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Outline

PICOSEC detection concept: precise timing with Micromegas
Timing studies & detector physics: single photoelectron and MIP beam tests

Towards a robust large-area detector:
- Resistive Micromegas
- Robust photocathodes
- Tileable modules
+ Scalable readout electronics




Timing limitations of gaseous detectors

Particle Particle
lonisation of gas in active volume
Cathode
Primary electrons produced by ionisation along particle
trajectory in drift region I £ Gas volume
Drift distance differences on the order of millimetres ' Amplification;
— Timing jitter of = ns readout

Particle

Cherenkov light emission + photocathode

: Cherenkov
or solid secondary converter layer radiator
Photocathode
an_ar;_/ elef:trons at well-defined location & time Gas volume
— Timing jitter of = tens of ps
v Amplification/
readout
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PICOSEC: Charged particle timing at sub-25 picosecond precision with a Micromegas based detector
J. Bortfeldt et. al. (RD51-PICOSEC collaboration), NIM A (903), 2018, https://doi.org/10.1016/j.nima.2018.04.033
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X. Wang et al., Study of DLC photocathode for PICOSEC detector, RD51 collaboration meeting, October 2018
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PICOSEC detection concept

-recise timing with Micromegas

Signals are recorded from anode pads, amplified and digitised

for time walk

Preamplification of induced signal

Digitized by high-bandwidth
oscilloscope @ 20GSamples/s

Schematic not drawn to scale
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Rising edge of fast electron peak is used for timing measurements with Constant Fraction Discrimination to account
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Measurements of timing performance

Laser tests

Pulsed laser
267-288 nm

Photocathode

amplification
P 100 um
readout

Pulsed laser at IRAMIS facility (CEA Saclay)

Fast photodiode (<5 ps resolution) as timing reference.

Detailed detector response studies in well-controlled conditions:

direct production of single photoelectrons at photocathode.

L. Sohl, Overview on recent PICOSEC-Micromegas developments and performance tests, RD51
Mini-Week February 2020, https://indico.cern.ch/event/872501/contributions/3726013/
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MIP test beam campaigns

150 GeV muons and pions from SPS

Two MCP-PMTs used as timing reference (<5 ps resolution)
Tracking system with triple-GEMs (40 ym precision)
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Detector response

Correlation of signal arrival time and pulse amplitude

Time resolution depends primarily on e-peak charge

Signal arrival time (SAT) = <Te-peak>
Time reSOIUtion = RMS (Te-peak)

Narrower SAT distribution for Signal arrival time Time resolution
higher pre-amplification field —~89 T ~0.45
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J. Bortfeldt et. al. (RD51-PICOSEC collaboration), NIM A (903), 2018, https://doi.org/10.1016/j.nima.2018.04.033
https://indico.cern.ch/event/716539/contributions/3246636/ 7
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Pre-1oni1zation track

Detector response e Beniler Sl

_ _ _ _ D - Pre-amplification avalanche
Time resolution depends primarily on e-peak charge
SAT depends on e-peak size: % Ty S WEGARGGGGOLOLIIIL It
bigger pulses -> lower SAT l M
higher drift field -> lower SAT
https://indico.cern.ch/event/716539/contributions/3246636/
) SAT

Location of first ionisation determines length of avalanche ——+>M“7
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Longer avalanches result in bigger e-peak charge .

SAT reduces with e-peak charge - "

J.Bortfeldt et al., “Modeling the timing characteristics of the PICOSEC Micromegas detector”, e Tre e >50
NIM A (993), 2021, https://doi.org/10.1016/j.nima.2021.165049 Sl s
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Thin gap Picosec

Systematic tests of electric field configurations (drift / amplification fields), drift gaps and gas

mixtures performed in laser facility

Time Resolution (ps)
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L. Sohl, et al., Single photoelectron time resolution studies of the PICOSEC-
Micromegas detector, JINST Proc. of the 15th Topical Seminar on Innovative

