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Un luminoso futuro per LHCb
•Significativo sviluppo 

di tutto il rivelatore 
programmato per il LS4


•Luminosità istantanea:  
rispetto ad ora


•Luminosità integrata:   
rispetto ai dati già analizzati


•Nuovo ECAL necessario 
per il programma di fisica


‣ CPV, FCNC, hadron spectroscopy,  
forward physics, fixed target, LFV,   …


‣ Dettagli: 
- Physics Case for an LHCb Upgrade 2 (2018) 
- FTDR for LHCb Upgrade 2 (2021)

× 7

× 38

20

Planning for Upgrade II
Upgrade IIUpgrade I

Upgrade II

• Lpeak = 1.5x1034 cm-2 s-1

•  Lint = ~300 fb-1 during 
Run 5 & 6 

Upgrade II

2033-

• Fully exploit the HL-LHC 
for flavour physics

 EU Strategy Update 2020

 Framework TDR  approved by LHCC, detector options to deliver the Physics Case

LHCC-2021-012

• Targeting same detector performance as in Run 3, but with pile-up ~40!

•Subdetector TDRs need to be finalised at beginning of LS3

• Technological advances of recent years facilitate the use of precision timing and low-cost 
monolithic pixels, making this experiment also a pathfinder for future projects beyond the LHC

P. Collins, Fri 15:27

SIAMO QUI

Upgrade 1b Upgrade 2

NUOVO 
RIVELATORE 

e in particolare  
NUOVO ECAL

[M. Palutan, Workshop for LHCb Upgrade 2, 2023]

Run1 Run3 Run4 Run5 Run6Run2

Dati per 

risultati  

pubblicati 
 finora

https://arxiv.org/abs/1808.08865
http://cds.cern.ch/record/2776420?ln=it
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Sfide per il nuovo ECAL
D

ose
Integrata

[G
y]

Limite per la 
tecnologia attuale

Piano dell’ECAL

[Yuri Guz 15/02/19]

Dose di radiazione attesa alla fine del Run6 •Resistenza alla radiazione

           ECAL Sim. and Reco. for Upgrade 2

Upgrade Challenges

•Radiation damage
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https://indico.cern.ch/event/798268/contributions/3317239/attachments/1796973/2929846/RDplans_20190215.pdf
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Sfide per il nuovo ECAL
•Resistenza alla radiazione


SPACAL per le regioni più interne

‣ Assorbitore:  o 


‣ Scintillatore:   (GAGG)

W Pb
Gd3Al2Gd3O12

•Occupanza
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Baseline Technologies

2

SPACAL
●Scintillating fibres in dense absorber
●Light guides coupling fibers to PMTs
●Single or double side readout possible
●Radiation hard:up to 1 MGy

Materials:
●Absorber:Tungsten / Lead 
●Fibres:inorganic / organic 

Shashlik (current ECAL):
●Scintillator-Lead sandwich with WLS fibers
●WLS fibers bundled and coupled to PMT
●Single or double side readout possible
●Radiation tolerant: 40-50 kGy

SPACALShashlik
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Sfide per il nuovo ECAL

•Occupanza

Maggiore granularità

Segmentazione in z

•Resistenza alla radiazione

SPACAL per le regioni più interne

‣ Assorbitore:  o 


‣ Scintillatore:   (GAGG)

W Pb
Gd3Al2Gd3O12

PMTPMT

Davanti Dietro
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Sfide per il nuovo ECAL

•Occupanza

Maggiore granularità

Segmentazione in 

Misura del tempo

z

•Resistenza alla radiazione

SPACAL per le regioni più interne

‣ Assorbitore:  o 


‣ Scintillatore:   (GAGG)

W Pb
Gd3Al2Gd3O12

PMTPMT

Scintillatore

Assorbitore

Guida di luce

Timing Layer 
basato su MCP

Vista Laterale Cella SPACAL
Davanti Dietro

z
Efficace per ridurre  
fondo combinatorio

Necessaria precisione 
tra i 10 e i 20 ps

Baseline Technologies
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MicroChannel Plates
•Matrice di canali micrometrici  

capaci di moltiplicare elettroni

‣ Tradizionalmente prodotti a partire da agglomerati  

di fibre ottiche rivestite con vetro al piombo

Fotocatodo:

‣ Rivelazione di fotoni

‣ Buona efficienza con particelle singole


•Facile raggiungere guadagni 
dell’ordine di   
con due strati di MCP


‣  


•Precisioni temporali tipiche: 

