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Proposal Summary

In Fall-Winter 2008 at Big Bear Solar ObservadNVFS) and reconstructor electronics system, and the
tory (BBSO), first light observations will be madeubsequent set-up/testing and performance character-
with our 1.6 m clear aperture, off-axis telescope - tliation of the AO-308 system at the NST.

NST (New Solar Telescope). The NST will be the The principal scientific objectives for the AO-308
most capable, largest aperture solar telescope in éogipped NST are visible light campaign observa-
US until the 4 m off-axis ATST (Advance Technoltions of the: (1) dynamics of kilo-Gauss magnetic flux
ogy Solar Telescope) comes on-line in the middle tfbes; (2) evolution of magnetic fields associated with
the next decade. Here we propose, in collaboratisolar activity; and (3) high cadence, high resolution
with the National Solar Observatory (NSO), to buildtudies of solar flares.

a high order adaptive optics (AO) system for the NST In sum, we directly address the two criteria required
that will enable diffraction limited observations ovein an NSF proposal:

NST's principal operating wavelength range from 0.4 (1) Intellectual merit: AO-308 will enable the
through 1.7um. This system is essential for the NSNST to provide the community the highest resolution,
to achieve its scientific potential of probing for thdiffraction limited data on the fundamental character
first time the fundamental scale of the Sun’s dynant€ our dynamic star, while probing the origins of space
magnetic field, the origin of space weather, while prareather. Over the next decade, NSO will build and be-
viding valuable experience and risk reduction for thggn operating the ATST, the flagship telescope for the
ATST project. solar community. AO-308 will be a significant testbed

Earlier, BBSO and NSO collaborated in the sutf:(-)r the_ more compllcafted AT.ST AO. Alfter the ATST
on-line, the NST will continue to be an essential

cessful implementation of two 76-element (each wi Elesco 6 in making campaian-stvle observations
a 97-element Deformable Mirror) AO-76 systems for P 9 paign-sty ‘
(2) Broader Impact: The development of the pro-

the now retired BBSO 0.6 m telescope and the NSO

0.7 m Dunn Solar Telescope, respectively. At fir tosed AO system continues our decade long tradi-

. - ; lon of training the next generation of scientists who
light, BB ff will implement the re-design - . . .
ght, BBSO sta plement the re-designed OpbU|Id instruments. The resulting data will be used in

tical setup for AO-76 on the NST. Detailed and realis- . )
tic error budget analyses that include AO residuals,malny PhD theses. Our data will be open to the scien-

S ) ) .
well as telescope and instrument error budgets, shﬁ\}\? community, and a substantial portion of observ-

that AO-76 will yield diffraction limited images in the'"9 time on the NST will be open to the community.
near infrared ¥ 1 um) under nominal median BBSO

seeing. But diffraction limited observations would be

very rare indeed at visible wavelengths, even though

such observations would be an essential diagnostic for

magnetic field measurements at the highest possible

spatial resolution as well as for dynamic imaging of

the chromosphere.

In a BBSO/NSO collaboration, we propose for
funding to implement a 308 sub-aperture (349 element
Deformable Mirror) AO system for the NST to achieve
diffraction limited imaging over the telescope’s full
range of operationThe project is called “AO-308". A
detailed AO-308 project plan for the NST has been de-
veloped (see Sections B.6 and B.7). The primary tasks
include fine-tuning the optical design (which is quite
close to that for AO-76 on the NST), programming
of the wavefront sensor and reconstructor DSP hard-
ware, operational integration of the wavefront sensor



A. Project Description strument error budgets, show that AO-76 will yield
a high Strehl ratio of about 0.7 in the near infrared
A.1 Overview (1 um) under median BBSO seeing. However, in the
) ) ) ) visible, AO-76 will deliver reasonable Strehi-Q.3)
High spatial and temporal resolution observations &fﬂy under exceptional seeing conditiong ¥ 12cm,
the Sun are crucial for solving many outstanding proinich is about twice BBSO’s median Fried param-
lems in solar astronomy. In particular, high spatiglter, ro ~6 cm, at 0.5um). Thus, diffraction lim-
resolution polarimetry is essential and requires larggy ohservations will be rare in the visible spectrum,
aperture telescopes with images corrected by high @i, though they would be an essential diagnostic for
der adaptive optics. Here, we propose for funding,qnetic field measurements and critical for the high-
to implement a 308 sub-aperture (349 element Dgsi hossible spatial resolution. We emphasize that for
formable Mirror) AO system, AO-308, for the Newan_308 (hased on an available Xinetics DM with 349
Solar Telescope (NST) to achieve diffraction limiteg.( at0rs), according to our error budget analysis, we
imaging over the telescope’s full range of operatiopsyjistically expect to achieve a Strehl ratio of 0.3 in
In Fall-Winter 2008 at Big Bear Solar Observatony,a getector plane in the visible (OuBn) for median
(BBSO), first light observations will be made wittsgso seeing conditions. The Strehl, generally used
the new 1.6 m clear aperture, off-axis telescope - feqyantify the performance of an AO system, is the
NST. Atthis writing, observations of stars are about {gyis of the maximum intensity in the AO corrected
commence for alignment purposes, which will be iMy 496 in the detector plane to that from a theoreti-
mediately followed by observations of the Sun. The,| “herfect imaging system operating at the diffrac-
NST will be used in traditional BBSO-style campaigfio, |imit. Experience, at the National Solar Obser-
observations to understand the dynamics of our S%{tory at Sacramento Peak (NSO/SP) and elsewhere,
but now at unprecedented spatial and temporal resqiidiy, existing solar AO systems as well as detailed per-
tion. Such resolution will enable us to finally probg; mance modelling of AO observations using MHD
the fundamental scale (50-70 km) of the Sun's dyjnlations of solar magnetic fields show that a Strehl
namic magnetic field, which is the origin of spacgt 5 (.3 is required to perform the desired quantita-
weather that can have appreciable terrestrial impagis. analysis of the small-scale magnetic elements.
The NST will be the largest aperture solar telescopey, 2009, the Kiepenheuer Institute (KIS, Germany)

in the US, and perhaps the world, until the 4 m offgi hegin operating, GREGOR, its own 1.5 m on-axis
axis ATST (Advanced Technology Solar Telescopg|ar telescope. For the same strong scientific rea-

comes on-line in the middle of the next decade. In agdns the GREGOR project is also developing a high

dition to its tremendous scientific potential, the NST,qer A0 system with order 300 degrees-of-freedom

will be the testbed for many essential components a@gb,:)_ We propose a close collaboration between
technologies of the ATSPrimarily we propose here,NJn—, NSO and KIS in developing these high order

in collaboration with the National Solar Observatory systems. Combining the significant experience
(NSO), to build a high order adaptive optics systefyq expertise of these institutes will ensure that the

for the NST that will enable diffraction limited obyeyelopment is achieved in the most efficient and cost

servations over the NST’s principal operating Wavegecive way, while virtually guaranteeing success in
lengths from 0.4um through 1.7um, which is essen-iic essential task.

tial for the NST to reach its scientific potential.

