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Introduction 

ICHEP, Chicago 2 August, 2016 

•  Cherenkov	  light	  has	  excellent	  Eming	  precision	  
•  <	  1ps	  ,	  c.f.	  O(ns)	  for	  scinEllator	  

•  Well	  defined	  angle	  of	  producEon	  
•  Accurate	  calculaEon	  of	  delay,	  even	  with	  large	  radiator	  
•  ….	  but,	  need	  to	  correct	  for	  chromaEc	  dispersion	  

	  
	  

•  Use	  high	  refracEve	  
index	  radiator	  
•  Guide	  light	  to	  photo-‐
detectors	  by	  TIR	  

•  Angle	  à	  posiEon	  
focusing	  in	  one	  plane	  
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Modular Design 

ICHEP, Chicago 3 August, 2016 

•  Construct	  large	  detector	  
from	  idenEcal	  modules	  

•  Current	  module	  design	  
•  250	  ×	  66	  ×	  1	  cm3	  
•  ReflecEve	  lower	  edge	  	  
→	  photon	  detectors	  only	  
needed	  on	  one	  edge	  

•  11	  photo-‐detectors	  	  
•  60	  x	  60	  mm2	  	  
•  128	  x	  8	  resoluEon	  



David Cussans 

•  Cherenkov	  ring	  mapped	  onto	  an	  arc	  
•  ReflecEons	  from	  module	  edges	  “fold”	  pa]ern	  
•  ChromaEc	  dispersion	  broadens	  pa]ern	  	  	  

	  
	  

Position of Cherenkov Photons on Photo-Detector 

ICHEP, Chicago 4 August, 2016 

Without chromatic dispersion or 
reflection off lower edge 

Photon density including dispersion and 
reflection off lower edge 

Horizontal position on photo-detector/mm  Horizontal position on photo-detector/mm  
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TORCH: Future LHCb Upgrade 

ICHEP, Chicago 5 August, 2016 

p p 

TORCH 

9.5 metres 
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Particle ID by Time of Flight 

•  TORCH	  concept	  
proposed	  for	  future	  
LHCb	  upgrade	  
•  Charged	  parEcle	  ID	  
by	  Eme	  of	  flight	  
over	  2	  –	  10	  GeV/c	  

•  Tracking	  gives	  
parEcle	  momentum	  
and	  impact	  point	  on	  
radiator	  

•  Average	  over	  all	  
tracks	  from	  a	  vertex	  
gives	  start	  Eme	  

	  

ICHEP, Chicago 6 August, 2016 

•  Measure	  Time	  of	  Flight	  for	  each	  charged	  parEcle	  à	  PID	  
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Photo-detector System Requirements 

•  Require	  ToF	  accuracy	  of	  10-‐15	  ps/track	  	  

•  ~	  30	  detected	  p.e.	  /	  track	  à	  	  70ps/detected	  photon	  

•  Require	  <	  1	  mrad	  measurement	  of	  Cherenkov	  angle	  

•  Implies	  	  <	  135µm	  spaEal	  resoluEon	  on	  53	  x	  53	  mm2	  photo-‐detector	  

•  Need	  signal	  of	  O(106	  e-‐)	  for	  accurate	  Eming	  	  

•  For	  use	  at	  LHCb	  this	  implies	  life	  of	  >	  5	  C/cm2	  	  	  

ICHEP, Chicago 7 August, 2016 
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Photo-Detector: MCP-PMT 

l  Intrinsic	  Eming	  performance	  of	  MCP-‐
PMT:	  σt	  ~	  35ps	  

l  Resolution of 128x8 pixels required 
l  64x8 pixels by using charge centroiding   

ICHEP, Chicago 8 August, 2016 

l  Photek – part of TORCH 
l  Micro-channel Plate based PMT 

l  Need higher granularity and longer 
lifetime than current generation  
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12 November 2015 DIRC 2015 - Klaus Föhl 22

    Test-beam setup

x
y

●  Beam tests at CERN (SPS-H8 and PS/T9) this year

●  Scaled-down version of TORCH module                                   
    op'cal components from Scho( (CH):                       

