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 A B S T R A C T

The TORCH time-of-flight detector is part of a proposed upgrade of the LHCb experiment, foreseen for the 
high-luminosity phase of the LHC. The TORCH detector provides particle identification of hadrons in the sub-10 
GeV/c momentum range, exploiting the prompt production of Cherenkov photons in an array of fused-silica 
plates. Photons are propagated to the periphery of the detector via total internal reflection, where they are 
focused by a cylindrical mirror onto an array of fast-timing MCP-PMT photon detectors. In order to achieve 
the design goals of TORCH, individual photons must be timed to 70ps precision or better. The development 
of the MCP-PMTs, the mechanical design and assembly strategy of a full-scale TORCH detector module, plus 
its system-level validation in a test beam are described. A validation of timing references, the optical integrity 
across glue joints and the readout integration are presented.
1. Introduction

The TORCH detector is a proposed time-of-flight system for the 
Upgrade II of the LHCb experiment [1], aimed at providing charged-
hadron particle identification in the momentum range 2–10 GeV/c, 
where the separation power of the existing Ring-Imaging Cherenkov 
detectors for kaons and protons has to rely on the pion veto mode. The 
TORCH concept exploits the prompt emission of Cherenkov photons 
in thin fused-silica radiators, with the photon propagation and timing 

I This article is part of a Special issue entitled: ‘RICH2025’ published in Nuclear Inst. and Methods in Physics Research, A.
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used to extend LHCb particle identification capabilities during the high-
luminosity phase of the LHC. A detailed description of the detector 
principle can be found in Ref. [2].

The baseline TORCH design foresees a large-area detector composed 
of twelve identical modules, arranged vertically to cover a significant 
fraction of the LHCb acceptance. The detector would be located ap-
proximately 9.5m from the interaction point. Each module comprises 
a 250 × 66 × 1 cm3 fused-silica radiator, manufactured in three sections 
and optically bonded to a focusing block, together with multi-anode 
photomultiplier (MCP-PMT) photon detectors and readout electronics. 
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Cherenkov photons produced when a charged particle goes through the 
radiator are propagated to the array of fast-timing photon detectors 
via total internal reflection. To minimise the material budget within 
the LHCb detector acceptance, the modules are supported by a rail-
based mechanical structure that allows individual units to be slid into 
position, while concentrating the majority of services, readout and 
support material at the periphery of the detector.

Simulation studies and small-scale prototypes have previously dem-
onstrated the feasibility of the TORCH concept and its expected per-
formance [3]. Building upon this work, the present paper reports on 
the MCP-PMT development, the design, assembly and system-level 
validation of the first full-scale TORCH module, corresponding in size 
and geometry to a unit suitable for integration into LHCb. This first 
full-scale module will bring valuable insight for the work still ongoing 
towards the final integration design. The mechanical realisation, optical 
assembly strategy and integration of the complete detector chain are 
described. A beam test performed at the CERN PS in 2025 is used 
to validate the operation and stability of the assembled module in a 
charged particle beam.

2. Photodetector development

The TORCH detector has a requirement of 70ps time resolution 
per photon in order to reach a precision of 15ps per particle. The 
high-luminosity conditions of the HL-LHC correspond to a pile-up 
of approximately 40 interactions per bunch crossing, resulting in a 
high track density in the LHCb detector and, consequently, a high 
occupancy of the TORCH photon detectors. However to ensure good 
operation, the photon detector occupancy must ideally be kept below 
20%. This occupancy requirement implies a need for high-granularity 
photon detectors, in particular in the centre-most modules closest to the 
LHC beam line. The detector must also withstand a neutron-equivalent 
fluence of up to 2 × 1012 cm−2 and operate at high rate, 5–25 μAcm−2, 
depending on the module. The main photodetector candidates are MCP-
PMTs and silicon photomultipliers (SiPMs). However the former are 
limited by their rate capabilities and lifetime, while the later have large 
dark count rates requiring the adoption of complex liquid-nitrogen 
cooling systems to reduce background rates to a manageable level. 
In this work, only MCP-PMTs will be discussed but R&D on SiPMs is 
ongoing.

