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EMCCD 101 

The CCD

Imagerie CCD 2

FIGURE 1.1: Le Charge Bubble Device conçu dans les laboratoires du AT&T
Bell Labs. Source : http://www.arhv.lhivic.org/index.php/2006/01/
06/81-boyle-and-smith-receive-draper-prize.

• Linéaire et conséquemment facile à calibrer ;

• EQ largement supérieure, de l’ordre de 50 % ;

• Très bonne réponse dans l’infrarouge proche (7000–9000 Å) ;

• Uniforme, ce qui facilite l’observation des sources étendues ;

• Mécaniquement et géométriquement très stable ;

• Faible bruit ;

• Durable ;

• Faible consommation ;

• Faible prix (par opposition aux tubes).

Cependant, le CCD comporte certains inconvénients par rapport aux plaques

photographiques, notamment :

• Surface collectrice très petite ;

• Résolution limitée : une plaque photographique peut équivaloir à 108 pixels ;
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EMCCD 101 

The CCD

- Electron Multiplying Charge Coupled Device  

- Detector architecture similar to frame-
transfer CCDs 

- Imaging area collects light and traps 
resulting photo-electrons 

- Storage area allows to quickly transfer 
images to a light-shielded region once the 
integration time has elapsed 

- One by one, each pixel line is transferred to 
the horizontal register
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EMCCD 101 

The CCD
- In a standard CCD camera, the contents of 

each pixel would then be sent through the 
output amplifier  

- In low light applications, the readout noise 
from the output amplifier becomes 
significant at high readout rates or when 
light level is very low 

- That problem is alleviated by an added 
Electron Multiplication register 

- Allows to propel the weak signals over 
the noise floor 

- Makes readout noise negligible
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EMCCD 101 

Excess noise 
factor

- The gain has a statistical behaviour 

- This behaviour induces an Excess Noise 
Factor (ENF) of sqrt(2) 

- The uncertainty in the gain value induces 
the ENF 

- The effect of the ENF on the SNR is the 
same as if the QE would be halved

SNR =
QE ⇤ Sp

QE ⇤ S + NT+ C+ �2
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EMCCD 101 

Excess noise 
factor

- The gain has a statistical behaviour 

- This behaviour induces an Excess Noise 
Factor (ENF) of sqrt(2) 

- The uncertainty in the gain value induces 
the ENF 

- The effect of the ENF on the SNR is the 
same as if the QE would be halved

SNR =
QE ⇤ Sr

F2 ⇤ (QE ⇤ S + NT+ C) +
�2

G2

SNR =
QE ⇤ Sp

QE ⇤ S + NT+ C+ �2
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- Photon Counting operation involves applying 
a threshold to the pixel’s output value 

- The threshold is chosen according to the 
read-out noise 

- Some events are below the threshold and 
can’t be counted. They are lost. 

- G is not part of the equation: no more ENF! 

- No more σ too! 

- However, binary pixel

EMCCD 101 

Photon 
Counting
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Counting

↓  Threshold
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- Photon Counting operation involves applying 
a threshold to the pixel’s output value 

- The threshold is chosen according to the 
read-out noise 

- Some events are below the threshold and 
can’t be counted. They are lost. 

- G is not part of the equation: no more ENF! 

- No more σ too! 

- However, binary pixel

EMCCD 101 

Photon 
Counting

↓  Threshold

←  Lost events
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- In PC, the detection limit is a function of 
the ratio EM gain over the read-out noise 

- A high EM gain is mandatory for an 
efficient PC operation

SNR =
QE ⇤DP ⇤ Sp

DP ⇤ (QE ⇤ S + NT+ C)

EMCCD 101 

Photon 
Counting
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- The CIC is generated by the impact ionisation of the 
holes during the clock transition.

Janesick 2001

EMCCD 101 

Clock 
Induced 
Charges
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- Sinusoidal and triangular clocks almost 
completely suppress the CIC generated 
during the vertical transfer (<0.001 ē/
pix/image)

EMCCD 101 

Clock 
Induced 
Charges
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EMCCD 101 

Clock 
Induced 
Charges

- When read-out noise is negligible, 
lower read-out speed ≠ lower noise!

10 MHz →

1 MHz →



© Nüvü Caméras 2017

1313

1 x 1s

Abbas%Padeganeh1,%Etienne%Lareau2,%Olivier%Daigle2,%Anne9Marie%Ladouceur1,%Paul%Maddox1,3.
1Institute%for%Research%in%Immunology%and%Cancer%(IRIC),%University%of%Montreal,%Montreal,%QC,%Canada,%

2	"�"��
�%�
��������������
���
����
�
�
��
3Department%of%Pathology%and%Cell%Biology,%Faculty%of%Medicine,%Université%de%Montréal,%Montreal,%QC,%Canada.