Previgusly, BBSO_and NSO collaborated in the 59}3\'_2 Science Drivers for the AO-308
cessful implementation of two 76-element (each with Equipped NST
a 97-actuator Deformable Mirror (DM)) Adaptive Op-
tics systems (AO-76) for the now retired BBSO 0.6 tdlany fundamental properties of our dynamic star
telescope and the NSO 0.7 m Dunn Solar Telescop#dl finally come within our grasp with the AO-308
(DST), respectively. At first light, BBSO staff willequipped NST feeding light to existing BBSO instru-
implement the re-designed AO-76 on the NST. Deaentation. We will probe magnetic features that we
tailed and realistic error budget analyses that includan’t quite resolve and can’t quite track as they fade-
AO residuals, as well as telescope, interface and in-and fade-out. Understanding the properties of these



small-scale features are at the heart of what driviesa primary scientific goal. The key issues are the
space weather. We will observe in G-band (430.6 nfioymation of photospheric flux concentrations having
where we will doubly benefit. The first benefit is fronfield strength above the equipartition field strength,
the highest spatial resolution (shortest wavelengtlas)d the dynamic interaction with the turbulent pho-
for studies of the photosphere, and the second is ttespheric atmosphere. Understanding the dynamic in-
the small-scale magnetic fields are most apparent (sraction of photospheric flux concentrations with tur-
called G-band bright points). Further, the blue linsulent granulation is also essential in order to estimate
Ca Il K (393.4 nm) will expose the chromosphere, gbe total energy flux that is transmitted/channelled by
we will be able to make unprecedented probing of teenall-scale fluxtubes into the higher atmosphere. The
magnetic structures in the solar atmosphere. key questions are: How are fluxtubes formed and how

The BBSO site has been well-characterized withflp they evolve? What is the lifetime of a fluxtube?
the ATST site survey (seettp://atst.nso.edu/sitor How do fluxtubes interact with the turbulent flows in
details). The NST will be installed in the existinéhe photosphere? The observa_tional determination of
telescope structure at a height of 14 m above the I4R€ Process(es) that leads to kilo-Gauss flux concen-
(compared to 6 m for the ATST S-DIMM survey infration in the solar photosphere, where the equiparti-
strument). Even at this relatively low height for a soldion field strength is only about 500 G, is a fundamen-
telescope, the lake-effect, which suppresses grou];ﬂj_unsolved observational problem in solar and stel-
layer seeing, produces good, and consistent Seéﬁl{d)hysics. Sustained diffraction limited observations
over long periods of time. Using the ATST site su@t 50 km ¢-0.08") resolution with high temporal ca-
vey data and comprehensive error budget analysis #f&1C€. just below the putative diameter of fluxtubes,
computed the normalized histogram of Strehl rati@ée critical to resolve this problem. Multi-wavelength
that the AO-308 is expected to achieve. As mentiontyestigations using NST and satellite data will ad-
above, under median seeing conditions at BBSO, d¢f@1ce our understanding of flux tube physics.

analysis predicts a reasonable Strehl 0 f about 0.3 II'b—band bright-point observations are essential here.
the detector plane at 0/8m, and that will enable us__, —. o -
B1e|r short wavelength implies the possibility of the

to meet our scientific goals. Requirements for the . . .
9 q :‘1 ahest angular resolution, and the bright-points are

o i
erformance and performance predictions are detaile . . .
P P P naturally amplified fluxtubes. Resolving these regions

in Section B.3. The site survey data reveal stead . . .
y 'lower density will enable us to see deeper into the

AO-correctable seeing all day long, so that the N olar photosphere. Further, with AO corrected blue

can quite usefully operate in the traditional BBS .
campaian-stvle observing mode and obtain lona i ‘laght we will be able to make measurements that have
paign-style ving v ong r een just beyond our capabilities. With NST AO-308
sequences of diffraction limited data. Such diffraction . . )
L ) ) .corrected resolution, we will able to: (a) Track center-
limited data in the blue are essential to probe, wifh . . . . )
0-limb evolution to determine the tilt of flux tubes;

the highest resolution of the NST, those phenomeg

that have been tantalizingly beyond our reach with t @Measure the formation of bright points in the quiet

un, as well as in active regions, especially near the
sub-meter class solar telescopes that have been used . . ) . . .
) , magnetic neutral line. Since bright points are believed
(like NSO’s DST, the German Vacuum Tower Tele- . o
. 0 be formed by convective collapse, this will enable
scope and the Swedish Vaccuum Telescope). Havg%

the extra factor of 2-3 in angular resolution will be es- dies of plasma instabilities; (c) Compare bright

o . oint statistics with EUV and solar wind to see their
sential in resolving features that are only smudges . . . o
. . M role in coronal heating and solar wind acceleration;

us at present. With solar maximum comingd2011,

and satellites like STEREO, Hinode and SDO (S d) Compare bnght' point images W'thd_'(.656'3 nm
e center), especially the blue wing, since it shows

lar pynamlcs Ob_servatqry) fI_ylng then,_the AO_3Oa good correlation with spicules and jets (blue wing
equipped NST will be critical in addressing probler‘r}%mlﬂeS with magnetic elements). Sinca Hrobes
of long interest at BBSO and in the solar communit){he chromosphere, we can comb.ine with G-band to

(a) Dynamics of Kilogauss Flux Tubes track flux tubes at various altitudes: 50 km (G-band),
Resolving and understanding the dynamic beh&60-300 km (SoHO MDI/HR and/or SDO/HMI mag-
ior and structure of small scale kilo-Gauss fluxtubeetic data) and 400-700 km ¢; (e) We will model
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the 3D magnetic configuration above the solar surfastedy of energy release in stressed magnetic fields
(potential and linear force-free fields). has motivated many attempts to detect flare-induced

The recent discovery of type Il spicules and chrghanges in the magnetic fields in active regions. Until
mospheric jets also opens new challenges, whi¢@ry recently, no one had detected, in any consistent
would be addressed by the AO-308 corrected NS¥ay, the changes in magnetic fields associated with
Type Il spicules are visible in Hinode Ca Il H linesolar flares. The BBSO group first saw signs of these
near the limb. What is the precise location and evolghanges using BBSO, TRACE and MDI one-minute
tion of their disk counterparts, which would be identFadence data (Spirock et al., 2002; Wang et al., 2002,
fied only by highest resolution observations? We cdR04; Liu et al., 2005). The inconsistency among the
determine these from NST Ca Il K (393.4 nm) an@sults is due to observational limitations. One can-
Ha chromospheric lines, along with the Hinode SOTot get high temporal and spatial resolution, as well as
(Solar Optical Telescope) to search for these jets. high polarization accuracy at the same time with exist-

(b) High Cadence, High Resolution Studies of Sol§}9 telescopes/instruments. The NST equipped with
Flares AO-308 will provide much more reliable, and higher

One of the most important, but not WeII—understoo(r%nluahrtly tim?ials durefm re\r;tstoI f}hled a\l/\\llva\)//vflldlﬁrlr?unrvivciiﬁr
areas in flare research is the fine temporal and s agnetic fields (for vector fields we will compare