‣ Svariati venditori disponibili

106−107

log(G) ∝ L/d

10−15 ps

18

18

Fotocatodo
Strati di MCP

Anodo

ΔV

d ∼ 6−20 μm

L ∼ 0.4−1 mm
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MCP-PMT lifetime
ℎ"

• Electron collisions within MCPs 
can give rise to ionization of 
the residual gas or desorption 
of positive ions from the MCP 
surface à Ion feedback

• Ions then become bullets
accelerated towards the anode 
by the electric field and can 
react with or sputter the 
photocathode material à
degradation of quantum 
efficiency

• Photocathodes are the most
fragile part of these devices

V. A. Chirayath & A. Brandt 

8

•Fragilità del fotocatodo

Ion-feedback riduce efficienza quantica

‣ Carica integrata massima: 


‣ 10 volte inferiore alle necessità dell’ECAL di LHCb

∼ 30 C/cm2

8

Limiti degli MCP
•Costo 

Difficile produrre MCP di grande aerea 
con la tecnologia tradizionale

‣ Vetro al piombo 

‣ Area ECAL: ∼ 45 m2

MCPs with enhanced lifetime
• Significant improvements 

made in recent years to 
improve the photocathode’s 
lifetime, but best results so far 
extend up to ~30 C/cm2

• In our case, our target is more 
than one order of magnitude 
larger emitted charge
• Traditional MCP-PMT layouts

are probably ruled out for nowLehmann et al., Nuclear Inst. and Methods in Physics
Research, A 958 (2020) 162357

10 C/cm2 26 C/cm2

9
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Limiti degli MCP
•Costo 

Difficile produrre MCP di grande aerea 
con la tecnologia tradizionale

Idea: nuovi LAPPD prodotti da Incom®

‣ Struttura porosa degli MCP fatta con comuni 

borosilicati, poi attivati tramite deposizione  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20

20

20 cm

20 cm

Diametro pori: ∼ 10 − 20 μm

LAPPD = Large Area Picosecond PhotoDetector
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•Fragilità del fotocatodo

Ion-feedback riduce efficienza quantica

Idea: rimozione del fotocatodo

‣ Non essenziale perché, operando al massimo dello 

sciame EM, il numero di elettroni presenti é già alto
10

Limiti degli MCP
•Costo 

Difficile produrre MCP di grande aerea 
con la tecnologia tradizionale

Idea: nuovi LAPPD prodotti da Incom®

‣ Struttura porosa degli MCP fatta con comuni 

borosilicati, poi attivati tramite deposizione  
di strati  resistivi ed emissivi (“Atomic Layer Deposition”)

18

ΔV

ulteriore 
riduzione  
dei costi

20

20

20 cm

20 cm

LAPPD = Large Area Picosecond PhotoDetector

Diametro pori: ∼ 10 − 20 μm
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Strumenti e attività
•Prototipi di LAPPD:


•Agli acceleratori:

Elettroni

‣ DESY:  


‣ SPS: 

Protoni

‣ IRRAD: 


•In laboratorio

Laser da 405 nm

Lampada UV

1−5.8 GeV
20−100 GeV

24 GeV

Nome d pori [μm] Strati di MCP Anodo
#69 20 2 strip
#89 10 2 strip
#87 20 2 pixel

Z-stack 10 3 pixel

19

Gen I

19

Gen II

Risoluzione temporale
Risoluzione spaziale
Efficienza

Invecchiamento

Invecchiamento

Studio effetto alto flusso incidente
Lato pixel: 2.5 cm

[backup slide]
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Risoluzione temporale

Random Forest Regressor usato per combinare le informazioni temporali da 4 pixel
Backup slides: prestazioni con prototipi Gen-I, risoluzione spaziale, efficienza

Good performances at low-rate beam tests

Three-MCP stack, 10 µm pores: 
we should make something better 
with two-MCPs only 

LAPPD with two-MCP stack
10 µm pores

• Basic performances with pixels of 2.5 x 2.5 cm2 well 
understood (the smaller the better, still further room for 
improvements)

See Stefano’s talk on Monday

14

18

miglioramento atteso con solo 2 MCP attivi
Gen II, z-stack, pori: 10 μm, 2 MCP attivi
Dicembre 2022@DESY Ottobre 2022@SPS

48 ps a 1 GeV 
19 ps a 5 GeV

20 ps a   20 GeV 
16 ps a 100 GeV

Gen II, z-stack, pori: 10 μm, 3 MCP attivi

Energia [GeV]Energia [GeV]
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Invecchiamento
•Irraggiamento con protoni  

da  presso IRRAD

Dose accumulata: 

Nessuna evidente degradazione 
delle prestazioni


•Irraggiamento con luce UV 
di un MCP di Incom®  
in camera a vuoto


Massima carica integrata: 

