A novel CCD design for curvature wavefront sensing
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ABSTRACT

At the European Southern Observatory (ESO) in Garching, Germany, several adaptive optics systems using
curvature wavefront sensors are being developed for the Very Large Telescope (VLT) and the VLT interferometer
(VLTI). Curvature AO-systems have traditionally used avalanche photodiodes (APDs) as detectors due to strict
requirements of very short integration times (200 microsec) and very low readout noise. Advances in CCD
technology motivated an investigation of the use of a specially designed CCD as the wavefront sensor detector in a
60-element curvature AO system. A CCD has never been used before as the wavefront sensor in a low light level
curvature adaptive optics system. This CCD can achieve nearly the same performance as APDs at a fraction of the
cost and with reduced complexity for high order wavefront correction. Moreover the CCD has higher quantum
efficiency and a greater dynamic range than APDs. A readout noise of less than 1.5 electrons at 4000 frames per
second was achieved. Back-illuminated thinned versions of this CCD can replace APDs as a new detector for high
order curvature wavefront sensing.
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1. INTRODUCTION

Curvature AO-systems have traditionally used avalanche photo diodes (APDs) as detectors. APDs are photon-
counting devices that produce a pulse on their output whenever a photon is detected. APDs have no read-out noise
and read-out is amost instantaneous. However, they have some serious drawbacks compared to charge-coupled
devices (CCDs):

* Small dynamic range: For the duration of the avalanche of electrons fi typically around 40 nsii the APD is
blind to any new photons arriving. This limits the dynamic range of the APD and reguires the use of neutral
density filters to adapt the incident photon flux to the dynamic range of the APD. CCDs, on the other hand,
have an enormous dynamic range and thus require no filters.

* Low quantum efficiency: The quantum efficiency, which is the probability that an incident photon is
detected, is lower for APDs than for CCDs. APDs typically have a peak quantum efficiency of 70% at
700nm, while the same number for CCDs is over 90%.

* High dark current: APDs generate dark current, or false photon counts, of 100 to 250 counts per second
depending on the cost of the APDs, while a well-cooled CCD generates a negligible amount of dark
current. The dark current affects the performance of the system when faint guide stars are used.

» High cost: A 60-element AO-system using APDs is significantly more expensive than one using a CCD.

The above facts combined with advances in CCD-technology motivated an investigation of the use of a special-
purpose curvature-CCD as the wavefront sensor detector in a 60-element curvature AO system [2,3]
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2. CURVATURE SENSING - HOW DOESIT WORK?

Curvature wavefront sensors are used in two of the most successful astronomical AO systems [1]. A curvature
measures the intensity I; in an intrafocal plane and the intensity 1, in an extrafocal plane and compares these
intensities to determine the curvature of the wavefront. The normalised difference, (l4fil,)/(11+l5), is used to
reconstruct the wavefront. An oscillating membrane mirror is used to modulate the location of the plane being
imaged on a single detector. During one half-cycle of the membrane motion, the detector records the intrafocal
distribution of light, and during the other half-cycle it records the extrafocal distribution. In principal, only one out
of focus image is needed to measure the wavefront curvature. However, using both the intrafocal and extrafocal
images makes a curvature system work better for several reasons: (a) there is automatic compensation of systematic
errors - variation in quantum efficiency, electronic gain, etc., (b) there is compensation of atmospheric scintillation,
and (c) the control signal is simple fi move the deformable mirror so that the intensity difference is zero. In a
curvature AO system, the goal is to make the intensities equal on both sides of focus fi this will occur when the
wavefront is flat.
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Figure 1 A schematic diagram of the principles of curvature wavefront sensing.

Figure 2 Computer simulation of curvature wavefront sensing.: (a) wavefront distortion, (b) infrared focal plane image, (c)
intrafocal image, (d) extrafocal image (e) curvature signal at high resolution, (f) curvature signal binned into 60 subapertures.
Simulation parameters: 0.66 arcsec seeing (at 500 nm), sensing wavelength = 700 nm (monochromatic), infrared image
wavelength = 2.2 um, out of focus distance = 25 cm, telescope focal length = 400 m, telescope diameter = 8 m with 14%
obscuration from 1.12 m diameter secondary. Photon noise has not been simulated fi al signalsareiinfinitel light level.

