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Abstract

The Shadk-Hartmann (SH) and Pyramid (PYR or PWFS) type wavefront sensors(WFS) are evaluated as
candidate architectures for the NGA O low-order wavefront sensor(LOWFS). The PWFS is seento outperform
the SH in the majorit y of scenariostested in this study, with the notable exception of the single-sub-aperture case
in poor image sharpening (250 nm residual high-order error). For a2 2 sub-division of the pupil, measuring and
correcting the v e rst Zernike modes (Z2-Z6), the pyramid sensorarchitecture was found to o er signi cantly
superior performance over the Shadk-Hartmann over a wide range of conditions. The level of high-order image
sharpening of the LOWFS NGS is seento be a critical parameter that needsto be given priorit y in the design. A
preliminary LOWFS architecture choice is preserted, and someinitial cost estimates are also preserted.

1 Intro duction

From the NGAO WBS dictionary de nition of 3.1.2.2.9LOWFS (low-order wavefront sensor)architecture:

"Consider the cost/bene t and technical maturit y of MEMS-based correction within the LOWFS, using
MOAO control techniques. Include consideration of additional metrology systemsrequired, if any. Com-
pare with cost/benet of MCAO systemto provide tip/tilt star sharpening. Complete when LOWFS
requiremerts and sky coverageestimates have beendocumened.”

As explainedin the work-scope planning sheet,the scope of this trade study hasbeenrede ned and de-scoped seeral
times:

Somemaodi cations to the scope of 3.1.2.2.9have beenmade, which tie in with corresponding modi cations
in 3.1.2.2.10(cf. that WSPS). Modi cations in 3.1.2.2.9include:

Include WFS type (SH vs PYR) in performance/cost TS

Resulting sky coveragewill not be estimated initially in this TS. The WFS architectures are here
compared on a 1-on-1 basis, under the assumption that whichever performs the better at a given
NGS magnitude will provide the greater sky coverage.

To summarize, what is reported on in this documert is a direct comparison of the Shadk-Hartmann and Pyramid
sensorsin a limited set of speci ¢ settings, including the number of sub-apertures and corrected modes, and the
level of partial high-order correction on the LOWFS. It desenesto be emphasizedthat this is not an exhaustive
system optimization or design quest. The goal being here to distinguish between the competing architectures on
equal terms, only a small number of critical parameterswere varied and optimized (i.e. the frame rates and modal
loop gains), while the majoriry of other parameters assumedsome xed valuesthat were admissible, but almost
certainly sub-optimal. This only meansthat, if studied by themseles, ead system con guration could presumably
have beenoptimized somewhatfurther, and what is presenried in this report is not to be taken as the best possible
performanceachievable in either architecture.



Figure 1: Sample wavefront maps output from the LOWFS simulation tool. From left to right: uncorrected wavefront;
high-order DM shape; LOWFS modes shape; the residual wavefront error to scalewith the imagesto its left; the same (res.
wfe.) rescaledto the range of the color table. The above simulation useda2 2 SH LOWFS operating at 143 Hz correcting
v e Zernike modes (tilt to astigmatism) onaJ = 17 NGS.

1.1 Metho dology

In order to carry out this investigation a new simulation code was written, which constitutes one of the deliverables
of this trade study. The code, written in IDL, follows the traditional Monte Carlo type modeling of adaptive optics,
but with an emphasison the LOWFS modeling, which enjoys a number of advancedfeaturesthat allowsthe LOWFS
to be simulated with a high degreeof realism. Thesefeaturesinclude:

A high-order WFS and DM delivers a partially corrected wavefront on the LOWFS in closedloop operation.
multiple WFS types: Pyramid, Shadk-Hartmann, linear gradient

multiple sub-aperture geometries: square,hexagonal,keystone

detailed detector model

{ photon noise: source(Poisson), sky (Poisson)
{ electronic noise: read-out (Gaussian, digitized), dark current (Poisson)
{ chargediusion (any additional OTF, photonic or electronic, may be included)

conditioning of WFS measuremets:

{ linearization within the dynamic range
{ constrained outside of the dynamic range

multi-sp ectral wavefront sensingfor the SH and PYR WFS types, combining any number of a prede ned set
of photometric wavelength bands (seetable 2).

eld stops for spatial wavefront Itering and limiting the sky badkground

Figures 1 and 2 showv somedetails from running the code. Fig. 1 displays the turbulent wavefront, the high-order
and low-order DMs, and the residual wavefront, hile Fig. 2 shows a time history of the low-order modal command
signalsand residuals (left), and an instantanous detector read out (right). IDL code available upon requestfrom the
authors (it requires somenon-standard padkages).