● Quartz radiator plate (35 x 12 x 1) cm3

● Focussing block
  

●  Photek prototype MCP and/or 32 x 32 channel Planacon

radiator

 focussing block

Beam Test at CERN PS 

•  Beam	  test	  at	  CERN	  PS/T9	  
•  Mini-‐TORCH	  

•  	  Prototype	  Photek	  MCP-‐PMT.	  	  
•  Circular	  photocathode	  
•  4x32	  pixels	  instrumented	  

–  Same	  pitch	  as	  final	  tube	  

•  Quartz	  radiator	  35	  x	  12	  x	  1	  cm3	  

ICHEP, Chicago 9 August, 2016 

•  Two	  high-‐precision	  Eming	  
reference	  detectors	  

•  Beam	  locaEon/angle	  
defined	  by	  small	  trigger	  
scinEllators	  

Quartz 
Radiator 
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Beam Test at CERN PS 

ICHEP, Chicago 10 August, 2016 

~10m 

T2 Mini-TORCH T1 
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5GeV/c 
ToF 
T1àT2 

~1m 
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Beam Test : Photon Spatial Distribution 

ICHEP, Chicago 11 August, 2016 

 π

Beam test data (p=5GeV)  
( overlaid with predicted Cherenkov arc, 5 eV 
photons - no chromatic dispersion) 
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Beam Test : Photon Spatial Distribution 
(p=5GeV) 

ICHEP, Chicago 12 August, 2016 

Horizontal position/mm  

•  Bands	  broadened	  by	  
chromaEc	  dispersion	  

•  Combine	  spaEal	  and	  
Eming	  informaEon	  

•  Look	  at	  one	  column	  	  
•  i.e.	  fixed	  posiEon	  
along	  plate,	  varying	  
angle	  	  

 π
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Beam Test: Photon Position/Time 

ICHEP, Chicago 13 August, 2016 
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Single column of pixels 

Direct 

Two Reflections 
Three Reflections 

	  
•  Predict	  expected	  
photon	  posiEons	  
•  Superimpose	  
predicEons	  and	  
data	  

•  Photons	  reflect	  off	  sides	  of	  radiator.	  

One Reflection 

	  
•  ChromaEc	  dispersion:	  spots	  à	  lines	  
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Beam Test Results: Photon Position/Time 

ICHEP, Chicago 14 August, 2016 

1m flight length (w.r.t. T2, adjusted for β=1 flight-time) 
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Beam Test Results: Photon Position/Time 

ICHEP, Chicago 15 August, 2016 

10m flight length ( w.r.t. T1, adjusted for β=1 flight-time) 

Vertical position/mm à (angle) 

Ti
m

e 
w

.r.
t. 

re
fe

re
nc

e 
ea

rly
 à

 la
te

r (
ns

) 

protons π



David Cussans 

Beam Test Results: 
Timing Resolution 

•  Calculate	  expected	  photon	  
arrival	  Eme	  	  
•  Based	  on	  spaEal	  posiEon,	  beam	  
momentum,	  parEcle	  species	  

•  EsEmate	  single-‐photon	  Eming	  
precision	  for	  system	  
•  Uncertainty	  from	  .me	  
reference	  &	  beam	  posi.on	  
s.ll	  needs	  to	  be	  subtracted	  	  	  

ICHEP, Chicago 16 August, 2016 

Difference between observed and predicted time(ns) 

Mean	   Sigma	  

Column	  0	   -‐0.035	   	  0.111	  
Column	  1	   -‐0.026	   	  0.134	  
Column	  2	   0.042	   0.138	  
Column	  3	   0.000	   0.109	  

σ = 111 ps  

5 GeV π , 1m path, column 0 
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TORCH for Timing High Energy Photons 

•  Use	  precision	  Eming	  to	  assign	  high	  energy	  photons	  
to	  a	  vertex	  in	  an	  event	  with	  mulEple	  verEces	  
•  Put	  thin,	  O(1	  X0),	  converter	  in	  front	  of	  TORCH	  (e.g.	  5.6mm	  Pb)	  

•  Too	  thick	  degrades	  angular	  (and	  hence	  Eming)	  precision.	  
Too	  thin,	  low	  conversion	  efficiency	  

ICHEP, Chicago 17 August, 2016 

Calorimeter cluster from pair gives 
sufficient angular precision for 
TORCH reconstruction, assuming 
high energy photon originated at IP 
(from simulation) 
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TORCH for Photons: Simulation 

