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Abstract

TORCH is a large-area, high-precision time-of-flight (ToF) detector designed
to provide charged-particle identification in the 2-20 GeV /c momentum range.
Prompt Cherenkov photons emitted by charged hadrons as they traverse a
10 mm quartz radiator are propagated to the periphery of the detector, where
they are focused onto an array of micro-channel plate photomultiplier tubes
(MCP-PMTs). The position and arrival times of the photons are used to infer
the particles’ time of entry in the radiator, to identify hadrons based on their
ToF. The MCP-PMT's were developed with an industrial partner to satisfy the
stringent requirements of the TORCH detector. The requirements include a
finely segmented anode, excellent time resolution, and a long lifetime. Over
an approximately 10m flight distance, the difference in ToF between a kaon

and a pion with 10 GeV/c momentum is 35 ps, leading to a 10-15 ps per track
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timing resolution requirement. On average 30 photons per hadron are detected,
which translates to a single-photon time resolution of 70 ps. The TORCH R&D
program aims to demonstrate the validity of the detector concept through lab-
oratory and beam tests, results from which are presented. A timing resolution
of 70-100 ps was reached in beam tests, approaching the TORCH design goal.
Laboratory timing tests consist of operating the MCP-PMTs coupled to the
TORCH readout electronics. A time resolution of 50 ps was measured, meeting
the TORCH target timing resolution.
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1. Introduction

The Time Of internally Reflected CHerenkov detector (TORCH) is a pro-
posed time-of-flight (TOF) detector, which is designed to separate charged
hadrons in the 2-20 GeV /¢ momentum range over a 10m flight path. The de-
tector concept exploits the prompt Cherenkov radiation emitted when charged
hadrons traverse a 10mm thick quartz plate. Cherenkov photons are propa-
gated to the periphery of the radiator, where they are reflected off a cylindrical-
mirrored surface and are focused onto an array of micro-channel plate photo-
multiplier tubes (MCP-PMTs), as illustrated in figure

The time of entry of the hadron in the quartz can be calculated using infor-
mation from a tracking system and the arrival time and position of the photons
on the MCP-PMTs. The arrival position of the photons is used to calculate
the Cherenkov angle and photon path length. The Cherenkov angle is used to
correct for chromatic dispersion of photons in the quartz for the various par-
ticle hypotheses. From this and from the photons’ arrival time, the time of
propagation of the hadron and its time of flight is inferred [IJ.

At a distance of ~ 10m from the production point, the difference in time-
of-flight between a kaon and a pion with a momentum of 10 GeV/c is ~ 35 ps.
To statistically separate pions and kaons over this distance, a track timing res-

olution of 10-15 ps is desirable. Hence, given an average of 30 detected photons
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Figure 1:  Sketch illustrating a single TORCH module. Charged hadrons traversing the
quartz plate emit Cherenkov photons, which are propagated to the edge of the detector via
total internal reflection. The photons are focused by a cylindrical mirror onto a detector
plane comprising 11 MCP-PMTs, when fully equipped. The position of a photon along the
MCP-PMT is used to infer the photon Cherenkov angle.

per track, a single-photon time resolution of 70 ps is required. The resolution
receives contributions from the intrinsic time resolution of the MCP-PMT, the
readout electronics, and the time resolution resulting from the photon path re-
construction. The target time resolution from the first contribution and from
the combination of the second and third contributions is the same: around 50 ps
per photon.

The TORCH programme involves an industrial partner, Photek (UK), for
the development of the MCP-PMTs. The MCP-PMT prototypes are square
tubes processed with atomic layer deposition (ALD), to tolerate an integrated

2, The tubes have a finely segmented anode,

charge accumulation > 5C/cm
providing the required granularity for the TORCH project. The MCP-PMTs
have a 53 x 53mm? active area and are arranged linearly with a 60 mm pitch

to optimise the overall photon coverage. The anode segmentation is 64 x 64



pixels [2]. Pixels are electronically ganged together in groups of eight in the
non-focusing (horizontal) direction, and charge sharing is exploited across the
focusing direction (vertically) to achieve a 128 x 8 effective pixel granularity.

Connectivity between the anode output pads and readout electronics inter-
face boards is achieved by the use of anisotropic conductive film. The readout
electronics [3] comprise the NINO [4] and HPTDC [5] ASICs originally devel-
oped for the ALICE experiment [6]. During data-taking, a single photoelectron
is converted into a charged signal, shared amongst a cluster of pixels. The
charge in each pixel is amplified and discriminated by the NINO. Information
of the charge deposited in each pixel is measured by the time-over-threshold
of the signal, which provides input to a cluster-algorithm. The HPTDC chip
can be operated either in high resolution mode (100 ps time bins) or very high
resolution mode (25 ps time bins). The signal is corrected for time-walk effects
and for integrated non linearities of the HPTDC binning.