Particle and Radiation Detectors 2019, InPress (2020)

Smaller drift gap has better performance at
same gain (Shorter drift time of the first electron)

Excellent timing

Time resolution BEAM 2022 May PAD 12 RUN 497
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Towards a robust, large-area detector

Robust photocathode

+ Photocathode robustness against ion back flow lon back flow t o
. ReSIStlve Mlcromegas fOr Spark protectlon .................. i ; .......... -..... S ] Discharges
ﬁ l l

Resistive Micromegas

Multi-pad Tileable 10x10

Single pad detectors modules

Area coverage
Single pad to multi pad 0 —go —
Detector modules
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Resistive elements (layer, discrete resistors) for readout anodes to limit destructive effect of discharges by limiting
energy released

Two design approaches tested and evaluated in beam test campaigns

Optimise resistivity value for multi-channel detectors with systematic tests of different resistivities and simulations

Resistive multi-pad Simulation of signals induced

Resistive strips (MAMMA) Floating strips (COMPASS) Picosec in resistive detectors

Mesh support
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T. Alexopoulos et al., NIMA 640 (2011) 110-118 apperanods Fadol = -0.4 "SR = 100 Q/Q
o 1 2 3 4
c=41 pS O = 28 pS Time [t/T]
T. Papaevangelou,
L. Sohl, CEA Saclay D. Janssens, CERN

L. Sohl, “Progress of the PICOSEC Micromegas concept towards a robust particle detector with segmented readout” 9th
Symposium on large TPCs for low-energy rare event detection”, 2018, https://indico.cern.ch/event/715651
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Photocathode robustness —4—"—

_imitations of Csl i
Standard PICOSEC photocathode: 18 nm Csl + 3 nm Cr = =10 p.e. / MIP
Csl sensitive to humidity, ion backflow and sparks
Csl photocathode lon backflow Scanning electron microscope images of Csl morphology
after spark on Csl
Csl: deposited After VUV exposure Humidity exposure

https://doi.org/10.1016/j.nima.2009.05.179 https://doi.org/10.1016/j.nima.2011.10.019
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Photocathode robustness
Srotection and alttermatives

Robustness of photocathode is important to preserve QE and thus detector efficiency and timing

resolution during prolonged operation. This may be address in two ways:

Making Csl more robust

Minimise effect of ion back flow while preserving QE . —
Protection layers (MgF2, LiF, graphene, ...) ve s B

10.1016/
j.nima.2009.05.179

Alternative photocathodes
Inherently robust materials (with possible lower QE)
Metallic, DLC, B4C, nano diamonds, CVD diamond, GaN, ...

13

LiF

DLC, Y. Zhou et al.

CsI+LiF(224A)

Wavelength [nm]
Csl + LiF2, A. Breskin et al., 10.1109/23.467832

Graphene passivation,
G. Wang et al

[

B4C, 10.1016/
j.jnucmat.2015.01.015

ND, L. Velardi et al. GaN crystal
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Photocathode materials

Alternatives tested during Diamond-like carbon (DLC) Nanodiamond (ND) powder
test beam campaigns
Photocathode Nor. / Robust material used for resistive electrodes and Based on ~100nm diamonds
OfOCatnoce Tene - HIEON with promising properties as photocathode. particles deposited by spray

Cr +18 nm Csl 104 +04

20 nm Cr 0.66 + 0.13 -
6 nm Al 1.69 + 0.01
_ sp? Carbon spcirbo‘n
10 nm Al 2.20 = 0.05 https://indico.cern.ch/event/709670/contributions/3012912/ \
attachments/1671364/2681277/DLC-photo-cathode.pdf
Cr + 5nm 185 \

diamond .
First beam tests show =3.5 pe/muon
and 40-45 ps achievable time resolution

technique, good QE

F T f F 7 b & o r .
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Time Resolution (2.5nm DLC) = 10'L .
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7.5nm 2.2 X. Wang, Recent photocathode and sensor developments for the PICOSEC Micromegas detector, C. Chatterjee et al 2020 J. Phys.: Conf. Ser. 1498 012008

https://iopscience.iop.org/article/10.1088/1742-6596/1498/1/012008/pdf

MPGD 2019 https://indico.cern.ch/event/757322/contributions/3387110
10nm 1.7 | 14
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Picosec detector modules

