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EMCCD 101




EMCCD 101

The CCD
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EMCCD 101

The CCD

Electron Multiplying Charge Coupled Device

Detector architecture similar to frame-

transfer CCDs Imaging Area
Imaging area collects light and traps
resulting photo-electrons l
Storage Area High. Volhpe Seria.l
Storage area allows to quickly transter ] Wullipication Register 1 tput
e | & @ e Amplifier

images to a light-shielded region once the
integration time has elapsed ﬂ
Horizontal Register

One by one, each pixel line is transferred to © Nevd Camérs
the horizontal register

VU

CaMmeras



EMCCD 101
The CCD

- In a standard CCD camera, the contents of
each pixel would then be sent through the  Oupat
output amplifier

Amplifier
- In low light applications, the readout noise Horizontal Reaister ' |

from the output amplifier becomes
significant at high readout rates or when

light level is very low

High Voltage Serial
- That problem is alleviated by an added NiipRoation FNegreter

. = Output
Electron Multiplication register e e _ e Amplifie:

- Allows to propel the weak signals over ﬂi

the noise floor Horizontal Register

- Makes readout noise negligible

nuVu
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Cain = 3000
0.00041 T ™7 Y A A A & e ) LI L B A R e e e e TYrrry
-

EMCCD 101 = g

Excess noise
factor

0.0002

Output protobility

- The gain has a statistical behaviour

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

- The uncertainty in the gain value induces N
the ENF

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

QE xS
VQE xS+ NT + C + 02
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Cain = 3000

EMCCD 101

Excess noise
factor

0.0002

Output protobility

The gain has a statistical behaviour

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

- The uncertainty in the gain value induces ot a0t et et
the ENF
QE * S

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

QE xS

SNR =
\/FQ*(QE*S+NT+C)
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EMCCD 101

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 0 too!

However, binary pixel

Occurences

108

10°

Histogram plot of PC frames

-
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EMCCD 101

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 0 too!

However, binary pixel

Occurences

108
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Threshold

Histogram plot of PC frames

T ‘ T T T

| ‘ | | | ‘ | 1 |

‘ ‘ T T ‘ T T T ‘ T T T

‘ T T T

O
- - .

A

2.0x10° 4.0x10° 6.0x10° 8.0x10°
Electrons

L ost events

1.0x10*

1.2x10°



EMCCD 101 T ARLA 1
100 95
91 ‘
86 ;
80 - 73
60 - 935
- In PC, the detection limit is a function of
. . . 40~ :
the ratio EM gain over the read-out noise 29
- A high EM gain is mandatory for an o
efficient PC operation
0 v N
1 10 100

Gain / @

QE % DP % S

SNR =

v/DP x (QE xS + NT + C)




EMCCD 101

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

Metal Oxide Semiconductor (MOS) Capacitor

Incoming
Photons +V Polysilicon

Silicon ate
Dioxide

+V
X n-Channel —

——+——1—— INVERSION "82?22?"
-V D

e il Figure 2

| GATE
SI02 F\ _\ j_ TRAPS Photogenerated/

Electrons -Vl ;')-Type Silicon

+ IMPACT
IONIZATION

SPURIOUS CHARGE
; e .

Janesick 2001
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EMCCD 101

Clock - The CIC is generated by the impact ionisation of the
Induced holes during the clock transition.
Charges

Metal Oxide Semiconductor (MOS) Capacitor

Incoming
Photons +V

Polysilicon
Silicon ate

Dioxide
+V ——
X n-Channel —
—~4——t+—— INVERSION Pg;?gg?" Potential
v Well
Si GATE Fi 2
IO2 N\ _\ j_ TRAPS Photogenerated e

Electrons p-Type Silicon

+ IMPACT
IONIZATION

SPURIOUS CHARGE
; e .

Janesick 2001



EMCCD 101

Vertical CIC vs shift frequency (CCD97)
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- Sinusoidal and triangular clocks almost
completely suppress the CIC generated
during the vertical transfer (<0.001 &/
pix/image)
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EMCCD 101

Total signal (PC,,,, G=1000, —-850C)
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EMCCD 101

Efficiency

AM image (SNR = 0.85661) AM zoomed image (red section) AM zoomed image cross section
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EMCCD 101

Efficiency

AM image (SNR = 0.85661) AM zoomed image (red section) AM zoomed image cross section
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EMCCD 101

Architecture

CCD201

CCD207 CCD220 CCD282

-20

Pixels 5122 10242 16002 2402 &
ot 1x EM 1x EM 1x EM o EM -
Orties 1x Conv 1x Conv 1x Conv % E
Arch. FT FT FF S-FT =
FPS 65 16 5 2000 -
ROI/ :
mROI ? s
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Our
Products

m CCCP controller (NUvu's technology)
m EMN2 cameras (customizable)
m HNU cameras (flagship product)

m CCCPs (space) controller
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Our
Products

m CCCP controller (NUvu's technology)
m EMN2 cameras (customizable)
m HNU cameras (flagship product)

m CCCPs (space) controller

VU

CaMmeras



Our products

- Controller, integrated in all NivU'’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

