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ABSTRACT

In addition to the BLINC/MIRAC IR science instrumentse Magellan adaptive secondary AO system will have an
EEV CCDA47 that can be used both for visible AO sciesitg as a wide-field acquisition camera. The effects of
atmospheric dispersion on the elongation of the diffstactimited Magellan adaptive optics system point spread
function (PSF) are significant in the near IR. Thiengation becomes particularly egregious at visible vemgths,
culminating in a PSF that is 200® long in one direction and diffraction limited (30-60) in the other over the
wavelength band 0.5-1uén for a source at 4%enith angle. The planned Magellan AO system congfistsleformable
secondary mirror with 585 actuators. This number of éatsiaghould be sufficient to nyquist sample the atmospheri
turbulence and correct images to the diffraction lintitnavelengths as short as (@, with useful science being
possible as low as QuBn. In order to achieve diffraction limited performarayer this broad band, 2008 of lateral
color must be corrected to better thamu0 The traditional atmospheric dispersion correctdd@A consists of two
identical counter-rotating cemented doublet prisms thaecbthe primary chromatic aberration. We proposertew
ADC designs: the first consisting of two identical carriotating prism triplets, and the second consistingvofpairs

of cemented counter-rotating prism doublets that usermitinal dispersion and anomalous dispersion glass in arder t
correct both primary and secondary chromatic aberratithe two designs perform 58% and 68%, respectively,rbette
than the traditional two-doublet design. We also presenidesign for a custom removable wide-field lens thlt w
allow our CCD47 to switch back and forth between an 8@V For AO science and a 28.5” FOV for acquisition.

1. INTRODUCTION: MAGELLAN VISIBLE AO

The excellent seeing conditions at the Magellan s#guently providegas high as 20 cm at 0.pBn. Because of this,
we expect that at~ 0.9um there will be AO correction on bright stars and thaderate Strehls will be possible in the |
and z bands on good nights. The resulting angular resolutfosisch CCD images will be a spectacular 20-30 mas
(although the corrected FOV will typically be limited the isoplanatic angle to less than 8.5”). To maximiie Vis
AO science without impacting our Mid-IR AO mode we haasigned an AO science CCD ready at first light to
capitalize on these high resolutions (2x better tharméseHST ACS images). Our optical Strehl estimd&spdsito et

al. 2008) may be optimistic (as these AO Strehl estisnaied to be). However, there is reason to expecirhhbe z, I,
and R bands Strehls will be at least greater than 15%, 40865%, respectively, whegr20 cm for stars brighter than
V=10. While these Strehls are low compared to whathelachieved at 10m, there is still a large body of science that
can be done at low Strehl. Most current ~200 actuator 8Araystems do not achieve Strehls much higher tham2% i
the | band (0.8pm). If we estimate no better control than theseentrsystems, and note that our fitting error is afact
of 2x rad better, then it is clear that our Strehls with btigtars (fitting error limited) will trend towards |ibé Strehls

of 16%.

To take full advantage of the periods in a night whenstéeing is 0.5” requires the Vis AO camera to “always be
ready”. Our Vis AO camera is conveniently integrated ihe WFS stage. We can select a beam splittée¢o s50%

of the WFS visible light into the Vis AO camera wBtb mas pixels. We have also designed a removable wide-fi
lens that can change the FOV of the Vis AO camera Igctor of x3 in order to switch back and forth betwae
narrow-field science camera and a wide-field acquisiteomera.

The AO system currently being built for the Magellaleseope (Figures 1a and 1b) consists of an adaptive segondar
mirror (ASM) built by the University of Arizona mior lab and a pyramid wavefront sensor (PS) built by the
Osservatoria Astrofisico di Arcetri (Esposito etthkese proceedings, paper 7015-229). The ASM is identical icabpt
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prescription to the LBT ASM and will use all the sanaedware and control software (see these proceedingsdie
on the LBT AO systems; Riccardi et al. 2008: paper 7015-37)he primary infrared science camera is
BLINC/MIRACA4, which will receive IR light from a dicloic beam splitter. Visible light reflected by the digic will

be sent to an optical bench (hereafter called the Wfy-containing the PS and a visible (0.5{in@) science CCD. The
layout of the W-unit is shown in Figure 2. In this paywerwill review the optical design and performance of A
and Vis AO science camera. The rest of the systasiiscussed in Close et al. (these proceedings, paper 7015-33).

