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PH:

•! Ion feedback is worse at higher gain. B-field does not help.
•! One could put an aluminum foil on top MCP to block ion backflow at the expense of 

loss of photoelectrons (up to 50% loss). Belle-II TOP counter is using foil between 
top & bottom MCPs.

 

Ion backflow rate correlates with high gain 
J. Va’vra, MCP logbook #6, page 122, 2008 

��

PH:

Tube died at the end:

Peaks on storage scope correspond to various ions 
(H+, He+…) :

2.33kV

Gain ~104
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6-7 single photons  
(within ~ 1ns)x
6-7 single photons  
(within ~ 1ns)x

•! Stepped faceplate essentially eliminates tail in the TTS distribution, but it 
creates dead space near edges.

Burle MCP



Timing results with 
single-pixel MCP-PMTs
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These tests avoid problems of multi-pixel 
detectors, I mentioned before 



Electronics contribution to resolution 

9/3/16

•! 9327 Amp/CFD: I reached ~3.1ps (I used TAC and a cheap pulser); A. Rozhnin from 
Fermilab reached ~2.5ps with better setup.

•! Jeff Peck, Ortec engineer who designed this electronics: 9327 Amp/CFD can reach 
~2ps resolution, if one avoids the TAC and chooses a better pulser. 

•! DRS4: Stefan measured <1ps; A.Rozhnin from Fermilab reached ~2.3ps “only”, so far.

Ortec 9327 amp. + CFD + TAC electronics:
SLAC: J. Va’vra, MCP-PMT log book #4
Fermilab: A. Ronzhin et al., NIM A 623 (2010) 931

DRS4 waveform digitizing electronics 
made by Stefan Ritt:
http://dx.doi.org/10.1109/TNS.2014.2366071
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The best TOF result so far 
A. Ronzhin et al., Fermilab, talk at SLAC, May 2016 

.
Timing 
resolution: 
 ! !TOF ~ 14 ps

•! Recently they improved timing resolution to:    !TOF ~ 8.3 ps with 120 GeV protons.

   Two back-to-back Photek 240 MCP-PMTs
    -  6 microns MCP hole sizes
    -  Fused silica window, 8 mm thick
    -  ~80 pe’s per 120 GeV protons
    -  40 mm diameter sensitive area 
    -  Single pixel
    -  MCP Gain ~106

    -  No amplifier used, <100 ps rise time
    -  Ortec 9327 CFD, TAC 566, ADC114
    -  $24k/PMT 

8 GeV/c beam
Distance between two 
detectors: 7.12 metes

(Positrons, muons 
and pions) 

Fermilab test beam result:

Where:
TOF = TOFMCP1- TOFMCP2
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Beam

Photek 240 
MCP-PMT

Photek 240 
MCP-PMT

   TOF = tMCP1  - tMCP2 [ns]
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Comment about the old Nagoya test���
K. Inami, H. Kishimoto, Y. Enari, M. Nagamine, and T. Ohshima, Nucl. Instr. & Meth., A560(2006)303-308.

•  Two identical HPK MCP-PMT R3809U-59-11 with 6 µm holes. 
•  MCP-PMT operated at a high gain of ~2x106; there was no amplifier.
•  Quartz radiator length: 10 + 3 mm.
•  This result is slightly worse than the Fermilab result (σTOF ~8.3 ps).

TOF resolution::
σTOF ~ 8.8 ps

Paper quotes:
  σsingle MCP  ~ 6.2 ps

     =>
  σTOF = σsingle MCP  x √2 ~ 8.8 ps
           (TOF = TOF1 – TOF2)



Can the MCP-PMT timing 
resolution be still improved 

further ?
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New idea: improve QE in VUV region!
Mickey Chiu pointed this to me during BNL EIC R&D review in 2015,!
he was refering to paper of Dorenbos et al., ,NIM 325 (1993) 367 2015  

•! Some Bialkali PMTs do show a peak near 180 nm.
•! Mickey Chiu works with the BNL photocathode group. Triveni Rao’s comment: 

the effect strongly depends on the crystalline structure of the cathode material.
•! Plan is to study this effect and feed this information to the LAPPD group.

P. Dorenbos et al, NIM A A325(1993)367 and  H.M. Araujo et al., IEEE, Vol.45, No 3, 1998:  
Hamamatsu data sheets:  

XP-2020Q Thorn EMI-9426

R8520-406
for LXe 
applications

Phillips data sheets  

Aeaujo et al.
Dorenbos et al.

Dorenbos et al.

9/3/16

Fused silica window: MgF2 window:
Fused silica window:
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Photek 240 with two types of windows!
J. Va’vra – calculation for this talk, 

•! We double a number of photoelectrons, if we use the same photocathode as in the 
EMI-9426 PMT, and 8 mm-thick MgF2 window/radiator.

