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A simple adaptive optics system

Wavefronts External
Earth's Atmosphere

~— Tpopause 10k * Most precious signal 1s the signal
T detected by the wavefront sensor.

AT ~_ Boundary Layer . . .
=> Primary limit of performance

1s photon noise of the signal
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Basic requirements for wavefront sensors

High Quantum efficiency

Low readout noise

Ability to take very short exposures
Fast readout must be possible

Minimum phase lag (minimum delay)

Limit of the wavefront sensor should only be photon noise!
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Shack -Hartmann and curvature sensing
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SHACK-HARTMANN CURVATURE

WAVEFRONT SENSING
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( focus
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Curvature wavefront sensing looks at intensity between pupil
image and image plane. Curved wavefront comes to focus
before and after nominal focal plane and thus is brighter or
dimmer in out-of-focus image. Must sense on both sides of
focus to calibrate scintillation.

brighter
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Curvature sensing (1)

Intrafocal Focal Extrafocal

plane plane plane » A flat wavefront focused by
a lens, showing the

— intrafocal and extrafocal
image planes on either side
T of the focal plane.

» Propagation of a flat but
tilted wavefront and the
resulting curvature signal.

* Qrey i1s a curvature signal
of zero, white is positive
and black is negative.

* The dashed line shows
the outline of the pupil.
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Curvature sensing (2)
* The change in intensity from intrafocal to extrafocal planes is due to the curvature of the wavefront over
the pupil and the tilt of the wavefront at the pupil edge.

»  The usefulness of this signal for adaptive optics was first recognized by Francois Roddier (1987) and he
first presented a system concept for wavefront sensing (Roddier, 1988).

*  Using the vector 7 for the location x,y in a z-plane, /,, 1, for the intrafocal and extrafocal images, and / for
the intra- and extrafocal distances, Roddier used the geometrical optics approximation to derive the
curvature signal as,

_L(r)=1(=r) _H(f-D) Vz¢(frj_8¢(fr)57
L(r)+1,(-r) 27 [ ) on\ I )°

S(r)

* where f'is the telescope focal length, is the derivative in the outward pointing radial direction and is a
linear impulse function at the edge of the pupil (both at the outer edge of the primary and the inner edge
due to secondary obscuration).

»  The radial wavefront tilts provide the boundary conditions necessary to determine the phase from the
curvature signal. Normally, in an operating curvature AO system, the phase is never computed as the
Poisson equation is solved automatically by the bimorph mirror response function. Since tilt is only
sensed at the pupil edge and the curvature signal is sensed over the entire pupil, this approach of sensing

wavefront distortions is called curvature wavefront sensing.
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Curvature sensing - Computer simulation of curvature wavefront sensing
 AO loop open:
(a) wavefront distortion,

(b) intrafocal image,

(b) (c)

(c) extrafocal image

(d) curvature signal at
high resolution,

(d) (e) (e) curvature signal
«  Simulation parameters: 0.66 arc sec seeing (at 500 nm), sensing binned into 60
wavelength = 700 nm (monochromatic), infrared image wavelength subapertures.

= 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 — all
signals are “infinite” light level.
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Implementation - AO curvature wavefront sensor

Focal plane

|

|
Converg}ng beam I
from main mirror |
of telescope I

|

|

Deformable mirror
in the pupil plane

Membrane mirror
in the focal plane /

Re-imaging lens

Detector

Lenslet array
in the pupil plane
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Membrane function

Membrane
position

Focal length of membrane [m]

|
0 0.25 0.5 0.75 1
Time [ms]

Membrane amplitude (dashed line) and membrane focal length (solid line) as a function of time for a 2 kHz
membrane frequency with the minimum focal length set to 25 cm. Typical parameters for a membrane are: d = 10

mm, f/, =25cm, 4 =100 um. It is amazing what an oscillation of a small mirror by the width of a human hair can
do!

min
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Subaperature geometry

17.50 ]

14.00 1
11.48]
8.97 1
6.48 |
4.05 1

« Subaperture geometry for ESO's 60 element curvature AO systems

7/2/01 11



Reinhold Dorn A CCD based curvature wavefront sensor S <

CCD design - design considerations

60 integration areas

Very short exposure times (250 psec) with “long” integration times (1 to 20 msec, 2
to 40 membrane cycles)

Ability to switch between half-cycle integrations within 10 pses

Lowest possible noise: 2 electrons maximum, < 1 electron desired (including all
sources — dark current, readout noise, etc.)

