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* PICOSEC Micromegas (MM): precise timing gaseous detector based on a Cherenkov radiator coupled to

a semitransparent photocathode and a MM amplifying structure

* Cherenkov radiator and photocathode converting charged particles into photoelectrons.

* Micromegas structure enables electron avalanche amplification.

* Narrow gap and high electric field (Ex20-40 kV/cm) applied to drift region, facilitating pre-amplification.

* Timing resolution: 10’s of Picosecond.

J.Borteldt, et al. “PICOSEC: Charged patrticle timing at sub-25 picosecond precision with a Micromegas based detector”, Nuc. Instrum. Meth. A (2021)https.//doi.org/10.1016/j.nima.2018.04.033
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Single Channel PICOSEC MM Prototype: Timing
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Timing Performance Simulation

1. Electric field was calculated Using the finite element method
(e.g., COMSOL) for a standard calendared woven mesh
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2. Avalanche development can be calculated by using microscopic
tracking for the electron in Garfield++.
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3. Induced current calculated using the weighting potential, then
convolved with the delta response function of the RF amplifier.
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4. After conducted correcting for the signal arrival time (SAT),

the SAT we get: Corrected SAT distribution
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https://indico.cern.ch/event/145337 1 /contributions/6146410/attachmen
1s/2946824/5178723/Simulating%20Timing%20Performance.pdf
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. Enhanced Timing Performance .

.. . icromegas
0 Designing of a new single-channel PICOSEC MM detector: g0
e
* Focus on improving HV stability, preserving or enhancing PEEK insert Spring

signal integrity and time response uniformity over the Al chamber
entire active area.

* Simple and fast reassembly procedure for easy
replacement of detector elements to simplify research
(studies of different photocathode materials, detector

geometry or amplification structures). ®10 mm ®13 mm ®15 mm

* The new detector housing and three different size of MM
boards with 10 mm, 13 mm and 15 mm diameter active -
area that are compatible with same housing were designed i

= -0.988 ns = 0.348 ps
d d d [o,=62ps+ 1.7ps
and produce 0= 143ps£ 05 ps
50 Fo=125ps= 08 ps

g RMS,, = 13.3 ps = 0.2 ps

L6 =12.5 ps

Time resolution over the PAD (@, = 3.0 mm)

140

* The 10 mm detector achieved excellent time resolution of
o = 12.5 ps within pad central region ® 4 mm (drift gap 120
+ 10 um)@150 GeV/c muons at CERN SPS H4 beamline

* Test beam results showed that all three prototypes can ,

y-axis, mm

Time resolution, ps

22 24 26 28 30 32 34
-1.05 -1 -0.95

operate stable with very uniform time response. R
Utrobicic, A., et al. "Single channel PICOSEC Micromegas detector with improved time resolution." arXiv preprint arXiv:2406.05657 (2024).
https://doi.org/10.48550/arXiv.2406.05657
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PICOSEC

Micromegas

Robust Photocathodes

* First single-pad prototype: Cr + Csl » Depositions of DLC photocathodes
V high QE with NPE exceeding 12 per MIP, excellent time resolution carried out at the CERN MPT
x can be damaged by ion back flow, sensitive to humidity (assembly) workshop.

0 Search for Robust Photocathodes: * The best results achieved with a 1.5

nm DLC photocathode, yielding a

- Diamond Like Carbon (DLC) time resolution of 6 = 32 ps

- Boron Carbide (B4C)

- Nanodiamonds * Measurements conducted with B,C
- Carbon nano-structures photocathodes exhibited the best
. ) time resolution of o = 34.5 ps for
* Depositions of DLC photocathodes with magnetron Pulsed DC magnetron vacuum
. . . . . the 9 nm |ayel’- deposition machine
sputtering technique in China: capable of coating ®1 small _ ~ Time resoluton | N Time resolution
crystals and larger area ones B = S = }