Introduction

Methods

Improved1Single5molecule1Imaging1Based1On1Photon1Counting1With1An1EMCCD1Camera
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EMCCD1camera

TIRF1microscope

+
Results

Conclusions

New%breakthroughs%in%digital%imaging%have%historically%opened%opportunities%to%scientists%in%
bio9medical%research.%One%important%landmark%of%the%last%decade%has%been%the%development%of%
the%electron9multiplying%charge%coupled%device%(EMCCD),%an%imaging%detector%that%uses%an%
avalanche%phenomenon%to%amplify%the%weak%photo9electron%signals.%EMCCDs%are%well%suited%
for%ultralow%light%applications%in%that%a%single%photo9electron%can%be%amplified%sufficiently%to%
allow%the%possibility%of%photon%counting.%However,%as%with%all%electronic%detectors,%the%noise%in9
creases%greatly%with%an%increase%in%gain,%diminishing%the%overall%sensitivity%and%dynamic%range%
and%thus%compromising%images.
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noise%generated%during%the%read9out%process%(up%to%10%times)%and%allows%more%efficient%photon%
counting.%This%major%reduction%of%the%noise%threshold%represents%an%opportunity%for%various%
low9light%imaging%applications%including%single9molecule%studies.

We%would%like%to%thank%all%members%of%the%Maddox%labs%for%their%support%and%useful%contribu9
tions%to%this%work.%Special%thanks%to%Joel%Ryan%for%his%assistance.%This%work%was%supported%by%
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PC%allows%clear%detection%of%individual%nucleosomes%at%lower%laser%power%(20%)%
versus%AM%(100%)%and%thus%better%time%resolution%between%bleaching%events.%

Manual%automated%analysis%confirmed%the%presence%of%a%mixed%population%of%one%and%two%
CENP9A%containing%nucleosomes%in%Hela%cells.%Cell%cycle%analysis%also%revealed%a%dynamic%
change%in%the%proportion%of%each%population.
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We%present%a%demonstration%of%its%applicability%in%a%total%internal%reflection%fluorescence%
microscopy%(TIRFM)%assay%to%visualize%single%biomolecules.%In%molecular%biology,%it%is%
well%established%that%most%proteins%exert%their%biological%roles%in%complex%with%other%pro9
teins.%Thus,%detecting%individual%components%and%the%structure%of%these%complexes%is%
essential%to%understand%the%mechanism%of%biological%events.%To%this%aim,%we%employ%
TIRFM%imaged%in%photon%counting%mode%for%visualization%of%single%centromeric%nucleo9
somes,%containing%a%histone%variant%known%as%CENP9A.%

We%show%that%this%technique%is%well%suited%to%TIRFM%and%that%it%is%capable%of%detecting%
single%fluorescently%labelled%CENP9A%in%the%nucleosome%with%an%enhanced%signal%to%
noise%ratio.%The%desired%and%improved%properties%of%the%assay%such%as%high%sensitivity%
and%photon%counting%shall%pave%the%way%for%comprehensive%studies%of%single%molecules%
in%this%and%other%biological%contexts.
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AM PCM

Proposed1models1for1nucleosomal1composition1at1centromeres

9%Our%TIRFM%assay%is%capable%of%detecting%single%fluorescently9labeled%biomolecules

9%Using%an%EMCCD%camera%in%photon9counting%mode%enables%visualization%of%single%mol9
ecules%and%photobleaching%behaviour%at%a%much%lower%laser%power%compared%with%analog%
mode%and%thus%may%provide%a%better%time%resolution

9%There%is%a%mixture%of%two%different%CENP9A%nucleosomes%in%the%mammalian%system%

9%Cell9cycle%dependent%changes%appear%to%occur%in%the%structure%of%CENP9A%nucleosomes

Acknowledgements

Raw1data1before1correction Data1after1correction

Our%TIRFM%assay%can%detect%double%vs.%single%bleaching%events%

Photon1counting1demonstration1(USAF119511target)

The%left%and%center%columns%show%that%with%PC,%the%improved%SNR%allows%for%better%imag9
ing%of%the%finer%details%of%the%target.%%In%the%right%column,%the%red%curves%represent%the%
same%cross%section%obtained%from%a%normalized%acquisition%with%a%longer%exposure%time.%%
It%is%used%as%a%reference%to%compare%the%blue%curves.