A version of TORCH detector has been proposed for PID at low momentum
in the LHCb Upgrade II experiment [7]. The simulated TORCH performance in
the LHCb experiment in High Luminosity LHC (HL-LHC) conditions shows that
TORCH can improve the overall LHCb detector particle identification (PID)
performance, more details are given in section [4]

The TORCH detector has been characterised in both laboratory and beam
test environments. Two TORCH prototypes have been constructed, mini-
TORCH [§] and the larger scale proto-TORCH [J], and have yielded encour-
aging results when exposed to low momentum charged hadrons in beam tests.
Preliminary proto-TORCH time resolution results are detailed in section 2] In
both beam tests, characteristic patterns of Cherenkov photons have been clearly
recorded.

Complementary laboratory tests were carried out to investigate the gain,
quantum efficiency, intrinsic time resolution, and time resolution coupled to the
readout electronics of the MCP-PMTs. The latter tests are reported in section 3]
All laboratory results demonstrate that the TORCH objectives are achievable.



2. Beam test results

The latest TORCH prototype (proto-TORCH) comprises a half height (125 cm),
full width (66 cm) TORCH module, instrumented with two MCP-PMTs (Tube
A and Tube B). The two tubes are located in the top left corner of the mod-
ule when looking at its front face. Proto-TORCH underwent a beam test in
October-November 2018 at the CERN PS East Hall T9 facility, with an 8 GeV /¢
beam composed of protons and pions. One of the purposes of the beam test was
to measure the single-photon time resolution in proto-TORCH. The beam-test
setup comprised two threshold Cherenkov counters, two scintillator and time-
reference stations, and a pixel telescope from EUDET/AIDA [I0]. The latter
was used to measure the beam profile. The time reference stations comprise
borosilicate bars from which Cherenkov light is detected using single channel
MCP-PMTs. The stations were placed 10m upstream and 1 m downstream of
proto-TORCH. The threshold Cherenkov counters independently identify the
particles in the beam. The HPTDC chips in proto-TORCH were operated in
high resolution mode. Single-photon time resolution measurements were per-
formed, varying the beam incidence position on the quartz plate. Beam positions
numbered 1, 3, 4 and 5 were 5 mm away from the edge of the plate closest to
the MCP-PMTs and respectively 175 mm, 489 mm, 802mm and 1115mm distant
from the top of the plate. Position 2 was 60 mm away from the edge and 175 mm
from the top of the radiator. Position 6 was central along the horizontal axis
and 1115 mm away from the top of the plate vertically.

Photons in a direct path to the MCP-PMTs, reflection-less from the radiator
sides, land on the detection plane first, mapping part of the Cherenkov cone
visible in the raw hitmap. The remaining part of the Cherenkov cone is folded
by the side-reflections, creating a criss-cross pattern on the raw hitmap. Photons
which are reflected off the sides of the quartz bar have longer paths and arrive
later in time. Different paths are visible in figure [2| (b). These are labelled
1-6 and should not be confused with the beam positions. The overall effect is

that photons that experience the same number of side-reflections are detected
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Figure 2: (a) Photon arrival time as a function of the vertical pixel number for a single
horizontal pixel on MCP-PMT B. Six distinct bands are visible, corresponding to the six
paths illustrated in (b). The bands are overlaid with the expected arrival postion/time from

simulation. The width of the bands in data corresponds to the single-photon time resolution.

at a similar time, with a longer time interval between the arrival of photons
experiencing a different number of side-reflections. The collected data can be
rearranged according to the arrival time of the photons. This is illustrated
in figure [2] where, for a single horizontal pixel, distinct bands are visible for a
column of pixels of MCP-PMT B. A single-photon time resolution measurement
is made by measuring the width of the band in the vertical pixel and photon
arrival time space. For each reflection combination, the distribution of the
photon arrival time in each vertical pixel is fitted with a probability density
function (PDF) to extract the measured time resolution, omeasured- The PDF
comprises a polynomial function to model the background and Crystal Ball
function to model the peaking structures. The measured resolution is corrected
for the time resolution of the time reference stations, ..., and for the finite size
of the beam through the quartz plate, opeam, to calculate the resolution of the

TORCH system:
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The resulting single-photon time resolution for different beam incidence po-
sitions, for a particular photon path, is shown in figure The resolution ap-
proaches the design goal of 70 ps for beam positions closer to the detector plane.
The time resolution is degraded for beam incidence positions which are farther
from the detector plane due to chromatic dispersion and the longer photon path
length.