Ability to store half-cycle frames on-chip while integrating other half-cycle frames.

The key to making a CCD work in this application is on-chip integration. In order
to fulfill the requirements, we have utilized the following design options:

Use superpixels, 1.e. bin on-chip, to loosen alignment tolerances

Layout pixels on a grid to lower risk (keep it simple!), using fibers to feed from the
lenslet array to the CCD, as 1s done with APD modules

Use multiple readout ports to have slower readout rates and lower readout noise.
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CCD design -unit cell ”

UNIT CELL OVERVIEW
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360x360 um 550 pm
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CCD design -CCD array ”

550 pm

432(W)x360(H) pm

Curvature Wavefront Sensor Array

Tip/Tilt Sensor Array

<
—
<
~—<
<
<
<
<

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 "bottom" end of
the serial register.

One the right side of the
device is the tip/tilt
sensof.
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ESO / MIT/LL CCID-35
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Expected QE for the thinned CCD (versus APD) >

Expected quantum efficiency of the CCID-35 for curvature

wavefront sensing Measured quantum efficiency of an EG&G APD module

100 - 100 -
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Wavelength [nm] Wavelength [nm]

» High Quantum efficiency (peak > 90%)

+ the ability to store charge while reading and integrating

» Thinned versions of the CCD are expected by the end of 2001
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System performance - Stmulation results

Photon counts per subaperture per second
667k 265k 106k 42.1k 16.7k 6670 2650 1060 421

. 0.9
O - APDs with 250 dark current counts per second

X © CCD with 2e read-out noise and 0.25 ms read—out delay

o
o

o
3

o
o

0.5

0.4

0.3

0.2

0.1

10 11 12 13 14 15 16 17 18
Guide star magnitude

Strehl ratio in K-band for the different detectors.

Specifications of the detectors.

Property APDs CcCb
Peak quantum efficiency 70% 80%*
Dark current [electrons/s] 250 0
Read-out noise [electrons RMS] 0 2
Read-out delay [ps] 0 250

* includes light loss in the additional relay optics required for the CCD.

7/2/01

Strehl ratio

Measuring the integrated Strehl
ratio in K-band achieved by the
system for guide stars of
magnitude 10 to 18, these curves
are obtained.

The difference in performance
between APDs and the CCD is
only significant at magnitude 15
and 16 where the APDs perform
better than the CCD by five and
two percent Strehl respectively.

For all other magnitudes, the
difference amounts to less than
0.6 percent Strehl.
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Laboratory system design - Relay optics >

Lenslet array

(]

Fiber bundle

Reflecting surface

Reflecting surface

7/2/01

* An Offner Relay design
consisting of two spherical,
reflecting surfaces will be used
to re-image the light of the
fibers 1:1 onto the superpixels

*Optics has a maximum blur of
60 microns (100% encircled

energy)

*Fiber is comparable to a 3
arcsec field of view in the VLT
curvature AO system design
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Laboratory system design - Cryostat >

Calculated dark current for the MIT/LL CCID-35

solid line:
darke current [e-fpuzelis]

dashed line: B
1 | dark current [e-fsuperpizel/20 ms] —

vvvvv

Dark current

01—

0ol —

Cg/o\ffdl‘ de.fl;gﬁ @/]L LZ%O?’Z 140 160 120 200 220

Temperature [k]

*The CCD must be cooled to a temperature of 192 Kelvin or
- 81°C to achieve a dark current of 0.25 electrons per superpixel
at 50 Hz frame rate.