. P El,?node (Solar-B) FG (FilterGraph), the filter-based
tial structure of flares, so-called “elementary burst\s/ tor Svstem as it is now operational well w
(see Sturrock, 1989 for a review). In the bluest waves o or System S Now op onal, as well we
, . . will compare with vector fields from SDO when it
lengths, the 1.6 m telescope will obtain the high- . . .
. . . is_launched). A consistently sufficient Strehl ratio to
est resolution, high cadence images of flares to dafe,. . L . .
. . liver diffraction limited light to the focal plane in-
We have high temporal cadence observations of su , ) : .
, . strumentation will ensure that the detected field varia-
bursts, but we can’t quite tell where they are an . - . . .
tions will not be due to variations in seeing conditions.

how they move about. NST observations with 0’06 e :
. L More specific scientific questions to be answered are:
resolution will aid us greatly here. Such observa-

tions will provide details of electron precipitation o a) W'hat IS the' ro!e Of. thg evoI.utlon of the photo

. . S Perlc magnetic field in triggering solar flares, and

fine temporal and spatial scales that are presently hot . ) . ) :
atis the relationship between the magnetic configu-

possible. We expect to learn if, and how, the indf

. ' . ' ' ration and the properties of flares? (b) How do electric
vidual sub-second peaks in the hard X-ray and m|-rr nts evolve. and what is their relationshio t .
crowave time profiles correlate with the rapid preci jITents evolve, a s Iner refationship 1o pa

o : )
tation along various flux loops. Xu et al. (2004, 200%}?'e precipitation? (c) How are flow fields altered in

. o @it
presented the very first high resolution observationse presence of active regions? Significant advances

of an X10 white-light flare (from solar active region ere require the full diffraction limit of the telescope.
NOAA 10486 obtained with the DST at NSO on 2003 )
October 29, with AO-76). The study demonstratd3 Schematic of the NST

the potential for new scientific results when high reggso has removed its old 0.6 m aperture telescope
olution photospheric observations are combined Wi(%l‘onated to the Los Angeles Amateur Astronomy So-
hard X-ray imaging and spectroscopic observationgaty) and the alignment of the modern, off-axis 1.6 m
however, even with a resolution approaching 100 kifbar aperture instrument (Goode et al., 2003) is on-
in the blue, the flare ribbons were not resolved. Si”ﬁSing as of this writing. The new telescope offers a
the_ NST will have better than tyvice the spatial resgrgnificant improvement in ground-based high angu-
lution of the DST at the same high temporal cadengg, resolution capabilities, and will substantially en-
while having diffraction limited light a greater fractance our continuing program to understand photo-
tion of the day, we expect that the NST will providgpheric magneto-convection and chromospheric dy-

new and basic insight i”t‘_) this problem.. _ namics, as sketched in Section A.2. These are the
(c) Structure and Evolution of Magnetic Fields angrivers for what is broadly called space weather — an
Flow Fields in Flaring Active Regions important problem that impacts human technologies

It is generally accepted that the energy releasedaind life on Earth. The NST project is described in
solar flares is stored in stressed magnetic fields. Tdetail inhttp://www.bbso.njit.edu/newtelescope
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The NST is configured as an off-axis Gregorian
system consisting of a parabolic primary, prime fo-
cus field stop and heat reflector (heat-stop), elliptical
secondary and diagonal flats, see Figure 1. The pri-
mary mirror (PM) is 1.7 m with a clear aperture of
1.6 m with a final figure residual error of 16 nm rms.
The PM was figured by Steward Observatory Mirror
Lab. The focal ratio of the PM is /2.4, and the fi-
nal ratio is f/50. The 180 circular opening in the
field stop defines a 126120’ maximal square field
of view (FOV) of the NST. The working wavelength
range will cover 0.4 to 1.um in the Coué Labo-
ratory one floor beneath the telescope, and all wave-
lengths including far infrared at the Nasmyth focus on
an optical bench attached to the side of the telescope
structure. An off-axis design was chosen principally
because of its vastly reduced stray light, since there is
no central obscuration, which reduces the telescope’s
MTF (Modulation Transfer Function) at high spatial
frequency.

We have designed an open telescope structure with
an equatorial mount, as illustrated in Figure 1. A key
design issue for a large aperture, solar telescope is the
thermal control system to keep the temperature of the
mirrors very close to, or even slightly below that of
the ambient air. The dome employs a wind-gate and
exhaust system to control the airflow from the wind
helping to maintain the same temperature inside and
outside the dome, and remove concentrations of heat
in and around the optical paths. In fact, we have mea-
sured the temperatures along the optical path from the
telescope to the Coéd_aboratory (which is thermally
controlled to 0.5 C). When the vent gates and exhaust
system are turned on, the temperature all along the
optical path becomes precisely uniform (A. Coulter,
2008, private communication). In addition, we have
implemented a closed cycle, chilled air knife system
Figure 1: Schematic of the 1.6 m off-axis, open NSRS Partof the OSS (Optical Support Structure) to limit
(top) and its optical layout (bottom). On the top part, thg0-called “mirror seeing” by sweeping away turbulent
heat stop (HS) resides at the Gregorian focus with the SMlls and directly cooling the PM. The OSS and ac-
mounted on a PI hexapod. The wavefront sensing syise support mirror cell were built and tested by DFM,
tem (WFS) resides immediately before M3 (along with “"Engineering in Longmont, CO. The PM is supported
polarizatior_w optics for magnetic field measurements). I\M, 36 actuators that can bend out low-order aberra-
sends the light to the Co@dRkoom below. The HS, SM, M3,. .

tions, such as those due to gravity and/or thermal ef-

and M4 are not apparent in the figure. If M4 is flipped th .
light goes to the Nasmyth Bench for which the light path gcts. Its shape will be controlled by a wavefront

shown in red. This is where the first light observations wiiensing systemh{tp://www.wavefrontsciences.chm
occur. The design was driven by competing needs for rigithich resides immediately before M3. The OSS has
ity near the SM and an open light path. For more detailseen installed and is being tested at this writing. First
seehttp://www.bbso.njit.edu/newtelescope
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light observations of stars are about to occur. Aliglewer than the value of the median seeing at BBSO.
ment and first observations will be done in collabdhe variances are a factor of 100 smaller for the AO-
ration with DFM and Steward Observatory with starcorrected data. Therefore, the mean wavefront ab-
dard alignment-laser hardware from an outside vendmration is 100 times smaller after the AO-correction.
(ATT), as well as our wavefront sensing system.  The temporal variances were determined from time
The new, larger dome, required to house the NSTsisquences of about 10,000 AO measurements over the
fully operational and the installed telescope is shoventire pupil. These observations were made before the
in Figure 2. The elliptical secondary mirror (SM) wasew dome with vent gates was installed along with
silvered, and has been tested by both SORL (Spdce full heat exhaust system. Previous experiments us-
Optics Research, which figured the SM) and Stewadndy wavefront sensors clearly showed that the steady
before its installation on the NSI Pl hexapod. The latfind of several m/s at the BBSO site minimizes dome
est version of the BBSO telescope headquarters cekin seeing effects, and for the old, not-sufficiently
trol system software has been written in BBSO anéntilated dome internal dome seeing was the dom-
tested at DFM. While this software is not essential forant effect. Our temperature sensor measurements
early observations, it would make them somewhat lesghin the new dome have shown a uniform tempera-

cumbersome. ture all along the optical path and thus dome seeing is
avoided, which tells us that the internal seeing situa-
A.4 AO-76 at BBSO tion is much improved and we can be assured that the

combined Fried parameter (atmospheric and internal)