A more redlistic curvature signal is shown in Figure 2, which presents a Kolmogorov atmospheric wavefront
distortion, the infrared focal plane image, intrafocal and extrafocal images and the curvature signal. These signals
were generated using a computer simulation [4]. In Figure 2, the AO loop is not running and thus the curvature



signal extends well beyond the pupil. The speckle structure of the out of focus images is partially due to
monochromatic light assumed in the simulation and integration over the 400-1000 nm bandpass of a silicon sensor
would have a smoother structure. Picture (f) shows the signal binned into 60 subapertures. Practically this is done
viaalendet array

3. ARCHITECTURE OF THE CURVATURE CCD

CCDs have not traditionally been used for curvature wavefront sensing since a standard geometry CCD with readout
noise will give performance that is much worse than the performance of APDs. The key to making a CCD work in
this application was on-chip integration. In order to fulfill the requirements, we utilized the following design
options:

»  Use of superpixels, i.e. bin on-chip, to loosen alignment tolerances.

» Layout pixels on agrid to lower risk, using fibers to feed from the lendet array to the CCD, as is done with

APD modules.

»  Usemultiple readout ports to have slower readout rates and hence lower readout noise.
This CCD has the ability to shift intrafocal and extrafocal photoelectrons integrated in a superpixel into charge
storage areas on either side of the superpixel. The CCD can then be read out relatively sowly while the next
integration starts on the chip. The architecture started with the definition of a unit cell (one subaperature).

3.1 Layout of one unit cell
Figure 3 shows a functional drawing of a unit cell, with an integration area made of 20 x 20 pixels, each 18 um
square. These form an imaging area (1A) of 360 by 360 pum for each subaperture, large enough to focus the light
without optical crosstalk to other pixels. These pixels will be binned by rows into the storage areas SA and SB. The
storage areas are small compared to the imaging area, being only one pixel wide.
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Figure 3 Unit cell overview - Superpixel architecture.

The SA and SB storage areas are used as a memory to store charge from the imaging area for multiple cycles of the
membrane. After integration is completed the charge is moved into SC and then into the seria register for readout.
The compl ete imaging area can be shifted into a storage area within 10 psec, during the relatively flat portion of the
membrane oscillation. A minimum number of clock phases is used to move and store the charges in the storage
areas. Storage SA and SB have only 2 phases to store and move the charge. Three phases are needed for the storage
area SC (SC1, SC2, XG), since atransfer gate isrequired as a barrier between SC and the serial register

3.2 Layout of one unit column with associated readout amplifier
Ten unit cellsin the vertical direction are combined to form one unit column. There are only 3 prescan pixelsin the

serial register (see Figure 4). Since each unit column is a collection of 10 unit cells and only 8 of the unit cells are
needed, we have the possibility to leave thefirst 2 cells empty to i warm upi the electronics for the 8 cells with light.



If there is no need to warm up the electronics, the spots are put close to the output amplifier and hence the warmup
timeissaved. In addition the two extra cells will gave flexihility to avoid cells with traps.
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Figure 4 Unit column design - Schematic diagram with the clock phases and output amplifier circuit.

Figure 4 shows a schematic drawing of the unit column with the clock phases needed before the output amplifier
circuit and also the phases needed for the output structure.

3.3 Tip/tilt sensor

Simulations showed that for a 60-element curvature system Strehl is improved with separate tip/tilt sensing. The
CCID-35 aso includes a tracker chip to be used as a tip/tilt sensor. The tracker chip simply integrates charge and
reads out; there was no need for storage area SA, SB and SC. The tip/tilt sensor only has clocks AL, IA2 and A3
and XG. The tracker is a bit wider (24 pixels) since we expect to get at least 50 photoelectrons into each icelli of
the tracker chip; the extra rows provide tolerance for alignment and the use of larger fibers. Since we only need 4
subapertures in the tracker, it has a reduced length of 160 pixels.