7




Our products

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

HNU 512 is balanced for optimal frame rates
(63 tps), tield of view and minimal noise

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

- Thermo€Electric Cooling (air or liquid dissipation)
- -85°C by air cooling, =-90°C liquid cooling
- "AQ" variant: -60°C cooling, optimized for high fps

- Cameralink or GigE interface ruvu
cCameras

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



Our products

Same sensor sizes and connectivity as
for the HNU

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



Our products

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

Binning, ROI & mROlI selection, Cropped-sensor mode

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

Standard CCD and EMCCD channels (512 & 1024)

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

ruvu

cameras




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

CCCPs (Toronto, Feb. 2018)
controller

Our products

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)




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 3
- Other sensors TBD . R

VU
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Astronomical
Applications




, Direct imaging of exoplanets
Applications IS P

10-9 contrast

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

10 — 100 hours of integration per planet

Keck JHK—band {July—Sept. 2008)

.|

C

Marois et al. 2008



o Direct imaging of exoplanets
Applications IS P

10-9 contrast

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

10 — 100 hours of integration per planet

2 AU R=70

0.25T

Jupiter Tx solar
Jupiter 3x solar ]
Neptune 10x solar —

| iﬁ;”ﬂ
005 L; L_

0.00 R N

0.4 0.6 0.8
Wavelength (microns)

Cahoy et al. 2010

0.20F

0.15

Geometric albedo

oyt



Applications

Direct
: . IFS, Time required to reach SNR =10
imagingof sttt S
exoplanets

- WFIRST

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

~90%
9 10 11 12 13 14 15 16 17

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

-] ——HLC, ccD
=1 —+— HLC, EMCCD
"1 =—#+— HLC, pc EMCCD |]
o e 300 days alloc. |4

Cumulative Integration Time, days

WIFIIR@'T

&

nJVvu

cameras



Applications

Direct
imaging of
exoplanets

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

0 2 4 6 8 10 12 14 16
Data @ -95°C, é/pixel/h (including dark current)

VU

CaMmeras



Applications

SNR vs exposing time / frame —95C
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Applications

Direct
imaging of
exoplanets -

Magnitude < 2
Telescope Orientation Tracker
- Field of View: 3° _—sm..
s S Star Camera ihhhbbbiiiits
- Precision: 0.5 arcsec Telescope

_ High—Contrast Imaging - Optical Diameter: 50 mm on Alt-Az

Light Collection

- 14" Schmidt-Cassegrain (f/11)

- Light-Gathering Power Relavite
to the Human Eye: 2581x

Telescope and Light Stream Orientation

B a | | O O n Syste m LOWFS - Equipped with gyrometer for pointing efficiency

. - Precision: 0.3 arcsec
Axicon

Pyramid/Axicon Tip-Tilt Mirror

Wavefront .
= I_OW F S Pyramid Sensor Wavefront Correction

& - Inscribed Aperture: 3.5 mm
\\, - 37 Piston-Tip-Tilt Segments
- H N U 1 28 AO N |Od |f|ed Low-Order Wavefront Sensor

- Open-Loop Flat Surface
Figure: <20 nm rms
- Sensible up to 50 milli arc second ;

. - Max 20 arc second tip or tilt error i Coronagraphic imaging and focal-plane
fo r Va Cu u m O p e ra tl O n - 50 Hz Loop (min) ; Coronagrap wavefront sensing of PSF [1]
- No invasive modification of the science PSF
- Does not require Fourier transforms
- Display holographic PFS copies

‘l."
.i o' §

Pupil-plane phase Focal-plane PSF

Y

- CO rO n a g ra p h Light Detection and Imaging

- EM Gain: 1-5000
- Quantum Efficiency: > 90%

- Space Controller Wlth - Dark current: 0.0002 é/pixel/s

- Clock-induced charges: 0.001 é/pixel/s

EMCCD
Camera

[1] M. J. Wilby and Al. "The coronagraphic Modal Wavefront Sensor: a hybrid focal-plane

o0
H N u 5 1 2 AO C ryo Sta -t sensor for the high-contrast imaging of circumstellar environments'", A&A 597, A112 (2017)

¥ of Victoria i el M i ~ J:  California Institute of Technology

University College The Hague

Universite Iris AO. Inc. %; University eETI KL, Universiteit N\PA\SA Jet Propulsion Laboratory

de Montréal

.= mﬂv\E/RSITE € 144044 ﬁff% 5tratasﬁt% AVAYAS

photonique et laser - —
CaMeras




Applications

Direct
imaging of
exoplanets -

Magnitude < 2
Telescope Orientation Tracker
- Field of View: 3° _—sm..
s S Star Camera ihhhbbbiiiits
- Precision: 0.5 arcsec Telescope