•  1X0	  gives	  
conversion	  
efficiency	  of	  53%	  	  

•  Timing	  precision	  for	  
10	  GeV	  Gamma	  	  
with	  1	  X0	  converter:	  	  
σt	  ~	  80	  ps	  
•  ConservaEve	  
esEmate	  of	  photo-‐
detecEon	  Eming	  	  

ICHEP, Chicago 18 August, 2016 

Perfect position information 

7.5mm impact point 
resolution 
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Conclusion and Outlook 

•  TORCH	  demonstrates	  Cherenkov	  light	  guided	  by	  TIR	  can	  be	  
used	  for	  large	  area	  charged	  parEcle	  Eming	  
•  Can	  use	  for	  PID	  by	  ToF	  over	  10m	  in	  2-‐10GeV/c	  region	  

•  Developing	  MCP-‐PMTs	  with	  
•  Higher	  granularity,	  
•  Longer	  lifeEme	  than	  previous	  generaEon	  

•  Beam	  test	  Eme	  precision	  approaching	  target	  
•  Demonstrated	  <	  110ps	  precision	  for	  single	  visible	  photons	  
•  à	  AnEcipate	  reaching	  target	  of	  σ	  ~	  15ps	  for	  charged	  tracks	  

•  With	  converter	  could	  also	  use	  for	  Eming	  high	  energy	  photons	  
•  Use	  to	  assign	  photon	  to	  vertex	  in	  bunch	  crossing	  with	  pile-‐up	  
•  σ	  ~	  80ps	  at	  10	  GeV	  (from	  simulaEon).	  Expected	  to	  improve	  

•  ConstrucEng	  full	  size	  prototype	  module	  

ICHEP, Chicago 19 August, 2016 



David Cussans 

Backup Slides 

ICHEP, Chicago 20 August, 2016 
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Low Multiplicity Event 

•  Focusing	  blocks	  map	  
angle	  θz	  onto	  posiEon	  

•  No	  chromaEc	  dispersion	  
•  Photons	  colour-‐	  

coded	  to	  match	  
their	  parent	  track	  

ICHEP, Chicago 21 August, 2016 
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Chromatic Dispersion 

•  ChromaEc	  dispersion	  
•  Group	  velocity	  depends	  on	  
visible	  photon	  energy	  

•  Cherenkov	  angle	  depends	  on	  
refracEve	  index	  (Phase	  velocity)	  
•  Measure	  angle	  à	  measure	  
group	  velocity	  

•  Dispersion	  relaEon	  

ICHEP, Chicago 22 August, 2016 

•  Use	  focusing	  opEcs	  to	  map	  
angle	  θz	  onto	  posiEon	  on	  
photo-‐detector	  

•  Angular	  accuracy	  requirement	  
à	  	  spaEal	  resoluEon	  
requirement	  
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Time Walk Correction 

•  Illuminate	  photo-‐
detector	  with	  pico-‐
second	  laser	  

•  Average	  number	  
photons/pulse	  <<	  1	  

•  Plot	  arrival	  Eme	  v.s.	  
pulse	  height	  

•  à	  Time-‐walk	  
correcEon	  

ICHEP, Chicago 23 August, 2016 
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provides a fast reference timing with a resolution of 20 ps. This fast signal is read out by a 
commercial amplifier and a constant fraction discriminator4 (CFD) and is injected into a test 
channel of the NINO electronics.  

2.2.1 Time walk calibration 
MCP signals vary in amplitude due to intrinsic gain fluctuations. The leading edge time depends 
on the signal amplitude and the use of the pulse width information provided by the NINO chips 
allows time walk correction. Figure 2 (left) shows a 2D scatter plot of the pulse width versus the 
leading edge time, and the time walk calibration curve is then determined. The vertical axis is 
divided into slices of 1 ns and its projection onto the horizontal axis (time distribution) is then 
fitted with a Gaussian. For all slices the width values and the positions of the Gaussians are 
plotted and fitted with a cubic spline function. The calibration curve for a single NINO channel 
is superposed to the data in Figure 2, where the coloured points correspond to experimental data 
and the black curve corresponds to the fit. This calibration is used for global time walk 
corrections assuming all channels behave similarly. Ideally, each NINO channel should have its 
own calibration curve.  