7, =26.08ps  0.91ps | 0, =2902ps + 079 ps

Substrate +————
0, =7473p8 + 678 ps

Toomp = 31-88P5 = 132ps
100 | RMS,, =38.10ps  0.59ps

7,=91.17ps & 658 ps
| Toomp = 3448 ps £ 147 ps
AMS,, = 4242 ps + 0.61ps

Single-pad + 9 nm
B,C photocathode
6=34.5%+1.5ps

Argon

Single-pad + 1.5 nm
DLC photocathode L
6=31.9%+1.3ps

Ar/b\
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Time difference: PICOSEC vs reference, ns Time difference: PICOSEC vs reference, ns

Wang, X., et al. "A Novel Diamond-like Carbon based photocathode for PICOSEC Micromegas Lisowska, M., et al. "Photocathode characterisation for robust PICOSEC
detectors." arXiv preprint arXiv:2406.08712 (2024). https://doi.org/10.48550/arXiv.2406.08712 Micromegas precise-timing detectors." arXiv preprint arXiv:2407.09953 (2024).

Thanks to Lanzhou Institute of Chemical Physics https://doi.org/10.48550/arXiv.2407.09953
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.; PICOSEC with Resistive Micromegas A

. Advantages:

. .. . a protecting detector from highly ionizing events
[ Resistive Micromegas: ) : ) .
a ensuring stable operation under intense particle beams
[ achieving better position reconstruction by signal sharing
v " Thermal bonding Method to fabricate Micromegas

........

Single-pad resistive
MM 20 MQ/sq + Csl
0 =(12.46 + 1.37) ps

Resistive single-
pad prototype

2

ey
s

Pillar on Micromegas

1 005 005 1
Time difference: PICOSEC vs reference, ns

. Single-pad resistive MM of 20 MQ/sq
equipped with a Csl photocathode
obtained equivalent precision to a non-

resistive prototype, exhibiting an Resistivehvem:mc—EI—Ju—l—ll—l
excellent time resolution of 6 = 12.5 ps ™" P '

Coating of Germanium
for Resistive Anode

* Coating of Germanium on PCB to form
resistive anode (resistivity ~ 50 MQ/sq)

* Grounding points placed under each

’ double-layer DLC for vertical charge IR ==y pillar for fast grounding, achieving high
evacuation and evaluation of rate rate capability Grounding points
capability

2024/12/9




) pRWELL PICOSEC

0 Development of PICOSEC based on pRWELL technology:

¢ MRWELL structure with high E field (>40 kV/cm) to facilitate electron amplification

» Several single-channel prototypes tested with various holes pitch and geometry and

gap between HRWELL amplification and pad readout

« 23.5 ps was obtained with Csl and 37 ps for DLC with 120 um pitch, 100 um outer
diameter and 80 pm inner diameter uRWELL-PICOSEC

* There is still room to improve ultimate performances with geometry optimization

3. Pre-amplification in 200 ym gas

L :
™

Pncossc

M icromegas

Entrance
window

Cerenkov
radiator

Photocathode

1. Cerenkov photons in radiator

Spacers

BRWELL

Pad
readout
Ceramic
support

Weisenberger, Andrew, et al. uRWELL-PICOSEC: The Development of Fast Timing Resistive Micro-WELL
Detector Technology. No. JLAB-PHY-23-3979; DOE/OR/23177-7316. Thomas Jefferson National Accelerator
Facility (TJNAF), Newport News, VA (United States), 2023.
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.* Exploring Alternative Gas P

Standard mixture: % aof R Different concentrations of Ne and iC,H,,
ER —e— standard * Reached ~17ps with the 75/25 mixture and ~19ps with
. (o) (o) (o) 2 120\ . .
Neon / C,Hg / CF,: 80% /10% /10% o the 80/20 (~15ps with the standard mixture).
. € L
Expensive B * Need to determine precisely the concentration inside the
* Flammable 8ol detector due to problems with the gas mixing system
. ngh GWP (~ 740) - Max achievable gain p g g sy *
60 % * Ne/iso mixture good candidates to achieve good time
o b " resolution with low GWP (order of 1).
. L A H + _
New mixtures: - « 7 g s, e
2 ; Csl photocathode with resistive é r E EZ:ZZ ZE%%
N.e/iC H 94/6 GWP less than 1 T\nwf”\cro\anleqaws\ (\8?\/\(1{))\ T IR B! E __ ™
4**10 0 30
0 10 15 20 25 gL
Mean Charge (pC) E [ e
25_—
The Global Warming Potential (GWP) is the ratio between the ot . .
greenhouse effect of a substance over 100 years and that of CO,. - ¢ .
Therefore, if a compound has a GWP of =740, the greenhouse effect B
produced by that compound is 740 times greater than that of CO,. G102 08 0408 e Ampliude (V)
Aime, C., et al. "Simulation and R&D studies for the muon spectrometer at a 10 TeV Muon Collider."

