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Feasibility studies of LAPPD as a timing layer 
for the Upgrade-2 of LHCb calorimeter

INTRODUCTION 
The LHCb experiment will undergo a major upgrade in early 2030s to operate 

with an instantaneous luminosity a factor seven higher than the current one. 
The electromagnetic calorimeter will be completely redesigned to keep the 
current performance at a much higher occupancy and radiation background. 
One of the key feature of the upgraded calorimeter, also known as PicoCal, is a 
time resolution below 20 ps, that is essential to separate the primary proton-
proton collisions and mitigate the increased pileup. To achieve this goal, one of 
the possibilities is to install a dedicated timing layer in the middle of the 
longitudinally segmented calorimeter.  

Such a timing layer can be based on microchannel plates (MCP) — 
intrinsically very fast electron multipliers which can directly detect the charged 
component of an electromagnetic shower (see [1] and refs therein).  

The «Large Area Picosecond PhotoDetector» (LAPPD) produced by «Incom» 
(USA) is the largest and potentially inexpensive microchannel plate device. We 
tested LAPPD as a promising candidate to constitute the timing layer of 
PicoCal. 

[1] A. Yu. Barnyakov et al., Response of microchannel plates in ionization mode to single 
particles and electromagnetic showers, NIM A879 (2018) 6

BEAM TESTS RESULTS 
An LAPPD sample with 3 MCPs with ⌀10 μm pores and 2.5×2.5 cm2 anode 

pixels has been tested with electron beams at DESY and CERN SPS. 

        

• The photocathode of LAPPD was switched off by applying reverse voltage 
• Four LAPPD pixels were instrumented 
• Signals were read-out with CAEN V1742 digitizer (5 GS/s) 
• Data from 4 pixels was combined with a Random Forest Regressor algorithm 

• Time resolution better than 20 ps for electron energy >5 GeV 

• Spatial resolution between 5 and 3 mm for energy below 5 GeV 
• Efficiency >99% for energy above 3 GeV
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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
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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
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Two MCP-PMTs: 𝜎t ~12 ps ~7 X0 in front of LAPPD

MCP RADIATION HARDNESS 
The particles fluence up to 6x1015 neq/cm2 is expected in the innermost parts 

of the PicoCal. The gain and the dark rate of MCP were tested after irradiation 
of a LAPPD sample at CERN IRRAD facility. 
• LAPPD with 10 μm pore diameter MCPs 
• Irradiated area of about 2 cm in diameter 
• 1016 protons integrated in ~1 week, that corresponds to ~5x1015 neq/cm2 

• HV on MCPs was turned on during irradiation 

• The dark rate increased by two orders of magnitude after irradiation (initial 
dark rate was ~10 Hz/cm2) and then decreased in 4 times during 75 days 

• Only minor variation of the gain was observed

MCP AGEING 
To check the MCP ageing a Chevron stack of two round MCPs was placed in 

a vacuum chamber and illuminated by a mercury lamp ( =185 nm) in order to 
induce a current through MCPs. 
• MCPs with 20 μm pores made by «Incom» using ALD technic (as in LAPPD) 
• The output current from MCP stack is ~100 μA 
• A total charge of ~300 C/cm2 was collected, corresponding 

to the expectation in the innermost part of the PicoCal 

• The gain dropped in several times, but this change can be recovered by 
moderate voltage increase

λ

MCP RATE CAPABILITY 
The particle rate in the hottest region of PicoCal can reach 100 MHz/cm2. 

The MCP rate capability was studied using two defocused laser beams. 
• Laser 1:  fixed frequency, number of photoelectrons per laser pulse is changed 

to mimic the electromagnetic showers of different energies  
• Laser 2: the pulse power is adjusted to produce 10 photoelectron/cm2, 

frequency is changed to mimic the background of different fluxes   
• Light spot of 30 mm diameter 
• The LAPPD samples with MCPs of 10 and 20 μm pore diameter were tested 

  
• The time resolution is acceptable up to order of 10 MHz/cm2  
• Reducing the pore diameter significantly improves the rate capability 
• Further R&D efforts are needed to improve the LAPPD rate capability for its 

application in the innermost regions of PicoCal

REFERENCES 
1. S. Perazzini et al., Development of an MCP-Based Timing Layer for the 

LHCb ECAL Upgrade-2, Instruments 2022, 6, 7 
2. M. Barnyakov et al., Latest feasibility studies of LAPPD as a timing layer 

for the LHCb Upgrade 2 ECAL, 2024 JINST 19 C02045

Side view of  
PicoCal cell

LAPPD

Setup

48 ps at 1 GeV 
19 ps at 5 GeV

Z-stack, pores: 10 μm, 2 active MCPs
December 2022@DESY

Voltage settings: PC and MCP1: OFF, gaps: 200 V,  
                              MCP2 and MCP3: 875 V
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Z-stack, pores: 10 μm, 3 active MCPs

Voltage settings: PC: OFF, gaps: 200 V,  
                              MCP1, MCP2, and MCP3: 685 V

LAPPD voltages: 
Gaps: 200 V 
MCPs: 875 V 
MCP1: OFF
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Figure 2. Gain as a function of the integrated charge for Incom MCPs.

recovered by a moderate increase in the voltage bias of around 50 V. Hence, as far as the lifetime
due to emitted charge is concerned, the conclusion of this study is that MCP-based detectors can
be operated in harsh environments such as those of the LHC.

4 Radiation hardness

Another critical aspect of using MCPs in the innermost PicoCal parts is the expected fluency of
particles. In those regions, fluencies up to 6 ⇥ 1015 neq/cm2 are expected. In order to asses if the
MCPs can withstand such a high radiation dose, an irradiation campaign was performed at CERN
IRRAD facility using a LAPPD Gen-II device with 10 �m pores and 2.5 ⇥ 2.5 cm2 pixels as readout.