Riduzione del guadagno: fattore  

Recuperabile con 

24 GeV
1016 protoni/cm2

300 C/cm2

7
+100 V

• Irradiation test with 24 
GeV protons didn’t show 
sizeable performance 
degradation up to 1016

protons/cm2

15

Radiation tolerance and lifetime studies

• Ageing campaign of an 
Incom MCP with UV light 
in vacuum chamber 
showed a gain reduction 
of about a factor 7 up to 
300 C/cm2, easily 
recoverable by increasing 
the MCP voltage bias by
about 100 V 

• Irradiation test with 24 
GeV protons didn’t show 
sizeable performance 
degradation up to 1016

protons/cm2

15
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PC 50 V / MCP 840 V PC 50 V / MCP 840 V

• Same study conducted varying the pulse power of the first laser
• Time resolution degradation is much less pronounced at higher number of PEs
• Linear dependence of signal amplitude from the number of PEs (or energy)

Particle flux [Hz/cm2] 40
E [GeV]
#PE400160

14

Laser2 turned off

100

LAPPD performances in high occupancy

14

Alta occupanza (work in progress)
•Un alto flusso incidente può peggiorare le 

prestazioni

‣ Ogni moltiplicazione priva i pori di 

‣ Tempo morto 


•Studio in laboratorio con 2 laser 

‣ Intensità e frequenza degli impulsi aggiustate per riprodurre 

le condizioni del Run5 di LHCb 
- Laser1, defocused: segnale 
- Laser2, defocused: flusso di fondo 


‣ Energia primario  Molteplicità sciame da simulazione 


•Degradazione della risoluzione temporale 
già sopra alcuni MHz/cm2


Effetto mitigato ad alta energia

Prossimo test: LAPPD z-stack

e−

↔

10○ direction
30○ direction

45○ direction 60○ direction

9

Same as in previous slide, but 1D along specific directions and occupancy 
converted to rate

Estimation of occupancy in LHCb environment

• Up to 100 MHz/cm2 in the 
hottest region

Flusso atteso sul LAPPD  
nel Run5

Gen I 
d = 10 μm

Superficie dell’ECAL, 1° quadrante
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Conclusioni
•Un rivelatore di tempo basato su LAPPD è attualmente uno dei 

componenti candidati per l’Upgrade 2 dell’ECAL di LHCb

Possibilità di ridurre i costi rispetto agli MCP tradizionali

Svariati test già eseguiti, sia in laboratorio sia agli acceleratori

Efficace resistenza alla radiazione degli MCP 
Buona risoluzione temporale, anche senza fotocatodo


•Intenso lavoro di ricerca e sviluppo in corso

Focus attuale: prestazioni ad alto flusso incidente 
(z-stack, pixel più piccoli, pori più piccoli …)


‣ Progetto LLMCP per R&D su fotocatodi più resistenti già attivato da INFN



Backup

16
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Test su fascio a DESY: Novembre 2020 e Maggio 2021
Beamtest at DESY (Nov 2020, May 2021)

16

SPACAL
front

LAPPD

Front

Back

• Time resolution
– PC on è 23 ps (Gen-I) and 

14 ps (Gen-II) @ 5 GeV (Q.E. higher for Gen-II)
– PC off è ~30 ps @ 5 GeV

• No relevant difference depending on the
rotation with respect to the beam axis
– Configuration with 1○+1○ slightly worse

1o+1o
3o+3o
6o+6o

Gen-I 20 µm pores
PC on

s
[p

s]

Energy [GeV]

20 µm pores

LAPPD di Gen. I e II con pori da 20 μm di diametro

Risoluzione temporale:

- Fotocatodo acceso: 23 ps (Gen-I) e 14 ps (Gen-II) 

a 5 GeV

- Fotocatodo spento: ~30 ps a 5 GeV


Piccole differenze a seconda dell’orientamento 
dell’asse del fascio

- effetto dovuto a geometria SPACAL
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Test su fascio a SPS: Novembre 2021
•LAPPD Gen-I con pori da 


•Risoluzione temporale con 
fotocatodo inibito comparabile 
con quella con fotocatodo attivo:


Fotocatdo acceso: 8 - 12 ps  

Fotocatodo spento: 13-14 ps

10 μm
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Configurazione per test ad alto rate

Laser2
fibre

Laser spot

Laser2 
defocuser

Laser1 
defocuser

12

Mimicking high-occupancy environment

Laser1

LAPPD

Laser1 
defocuser

Laser spot

11

Mimicking high-occupancy environment
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Risoluzione spaziale e efficienza
•DESY, Dicembre 2022


•LAPPD: Gen-II, z-stack, diametro pori: 10 μm

Energy [GeV]

Po
si

tio
n

re
so

lu
tio

n
[m

m
]

∑ A > 0.014

Energy [GeV]

Effi
ci

en
cy

Random forest regressor: allenato con a posizione fornita da DWC Efficienza di selezione

24th February 2023

0 0.01 0.02 0.03 0.04 0.05
5−10

4−10
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h_smax_zooom
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h_smax

Efficiency

A(G4) + A(G5) + A(H4) + A(H5) [a . u.]