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment (2024): 169903. https://doi.org/10.1016/j.nima.2024.169903

2024/12/9 Yue Meng — 3" DRD1 Meeting



W

)  Multi-channel PICOSEC MM pro

6x M3x10 PEEK screws Crystal holder top

fixed with screws

First 19 ch. prototype of $=3.6 cm active area:

N

Observed decrease in timing performance depending et — f;% Sagnigasonnadior
on the position of MIP passing. :

Crystal holder base

Source of error & non-uniformity of the drift field gued 0708
gap ->due to non flatness of the board itself.

B icoioneon

~ Amplificatiof region

3x Cathode -
spacer PCB wae:"lpmc?;m m;m_” : __%___m T T W "Jf‘h“u“:"'%"'@

Aune, S., et al. "Timing performance of a multi-pad PICOSEC-Micromegas detector
prototype." Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment 993 (2021): 165076.

MAIN CHALLENGE: Make detector with uniform drift gaps over active area.

100 channel prototype:

i%nane)flll%dénlqogcfibgnarlglg': MM BOARD design: use more rigid (ceramics instead FR4)|| CHAMBER: mechanically decouple MM board and MgF2
10um flatness over entire area. | and thicker MM board material (4 mm instead 2 mm). crystal to avoid deformations due to the attachment.
‘ 0.65 mm Quartz sl
PRAQIEM IS @ eseue o ’ Copper 50 um thickness ERp.

Epoxy fil i Housing

FR4 0.3 mm thick Outer Board

Non-resistive
Utrobicic, A., et al. "A large area 100 channel Picosec Micromegas detector with sub 20 ps time resolution.” MPGD 2022-7th International Conference on Micro Pattern Gaseous Detectors. 2022.

2024/12/9 i 10
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(@) Muli-channel PICOSECMM =

0 Search on Low Material Budget Approaches 3 0 10x10 uRWELL-PICOSEC Prototype :
-The ATLAS NSW:-like approach |

*  MRWELL-PICOSEC with 120 um pitch, 100 um outer diameter
and 80 um inner diameter assembled

*  Preliminary time resolution results with Csl photocathode
; ~50 ps (@CERN SPS H4 Beam Test, July 2024)0 partially due
Advantage: } to drift gap non uniformity and poor photocathode quality

* Low material budget on the detector « Full analysis of the test beam data is ongoing
* Allow the fabrication of large flat boards |
96-pad prototype
* 1lcmsingle cell size
* Extended R&D on the PCB design as well as |
QA/QC to ensure low material budget X/X0 < 10%

R o

100-pads pPRWELL-PICOSEC PCB Large uARWELL-PICOSEC in beam at CERN
A. Kallitsopoulou. PICOSEC-Micromegas Detector, an innovative

. solution for Lepton Time Tagging [Oral session]. 16™ Pisa Meeting i

———————————————————————— on-Advanced-Detectors. dsola dBlba—taly = = = = = = = — — m m e E e e e e e m = =

2024/12/9
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.‘ei Towards Larger Area: From 10 X10 PICOSEC [pie=

M icromegas

and T¢

Two approaches for scaling to larger area:

0 Manufacturing the USTC 10x10 PICOSEC MM

* Magnetron sputtering technology to coat DLC
& - * Thermal bonding Method for making resistive Micromegas
- (Resistivity™~ 50 MQ/sq)
Ti’ * Adhesion of MM Board with Ceramic Board to ensure
DRemxem W mechanic strength
Tiling: 4 x 10 cm x 10 cm

