
Development a picosecond  
MCP based particle detector

A.Yu. Barnyakov1,2,3, M.Yu. Barnyakov1,2, V.E. Blinov1,2,3, V.S. Bobrovnikov1,2, A.V. Bykov1,2, 
V.Ya. Ivanov1,4, A.A. Katcin1,2, E.V. Mamoshkina1,2, I.V. Ovtin1,2, K. Petruhin1,3, V.G. Prisekin1,2, 

S.G. Pivovarov1,2,3, E.E. Pyata1,2 
1 Novosibirsk State University, Novosibirsk, Russia

2 Budker Institute of Nuclear Physics, Novosibirsk, Russia
3 Novosibirsk State Technical University, Novosibirsk, Russia

4 Institute of Computational Technologies, Novosibirsk, Russia

Outline 
• Motivation 
• Conception 
• Nph.e. estimation 
• Tests in magnetic field 
• Prototyping 
• Summary



Motivation
Time of flight measurement can provide:
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Measurement of velocity => PID 
(flight distance is known)

Measurement of distance => VERTEX 
(velocity is known)

σt ≈ 10 ps, 1 m distance  
=> π/K separation up to 3.5 GeV/c 

σt ≈ 10 ps, β = 1  
=> position resolution ~ 3 mm

~140 int./bunch crossing @ HL-LHC



A 5 ps TOF counter
K. Inami︎ et al., «A 5 ps TOF-counter with an MCP–PMT», NIM A 560 (2006) 303–308 

The best resolution, sTOF ¼ 6:2 ps, was attained with
‘ ¼ 13mm, and at ‘413mm sTOF deteriorated with ‘,
even though Np:e: increased. This was because the arrival
time spread of the Cherenkov photons became influential
with a larger ‘.

4.3. Extra photo-electrons from the first MCP-layer

By irradiating the counters with the pion beam, we
supplied the same high-voltage on both the photo-cathode

and the first MCP layer, so that the photo-electrons from
the photo-cathode could not be accelerated and, resul-
tantly, could not have sufficient energy to produce
secondaries even though they arrived at the first MCP
layer. Therefore, the primary photo-electrons emitted from
the photo-cathode were suppressed, and only the extra
photo-electrons could be detected if they were produced
downstream of the photo-cathode, probably at the first
MCP-layer. Fig. 7 is the observed ADC distribution;
Np:e:"1. It suggests that the extra photo-electrons did not
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Fig. 5. TOF resolutions obtained using 3GeV=c pion beams. (a) is with a 10mm-thick quartz radiator and (b) is without a radiator. (c) is the SPC module
resolution.
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Fig. 6. Np:e: and sTOF dependence on the quartz thickness. Closed and open circles are of observed data and by Monte-Carlo simulation.
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above were separated by 30 cm along the beam line. Trigger
counters with scintillators of 5mmW ! 5mmH ! 10mmt

defined the beam position.
The readout electronics was the time-correlated single-

photon counting module (SPC-134), Becker & Hickl
GmbHs, that exhibits a channel resolution of 813 fs, a
time resolution of 4 ps in rms, and repetition rates up to
200MHz. Our system was composed of 4 modules, each of
them comprising constant fraction discriminators (CFD), a
time-to-amplitude converter (TAC), an ADC and a multi-
channel analyzer (MCA).

The output signals of the TOF counters were directly fed
to SPC modules, as illustrated in Fig. 2(b). A coincidence
between the two trigger counters was prepared to give a
stop timing signal for the SPCs. We took a difference
between TDC outputs of the two TOF counters in the
analysis, so that timing fluctuation of the stop signal was
ineffective.

3. Performance of MCP–PMT

The performance of HPK6 was measured using single-
photons from a light pulser. Figs. 3(a) and (b) show the
output signals and TDC distribution, respectively. The HV

dependences of TTS, gain (G) and photo-electron collec-
tion efficiency (CE) can be seen in (c), (d) and (e),
respectively. The HPK6’s used exhibited sTTS ¼ 32233 ps
with GX106.
HV of 3.4 kV was applied on the both TOF counters

during the beam test.