The tip/tilt sensor is clocked completely independently of the curvature WFS CCD portion of the device. One can
integrate and read out this tip/tilt array at a different rate, although for noise reasons it might be useful to
synchronize the clocks of both arrays.

3.4 Layout of the complete curvature CCD

To summarize the design, each superpixel consists of 20 x 20 pixels, where a pixel is 18 x 18 micronsin size. The
total height of each column is 10 superpixels or 200 pixels. There are 8 columns for atotal of 80 superpixels and an
independent tip/tilt sensor array. Figure 5 shows the CCD design of the curvature wavefront sensor array and Figure
6 pictures of the CCD. The total width of each unit column, including the gap, is 550 um. There are substrate
ground connections between the output circuit and the bottom of the imaging pixels to ensure good isolation of the
clock waveforms from the output circuit. The output gates from the 8 outputs of the curvature array are connected
together on the chip to minimize the pin count and simplify packaging. All of the corresponding clocks and bias
lines for al unit columns are wired together on chip. Also the corresponding drive voltages for the amplifiers
circuits are wired together. Only the drain voltages for the output amplifier are brought out separately to be able to
optimize noise and linearity for each amplifier individually.
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Figure 5 CCD design - curvature wavefront sensor array. The design consists of 80 unit cells. Ten unit cells are combined into a
unit column. Each of these unit columns has an amplifier at the i bottomi end of the serial register. On the right side of the device
isthe tip/tilt sensor.
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Figure 6 Pictures of the frontside device

3.5 Functionality and Readout modes

To illustrate the functionality of the curvature CCD, the following four examples of readout modes are shown.
Figure 7a shows a dark frame of the curvature CCD in the non binned mode. Per readout port 200 image + 10
overscan pixels (including 3 prescan and 1 pipeline) are read out in the seria register and 20 image + 4 overscan
pixels are read for the paralel lines. Figure 7b shows the same image but with the 60 spots of the fiberfeed
projected via the Offner relay optics onto the CCD. Figure 7c shows an unbinned image with the charge for 10
extrafocal times stored in the storage pixels SA and the charge for 10 intrafocal times stored in the storage pixels SB.
The light flux was kept constant during those exposures and hence the same amount of charge was stored in SA and
SB. Finally Figure 7d shows the CCD in curvature mode, i.e. the pixels were binned 20 x 20 with the charge for 10
extrafocal times stored in the storage pixels SA and the charge for 10 intrafocal times stored in the storage pixels SB
and then read out. For better visualization the parallels lines are overscanned by two superpixels.
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Figure 7 Functiondity of the curvature CCD

4. PROTOTYPE SYSTEM AND CCD PERFORMANCE

To test the performance and the functionality of the curvature CCD, a laboratory system has been built to allow
independent testing without the need to interface to a full adaptive optics system. An integrating sphere and a stable
light source were used to simulate the membrane movement and providing the light signal for CCD characterization.
An Offner relay optics was designed (consisting of two spherical, reflecting surfaces) to re-image the light of the
fibers 1:1 onto the superpixels) and afiberfeed with 60 individual fibers plus 4 additional fibers for the tip/tilt sensor
to feed the subapertures of the CCD with light. A picture is shown in Figure 8.