The TORCH collaboration has worked with Photek-UK to develop a 
multi-channel square MCP-PMT with ALD-coated pores, resistive anode 
coupling, and with a customised TORCH granularity of 8 × 64 pixels 
over a 53 × 53mm2 square area, corresponding to 6.625×0.828 mm2 pix-
els. The pixels are read out individually. The so-called TORCH Phase 3 
Photek MCP-PMTs [3], first used in 2018, were utilised by TORCH in 
the beam tests presented in Section 4. These devices have more recently 
been tested in the laboratory at Photek where the rate capability of 
the tube as a function of gain has been measured. By optimising the 
resistivity of the plates used in the MCP-PMT, Photek have been able 
to demonstrate significant improvements in rate-capability over the 
original TORCH prototypes [4]. A known area of the cathode’s surface 
was uniformly illuminated, with the remaining MCP-PMT active area 
masked. The laser rate was varied and the anode current measured. 
Results show that further improvements by at least a factor of 5 in the 
gain retention at high rates, at a nominal gain of 106, will be necessary 
to fulfil the TORCH requirements at the HL-LHC.

A recent TORCH and Photek collaboration is the development of 
a 16 × 96 MCP-PMT over a 53 × 53mm2 square area. This MCP 
has ALD-coated pores with a direct-coupled anode that is designed to 
reduce per-pixel occupancies. The small pixel size makes conventional 
soldering impractical, so the prototype uses laser soldering. Efforts 
are ongoing to increase the fraction of pixels with reliable electrical 
connections. A first prototype has been characterised in the laboratory 
at Photek. A Lecroy WaveMaster 808zi-A scope has been used to read 
out four neighbouring pixels with a laser scanned across them. Fig.  1 
shows the gain for each pixel as a function of laser position, which 
demonstrates the discrete pixel structure and shows that the point 
spread function is smaller than the fine-pixel dimension.
2 
Fig. 1. Gain as a function of laser position from a scan over four pixels of the 
16 × 96 MCP-PMT in the fine pixel direction. The vertical lines indicate the 
nominal pixel edges. The laser spot size is approximately 10 μm.

3. Assembly of a full-size module

The fused silica radiator plate, with a length 250 cm, is assembled 
from three separate quartz parts, each acquired from Nikon Glass.1 The 
plates are bonded together using Epo-Tek 301-2 optical adhesive. The 
adhesive optical properties have been effective in the DIRC particle 
identification system for the BaBar experiment [5] and the Belle II TOP 
detector [6]. The same optical adhesive is used to bond the radiator 
plate to the focussing block. The bond line locations are shown in Fig. 
2; the bottom two plates are 62.5 cm in length (two identical plates), 
and the uppermost plate is 125 cm long.

The supporting optical frame is designed to be as close as reasonably 
possible to a solution that could work in the context of the LHCb 
experiment. Hence a lightweight composite optical frame with low 
radiative length and low coefficient of thermal expansion has been 
chosen. This frame comprises a lower brace, two side braces and the 
focussing block mount (FBM). The quartz hangs from a thin aluminium 
ledge within the FBM, the so-called ‘‘letterbox’’. The optical frame is 
then mounted to an aluminium mounting frame that houses the MCP-
PMTs and electronics. The electronics housing is attached on rails from 
which the module hangs, however, the structure has been designed so 
that it can also stand vertically, supported by rails at the bottom of the 
assembly if required.

Each of the constituent parts described above are mounted within an 
exoskeleton. The exoskeleton serves two purposes: it provides support 
and protection for the quartz when lifting and transporting, it also 
doubles as a bond jig to accurately position the quartz for bonding. The 
optical frame, electrical housing, and mounting rails are then assembled 
around the bonded quartz in situ. Light-tight panelling is mounted onto 
the exoskeleton for use in the test beam, and the TORCH prototype is 
retained in the exoskeleton for the duration of the test-beam campaign.

The focussing block is first roughly positioned, then fine adjust-
ments are performed making use of a portable coordinate measuring 
machine (CMM). This is a vital starting point, as the quartz plates 
are positioned relative to the focussing block position. Fig.  3 shows a 
photograph of the focussing block positioned inside the FBM.

With the position of the focussing block finalised, the first quartz 
sheet is then positioned onto a sled. The sled’s purpose is to provide 
a linear path of travel for the quartz sheets as they are being brought 

1 Nikon Corporation Glass Business Unit, Sagamihara-City, Kanagawa 
252-0328, Japan.
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Fig. 2. Illustration of the main quartz optical frame components of the full 
sized TORCH demonstrator.

Fig. 3. Focussing block positioned inside the FBM.

to the bond position. Six micrometer-adjustable screws at the side and 
bottom position the quartz laterally while on the sled to align edges to 
the previous sheet, and to provide a very fine adjustment in the bond 
gap setting. The radiator plates are positioned roughly in a staging area 
at the base of the exoskeleton, shown in Fig.  4, then brought close to 
the bond location and positioned, then checked with the CMM until the 
correct position had been achieved. Plastic shims are then used to set 
the bond gap at 75 μm. Micrometer adjusters at the bottom of the sled 
are used to slowly push the sheet into contact, with the shims acting as 
spacers before they are removed.