As mentioned in Section A.1, under a prior NSF MRy he sufficient to enable steady diffraction limited
grant (AST-0079482), we have successfully built t"‘{ﬁwaging even at visible wavelengths.

high-order AO systems (each with a 76 subaperture

AO system using 97 actuator DM, one for BBSO's 17

0.6 m telescope and the other for the 0.7 m DST a{ "
NSO/SP. Dr. Thomas Rimmele of NSO, as a Researc}; -
Professor at NJIT, was the PI of the project, and he‘?‘,‘_ :
is the Project Scientist for the ATST. Rimmele is the|
Pl in the AO-308 project. Prof. Phil Goode func- |
tions as a co-Pl in this project. However, to satisfy]i:
NSF requirements, he is the institutional/nominal PI al;‘;;i
BBSO/NJIT to manage AO-308 in Big Bear. A num- |
ber of papers have been published to describe theg ®
two AO-76 systems and their scientific results (Ren
et al., 2003a; Didkovsky et al., 2003; Denker et aI.,'i
2007; Rimmele, 2004; Yang et al., 2004; Tritschler |
et al., 2005; Xu et al., 2004, 2006, Cao et al., 2006) |+
Figure 3 shows a sample image obtained on April 29]
2005 with the BBSO AO-76 system. The performance| £~
of the BBSO AO system is evaluated in Figure 4. Ther—
figure compares the variances of the Zernike coeffi- . S .

cients for modes up to order 35, for AO-off and AO_Oﬁlgure_ 3:A d|ffract|_on—l|m|ted image obtained at BBSO
data (Denker et al., 2007). Often, the Fried parametgeghgfrﬁlcﬁghzoos with the AO-76 system and speckle re-
ro, is used to quantify the seeing conditions at a site. '

ro is the coherence length of the atmospheric turbu-With the support of an expiring NSF ATI grant, the
lence. For telescope apertures larger thgrresolu- AO-76 system has been redesigned to fit the NST. Fig-
tion is seeing limited. The Fried parameter is wavare 5 shows its final design for which the optics have
length dependent{ [ A8 for the generally-assumecbeen purchased. The set-up has undergone labora-
Kolmogorov turbulence). The Fried parameter for thisry experiments in Big Bear, so that it will be ready
particular data set is 5.4 cm in the Cé@udab, slightly shortly after first light of the NST. This design is sim-
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our experience with AO-76 on the old telescope will
make the implementation of the AO-76 for the NST

1o.ooo§
i relatively straightforward. As well, the relative sim-

< 1.000; plicity of the new setup further assures us that the im-
% i age quality in the CoulLab can only improve over
S 0100} that from the old setup for the 0.6 m telescope. For the
E i new setup, only the feed optics and the reconstruction
0.010L °oo 000000, 000, 6004 | matrix for inverting the wavefront sensor output need
: A0 - on © for @ %6003 to be changed. AO-76 on the NST will be very nearly

000l ... 1 1 1 1 1 ] achromatic, unlike AO-76 on the old telescope. Fig-
5 10 _%(5 c f%o_ 25 30 35  ure 6 shows the spot diagram for AO-76 for the NST.
Zernike Coefficients The optical design achieves a StrehiSf 0.9 across

Figure 4:Comparison of the variance of the Zernike Coethe field of the science instruments and at the relevant
ficients for AO-on (carets) and AO-off (asterisks) data dgyayelengths.

termined from the BBSO AO WFS. The solid curve repre-
sents a fit to the Kolmogorov spectrum of the AO-off data
for D/ro=12.10 (Denker et al., 2007), where D=65 cm andl.5 Science Instruments: Near Infrared and

ro is the Fried parameter. The larger the rdfigrg, the Visible |mag|ng \Vector Magnetograph
more important AO correction becomes. Systems

pler and more robust than that used on the old 0.6The instruments needed to meet our science goals
telescope. The design problems for the AO-76 on thave been built and tested. These instruments await
NST were simpler than those for AO-76 on the oldO-corrected light from the NST. In fact, BBSO has
0.6 m telescope because AO-76 was a difficult retrdfiilt and employed three generations of visible light
to a telescope that was never meant for AO. Howevand near infrared (NIR) imaging systems over the last
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ware that was already on-hand. The IRIM Fabirdr
filter has a bandpass of 0.01 nm at 1168, giving us

a 0.25 nm wide prefilter (narrower than the 0.55 nm
free spectral range of the IR Fabrg®t). The Lyot
filter was designed as part of the PhD thesis of a grad-

DDU87M6 B et uated student, and the filter solves the longstanding
problem of constructing a filter-based IR magneto-
GREGORIAN FDCUS graph (Cao et al. 2006b), while avoiding the com-

plications of using a double etalon. We have a large
format NIR CMOS camera (2k1k, 30 frames/s, Cao
- et al. 2005) from Rockwell Scientific Imaging (now
Teledyne). We enjoyed a very successful first scien-
Figure 5: The design of the CowLaboratory optics for tfiC light of the full IRIM hardware system in Novem-
AO-76 for the NST. It is as achromatic as possible corRer 2004 on the DST at NSO/SP and in July 2005
bination of reflective-refractive optics, while largely usingt BBSO, Cao et al. (2006a) and Xu et al. (2004,
off-the-shelf components. M5 and M6 are folding flats fe@006). The strength of the IRIM is its extreme sen-
from the Gregorian focus beyond the folding mirror, M4sitjvity and high spatial resolution, which allows us
that sends the light down the ccéu'dixis. There are two study weak and small-scale magnetic fields in the
relay doublets, three OAP's (off-axis powered mirrors) ar&hiet Sun. In active regions, it enables accurate mea-
the DM. surements avoiding Zeeman saturation of the tradi-
decade. Although IRIM (InfraRed Imaging Magnet-ion.al filter-based magnetog.ra.lph systems. Both mag-
. netic field strength and the filling factor were derived
tograph) has many advantages on its own, to aCh'?P/ S fitting the Stokes V profiles (Cao et al., 2006a)
the highest spatial resolution with the NST, we must 9 P v '
emphasize instrumentation in visible light. We have
developed a Visible Imaging Magnetograph system
(VIM) that is tunable from 400 to 700 nm with a

bandpass of 0.01 nm (Denker and Tritschler, 2005)
This system has also achieved its first light on the old ' ' ' ol
0.6 m telescope at BBSO. With AO-308 correction, : @ @ ' a7
the NST will obtain diffraction limited images with a T t ARREAR s

spatial resolution of about 50 km, when observations
are made at 500 nm (better than three times the reso- ® ® @
lution possible in the NIR with the NST). Such reso
lution is essential to address the science questions and = s sme o son amne o s