Scaling up to tileable modules for larger area coverage

Preamplifier Digitisation

Several variants of multi-channel PICOSEC prototypes in development / under test to address
challenges associated with scaling to larger areas:

Integration
Mechanics to preserve precise gaps
Large Cherenkov radiators and photocathodes
Tileing & compact detector vessel
Sealed detector
Resistive multi pad

Electronics
Signal sharing between pads —
Premplifiers |
: .y Single pad (2016) Multi pad (2017) 10x10 module
Multi-channel dlgltlserS 21 cm o 1cm o 1cm
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Large-area coverage
ocalng up mutti-channel

-ICOS

O

Multi-pad prototype was evaluated in test beam campaigns to study achievable time
resolution for signal shared across multiple pads

4 —TE TN
] - a
// 4

\
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Multi pad (2017)
o 1cm



Cherenkov

Large-area coverage TN
ocalng up mutti-channel PICOSEC

180 F | X’/ndf57.44 / 56
8 | A P1 101.9 + 27.03
z P2 0.7209E—-03 + 0.8397E—03
140 P3 0.2892E—-01 + 0.1951E-02
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Time ns {all corrections)

Single pad hit:
25 ps timing resolution for all pads

S. Aune et al., “Timing performance of a multi-pad PICOSEC-Micromegas detector
prototype”, NIM A (993), 2021, https://doi.org/10.1016/j.nima.2021.165076
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Large-area coverage
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S. Aune et al., “Timing performance of a multi-pad PICOSEC-Micromegas detector
prototype”, NIM A (993), 2021, https://doi.org/10.1016/j.nima.2021.165076
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Large-area coverage

ocalng up mutti-channel

-COSEC

Using tracking information, dependence of time resolution on hit location
within pads (center vs. periphery) was observed:
— non-uniform pre-amplification gap from mechanical deformation
— |lower pre- ampllflcatlon field — Iower SAT, wider distribution
| N

Schematic hit locations not drawn to scale
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Schematic not drawn to scale
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Measured mechanical deformation

200
150

100

Z - planarity pm

40
20

y - axis, mm 20 = — 29 O

X - axis, mm

Challenge for scaling up to larger detectors
* Non-planarity of PCB?

e Tension of Micromegas mesh?

 Bending from gas pressure?

 Bending from mechanical fixation?

NIM A (993), 2021, https://doi.org/10.1016/|.nima.2021.165076
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Detector module mechanics

Experience from first multi-pad prototype:
uniform pre-amplification gap thickness crucial for timing
performance

Bulk Micromegas with minimised dead area on ceramic-core PCB
10x10 pads with 10cm x 10cm active area
lterative polishing steps to improve substrate and final board
planarity
- <10 ym deformation across active area

Schematic not drawn to scale  Antonija Utrobicic¢ 20

Charged
Particle

Drift gap
(200 pm)

Amplification gap
(128 pm)

Precise gap required
(=~ <10um across

10x10 module
O01cm



Detector module mechanics

Experience from first multi-pad prototype:
uniform pre-amplification gap thickness crucial for timing
performance

Bulk Micromegas with minimised dead area on ceramic-core PCB
10x10 pads with 10cm x 10cm active area
lterative polishing steps to improve substrate and final board
planarity
- <10 ym deformation across active area

Global parametrisation of
timewalk across measured pads

Preliminary
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G. Maniatis, A. Kallitsopoulou,