2 Wavefront sensor modeling

While the low-order subsystemof NGAO will most likely employ multiple low-order wavefront sensorsthat jointly
measuresand reconstructs the tomographic null-modes, that composite system is not simulated here. The impact
of residual null-modes are addressedelsewhere,and in this stude we examine the properties of the LOWFS in a
stand-alone scenario.
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Figure 2: Detail from the LOWFS simulation tool (same con guration asin Fig. 1). Left: history of Zernike coe cien ts
estimated by the LOWFS (thick lines) and the error signal (thin lines). Right: noise details of one sub-aperture, showing the
instantaneous levels of source, sky, read-out and dark current photo-electrons. Dotted line is the nal detector signal.

2.1 Shack-Hartmann (SH)

The Shak-Hartmann sensorimplementation is a straightforward near- eld approximation model that extracts the
phaseover eat sub-aperture and propagatesit to form a spot on the detector independertly of neighboring sub-
apertures. This approximation doesnot correctly model the nonlinear behavior for large spot excursions(large local
slopes over the sub-aperture), and for any subdivision of the pupil plane (i.e. whene\er there is more than a single
sub-aperture), it alsofails to accourt for cross-talk betweensub-apertures. Neither e ects are deemedto be serious
for the current study: by measuring exact transfer curves and constraining the measuremen signal, the e ects of
any spurious nonlinear behavior for large local slopes(or a large noisesignal) are minimized. Centroiding is done by
a[-3,-1,1,3]type weighting (i.e. projecting the spot onto a tilt mode), which for a quad-cell reducesto the standard
formula (cf. e.g. Hardy 1998[§).

2.2 Pyramid (PYR)

The Pyramid sensor(Ragazzoni1996[§, Bauman 2003[1, Verinaud 2004[9, Clare 2004[3) placesa pyramidal prism
in the image plane that splits the guide star spot, and propagating to the pupil plane the four re-imaged pupils
are collected on a detector as showvn in Fig. 3. The pupil plane illumination can be described in a mathematical
formalism that is similar to, and showsthe closerelationship to, a Foucault knife-edgetest (seee.g. [9]). The pyramid
sensorintro ducesa number of unique features and new parametersthat needto be understood and optimized for a
good WFS design,including the issuesof modulation and signal reconstruction.

2.2.1 Signal reconstruction

Given the intensity distribution over the four re-imaged pupils, one may employ various pre-processingalgorithms
to the read out detector signal. This step is equivalent to the certroiding step for a Shadk-Hartmann, where the
pixel intensities are processedo produce a slope estimate. Three typesof signal reconstruction have beensuggested:
slope estimation, phasereconstruction, and direct signal (i.e. no reconstruction). The direct signal approach simply
takesthe detector signal, normalizesit to the ux and delivers a 4N -elemen (for a 4-sided pyramid) measuremen
vector of the direct pupil illumination, where N is the number of sub-apertures. The phasereconstruction method
applies an inverseHilb ert transform to reconstruct the phase, which turns the pyramid sensorinto a direct phase
sensor. Finally the slope estimation method is implemented by combining the detector signalsas follows:

S = (I1+1l2 Iz l)=(l1+ 12+ 13+ 14) 1)
Sy (Iz+ 13 11 lg)=(l1+ 12+ 13+ Iyg) ()
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Figure 3: Principles of the pyramid sensor(gure borrowed from Verinaud 2004).

This is equivalent to the quad-cell certroiding formula used for a sub-aperture in a Shak-Hartmann sensor. Using
this formalism, the number of usedmeasuremets is halved (to 2N ) with respect to the direct signal approach. Clare
2004 (PhD thesis) shows that the direct signal approach was able to deliver superior performance under certain
conditions. The current study was not able to verify this result, and found instead that the slope-basedmethod
seemedto be superior in the simulated NGAO LOWEFS con guration.