_ High—Contrast Imaging - Optical Diameter: 50 mm on Alt-Az

Light Collection

- 14" Schmidt-Cassegrain (f/11)

- Light-Gathering Power Relavite
to the Human Eye: 2581x

Telescope and Light Stream Orientation

B a | | O O n Syste m LOWFS - Equipped with gyrometer for pointing efficiency

. - Precision: 0.3 arcsec
Axicon

Pyramid/Axicon Tip-Tilt Mirror

Wavefront .
= I_OW F S Pyramid Sensor Wavefront Correction

& - Inscribed Aperture: 3.5 mm
\\, - 37 Piston-Tip-Tilt Segments
- H N U 1 28 AO N |Od |f|ed Low-Order Wavefront Sensor

- Open-Loop Flat Surface
Figure: <20 nm rms

- Sensible up to 50 milli arc second

- Max 20 arc second tip or tilt error

for vacuum operation 50z Lop (i

Coronagraphic imaging and focal-plane
wavefront sensing of PSF [1]

- No invasive modification of the science PSF
- Does not require Fourier transforms

- Display holographic PFS copies

‘l."
.i o' §

Pupil-plane phase Focal-plane PSF

H N U 5 1 2 AO Cryo Stat . -~ b ontrast imaging of circumstellar environments", A&A 597, A112 (2017)

7y N

EMCCD
Camera

- CO rO n a g ra p h Light Detection and Imaging

- EM Gain: 1-5000
- Quantum Efficiency: > 90%

- Space Controller Wlth - Dark current: 0.0002 é/pixel/s

- Clock-induced charges: 0.001 é/pixel/s

N 4
N

¥ of Victoria i ¢l i ~ J:  California Institute of Technology

University College The Hague

Universite Iris AO. Inc. %; University eETI i Universiteit N\PA\SA Jet Propulsion Laboratory

de Montréal

.= mﬂv\E/RSITE € 144044 ﬁff% 5tratasﬁt% AVAYAS

photonique et laser - —
CaMeras




Applications

Direct
imaging of
exoplanets

HiCIBaS
Telescope and
Electronics

PASTIS Module and
PASTIS Battery

ALLv2 Optics
and EU Box

CATS Optics
and EU Box

*Purple = CARMEN Gondola Subsystems

Université [ris AO, Inc. még Uni\{ersiigy eETI Xi Un.i(;/errlsiteit l\f‘la:fc,A éeltfPrp;)luI?ticatn Lfa}bo;atlory
de Montréal :_‘%__: of VICtOI’Ia i ,el € allfornia Iinstitute or 1ecnnoiogy

niversity College The Hague

)| UNIVERSITE v -
A1 (7)) COPL 2 AR

‘ A LAVAL ¢ < conveaoptiaue, L4000 stratasﬂege "uvu

photonique et laser

CaMmeras
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increases with lower integration

Applications

- For moving objects against a
times!

SSA
- Search for orbital debris
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Applications

10Hz data

Magnitude 10 centroids Magnitude 11 centroids Magnitude 13 centroids
0 0 0
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Applications

SSA
10Hz data

Honeywell VU

@ CORPEY cameras



Applications

SSA
10Hz data

Honeywell VU

@ CORPEY cameras



Applications

10Hz data

EMCCD Gain 1000, M16 RSO @GEO 100 frames 0.1 seconds

CCD ReadNoise 10e-, M16 RSO @GEQ 1 frame 10 seconds

200
250

300

50
100 100
150 150
200 200
250 250

300 300

Honeywell

A COM DEV
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Applications

30 fps, offline averaging
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Observatoire du Mont-Mégantic




o0 (£0U00)

+04™30°

+04™15%

+04™00°

+03™45°

+59903™30°

16"48m26°

Applications

48™20°
a (2000)

48M24° 48M22°

48™M18°

48™M16°

2.0x10°

1.5x10°

1.0x10°

5.0x10*

Photons
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30 fps, offline averaging

G226-29, binsize = 15 s
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+04™15%

+04™00°

+03™45°
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Applications
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Applications

30 fps, offline averaging
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Applications - An EMCCD is a CCD

- Spectral responses are similar

UV imaging
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Applications - LUMOGEN® coating can be applied to enhance UV
response to ~50% of the green response of the EMCCD

70

60 T

50

40 +

30 T

20 T

UV COATED Fl
10 T

/
7 STANDARD FI
/7

0 ] | ] I( ] | ] | ] | ] | ] | ] | ]

! !
200 300 400 500 600 700 800 900 1000 1100
WAVELENGTH (nm)

QUANTUM EFFICIENCY (%) AT 20 °C
T

Front-llluminated CCD response with Lumogen®



Applications - Delta-doped EMCCDs, in development at JPL/NASA
allow for high UV response with respect to MCPs
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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



Conclusions

- 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!
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