A. Utrobicic, Picosec precise timing detectors : recent S. Tzamarias

results, status and plans, RD51 Collaboration Meeting

Nov 2021, https://indico.cern.ch/event/1071632/ 21
contributions/4612229/

Cross-section

ifference added to the pad side of the board

. Planarity < 10um |

Gain uniformy 0 =3.9 %

Gain map shows small variation of gain across active aréa’
compatible with residual (<10ym) non-planarity of

0.8

0.6

Micromegas PCB A. Utrobicdié



Signal sharing

Detector shows uniform response and different anode pads exhibit the same trend of signal-arrival-time as function of
electron peak charge — universal time walk correction

Signals shared across multiple pads can be combined to achieve a combined time resolution of o = 30.0+0.5 ps

Q .
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A. Kallitsopoulou, First results in signal sharing with multi-pad Picosec module prototypes, RD51
Collaboration Meeting Nov 2021, https://indico.cern.ch/event/1071632/contributions/4607 166/
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Readout electronics

Require readout electronics solution that preserves excellent timing resolution and is scalable to 100s of channels for

tileable Picosec modules.
Preamplifier Digitisation
Custom high-bandwidth amplifiers
(A. Utrobicic, M. Kovacic, University of

Custom preamplifiers

Proprietary Cividec Alternative approach:
preamp CSA-shaper macro uAPIC fP'F';Z?‘:i‘;égrEeA ﬁ;\fﬁ‘g’iée Taarety
' Single channel + O(10ns) shaper without moderate gai,n | . gandwidth ~ 625 MHz with
High-bandwidth, time walk . Good timing resolution 38.5db@100MHz
40db gain - Release requirements on Different circuits being - Low power consumption of 78mW/
_ digitisation tested and optimised channel

...............
ﬂ IN 26“:» ) our P
ampl.-invariant

noid fit result .
peak time 1,

ez a5oW
%) {r_ )

0.6 i

https://

cividec.at/
Preamp card, 10x10 module

0.4 ¥

Voltage, V

ol t,~20 ns

A

0 53”“{“
234 235 236 237
Time, ns CSA-shaper, H. Muller, CERN

Experience with different preamp circuits as input for new, optimised implementation for 100 channel PICOSEC modules

o
(N
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Readout electronics

Require readout electronics solution that preserves excellent timing resolution and is scalable to 100s of channels for
tileable Picosec modules.

Preamplifier Digitisation

Alternative approaches:

- vt  Charge over
10 GS/s SAMPIC Waveform TDC £ R
sampling with - Waveform sampling of rising edge of Single threshold timing E
oscilloscope electron peak and time extraction with with time walk correction £ et
Record full sigmoid fit and 20% CFD from multi-threshold ToT - Preliminary
waveform - Tested 6.4 / 8.5 GS/s sampling frequency SE. Tzamarias et al.. to be
(electron + = oublished, loannis Manthos, PSD12 °
jon) L | T e RN R I A
. . Artificial NN to extract time from rising edge
08T 64 samples as input,
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O | R Sk . \ ~repro<_:!uce fume
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o | | 16 channel SAMPIC Waveforms recorded LR ey 5 GS/s
0 200 400 (D. Breton, J. Maalmietal.) at8.5GS/s PR Tk

A. Tsiamis, PSD 12
Experience with different preamp circuits as input for new, optimised implementation for 100 channel PICOSEC modules
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100CH PICOSEC readout: custom preamp + SAMPIC

Readout of 10x10 pad Multipad PICOSEC with custom preamplifier cards and SAMPIC digitisation

Characterised in muon test beam with reference MCP-PMT scanned across full active area

Signal amplitude per pad Timing resolution per pad
. e sEEas -
80 80 1 —
BETE
70 20 "
- 6o 025 2 ol . .
: - rE 8
¥ 50 02 & g 50
: L &
> 40 0.15 Ug; > 40
30 30 .
x
20 | 20 .
10x10 Multipad Cables to 128CH 10 o 107
| | !
PICOSEC SAM C | 00 100 ° 0o 20 40 60 80 100
- ‘ X-axis, mm X-axis, mm

grf;r%p cards Uniform signal amplitude and time resolution across active area shows uniform detector preamplification region