•! Question: Will such photocathode be good for timing ? Will !TTS depend on " ? JLAB 
and Argonne labs are planning to investigate this question.

a) Standard bialkali QE & Fused silica window:
(NIM A606(2009)404)

b) EMI-9426 QE & MgF2 window:

Npe ~ 76, for 8 mm of Fused silica radiator Npe ~ 157, for 8 mm of MgF2 radiator

9/3/16

(NIM A606(2009)404)

(This is consistent with the Fermilab measurement)
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ATLAS R&D: LQbar MCP-based detector!
Jörn Lange, representing LHC ATLAS working group on diffraction physics, status talk 2016 

•! 4 x 4 pixel MCP-PMT.
•! 10x amplifier.
•! LQbar resolution results:

~30 ps per single bar @ 1900 V (SiPMT resolution substracted).  
~25 ps per group of four bars @ 1900 V (it does not scale correctly).
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:A. Brandt’s LQbar detector:



Lqbar MCP resolution = f(Gain)���
Andrew Brandt et al., Arlington DOE review, 2015

•  Timing resolution is still reasonable at a gain of ~105, as long as Npe/track ~ 10. 
•  Run the gain as low as possible to reduce total anode charge.
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Laser studies:



LAPPD MCP detectors!
H. Frish, private communications, Aug. 2016

•! Incom Co. is trying to get preproduction going.
•! None of 20cm x 20cm MCPs were ever placed into the test beam, only laser tests 

while the detector is tied to the production line. Plan is to put 4 LAPPD detectors 
into the test beam.

•! There a parallel R&D effort in Argonne trying to develop smaller pixilated MCPs 
(see J. Wang et al., IEEE Trans. on Nucl. Sci, Nov.23, 2015).

Fused Silica radiator: 3x3mm2, 3cm longSingle 3x3mm2 
SiPMT with 
3cm-long Fused 
Silica radiator:
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Single 3x3mm2

SiPMT with 
3cm-long Fused 
Silica radiator:

Relative QE:

Single pe signal:
!TTS~ 44ps



Timing + position + calorimeter + MCPs!
A. Ronzhin et al., Fermilab, talk at SLAC, May 2016

•! Timing resolution:   !TOF  ~ 15 ps
•! Position resolution:  !  ~ 0.3 mm

Fused Silica radiator: 3x3mm2, 3cm long

9/5/16

    - Start: Photek-240 MCP
    - Stop: Photek-240 MCP placed after absorber
    - For position use Photonis XP-85012
    - 6 µm holes in Photek MCP
    - Absorber: Pb or W
    - 8 GeV electron beam
    - DRS4 electronics for tests with Photek
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Photek-240

Photonis
XP-85012

Photek 240 
MCP-PMT

Photonis 
XP-85012

Tungsten 
absorber

Beam

Photek 240 
MCP-PMT

Photek 240 MCP-PMT
RF-shielded box:

Photonis XP-85012

  T
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Timing + position + calorimeter + MCPs!
A. Ronzhin et al., Fermilab, talk at SLAC, May 2016

•! Time resolution at shower max is not dependent on 
presence of photocathode (switched off by a 9V bias).

•! Standard microchannel plate can act as a calorimeter 
element without a radiator or scintillator or 
photocathode. The timing resolution for a bare MCP 
inside an electromagnetic shower is ~40 psec.

Fused Silica radiator: 3x3mm2, 3cm long
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Photek 240 
MCP-PMT

Photonis 
XP-85012

Tungsten 
absorber

Beam

Photek 240 
MCP-PMT

Photek 240 MCP-PMT
RF-shielded box:

Photonis XP-85012
Photonis XP85012  T
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Tungsten absorber thickness [Xo]



Timing + position + calorimeter + Si!
A. Ronzhin et al., Fermilab, talk at SLAC, May 2016

•! Timing resolution: !TOF  ~ 23 ps.
•! Rozhnin’s comment: we are now concentrating on Si only.

Fused Silica radiator: 3x3mm2, 3cm long

9/5/16

    - Start: Photek-240 MCP
    - Stop: Hamamatsu Si PIN diode
    - 6 x 6 mm2 pad
    - Absorber: Pb or W
    - Ortec 9327 CFD, TAC 566, ADC114
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Fused Silica radiator: 3x3mm2, 3cm long

Si

Beam energy [GeV]

! ~ 23 ps

#t [ns]

Ti
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Photek 240 
MCP-PMT

Silicon PIN 
diode

Tungsten 
absorber

Beam

32 GeV electron beam 6Xo absorber

RF-shielded box:
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Timing with Si
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-  High gain HAPDs and SiPMTs
-  Medium gain Avalanche Diodes (AD)
-  Low gain Avalanche Diodes (AD) = LGAD

-  We will be dealing mostly with single-pixel 
test results, which mean they tend to be 
optimistic



Fused Silica radiator: 3x3mm2, 3cm long
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Fused Silica radiator: 3x3mm2, 3cm long

•! Transit time spread: !TTS ~ 9 ps for 1mm size 
•! The resolution depends on size of illumination spot and type of photocathode. 