4. Beam test

4.1. Timing resolutions

Fig. 4(a) shows the output signals of the TOF counter
for 3GeV=c pions. An ADC vs TDC scatter plot is shown
in (b): CFD functioned so as to keep the TDC distribution
flat regardless of the ADC size.
Fig. 5(a) is for the TOF counters with 10mm-thick

quartz radiator, and (b) is without a radiator.
Each provided sTOF ¼ 6:2 ps and 7.7 ps, respectively. Fig.
5(c) shows the SPC module resolution obtained by feeding
the same signals into the start and stop modules:
scircuit ¼ 4:1 ps. The TOF counter therefore exhibited
its intrinsic timing resolution of sTOF ¼ 4:7 ps

(¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6:22 # 4:12

p
) with ‘ ¼ 13mm, and 6.5 ps without

radiator (‘ ¼ 3).

4.2. ‘ dependence of sTOF and Np:e:

Np:e: and sTOF were measured by changing the quartz
thickness, as plotted in Fig. 6(a) and (b), respectively,
where open circles indicate results of a Monte-Carlo
simulation. GEANT program was used in the Monte-
Carlo simulation to consider interactions of pions with the
quartz; Cherenkov radiations by the beam-pions and
charged particles, including d-rays, resulted from GEANT
were next simulated in our program as well as their
propagation in the quartz and the PMT performance.

Np:e: was evaluated by comparing the signal amplitudes
to that of the single-photons. Since HPK6 has a quartz
window of 3mm-thickness, Np:e: is expected to be $20 at
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Table 1
Characteristics of HPK6 and HPK10. Both PMTs are of two-stage type
with the single-anode. The fourth raw indicates the distance from the
photo-cathode to MCP, the thickness of MCP plates, and the distance
from the MCP to anode

MCP–PMT HPK6 HPK10

Diameter of MCP–PMT (mm) 45f 52f

Diameter of effective size (mm) 11f 25f

Photo-cathode Multi-alkali Multi-alkali
Gaps (mm) 2:1=0:03=1:0 1:1=0:03=0:94
Da (mm) 6 10
a ¼ L=Da 40 43
Bias angle (deg) 13 12
Max. voltage (kV) 3.6 3.6
Voltage-divider ratio 2:4:1 2:4:1
Gain 2! 106 4! 105

aD and L are the diameter and length of the MCP plate, respectively,
and a ¼ L=D.

Fig. 1. Schematic drawing of the TOF counter.
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Fig. 2. (a) Setup of the beam test, and (b) configuration of readout
electronics.
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• Hamamatsu MCP PMT  
• MCP channel dia. = 6 µm 
• Photocathode dia. = 11 mm 
• Multialkali photocathode 
• Quartz radiator ~1 cm thick

σTOF = 6.2 ps 
while σcircuit = 4.1 ps 

=> σintrinsic ~ 4.7 ps



Requirements to the detector 

• sensitive area  ~ 10x10 cm 

• 100% efficiency to MIP 

• ~ 10 ps time resolution for single MIP 

• anode segmentation ~ 1 cm 

• operation in magnetic field ~ 4 T 

• lifetime > 1014 MIPs/cm2  

• radiation hardness > 1015 neq/cm2

(for endcap EMC of CMS at HL-LHC)



Conceptual design

☐ ~10 cm

Photosensitivity is not needed: 
=> metal entrance window 
=> Cherenkov radiator inside vacuum volume  
=> simpler design 
=> more room for radiator optimization

Vacuum tight  
metal-ceramic body



Conceptual design

☐ ~10 cm

Lifetime: 
1014 MIPs/cm2 

x 10 photoelectrons/MIP  
x 106 gain   x e 

~ 200 C/cm2 
Can ALD MCP provide such lifetime  

with alkali-antimonide  photocathode?

