
Albert Lehmann TIPP 2021   --  Zoom Online  --  May 27, 2021 1

  

Latest Technological Advances Latest Technological Advances 
with Microchannel-Plate PMTswith Microchannel-Plate PMTs

Albert Lehmann, Merlin Böhm, Katja Gumbert, Steffen Krauss, Daniel Miehling 
 (Universität Erlangen-Nürnberg)
for the PANDA Cherenkov Group

Introduction and motivation

Status of lifetime measurements

Properties (QE, CE, gain, σt, ...) of the latest 2'' MCP-PMTs

Results of xy-studies of darkcount, cross talk, recoil electron, 
and afterpulse events

Summary and outlook
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Microchannel-Plate (MCP) PMTMicrochannel-Plate (MCP) PMT
electron multiplication in glass capillaries (Ø ≈ 3-25 μm)

Channel
~400m

~10m

MCP-PMTs are best photosensor option

>1 Tesla magnetic field tolerance

 ≲ 100 ps time resolution [RMS]

<1 kHz/cm2 dark count rate (DCR)

~1 MHz/cm2 rate capability (limited by τ = RC)

Drawback until some years ago:

aging of the photo-cathode (PC) due to feedback ions 
generated in the residual gas and at the MCPs

limited lifetime

Expensive!

hopefully getting cheaper with LAPPD (ANL, Incom)
A.V. Lyashenko et al., NIMA 958 (2020) 162834

J. Xie et al., JINST 15 (2020) C04038

next talk by Junqi Xie
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Measurement of MCP-PMT LifetimeMeasurement of MCP-PMT Lifetime
Continuous illumination

Short pulses (~5 ns) from a 460 nm LED at    
~1 MHz rate (comparable to PANDA DIRCs) 
attenuated to single photon level

All MCP-PMTs in same light spot (~30x30 cm2)
[very homogeneous by using a thick lens and a Thorlabs 
rectangular diffuser]

Permanent monitoring

MCP pulse heights (at highly prescaled rate) and 
LED light intensity

Q.E. measurements

Light source: very stable Xenon arc lamp

Cover 250–750 nm wavelength band with in-house monochromator of Δλ = 1 nm resolution

Every 3-4 weeks: wavelength scan

Every ~3 months: complete surface scan at 372 nm

Simultaneous illumination of up to
16 two-inch MCP-PMTs possible



Albert Lehmann TIPP 2021   --  Zoom Online  --  May 27, 2021 5

  

Results with ALD-coated MCP-PMTsResults with ALD-coated MCP-PMTs
Expected integrated anode charge (IAC) in 
10 years PANDA: (at 50% duty-cycle, 20 MHz anti-
proton-proton average annihilation rate, 106 sensor gain)

~5 C/cm2 for PANDA Barrel DIRC and even more 
for Endcap Disc DIRC

Older MCP-PMTs had >50% QE loss 
after <200 mC/cm2 IAC → few months lifetime

Aging problem solved by coating the MCP pores 
with an atomic layer deposition (ALD) technique

IAC >5 C/cm2 for most ALD MCP-PMTs
Confirmed by other measurements, e.g. by

T.M. Conneely et al., NIM A732 (2013) 388

G. Muroyama et al., JPS Conf. Proc. 27 (2019) 011021

Lifetime of best PMTs with ALD coating
30 C/cm2 for Photonis 9001393 with 2 ALD layers

Increase by factor 100 compared to 2011 !
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Latest 2-inch Multi-Anode MCP-PMTsLatest 2-inch Multi-Anode MCP-PMTs
Photonis XP85112

layout existent since Burle Planacons

1- (or 2-)layer ALD coatings; no film

available as 8x8 and 3x100 anode array

active / total size: 53x53 / 59x59 mm2 

active area ratio: 81%

pore size: 10 μm (and 25 μm)

latest models with improved backplane to 
reduce oscillations and crosstalk

improvements to catch most electrons 
bouncing back at MCP-in → CE > 90%

D. Orlov et al., JINST 13 (2018) C01047

Hamamatsu R13266
first prototypes (2014) with 1-layer    
ALD coating + film in front of 1st MCP  
→  poor collection efficiency (CE)

latest versions are without a film to 
improve P/V ratio of pulse heights       
→ normal CE (~65%)

available as 8x8 and 6x128 anode array

active / total size: 51x51 / 61x61 mm2 

active area ratio: 70%

pore size: 10 μm

very expensive!

Photek MAPMT253
rather new development !