For%ultra%low%light%applications,%PC%provides%better%detection%accuracy%and%faster%acquisi9
tions.
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Photon1counting1principles
In%EMCCD%cameras,%the%Excess%Noise%Factor%(ENF)%usually%has%the%effect%of%halving%the%
Quantum%Efficiency.%%However,%Photon%Counting%(PC)%allows%to%get%rid%of%it.%%To%attain%a%
plus%value%over%the%analog%mode%(AM),%extremely%low%clock9induced%charge%(CIC)%noise%
and%a%high%EM%gain%are%necessary.
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PC%allows%clear%detection%of%individual%nucleosomes%at%lower%laser%power%(20%)%
versus%AM%(100%)%and%thus%better%time%resolution%between%bleaching%events.%

Manual%automated%analysis%confirmed%the%presence%of%a%mixed%population%of%one%and%two%
CENP9A%containing%nucleosomes%in%Hela%cells.%Cell%cycle%analysis%also%revealed%a%dynamic%
change%in%the%proportion%of%each%population.
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We%present%a%demonstration%of%its%applicability%in%a%total%internal%reflection%fluorescence%
microscopy%(TIRFM)%assay%to%visualize%single%biomolecules.%In%molecular%biology,%it%is%
well%established%that%most%proteins%exert%their%biological%roles%in%complex%with%other%pro9
teins.%Thus,%detecting%individual%components%and%the%structure%of%these%complexes%is%
essential%to%understand%the%mechanism%of%biological%events.%To%this%aim,%we%employ%
TIRFM%imaged%in%photon%counting%mode%for%visualization%of%single%centromeric%nucleo9
somes,%containing%a%histone%variant%known%as%CENP9A.%

We%show%that%this%technique%is%well%suited%to%TIRFM%and%that%it%is%capable%of%detecting%
single%fluorescently%labelled%CENP9A%in%the%nucleosome%with%an%enhanced%signal%to%
noise%ratio.%The%desired%and%improved%properties%of%the%assay%such%as%high%sensitivity%
and%photon%counting%shall%pave%the%way%for%comprehensive%studies%of%single%molecules%
in%this%and%other%biological%contexts.
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Photon1counting1principles
In%EMCCD%cameras,%the%Excess%Noise%Factor%(ENF)%usually%has%the%effect%of%halving%the%
Quantum%Efficiency.%%However,%Photon%Counting%(PC)%allows%to%get%rid%of%it.%%To%attain%a%
plus%value%over%the%analog%mode%(AM),%extremely%low%clock9induced%charge%(CIC)%noise%
and%a%high%EM%gain%are%necessary.
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Results

Conclusions

New%breakthroughs%in%digital%imaging%have%historically%opened%opportunities%to%scientists%in%
bio9medical%research.%One%important%landmark%of%the%last%decade%has%been%the%development%of%
the%electron9multiplying%charge%coupled%device%(EMCCD),%an%imaging%detector%that%uses%an%
avalanche%phenomenon%to%amplify%the%weak%photo9electron%signals.%EMCCDs%are%well%suited%
for%ultralow%light%applications%in%that%a%single%photo9electron%can%be%amplified%sufficiently%to%
allow%the%possibility%of%photon%counting.%However,%as%with%all%electronic%detectors,%the%noise%in9
creases%greatly%with%an%increase%in%gain,%diminishing%the%overall%sensitivity%and%dynamic%range%
and%thus%compromising%images.
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noise%generated%during%the%read9out%process%(up%to%10%times)%and%allows%more%efficient%photon%
counting.%This%major%reduction%of%the%noise%threshold%represents%an%opportunity%for%various%
low9light%imaging%applications%including%single9molecule%studies.
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PC%allows%clear%detection%of%individual%nucleosomes%at%lower%laser%power%(20%)%
versus%AM%(100%)%and%thus%better%time%resolution%between%bleaching%events.%

Manual%automated%analysis%confirmed%the%presence%of%a%mixed%population%of%one%and%two%
CENP9A%containing%nucleosomes%in%Hela%cells.%Cell%cycle%analysis%also%revealed%a%dynamic%
change%in%the%proportion%of%each%population.
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We%present%a%demonstration%of%its%applicability%in%a%total%internal%reflection%fluorescence%
microscopy%(TIRFM)%assay%to%visualize%single%biomolecules.%In%molecular%biology,%it%is%
well%established%that%most%proteins%exert%their%biological%roles%in%complex%with%other%pro9
teins.%Thus,%detecting%individual%components%and%the%structure%of%these%complexes%is%
essential%to%understand%the%mechanism%of%biological%events.%To%this%aim,%we%employ%
TIRFM%imaged%in%photon%counting%mode%for%visualization%of%single%centromeric%nucleo9
somes,%containing%a%histone%variant%known%as%CENP9A.%