What about 
more stable photocathode? 

=> CsI

Another reason: 
simpler production  
and manipulation 
on large area

Semitransparent 
CsI photocathode

Vacuum tight  
metal-ceramic body



Conceptual design

☐ ~10 cm

VUV transparent 
materials: 

• Fused silica SiO2 
• MgF2 
• CaF2 
• LiF 
• Sapphire Al2O3

Semitransparent 
CsI photocathode

Vacuum tight  
metal-ceramic body

VUV transparent 
Cherenkov radiator



Conceptual design

Semitransparent 
CsI photocathode

☐ ~10 cm

Vacuum tight  
metal-ceramic body

VUV transparent 
Cherenkov radiator

Array of small  
pore MCP chevrons

High magnetic field 
=> channel dia. < 10 µm 

Aspect ratio L/d = 40-60 
=> MCP thickness ~ 0.5 mm

Problem:  
mechanical stability of large size MCP. 

 Solution: 
array of «small» MCPs inside single vacuum volume.



Conceptual design

Segmented 
anode

☐ ~10 cm

Semitransparent 
CsI photocathode

Vacuum tight  
metal-ceramic body

VUV transparent 
Cherenkov radiator

Array of small  
pore MCP chevrons

Anode size should be small enough  
to avoid degradation of time resolution 

~ 1 x 1 cm
Δt



Nph.e. calculation
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QE of CsI photocathode  
from specification  

of Hamamatsu R6835 PMT

Analytical calculation of the number of photoelectrons and duration of the light pulse

Refractive index 
from publications

Internal 
transparency  

from publications



Results of  calculations
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N

Material Total number of 
detected photons

LiF 23.1
MgF2 19.3
CaF2 16.5
Al2O3 14.0
Silica glass 1.3

MCP open area ratio = 60%

MCP time resolution ~30 ps  
    => useful light pulse width σ < 30 ps 

5 mm thick MgF2 radiator provides 
~ 20 ph.e. during first 50 ps 

=> σt < 10 ps is expected



Magnetic test setup

SC solenoid with B up to 4.5 T 

PiLas laser: 
• λ = 823 nm 
• FWHM = 30 ps

CAEN V1742 digitizer  
• 12 bit ADC 
• 5 GS/s 

MCP PMT  
• multialkali ph.c. ⌀18mm 
• 2 or 3 MCPs 
• 6, 8, 10 µm channel dia. 



Magnetic test results

a Gaussian approximation of the peak in the Δt distribution. In
order to estimate the intrinsic time resolution of our circuit and
the time restoring procedure we have split one pulse from the
generator. One part of the signal goes directly to the digitizer in-
put, the second part through cable delay, amplifier and attenuator
in the same way as a PMT signal goes to the other digitizer input
channel. It was found that in this scheme the best time resolution
could be obtained for pulses with an amplitude bigger than 1000
channels of the ADC. Therefore, to minimize the influence of the
signal amplitude on the time resolution measurements in all data
taking runs we kept the average amplitude of the PMT signals in a
range between 1000 and 2000 ADC channels by proper amplifier
and attenuator adjustment.

4. Results

Several exemplars of MCP PMTs with different MCP stage de-
signs were tested in magnetic fields up to 4.5 T. All of them were
produced in Novosibirsk and equipped with multi-alkali photo-
cathodes with a diameter of 18 mm. The principal scheme of such
devices can be found in [4–6]. The following exemplars were
tested:

! PMT with two MCPs of 10 μm pore diameter (2MCP 10 μm);
! PMT with two MCPs of 8 μm pore diameter (2MCP 8 μm)

! PMT with two MCPs of 6 μm pore diameter (2MCP 6 μm)
! PMT with three MCPs of 8 μm pore diameter (3MCP 8 μm)

