The Darkest EMCCD ever

Olivier Daigle"’b , Pierre-Olivier Quirion®, Simon Lessard?

¢ Niivii Cameras, 5155 Decelles Avenue, Pavillon JA Bombardier, Montréal, QC, Canada, H3T 2B1 ;
b Laboratoire d’ Astrophysique Expérimentale, Département de physique, Université de Montréal,
C.P. 6128 Succ. Centre-Ville, Montréal, QC, Canada, H3C 3J7 ;
¢ Canadian Space Agency, 6767 route de I’ Aéroport, St-Hubert, QC, Canada, J3Y 8Y9 ;
4 Photon etc., 5795 De Gaspé Avenue #222, Montréal, QC, Canada, H2S 2X3

ABSTRACT

EMCCDs are devices capable of sub-electron read-out noise at high pixel rate, together with a high quantum efficiency
(QE). However, they are plagued by an excess noise factor (ENF) which has the same effect on photometric measurement
as if the QE would be halved. In order to get rid of the ENF, the photon counting (PC) operation is mandatory, with the
drawback of counting only one photon per pixel per frame. The high frame rate capability of the EMCCDs comes to the
rescue, at the price of increased clock induced charges (CIC), which dominates the noise budget of the EMCCD. The CIC
can be greatly reduced with an appropriate clocking, which renders the PC operation of the EMCCD very efficient for faint
flux photometry or spectroscopy, adaptive optics, ultrafast imaging and Lucky Imaging. This clocking is achievable with
a new EMCCD controller: CCCP, the CCD Controller for Counting Photons. This new controller, which is now commer-
cialized by Niivii cameras inc., was integrated into an EMCCD camera and tested at the observatoire du mont-Mégantic.
The results are presented in this paper.
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1. INTRODUCTION

The operation of an EMCCD! in Photon Counting (PC) mode enables one to get rid of its Excess Noise Factor (ENF).23
The ENF usually plagues the EMCCD when it is operated at a high EM gain and when it is attempted to count more than
one photon per pixel per image.>* This operating mode is referred to as the Analogic Mode (AM). The PC operation, on
the other hand, implies counting only one photon per pixel per image. The reduced dynamic range of an image must be
compensated by reading the EMCCD at a faster pace to avoid the losses by coincidence that occur at high flux. However,
in order to be efficient, the PC operation requires the operation of the EMCCD at a very high EM gain. An EM gain that
is too low will result in many photons being lost in the read-out noise. Figure 1 summarizes this effect. The operation of
the EMCCD at a high EM gain will usually yield a higher Clock Induced Charges (CIC) level.> In PC operation, the CIC,
which might be negligible as compared to the dark noise for long integration times (> 30 sec), quickly arise and become
the dominant source of noise.>® Thus, in order to avoid the ENF of an EMCCD, one must tame the CIC down to very low
levels while having a high EM gain. Even if the CIC could be lowered by operating the EMCCD in Non-Inverted Mode
(NIMO), the Inverted Mode operation (IMO) of the EMCCD is preferable to keep the dark current low. Figure 2 shows
that at a moderate CIC level (0.005 &/pixel/image), the PC operation at a G/o ratio of 20 (which is typical of a o of 50 € and
an EM gain of 1000) will barely be more efficient than the AM operation, and for a very limited flux range. Realistically,
it is useless to operate such a camera in PC mode, as there are more disadvantages (losses by coincidence, higher noise at
low fluxes) than advantages (less than 10% decrease in integration time for a very limited flux range). A higher EM gain is
required to render the PC operation useful. On the other hand, even with a G/o of 50, a very low CIC level is required for
the PC operation to be more efficient than the AM operation over a wide range of fluxes.

In order to reduce the amount of CIC generated by the read-out process of an EMCCD, while being able to produce
a very high EM gain, a whole new EMCCD controller was built. CCCP, the CCD Controller for Counting Photons, was
designed specifically to address these issues. In this paper, the controller will be presented in section 2, and experimental
results obtained with a camera built with CCCP and a CCD97 (hereafter CCCP/CCD97) will be shown in section 3.
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Figure 1. Proportion of counted photons in PC mode, as a function of the G/o ratio. Values are printed for ratios of 8, 16, 20, 33, 50 and
100.
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Figure 2. Comparison of the efficiency of an observation, expressed as the ratio of the observing time required to reach a given SNR,
between the PC and AM operation of an EMCCD. Since the AM operation is capable of counting more than one photon/pixel/frame, the
frame rate of the AM operation can be lower than that of the PC operation. For these plots, the PC operation is at 10 frames per second
while the AM operation is at 1 frame per second. The horizontal dotted line shows a ratio of 1. When a curve is higher than the ratio of
1, the PC operation is more efficient than the AM. A dark signal of 0.001 electron/pixel/second is assumed. Left: Relative efficiency of
a camera having a CIC level of 0.005 electron/pixel/image for various G/o ratios. Right: Relative efficiency of a camera having a G/o
ratio of 50, for varying CIC levels (expressed in electron/pixel/image).