20cm x 20 cm

0 Design Scheme of the USTC 10x10 PICOSEC MM

®
Oo\e‘YC

ré )
104mm Photocathode A(.:Ihe5|on Of. MM Board
with Ceramic Board

* 100 channels of 1cm*1cm pads

A whole 104x104 mm MgF2 crystal as photocathode
Resistive Micromegas with coating germanium

Resistiv Anode ‘ Pillars Adhesion of Mesh

2024/12/9
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&) Towards Larger Area: From 10 X10 PICOSEC Miunes
Uniformity
10,
[0 Basic Performance: : Time resolution for Signal sharing:
° 1 6 7 M . .
Gain reach to 4 X 10 . Combined 1 SATE e — SATS, - (Signal size)
¢ Uniformity shows 0 = 29.61% 5 . . = 1 Z S(sianal size))2
. Time Resolution M 2 — (8(signal size))
(caused by MM board deformation =1 (6(signal size))
induced by mesh tension) i
% 2 3 4 5 6 7 8 9 10 WET pads g’i}%;, 3;?;‘;3?%3 ::: padG %;;”::l %E?::E%
_ _ . Uniformity Map | s
0 Time Resolution for single pad: i 0=27.8ps i1 0=27.2p
«  @CERN SPS H4 Beam Test, 2023 July DT MANER (8 "I £ 27
* Csl photocathode o = 20ps at the pad’s : > p - ‘ —_—
central area (240/520) i Tm}ﬂmm(ml s
% < Hits
* DLC photocathode o = 29ps at the pad’s e Envies 100130
90— X :
central area (260/610) oF oo M All Events
= RMSy  6.487 | _
Time Resolution with DLC Photocathode Tl ResE i Y PR S 70~ E _— oo
z a5 2 T of [l Jpad 3 W e
g 0 - pa § 25 — F 1 E ;:::‘m —umzzoetgfoé:é:
2 ! —-—pad 42 = E Sama  0ozm1s 000030
fa ~padd2 || §* : g = :
LI B » B 5 0=28.2ps
. saaf- 0E- PA Voltage: 510V E
. 2f 205 SA Voltage: 240V g
: 21:1? 10;— 1 padllﬁ ?adls [ | CSlI phoitoca’fhod? T e T f:;:;diﬁ;enceo[é;s} 015 02
o 2052— G0IIII Tl I“I30”I‘MJI”I_S{)HIIGOI‘“?OIIHSC)H”9<ZUIHI100
30540 5% h60 570 580 590 600 6“!:)) 208 T s e = %dn I
PA Voltage (V; PA Voltage (V)
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: & 20 X 20 PICOSEC MM Mi:romegas

0 Design of 20x20 PICOSEC MM prototype 0 Micromegas board
A * Featuring a whole 20cm X 20cm Micromegas
cylindrical pin Hff — 1 * 400 pads arranged on the 2 X 2 area, aligned

with the crystals

* FR4 board bonded with a ceramic plate, and
screws added on the edge to further strengthen

20x20 Resistive PICOSEC MM from USTC _ e ' T
Spacer (190 um)
* Assembly structure similar to that of the 10x10 PICOSEC MM :
* Assembling of the four 104x104x3 mm MgF2 as photocathode A
*  MgF2 crystals placed directly on the frame with cylindrical pins . . (C{gssjn‘ia,f;gton)

(®1.5) for positioning
* Kapton films (12.5um) underneath to compensate for thickness
variation between crystals
* Pogo pins soldered onto the Outer PCB to extract signals

2024/12/9
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20X 20 PICOSEC MM preo