2.2.2 Mo dulation

Modulation of the focusedspot in a circular path around the pyramidal prism servesthe function of controlling
the sensitivity and linear range of operation of the sensor,in an analogousway to how the certroid gain needsto
be adjusted for the spot sizein a Shadk-Hartmann sensor. For an in nitely sharp spot, the transfer function of a
pyramid sensorwould becomea step function, and even the Airy pattern of a di raction-limited spot will in most
caseshave a very limited dynamic range unlesssomemodulation is applied to reducethe sensitivity. It can be shown
(seee.g. Clare 2004[3) that for a 4-sided prism, the optimal modulation path is actually a diamond-shaped pattern
that runs parallel to the sidesof the prism. For practical reasons,a circular path is usually implemented, and the
relative insensitivity to the exact value of the modulation in a realistic environment (seebelow) suggeststhat no
signi cant error is induced by doing this. The amplitude of the modulation, i.e. the diameter of the circular path,
probably needsto be a dynamically adjusted parameter that adapts to the observing conditions and responds to
uctuations. While a xed modulation could in principal be used,the sensorwould be operating at a sub-optimal
setting for most of the time, and this setting may not be suitable for closing the loop initially , etc.

Denoting by  the modulation amplitude in some arbitrary units and by " a scalar metric derived from the
HOWEFS closed-lmp measuremets (e.g. the variance of the HOWFS slope vector properly normalized), one could
proposeto control the modulation amplitude directly as «+1 = f ("k), wherek is the current LOWFS integration
cycle and f somescalar function to be de ned. If f = " we have a direct proportional control, which will be very
unstable and sensitive to spikesin ". One could imposelower and upper limits to by using a properly scaledand
shifted sigmoid function, e.g. f (") = ¢o+ ¢y tanh(c,"), wheref cy; ¢1; C,g are xed scalarcoe cien ts. It is not clearto
the author whether the ¢; coe cien t should be positive or negative. One may arguethat whenthe residual wavefront
error incident on the LOWFS is large, turbulence itself performs part of the function of modulation by blurring the
spot, and it could prove to be the best strategy to drive the modulation amplitude in the opposite direction of the



Figure 4: E ect of modulation amplitude on slope reconstruction in a2 2 Pyramid sensor. Bottom row: modulated spot on
pyramid. Middle row: intensity distribution at the re-imaged pupil plane. Top row: arti cial visualization of the reconstructed
slopesin the four sub-apertures.

HOWES error metric. This is yet to be investigatedin detail. One could alsoimplement a form of leaky integrator to
give the controlled variable someinertia and make it lesssensitive to uctuations, which generally tends to improve
stability and overall performance. For instance:

k+1 = (L 9o) k+ Gof ("k); 3)

where gy is a scalar gain and 1  gp is the leak factor, which needsto be fairly small in this context. The above
algorithm (with go = 0:5) is what was implemented in the current LOWFS simulation, although many other types
of control laws are of coursepossible,and needto be exploredin more detalil.

One nal issue concerning the modulation is its relation to the interaction matrix, which in the slope-based
mode (presumably also in the direct signal mode) becomesa function of the modulation amplitude. Apart from
altering the sensitivity, which could be compensatedfor if the slope of the transfer function was known (it is), the
speci ¢ amplitude of the modulation can have a nonlinear sidee ect on the slope estimation when a sub-division into
multiple sub-apertures is used with the pyramid sensor. What can happen at certain settings is that a pure x-tilt
is not reconstructed as pure x-tilt in all the sub-apertures, but has a varying contamination of y-tilt, which when
reconstructed into Zernike modescan give a contamination from higher-order modes(e.g. focus, astigmatism). This
e ect is illustrated in the sequenceof imagesin Fig. 4. It is currently not known to the author whether this e ect is
unique to the slope-basedsignal reconstruction, or if the phasereconstruction and direct signal methods would su er
from this also. One consequencef this behavior is that it looks like one should allow the reconstruction matrix to
be selectablefrom a set of pre-computed matrices for di erent modulation settings. This could be done practically
without too much trouble, but it was found in simulations that little or no performancegain was achieved by going
through this trouble. The main result from experimenting with interaction matrices generatedwith varying amounts
of modulation appearsto be that choosing one somewherein the middle and keepingit xed works well for a wide
range of conditions (speci cally, referring to Fig. 4, the matrix corresponding to modulation setting number 5 (not
showvn) was chosenfor the LOWFS simulations in this report, asits sensitivity was suitably in the middle range,
and it estimated slopesvery cleanly with much lesscontamination than most other settings, excepting the very large
modulation settings, e.g. number 10in the gure, where instead the sensitivity becomesproblematically low).



