dx resolution 5%
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ALICE 1 TPC

ALICE

. Particle Detectors at Accelerators

ALICE’s main tracking and PID device
through LHC Runs 1 and 2 (2009-2018)

ALICE performance
pp, Vs = 13 TeV -

B=02T 5000 charged particles in a single central
Pb-Pb collision, dE/dx resolution 5%

40 28. Detectors at accelerators
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Figure 35.16: Energy deposit versus momentum measured in the ALICE TPC.

0.1 1 10
Momentum (GeV/c)
as the charge sign, are calculated from a helix fit to the particle trajectory in the presence of a mag- Figure 28.15: The PEP4/9-TPC energy deposit measurements (185 samples, 8.5
< z i 5 : 2 i 3 atm Ar-CHy 80:20). The ionization rate at the Fermi plateau (at high 8) is 1.4
netic field (typically parallel to the drift field). For this application, precise spatial measurements times that for the minimum at lower 3. This ratio increases to 1.6 at atmospheric
in the plane transverse to the magnetic field are most important. The specific energy deposit is pressure.
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ALICE 2 Upgrade

New Inner Tracking System

New TPC Readout System

- ROCs with Gas Electron Multiplier (GEM) technology
- New electronics (SAMPA), continuous readout

Integrated Online-Offline System (02)

- Record MB Pb-Pb data at 50 kHz
- EPN without trigger

Goal: sample the full expected LHC Pb-Pb luminosity
of 50 kHz in Run 3 and 4

- Aim for continuous operation and untriggered
readout

- New readout chambers and new electronics
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Limitation of the MWPC TPC
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The ALICE 1 TPC is operated with an active ion Gating Grid (GG) to avoid ion backflow (IBF) from the
amplification gap into the drift region = drift field distortions

TPC readout time (~100 ps) plus GG closure time (~200 ps) implies a trigger rate limitation of about 3 kHz

Full exploitation of RUN3 physics potential requires novel technology that allows continuous readout of the
TPC at low IBF and sufficient energy resolution to provide sufficient tracking and dE/dx resolution
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Space-charge distortions

TPC Upgrade TDR, CERN-LHCC-2013-020 Back-drifting ions from the amplification region cause severe

Ne-CO, N, (90-10-5): 50 kHz distortions of the electron drift field

-ee-g=10
e =IBF -GG

GG : effective gas gain, target value 2000

IBF: fraction of back-drifting ions /., pack/le, anode

e: number of back drifting ions per primary electron

Need technical solution to provide € = 10-20 (/BF = 0.5 - 1%)
MWPC: IBF = O(10%)
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50 um thin insulating polyimide foil with 2-5 um thick Cu layers on both sides
perforated by photolithographic processing

hexagonal pattern of double-conical holes

inner (polyimide) diameter 50 um, outer (copper) diameter of 70 um
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Multi-GEM layer

Single GEM has IBF = O(10%)

- need multi-layer solution

Sub-divide into pre- and main amplification stage
Two GEMs each are needed

Configuration of transfer fields and GEM
geometry (e.g. hole pitch) subject of extensive
R&D activities

2mm —p €4— 2mm —p
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Multi-GEM layer

Single GEM has IBF = O(10%)

- need multi-layer solution

Sub-divide into pre- and main amplification stage
Two GEMs each are needed

Configuration of transfer fields and GEM
geometry (e.g. hole pitch) subject of extensive
R&D activities

Solution:
* 4-GEM layer with S-LP-LP-S geometry
* Low transfer field E73 = 0.1 kV/cm

S: Standard hole pitch 140 pm
LP: Large hole pitch 280 um

Harald Appelshauser, 61st International Winter Meeting on Nuclear Physics, Bormio, ltaly




ALICE TPC 4-GEM system

/U =0.8 /U__ =095

GEM3' ~ GEM4 GEM3 ~ GEM4

Improvement on IBF is correlated with loss of
energy resolution (>>Fe peak)

required dE/dx performance preserved with
o(>°Fe) = 12-14%

Suitable operational region identified

Not shown: operational stability

1.0 1.5 2.0 2.5 3.0
IBF (%)
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GEM Readout Chambers

IROC

36 Inner (IROC) and 36 Outer Readout Chambers (OROC)
large-size single-mask GEM foils from CERN PCB workshop
1/layer in IROC, 3/layer in OROC

Total: 576 GEM foils (144 m?) plus 40% spares

ROC production campaign: 2016-2019
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GEM QA - highlights

0 50 100 150 200 0 0 50 100 150 200
X (mm) X (mm)

L a3
—200-150-100 50 0 50 100 150 200
X (mm)

counts/0.2um

Advanced QA campaign to monitor GEM hole size of

720
size (um)

every foil (total 3 billion holes)
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GEM QA - highlights

lon backflow (%)