4.1. Gain

In order to separate effects of an eventual change of the photon
detection efficiency in a magnetic field from a change of the gain,
we have adjusted the intensity of the light source to provide a
probability of nonzero events

= Σ> >P N N/0 0

at the level of 0.1C0.3. >N 0 and ΣN are the number of nonzero
events and the total number of triggered events, respectively. In
this low level, most events with nonzero amplitude are just a
single photoelectron. Assuming a Poissonian distribution of the
number of photoelectrons, the amplitude (a1pe) of such a single
photoelectron event could be evaluated from

= · − ( − )
Σ

Σ
>

>

>
a A N N

ln N N
/

1 /
,pe1 0

0

0

where >A 0 is the mean amplitude of nonzero events. The magnetic
field dependency of a1pe corresponds to that of the MCP PMT gain.
The high voltage on the PMTs was adjusted in zero magnetic field
to provide the gain in range ( ÷ ) ×2 5 106.

In Fig. 3 the dependency of the gain on the strength of an axial
magnetic field is presented for different MCPs exemplars. It is
shown that in magnetic field of 4 T the gain drops in about

– 4 times for 2MCP 6 μm
– 15 times for 2MCP 8 μm
– 25 times for 2MCP 10 μm
– 80 times for 3MCP 8 μm

4.2. Time resolution

To obtain the time resolution in MCP PMT the same data as for
the evaluation of the gain were used. Subtraction of the electronics
intrinsic time resolution from the measured results is a complex
task demanding further and detailed investigations and hence was
postponed for the moment. However, for all the MCP PMT ex-
emplars with different design which we have tested in a magnetic
field of up to 4.5 T a time resolution σ ≤t 50 ps was obtained.

4.3. Angular dependence

The 2MCP 6 μm tube was tested in a magnetic field under
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MCP type
Gain degradatin  

@ B=4T
Two MCPs 6 µm 4 times
Two MCPs 8 µm 15 times
Two MCPs 10 µm 25 times
Three MCPs 8 µm 80 times

A. Yu Barnyakov et al., NIM A845 (2017) 588-590



MCP 54x54-6
First sample of 5x5 cm MCP with 6 µm channel 
                                                    developed by «Baspik» company (Vladikavkaz, Russia)

500 μm

• MCP size 54.5 x 54.5 mm 
• MCP thickness 390 µm 
• channel diameter 6.3 µm

• open area ratio 67% 
• gain >2000 
• resistance 10 MΩ



‘‘Small’’ prototype

A-A ( 2 : 1 )

B-B ( 2 : 1 )

A

A

B

B
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O-ring 
sealing

Electrical  
feedthrough

MCP chevron

Anode

Output from 
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Indium sealing
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To pump
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photocathode - MCP 
distance ≈ 10 mm



CsI photocathode production
Rotating holder 

=> wafer positioning Vertical movement 
=> prototype closing

Electron beam  
evaporator 

=> deposition  
of semitransparent  
electrode(Cr, Ni)

Resistive evaporator 
=> CsI deposition

Deposition of thin metal electrode and CsI photocathode in the same vacuum cycle. 
Vacuum sealing of the prototype after photocathode deposition.



QE measurement setup

Pump 
station

Tested 
prototype

Reference 
detector

Vacuum 
monochromator

Deuterium 
lamp



QE measurement results
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Five CsI photocathodes on MgF2 window have been produced so far.

QE of the best sample.



Beam test setup
Trigger 
counters

Prototype 
under test

1 GeV e–

CAEN V1742 digitizer 



Beam test results
htemp
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Summary

• Conceptual design of a ‘’large area’’ MCP 
based TOF detector has been developed. 

• According to calculations the time 
resolution < 10 ps is expected. 

• The first sample of 5x5 cm MCP with 6 µm 
channel diameter has been produced.

Next steps: 
• Optimization of CsI  

photocathode production 
• ‘’Large’’ prototype  

production and testing



Thank you!