Si detectors: High gain HAPDs
Status in 2007:

Electron impact 
gain ~1600

Avalanche diode 
gain ~110



•! Transit time spread: !TTS ~ 90 ps is worse on larger pixels.
•! Can work in magnetic field.

Fused Silica radiator: 3x3mm2, 3cm long
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Fused Silica radiator: 3x3mm2, 3cm long

Si detectors: High gain HAPDs
Status in 2007:



Si detectors: High gain SiPMTs���
A. Rozhnin et al., Fermilab, Talk at Picosecond timing workshop, Arlington, Oct. 5-7, 2015

•  More recent result:    σTOF  ~ 14.5 ps      => σSiPMT ~ √[14.52 - (8.3/√2)2]  ~13 ps
      

      (obtained with 120 GeV proton beam and DRS4 waveform digitizer readout)

Single 3x3mm2 
SiPMT with 
3cm-long Fused 
Silica radiator:

9/3/16

Start: SiPMT, Stop: Photek-240 MCP-PMT
    - SiPMT radiator: 30mm Fused silica, 3x3mm2

    - 6 µm holes in MCP
    - No extra radiator used on MCP, only 
      8mm-thick window 
    - Fast amplifier on SiPMT
    - Ortec 9327 CFD, TAC 566, ADC114

8 GeV/c e- beam
Distance between two 
detectors: 7.12 metes

(Positrons, muons 
and pions) 

Timing 
resolution: 
   σTOF ~ 24 ps
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SiPMT

Fused Silica 
radiator

Beam

Photek 240 
MCP-PMT    TOF = tMCP  - tSiPMT [ns]



A neat application with SiPMTs!
L. Gruber et al., Panda TOF group, Instrumentation conference, Elba, 2015

•! Results in 2.7 GeV/c proton beam: 
!TOF  ~ 82 ps with analog SiPMTs – a final choice at the end.
!TOF  ~ 32 ps with the Phillips digital SiPMTs (see appendix).

           

•! The final experiment is expected to achieve:    !TOF  <  75 ps 

Fused Silica radiator: 3x3mm2, 3cm long

9/3/16

    - EJ-228 scintillator seems to be the best
    - Scintillator tiles size: 30 x 30 x 5 mm3

    - In total 5760 tiles, or ~5.2 m2 area.
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Panda TOF system:



Philips digital photon counter

•! This will be a future of all detectors.
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Si detectors: Medium Gain Avalanche Diodes (AD) for 
calorimetry!

RD50: M.Moll, Torino Workshop 2016 & S. White, Princeton Univ./CERN, publication coming

•! Timing resolution obtained with laser producing a MIP eq.:     !TOF  ~ 12 ps
•! Overall aim: Timing + position + calorimetry

Fused Silica radiator: 3x3mm2, 3cm longSingle 3x3mm2 
SiPMT with 
3cm-long Fused 
Silica radiator:

9/5/16

    -  Large pixel size: ~1cm2

    -  AD from RMD
    - So called “Deep Depleted” AD technology
    - Amplification deep inside the bulk of the sensor
    - APD HV voltage: ~ 1750V
    - Large field: E ~ 15kV/cm
    - A significant gain on AD: ~ 200-500x
    - Placing a mesh above a dielectric and 
      reading the signal capacitively improves speed
      (trise time ~ 1.2 ns).
    - Fast amplifier: M. Newcomer, Penn & other. 
    - SAMPIC, 6.4 GSa/sec, 156 ps/step (D.Breton)
    - Radiation hard (tested to 1015 neq/cm2)
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Fused Silica radiator: 3x3mm2, 3cm longSingle 3x3mm2

SiPMT with 
3cm-long Fused 
Silica radiator:

Laser test:

AD principle:

Test setup:

Main points:

   

IR Laser
(980nm)

 !TOF ~ 12 ps

TOF = ttrigger - tAD [ns]

Laser

Preliminary !

AD

AD



Si detectors: Medium Gain Avalanche Diodes (AD)  
for calorimetry!

Sebastian White et al., private communication, July 2016

•! Very preliminary timing resolution between AD and MCP:    !TOF  ~ 18 ps 
     

•! To get a timing resolution as good as MCP-PMT, S/N ratio of Si has to be ~5x better.
•! This is impressive result and this approach has some chance to succeed.