We%show%that%this%technique%is%well%suited%to%TIRFM%and%that%it%is%capable%of%detecting%
single%fluorescently%labelled%CENP9A%in%the%nucleosome%with%an%enhanced%signal%to%
noise%ratio.%The%desired%and%improved%properties%of%the%assay%such%as%high%sensitivity%
and%photon%counting%shall%pave%the%way%for%comprehensive%studies%of%single%molecules%
in%this%and%other%biological%contexts.
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Proposed1models1for1nucleosomal1composition1at1centromeres

9%Our%TIRFM%assay%is%capable%of%detecting%single%fluorescently9labeled%biomolecules

9%Using%an%EMCCD%camera%in%photon9counting%mode%enables%visualization%of%single%mol9
ecules%and%photobleaching%behaviour%at%a%much%lower%laser%power%compared%with%analog%
mode%and%thus%may%provide%a%better%time%resolution

9%There%is%a%mixture%of%two%different%CENP9A%nucleosomes%in%the%mammalian%system%

9%Cell9cycle%dependent%changes%appear%to%occur%in%the%structure%of%CENP9A%nucleosomes
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Our%TIRFM%assay%can%detect%double%vs.%single%bleaching%events%

Photon1counting1demonstration1(USAF119511target)

The%left%and%center%columns%show%that%with%PC,%the%improved%SNR%allows%for%better%imag9
ing%of%the%finer%details%of%the%target.%%In%the%right%column,%the%red%curves%represent%the%
same%cross%section%obtained%from%a%normalized%acquisition%with%a%longer%exposure%time.%%
It%is%used%as%a%reference%to%compare%the%blue%curves.

For%ultra%low%light%applications,%PC%provides%better%detection%accuracy%and%faster%acquisi9
tions.
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In%EMCCD%cameras,%the%Excess%Noise%Factor%(ENF)%usually%has%the%effect%of%halving%the%
Quantum%Efficiency.%%However,%Photon%Counting%(PC)%allows%to%get%rid%of%it.%%To%attain%a%
plus%value%over%the%analog%mode%(AM),%extremely%low%clock9induced%charge%(CIC)%noise%
and%a%high%EM%gain%are%necessary.
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EMCCD 101 

Architecture

14

CCD60 CCD97
CCD201 

-20
CCD207 CCD220 CCD282

Pixels 1282 5122 10242 16002 2402 40962

Sorties 1x EM
1x EM 

1x Conv
1x EM 

1x Conv
1x EM 

1x Conv
8x EM 8x EM

Arch. FT FT FT FF S-FT S-FT

FPS 1000 65 16 5 2000 4

ROI/
mROI ?

Yes Yes Yes Yes No No
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Frame Transfer
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Figure 13: SCHEMATIC CHIP DIAGRAM

Figure 14: LINE OUTPUT FORMAT (for Example Line Timing Figure 10)

NOTE
19. There is a 1-line propagation delay between transferring a line from the store section to the standard register and reading it out

through the OSL output amplifier.

CCD97BI_2P_IMO, page 14 # e2v technologies

16 OVERSCAN 11 DARK REFERENCE 512 ACTIVE OUTPUTS 11 DARK REFERENCE

8190A

* *

* = Partially shielded transition elements

EMCCD 101 

Architecture

Document: E2V-MON-IF-004 CCD282 (Montreal) 
Issue: 3  
Page: 11 of 15 Package design and interface control document 
Date: 8th October 2012 

 

FIGURE 4: Chip schematic 

© Copyright e2v technologies (UK) limited. The copyright in this document is the property 
of e2v technologies limited and the contents may not be revealed to third parties without 
the prior written permission of e2v technologies (UK) limited. 
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Our 
Products

CCCP controller (Nüvü’s technology) 

EMN2 cameras (customizable) 

HNü cameras (flagship product) 

CCCPs (space) controller
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Our products 

CCCP 
controller

- Controller, integrated in all Nüvü’s 
cameras, generates less clock-induced 
charges (the dominant source of noise 
@ moderate and high frame rate) 

- Greater photon counting 
performance 

- Precise temperature control 

- Stable EM gain

EMCCD 
controller
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Our products 