#=-0.003 ns + 0.127 ps IT
05y =254 ps £ 0124 ps —— Gauss it
. 60 RMS,  =250ps
0 Manufacturing the USTC 20x20 PICOSEC MM TP,
AL ;s s B a2 ~
- .0 =25ps
ol e m  m  ms [ e w0 e W H
. . ] ® 30
* Thermal Bonding Method to make Micromegas o oW W W W W ow )
F
e i m s m oz [ m w ] m "
1
1 m m w 2 i 1 18 A m l:)0.2 -0.15 -01 -005 o 0.05 0.1 0.15 02
! Time difference: PICOSEC vs Reference, ns
o B OB OB O ows| w w m w1 m
: o H n 7 1% 10 iz lj” B 255 BEAM 2024 April RUND?JS:)':;OS£I:;:C25:§:2:"[)JSTC Csl-T1270510:
g
¥
0 A5 @ @ = 168 ﬁj 0 Qﬂ 152 o
» 000
o |20 1)3 163 0.08
13 0.07
s 164 . w2 o 19 0% 3
5 005

Uniformity M
FR4 board after niformity viap

bonding ceramic board Resistive Electrode Adhesion of the mesh Putting on the Spacers

0 Preliminary Test Results:
. Assembllng into PICOSEC mode )
« Gainreach to >10°

* Uniformity of 0 = 32.3% (shows related to
the assembling of crystals in the detector)

* (@CERN SPS H4 Beam Test, 2024 Apr/Sep)
Time resolution with Csl photocathode
achieve o = 25ps at the pad’s central area

— R R o e i  Tested with DLC/B4C photocathodes, more
Gas Frame Kapton film & Photocathodes MM board Outer PCB analysis of the data is still ongoing

2024/12/9 Yue Meng — 39 DRD1 Meeting IS



0 Readout Electronics for large-ar

ea PICOSEC MM :

L AT
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P:coszc

Mi:mmegas

RF
amplification FPGA SFP Port
module ]
c @ Control Digitized
L) x40 o o Sig“'il WWaveform
_PICOSEG ogo n oaxia n Analog —N .Wéve.zforr.n
E> i I S ] e B T = e
t t
‘e : :' ‘: Hit Signals
—— x40 waveform digitization 1 [T -
Simls module DRS4 based WDM
Structure of the prototype readout electronics 35
(1] A TSN —— 28598
- 25 s S 7 ]
Custom made RF Amplifier + DRS4 based 3 \
Waveform Digitization Module (WDM) ‘“12 i XR I
16 channel RF Amplifier on a board, HF -3dB ° - S S \/W
cut-off 700 MHz, LF -3dB cut-off 25 MHz 0 200 400 600 800 1000 1200 1400 1600 1800 2000  ° ° L v A
Fanuaneyks Waveform Sampled by the DRS4
DRS4 based WDM with 5.12 GS/S sampling Gain frequency response curve of RF Amplifier avelorm >ampled by the
. RF-AM |
frequency, 950MHz bandwidth 1500 800 Osclloscope s
. i 0=4.4 ps 600 &z \
RF Amplifier connected to the detector with 1 o ozs8ps &= \
. 5] 8 g
pogo pins, SAMTEC cable to drs4 S 500 o :" -~
. .o . . ~ 0 0 L L o L 1 ]
Time jitter of the entire electronic ~4.8ps o —MEMEEEE.__ e on oo o 0 28 R 1o 125

Time interval (ns)

Time intervallins) . .
F Amplifier compared to the oscilloscope

Time jitter of

Time jitter of the entire electronic
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PICOSEC
Micromegas
Time Resolution
0 Results on Beam Tests (@CERN SPS H4 Beam Test, 2023Jul & 2024Apr) $ T :
NV AN AN AL % g —e— Cividec
LR A_ﬂg_ il ) £
- usTe: 0x10 § ol
PICOSEC "= 405'\—__\

560 570 580 590 610
PA Voltage(V)

Test beam results for RF Amplifier vs Cividec

100
run408,pad15
80 - =1 £510/240V g
DA BT
« RF Amplifier achieved better time resolution 60 FTRIE=22.3p8
. . H® o = 22.3ps
compared to Cividec (due to higher SNR) = 40l vs Oscilloscope
/ - f ° : : 20.98ps
Y DRsabased WOM | s The 10><.10 PICOSE(; equipped Y\/lth Qsl 20l
' -, 9.8 tested with the entire electronic achieved a .
' | time resolution of 22.3ps, compared to the 0% 02 008 01005
leS obtained by OSCi”OSCOpe Test beam results for RF Amplifier + drs4¢ WDM
* The 20x20 PICOSEC equipped with DLCwas | padnum. | 3 ' 5 s | 7| 8 | o
scanned with 13 pads using the entire c | wss | w2 | s NSRS
electronic at a single run P s | w0 | wos | 0o | suss