2. THE CCCP CONTROLLER

The CCCP controller is a complete EMCCD controller. It generates the clocks and biases, allows the digitization of
the CCD output signal and includes a communication interface to transfer pixel’s data to an acquisition computer. The
controller components and capabilities are outlined in the subsequent sections.

2.1 Electronics

The CCCP controller comprises three components:

e One power supply ;
e One digital sequencer and communication board ;

e One clock, bias and video board.

The power supply generates the various voltages for the controller’s operation. It is a switching power supply whose
switching clock can be made synchronous with the pixel acquisition. The power supply clock can be synchronized at the
beginning of every read-out process. This allows a fixed noise pattern (very dim, though) to appear in the bias of the CCD,
which can be subtracted easily with bias frames.

The sequencer board generates the synchronization signals needed for the operation of the clocks and video digitization.
It has a time step of 10 ns. The sequencer also allows the operation of a shutter in sync with the read-out, it has a fire output
to synchronize an external device with the exposing of the CCD, and it allows an external input to trigger the integration
and read-out process. The sequencer board also has a Camera Link communication interface to transfer the pixel’s data to
an acquisition computer. The Camera Link has an imbedded serial (RS-232) interface to allow the acquisition computer to
send commands to the controller.

The clock, bias and video board is the board that interfaces with the EMCCD. Up to 4 of these boards can be stacked
into a single controller. Every board generates 13 conventional clocks and 1 High Voltage (HV) clock for the operation of
the EM stage of the EMCCD. The 13 conventional clocks are updated every 10 ns and have a voltage resolution of 12 bits.
This means that every 10 ns, the output of every clock can be independently switched to any of the 2!? producible values.
The clock output is 350 mA between +15 volts. Other voltage configurations are possible.

The HV clock is generated by making an inductance resonate with the capacitance of the EM stage of the EMCCD.
The switching of the resonant circuit can be adjusted in steps of 1 ns, and the HV clock high and low levels can be adjusted
independently by 14 bits DACs. The controller allows the HV clock amplitude to be changed in sync with the read-out
process, which enables one to change the EM gain throughout an image. Various biases are generated by this board.
Theses are constant voltages that can each be adjusted by a 14 bits DAC. Finally, this board has provision for 16 bits data
acquisition (up to 12.5 MHz) for a selection of two CCD outputs (usually the conventional and EM outputs) and a high
speed (up to 30 MHz) 14 bits data acquisition for one output (usually the EM output). The bandwidth of both 16 bits inputs
can be adjusted (through resistors and capacitors selection) to optimize the noise figure of the video acquisition. A new
video board, optimized for low speed (50kHz — 1 MHz), very low noise acquisition is under development.

2.2 Clock generation

The biggest improvements this controller carries over other controllers are related to the clock generation. The high time
and voltage resolutions of the arbitrary clock generators allow one to produce any clock shape. The vertical as well as the
horizontal clocks can benefit of this feature.

By using these arbitrary clock generators, it was possible to measure the impact of the clock shape on the CIC generated
during the read-out process. Results are presented in section 3.1.

3. EXPERIMENTAL RESULTS

Measurements were made in laboratory to characterize the CIC generated by the read-out process of a CCD97 driven
by CCCP. The results are presented in this section. Scientific data gathered at the Observatoire du mont-Mégantic 1.6 m
telescope are also presented.
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Figure 3. Effect of various clock shapes on the CIC generated by the CCD97 during the vertical transfer of the charges as a function
of the frequency of these clocks. For the square clock, the rise and fall times were ~150 ns regardless of the frequency. For all clock
shapes, the amplitude was set to the minimum (within ~ 0.05 volt) at which the charge transfer occurred. This provided a full well about
a half of the deepest well achievable on the device.

3.1 Laboratory experiments

The camera built with CCCP and a CCD97 was characterized in laboratory. Emphasis was put on the measurement of
the various sources of noise generated by the EMCCD. The results are presented in this section. Other characterization
parameters of the camera were also measured (EM gain stability over frame and over time, SNR as a function of the flux
and the operating mode, etc.). The results were published in [5].