HNü cameras
HNü 128 is optimized for the highest frame rate 
(1 kfps) 

HNü 512 is balanced for optimal frame rates 
(63 fps), field of view and minimal noise 

HNü 1024 is optimized for the largest field of view, 
lower frame rate (16 fps)

- ThermoElectric Cooling (air or liquid dissipation)  

- -85°C by air cooling, ≤-90°C liquid cooling 

- “AO” variant: -60°C cooling, optimized for high fps 

- CameraLink or GigE interface 

- Optimized for easy integration into most systems (Metric 
and imperial mounting holes on face plat)
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Our products 

EMN2 
cameras

Same sensor sizes and connectivity as 
for the HNü 

Can support custom sensors

- Made for special projects, customized read-out, 
detector test and development (mostly astro and space 
agencies) 

- Allow for colder detector temperatures 

- Liquid nitrogen cooled
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Our products 

Cameras

- λ/10 window custom coating available, C-Mount standard, 
centred chip, built-in shutter 

- Binning, ROI & mROI selection, Cropped-sensor mode 

- mROI: multiple ROI, several 100’s fps even with 10242 
(developed for PESTO) 

- Standard CCD and EMCCD channels (512 & 1024) 

- NüPixel software, drivers for third-party software (Biomed), 
SDK (C/C++), for Linux and Windows
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Our products 

CCCPs 
controller

- Yield the same low light performance as 
the commercial controller, built with only 
Space Qualified components 

- PCB routed according to IPC2221-2222 
Class 3 (highest reliability and repeatability) 

- Designed with best practices to sustain 
vibrations 

- Compatible with the commercial software 
suite 

- CSA TRL-5 (Thermal, Vacuum, SQ by 
design)

3400, Rue Pierre-Ardouin
Québec, Québec G1P 0B2, Canada

Phone (418) 877–2944
Fax (418) 877-2834 or (418) 266–1422

www.abb.com/measurement

PROPRIETARY

The information contained in this document has to be kept strictly confidential. Any unauthorized use, reproduction,
distribution or disclosure to third parties is strictly forbidden. ABB reserves all rights regarding Intellectual Property
Rights.

SPCC

Single Photon Counting Camera

SPCC VERIFICATION REPORT

Document Number: ABBCABOM-05521 Date: 5 October 2017

Version: A Confidentiality: Confidential

Contract Number: PO1000564
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Our products 

CCCPs 
controller

- Yield the same low light performance as 
the commercial controller, built with only 
Space Qualified components 

- PCB routed according to IPC2221-2222 
Class 3 (highest reliability and repeatability) 

- Designed with best practices to sustain 
vibrations 

- Compatible with the commercial software 
suite 

- CSA TRL-5 (Thermal, Vacuum, SQ by 
design)

To be presented at the 
Canadian SmallSat 

symposium 
(Toronto, Feb. 2018)

3400, Rue Pierre-Ardouin
Québec, Québec G1P 0B2, Canada

Phone (418) 877–2944
Fax (418) 877-2834 or (418) 266–1422

www.abb.com/measurement

PROPRIETARY

The information contained in this document has to be kept strictly confidential. Any unauthorized use, reproduction,
distribution or disclosure to third parties is strictly forbidden. ABB reserves all rights regarding Intellectual Property
Rights.

SPCC

Single Photon Counting Camera

SPCC VERIFICATION REPORT

Document Number: ABBCABOM-05521 Date: 5 October 2017

Version: A Confidentiality: Confidential

Contract Number: PO1000564
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Our products 

Upcoming 
products 

developments

- 4k x 4k camera 

- To be presented at SPIE Astro (Austin 
TX, June 2018) 

- mROI with individual EM gain per ROI 
under development 

- For 128, 512, and 1024 cameras 

- 30 MHz read-out tests 

- 1.5 kfps on the 128, optimized for AO 

- Other sensors TBD



Astronomical 
Applications
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Applications 

Direct 
imaging of 
exoplanets

Figure 1: HR 8799bcd discovery images after the light from the bright host star has been re-
moved by ADI processing. (Upper left) A Keck image acquired in July 2004. (Upper right)
Gemini discovery ADI image acquired in October 2007. Both b and c are detected at the 2
epochs. (Bottom) A color image of the planetary system produced by combining the J-, H-,
and Ks-band images obtained at the Keck telescope in July (H) and September (J and Ks) 2008.
The inner part of the H-band image has been rotated by 1 degree to compensate for the orbital
motion of the d between July and September. The central region is masked out in the upper
images but left unmasked in the lower to clearly show the speckle noise level near d.