1 12 14
70 20 30 40 50 60 70 80 90 100 110 lon backflow (%)
X (cm)

Gas gain, IBF, and energy resolution uniformity checked with X-ray guns

IBF and energy resolution performance of production ROCs compatible with prototype R&D
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ALICE TPC readout

/Pad f—H
—J- SAMPA 4 _
—F—H

{| SAMPA 3 ='

524,160 pads 3276 FECs

FE ASIC: SAMPA
32 channels
continuous (or triggered) read-out
Analog shaper/amplifier
ADC 10 bit, 5 MHz
Digital Signal Processing (bypassed)
Readout through 6 (4+2) GBTeLinks

3.28 TB/s
FEC |

6552 optical links 360 CRUs

Common Readout Unit (CRU):
* FPGA based readout card
e signal processing:
*  Common mode correction
* Tail cancellation
* Zero suppression
* Data packing
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Online event processing

CRO EPN computing center at Point 2

Zero-suppressed raw data (1 TB/s) transported from CRU to EPN computing farm
Synchronous event reconstruction and calibration on 50k CPUs and 2700 GPUs
170 GB/s to disk

160 PB disk pool
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TPC evolution

ALICE2

ALICE SPHENIX
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ROC and FEC installation

During Long Shutdown 2 (2019/20) in SX2 clean room
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ROC and FEC mstallatlon

Ty
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TPC recommissioning

August 2020: TPC back to the cavern
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The pictures learned to walk
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TPC operation

ALICE
Run 3 Pb-Pb
VSN = 5.36 TeV
6th Nov 2024
13:16:46 CET

Harald Appelshauser, 61st International Winter Meeting on Nuclear Physics, Bormio, Italy




Neutron afterglow

Pb-Pb at 50 Hz

s

b oo b L T

Sal. 2 : - i T 3 i l
Bb.Pb 10000
collision Time (200 ns)

Electron loopers from neutron background
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Operational stability

mTDR
e Trip Rate 2024

A Trip Rate 2023
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4.0 kHz 7.1 kHz 10.1kHz 13.2kHz 16.3kHz 19.4kHz 22.6kHz 25.7kHz 289kHz 32.2kHz 354kHz 38.7kHz 42.0kHz 45.3kHz 48.6 kHz

Interaction rate (kHz)

e ROC trip rate O(1-2/h) in Pb-Pb at 50 kHz
e Consistent with expectation from R&D
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Common mode

ALICE

Effective baseline shift due to capacitive
coupling of amplification structure (wire,
GEM) to pads

Online correction necessary for proper
Zero suppression

At high rate and continuous operation:
CM signal can have both polarities
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<ADC<=1> <ADC<=1>
-3.0 0.9 +3.0 -3.0 O.Q +3.0
OROC3 | OROC3 |
OROC2 | OROC2
OROCH1 OROC1
IROC IROC
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Common mode

Pb-Pb (2024), 41kHz, no CM corr., TB: 239, time: 47.8 n 41kHz, no CM corr., TB: 3037, time: 607.4 80

70
60
50

40

30

20

10

0

Highly ionizing particle leads to negative CM * Downward rate fluctuation leads to positive CM
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Common mode correction
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PbPb 50kHz CM: OFF
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o
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Large CM effects in Pb-Pb, positive and negative * Online correction in CRU FPGA achieves a very
precise restoration of the baseline
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Space charge distortions %

ALICE
Pb-Pb 47 kHz, 2024

Space-charge distortions from back-drifting ions
up to 10 cm

TPC Upgrade TDR, CERN-LHCC-2013-020

Ne-CO,-N, (90-10-5): 50 kHz
e =20
====g=10

_200 _100 O 100 200 - 100 120 140 160 180 200 220 240

r(cm)

X (cm)
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Space charge distortions %
ALICE
Pb-Pb 47 kHz, 2024

Space-charge distortions from back-drifting ions
up to 10 cm

Average correction based on external track
reference from Inner Tracking System (ITS)

Fluctuations of 2% in Pb-Pb at 50 kHz require

time-dependent correction

In continuous readout mode, high granularity
information of local ion density can be derived
from raw ADC data (integrated digital currents,
IDCs)

—200 -100 0 100 200 IDCs are self-calibrating, follow variations in gas
X (cm) gain etc.
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lon density distribution

ALICE TPC Pb-Pb Vs=5.32 TeV IR =48 kHz Run 560195

100 £ ili;llsuh,,.- TR YA Jiiiaasuauﬁi.-uu_ 40l R b

-250 -200 -150 -100 -50

* |lon density distribution in TPC volume derived from IDC data
* At 50 kHz, ions from previous 10,000 Pb-Pb collisions are overlayed

