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Abstract. The TORCH time-of-flight detector is designed to provide a 15 ps timing resolution
for charged particles, resulting in 7/K particle identification up to 10 GeV/c momentum over a
10 m flight path. Cherenkov photons, produced in a quartz plate of 10 mm thickness, are focused
onto an array of micro-channel plate photomultipliers (MCP-PMTs) which measure the photon
arrival times and spatial positions. A half-scale (660 x 1250 x 10 mm®) TORCH demonstrator
module has been tested in an 8 GeV/c mixed proton-pion beam at CERN. Customised square
MCP-PMTs of active area 53 x 53 mm? and granularity 64 x 64 pixels have been employed,
which have been developed in collaboration with an industrial partner. The single-photon
timing performance and photon yields have been measured as a function of beam position
in the radiator, giving measurements which are consistent with expectations. The expected
performance of TORCH for high luminosity running of the LHCb Upgrade II has been simulated.

1. Introduction

TORCH is a large-area time-of-flight (ToF) detector proposed for the LHCDb experiment [1]. It
will provide particle identification (PID) of charged hadrons between approximately 2—20 GeV/c
momentum. A basic TORCH module consists of a large quartz plate with focusing optics and
photon detectors positioned at one end, as shown in figure 1. Charged particles will emit
Cherenkov photons when traversing the plate. Accepted photons will travel via total internal
reflection to a focusing block where they are reflected by a mirrored surface onto the detector
plane. There the positions of the photons are measured, from which the Cherenkov angle and
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path length within the quartz can be determined for each photon. The time of arrival is then
used to correct for chromatic dispersion effects and the time of propagation calculated [2] [3].

Micro-channel plate photomultiplier tubes (MCP-PMTs) are used to detect the Cherenkov
photons. These have been developed by industrial partner Photek UK (Ltd) to TORCH
specifications [4]. Each MCP-PMT has a square 53 x 53 mm? active area on a pitch of
60 x 60 mm?, with a granularity of 64 x 64 pixels. The requirement on the resolution in
the horizontal (non-focusing) direction is such that channels can be grouped electronically to a
granularity of 64 x 8. Charge sharing across pixels in the vertical (focusing) direction is designed
to give an effective granularity of 128 x 8 which improves the spatial and timing precision of the
detected photons. The MCP-PMTs have been manufactured with an atomic layer deposition
(ALD) coating to withstand an integrated charge accumulation of at least 5 Cem™2,

The detectors are read out with custom electronics [5] that use the NINO [6] and HPTDC
[7] chipsets. The NINO provides time-over-threshold information and corrections are made to
account for the pulse-height-dependent signal shape (time-walk). Corrections are also made for
non-linearities in the HPTDC binning.

TORCH has been proposed for the Upgrade II of the LHCb experiment. Eighteen
660 x 2500 x 10 mm?> modules will be positioned approximately 9.5 m from the interaction
region, each equipped with 11 MCP-PMTs. The time of flight difference between pions and
kaons at 10 GeV/c over this distance is ~ 35 ps, requiring a time-resolution per track of at
least 15 ps for clean separation. This can be achieved for 30 detected photons per track with a
single-photon timing resolution of 70 ps, assuming a ~ ﬁ dependence.
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Figure 1. Schematics demonstrating the principle of TORCH. (Left) Charged particles
traversing the radiator plate produce Cherenkov photons which travel to the focusing optics
by total internal reflection. (Right) The focusing optics map the photon angle onto position on
the detector plane such that the Cherenkov angle of emission can be determined.

2. The Test Beam Campaign
A half-height, full-width (660 x 1250 x 10 mm3) prototype module (called “Proto-TORCH”)
was tested at the CERN PS East Hall T9 facility in October 2018. Two MCP-PMTs (referred
to as MCP A and MCP B) were instrumented, positioned on the left-hand edge when viewing
Proto-TORCH from its front face.

The test beam infrastructure makes use of two time reference stations constructed from
thin borosilicate bars in which Cherenkov light is detected by a single channel MCP-PMT.
These were positioned 10 m upstream and 1 m downstream of Proto-TORCH. In addition, a
pair of Cherenkov counters provided an independent source of PID for the beam, which was
composed of approximately 46:54 pion:protons at a momentum of 8 GeV/c. A pixel telescope
from EUDET/AIDA [8] was used to measure the beam profile.

Data were taken with the beam incident at specific positions on the plate, with the aim
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of measuring the single-photon time resolution and the photon yields. These positions are
numbered such that positions 1, 3, 4 and 5 are positioned 5mm inset into the plate on the side
closest to the MCP-PMTs, with vertical distance of 175 mm, 489 mm, 802 mm and 1115 mm
from the top of the plate respectively. Position 6 is located in the centre of the plate horizontally,
and at a vertical distance of 1115 mm.

A hit-map of photons detected by the MCP-PMTs is shown in figure 2, where the beam was
incident at position 6 on the plate. The pattern shows the projection of the Cherenkov rings
on to the MCP-PMT plane, which are observed as curved bands, and which are folded due to
reflections of photons from the sides of the plate. The width of the bands is a result of chromatic
dispersion. The quantum efficiency of both MCP-PMTs was measured independently and was
found to be significantly lower for MCP A, which explains the reduced count rate seen in the
left half of figure 2.