17

Marois et al. 2008
25

- Direct imaging of exoplanets 

- 10-9 contrast 

- For a mag 8 star, > mag 30 for the planet! (comparable to 
HUDF) 

- 10 — 100 hours of integration per planet
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Section 2: Science 49 

shows simulated spectra of two Jupiter-sized planets at 
2 AU and a Neptune-sized planet with varying metallici-
ty.95 Atmospheric spectra of smaller planets will begin 
to reveal the diversity of exoplanet types and approach 
the question of trace biomarkers such as oxygen and 
methane.  

If equipped with a polarimeter, the WFIRST-2.4 co-
ronagraph will provide an additional dimension of infor-
mation. Since the reflected radiation that strikes plane-
tary surfaces and atmospheres becomes partially polar-
ized while the light from the central star is not, polariza-
tion measurements can both aid in detection and pro-
vide new science. Exoplanets are expected to show 
polarization signatures.96 Several theoretical models 
have been developed to describe the observed polari-
zation as a function of wavelength. The degree of polar-
ization changes with wavelength across the UV, visible 
and near IR band-passes to reveal the structure of the 
exoplanet’s atmosphere97, climate98, the nature of its 
surface99, its orbital parameters100,101 (inclination, posi-
tion angle of the ascending node and eccentricity) and, 
possibly bio-signatures102. Analysis has shown that Ju-
piter-like gas giants may exhibit a degree of polarization 
as high as 60% at a planetary phase angle of 90-
degrees. The flux and degree of polarization of starlight 
as a function of wavelength as reflected by three Jupi-

ter-like exoplanets for phase angle 90 degrees is shown 
in Figure 2-23.103  

2.5.2.3 Exozodiacal Light and Disk Architecture 
A star and its planetary system both form from the 

same circumstellar disk. As a cloud of gas and dust col-
lapses, the embryonic system evolves a preferential 
axis of rotation. Material undergoes gravitational col-
lapse along that axis but cannot collapse freely in the 
perpendicular direction; conservation of angular mo-
mentum prevents matter from falling inward. However 
eventually friction and energy loss slows the orbital mo-
tion and allows gravitation to take over, with matter col-
lapsing inward to form a star, and locally in orbit, to 
form planets.  

Sun-like stars accumulate their mass within a mil-
lion years, and planets typically form within 10 million 
years. Small rocky planetesimals come together to be-
come full-size planets. The smaller ones can become 
terrestrial planets, while the larger ones continue to 
gravitationally attract gas and become gas or ice giant 
planets. 

Young solar systems are violent places, with many 
planetesimals, proto-planets, and planets crammed into 
a relatively tight space. Orbits are initially eccentric and 
these bodies interact dynamically with each other and 
their central stars, causing frequent collisions. These 

Figure 2-22: Model exoplanet spectra (Cahoy et al 2010) for a Jupiter-mass planet with stellar metallicity (1x solar) and 
one enhanced in heavy elements by formation (3x), and a Neptune-like planet (10x). Spectra have been binned to the 
resolution of the WFIRST-2.4 coronagraph spectrometer, λ /Δλ  = 70. The three classes of planets are easily distin-
guishable. 
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Cahoy et al. 2010

25

- Direct imaging of exoplanets 

- 10-9 contrast 

- For a mag 8 star, > mag 30 for the planet! (comparable to 
HUDF) 

- 10 — 100 hours of integration per planet
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- WFIRST 

- Models shows that by comparison 
with the CCD, the use of an EMCCD 
would reduce the acquisition time by 
~90% 

- For the lifespan of the mission, the 
number of detected exoplanets 
increases by 50%

•  Preliminary modeling has been done of the effect of the detector 
characteristics on the planet yield for the coronagraph 

•  Models show that a workable mission with a conventional CCD, the use 
of an EMCCD will create 90% savings in integration time, lowering risk 
of target (null) acquisition and allowing time for more science 

EMCCD progress 

Assume: 
•  dark = 3e-4 e/pix/s,  
•  CIC = 1e-3 e/pix/fr,  
•  jitter = 0.4 mas,  
•  HLC coronagraph 

04/30/2014 WFIRST-AFTA SDT Interim Report 124 

•  If the frame rate is faster than the mean photon arrival time, 
then one can use an EMCCD to count individual photons 

EMCCD: Photon Counting 

04/30/2014 WFIRST-AFTA SDT Interim Report 125 

* From Wen, Y., Rauscher, B. J., Baker, R. G., et al. 2006, Proc SPIE, 6276, 44. 