Visible structure in pads is due to partially contained events and can be corrected by combining signals shared across
neighbouring pads as shown for previous multipad prototype
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Micromegas

Embed a PICOSEC-Micromegas layer inside an electromagnetic

calorimeter after few radiation lengths absorber

First Indications from laser test measurements @ IRAMIS /CEA
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First Simulation Studies with Geant4
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Timing distribution on PICO radiator ~12ps
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R Overall timing resolution ~15ps

For more info see the presentation by A. Kallitsopoulou the RD51 Mini Week, CERN (7-10 Feb 2022)
https://indico.cern.ch/event/1110129/contributions/4733737/attachments/2388605/4082733/PICOSEC in_electron beam.pdf

alexandra.kallitsopoulou@cern.ch
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Micromegas

Most Recent Results from July 2022- Preliminary results for PICOSEC in electron beam

Run O (1 event, 1 kept)

MCP 1
Beam 81

—p| 0

alexandra.kallitsopoulou@cern.ch

Simulation Information

30GeV electron
2 plastic Scintillators
of 1cm thickness

Pb Absorber with
5 RL thickness
3mm MgF2 radiator

Electron beam telescope
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Absorber g3
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Summary

The PICOSEC detection concept overcomes timing limitations of gaseous
detectors and achieves high timing precision of < 25 ps for MIPs.

Beam tests (muons, pions) and laser tests (single-electron response)
conducted to optimise the detector performance. Simulations provide an in-
depth understanding of detector physics.

Tileable 10x10 pad detector modules have been tested in MIP test beams
and provide good timing resolution also for signals shared across pads.

Robust photocathodes (DLC), resistive multi-pad Micromegas and scaling to
larger area coverage are implemented in new prototypes.

Scalable readout electronics (custom preamplifiers + SAMPIC WTDC) are
developed and tested.

Grount  Resstor  Insulatorlager  Readou® anode
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Summary

The PICOSEC detection concept overcomes timing limitations of gaseous
detectors and achieves high timing precision of < 25 ps for MIPs.

Beam tests (muons, pions) and laser tests (single-electron response)
conducted to optimise the detector performance. Simulations provide an in-
depth understanding of detector physics.

Tileable 10x10 pad detector modules have been tested in MIP test beams
and provide good timing resolution also for signals shared across pads.

Robust photocathodes (DLC), resistive multi-pad Micromegas and scaling to
larger area coverage are implemented in new prototypes.

Scalable readout electronics (custom preamplifiers + SAMPIC WTDC) are
developed and tested.

Future perspectives

Secondary emitters: minimise
material budget

Spatial resolution: adjusting pad
size, charge sharing

Optical readout with SiPMs

Amplification structure:
optimised double/single gaps,
mesh geometries/technologies,
resistive multi-pad

Electronics: waveform digitisation
vS. threshold based timing
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(Gas studies

echarge amplitude

Gas mixture ;) Upin (V)

(Neon-Ethane-CF4) Gtres. (PS)

(PC) (mV)
8.58 + 0.13 166.3 +0.2

80-10-10

43.89 + 1.00

89-2-9 255 445 1.69+0.01 3156044 o0 *
270 470 054+001 21.61+018 12221
6.03
310 395 074 +0.01 22.83+ 021 mmtS
4.66
340 340 0.82+0.01 20.72 + 0.09 15312;’ *
230 375 1.13+001 22.98+0.16 18; '819 +

L. Sohl, Overview on recent PICOSEC-Micromegas developments and performance tests,
RD51 Mini-Week February 2020, https://indico.cern.ch/event/872501/contributions/3726013/
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Multi-pad prototype

Crystal
holder top

Gas
connector
Crystal =— |
Crystal 3x cathode
holder base spacer
Active area < s Mesh & cathode
(anode pads) el contact rings
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