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Event driven Timepix3 hybrid pixel 
detector for cryo-EM at 200 kV



Cryogenic Transmission Electron Microscopy for Structural Biology

Number of Structures in Protein Data Bank  



Why detectors?

Weak phase objects

High defocus

Radiation damage

Flux: 50 e ∙ Å-2 s-1 , 100 images, 1 s integration time each.

Karuppasamy et al., 2011. 



Detector makes the difference

Bai et al., 2015

Li et al., 2015

Yip et al., 2020



Type of electron detectors

Charge Coupled Device
(CCD)

Monolithic Active Pixel Sensor 
(MAPS)

Frame based
Low throughput ~ 40 s

0.01–0.025 electrons/pixel/frame
Works best at 300 kV

Radiation sensitive
Limited dynamic range

Scintillator adds noise
Scintillator deteriorate PSF 

Limited dynamic range
Readout noise



Better detector for cryo-EM?



Timepix3: An event driven Hybrid Pixel Detector

Event driven
Radiation hard
Simultaneous readout of

 Time over Threshold (energy)
 Time of Arrival (timing)

640 MHz clock
120 Mhit/s (quad)
Noiseless readout

Mounted on FEI Tecnai Arctica (200 kV)

SPIDR readout from Nikhef.



Integration of an event-driven Timepix3 hybrid pixel detector into 
a cryo-EM workflow

1. Event localisation of electrons

2. Measuring MTF, NPS and DQE

3. Correcting for chip edge

4. Integration of Timepix3 in SerialEM and microscope for automated data 

collection

5. Single particle analysis



Timepix3 for cryo-EM

1. Event localisation of electrons

2. Measuring MTF, NPS and DQE

3. Correcting for chip edge

4. Integration of Timepix3 in SerialEM and microscope for automated data 

collection

5. Single particle analysis



The challenge of detecting electrons in their incident position

200 keV

e-

300 µm 
silicon

55 µm



Localising the incident position using Timepix3

van Schayck et al., 2020

Simulated Timepix3 output (Geant4Medipix) Prediction accuracy on simulated data



Timepix3 for cryo-EM

1. Event localisation of electrons

2. Measuring MTF, NPS and DQE

3. Correcting for chip edge

4. Integration of Timepix3 in SerialEM and microscope for automated data 

collection

5. Single particle analysis



Validation: Modulation Transfer Function (MTF)

Unprocessed Event Localised

Uncorrected and corrected image of 
UltrAU grid foil (225x) 



Deterministic Blur

DQE = Detective Quantum Efficiency
SNR = Signal to Noise Ratio
NNPS = Normalised Noise Power Spectrum
MTF = Modulation Transfer Function

𝐷𝑄𝐸 =
𝑆𝑁𝑅𝑖𝑛

2

𝑆𝑁𝑅𝑜𝑢𝑡
2 = 𝐷𝑄𝐸(0)

𝑀𝑇𝐹2 𝜔

𝑁𝑁𝑃𝑆 𝜔

Unprocessed Timepix3 output
Simulated incident position
Predicted incident position

Binned the GaussianApplied a Gaussian function to 
the predicted incident position



Validation: Detective Quantum Efficiency (DQE)

𝐷𝑄𝐸 =
𝑆𝑁𝑅𝑖𝑛
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DQE(0) from Paton et al., 2021.



Timepix3 for cryo-EM

1. Event localisation of electrons

2. Measuring MTF, NPS and DQE

3. Correcting for chip edge

4. Integration of Timepix3 in SerialEM and microscope for automated data 

collection

5. Single particle analysis



Edge pixel layout of a quad chip detector
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Correction for chip edge

~ 2.5 times



Timepix3 for cryo-EM

1. Event localisation of electrons

2. Measuring MTF, NPS and DQE

3. Correcting for chip edge

4. Integration of Timepix3 in SerialEM and microscope for automated data 

collection

5. Single particle analysis



Integrate Timepix3 and the Microscope

Microscope PC Detector PC

Timepix3

SerialEM Serval

Plugin

Microscope

Beam
Blanker

TEMserver

SPIDR

150 ms!