Turbulence model 7-layer CN-M3 KA ON 303
Fractional C2 [0:471; 0:184; 0:107, 0:085; 0:038; 0:093; 0:023] units of
Altitudes [0:0;2:1; 4:1; 6:5; 9:0; 12.0; 14:8] km
Wind speeds [6:7; 13.9; 20:8; 29.0; 20:0; 20:0; 20:0] m/s
ro (at 0.5 m) 18 cm
do (at 0.5 m) 44 m

o (at 0.5 m) 3.8 ms
Outer scalelL 30 m
Zenith angle 0

Telesope circular pupil 73 m?
Diameter D 10 m
Obscuration 25 m

High-order AO Shak-Hartmann NGS or LGS
Sub-apertures N 36 36 944 active
Sub-aperture sized 27.8 cm
Piezo-stadk array DM 37 37 972active
Na-layer altitude 90 km
Integration time 1 ms
Delay (additional) 0

Low-order AO Shak-Hartmann or Pyramid NGS
Sub-apertures N lor2 2
Sub-aperture sized 10or5 m
Corrected modes 2 (Z2-23) or 5 (Z22-26) Zernikes
Wavefront reconstructor SVD or MAP
Wavelength J+H band seetable 2
Optical transmission 0.728 Nas-det

LOWEFS detector near-IR array HgCdTe
Quantum e ciency 0.8
Read noise (Fowler  4) 5 e/pixel RMS
Dark current (77K) 0.1 elpixells
Pixels 2 2 quad-cell (SH)
Pixel size 0.5 arc sec(SH)

Table 1: Common and xed parameters for LOWFS simulations.

2.3 Wavefront reconstruction

Two standard types of wavefront reconstructors were consideredfor the LOWFS system in this study, the SVD
(singular value decomposition) and the MAP (maximum a posteriori, Bayesian) estimator. Anticipating the results
to be preserted in Sect. 4, we nd that the Shadk-Hartmann LOWFS systemsaw little or no bene t from using the
MAP estimator, soit employed a SVD throughout, which simpli es to the pseudo-irnversesolution in this casesince
no modesare being Itered. The PWFS employed a MAP estimator for the 2 2 caseand the SVD for the 1 1.
Thesewavefront reconstructors have the following form:

(GTG) 'GT; 4)
(G'G+ c,h 'GT; (5)

Esvp =
Emap =

where G is the interaction (\p oke") matrix, and is a statistical parameter depending on the seeingand WFS noise
level. C, is the covariance matrix of Zernike coe cien ts in either the Kolmogorov or von Karman turbulence model
(in the Kolmogorov version, this matrix is sometimescalled the Noll matrix, seeNoll 1976[7). Using the von Karman
model that includes an outer scale,the diagonal elemens of this matrix wasgeneratedaccordingto Winker 1991[1Q.



Wavelength certral FWHM color zeropoint ux sky brightness

Band ( m) ( m) correction (10'° photons/s) (mag/arcs?)
U 0.366 0.052 -0.2 19.6 20.90
B 0.438 0.100 -0.6 68.4 22.13
\% 0.545 0.083 0.0 40.6 21.99
R 0.641 0.157 0.6 54.1 20.81
| 0.798 0.154 1.3 34.2 20.25
J 1.22 0.260 2.7 26.3 19.60
H 1.63 0.290 3.8 14.2 17.09
KO 2.12 0.410 4.9 9.39 16.99
K 2.19 0.320 4.8 8.02 16.78
L 3.45 0.570 6.8 3.67 9.91

Table 2: Photometric system. Based on the Johnson-Cousins-Glasssystem from Bessel et al. (1998), as compiled and
preserted in the NGA O_Perf_Budget_Template.xls spread sheet (available at the NGAO Twiki site). The zero point was
computed for a collecting area of 79 m?, and is the photon ux at the Keck Nasmyth from aV = O star.