The TORCH single-photon time resolution can be factorised into three com-

ponents [11]

ohorcH = Ugmp(tp) + 0%0(V/ Nhits) + Orcp_pur >

where oprop(tprop) is the time resolution on the measurement of the photon
propagation time in the quartz, tprop, Where omcp—pmt is the MCP-PMT’s
intrinsic time resolution, and aRQ(M) is time resolution associated with the
readout electronics. The latter scales by v/Npits, the number of pixels hit by a
single photon. The time resolution component related to the photon propagation
time in the quartz is expected to grow linearly with the propagation time due to
the fixed pixel size, and ~ 50 ps is targeted. The contribution of the MCP-PMT
intrinsic time resolution and the readout electronics time resolution is expected
to be ~ 50 ps. This is investigated in section [3] The measured values from the
proto-TORCH beam test for the three TORCH single-photon time resolution

components are shown in table

Contribution | Measured [ps] Simulation [ps]
Oprop (tprop) (7.6 £0.5) x tp[ns] | (3.8 £0.8) x t,[ns]
OMCP—PMT 31.0£7.6 33

95+6 60
710 (VNnits) | T/NeS (VNiizs)

Table 1: Comparison between measured and predicted contributions to the TORCH time

resolution. The components are described in the text.
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Figure 3: TORCH single-photon time resolution, as a function of MCP B column number,
measured for pions (continuos line) and protons (dashed line) for a particular photon path,

for different beam entry positions: 1 (red x), 3 (green o), 4 (blue []) and 5 (purple A).

3. Laboratory studies of time resolution

A laboratory test-stand was set up to measure the combined time resolution
of the MCP-PMT and the TORCH readout electronics. The MCP-PMT was
placed in a light-tight box and illuminated with a fast-pulsed blue laser source.
The test stand can be operated in two configurations: the laser light can be
focused as a spot with a diameter of ~ 20 um; or the laser light can be diffused
to illuminate the entire tube for HPTDC calibration studies and for homogeneity
studies. The trigger of the readout electronics was synchronised with the laser
pulses. The HPTDC chip was operated in the very high resolution mode and the
MCP-PMT operated at a gain of O(10°%). The integrated non-linear response of
the HPTDC chip was corrected by using calibration data with the diffused light
source. Triggered events with constant time-over-threshold values are assumed
to have constant amplitude to first order, and were selected to eliminate time-
walk effects. The leading edge distribution of the events was fitted with a
Gaussian function, as illustrated in figure [4 to estimate the time resolution.
The function has a standard deviation of (47.5 + 0.7) ps, compatible with the
50 ps TORCH goal. The fit range does not cover the tail of the distribution as



it is skewed by the relaxation pulse of the laser and by electron back-scattering
from the MCP-PMT input face. The same measurement was performed without
the requirement of constant time-over-threshold values and the resulting time

resolution is (63.2 £ 0.2) ps.
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Figure 4: Leading edge distribution of constant time-over-threshold signals from the TORCH
readout chain, selected from 10 million events collected with the laboratory setup described

in the text. The left-hand side of the distribution is fitted with a Gaussian function.

4. PID Performance

A TORCH detector composed of 18 modules has been proposed for PID at
low momentum in the LHCb Upgrade II experiment [7]. It would be positioned
at a ~ 9.5m distance from the proton-proton interaction point at LHCb. The
predicted PID performance of the TORCH detector as a part of the LHCb
experiment was assessed by simulating the 18 TORCH modules in the LHCb
GEANT4 simulation. The TORCH simulation software is modelled on the
LHCb’s RICH detector reconstruction software, where PID for a given track is
achieved by comparing the likelihood of each hadron species hypothesis with the
photon pattern caused by the track [12]. High-luminosity LHC conditions were
simulated. These correspond to £ = 1.4x10%* cm~2s~! and to a TORCH MCP-
PMT effective pixel granularity of 128 x 32 and of 128 x 8, for the central and



peripheral modules, respectively. [7]. Figureillustrates the TORCH kaon-pion

(proton-kaon) separation power achievable.
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Figure 5: TORCH PID performance in LHCb in HL-LHC data taking conditions. Two
different likelihood requirements are shown for kaon-pion separation efficiency (top) and for

proton-kaon separation efficiency (bottom).

5. Conclusions

TORCH is a large scale time-of-flight detector aiming to provide charged

particle separation in the 2-20 GeV /¢ momentum range over a 10m flight path.
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A full-width, half-height, partially instrumented TORCH prototype module un-
derwent a successful test beam in 2018; a single-photon time resolution that
approaches the design goal of 70 ps required to obtain a 10 — 15 ps per-track
timing resolution, was measured. Laboratory studies of the time resolution
of the TORCH MCP-PMT and readout electronics complement the test beam
results. A measured resolution of (47.5 & 0.7) ps shows that TORCH time res-
olution design goals are achievable. Simulation studies of the TORCH detector
in the LHCD experiment show that TORCH can significantly add to the LHCb
physics program by providing efficient pion-kaon and kaon-proton separation in
the 2-10 GeV/c and 2-20 GeV /¢ momentum ranges, respectively.

The test beam and laboratory studies of the TORCH time resolution demon-
strate good performance which is approaching the TORCH design goals. Better
calibration methods are currently under study and a future test beam campaign

is planned for 2022 with the fully equipped TORCH prototype module.
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