The photoelectron time distribution is measured from the difference between the leading 
edge of the signal on a channel and that of the reference signal. Time distributions before and 
after correction are shown in Figure 2 (right). Due to the small gap of 0.2 mm between the 
photocathode and the MCP input face, most of the back-scattered photoelectrons populate the 
main peak, resulting in an asymmetric distribution. Consequently, data are fitted with an 
exponentially-modified Gaussian [10]. An additional single Gaussian accounts for the relaxation 
pulse of the laser, delayed 150 ps from the main peak. A time resolution of 80 ps is achieved 
after time walk correction. 

 
Figure 2. TOT plot (left) and time distributions before (blue) and after (red) time walk correction (right).  

 

2.3 Spatial resolution 
A similar configuration is used for spatial scans. The laser source is aligned with the centre of a 
pad and is moved across several pads in the fine direction by steps of half a pitch (0.4 mm). For 
each spatial position, the pulse width in each pad is recorded. 

                                                           
4 Model 9327 from ORTEC, Oak Ridge, TN37831-0895, USA. 

σ  ~ 80ps  
 (NINO
+HPTDC) 
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Photo-Detector: Lifetime 

•  Using	  ALD	  to	  increase	  lifeEme	  

ICHEP, Chicago 24 August, 2016 

Photocathode response as a function of collected charge. Photek Ltd., Ref NIM A 732 (2013) 388-391 

TORCH 
MCP-PMT 
Goal = 5 C/
cm2 
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TORCH for Photons: Performance for Charged Particles 

•  MulEple	  sca]ering	  in	  
converter	  degrades	  Eming	  
resoluEon	  for	  charged	  
parEcles	  
•  Time	  separaEon	  ~	  1/p2	  ,	  

angular	  sca]ering	  ~	  1/p	  ,	  
so	  K/π	  separaEon	  sEll	  
improves	  at	  low	  
momentum	  

•  Difficult	  to	  have	  good	  Eming	  
performance	  for	  photons	  
and	  charged	  parEcles	  

•  Expect	  performance	  to	  
improve	  –	  anEcipate	  be]er	  
TTS,	  QE	  and	  PID	  algorithm	  
than	  assumed	  here	  

ICHEP, Chicago 25 August, 2016 
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Beam Test: Proton/π samples 

•  p	  =	  5	  GeV/c2	  
•  Select	  protons/π	  	  

•  ToF	  between	  Eming	  
references	  T1	  ,	  T2	  

•  Proton	  peak	  
•  TOF	  <	  19.40ns	  
•  Retains	  79%	  
•  ContaminaEon	  <0.2%	  

•  Pion	  peak	  
•  TOF	  >	  19.65ns	  
•  Retains	  93.7%	  
•  ContaminaEon	  <0.2%	  

ICHEP, Chicago 26 August, 2016 
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Readout 

•  High	  density	  à	  need	  
custom	  electronics	  

ICHEP, Chicago 27 August, 2016 

Analogue 
Front End 

   2x NINO32 

TDC Board 
2x HPTDC 

Readout for 4 Front-End Cards 
Readout by Gigabit Ethernet 

Pickup-pads (prototype) 

Prototype: 
round  
photocathode 

Measure	  charge,	  
correct	  Eme-‐	  
walk	  with	  ToT	  
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Beam Test Results: 
Photon Position/Time (Pions) 

ICHEP, Chicago 28 August, 2016 

Little difference between time w.r.t. T1 (far) and T2 (close) since β ~ 1 
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Spatial Resolution 

•  Use	  focused	  
laser.	  

•  Single	  photon	  
mode	  

•  Measure	  charge	  
from	  ToT	  

•  Calculate	  photon	  
posiEon	  from	  
charge	  centroid	  

ICHEP, Chicago 29 August, 2016 
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Future: Full Scale Prototype 

•  A	  goal	  of	  ERC-‐funded	  R&D:	  	  Prototype	  TORCH	  
module	  
•  10	  MCP-‐PMTs	  of	  128	  ×	  8	  effecEve	  granularity	  

•  R&D	  is	  on	  track	  to	  produce	  suitable	  MCP-‐PMTs	  	  
•  Quartz	  plate	  for	  the	  final	  prototype:	  66	  ×	  125	  ×	  1	  
cm3	  

•  Tender	  in	  progress.	  
•  More	  that	  one	  potenEal	  supplier	  

ICHEP, Chicago 30 August, 2016 