1-layer ALD coating; no film

available as 8x8 to 64x64 anode array

customer configurable anode readout 
and interconnect

active / total size: 53x53 / 61x62 mm2 

active area ratio: 74%

pore size: 15 μm and 6 μm

CE ≥ 80%

ongoing performance improvements
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Gain and QEGain and QE
Gain

Good P/V ratio in single photon pulse 
height spectra at ~106 gain

Voltage from 2.0 to 2.5 kV for 106 gain

Photonis PMTs operable at various 
voltage divider ratios (4:10:1 to 2:10:1 
instead of standard 1:10:1)  
→  improved RMS time resolution

Quantum efficiency (QE)

QE of older MCP-PMTs around 20%

Latest PMTs with peak QE up to 30%
Hamamatsu, Photonis, and Photek

Some enhanced in UV region

QE of latest Photonis PMTs can be 
tailored to customer needs

Narrow band around blue, green or red (not all 
up to 30% peak!)  →  chromaticity optimization
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QE and Gain HomogeneityQE and Gain Homogeneity
QE

generally good homogeneity

good QE max/min ratio (<1.2) 
across 90% of active area

worse at rims and corners

Gain

moderate to poor homogeneity

Photonis: max/min ratio <3 for 
90% of active area

Photek: current max/min ratio  
>3 for 50 to 60% of active area  
→ not good for threshold setting

significantly lower gain always  
at rims and corners

Latest Hamamatsu 2’’ tubes 
show also a fair homogeneity

QE and gain normalized to highest values
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CE =
N pe@anode

N pe@PC

=
N pe@anode @LR⋅e⋅LR

I PC@HR
⋅
I diode@HR
I diode @LR

Collection Efficiency (CE)Collection Efficiency (CE)
CE measurement is easy in principle, but very 
low currents (<nA) at PC complicates things

Npe@anode  from pulse height spectrum

Npe@PC  from PC current scaled by diode current ratio

Negative effect of protection layer at MCPs

Most recent MCP-PMTs with ~85 – 95% CE
Manufacturer S/N comments CE

Hamamatsu JS0022 ALD, film in front of MCP (39 ± 4) %

Hamamatsu KT0001 ALD, film between MCPs (75 ± 8) %

Hamamatsu YH0250 ALD, no film, most recent (65 ± 7) %

Photek A1171005 ALD (83 ± 8) %

Photek A1200116 ALD, most recent (90 ± 9) %

Photonis 9001393 2 ALDs, standard layout (65 ± 7) %

Photonis 9002108 ALD, hiCE (95 ± 5) %

Photonis 9002192 ALD, most recent (92 ± 9) %
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Gain in B-FieldGain in B-Field
ALD PMTs much more sensitive to B-field

non-ALD: Gain ratio 0T/1T ≈ 1 

ALD: Gain ratio 0T/1T ≈ 3 for 6 μm and 10 μm

Still very good P/V ratio at 1 T

Gain ratio between 1T and 2T
2 – 5 for 6 μm dependent on tilt angle

10 – 20 for 10 μm dependent on tilt angle

Photonis 3x100 less sensitive than 8x8

Photonis (8x8, ALD, 10 μm)Photek (8x8, ALD, 6 μm)

Hamamatsu
(non-ALD, 10 μm)

Photonis
(ALD, 10 μm)

8x8
3x100
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Time ResolutionTime Resolution
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TTS usually below 40 ps

Important RMS time resolution (e.g., from -0.5 to 
2.0 ns delay) very dependent on interior design

Caused by electrons recoiling from the MCP 
entrance → delayed response (= second bump)

Hamamatsu: weak recoil bump  →  reason for lower CE ?

Photek: large recoil bump delayed by only ~100 – 200 ps

Photonis: design optimized to catch recoil electrons
Divider ratio 1:10:1 : 2 separate peaks

Divider ratio 4:10:1 : good RMS timing can be regained

Time resolution gets slightly worse at the PC rims
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Rate CapabilityRate Capability
Gain decreases at high photon rates

Rate limit for 2-inch MCP-PMTs: ~106 photons/cm2/s 
→  too low for very high rate applications

Hamamatsu 1-inch PMTs reach a rate limit of     
>107 photons/cm2/s

Reason is probably a lower capacitance because of the 
smaller active area

Step from 1-inch to 2-inch MCP-PMTs (Hamamatsu) 
lowered rate capability by more than an order of magnitude

Possible ways to increase rate capability (τ = RC)

Lower MCP resistance (currently ranging at tens of MΩ)     
→  might cause problems with MCP currents

Lower capacitance
smaller active area

can possibly be achieved by subdividing the MCP layers into small areas

division of second MCP layer was done in previous Hamamatsu tubes
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Pending and Solved IssuesPending and Solved Issues
Photonis

Very good MCP-PMTs

Coherent oscillations
existent in many older MCP-PMTs

appear when several photons hit the same PMT simultaneously

could lead to detection of fake hits in other anode pixels

Oscillations much lower after backplane redesign

Hamamatsu
CE somewhat lower than others

Some oscillation problems at high photon loads

Good PMTs but currently too expensive

Photek
Only minor oscillation problems observed

Generally good MCP-PMTs still with some “growing pains”
gain homogeneity currently too low → improvements ongoing

in some tubes QE loss even when PMT is not operated     
→ probably caused by vacuum micro-leaks  →  leads to current lifetime issues

; 

RICH 2016: J. Vav’ra, 
NIM A876 (2017) 185

More rate capability
would be desirable for
all these MCP-PMTs! 