At low light levels, for 14™ magnitude and fainter stars, 1 to 2 electrons noise at a readout speed of 50,000
pixels/port/sec is required. A readout noise of less than 1.5 electrons was achieved for all readout ports including the
tip/tilt sensor at a readout speed of 4000 frames per second. With al pixels per readout port binned into 12
superpixels, it was possible to read the seria register relatively slowly at 50 kilopixels per second with a measured
responsivity of the CCID-35 of 14.2 puV/electron + 5%. Figure 9 shows atypical readout noise and conversion factor
versus drainvoltage. Vertical and horizontal CTE were measured better than 0.99999 down to lowest light levels
with a residual non-linearity of the complete system better than 0.5% / -0.5%. (peak to peak). The CCD has a
negligible amount of dark current at 197 Kelvin (0.25 electrons per subaperture at 50 Hz frame rate). The devices
tested so far have excellent cosmetic quality which is highly important for a wavefront sensor and will be discussed
in the next section in more detail.
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Figure 8 Picture of the prototype system
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Figure 9 Readout noise and conversion factor versus drainvoltage

5. LOWLIGHT LEVEL OPERATION

Apart from the low noise capability of the curvature CCD, the CCD must also be able to transfer small charge
packages down to one electron with high efficiency to be used as a low light level wavefront sensor in adaptive
optics. Traps, which absorb and release electrons on a very short timescale can cause a fluctuation in the charge of
the pixel and hence add to the noise of the CCD. CTE usualy is dependent on the amount of charge being
transferred because low-level cosmetic defects can trap small charge packages in a pixel. At low light levels



problems usually occur when the potential wells are amost empty or just have a small charge package stored. To be
able to move single electrons with good charge transfer efficiency, there is a notch in the channel design of the
CCID-35s, which reduces the ability of traps to capture electrons. This notch or trough is 2 microns wide in the
image pixels and 3 microns wide in the serial pixels.
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Figure 10 CCD image with ~ 1 eectron charge per pixel and areadout noise of 1.4 electrons and its horizontal cross section.
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Figure 11 Average frame of 256 CCD image with ~1 electron charge per pixel and areadout noise of ~0.1 electrons and its
horizontal cross section.

To verify the capability of the CCID-35s to move very small charge packets with high efficiency, the input
illumination on the fiber entrance was turned down with neutral density filters to give a signal of ~1 electron per
pixel per exposure. Figure 10 shows a strip of a CCD image for one amplifier with a readout noise of 1.4 electrons.
The signal produced in the fiber spots is aimost not visible and embedded in the noisy trace of the readout noise.
Hence 256 exposures with the same illumination level were summed up and normalized. Figure 11 shows this
image and the horizontal cross section of the spot signals.The chargeis clearly visible and was measured to be 4 to 5
ADU (1to 1.5 electrons) on average per pixel per frame. Due to averaging the single exposures, the signal to noise
ratio was improved and the random noise was reduced and measured to be about 0.1 electrons.

Traps or blemishes however would also be seen in that image but the CCD has an extremely good cosmetic quality.
The single electron events that made up the signal in the low light level frame are clearly separated in the average
frame and indicate that single electrons have been transferred with a high efficiency throughout the device. The
ramp-up effect seen at the beginning of the image (first 20 pixels) is not due to a trap in the CCD, it is due to a



warm-up effect in the electronics at the beginning of the readout of the serial register. Since the CCD consists of 80
subapertures there was no need to use the first superpixel of each CCD column.

Going to even lower light levels was one of the most interesting tests with the curvature CCD to show that the CCD
can transfer also very low signal charges per subaperture i.e. a 20x20 binned superpixel. To verify this capability a
single image taken at a specific light level was compared with another image obtained by adding a large number of
individual images each taken at a much lower light level. Hence the total number of photons per pixel in the two
images should be the same. Thiswas done at a number of light levels and the results are very consistent. Figure 12
shows a series of images of the curvature CCD with the first 4 amplifiers of the CCD i.e. 30 subapertures. The first
image is an exposure adding up charge for 4 cycles, resulting in an image with ~1 electron charge per subaperture.
The signal is completely embedded in the noise of the frame. The second image shows the sum of 16 four-cycle
images and the third image shows a sum of 256 four-cycle images added together. For both the 16 image sum and
the 256 sum the signal in the individual subaperturesisclearly visible. For comparison the last image shows a frame
at much higher signal levelsto identify the subapertures fed with photons by the fibers.
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Figure 12 Images of one 4 cycle(1)exposure, 16 four cycle(2) exposures, 256 four cycle(3) exposures with ~1 electron charge
per subaperture per 4 cycle image and one image at ahigher signa level (4)