W o ]

to take full advantage of the capabilities of the NST.
associated with the relatively larger Zeeman splittingese s v s csm o s o o o

Nonetheless, observations in the NIR have advantages
SPOT DIAGRAM

(Zeeman splitting increases quadratically with wavemsy &7 55" vars see . arer esps « 1603 o
length) in that regime and are vital for measurementg’i“““ G g e el

of weak magnetic field strengths. In that way, visible

and NIR observations complement each other. ~ Figure 6. Spot diagram for AO-76 showing near
o _diffraction-limited image quality for the wavelength range

The most recent and significant part of our NIR ifom 0.5 to 1.5um and for a circular field of view of 100

strumentation was the development of a narrow banghich is appropriate for the FabryeRot etalons. The cir-

pass filter system, which combines a Lyot filter and &fes are the Airy disks (diffraction limit disks) of the short-

IR Fabry-Ferot filter — the IR Imaging vector Magne-est wavelength (0.f5im). The spots are not fully confined

tograph (IRIM, Cao et al. 2004, 2006a). The IRINP the Airy disk, but the Strehl will be- 0.9.

design copies that of VIM, but was more difficult be-

cause VIM could use standard components or hard-
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24 DSP Block Diagram

cho »| 4 DSP Cluster
Phantom 7 Chi
Camera » 4 DSP Cluster » Deformable
Mirror
Ch2 »| 4 DSP Cluster
400x400 Ch3
» 4 DSP Cluster o Tip/Tilt
| Mirror
33MHz 4 DSP Cluster
Per Chn Monitor
Channel » 4 DSP Cluster
A A
A4
2000 fps Control
< Host Computer < Keyboard

Figure 7:Functional block diagram of the WFS and the reconstruction unit of the AO-308 system.

B. Proposed Work A higher order AO must be developed for the NST
to make diffraction limited observations in the visible
B.1 Overview over an isoplanatic patch, while probing with spatial

resolution of about 50 km. Here one should bear in

High order AO is essential for the NST to correct thging that the spatial resolution decreases linearly with
wavefront errors caused by atmospheric turbUIenG\‘r’avelength. We emphasize that AO-308 is an essen-
We propose to develop a new, higher order AO syst@f) step in reaping the benefits of the investments in

(AO-308) for the NST following the basic concept Ofhe NST, including its already operational downstream
our lower order AO-76 for the NST. AO-76 was originolarimeters.

nally successfully implemented on the old 0.6 m tele-
scope, and then re-designed to be very nearly achro:
matic, while being appropriate for the NST light fee .'2 The AQ-308 Development Plan
The implementation of AO-76 on the NST is not pafthe conceptual operation of AO-76 or AO-308 on the
of the effort proposed here and all development MST is quite straightforward, and is illustrated in Fig-
completed and parts are in-hand for the modified AQre 7 for AO-308. For either, a beam splitter directs a
76. The original BBSO AO-76 proved to be succespertion of the light to the wavefront sensor (WFS) that
ful and demonstrates our team’s technical abilities atddes the following: (a) The telescope aperture is sam-
give us confidence that we can upgrade to AO-308pted by a lenslet array, which in turn forms an array
an optimal way, so that the NST can deliver diffraef images of the object (e.g. granulation) to be im-
tion limited observations in visible light throughouhged by a camera with a better than kHz frame rate;
most days, which is ideal for BBSO-style campaigib) Cross-correlations between subaperture-images
observations. and a selected reference subaperture-image are com-
The NST has an aperture that is nearly three timasted via a very fast computer-Digital Signal Pro-
that of the old 0.6 m telescope and represents a nemgsor (DSP); (c) Local wavefront tilts are computed
generation of solar telescopes made possible by negwlocating the maximum or centroid of the cross-
technologies. Since AO-76 significantly correctembrrelations (CC) to subpixel precision, and (d) Drive
light from the old 0.6 m telescope at OLBn, AO-76 signals for the DM are derived from the WFS data us-
will significantly correct the atmospheric turbulencimg a modal wavefront reconstruction algorithm (e.qg.,
for the 2.6 m NST at 1.6tm in the NIR. The median Madec 1999). With sufficiently good seeing, the WFS
seeing at BBSO is aboug = 6 cm at 0.5um, which is capable of using solar granulation, or other rela-
implies it should be about 24 cm at 1/8n under tively slowly varying, low contrast, spatially extended
the standard assumption of Kolmogorov turbulendargets to measure the wavefront aberrations. The
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bandwidth of the correction for AO-76 was 135Hz i
its closed-loop mode. With much improved comput
ing speed now available and a newly developed DN
we expect to achieve a similar bandwidth for AO:
308, which has been demonstrated to be sufficient|to
yield diffraction limited correction of 0.5:m light. e —
Of course, experience with AO-76 adapted to the NS e — ooobierz SR TP TILT
will guide the detailed implementation of AO-308. As  /
will be seen, the optical design of AO-308 is closely =RecorRTAN Focus
patterned after that of AO-76 (shown in Figure 5) for
the NST.
For AO-308, the wavefront sensor will be a correla
tion Shack-Hartmann WFS. The DM is manufactured
by Xinetics, Inc. The new high density DM (5 mm
spacing) just became a standard item, and the redutigtire 8: The design of Cougl Lab optics for AO-308
spacing facilitates an optical design of AO-308 that % the NST. It is as achromatic as possible combination
close to that of AO-76 for the NST. The WES has 30#1 reflective-refractive optics, while Iarggly using off-the-
ffective elements. while the DM has 349 actuat shelf comppnents. M5 and M6 are fgldlng.flats fed from
eliective ele .e S e the as actualotg, Gregorian focus beyond the folding mirror, M4, that
The largest Xinetics DM at present has 941 actuatofgns the light down the coaidixis. There are two relay
The WFS is designed to be able to process up to 3ffiblets, three OAP's (off-axis powered mirrors) and the
sub-apertures. The WFS detector will be a Phant@m. The basic similarities for AO-76 and AO-309 on the
V7.3 camera that has 8&®00 pixels (406400 to be NST is apparent when comparing this figure to Figure 5.

used to start). It has a frame rate over 6000 fps, but we ] ]
will only utilize 2000 fps. Each of the nearly 220 the optical layout of the design for the new AO-308

sub-apertures will be characterized by a minimum Bfain optical path. The tip/tilt and DM mirrors are

20x 20 pixels. The tip/tilt mirror has been mounted of°th located at pupil images. The WFS path is mod-

a Polytec Pl S-340 piezo tilt platform. We will con€lled directly after the AO-76 WFS, and the straight-

sider the Cilas-416 (416 actuators) DM as well, bferward ZEMAX design has already been completed
cause the GREGOR team plans to use that DM. Hodt iS not shown here. Figure 9 shows the spot di-
ever, this choice is not essential to our collaboratigigram for AO-308 spanning about 0.5-Jutn. We

With either choice of DM the proposed work with KIS/Vill continue to optimaize the design based on expe-
team would be the same. rience derived from implementation of AO-76 on the