Latest Photonis 9002192
with new backplane

QE of Photek A1200107 (ALD, 6 μm)

left half masked 
in illumination 
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Information Obtainable byInformation Obtainable by TRB/PADIWA DAQ TRB/PADIWA DAQ
Each channel:  permanently recording time 
and time-over-threshold (ToT) information of 
all hits above a freely selectable threshold

All hits in a certain time window (e.g. -10 to 
+10 µs) around PiLas trigger are recorded

Information per channel from xy-scans
x-, y-position, hit time, ToT, number of hits

Higher level information accessible:
Darkcount xy-distributions
Charge sharing (and electronic) crosstalk behavior
Recoil electron distributions (position and time)
Afterpulse distributions → TOF of feedback ions

3D-info (x, y, t) allows the separation of
hits from recoil electrons
charge sharing events
afterpulse hits

Details about TRB/PADIWA DAQ-system: JINST 13 (2018) C02010

T. Gys, 2014

charge cloud

e−

d1

l
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Darkcount and Afterpulse RatesDarkcount and Afterpulse Rates
Darkcount rate

Typically from <10 Hz to <1 kHz 
per pixel dependent on tube

Often more pronounced at rims

Afterpulses

probability/pixel usually well 
below 1% at 106 gain

probability increases with gain 
(and PMT age)

pronounced peaks seen in TOF 
spectrum can be attributed to 
light (H, He, …) and heavy (Cs, 
Pb, …) ions from the used MCP 
glass in non-ALD tubes

in ALD tubes only light ion peaks 
are visible (heavy ion region is 
just a low bump) →  may point to 
effectiveness of ALD coating

Darkcount Rates / Pixel Afterpulses
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Crosstalk inside Magnetic FieldCrosstalk inside Magnetic Field
Photonis 9002192; xy-scan of 9 pixels (6x6 mm2 each) read out by TRB DAQ Charge sharing crosstalk is 

clearly affected by B-field

Pixel position is much better 
defined inside B-field >0.1 T

magnetic field forces electrons 
between MCP and anode to curl

charge cloud is less extended

almost no charge sharing left

Similar studies can be done 
with recoil electrons

photo electron bounces back at 
MCP entrance

due to curling in B-field these 
electrons fall back to the MCP  
at basically the same position

time distribution is unchanged



Albert Lehmann TIPP 2021   --  Zoom Online  --  May 27, 2021 17

 

2-inch MCP-PMTs with High Anode Density 2-inch MCP-PMTs with High Anode Density 
Photonis 3x100

Hamamatsu 6x128

Photek up to 64x64

Technical complications
very high density of anode pins

only long and thin wires → easy 
to break → adapter boards

Number of hits
charge cloud width can lead to >1 
simultaneously hit anode pixels 

possibility of charge centroiding, 
but probably not inside B-field

good pos. resolution (~0.14 mm)

Position distributions (t-dep.)
narrow peak from true photons

wide ~15 mm and well defined 
recoil electron distribution 

afterpulse distribution about 
same range

flat darkcount distribution

~0.5 mm pitch

~0.4 mm pitch
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Summary and OutlookSummary and Outlook

Summary

The application of ALD-coating in MCP-PMTs allows lifetimes of >30 C/cm2 integrated anode charge

Latest PMTs produced with QE ≈ 30% and CE ≈ 95% leading to DQE ≈ 30%  (twice that of older tubes)

QE and gain homogeneity are usually good, but could be better at the gain side

ALD-coated PMTs are more sensitive to B-fields but can be operated up to 2 Tesla with <10 μm pores

Recoil electrons currently limit the RMS time resolution for single photons to ~100 ps

Rate capability is okay for PANDA DIRCs, but may have to be improved for very high rate applications

3D access to internal MCP-PMT parameters like DCR, recoil electrons, afterpulses, and crosstalk

Many past problems were solved, only a few still remain → in most cases no show stoppers

Outlook

Currently there are several types of 1- and 2-inch high-quality MCP-PMTs commercially available 
(Hamamatsu, Photek, Photonis), also in highly segmented anode designs  

PANDA has ordered 128 Photonis MCP-PMTs (+27 spares) for the Barrel DIRC

Quality tests of all these mass production PMTs may lead to new insights simply because of statistics
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