3.1.1 CIC

The motivation behind the building of the CCCP controller was to test the impact of the clocks shape on the amount of CIC
generated during the read-out. Since any clock shape can be generated with this new controller (section 2.2), it was easy
to produce the plot presented in figure 3.

This figure shows that at low frequency, the triangular waveform produces less CIC than its sinusoidal and square coun-
terparts. However, the sinusoidal waveform can move charges at a faster pace than the triangular clock while keeping the
CIC low. On the CCD97, the minimum mean level of vertical CIC measured for the triangular clock is 0.0004 &/pixel/frame
at 1.67 MHz. The minimum mean level of vertical CIC measured for the sinusoidal clock is 0.0005 &/pixel/frame at
2.85 MHz.

Figure 4 shows the analysis of about 100000 dark images of 0.05 seconds of integration acquired with sinusoidal
vertical clocks. The vertical structure visible in the image is caused by the vertical CIC, which is not homogeneous across
the frame. The amount of CIC generated into the horizontal register is plotted in the right panel of this figure. It shows that
some regions of the EMCCD are nearly free of vertical CIC. This suggests it is theoretically possible to produce EMCCDs
that, with the help of CCCP, would be nearly free of vertical CIC. This would imply an enhancement of the manufacturing
process to avoid traps from being created at the surface of the CCD, a tedious task.

3.1.2 CTE

The charge transfer efficiency problems were noticed in the EM stage of EMCCDs.!*!! The enhanced time and voltage
resolution achievable with CCCP allow one to better control the CTE across the whole device. In the horizontal register,
measurements showed that the CIC level is very dependent on the CTE (low CTE yields low CIC, high CTE yields high
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Figure 4. Left: Mean of ~100000 dark images of 0.05 second showing the structures created by the vertical CIC. Right: Mean signal
level measured in every column of the dark images. The dashed line shows the amount of CIC that is attributable to the horizontal
transfer. In some columns, there is little signal (~ 0.0001 &/pixel/image) above the horizontal CIC floor, which is constituted of an
appreciable (~50%) proportion of dark signal.

CIC). Thus, in order to achieve low CIC and high CTE, the clock waveforms must be very precisely controlled. Figure 5
compares the CTE achieved with CCCP and a commercial EMCCD camera.

3.1.3 Efficiency comparison

With the high (> 3000) EM gain producible with the controller and the low CIC level, it is possible to compare the
efficiency of the CCCP/CCD97 camera and the commercially available EMCCD cameras based on the CCD97. Most of
the commercial cameras advertise an EM gain of 1000, a read-out noise of ~50 & at 10 MHz, and a CIC level of 0.005
€/pixel/image. Figure 6 compares the efficiency of such a camera with the CCCP/CCD97 camera. The higher CTE achieved
with CCCP/CCD97 is not taken into account in these plots. The figure shows that the PC operation of the CCCP/CCD97
camera allows a given SNR to be achieved up to 33% faster over the 0.1 — 10 photon/pixel/second range at 10 frames per
second than with the AM operation at 1 frame per second (plain line). For lower flux operation, a lower frame rate can be
used to move the efficiency curve towards the left side of the plot. The CCCP/CCD97 camera is dominated by the dark
noise for integration times longer than 5 s regardless of the operating mode. It is thus useless to expose the camera for more
than 5s. The dash-dotted line compares the PC operation of CCCP/CCD97 with the AM operation of the commercial
camera. The dash-three-dots line compares the PC operation of both cameras.

3.2 Integral field spectroscopy results

The CCCP/CCD97 camera was installed on the 1.6-m telescope of the Observatoire du mont-Mégantic (OMM). The
camera was placed at the focal plane of the f/2 focal reducer of the telescope, giving a plate scale of 1.07"” per pixel.
The focal reducer has an intermediate pupil into which a Fabry-Perot (FP) interferometer was placed. This Integral Field
Spectrometer, known as FANTOmM,'> '3 is usually fitted with an Image Photon Counting System (IPCS) made of an AsGa
photocathode. The biggest advantage of the photocathode is its very low noise (~ 10~ &/pix/sec), but its overall efficiency
is limited by its low QE, which is 28% at maximum.