*Thus liquid nitrogen and a cryostat is used to cool the CCD.
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Laboratory system design - Detector board >

* Detector board important for
low noise performance

* No connectots inside the
cryostat

* No active electronics inside
the cryostat

L SRR I R

(bR
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Laboratory system design - Fiber Feed and Simulation setup

TESTSETUP TO SIMULATE THE MEMBRANE MOVEMENT

INTEGRATING SPHERE
FLAT LIGHT

FIBER BUNDLE TO CCD

voltage

LED1

77

LED2 voltage

[ A

[— — time
KOHM KOHM

time

Clock pulse from CCD Controller

Bias voltage from CCD Controll,
ias voltage from ontroller with accuracy of 25 ns

LIGHT RESULTING LIGHT SIGNAL TO THE CCD
INTENSI

Time

I
5us 240 us
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Laboratory system design - Picture of the lab system
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Results - CCD readout modes >

Rtd - Real-Tine Display, version 2,46 - ~ Rtd - Real-Tine Display, version 2,46 [-]a

Graphics Real-time File View Graphics Real-time Help

Object: |coid3s

Ohject: [ceidas

|
%: [-26.5 ] ¥: (2350 | value: | |
| Equinox: | : .
Max: [1015 | Bitpix: [-16 | | J ] e | |
Min: (883 | Max: EBZ7 | Bitpix: [-18 |

Low: [380 High: [1001 Auto Set Cut Levels
Scale: & = Zlil = gﬂl Camera; ccid3s

Low: [307 High: (3000 Auto Set Cul Levels
wae | = —| 7]zl SI2H ¥ ER.

-35 image in unbinned mode with the spots of the 60 fibers

851x846
L ] L]
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Results - CCD readout modes

|~| Rtd - Real-Tine Display, version 2.46

Graphics Real-time

Graphics Real-time

Ohject: |ceid3s

Object: |:ws_mude fite

Equinox: |

Bitpix: 15

[ = —|Zlzl 82N

Photons of 10 cycles in storage pixels SA and SB
Reading the CCD in non binned mode

Camera: ccid3s
O Attached

Photons of 10 cycles in storage pixels SA and SB
Reading the CCD in curvature mode with 20x20 binning

Intrafocal photons

Extrafocal photons

| =] 7] 2] Sl 2inl

|
% [c245 | v: [z345 | wvalue: | : -7 |
o | | 5 | | Equinox: | | J| % |
in: (1353 Max: [17480 ]
Min: (883 | Max: (6627 | Bitpix: -16 |
: 1353 High: [17480
Low: [307 High: [3000 Auto Set Cut Levels |

Auto Set Cut Levels

Camera: ccid35
Detached

afocal photons

i [E] Image Zoom: magnifed section of image. @ = toggle on‘off
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Results - CCD readout noise performance

readnoise (electrons)

Drain voltage versus readnoise

Readout noise < 1.5 electrons
at 4000 frames per second

Conversion factor 0.25 electrons/ADU

18

18.5 19 19.5 20 20.5 21 21.5 22

drain volttage (volts)

—+—readnoise chl = readnoise ch2 —+ readnoise ch3 — readnoise ch4

22.5
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A CCD based curvature wavefront sensor

Results - Photon Transfer Curve

GalM CALIBRATION OF CCID—35 FRONTSIDE DEVICE
rTTTTTT T T T T T T T
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Results - moving small charge packages

Single exposure ~ 1 electron/pixel

[ ssssseas
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(readout noise 1.3 electrons @ 50 kps)
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full well @ 20000 electrons)

Results - CCD Linearity

Linearity curve up to

A CCD based curvature wavefront sensor

Residual non Linearity curve
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From a prototype system to a science system

* Ewvaluation of the thinned versions of the CCD.
(Difference should only be higher QF for the thinned CCDis!)
Requires new PCB inside the Cryostat.

FIERA DSP/control software adaptation.

Synchronization of the readout modes with the membrane

frequency.

(Hardware already foreseen in the new FIERA PCI - SI.CU).
Interface to MACAO OS.

Timing board /RTC interface board +software.

7/2/01
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Conclusions

* This CCD achieves nearly the same performance as APDs and thinned

versions have the potential to work as well as APDs with reduced cost
and reduced complexity (no neutral density filters needed, simpler).

* CCD has a higher quantum efficiency than APDs and greater dynamic
range than APDs (factor 1000).

* A readout noise of less than 1.5 electrons at 4000 frames per second has
been demonstrated.

* This research showed that detectors can be successfully designed for
special purposes (instruments).

* Special lenslet array that images the pupil image directly onto the grid
structure of the CCD is under investigation (hence no light loss due to
relay optics or fibers).
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