NST, which precedes the AO-308 Project. The final
design of AO-308 will be reviewed by the team as well
as external reviewers, once this proposal is funded.
The optical design of AO-308 ultimately requires reFhe optical design achieves a StrehSo# 0.9 across
placing two doublet lenses and one powered mirrde field of science instruments and at relevant wave-
(OAP2 of AO-76 becomes OAP3 of AO-308 and kengths. Like our current hardware set-up for measur-
new OAP2 is required for AO-308) in AO-76 for théng magnetic fields (see Section A.5), NIR and visi-
NST. The optical feed must relay the NST focal plaride will have their current two separate CCD systems
image to the Cougl Laboratory (beneath the telefed by separate camera lenses. As with AO-76 for the
scope), which is about 3 m beneath the NST's GRST, we will not need to adjust focus for either of the
gorian focal plane; the FOV for the optics must o benches when we switch the AO-308 corrected
100’ in diameter, so that we realize as wide a FOV &ght feed from one bench to the other.
is consistent with the downstream, Fabié#t based Since the WFS works in a very narrow passbhand
polarimeters. (~10% of the wavelength band) in the visible, com-
To deliver optimal optical performance, one of theercial in-stock lenses can be used, and the chroma-
off-axis powered mirrors for AO-308 will have to beism would not be a concern. Table 1 compares the
custom-designed and manufactured. Figure 8 shasgsential hardware components of AO-76 for the NST

=

L.

B.2.1 The Optical Design of AO-308
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Table 1: Comparison of hardware components of old (AO-76) and new (AO-308) AO systems.

Hardware Components AO-76 for the NST AO-308 for the NST
Optical Design Achromatic Achromatic
Tip/tilt System 30 mm aperture 30 mm aperture
WFS Camera Baja 200 by 200 sub-array = Phantom 7 400 by 400 sub-array
WFS (Lenslet) 1610 20x20
WEFS (Bittware DSP) ADSP-21160 ADSP-TS201
DM (Xinetics) 97-elements 7-mm spacing 349-elements 5-mm spacing
and the new AO-308 for the NST. 308 requires only 4 clusters of DSPs with 4 processors

each. The subaperture images from the WFS camera
TR R B "1 will be sorted and distributed to the DSP processors by
@ ® ' an interface that utilizes an additional set of 8 DSPs.
CHEHH Programming of the DSPs is one of the main soft-
—  ware development tasks and will be performed by Kit
LY 2 o Richards, who has a vast amount of experience with
these processors in particular, and solar AO systems
o e s em e o, o e development in generafor performance reasons the
programming will be done in assembly. The DSP de-
‘ ﬂ veloped for AO-308 will be to a large extent directly
EEEEEEE Lon 50, s LY N YL portable to the ATST AO system. The hardware ap-
M O o, NITS PR g, AR BRI 15,48 proach was chosen for its scalability to the ATST AO

9
RHS RADLLS : 185 L3N 150 1008 B9 881 B 16M L6l
GED RAOTLS : e B 0w 245 28 1938 3 AN DM  NST -AO034HS . ZMX System .
SCALE BAR 100 REFERENCE : MIDDLE CONFIGURATION 1 OF 1

o 100.00 g

There are other software development tasks, in-
Figure 9: Spot diagram for AO-308 showing neatluding user interface and development of the opti-
diffraction-limited image quality for the wavelength ranggnized reconstruction matrices (to convert from wave-
from 0.5 to 1.5um and for a circular field of view of 100 4+ information to the movements of the actuators).

which is appropriate for the FabryeRot etalons. The cir- . .

cles are the Airy disks (diffraction limit disks) of the short 1€ We Will work closely with the GREGOR team
est wavelength (0.5m). The spots are not fully confineo""nd J. Marino at the University of Florida, who 'S_ an
to the Airy disk, but the Strehl will be> 0.9. ATST fellow. Both T. Berkefeld at KIS and J. Marino

have extensive experience in developing reconstruc-
B.2.2 Electronic, Computational and Mechanical tors for solar AO systems. We will exchange algo-
Systems rithms (e.g., reconstruction algorithms) and software,

Again, the principal system components for the A@ﬁd work closely together on the performance evalua-

system are: a correlating Shack-Hartmann WFS;t'(éln of the systems.

wavefront reconstructor and a DM. Figure 7 shows aFor electronics development, Bittware, the vendor
block diagram of the AO-308 hardware. The procefor the DSPs will perform additional tasks: (1) de-
sor of choice is the TigerSHARC DSP, which has alsign and construct an interface to connect the WFS
been selected by the ATST AO project and the TMdamera and the DSP boards; (2) design and construct
(Thirty Meter Telescope) project. Initial benchmarlkan interface to connect the DSPs and tip/tilt; (3) de-
ing of the chosen TigerSHARC DSP shows that Z20gn and construct an interface to connect the DSPs
subapertures can be processed by a single DSP witimidl the DM. Bittware will tailor these links to fit our
less than 250 microsec leaving sufficient performancgeeds, and this effort will be coordinated with the AO-
margin and room for the implementation of telemet308 team. Nonetheless, our efforts to program, control
data collection and potentially online PSF estimati@nd use the linked hardware components will be very
(Richards and Rimmele 2008). Consequently, A@me-consuming tasks requiring great care. Our ex-
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Lo overly optimistic) Strehl ratio that results from consid-
ering the fitting error only vs. the number of corrected
modes, usingg as a parameter. The Strehl is ideal-
ized because it is that ratio at the PM, even though
it is clear that it would be smaller at the focal plane.
Nonetheless, as can be inferred from the Strehl ratios

0.8
R0O=6cm ] in Figure 10, even moderate variationsgnwhich are

0.6

common for day-time seeing, will result in undesired
large variations in the Strehl, if only a small number
] of Zernike modes are corrected. This is due to uncor-
1 rected aberrations in the higher order Zernike modes,
which increase ai decreases. Therefore, in order to
00l minimize seeing induced variations in image contrast,

0 100 200 300 400 500 high order AO is needed.
Number of Modes Corrected

Strehl Ratio

0.4

0.2

Figure 10:Theoretical Strehl ratiat the primary mirror According to Figure 10, at 1.m, when the me-

as a function of the number of corrected modes underthFﬂ@n fo should .be abogt 24_ cm, a 7§—mode Correg—
different seeing conditionsio = 6, 14, and 24 cm, which tion would achieve an idealized, median Strehl ratio

are the expected median seeing at BBSO at 0.5, 1.0 &idbout 0.8. While in visible at 0.Fm, the median
1.6 um respectively. The vertical dashed line on the righg is 6 cm, the corresponding, idealized Strehl ratio
indicates the maximum number of modes that could be c@jould be 0.2. If the correction order is increased to
rected by AO-308. The vertical dashed line on the left ir308’ the idealized Strehl ratio would be 0.60 for the
?T:Ei:eﬁut;i;ngfc:gggeeds%‘::)rrggrr;git‘ggh half of the Maxjisipie, reaching a satisfactory, idealized correction
) i 9 ] ) level above 0.5 (Wizinowich et al., 2004). Unfortu-
perience with the two generations of AO-76 systems, oy these results are only intuitively instructional,

along with the broad experience of our full team will, s |evel of correction is not germane because it

be a great benefit here. does not apply to the detector plane, since many other
o error sources contribute to the error budget and ulti-
B.3 Performance Predictions mately limit the realistically achievable Strehl.