The FP interferometer is a scanning instrument. It is of great interest to scan it multiple times during an observation
in order to average the changing photometric conditions of the sky. The high (R>10000) spectral resolution makes these



Figure 5. Effect of a bad CTE on EMCCD images taken with a commercial camera and with CCCP/CCD97. Dark images are taken at
high gain and were zoomed and false-colored to enhance details. Both cameras were operated at -85°C. Left: A commercial EMCCD
camera. We clearly see some pixels that are leaking in the horizontal direction (circled). The event rate (dark+CIC) measured on this
camera is 0.0084 electron per pixel per image. The gain over read-out noise ratio is 22. Right: The CCCP/CCD97 camera. Pixels leak
are far less apparent. One could note that there is also less events since the CIC level is lower in CCCP’s images. The event rate (dark +
CIC) measured is 0.0018. The gain over readout noise ratio is 22.
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Figure 6. Comparison of the efficiency of an observation, expressed as the ratio of the observing time required to reach a given SNR,
between the PC and AM operation of an EMCCD. Since the AM operation is capable of counting more than one photon/pixel/frame,
the frame rate of the AM operation can be lower than that of the PC operation. For these plots, the PC operation is at 10 frames
per second while the AM operation is at 1 frame per second. The horizontal dotted line shows a ratio of 1. A dark signal of 0.001
electron/pixel/second is assumed. The Niivii camera has 0.0025 electron/pixel/image of CIC and a G/o ratio of 50. The “other” camera
has 0.0084 electron/pixel/image (as measured in [5]) and a G/o ratio of 20.



observations read-out noise limited when using conventional CCDs. This is the reason the FP interferometer is best used
with a photon counting imager. Single exposures can be made arbitrarily small as there is no read-out noise. Thus, the
FP interferometer can be scanned rapidly (~ 5 seconds per channel, ~ 4 minutes per cycle) and the images are co-added
off-line to produce the final data cube.

The galaxy NGC 7331 was first observed with FANTOmM in Ha light in 2002.'* During a run with CCCP/CCD97
at the OMM, this galaxy was re-observed. For this observation, the camera was operated at 2 frames per second, and 10
images per FP channel were taken successively before moving to the next channel. A total of 38 cycles of 48 channels were
observed, totalling ~ 150 minutes of observation, which equated the total integration time of the IPCS observation. Though
the observing conditions were not perfectly equivalent for the IPCS and the CCCP/CCD97 observation, one could argue
that the CCCP/CCD97 observation was made in slightly worse conditions than the IPCS one (read [5] for more details
about this). The CCCP/CCD97 data was processed using a PC algorithm, where only one photon per pixel per image could
be counted. The comparative results are presented in figure 7.

The gain in sensitivity achieved with CCCP/CCD97 as compared to the IPCS is obvious. Pixel for pixel, it was
measured that the same SNR was achieved 5 times faster with CCCP/CCD97 than with the IPCS. Thus, for the same
integration time, the CCCP/CCD97 data reveals a wider and more precise radial velocity field.

The same night the CCCP/CCD97 PC observation was made, another observation of NGC 7331 was attempted. This
time, a single exposure of 5 s per channel was made for the same total integration time. The data were then processed with
an AM algorithm. The PC and AM Radial Velocity maps show, as expected (from the curves of the top left panel), that
the PC observation yields better results than the AM observation, even if the PC operation involved taking more images of
shorter exposure time. As shown by figures 2 and 6, this gain in efficiency could not have been obtained with a camera
having a higher level of CIC and a lower EM gain.

3.3 High speed photometry results

Engineering time was granted at the 1.6-m telescope of the OMM to test the CCCP/CCD97 camera for white dwarf
photometry. The camera was installed at the OMM {/8 focus on a nearly full moon night. The plate scale of this set-up is
0.25" per pixel. The star G226-29 is the brightest ZZ Ceti known and it is pulsates quickly and faintly (one of the lowest
amplitude known), with a period of ~109 s and an amplitude of ~1% over the full visible spectrum.'> For this observation,
a wide band, V filter was used.

The camera was operated at 30 frames per second (0.033 s per image) as an attempt to have a mean signal well below
1 photon/pixel/image, and allow the photon counting operation to be efficient. The histogram of the observation, together
with the relative SNR of the camera, are plotted in figure 8. This figure shows that the very bright sky is acquired at nearly
the peak efficiency of the camera. A faster frame rate would have helped to get a better SNR on the brightest pixels.

One limitation of this observation is the lack of reference star. The small field of view of the 512 x 512 device at {/8
prevented the observation of more than one reference star. Thus, there is only one star that is bright enough to be used as
a reference, and it is a double star, which may cause problems with aperture photometry in case of variable seeing. More
reference stars would have allowed a better monitoring of the sky conditions. Nevertheless, a light curve was extracted,
and it is shown in figure 8. This figure shows a light point every 5 and 15 seconds, which is the result of the binning of
150 and 450 frames. The mean pixel flux attributable to the sky was about 0.45 photon/pixel, and the total flux received by
G226-29 is about 1300 photons/image (over its full radius of about 18 pixels). This yield a SNR of about 700 per 15 s bin.
The reference star is about half of the brightness of G226-29 and its SNR per 15 s period is ~530. These SNRs are high
enough to monitor the 1% variation of the luminosity of G226-29. One great advantage of the high speed data is that the
final bin size can be changed with respect to the required temporal resolution or photometric accuracy, as the data is stored
in 1/30 s bins.