•  If the frame rate is faster than the mean photon arrival time, 
then one can use an EMCCD to count individual photons 

EMCCD: Photon Counting 

04/30/2014 WFIRST-AFTA SDT Interim Report 125 

* From Wen, Y., Rauscher, B. J., Baker, R. G., et al. 2006, Proc SPIE, 6276, 44. 
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Direct 
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0 2 4 6 8 10 12 14 16

Data @ -95°C, ē/pixel/h (including dark current)

2 photons/pixel/h

3 photons/pixel/h

5.5 photons/pixel/h

19.5 photons/pixel/h

120 * 90s images: 3 hours of total integration

Applications 

Direct 
imaging of 
exoplanets
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exoplanets
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Applications 

Direct 
imaging of 
exoplanets

Shaping light
one ray at a time

August 29, 2017

Shaping light
one ray at a time

August 29, 2017

Shaping light
one ray at a time

August 29, 2017

- High-Contrast Imaging 
Balloon System 

- LOWFS 

- HNü 128 AO modified 
for vacuum operation 

- Coronagraph 

- Space controller with 
HNü 512 AO cryostat

7

System Block Diagram
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one ray at a time
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- Search for orbital debris 

- For moving objects against a 
bright background, the SNR 
increases with lower integration 
times!

31

EMCCD

 CCD 2ē

Applications 

SSA
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Low Light UV-VIS Imaging Technology Study 
August 29th, 2014 CSA Saint-Hubert Québec 
© Copyright 2014 Her Majesty the Queen in Right of Canada 

0.1 second centroid comparison 

CCD (red) vs. EMCCD (blue) 

13 

10Hz data

Applications 

SSA
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10Hz data

Applications 

SSA
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10Hz data

Applications 

SSA
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Low Light UV-VIS Imaging Technology Study 
August 29th, 2014 CSA Saint-Hubert Québec 
© Copyright 2014 Her Majesty the Queen in Right of Canada 

Results 

33

10Hz data

Applications 

SSA
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Applications 

Fast 
differential 

photometry

34

Observatoire du Mont-Mégantic

30 fps, offline averaging



© Nüvü Caméras 2017

34

Applications 

Fast 
differential 

photometry

34

Observatoire du Mont-Mégantic

30 fps, offline averaging



© Nüvü Caméras 2017

34

Applications 

Fast 
differential 

photometry

34

Observatoire du Mont-Mégantic

30 fps, offline averaging



© Nüvü Caméras 2017

34

Applications 

Fast 
differential 

photometry

34

Observatoire du Mont-Mégantic

30 fps, offline averaging



© Nüvü Caméras 2017

35

Applications 

UV imaging

35

- An EMCCD is a CCD 

- Spectral responses are similar
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- LUMOGEN® coating can be applied to enhance UV 
response to ~50% of the green response of the EMCCD

Technical Note on UV Conversion Coatings: LUMOGEN
(also known as LUMILUX, LIUMOGEN AND LUMIGEN)

The performance of front illuminated Charge Coupled Devices (CCDs) in the ultraviolet (UV)
region of the optical spectrum may be enhanced by a UV conversion coating, such as Lumogen.

INTRODUCTION
A problem encountered in using front illuminated (FI) CCDs is
the lack of quantum efficiency (QE) in the UV region of the
optical spectrum. This problem arises because the UV light is
absorbed in the FI CCD electrode structure before it can
contribute to the signal charge in the bulk of the CCD.

There are several techniques by which this problem may be
overcome. The use of back illuminated CCDs is one such
option. A less expensive alternative is to coat the FI CCD with a
material that can absorb UV radiation and emit photons in the
visible band of wavelengths e.g. blue-green, where they can be
more efficiently detected by the CCD. Materials that can absorb
UV and convert it to a longer wavelength or lower energy are
known as ’Phosphors’.

PHOSPHOR: LUMOGEN
One specific example of a phosphor, used by e2v technologies
for CCDs, is Lumogen.

The absorption coefficient (a) for Lumogen exceeds 105 cm71

for most wavelengths above 200 nm and below the absorption
edge at 460 nm. Thus most UV radiation is absorbed in a layer
no thicker than *300 nm (absorption depth for 90% of light
equals 2.3/a). The absorbed UV radiation causes the phosphor

to emit in the spectral band 500 to 650 nm, independent of the
excitation wavelength through the range 200 to 460 nm. The
efficiency of Lumogen is also temperature dependent and
increases with decreasing temperature.