Given the low viscosity of the Epo-Tek mixture, capillary action is 
used to draw the adhesive into the bond gap. The adhesive is applied in 
drops of 75 μL using a microlitre pipette. Drops were placed along the 
joint and the progression of the glue was visually monitored. Due to a 
small chamfer on the edges of the plates, a teflon-tape dam was used 
on the underside of the bond-line to catch any run-off of adhesive, to 
be later cleaned off with acetone and isopropyl alcohol. The bonding 
procedure is demonstrated in Fig.  5. Full cure is achieved in around 
48 h, after which time the next plate is bonded in sequence.

Final steps involve installing the optical frame around the quartz 
inside the exoskeleton. The staging area for the sled is detached and re-
placed with the bottom bulkhead of the exoskeleton, ready for transport 
3 
Fig. 4. Radiator plate on the sled in the staging area of the exoskeleton.

Fig. 5. The Epo-Tek application procedure, also showing the Teflon tape.

to the test beam area, and rotation into the upright position. Whilst the 
detector was assembled horizontally at Point 8 at CERN, it was operated 
vertically, and transport and rotation of the prototype was a critical 
step. The TORCH module inside the exoskeleton was transported in a 
truck over 16 km to the T9 experimental test-beam area of the CERN 
PS, rotated twice and craned in position multiple times, demonstrating 
the robustness of the structure.

4. 2025 beam test

4.1. Experimental setup

The module was tested at the T9 beamline in July 2025. The detec-
tor was exposed to beams of 5, 8 and 10 GeV/c momenta, comprising 
mainly pions and protons. The relative proportion of pions and protons 
depends on the beam momentum and is described in Ref. [7]. The 
different elements instrumenting the beam line are illustrated in Fig. 
6.

A pair of CO2-filled threshold Cherenkov counters is used to provide 
external PID information, followed by a large scintillator that can be 
used for trigger purposes. The beam passes first through an upstream 
timing station (T1) and then a downstream station (T2), located 10.4m
from T1, as illustrated in Fig.  6. The stations are identical and pro-
vide the two time references for each event. The timing stations are 
described in more detail in Section 4.2. An EUDET/AIDA silicon pixel 
telescope [8], comprising six Mimosa 26 planes and a FEI4 timing 
plane, is placed downstream and provides tracking information. This is 
particularly helpful to correctly describe the beam profile in simulations 
of charged particles entering the radiator. The TORCH module, hosted 
in the exo-skeleton described in Section 3 and instrumented with 6 
MCP-PMTs, was placed on a pneumatic elevation table allowing to scan 
various beam-entry positions. Because of the weight of the prototype, it 
was not possible to scan horizontally. The performance of the TORCH 
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Fig. 6.  Setup for the 2025 test beam in the T9 experimental area at CERN, with beam direction from right to left. The Cherenkov counters are not visible in 
the image to the right.
Fig. 7.  Example time-of-flight spectra for a 5GeV/c beam taken with the ORTEC TAC module (left) and TORCH module (right). The plots validate the expected 
beam composition by showing proton-pion separation.
module was studied for four beam-entry positions located 5 cm above 
and below each glue joint, primarily to evaluate the optical quality of 
the bonds.

4.2. Time reference system

Each timing station comprises a pair of crossed scintillators, used for 
triggering, as well as a 8 × 8 × 100mm3 borosilicate finger coupled to a 
single-channel MCP-PMT. When the crossed scintillators are positioned 
perpendicularly to the beam, the borosilicate finger is oriented so that 
the Cherenkov light produced by traversing particles is emitted directly 
towards the MCP-PMT to avoid delays due to internal reflections. This 
system is used to provide precise timing for each track and is used 
as a reference in the analysis. The timing signals obtained from the 
T1 and T2 timing stations are injected directly in the TORCH readout 
electronics to be digitised and saved as part of the event. These signals 
were also injected into an ORTEC Time-to-Amplitude Converter (TAC) 
module to verify that the expected time of flight distributions were 
obtained for each momentum.
4 
4.3. Readout and trigger system

The trigger system consists of a combination of the two timing 
stations along with the Cherenkov counters and telescope shown in Fig. 
6. For the timing station input to the global trigger, a coincidence signal 
between the two timing stations is used, where each timing-station 
signal comprises a coincidence between the discriminated scintillator 
signals and the borosilicate finger.

The readout of the TORCH detector consists of a custom readout 
chain consisting of NINO [9] and HPTDC [10] boards. The MCP-PMTs 
are connected to the NINO boards which amplify and discriminate 
the signals. This is fed into the HPTDC boards that provide fast mea-
surements of both leading and trailing edges, allowing for time-walk 
corrections. Corrective measurements have also been made to account 
for non-linearities in the HPTDC time binning.