The gain of the device was measured in Bologna INFN laboratory with a 405 nm laser. Before the
beginning of the irradiation, a small hole was drilled through the LAPPD light-tight enclosure to install
a fiber connected to a blue LED. This LED was used to measured the gain of the LAPPD just before the
irradiation started, confirming the measurement in the laboratory. Then, the photodetector was installed
at the IRRAD facility and after one week 5 ⇥ 1015 neq/cm2 were collected. During the irradiation, a
voltage bias of 900 V was provided to the MCP tiles and a 200 V bias was kept between them.

After irradiation, the LAPPD was moved to a storage area. The LAPPD dark rate was measured
remotely for approximately two months after the irradiation. The results are shown in the left part of
figure 3. A two order of magnitude increase was observed with respect to dark rate measured prior
to the irradiation (⇡ 10 Hz/cm2), slowly decreasing and reaching around 300 Hz/cm2 after 75 days.
Such levels of dark rate are by far not a problem for operation in the innermost PicoCal regions,
where particle fluxes of tenths of MHz are expected.

The LED used to measured the gain prior to the irradiation was connected to a remotely controlled
waveform generator to perform gain measurements during the cool down period. The results are
shown in the right part of figure 3. The gain showed a mild decrease just after the irradiation, but
then returned to pre-irradiation levels after the observation period.

The outcome of the irradiation campaign confirms that MCPs activated via the ALD process can
withstand the fluencies expected in the PicoCal innermost regions without issues.
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• 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 
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•Fragilità del fotocatodo

Ion-feedback riduce efficienza quantica

‣ Carica integrata massima: 


‣ 10 volte inferiore alle necessità dell’ECAL di LHCb
∼ 30 C/cm2

9

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”)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
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Diametro pori: ∼ 10 − 20 μm

LAPPD = Large Area Picosecond PhotoDetector
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Context: time information

•Occupancy

Higher granularity

Double readout

Time information

PMTPMT

Scintillator
Absorber

Light guide

Timing Layer

Front Back
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Effective to suppress the  
combinatorial background 
and resolve the pile-up
Required resolution 
below 20 ps

Baseline Technologies
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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

ECAL regions
12 cm

6 cm
4 cm
3 cm

1.5 cm

PicoCAL performance in beam tests are encouraging, but more R&D is necessary

•Radiation hardness

SPACAL for the innermost regions

‣ Absorber:  or 

‣ Scintillator: Polystyrene-based or              

                   GAGG ( )

Pb W
Gd3Al2Gd3O12

Figure 1. Sketch representing a SpaCal module. The double readout feature as well as the possibility of
inserting a timing layer within two SpaCal halves are also represented.

Another key feature needed to cope with the increased combinatorial background due to a
much higher number of primary vertices is a good time resolution. Simulation studies have proven
that the reconstruction of the time of arrival of particles in SpaCal modules will be of paramount
importance to discriminate signal from background [2]. The studies have shown that a time resolution
below 20 ps will be needed to resolve the pileup effects arising from the time spread of primary
vertices produced in proton-proton interactions. First preliminary results from test-beam campaigns
have shown that the SpaCal and Shashlik modules timing performances are promising, but not yet
sufficient [5], especially for energies below 5 GeV.

For this reason, the inclusion of a dedicated timing layer has been suggested to provide the
required time resolution. This layer could be accommodated within two halves of a SpaCal module,
as shown in figure 1. One of the main candidates to fullfil such task is the Large Area Picosecond
PhotoDetector (LAPPD), produced by Incom [6]. These devices are the largest microchannel-plate
(MCP) photomultipliers ever built (up to 20 ⇥ 20 cm2 of active area), entirely made with inexpensive
materials and capable of time resolutions of few tens of picoseconds per single photoelectron (PE) [7, 8].
Microchannel-plate photomultipliers are known for having good time resolution, but one of the main
problems for their employment is the cost of the lead-glass needed for their production. Incom and
other producers have overcome this by employing the so-called Atomic Layer Deposition (ALD)
technique. This allows to deposit very thin layers of resistive and emissive material on inexpensive
borosilicate tiles, thus greatly reducing the cost due to the material needed to produce MCPs.

Another problem directly linked to the employment of these photomultipliers is the photocathode
(PC) lifetime and cost. This part is known to be ruined by the so-called ion feedback, thus introducing
another limitation in the application of these devices in high-radiation environments and with high
integrated charges, as expected in the innermost PicoCal regions. For these reasons, the LAPPD
employed for PicoCal will be operated without photocathode, by exploiting the primary ionization
occurring within the pores of the MCP wafers. This operation mode reduces the detection efficiency,
but this should be compensated by the large number of particles produced in electromagnetic showers.
The idea of operating without photocathode has been developed in previous studies [9–11] and proved
to be feasible, but further studies are necessary to assess the performances of the LAPPD.

In this paper, the studies conducted at CERN SPS and DESY test-beam facilities and in Bologna
INFN laboratory to test the LAPPD performances will be described. In particular, the results
obtained concerning ageing and radiation hardness, time and spatial resolution and operation at
high rates will be discussed.
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S I STEMA DI  IDENTITÀ VISIVA 
E  I M MAG INE  CO O RDI N ATA  DI  ATE NEO

M A R CHIO DI  ATENEO 
B RA ND ARCHITECT U RE 
US I  DEL MARCHIO 
A P P LICAZIONI  DELL’ IDENTITÀ  VISIVA 
E  I M MAG INE  CO O RDI N ATA
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