Fused Silica radiator: 3x3mm2, 3cm long
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   TOF = tMCP  - tAD [ns]

             Beam test result in muon beam:

 !TOF ~ 18 ps

   Time [ns]

MCP vs. AD risetimes:

   
   

   
  C

ou
nt

Preliminary !

Exposed area: 8 x 8mm2

   



Si detectors: Low Gain Avalanche Diodes!
Cartiglia et al., INFN Torino, UC Santa Cruz, CNB Barcelona, US Ljubljana, submitted to NIMA,  !

and H. Sadrozinski, private communication

•! Aim: combine timing and (a) tracking, (b) front-end calorimtery and (c) pp-
diffraction scattering (to reach a 20 ps timing resolution, one needs multiple layers).

•! There is no multi-channel ASIC available yet, which offers a fast preamp.    
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“Reach through” thin AD technology: 

    -  Pixel size: 1.3mm x1.3mm x ~50 µm thick
    -  AD from Advanced Photonics
    -  So called “reach through thin” AD technology 
    -  Gain ~ 15 @ 200V on AD
    -  Cividec 100x amp., 1-2 MHz BW, CFD
    -  Scope readout: LeCroy Wave runner Zi scope,
    -  20 GSa/sec (50 ps bins)
    -  Simulations done with Weightfield 2 code

Test 
beam 
setup:

LGAD

One 
sensor:



Si detectors: Low Gain Avalanche Diodes!
N. Cartiglia et al., INFN Torino, UC Santa Cruz, CNB Barcelona, US Ljubljana, submitted to NIMA,  !

and H. Sadrozinski, private communication

•! 180 GeV pion beam.
•! Time resolution agrees with expectation:  ! (N) = ! (1) N-0.5

•! Time resolution of average of 3 LGADs: ! (3) ~ 20 ps (200V) and  ! (3) ~ 15 ps (240V).
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Result for 240V bias:

To me, this is a rather poor S/N ratio

LGAD pulses @200V (gain ~15)    

!(N) = f(number of LGADs):      

! LGAD1–LGAD2  ~ 36 ps @ 240V 
! LGAD1–LGAD2  ~ 49 ps @ 200V
! (1) = ! LGAD1–LGAD2  /"2 

pixel size: 1.3mm x 1.3mm x 50µm-thick

   TOF = tLGAD1  - tLGAD2 [ns]

Preliminary !



Timing with Diamond
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Diamond detectors!
M. Berrettiet et al., TOTEM collab., NIMA 824 (2016) 87 

J. Pietrasko et al., NIMA 618 (2010) 121.

•! Diamond detector delivers ~1.2x104 el. per 500µm thickness; therefore a very-low 
noise electronics must be used. Good results with fast low noise charge amplifier 
(10ns shaper); 2 GHz BW amplifier gave worse resolution.

•! High rate capability: up to ~3 MHz/cm2.
•! This measurement used Agilent scope (2.5 GHz, 20 GSa/s). 
•! For LHC pp-diffraction scattering, they would have to use ~4-6 layers in tandem. 

Single 3x3mm2 
SiPMT with 
3cm-long Fused 
Silica radiator:

9/5/16

    -  Pixel size: 4.5 x 4.5mm2, 500µm thickness
    -  Ultra-pure mono-crystaline sCVD diamond technology
    -  Fast, very low noise and radiation hard 
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 !Diamond ~ 90 ps

TOF = Tdiamond_1 - Tdiamond_2 [ns]



Conclusions

•  Experience of large detectors points out that 
combining multiple PID techniques increases the 
overall performance.

•  There is a large effort to develop detectors combining 
position & time (@20-30ps) & energy information.

•  Perhaps, one day, we will also have a tracker 
providing time (@20-30ps) for each measured point. 
Thisis will take a considerable effort, I think.

 

•  Next talk on “Other PID techniques” in 3-years will 
be interesting….
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Appendix
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.
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•! As we will see TRD can also be used as a dE/dx device at low momentum.



.

•! Prediction from 2010 is now obsolete, as LHC luminosity is increasing towards 
L ~ 5-10 x 1034 cm-2 sec-1. 
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.



.
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.



•! ALICE achieved ! ~ 86 ps in the total system. 
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•! Recent communication with C Williams: This result has not improved since. 
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!TOF ~ 22 ps

TOF = TOFMRPC1- TOFMRPC2
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PH:PH:



3µm hole Photek-210 in magnetic field 
Y.Ilieva et al., JINST, http://dx.doi.org/10.1088/1748-0221/11/03/C03061, 2016 

.

•! The same can be said about 3 & 6 µm MCP. One has to go to very high voltage at 3T.
•! JLAB simulation studies are in progress, including a role of individual chain voltages.
 

JLAB results in B-field of 1-5 Tesla:

9/3/16

m hole Photek-210 in magnetic field 
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