Figure 13 shows similar images of the same kind, but the LED has been switched on only during the intrafocal
integration times of the readout mode. Hence only the subaperatures for the intrafocal photons contain the charge.
This result also demonstrates that the CCD is not only able to move very low charge packages within the CCD, it

shows also that the charge movement goes in the desired direction.
(4)

Figure 13 Images of one 4 cycle(1)exposure, 16 four cycle(2) exposures, 256 four cycle(3) exposures with ~1 electron charge
per subaperture per 4 cycle image and one image at ahigher signal level (4) but light turned off during extrafocal times.
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These images show qualitatively how well the curvature CCD is transferring charge at extremely low light levels
and that the signal detected in the image depends only on the integrated signal levels and not on the numbers of
images added together to achieve this signal level. This chapter shows that the CCD meets all the requirements
needed to be able to be used as a wavefront sensor in alow light level curvature adaptive optics system. With the
results of the CCD characterization another simulation run was started to compare the performance of the CCD with
avalanche photo diodes traditionally used for curvature wavefront sensing in astronomy. The results of this
simulation are presented in the last section of this paper.



6. CCD PERFORMANCE COMPARED TO APDS

With the results from the CCD characterizations, another simulation was started to compare the performance of the
CCD with respect to the performance of the avalanche photo diodes for the 60 fi element ESO MACAO system
taking into account the results obtained with the characterization of the CCDs. The properties and simulation
parameters are listed in Table 1.

Property APD CCD
Sky background magnitude 19.0 19.0
Field of view diameter 2" 2"
Quantum efficiency 70% 80%
Dark current [electrons/s] 250 0
Read-out noise [electrons RMY 0 15
Read-out delay [ 5] 0 250
Seeing [arcsec] 0.65 0.65

Table1 Specifications of the curvature wavefront sensor detector for APDs and CCD

Figure 14 shows the results for the CCD. The CCD performs as well as APDs over the entire range of magnitudes
down to very faint guide stars at magnitude 18. The plot shows a small difference of the performance of the CCD of
3% at magnitude 15 compared to APDs. At lower light levels the CCD outperforms the APDs due to its higher
qguantum efficiency. Note that this comparison is only a relative comparison between the detectors and not in terms
of absolute Stehl for an AO-system. Different models of the atmosphere and the inner setup of the rest of the AO
system like the characteristics of the deformable mirrors would give a different result in overall Strehl. However
this does not affect the relative comparison of the wavefront sensors.

Performance of CCD compared to APDs

Strehl ratio

Guide star magnitude

Figure 14 Performance of the curvature CCD with 80% quantum efficiency compared to avalanche photodiodes.
7. CONCLUSIONS

It was demonstrated that the CCD can be operated at noise levels down to 1.5 electrons at a frame rate of 4000
frames per second. This was possible by binning all pixels per subaperture and hence read the seria register at
slower speed i.e. 20 s per superpixel. It was also possible to maintain this noise performance for longer integration
times (i.e. integration for more cycles of the membrane) due to the novel design of adding up the charges on the



CCD. Readout noise has been the limiting factor in using standard format CCDs as the wavefront sensor in
curvature systems. Furthermore a very demanding requirement for the curvature CCD, the ability to move very
small charge packages with high efficiency was demonstrated. This makes the device well suited for low light level
applications. The curvature AO CCD is now packaged in backside illuminated versions which are undergoing
detailed testing at the moment.

Those detectors will be used by ESO as an upgrade option to the current APD sensors if those have a high failure
rate and will be also used by CFHT to upgrade their 19 element PUEO AO system to a 105 element "PUEO NUI"
system [6, 7, 8]. Thisisrelatively high order AO for a 3.6-meter telescope, with the goal of producing diffraction-
limited imagesin the red part of the visible spectrum.
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