* Local IDC information is used to scale distortion map
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ALICE operation

| T T T LI II‘
ALICE Performance

Run 3, Pb-Pb |5y, = 5.36 TeV

- ALICE Performance, Run 3, pp, Vs = 13.6 TeV

D
(=)

ALICE Performance, 2024
Pb-Pb, s, = 5.36 TeV
Delivered: 1983.2 ub™
Recorded: 1596.6 ub™

I Recorded

- 2022: 19.3pb™"
- 2023: 9.7pb”
2024: 53.1 pb™

(o))
(=]

B=05T

N
o

Integrated luminosity (nb ')
Number of collisions (B)
Integrated luminosity, pb™

2023: 1535.5 pb""

w
o

T[T T [ TT T[T T T[T T[T [TTTT[TTTT
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10
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* Stable and smooth operation of the new ALICE TPC

e 2023+2024 Pb-Pb data set exceed statistics of Runs 1+2 by a factor 20 (central)
and 80 (minimum bias)

* Run3 physics results being prepared for the Quark Matter 2025 conference
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XXXI International Conference On

Ultrarelativistic Nucleus-Nucleus Collisions
"Quark Matter 2025"
April 6-12, 2025, Goethe University Frankfurt, Germany

Anton Andronic
Ralf Averbeck
Raphale Bailhache
Marcus Bleicher
Christoph Blume
Jens Braun

+ Chirality HemnerBisching

enjamin Donigus

+ Collective dynamics & small systems Federico Antinori (Italy) SiliaManca \‘"‘"V' Andrea Dubla

+ Correlations & fluctuations Roberta Arnaldi (taly) Ao Hannah Elfner

« Detectors & future experiments Anju Bhasin (India) il EH Y Gergely Endrodi

N Peter Braun-Munzinger (Germany) Jamie Nagle (USA) Carsten Greiner

+ Electromagnetic probes Helen Caines (USA) At R S (Y Jana Ginther

+ Heavy flavor & quarkonia Kari Eskola (Finland) (ke malay Claudia Hohne

o [iHlam Bl e knlee: Laura Fabbietti (Germany) sngiagopalles) Karl-Heinz Kampert

N ;. Elena Ferreiro (Spain) Ralf Rapp (USA)
electron-ion collisions
- Jets

Michael Kiasen
Charles Gale (Canada) Claudia Ratti (USA) Christian Klein-Bésing
Piotr Gasik (Germany) Gunther Roland (USA)

+ Light and strange hadrons & nuclei

- New theoretical developments

Phyllis Mania
Pol-Bernard Gossiaux (France) Chihiro Sasaki (Poland) Silvia Masciocchi
Vincenzo Greco (Italy) Raimond Snellings (Netherlands)

« Physics of ultraperipheral collisions

+ QCD matter in astrophysics

Guy Moore
Taku Gunji (Japan) Johanna Stachel (Germany) Alexandre Obertell
John Harris (USA) Andre Stahl (Switzerland) Owe Philipsen
Ulrich Heinz (USA) JunTakahashi (Brazl) Lucino Rezzola
" s Boris Hippolyte (France) niel Tapia Takal nar Rustamov
- QCD phase diagram & critical point Tetsufum ifano (1apan) P LauraSagunski
Barbara Jacak (USA) ¢ Jirgen Schaffner-Bielich
, Marco van Leeuwen (Netherlands) 5
Jiangyong Jia (USA) Soren Schlichting
Raju Venugopalan (USA) ya Seuzhenker
Volker Koch (U upiiangChipa) Jan Steinheimer
Aleksi Kurkela (Norway) Xin-Nian Wang (USA) Horst Stocker
Minjung Kweon (South Korea) Urs Wiedemann (Switzerland) Joachim Stroth
Yen-Jie Lee (USA) Nu Xu (USA) Alberica Toia
Peter Levai (Hungary) In-Kwon Yoo (South Korea)
Maria Paola Lombardo (taly) William Zajc (USA)

SCIENTIFIC TOPICS

Harald Appelshauser
Tetyana Galatyuk
Dirk H. Rischke

INTERNATIONAL ADVISORY COMMITTEE

LOCAL ORGANIZING COMMITTEE

Hendrik van Hees
Lorenz von Smekal

Largest conference in the field

34 talks and 119 posters from ALICE with lots of
new results from Run 3

Deadline for registration: February 7

Further information and supporting institutions at https://indico.cern.ch/e/qm2025
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LHC schedule

OIN[D|J[F

) |

LS4
en 1%
ALICE2 dismantling
and ALICE3 installation

M

Shutdown/Technical stop

Protons physics
EYETS Ions
Commissioning with beam
Hardware commissioning

Last update: November 24
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Summary

* TPCs have been of crucial importance for the
development of heavy ion physics over the last 35
years