60,

Time projection (for 1 MCP column)

. (a
2 = l4p
a 1000 = C
g = 13k 102
5 Bl
| 2 L 800 ué
o N — TR - § i
400
200 ; 1
2 4 6 8 10 12 14 16 0 80_ 10 20 ) 30 - 4
Horizontal Pixel Vertical Pixel
Figure 2. A hit-map showing pho- Figure 3. (a) The distribution of photon arrival
tons detected by the two MCP-PMTs. times as a function of the vertical (high granularity)
Bands show the different photon paths pixel number for photons arriving on a specific
travelled. Pixels outlined in red are column in MCP B. The overlaid lines show the
the locations of the time-reference in- predicted times of arrival. Six distinct bands can be
jections. Pixels in white are not read seen which correspond to the photon paths shown
out due to inactive wire bonds. in (b).

3. Time Resolution

The single-photon time resolution of Proto-TORCH is measured from the spread in photon
arrival times for a particular photon path. Figure 3a shows a time-projection plot for a single
horizontal pixel (low granularity). The overlaid lines represent the predicted arrival times and
match the photon paths shown schematically in figure 3b. The measured time resolution,
Omeasured, 18 found by fitting a Crystal Ball function to the distribution of the photon arrival
time in each vertical pixel. The intrinsic TORCH time resolution, ororcu, is then given by
U%ORCH = oﬁleasured — a?ime of — a%eam? where oiime ref 18 the resolution due to the time reference
input to Proto-TORCH which provides the start time, and opeam is the contribution due to the
finite size of the beam through the radiator plate.

Figure 4a shows the TORCH time resolution in each horizontal pixel of MCP B for a range
of beam entry positions. The 70ps target is attained across pixels for beam entry positions close
to the MCP-PMTs. It is possible to study the contributions to this resolution by parametrising
0Foren With three terms, 03oren = oRiep + Oarop (tp) + R0 (Nhits), Where onep is a constant
associated with the resolution of the MCP-PMTSs, opop is a term dependent on the propagation
time, t,, of the photons within the plate, and oro is associated with the resolution of the readout
electronics and is dependent on the number of hits registered per detected photon in the MCP-
PMTSs, Npits. The measured values from a 2D fit (shown in figure 4b) are compared to the target
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values in table 1. Improvements to the measured values are expected with further calibrations,
including a measurement of the correlation between the charge deposited and the NINO signal
width (needed for improved positioning via charge sharing).
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Figure 4. (a) The TORCH single-photon time resolution as measured across columns in MCP
B, and dependent on beam entry positions (1 (red, x); 3 (green, O ); 4 (blue, O); 5 (purple, A)).
The full (dotted) lines indicate results from pions (protons). (b) The TORCH single-photon time
resolution as a function of photon propagation time within the plate and the number of hits per
cluster in the MCP-PMTs.

Table 1. Results of the fit to the single-photon time resolution compared to target values from
simulation.

Contribution Measured value from data (ps) Target values from simulation (ps)

O const 31.0+7.6 33

Tprop(tp) (7.6 £ 0.5) x t,[ns] (3.75 £ 0.8) x t,[ns]
Ny ) 95.0£6.0 60

O-RO( hits V' Nhits V' Nhits

4. Photon Counting

The desired track time resolution targets a single-photon resolution of 70ps and the detection
of around 30 photons per track. A measurement of the number of detected photon clusters
is made for photons that travel directly to the MCP-PMTs (with either no or one near-side
reflection) and is compared to Monte Carlo. The optical processes within Proto-TORCH are
modelled with GEANT4 [9] [10] and custom libraries are used to model the detector and readout
responses which include the MCP-PMT quantum and collection efficiencies and the quartz
surface roughness.

Figure 5 shows the distribution of number of photons detected per charged track for three
beam entry positions. Good agreement is seen between data and simulation for all positions.
There is a small difference in the left-most bin (where there are no photons detected per charged
particle) which is attributed to spurious triggers in data-taking. The photon yields for all
positions are within 90% of Monte Carlo expectations when the zero bin is excluded. The
reduction in photons as a function of distance travelled is a consequence of acceptance effects.
In a fully instrumented module the photon yield is expected to increase by a factor of 5.5 as
there are 11 MCP-PMTs, together with an additional factor due to an increase in the quantum
efficiency of the final tubes.
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Figure 5. Number of photons per charged track detected in data (shaded) and simulation
(solid) for positions (left-right) 1, 3, 4.

5. PID Performance

The full TORCH detector has been simulated within the LHCb experiment framework [11] in
Upgrade II (Run 5) conditions at a luminosity of £ = 1.4 x 10% ecm™2s~!. Using a similar
method to the LHCb RICH reconstruction process [12], the PID is performed by generating
the likelihood of each charged track hypothesis by comparing the expected photon patterns.
Different configurations of pixels and modules are currently under study; here an effective
granularity of 128 x 32 is used, where the number of horizontal pixels has been increased compared
to the test beam setup to reduce the occupancies. The PID performance for pions and kaons
and kaons and protons is shown in figure 6; good separation power is achieved up to 10 GeV/c

and 20 GeV/c respectively.
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Figure 6. PID performance of TORCH from simulation, showing two different cuts on the
likelihood differences for (left) pion-kaon separation, (right) kaon-proton separation.

6. Conclusions

A partially-instrumented half-sized prototype TORCH module has been tested in an 8 GeV/c
7/p beam at CERN. Two custom-designed 53 x 53 mm? MCP-PMTs were employed, each with
an effective granularity of 128 x 8 pixels. The single-photon time resolution has been measured
and is approaching the design goal of 70 ps. Improvements are expected with further calibrations
of the readout electronics system. The measured photon yields are close to expectations.
Simulations of TORCH in the LHCb Upgrade II conditions show that efficient pion-kaon and
kaon-proton discrimination can be achieved up to 10 GeV/c and 20 GeV /c respectively.
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