PERFORMANCE
The efficiency of a CCD coated with Lumogen in converting the
UV photons to useful signal electrons is determined by many
factors: scattering and absorption in the Lumogen film,
contaminants in the film, reflection at the air/film and other
(e.g. polysilicon) interfaces etc. It is possible that approximately
50% of the light is scattered away from the CCD. Thus the
maximum QE of Lumogen coated devices is limited to half of
the QE of the CCD in the blue-green region of the spectrum i.e.
for a standard front illuminated device a maximum QE of about
10 to 20% may be attainable at room temperature.

Figure 1 illustrates the enhancement of QE in the UV as a result
of coating with Lumogen. The visible and Near Infrared (NIR)
response and resolution are not significantly degraded by the
presence of Lumogen, and the UV QE is typically 10 to 14%.
Also shown for comparison is the QE enhancement possible
with open-electrode variants.
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Fig. 1 Typical quantum efficiency enhancement of a front illuminated CCD due to Lumogen
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- Delta-doped EMCCDs, in development at JPL/NASA 
allow for high UV response with respect to MCPs

Sensors 2016, 16, 927 7 of 21

multilayer films, and we have employed this technique to develop highly effective AR coatings in the
challenging far UV spectral range [34,37,39,40].

There are cases in which it is highly desirable to extend a UV detector’s sensitivity to visible and
infrared wavelengths. Silicon detectors are ideal for such cases, for example spectroscopic applications
where broadband response is needed. However, there are also cases in which a detector’s sensitivity to
visible photons introduces an undesirable signal that interferes with UV measurement. This type of
out-of-band background, also known as “red leak”, is particularly problematic in environments with
weak UV signals masked by presence of a strong visible signal. For these applications, some degree of
visible-blindness or out-of-band rejection is required.

To achieve visible rejection, we turn to metal dielectric filters (MDFs). As stand-alone filters, these
Fabry-Perot structures, which are also referred to as photonic bandgaps, have been used in the past
as bandpass filters for spectral ranges from the UV to the infrared [41–44]. Briefly, the metal layers
are separated by transparent dielectric spacer layers. The layered structure is designed to resonantly
transmit light within a specific wavelength band, while out-of-band light is strongly reflected by the
metal layers. The in-band light suffers absorption losses in the metal layer; therefore, it is necessary
to choose metals with a large absorption coefficient to index of refraction (k/n) ratio in the band of
interest. In the UV the primary choice is aluminum due to its high plasma frequency and relative lack
of significant interband transitions in this spectral range [45,46].

Designs of this type have been extended to Si substrates for potential use as a filter directly
integrated on a photodetector, making it possible to at once optimize the in-band sensitivity together
with the out-of-band rejection [47]. The complexity of the filter design influences several performance
metrics, including peak transmission percentage, out-of-band rejection ratio, passband width, and
target wavelength. Depending on the target wavelengths these filter designs may be based variety
of dielectric materials, including MgF2 as illustrated in Figure 3. ALD remains a critical aspect of
this work, especially for complex multilayer stacks, which requires accurate thickness control, layer
uniformity, and precise control of the interface chemistry between the metal and dielectric layers.
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Figure 3. Model performance of a 2D-doped detector with an integrated visible-blind bandpass filter
for far UV wavelengths. The multilayer MDF was designed to provide high in-band QE, and high
out-of-band rejection (>104). As designed the MDF includes layers of MgF2 (20 nm thick), Al (26 nm),
MgF2 (18 nm), Al (20 nm), and MgF2 (11 nm), starting from the silicon interface up to the air interface.

2.1.4. Large-Scale, High Throughput Affordable Production of High Efficiency Single Photon Counting
Silicon Imagers for Missions and Commercial Applications

With the need for high throughput processing of scientific detector arrays as well as high
throughput processing for commercial use apparent, a scaled up version of our post fabrication
end-to end processing was developed over the last few years. The scaling up process began with
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Conclusions
- Our products are optimized for high sensitivity in low light applications 

- Commercial cameras 

- Ease of use, high cooling performance, versatile software suite and SDK, 
laboratory applications and B2B 

- Space controller 

- World’s first SQ EMCCD controller 

- Foreseen for SSA and coronagraph applications 

- 4k x 4k development 

- Largest EMCCD, opens-up new possibilities in spectroscopy, wide field surveys, 
large format medical imaging
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- Open innovation 

- We concentrate on what we are good at: building cameras 

- We support our clients and partners in getting the most out of our technology 

- Product customization, development of new features upon request to better suit 
our client’s needs 

- Looking forward to play an active role in NTCO!

Conclusions