3 System and environmen t parameters

Tables1 and 3 list the relevant parametersof the AO systemcomponerts, the simulation environment and LOWFS
scenario. The turbulence model is the standard CN-M3. Although the code has the ability to usethe segmered
Keck pupil, it was not used here as it doesnot bear critically on the LOWFS characteristics under investigation,
and PSFswere not being computed in any case. The near-IR detector speci cs were convergedupon from consulting
multiple sources,but arein generalcloseto the TeledyneHawaii-2RG characteristics.

(www.teledyne-si.c ondim aging /h avaii 2rg.html)

3.1 Photometric system

The photometric systemusedfor this study is basedon a template preparedfor NGAO analysis, although not always
used consistertly by the team. There are some (minor, perhaps) di erences betweenthis systemand e.g. the one
usedin the NGAO wavefront error budget Master spread sheet (R. Dekany), but this is not a big worry. While
such di erences may make comparisonsbetweenthe LOWFS simulation and spread sheet predictions subject to a
magnitude o set, the comparisoncan still be made unequivocally in terms of photo-detection events (PDESs) rather
than magnitudes. The relative performanceof the Pyramid and Shak-Hartmann type sensorsfor a given PDE level
will remain una ected if a new photometry systemis adopted, and only the magnitude scaleneedsto be shifted.

4 Sample numerical results

The Monte Carlo type LOWFS AO simulation wasrun for 5000cycles(corresponding to seweral wind crossingtimes),
for eath simulation scenarioas speci ed by the LOWFS NGS magnitude, residual high-order wavefront error, and
LOWES type (SH/PYR and 1x1/2x2 sub-apertures). The level of high-order image sharpening was adjusted to three
xed settings in the following way:

80 nm RMS high-order error (85% Strehl Ratio in J band) was produced by making the HOWFS usea bright
NGS, enulating the best possibleNGAO scenariowhen the LOWFS NGS is at the cernter of a narrow- eld
LGS asterismwith very little tomography error.

160 nm RMS high-order error (52% Strehl): the HOWFS used a 9th magnitude LGS coinciding with the
LOWFS NGS (i.e. no eld anisoplanatism, only conee ect). This emulates the situation if the LOWFS had
a dedicated LGS to usesolely for the purposeof wharpening up its NGS.

250nm RMS high-order error (20% Strehl): the HOWFS useda NGS o set from the LOWFS NGS by 15 arc
seconds. This emulates a variety of NGAO scenariosthat may approach this level of high-order correction in
di erent ways (wide- eld LGS asterism, MCA O, using MOAO algorithms, etc { seee.g. the wide- eld plots in
KA ON 429).



1 1 sub-aperture 2 2 sub-apertures

Jmag framerate PDE Jmag framerate PDE
16 500 294.6 14 1000 232.4
17 250 234.6 15 500 185.6
18 143 163.4 16 250 147.3
19 100 92.9 17 143 102.6
20 83 44,4 18 111 52.5

Table 3: J-band magnitudes, frame rates and resulting photo-detection events (before noise) per sub-aperture and per frame,
for a single sub-aperture (left) and a2 2 WFS (right).

In gure 5 the residual low-order wavefront error (total, from all corrected modes) of the Shadk-Hartmann and
Pyramid sensorsare plotted versusJ-band magnitude (but keepin mind sensingis done at J+H). The rst thing
to note is that the PWFS is seento outperform the SH in almost every casethat was tested with this code so
far, although for the tip/tilt-only casethe di erence is slight. It is notable however that in this con guration the
PWFS performs worsethan the SH at the poorest image sharpening setting (20% J-band Strehl). It was obsened
in this scenariothat large sporadic errors were induced in the 1 1 PWFS by low-order spot deformations (focus,
astigmatism), that were otherwise self-correctedin the 2 2 case,giving much better performancein the latter.
Next, it is seenthat the 2 2 con guration is more adversely a ected at bright NGS by increasing spot size, as
the residual high-order wavefront error increses,than isthe 1 1 system. One also seesthe strong dependenceon
image sharpening overall, as the performancein every con guration rapidly degradeswhen going from 160 to 250
nm residual high-order error.