The AO design parameters, as detailed in Section B.2To obtain meaningful predictions of the Strehl ratio,
were driven by the science requirements, the telge performed extensive performance modelling in or-
scope properties, as well as the seeing conditiondat to estimate the expected performance, quantified
BBSO. The practical experience from the DST, BBSky the Strehl ratio in the detector plane of the post-
and other adaptive optics solar telescopes shows fioatis instruments. This comprehensive analysis in-
Strehl ratios of S> 0.3 are required in the deteceludes AO residuals (e.g., fitting/aliasing, bandwidth,
tor plane to obtain reliable quantitative results fromnd WFS noise) as well as realistic estimates of uncor-
spectroscopic and polarimetric AO corrected observactable wavefront error contributions from the tele-
tions because of the extended nature of the obsergedpe (e.g., mirror seeing, interfaces and dome seeing)
object. In particular, polarimetric observations witnd the instrument(s) (e.g., non-common path errors).
low Strehl are from difficult to impossible to inter-The analysis uses the ATST site survey data and is par-
pret. The problem here is that the requisite oppositally based on the extensive error budget modelling
polarity measurements are often closely (tenths of atisat was done for the ATST. It is fair to use this mod-
secs) spaced.. Forward modelling using MHD simalling for the NST because both NST and ATST are
ulations combined with radiative transfer and modff-axis, using similar designs, have well-ventilated
elled AO Point-Spread-Functions provide simulatetbmes, air knives, etc. The results are shown in the
observations have been used to determine the “grodioism of histograms of the predicted Strehl that we ex-
truth” of such MHD simulations. pect to obtain with AO-308 at visible and NIR wave-
As a first step to quantifying the AO-308 perforlengths. For comparison we show the expected AO-
mance, we show in Figure 10 the “idealized” (reatb performance in Figure 11, which is to be com-
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Figure 11:Histogram (normalized to unity) of Strehl ra-_ o Strehl. .
tios in the detector plane that we expect to achieve frdpigureé 12:Histogram (normalized to unity) of Strehl ra-

AO-76 as derived from comprehensive error budget anal{RS in the detector plane that we expect to achieve from
sis, and assuming the measured distribution of BBSO s6&-308 as derived from comprehensive error budget anal-
ing. The dotted line is for visible (0.&m) and the solid YSiS: and assuming the measured distribution of BBSO see-

line for NIR (1.6 um) wavelengths. For the visible, théNg- The dotted line is for visible (0.6m) and the solid line

lack of a peak indicates that diffraction limited correctiorf@" NIR (1.6 um) wavelengths. For the visible, the pre-
would rarely occur. dicted focal plane Strehl has a satisfactory value of about

0.3, while for the NIR it is somewhat0.8.

pared with that for AO-308 shown in Figure 12. While _ o o
for AO-308, the Strehl for the visible (08m) peaks N€xt generation of scientists who buﬂd instruments.
around 0.3, for AO-76 that Strehl shows no peak. TH¥e currently have six PhD students, including 2 US
implies AO-76 will not enable observations in visicitizens, who will receive PhD’s from NJIT in various
ble except under the most extraordinary seeing cdiglds: applied physics, electrical and computer engi-
ditions. Thus, Figures 11 and 12 clearly demonstratg€ing, and computer science. The very best NJIT
the need for a high order AO for the highest resolutigtudents are attracted to the BBSO program. The typ-
observations, which are essential to get the full bendf@! student designs and builds the instruments used to
of the 1.6 m clear aperture and all the effort to makaake his/her PhD measurements in BBSO, although
the telescope off-axis. this is not possible for the AO-308 Project.
Anisoplanatism causes the quality of the AO cor- A PhD student will be involved in this project.
rection to gradually decline with distance from thelowever, he/she will be funded by BBSO's five-
chosen isoplanatic patch. This dropoff will becom¢ear NSF-ATM backbone grant. We believe that this
more appreciable as the Strehl decreases. One m@gject will be a strong draw for talented NJIT stu-
argue that post-processing such as speckle reconstfigiits who are already interested in instrument de-
tion may restore contrast to the AO corrected, but Io¢@lopment. The graduate student will be trained in
Strehl ratio images. However, speckle requires muifiO design, and will also assist with the set-up, ob-
ple input images to construct one output image, thefgrvation and data analysis. In addition, BBSO typi-
fore, one cannot expect to achieve our essential ally has 1-2 undergraduates who spend the summer
entific goals that all are tied, one way or another, & BBSO, as well as working on BBSO projects during
having diffraction limited images with a sub-seconihe school year. The NST will also become a teaching
cadence. tool for optics, mechanics, computer control and solar

physics.
B.4 Education and Research Training

NJIT has a diverse student body in an urban envirdn:>  Data and Telescope Time

ment, with a large minority student population. BBSQjnce NJIT began operating BBSO, its telescope time
highly prizes its special role in the education of the,q qata have been open to the community. Many sci-
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entists have had observing time. Further, several Pe@nnel costs of about 2 FTE per year over the three

students from around the world have used BBSO dgtar project. The PhD student will be supported by

as a central part of their work on their theses. DaBBSO’s backbone NSF grant. The effort of these per-

requests come to BBSO on a daily basis from arousdnnel will be focussed on all aspects of implementing

the world. We are an active participant in the Virtudhe AO-308 system.

Solar Observatory (VSO). Users of our telescopes andrhe main NSO task is the development of DSP code

data are only asked to acknowledge BBSO in their igith about 20% of the support for the development

sulting publications. Many observers have used cfroptimized control matrices for AO-308. The travel

data to help plan their observing campaigns. budget is primarily for collaborating personnel travel
The observing time of the first, next generation sbetween BBSO and NSO/SP.

lar telescope in the US, the NST, will be oversub-

scribed because of its much improved scientific cg:7 Management Plan and Timelines

pability compared to the old 0.6 m telescope. We will

continue our open observing time and open data pduring the building of the NST, we have assembled

cies. We plan to make a portion of observing tinf Strong instrumentation team at BBSO. The com-

available to the community. The Telescope AllocatidRissioning phase of the NST will begin during the