With the successful upgrade of the ALICE TPC to
continuous readout, the door was opened to a new
era of TPC technology

This will allow ALICE to dramatically increase the
precision in QGP and hadronic physics in the coming
years

/%

e PHOE Colluborstion

4

Harald Appelshauser, 61st International Winter Meeting on Nuclear Physics, Bormio, ltaly




Harald Appelshauser, 61st International Winter Meeting on Nuclear Physics, Bormio, ltaly




lon density distribution

ALICE TPC Pb-Pb Vs=5.32 TeV IR =48 kHz Run 560195

- - Pb-Pb, |5y, =5.36TeV
120 5 This work
! E 0.06 runs

100 a-'siilwuﬁdil ilm iHJHn ik b EMWH H&LHMHW : °°5§ 4122

-250 -200 -150 -100 -50 ZZ;-_ 544123

* lon density distribution in TPC volume derived from IDC data

At 50 kHz, ions from previous 10,000 Pb-Pb collisions are ove 500 400 300 200 100 0
t-t (Ms)

Harald Appelshauser, 61st International Winter Meeting on Nuclear Physics, Bormio, ltaly




lon density distribution

Pb-Pb, VSyn = 5-36 TeV Correlation strength w between track
This work distortion and /IDC value as function of time

runs .
544121 : difference

544122 : : : re s
544123 Compatible with total ion drift time of 200 ms

Strongest correlation with ions in the center of
the drift volume

Track angle resp. drift length dependence

2500 <100 0 : - IDCs are most important tool to correct space-
teo-t (MS) charge distortion fluctuations

-400 -300
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TPC Is ready

— All regions | |
—IROC
OROCT
— OROC2
— OROC3

240
x (cm)

—_
T
|

O

IROC OROC1 OROC2 OROC3
std. dev.: 7.5% std. dev.: 7.0% std. dev.: 6.1% std. dev.: 5.9%

Noise level 1 ADC (670 e)
Gas gain uniformity 6-8% (from
U gain X-ray illumination)
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ALICE TPC upgrade

Integrated flexible

signal cables 5 x SAMPA

Power
connector
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3 x analog ground (to detector) Digital ground (to SSW)

FEC design, production, and mass test at ORNL Readout Chamber mechanics at UT Knoxville
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operated at the SPS since 1994 (30 years of lead beams at CERN) iit
4 large scale TPCs (2 in dipoles, 2 in field-free region) ~
low-Z and cool gases (Ne-CO,, Ar-CO,-CH,)

: § ae et
low-mass field cage structures e

F 2 A

i
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* at RHIC (BNL) since 2000
* Main design features and dimensions as in ALEPH, B=0.5T, P-10

* Innovative readout electronics, 140,000 channels (200,000 after Inner Sector upgrade)
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radial drift TPCs

TPC magnet coils

CERES/NA45

STAR FTPCs (2001-2014) and CERES/NA45 TPC (1998-2000)

* In forward direction and in azimuthally symmetric experiments

e ExB: cool gases preferred

AL STRUCTURE

FRONTEND
ELECTRONIC

HV ELECTRODE
PAD READOUT

FIELD CAGE
FOIL WINDOW
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Multi-GEM layer

230V 5280V 360V Single GEM has IBF = O(10%)

- need multi-layer solution

Sub-divide into pre- and main amplification stage
Two GEMs each are needed

Configuration of transfer fields and GEM
geometry (e.g. hole pitch) subject of extensive
R&D activities

Solution:
* 4-GEM layer with S-LP-LP-S geometry
—-— e * Low transfer field E7; = 0.1 kV/cm
4—— 2mm - 7 - 2mm ;bd— 2mm —p
3500 V/cm 3500 V/cm 100 V/cm 3150 V/cm .
S: Standard hole pitch 140 pm

LP: Large hole pitch 280 um
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Pb-Pb (2024), 41kHz, no CM corr., TB: 1, time: 0.2 <ADC<=1>

-3.0 0.0 +3.0




TPC data size

TPC Data Size

@ Link Based (pp) Measurement == Link Based (pp) Log Fit Improved Link-based format (pp) Measurement Improved Link-based format (pp) Log Fit @ Dense-Packed format (pp) Measurement == Dense-Packed format (pp) Linear Fit
@ Dense-Packed format (PbPb) -2023 Measurement == Dense-Packed format (PbPb) -2023 Linear Fit @ Dense-Packed format (PbPb) - 2024 Measurement == Dense-Packed format (PbPb) - 2024 Linear Fit
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Bandwith limit
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Pb-Pb 2023
* Pb-Pb 2024

40
Interaction Rate Pb-Pb equiv. (kHz)

e TPC data size in Pb-Pb at 50 kHz well below bandwidth limit
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