16

•Want to study the cases when no actual 
LAPPD signal is produced  
‣ Due to EM shower fluctuations and/or 

LAPPD intrinsic inefficiency 

•Basic strategy: consider as empty events 
those gathering at minimum values in the 
distribution of the sum of the 4 pixel 
amplitudes 

•Selection cut: 
A(G4) + A(G5) + A(H4) + A(H5) > 0.014

ZOOM

1 GeV
2 GeV
3 GeV
4 GeV
5 GeV

LAPPD voltages 
Gaps: 200 V 
MCPs: 875 V 
MCP IN: OFF

No
rm

.C
an

di
da

tes
No

rm
.C

an
di

da
tes

A(G4) + A(G5) + A(H4) + A(H5) [a . u.]
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Importanza del tempo: simulazione di B0 → π+π−π0

• Informazione vera per  

“perfect tracking”


•Solo fondo derivante da 


• Info temporale usata per rigettare 
il fondo nel Run5




Resto della selezione nel backup


•Prestazioni Run5 valutate in 
maniera comparativa con Run2


Ipotesi sul resto del rivelatore si 
semplificano nel confronto

π+π−

π0

R2
t ≡ (t1 − texp

1 )2 + (t2 − texp
2 )2
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Figure 5.38: Invariant mass for the reconstructed ⇡
0 candidates after the selection in Table 5.7,

except for the requirements on the m(⇡0), pT(B0). The range m(B0) 2 [4.98, 5.88]GeV/c
2

is considered. The signal and background contributions are illustrated with green and red
stacked histograms, respectively. In the top row, the cases before (filled histogram) and after
(textured histogram with black contour) the application of the best timing cut (Rt < 50 ps)
are superimposed. In the bottom row only the case after the timing cut is depicted. The left,
middle, and right plots concern the Run5-opt.1, Run5-opt.2, and Run5-opt.3 configurations,
respectively.
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Figure 5.39: Invariant mass for the reconstructed B
0 candidates after the selection in Table 5.7.

The signal and background contributions are illustrated with green and red stacked histograms,
respectively. In the top row, the cases before (filled histogram) and after (textured histogram
with black contour) the application of the best timing cut (Rt < 50 ps) are superimposed. In
the bottom row only the case after the timing cut is depicted. The left, middle, and right plots
concern the Run5-opt.1, Run5-opt.2, and Run5-opt.3 configurations, respectively.
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Figure 2: Simplified sketch of the proposed setup for the new MCP-based detector.

precision at the required level of 20 ps or below, hence the addition a timing layer would be needed to
complement the energy measurement. A mechanical project for the integration of a LAPPD Generation I
detector with a SpaCal module is already ongoing in Bologna.

The third part of the project is probably the more ambitious and interesting. We propose to develop a
novel concept of MCP-based detector to measure relativistic charged particles that overcomes known lifetime
limitations of traditional photocathodes. The idea is not to use a semitransparent photocathode deposited
on the entrance window, which also acts as a Cherenkov radiator, but make it by means of a micrometric
mesh slightly displaced from the radiator. This is an old idea that can be found in the literature [?]. The
deposition of the emissive material is done on the top-side of the mesh, and photoelectrons are accelerated
by the electric field through the holes of the mesh. According to Ref. [?], quantum e�ciencies at least
twice larger than those provided by traditional semitransparent photocathodes can be achieved. This setup
has the advantage that ions emitted from the MCP stack will not struck onto the emissive surface of the
photocathode, but on the rear part of the mesh, or will drift through the holes towards an electrode placed
above the photocathode. In this way the usual degradation of the quantum e�ciency of the photocathode
of MCP-based PMTs can be circumvented. Another important advantage is that the deposition process is
much easier to achieve, as the thickness of the emissive layer can be made much larger than that of traditional
semitransparent photocathodes (1 µm vs tens of nm), with significantly less stringent uniformity constraints.
There is however an important issue, that is the problem of total internal reflection of Cherenkov photons
hitting the exit surface of the radiator tile. The original idea that we propose is to realise a proper texturing
of the exit surface, in order to reduce total internal reflection and let a large-enough number of photons go
through and reach the photocathode. A sketch of the setup is shown in Fig. 2.