Fig.  7 compares the time of flight distributions obtained by the 
ORTEC module and the TORCH readout electronics after the data had 
been processed. In both cases, the expected separation is observed 
between pions and protons and the beam composition is observed to 
be consistent with that measured in [7].



A. Abdelmotteleb et al. Nuclear Inst. and Methods in Physics Research, A 1089 (2026) 171542 
Fig. 8.  Example distribution of photon arrival time (in TDC bins) versus vertical cluster position for photons arriving at a single horizontal pixel position. Direct 
and reflected photons are clearly separated.
Fig. 9.  Ratio of photon yields per event for two categories of photons. The first travel directly to the focusing block, while the second reflect from the bottom 
end of the plate, traversing a longer path and more glue joints. Results are shown for four beam positions at 5GeV/c, as indicated in the inset. The red markers 
show the Geant 4 simulation.
4.4. Preliminary results: optical validation of bonded joints

A first objective of the beam test was to assess the optical quality 
of the bonded joints between the fused-silica radiator sections in the 
full-scale TORCH module. As described in Section 3, the radiator is 
manufactured in multiple pieces and assembled using optical adhe-
sive, resulting in glue layers that Cherenkov photons must traverse 
before reaching the photodetector plane. Any significant photon loss 
or scattering at these interfaces would directly impact the detector 
performance and therefore must be carefully evaluated.
5 
To probe the effect of the glue joints, data were taken at four 
vertical beam-entry positions, centred horizontally on the radiator 
plate. Positions 1 to 4 correspond to the beam impinging at normal 
incidence at locations: (1) 5 cm above the first (upper) glue joint of 
the radiator plates, (2) 5 cm below the same glue joint, (3) 5 cm above 
the second (lower) glue joint, and (4) 5 cm below the same glue joint. 
These positions were chosen such that, relative to the reference position 
located closest to the photon detectors (position 1), photons were 
required to traverse one or more additional glue layers before reaching 
the focusing block and MCP-PMTs. The reference position corresponds 
to the configuration with the minimum amount of intervening material 
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and therefore provides a baseline for comparison. For each beam-entry 
position, the average number of detected photons per event is measured 
after applying identical selection criteria. The photon yield per event 
is computed for each position and separately for direct photons (which 
travel directly to the photodetector plane) and reflected photons (which 
travel first to the bottom of the plate and then reflect back to the 
photodetector plane). Fig.  8 shows an example of the photon arrival 
time (in TDC bins) versus vertical pixel position of all photons arriving 
for a fixed horizontal position. The direct light and different reflection 
orders are clearly identifiable. Studying the ratio between direct and 
reflected photon yields allows a relative comparison that is largely 
insensitive to variations in beam conditions, trigger efficiency, and 
overall detector stability. The results of this preliminary analysis are 
shown in Fig.  9, which compares the beam test data with results from 
a stand-alone Geant 4 simulation. Within the statistical precision, no 
significant reduction in the relative photon yield is observed as the 
number of glue layers traversed by the photons increases. This indicates 
that no appreciable photon loss is introduced by the optical bonds 
and suggests that the bonding procedure preserves the required optical 
quality over the full module lengths. These results provide an important 
system-level validation of the radiator assembly strategy adopted for 
TORCH. More detailed studies, including position-dependent effects 
and comparisons with optical simulations, will be performed as part 
of future analyses using larger data samples.

5. Summary

The design, assembly and system-level validation of the first full-
scale TORCH detector module have been presented. The module cor-
responds in size, geometry, and mechanical concept to a unit suitable 
for integration into the LHCb experiment and represents a significant 
step beyond previous small-scale prototypes. A mechanical assembly 
strategy based on a lightweight composite optical frame, rail-mounted 
support structure, and modular integration has been developed and 
successfully implemented.

Studies of Photek 53 × 53mm2- square customised MCP-PMTs with 
8 × 64 and 16 × 96 granularities have been conducted in the laboratory. 
Further improvements in the gain retention at high rates and laser-
solder connectivity for the 16 × 96 tube will be necessary to fulfil the 
TORCH requirements at the HL-LHC.

A beam test performed at the CERN PS in 2025 validated the opera-
tion of the TORCH detector chain, including timing reference systems, 
readout electronics, and photon detection. A preliminary analysis of the 
photon yield as a function of beam-entry position shows no significant 
loss associated with photons traversing multiple bonded interfaces, 
indicating that the optical quality of the glue joints meets require-
ments. Future analyses will focus on detailed timing performance and 
particle-identification capabilities.
6 
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