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Introduction

Transmission Electron Microscopy (TEM) is a technique that allows to
obtain high resolution images of thin samples.
The higher resolution is achieved due to the smaller De Broglie
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wavelength of the high energy electrons compared to visible light. Condensor aperture
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Cryo-Electron Microscopy (cryoEM) is a consequent technigue used  specimen port
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to image biological samples. The sample is prepared by flash-freezing DS?&%

to cryogenic temperatures, which preserves the sample structure and
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delays sample destruction during imaging. Intermediate aperture
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energy of 300 keV, but the theoretical expectation is that : S 00 350 1000 3000 1.m 3
the ratio of elastic to inelastic cross-sections gets better as Specimen thickness (A)
the electron energy is lowered from 300 keV to 100 keV. 5
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Recently the elastic o, and inelastic o, cross-sections, as 3 S o2 3
well as radiation damage to organic and biological 3 A~ \“Q\\:\ 5
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specimens as a function of electron energy have been © e OSNNT 8
measured. sl g N\ 2
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The results show that moving from 300 keV to 100 keV \ﬁ
causes a 25% increase in the ratio ¢,/0;, indicating a 25% N
iImprovement in the image contrast for a given amount of
radiation damage. l A | 0.0
1 keV 10 keV / ‘ 1 MeV 10 MeV 100 MeV
From M. Peet, R. Henderson,C. Russo, «The energy dependance of contrast and damage in 100 keV 300 keV
electron cryomicroscopy of biological molecules» Ultramiscroscopy 203 (2019) 125-131 Electron energy

Scaling of cross-sections and information vs energy. The theoretical
) relationship between the elastic (o,) and inelastic (o;) scattering cross-
Science and sections for carbon are plotted vs. energy.
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' ' IS the detector.
The present limitation to low dose imaging at 100 keV is th
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for cryoEM (DQE, number of pixels and frame rate).

1. Introduction

Specimen damage is the fundamental limit 1o all forms of micro.
SCOpy capable of atomjc resolution imaging, Particulariy for electron
microscopy of biclogical specimens ~ compriseq of RNA, DNA, proteins
and other Qrganic macromolecyies in an aqueoys environment - gy
mulative lonisatin damage and bond breakage limits the available
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to join the cryoEM revolution in structural biology.

keV EM”
“ — CMOS Sensor for 100

D. Krukauskas, “C100 _ _

e Rosalind Franklin Institute annual meeting 2019

measurements in the conlext of current ang future technology for
electron cryomicroscopy of biological Specimens,
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The energy dependence of contrast and damage in electron Cryomicroscopy

Mathew J. Peet, Richard Henderson, Christopher J. Russo”
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Keyworgs: We have measured the dependence an electron energy of elastic and inelastic seattering eross-sections from

Radiation damage carbos, over the energy range that includes 100 keV'to 300 keV. We also compared quantitatively the radiation
Flection scattertng cross.section damage to bacteriorhodopsin and parafiin [CasMon) at 100 keV and 300 kev by observing the fading of the
Law-duse electron micrascopy diffraction spots from "wo-dimensional crysials as a function ©of electron fuence, The elastic cToss-section is

meant that in principle and in Practice, a microscope capable of sub.
two Angstrom resalution ©an be constructed at energies ranging from
20 keV to 3 Mev [4.5]. The natura) Question is then: whae i5 the best
ERETRY for cryoEM? Pyt N another way, if the non-trivial issues of
hardware are set aside and consideration is &lven only to beam-spe-
cimen Interaction, what electron CNErRY might provide the best images?
To answer these questions, we have determined how the amount of
damage to the Specimen changes with the ENErgY of the incident elec-
ron beam, and in turp how this compares tp the scattering contrast
available for high resolution imaging.

Previous ealculations of the relationship between the elastic and
inelastic Statering estimated that the two quantities Parallel each other
0 & reasonahble approximation [6-107. Technology has Progressed and
Row the success of cryoEM methods obliges us to Teconsider this re.
lationship with more precision, More complete calculations of the in-
elastic interactions of electrons with atoms in the specimen indicate
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DEMO1 Test Structure

 Pixel Test Structure
o 72x128 54 um pixels

* Built with previous test
camera and test chip

circuitry.
Gain Relative Gain o o
Gain _ (uV/e”) (e”) (pv)
0 - - - -
1 1 16.72 89.9 1594
2 3.07 50.17 55.5 932
3 5.54 91.09 54.1 914
Horizontal Vertical
Spatial . .
Frequency 0 Nyquist 0 Nyquist

IntegratingDQE 0.87 0.40 0.87 0.40
CountingDQE  0.97 0.5 0.97 0.5
MTF 0.66 0.65
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Number of Events (normalised)

Normalised Values

Apoferritin images from DEMO1

Landau Curve
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C100 Overview

Based on DEMOL1 after very promising results.

A collaboration between

« STFC Technology Department
* RFI (Rosalind Franklin Institute)

“Our aim is to increase, by an order of magnitude,
the number of biological specimens that can
prepared for analysis by structural biology.”

- Professor James Naismith, _
Director of RFI < ERankin inSttute

The C100 camera system will be commercialised by UK
company Quantum Detectors. %
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Quantum
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C100 Specifications

Specification

Target

Sensor based on DEMO1.:

« Pixel size minimises effects of scattering whilst
ensuring high-resolution imaging.

* Resolution and frame rate targets the
requirements for future cryoEM detectors.