Committee will rank the proposals and allocate timd-all-Winter of 2008. As a part of this phase, some
members of the NST team will be partly shifted to

the AO project. The implementation of AO-76 is, in
fact, part of the commissioning phase. AO-76 instal-
The requested budget for the project#895 K. The lation on the NST is not part of the work proposed
budget is relatively low because the DBR{5 K) and here even though it is a significant precursor to AO-
its controller $175 K) will be purchased with other308. Thus, we already have our team in place to do
funding that includes #100 K match from NJITIn the proposed work and we risk losing essential BBSO
addition, about $30 K of the hardware that we alreadtaff and our momentum by delaying the start of the
have in hand for AO-76 that will be directly transAO-308 project.
ferrable to AO-308. Thus, of the $780 K in hardware In the Gantt chart in Figure 13 and in Table 2, we
required for this project, only $300 K will be chargedhow the major proposed tasks of the AO-308 project
to this grant, highly leveraging the NSF investmemtith timelines, as well as key personnel associated
in AO-308. As well, NJIT/BBSO and NSO persorwith the tasks. The Gantt chart sketches the AO-308
nel will be working part-time on the AO-308 Projectasks (the detailed chart and vertical flow versions are
with no charge to the project. The contribution hergshown in the “Supplemental Documents” Section).
is difficult to know exactly, but it amounts to aboefore the start of AO-308, the NST observations at
1 FTE. Most of the key hardware items for AO-308he Nasmyth focus will be on-going, and light will
are shown in Figure 7. These include: 1) the Xindtave been fed to the Coad.aboratory. When there
ics DM ($275 K) and its Controller ($175 K); 2) thes light in the Coué Laboratory, AO-76 will be used
Phantom V7.3 Camera System ($95 K), which is the feed light to fast cameras that will record data to
WEFS camera; 3) three Bittware T26U-OU-445-30@haracterize the wavefront for use downstream in AO-
1177 DSP boards ($55 K); 4) integrated link from th&08. The AO-76 light will also be fed to the IRIM
WFS camera to the DSPs to the DM (and tip/tilt) pr@nd VIM systems for observations. Technically, these
vided by Bittware ($120 K); 5) PI tip/tilt stage andatter two tasks are not part of the AO-308 project,
mirror ($15 K); 6) host computer ($15 K); 7) lensleso they are denoted by asterisks in Table 2 (the last
array and miscellaneous hardware ($15 K); and 8) diask in Table 2 is similarly noted). We remark that
off-axis parabolic mirror (Optical Surfaces, $15 K) ithe AO-76 implementation will have some small over-
the AO-76 will have to be replaced. The total hardap with the final design review and the purchase of
ware cost for AO-308 is $780 K. Subtracting from thithe remaining AO-308 hardware. The NST will be-
items 1), 5), and 6), our equipment request is reduagid its commissioning phase about nine months be-
to $300 K. fore first year funding. Then, the implementation of
The remainder of the budget is dominated by pghe AO-308 hardware would begin. The main tasks

B.6 Hardware and Personnel Budget
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Figure 13:The Gantt Chart shows the AO-308 project schedule. The chart is “rolled-up” because it is so detailed and
would be hard to read. A complete version showing the tasks with each summary unrolled appears in the “Supplementary
Documents” section, along with a vertical flow version of the full Gantt chart that is shown there.

in the first year of the AO-308 Project will be theroject. Goode is in BBSO about 50% of the time,
PDR followed by a careful consideration of alternao he will provide hands-on leadership, and coordi-
tive hardware, which is followed by the final, externalate the joint efforts between NSO and BBSO. Rim-
design review. Then comes the immediate purchasele will oversee the optical and interface designs
of the AO-308 hardware. With the hardware in handf the system, which is the most difficult part of the
the optical, electronic and mechanical designs of thmject. Nicolas Gorceix, the BBSO optical engineer,
AO-308 system will be implemented, along with ithas completed the optical AO-308 design, which has
interface to the NST and the focal plane instrumebeen reviewed by Rimmele. As mentioned above,
tation in the second year. This timing will leave thmore formal review processes will occur when the
BBSO staff in a good position to undertake AO-308yroject is funded. Goode will oversee the integration
as a follow-up to the implementation of AO-76 for thef the AO system and the NST, as well as the work
NST (not part of this proposal). The main tasks in tted Jeff Nenow (mechanical engineer) and Vlad Abra-
second year will be development, including prograrmenko (electronics engineer) in this integration pro-
ming the DSPs and making the reconstruction algmess. Rimmele will closely work with Kit Richards
rithms to control the DM actuators. The tasks for then the interfacing of the WFS camera, the DSP’s and
third year are to set-up and test the AO system in [PV control. Kit Richards at NSO and John Varsik at
regular operating mode, use the analysis of the WBBSO will be in charge of the software development,
data to sharpen AO-308, and ultimately observe witthich is primarily DSP control with Varsik helping to
the new focal plane instruments. test amd implement Richards’ code in BBSO. A key

PI Rimmele (he is also Project Scientist on tHe®mponent in the AO development is to convert from

ATST) and Goode (institutional Pl for BBSO) wilwavefront information to the movements of the ac-
manage and coordinate the diverse elements of fyators (reconstruction matrices). Rimmele will lead
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Table 2: Tasks and Assignments for the AO-308 Project.

Year Task Person In Charge
Year1l Overall Management and Coordination Rimmele
Interface with NST Goode, Gorceix and Cao
Optio-mechanical Design Rimmele and Gorceix
DSP Control Software Richards and Varsik
NST Wavefront Data Analysis for AO-76  Gorceix and Cao
VIM and IRIM on NST with AO-76 Cao and Graduate Student
Year 2  Overall Management and Coordination Rimmele
Interface with NST Goode, Gorceix and Cao
Optical Design Implementation Gorceix
DSP Software Richards and Varsik
DSP Hardware Integration Varsik and Richards
Reconstruction Matrices Rimmele and Marino
Wavefront Data Analysis for AO-308 Gorceix and Cao
VIM and IRIM testing with AO-308 on NST  Cao and Graduate Student
Image Reconstruction with AO-308 Andic
Year 3 Overall Management and Coordination Rimmele

Interface with NST
Performance Testing of AO-308
Software and Electronics

Wavefront Data Analysis for AO-308
Regular Observations with AO-308

Goode, Gorceix and Cao
Rimmele, Gorceix and Cao
Varsik and Richards
Gorceix and Cao

Team

Jo€ Marino in this wavefront analysis, as Rimmel® be integrated into AO-308. Cao is the most expe-
has significant experience in handling wavefront anailenced and expert person in the operation of AO-76
ysis for AO-76. Marino did such work when he waat BBSO. He will have one semester without teaching
Rimmele’s Ph.D. student at NJIT. Co-Pl and NJIT Aplus a summer to bring IRIM and VIM on-line.

sistant Professor, Wenda Cao, is well-experienced in
the BBSO AO-76 system and was a key developer of
the IRIM and VIM. He will be responsible for inte-
grating these instruments into AO-308. Aleksandra
Andic, a new postdoc in BBSO, is an expert in im-
age reconstruction, and she will see that speckle and
phase diversity software is implemented into the data
stream. BBSO had NSF-ITR funding in which this
software was developed. Rimmele, Goode and Cao
will also ensure that the AO-308 design will match
the scientific requirements as sketched in Section A.2.
The Fabry-Rrot systems will be our primary sci-
ence instruments. Prof. Wenda Cao has brought IRIM
on-line and will utilize the work of Prof. Carsten
Denker (now at AIP, Potsdam, Germany) to bring
VIM to the same state of readiness. Cao will continue
work on the NIR and the visible system so that both
will be fully exercised with AO-76 at BBSO and ready
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