Figures 6 and 7 show a comparison betweenthe current LOWFS simulation code and performance predictions
obtained with the NGAO Master spread sheettool for a similar system con guration. The residual high-order
wavefront error in that con guration was 130 nm. The comparisonin plotted both versusJ magnitude (left) and
versus the number of photo-detection events (PDEs) per sub-aperture, as this highlighted some of the intrinsic
di erences in the two setups. As is seenfrom the plots versusPDE, the two tools gave their performanceestimations
in somewhatdi erent parts of the parameter space,with frame rates and PDEs di ering signi cantly. While the
comparisonis pretty good for the 1 1 case,the 2 2 LOWFS simulation showvs a much stronger e ect of becoming
limited by increasingspot sizethan the spreadsheettool does.

Around the last data points simulated in ead conguration (J = 20for 1 1landJ = 18 for 2 2), noise
from the three dominant sourceswas obsened to be roughly balanced (by calculating variance of ead source). The
photon noiseon the sourceNGS at 40-50PDE (seetable 3) was seento be of a comparablese\erity asthe electronic
read-out noise from the detector at 5 electron RMS read noise, with the sky background as limited by the 0:5%also
being of the sameorder. Opening up the eld stop would make performance badkground-limited at this end, while
a detector with more than 5 electronsRMS read-out noisewould make performanceread-noiselimited instead.

5 Summary & Discussion

Basedon the results obtained within this study so far, we can make the following obsenations, notes and caveats:

According to the LOWFS simulation, the PYR is seento outperform the SH in the majority of caseshat were
tested, although in the tip-tilt-only casethe di erence is marginal.

The level of high-order image sharpening of the LOWFS guide stars is seento have a dramatic impact on
LOWEFS performance, suggestingthat measuresbe taken to ensuresomeminimum level of image sharpening.

The poor performance of both architectures at the 160-250nm high-order wavefront error settings may be in
part due to sub-optimal sensorimplemertations of various kinds:

{ For the Shadk-Hartmann, the detector pixel size (0:5°§ was not subjected to any rigorous optimization,
but a sizewas chosenthat was obsened to give good performancein the 80 nm high-order WFE regime,
i.e. for a very well-corrected spot on the LOWFS. Performanceat 250 nm level may have beenimproved
with larger pixels.
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Figure 5: Residual LOWFS RMS wavefront error as a function of J-band magnitude, sensortype (SH { black pluses, PYR {
red diamonds) and residual high-order wavefront error shown by di eren t line styles (J-band Strehl ratio within parantheses).
Shown on the left isthe 1 1 sub-aperture tip/tilt sensor,and on the right the 2 2 sub-aperture tip/tilt+fo cus+astigmatism
sensor.

{ For the Pyramid, performanceat the 250nm HO WFE level might have beenimprovedby usinga di erent
interaction matrix, asdiscussedin Sect. 2.2.2. The useof a xed matrix wasbasedupon performancein
the 80 nm WFE regime, and it is possiblethat a di erent interaction matrix could have performed better
at the 160-250nm levels.

Basedon KAON 470[4] and the results of the current trade study, we o er the following as a preliminary recom-
mendation for the NGAO LOWEFS system architecture:

2 near-IR (J+H) tip/tilt sensorswith built-in MEMS DM for image sharpening. These sensorsmay employ
e.g. a STRAP type optical designadapted to a near-IR detector.

1 near-IR (J+H) pyramid sensorwith at least2 2 sub-apertures, and with a built-in MEMS DM for image
sharpening.

At least 1 LGS dedicatedto the LOWFS system for image sharpening.

The STRAP sensor (System for Tip/Tilt Removal with Avalanche Photodiodes, seee.g. Bonaccini 1997[3) is
mertioned here becauseit is a well documerted and routinely useddevice that have optical properties in common
with a pyramid sensor, making it interesting for the current study. It can be regarded as a lenslet-based1l 1
pyramid sensor(Bauman 2003[1) without modulation. Given the superiority of the PWFS comparedto the SH
implementation obserwed in simulations here, evenin the 1 1 tip/tilt-only case,we will referto a near-IR version
of a STRAP type sensoras a preliminary option that could make a good candidate for the tip/tit LOWFS.