Integrate Timepix3 to the Microscope

< 0.3 ms!
1.5s exposure /50 frames
1 frame is 30 ms
300 us is only 1% of the first frame!



Timepix3 for cryo-EM

1. Event localisation of electrons

2. Measuring MTF, NPS and DQE

3. Correcting for chip edge

4. Integration of Timepix3 in SerialEM and microscope for automated data 

collection

5. Single particle analysis



Single particle analysis with TPX3

3.05 Å map reconstruction of BfrB

Pixel size: 1.2 Å (215 kx)

Superres pixsize: 0.6 Å with Deterministic Blur

B-factor: -100

Exposure: 1.5s

Flux: 35 e/A2/s

Fluence: 50 e/A2

Event localised: CNN-ToT 2x super resolution

Microscope: FEI Tecnai Arctica (200 kV)



Protein reconstruction map resolution

Unprocessed Event Localised

Event Localised
with

Determinstic
blur

Super resolution 
Event Localised

with 
Determinstic

blur

FalconIII EC

Nr. particles 10414 10525 10513 7741 124577

Resolution (Å) 3.85 3.56 3.17 3.05 2.54

B factor (Å2) -201 -132 -132 -100 -93



Summary

• Improving event localisation

• Analyse first few moments of exposure

• Liquid cell electron microscopy

• Cryo Ptychography

Outlook

• Integrate Timepix3 to cryo-EM workflow

• Accurate event localisation of electrons using ToT (and ToA) data using a 

convolutional neural network

• MTF and DQE improvement from event localisation

• Timepix3 is a versatile detector for diverse cryo-EM workflows
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Type of electron detectors

Charge Coupled Device
(CCD)

Monolithic Active Pixel Sensor 
(MAPS)

Timepix3 
Hybrid Pixel Detector

Sensor layer 
separated from 
per-pixel 
electronics by 
bump bonds. 

Frame based
Low throughput ~ 40 s

0.01–0.025 electrons/pixel/frame
Works best at 300 kV

Radiation sensitive
Limited dynamic range

Scintillator adds noise
Scintillator deteriorate PSF 

Limited dynamic range
Readout noise

True counting detector
Throughput: < 1 second
Can work at all energies



Triggering the beam blanker 1

Microscope PC

SerialEM

Serval



Triggering the beam blanker 2

Timepix3 PC
Timepix3 + SPIDR

Open Shutter 
(HDMI cable)

10 gbit fiber 
cable



Triggering the beam blanker 3

ASI TriggerBox Microscope Blanker control

Laurent Schijns (IDEE)

Signal inversion

BNC
BNC



Triggering the beam blanker 4

Microscope electronics box Beam deflector in microscope



Data Processing

Raw 
stream

Hits Clusters Events

Convert 
data

Find 
clusters

Localise
events

Frame

Fill image 
matrix

Processing

Step

Filter CNN

Correction
ToT/ToA

Chip
edges

Movie

Split over 
time

Threshold

Super 
resolution



Systematic row pattern seen after CNN-ToT-ToA event localisation

200 kV flat beam, with CNN-ToT-ToA event localisation

Power spectrum (FFT)



Systematic row pattern seen after CNN-ToT-ToA event localisation

Average fine-ToA value



Pattern seen in fine-ToA timer of Timepix3

Due to phasing setting of the fine-ToA signal? 

Overall fToA distributionfToA distribution for each row FFT of bin15 across the rows



Gaussian event place backs

Simulated PSF

Binned simulated Gaussians



Deterministic blur



CNN-ToT vs Hits and Timepix 3 VS FalconIII EC

Timepix 3 FalconIII EC

Nr. particles 7741 124577

Resolution (Å) 3.05 2.54

B factor (Å2) -100 -93

Nr. Micrographs 2977 979

Super resolution CNN-ToT Hits

Nr. particles 7741 10414

Resolution (Å) 3.05 3.85

B factor (Å2) -100 -201