We have developed a complete ray-tracing simulation where Cherenkov photons are generated upon the
passage of a charged particle, simulating the behaviour of photons when hitting various types of structures
built on the exit surface of the radiator tile. The simulation predicts how many photons will hit the pho-
tocathode and will emit photoelectrons, along with their time. An event display is shown as an example
in Fig. 3. Using CsI as emissive material of the photocathode and MgF2 as a radiator – the choice of CsI
is because of its higher stability due to lower chemical reactivity with respect to alkali and that of MgF2

is because CsI has nonzero quantum e�ciency in a range of 100-200 nm, hence the radiator material must
be transparent in that range (other materials like LiF and CaF2 are also possible) – the number of pho-
toelectrons returned by the simulation for various parameters of conical cavities (as an example, amongst
various structures which have been tested with simulation) textured on the exit surface are shown in Tab. 1,
with an example of the temporal distribution of photoelectrons reported in Fig. 4. The same figure also
shows the uniformity of photoelectron emission over the surface of the photocathode. With more than 10
photoelectrons within the first 30 ps since the passage of the charged particle at the photocathode’s plane,
it is possible to estimate an intrinsic time resolution of 10 ps or better.

We are already in the process of making a first sample prototype. A nickel mesh with 2000 lines per inch
(commercialised by SPI supplies) has been purchased and sent to BINP Novosibirsk, where we are currently
collaborating with a CMS group (Yu. Barnyakov, A. Barnyakov et al.). The deposition of CsI onto this mesh
will be made using resistive evaporation, and is planned for September 2020, following the recipes of Ref. [?].

For the surface texturing, we have contacted a number of companies, and identified two possible technolo-
gies: one is diamond turning, as e.g. MgF2 can be machined mechanically, while the other is a lithographic
structuring process on CaF2, which for our purposes would provide very similar performances to MgF2. First
MgF2 tiles with proper texturing are being produced by UPMT Wielandts (Belgium) and will be available
by mid August 2020, and once ready will be sent to BINP Novosibirsk. With UPMT technology it is possible
to achieve high-quality polishing of the surface of the structures (residual roughness of about 2 nm, below
the region where Lambertian scattering would become relevant for 100-200 nm wavelenghts). The BINP
group has already developed a few years ago a little setup for CsI deposition (via resistive evaporation)
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Abstract

Microchannel plate (MCP) photomultipliers (PMTs) are attractive devices that can provide excellent spa-
tial and time resolutions with very compact form factors. However they have well-known relevant limitations
which makes their use di�cult to develop large area detectors in high-rate environments, mainly cost, life-
time and deadtime issues. This project aims at investigating how to characterise and possibly overcome such
limitations. A first part of the project is devoted to the characterisation of recently developed large-area
MCP-PMTs, namely LAPPD devices in their forthcoming Generation-II incarnation, whose construction
relies entirely on inexpensive materials, thus addressing the problem of cost. The second part aims at de-
veloping and testing a novel concept of MCP-PMT, based on an original idea that is expected to overcome
known ageing limitations allowing for prolonged use in high-rate environments. Potential applications of
interest for the LHCb and NA62 experiments are briefly discussed.

1 Scientific proposal

1.1 State of the art

The operation of detectors in high-pileup conditions requires several overlapping events to be disentangled
in order to measure physics signals with low-enough background. Reducing the granularity of the sensitive
elements of the detectors is the usual way to cope with increased track density, although it becomes highly
unpractical above a certain level, due to limiting factors on the detection technology, to the larger number of
channels and consequently to increased costs. A valid alternative which is highly desirable consists in adding
a fourth dimension to the measurements of the hits, by exploiting the time separation of the various primary
collisions, provided that per-hit time resolutions much smaller than the time span of the primary interactions
can be achieved.

Photomultipliers (PMTs) based on microchannel plates (MCPs) are amongst the fastest devices available,
allowing time resolutions at the level of a few picoseconds to be achieved. However, traditional MCP-PMTs
su↵er from well-known limitations, notably including large production costs and relatively low lifetime. Large
costs, which can typically reach order of 500 § for only one squared centimetre, make the use of such devices
unfeasible if large areas need to be covered. The cost is mostly driven by the use of lead glass for the
construction of MCP wafers. The lifetime, commonly expressed in terms of the maximum amount of charge
output from the MCP stack before the e�ciency of the devices degrades to unusable levels, is typically in the
range of a few C/cm2 for recent products, which is in particular about two orders of magnitude lower than
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