Time Resolution scan for 20x20 PICOSEC with DLC phtocathode
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PICOSEC

Micromegas

FastIC ASIC

* Positive or negative input polarity
sensors with intrinsic amplification

* 8readout channels

* ~ 2 MHz rate capability per channel
with time and energy information

e~ 50 MHz rate capability per channel
with time information only

* Tested with PICOSEC detector
@CERN SPS H4

RF Pulse Amplifier

* 10 channel on aboard

* Gain 38.5dB @100MHz

* HF-3dB cut-off 650 MHz,
LF -3dB cut-off 4 MHz

SAMPIC based digitizer
* 8.5 GS/s sampling frequency

* stacking 16-channel mezzanine modules 80 .
. [ ] T ] 17}
* bandwidth 1.6 GHz i ] - -  H.
. . @ | | 80 1 =
* Internal FPGA —algorithms for signal ) 1 & M. 2
. o L 1l ©° [
processing -% [ i (\:) 75 i i ] %
100 [ - . . . . = E 40— - % 70' 40 5
) [ a 2
! — L 20 c
: ........ " https://indico.cern.ch/e g - ——Cividec ‘\‘\' IS 65 E é
" BN WRNNE N 209204t F 200 4 Cividec T@THL ] Mo 5
o \ / U EENRENEE M.  on5/30502atachn [ - FastC 1 sttt d 2
1. .\ //’ € ==.=.. a $ ents/2565710/4423222 Eo 4 45 50 55 60 65
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0 Performance Optimization

* A new single-channel PICOSEC MM detector to achieve o = 12.5 ps time resolution.

* Search for Robust Photocathodes: deposition of DLC with magnetron sputtering technique; 1.5 nm DLC photocathode
yields a time resolution of o = 32 ps; B4C photocathodes exhibited a time resolution of o = 34.5 ps.

* Resistive Micromegas: bulk-MM with 20 M Q/c m? resistivity and thermal bonding method to fabricate MM.
* Development of PICOSEC based on pRWELL technology: obtained 23.5 ps with Csl.
* Ne/iC4H10 72:25 (GWP < 1) measured with ~17 ps as alternative gas.

0 Large-area Development

* Intensive developments on the 10x10 PICOSEC prototype

*  From 10x10 PICOSEC to 20x20 PICOSEC prototype: design, production, successfully tested with MIP at SPS H4 beamline,
yields a time resolution of o = 25ps on the pad of highest gain with Csl.

* Readout Electronics: successfully developed and operated with multi-channel PICOSEC MM, demonstrating good
performance.

[0 R&D still ongoing: towards large-area application and optimization......
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Thank you for your attention!
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. Beam Setup 5

Beam

GEM1

GEM2

GEM3

Particle Beams @ CERN SPS H4 Beamline

Timing measurements:

. Muon beam (80-150 GeV): 8cm diameter of
beam - muons/spill (measured rate ~kHz/)

*  3triple- GEMs for the tracking
. MCP-PMT as the trigger and time reference
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PICOSEC

Mir.romegas

Data Analysis

Position reconstruction

Time Difference
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*  Reconstruction code from Spyros Tzamarias et al. (AUTh)
*  Ported to Matlab (A. Utrobicic et al.) for immediate analysis of acquired data during beam periods

* Signal Timing: The PICOSEC detector signal undergoes leading-edge fitting, 20% constant ratio timing, and Time-walk correction.

* Track Selection: Selection of events where the Cherenkov ring produced by incident particles is completely within the
measurement area of the detector.

* The MCP1 signal serves as a reference time to statistically analyze the time difference distribution between the PICOSEC
detector and the MCP1 signal.
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