Stitched CMOS technology allows the manufacturing
of large sensors with a non-interrupted sensitive area

Standard CMOS process enables cost-effective
sensors which are constantly evolving.

High yield design employed to reduce probability and
criticality of defects on wafer scale sensor.

Sensor format
Pixel pitch
Frame rate

Bit depth
Operation mode
Readout mode
Readout type

Sensor size

Manufacturing
process

Sensitive area
Radiation hard
Back-thinning

Dark pixels

2048 x 2048
54 x 54 um
2000 fps 2500 fps
12 bits 10 bits
Rolling shutter
Continuous
Analogue CML lines
200 mm wafer-scale sensor
TowerJazz 180 nm CIS process
122.3 cm?
YES

NO

Only on left and right sides of
the pixel array

Science and
Technology
Facilities Council
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C100 Architecture e |

Wafer-scale stitched sensor el —

ColBlasl ColBias2 ColBias3 ColBias4

« Allows multiple size options.
PGA1l PGA2 PGA3 PGA4

e e e o yield. [P
radiation hardness and improvedyield. TR T TH [

* Covers ~90% of chip. N NN

s
Readout from two sides as line rate is
limited by the very long vertical lines.

Pixel array Pixel array
(256 x 256) (256 x 256)

B

Dark pixels

Row addressing
Dark pixels

4 ADCs per column pitch, 16k total.

« YAADC chosen due to robustness to
process and mismatch variation.

Pixel array
(256 x 256)

Dark pixels
Dark pixels

PGA array

High Speed CML outputs compliant with
Xilinx Aurora 64b/66b communication
protocol. H

Science and
Technology
Facilities Council

ADC array

Counter & .
m Row addressing

Serialiser & PLL
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C100 Architecture

RST_ANLG ZA ADC
RST_ANLG = 5
Column TestVoltage EN °/" |l
Visr @—e o— H [
4 Vem 0 D ONI— \ H
_| Vew O { i o
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C100 Preliminary Testing

Overview
« Camera housing prototype tested with in microscope.

e All individual circuit blocks have been tested and
shown working:

 PGA, ADC, Serialiser working successfully.

« Testing revealed an issue with supply coupling
causing inability to operate sensor at full speed.

* An amended version underway!

Z;’: ’;a oDoe oo
o oo
mil . nnng LN

ST TR J

* Yield has been very promising for
wafer scale device.

6 sensors tested so far.
* No sign of yield issues.

Science and
Technology
Facilities Council
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C100 Preliminary Testing

Camera Housing
e (C100 must be cooled and operated in a vacuum.,

« Co-design of sensor and housing at STFC
* Vacuum housing design challenging due to the large sensor.
« Sensor IO limited due to vacuum housing constraints.

« A sensor and housing prototype has been installed and tested
(vacuum and electrons) in a JEOL microscope in RFl.

Science and
Technology %
Facilities Council DETECTORS

13th International Conference on Position Sensitive Detectors, 4-8 Septemberz
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C100 Preliminary Testing

Programmable Gain Amplifier
« Test Mode

* Applying column test voltage on both sides and

onto column line.

« Terminated in opposite side’s analogue readout.

* PGA operation with different gains verified.

PGA Gains

5000

4000
Row 0 - GO
» 3000
=) = = Row 0- G1
2
2000 Row 0 - G2
Row 0 - G3
1000 Row 0 - G2/G3
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Test Voltage (V)
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Pads
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PGA
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| Serialiser & PLL | Serialiser & PLL
ADC array ADC array
‘ PGAIarray ‘ PG:A array
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@ | |© »
wn Q (]
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o - _ A U _
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R : &
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< PGA array
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e S8 ADC array
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— R
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C100 Preliminary Testing

5000 ADC Transfer Curve Gain 0-3
4500
Gai Relative Gain 4000
amn Gain (ADU/V)
0 - 2469 3500
o 1 0.997 2460
0@“?;)?’ 2 3.586 8853 3000
> 3 5.800 14317
» 2500
= ——GO ADC1
Gain o (ADU) o (uv) << 2000 ---GOADC2
06 0.899 364 1500 —G1 ADC1
ﬁ,b@\o\“e( N 1 1.395 567 ———k1A50
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YOSV 3 ] ] 1000
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0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
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C100 Preliminary Testing
Serialiser
« 34 Aurora Serialisers @ 4.3 Gbps

 Lane/channel locked for all transceivers
« Total data rate over 110 Gbps

« Bit Error Rate (BER) measured to be
lower than 7x101°

Eye Diagram for Link Running at 4.3Gbps

200

100 ~

—-100

Differential Voltage (mV)
o

—200

Science and
Technolo —300 ' ) '

nnology . 0 50 100 150 200
Facilities Council Time (ps)

From “l. Sedgwick et al., PRECISE: A 5Gbps Serialiser for Scientific Detectors in a 180nm CMOS Image
Sensor Process”, proceedings of NSS-MIC 2022, Milano, Italy”

13th International Conference on Position Sensitive Detectors, 4 8 September 2023 ‘ 17




Conclusions

Theoretical studies suggest 100keV microscopy offers many benefits
* Increased image contrast for a given amount of radiation damage.

« Wider employment and accessibility of the technology.

DEMO1 demonstrated good performance at these energies.

Based on DEMOL1, the C100 full-size device
was manufactured and is currently under test.

All individual components work well:
« Better noise performance than DEMO1 demonstrated
« Second iteration to be tested early 2024.
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