With a2 2 PWFS in slope mode, the con guration listed above gives a total of 12 measuremets, which is
enoughto reliably resolve the rst 9 tomography null-modes (and we believe this to be su cien t, compare KAON
470). Although it drivesup the cost somewhat,in the cost/p erformancetrade-o it seemsto make senseto provide
for at least one LGS dedicated to the LOWFS system, in order to be always ensured of decent performance of
at least one of the sensors. For eat observing scenario, based upon the HOWFS asterism and the geometry of
candidate LOWFS NGSs, one would direct the LOWFS LGS to the NGS that would benet the scenario the
most, and have the remaining two low-order sensorsdrive their MEMS DMs from HOWEFS telemetry using MOAO
reconstruction algorithms. How such a decisionmatrix might look is beyond the scope of this study, but to a zeroth-
order approximation, although potentially over-simplifying the situation, it might be an acceptablestrategy to always
usethe LOWFS LGS for the 2 2 PWFS in order to ensurea minimum level of performanceby this comparatively
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Figure 6: Comparison betweenthe LOWFS simulation (black pluses) and the NGA O Master spread sheet (green diamonds)
for the 1 1 case. The spread sheet calculation used a high-order residual RMS wavefront error of 130 nm. Plotted versusJ
band magnitude on the left, and versusPDEs on the right, which illuminates the di ering bandwidth parameters and possible
di erences in the photometry system.

important low-order sub-systemconstituent. This strategy is also suggestedby the obsenation that the 2 2 sensor
takesa larger hit from spot sizeon bright stars than doesthe 1 1 system.

5.1 Technical notes

Field stop. The useof a 0:5% eld stop throughout all the scenariosreduced the noise from sky badkground
illumination substartially. The eld stop could not be made much smaller than this, or the Pyramid sensorstarted
exhibiting problems closing the loop, and in poorer seeingconditions the eld stop needsto be openedup anyway.
As this study concerrated on comparing the SH and PWFS under otherwiase equivalent conditions, the eld stop
sizewas not optimized, but the value 0:5°°was adopted as a number that worked su cien tly well for the whole range
of scenariossimulated.

Dark current. The near-IR dark current that we specied at 0.1 e/pixel/s at 77K was generally seenin these
simulations to be a factor 10>  10® from becominga signi cant sourceof noise. While we found no information of
the temperature dependenceof dark current in HgCdTe arrays, comparing to the behavior of a silicon device (e.g.
the e2v CCD39-01 http://www.e2v.c onid owrlo ad. cf m2yp e=docunent &document =914) it seemslikely that dark
current would not impact the limiting magnitude even at meat-locker temperatures around -40 C, although this
remains uncon rmed.

Mo dulation. While a signi cant amount of time was spent during this study on characterizing and understanding
the e ects of modulation with the PWFS (cf. Sect. 2.2.2), if the spot on the LOWFS has enoughresidual high-order
wavefront error it may not be necessaryto apply any modulation at all. The ideathat turbulence itself producesan
e ect similar to modulation had beenanalyzedby e.g. Costa 2005[3.

5.2 Cost estimate

Based on the architecture suggestedin Sect. 5, table 4 drafts an initial cost estimate for the various componerts
and implementation. Theseare very round numbers listed here only to obtain an order-of-magnitude estimate and
identify the cost-driving elemerts. It wasassumen that a LOWFS dedicated LGS in this casewould be implemented
by splitting o light from the HOWFS lasers, rather than purchasing a new unit. In addition to the STRAP-type
tip/tilt  sensorarchitecture, an alternativ e viable architecture (the \large near-IR array" type) was included for
comparison. This wide- eld method collects any nhumber of available NGS onto a common large detector, which can
provide better tip/tit estimation over a wide eld in the event that there are more than two that can be used. In
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Figure 7. Comparison betweenthe LOWFS simulation (black pluses) and the NGA O Master spread sheet (green diamonds)
for the 2 2 case. Only the contribution from tip+tilt are plotted here, and the spread sheet calculation used a high-order
residual RMS wavefront error of 130 nm. Plotted versusJ band magnitude on the left, and versus PDEs on the right, which
illuminates the diering bandwidth parameters and possible di erences in the photometry system.

addition, this implementation hasthe advantage that no beam stearing is neededand the detector may also act as
acquisition camera. Somedisadvantages of this designinclude the higher cost of the detector and losing the ability
to sharpenthe NGS individually using MOAO control and MEMS DMs (the image sharpening is here done over the
whole eld instead). The performanceof this type of sensorneedsto be further explored, and the issuesregarding
plate scale, linearity and dynamic range better documerted, but as a rough order of estimate one may expext its
performanceto be similar to that of the Shak-Hartmann.
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