The V filter is not perfectly suited for white dwarf photometry. Usually, a wider filter is used to gather both the B and
V flux of the white dwarf, while preventing the bright sky at longer wavelength from reaching the detector. Since white
dwarves are very bright in the B band, the increase in flux is considerable. Even though this first attempt at monitoring a
77 Ceti was not made in perfect conditions, it shows that an EMCCD, which yield a high quantum efficiency and photon
counting capabilities, can be used for this task. White dwarves of lower brightnesses, who have longer periods and higher
amplitudes could be observed when the sky is darker, even on the small 1.6-m telescope of the OMM.
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Figure 7. Pixel’s flux distribution and Radial Velocity maps of NGC 7731 obtained with an IFS. The observations were made in compara-
ble sky conditions and the same total exposure time was used. The spectral resolution is about 15000. Top left: pixel’s flux distribution
of the CCCP/CCD97 observations over-plotted on relative SNR of the camera in PC (0.5 s/image) and AM (5 s/image) modes. Top
right: Observation with the IPCS. Bottom left: Observation with CCCP/CCD97 in AM at 5 s/image. Bottom right: Observation with
CCCP/CCDY7 in PC at 0.5 s/image.
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Figure 8. Top left: Histogram of the flux of G226-29 observation, over-plotted on the SNR of the camera, as compared to a perfect
photon counting device. Top right: Sum of the ~4100 s of integration through a V filter on G226-29, at 30 frames per second. G226-29
is the bright star on the bottom left corner of the image. The star used as a reference for the differential photometry is on the right side.
It is a double star with a faint companion, which explains its elongated shape towards the right side of the image. Two other stars of
magnitude B=17.7 and B=18.2 are visible. Bottom left: Light curve of G226-29, with 5 s bins. Bottom right: Light curve of G226-29,
with 15 s bins. For both light curves, the 109 s periods are obvious. The error bars are 10



4. CONCLUSIONS

Tests made with CCCP on a CCD97 EMCCD shows that the CIC can be greatly reduced without having to resort to Non
Inverted Mode Operation. The low level of CIC (0.001 — 0.002 &/pixel/frame), depending on the gain, allows one to use an
EMCCD in PC mode. Moreover, the CTE is better handled with CCCP, which further improves the image quality.

Analogic (amplified, no threshold) and conventional (no amplification) operation of the EMCCD with CCCP is also
possible: the controller has the possibility to read the two outputs of the EMCCD. Results presented in this paper involved
data taken with the CCD97, but the controller is able to drive other EMCCDs as well as conventional CCDs. CCCP is
designed to operate the vertical and horizontal clocks at the maximum speed specified by manufacturers, allowing fast
read-out. Lower speed operation is also possible, down to a few kHz of pixel rate. A new video board, optimized for low
speed (<1 MHz), low noise acquisition is under development to further improve the operation of the conventional output
of the EMCCD or to drive a low noise conventional CCD.

The observational results presented in this paper shows that the EMCCD is well suited for very low flux applications
(integral field spectroscopy at high resolution), as well as for fast, broad band photometry. Other than its extremely low
read-out noise, the EMCCD has many advantages over CCDs in these kind of applications, such as easier cosmic ray or
satellite trace removal (lots of frames to compare and easy replacement of the pixels affected), more robustness against
changing photometric conditions (offline processing can easily identify images affected by clouds and remove them), near-
zero overhead induced by the read-out (the EMCCD is of frame transfer type), highly adaptive processing (the data can be
binned as a function of the required SNR/temporal resolution), etc. For spectrometric applications, the spectral resolution
of the observation has little impact on the SNR of the spectra, as the pixels are nearly noise free. The final resolution of
a spectra can be chosen as a function of the flux, and the spectral resolution can be adaptive as a function of the strength
of the emission lines. The EMCCD is well placed to replace existing imagers in instruments, which can provide a quick
upgrade to get photon counting and high temporal resolution capabilities. For high flux applications, the EMCCD can
be used as a conventional CCD, with a ENF of 1 and a low (3-6 €) read-out noise. Thus, when one chooses to use an
EMCCD in an instrument, it does not restrict its use to faint flux operation. Instead, it broadens the range of efficiency of
its instrument.

The CCCP controller is available from Niivii cameras (www.nuvucameras.com). The company is also building
whole EMCCD cameras with this controller.
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