Light entering the W-unit passes through a triplet lemas$ tonverts it from a diverging F/16 beam into a conveygi
F/49 beam. This light then passes through an ADC bbftineg a beam splitter wheel. Light transmitted throtigg
beam splitter wheel then hits a fast steeling mirdf;mirror rerotator, and the double pyramid beforadpee-imaged
on the CCD39 for wavefront measurement. A detailed ghsnr of the operation of the PS arm of the W-unit ba
found in Esposito et al. 2008

The light reflected from the beam splitter will tratetthe CCD47, which will be used as both an acquisd#imh visible
science camera. In science mode, the converging F&t@ besults in a square FOV of 8.6”. A removable multi-
element lens in front of the CCD47 will be able toexpap the beam and increase the FOV by a factor df,ttirereby
allowing the CCD47 to be used as an acquisition camersviaesfield science camera.

Our objective for the CCD47 in narrow field mode is diffion limited image quality over the full 8.6” FOV ovéet
band 0.5-1.0m out to a Zenith angle of 70 Meeting this tight performance requirement over adroand at high
zenith angles requires a high performance ADC. Ther@itised to evaluate relative performance of variougries
the total rms spot size relative to the spot centfoidsix different wavelengths spanning the 0.5g0Orange in
increments of Om. The Zemax “Atmospheric” surface was used to simul#tedatmospheric dispersion with
estimated Magellan site parameters (humidity, temperagtos,
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Figure la: Raytrace of the Magellan 6.5m telescope.
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*The /16 Adaptive
Secondary will mount
roughly in the same
location as the fixed
f/11 secondary and
should not require a
new secondary cage.

*The WFS will mount
in a newly built guider
and spacer that mount
to the folded port
rotator. BLINC/MIRAC
4 will mount to the
flange of the guider.

Figure 1b: Schematic layout of the Magellan telescope, the adap@ndary mirror, and the science instruments. Figure taken
from Close, et al. (2008; these proceedings).
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Figure2: The W-unit layout. The incoming beam passes through thelie hitting a beam splitter. The trarited bear
goes to the pyramid wavefront sensor and the reflected beesrtgthe CCD47 visible science/acquisition camera.
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2. ATMOSPHERIC DISPERSION CORRECTION

2.1 The 2-Doublet Design

Most ADCs designed and built to date consist of t\
identical counter-rotating prism doublets (often referr
to as Amici prisms) made of a crown and flint glas
The indices of the two glasses are matched as clase
possible in order to avoid steering the beam away fr
its incident direction. The wedge angles and glasse
the prisms are chosen to correct primary chrome
aberration at the most extreme zenith angle. By tt
rotating the two doublets relative to each other,
arbitrary amount of first-order chromatic aberratoam
be added to the beam to exactly cancel the disper:
effects of the atmosphere at a given zenith anglee -
2-Doublet design evaluated in this paper is that of -
Arcetri group, which will be used on the LBT WFS ar
was originally designed to be diffraction limited owve
the band 0.6-0.Am out to ~658 zenith angle.

As shown in the spot diagram in Fig. 4, the 2-Doub

needed.
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Figure 3: Example of the uncorrected atmospheric dispersion at

50° zenith (1.55 airmasses). The diffraction-limited PSF tver

design corrects the atmospheric dispersion so that 0.5-1.Qum band is 3gm/60um x 200um without ADC correction.
longest and shortest wavelengths overlap each other,
thereby correcting the primary chromatism. Secondargmatism is not corrected and is the dominant safresor
at higher zenith angles. To correct higher orderfigiroatism, more glasses and thereby more degree®dbfreare
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Figure 4. The classic 2-doublet ADC design and an AO spot diagram °agéstith. Notice that the longeshda shortes
wavelengths overlap, indicating that primary chromatisnin®st perfectly corrected. The circle has a radius of @&.9whict
is the diffraction limit at 0.}um. Lateral secondary chromatism is the dominant aberr
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2.2 The2-Triplet Design

In our 2-triplet design, a third glass with anomalous dispersharacteristics (Schott's N-KZFS4) is added to the
crown/flint pair. Like the doublet, the index of the aradous dispersion glass was matched as closely as pdssibht

of the crown and flint. The Zemax atmospheric surfeae set to 70 deg zenith and the relative angles of i@ Were

set to 180 deg. The wedge angles of the three prisms imighet were then optimized to correct both primarg an

secondary chromatism.
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Figure 5: Our 2iriplet design at 50 deg zenith (1.55 airmasses). Both priaradysecondary chromatism are well corre:
leaving only small amounts of higher order lateral and akisdmatic aberrations.

2.3 The4-Doublet Design

This design philosophy can be carried one step furthadting a forth glass and another rotational degree aidree

in a 4-doublet design. The first and second doublets anéidgdkto each other and the third and forth are idahtiA
multi-configuration Zemax model was optimized for sevdralirs over the full Zenith range, glass catalogue, and
possible wedge angles to generate a design that has dedtall performance than either the 2-doublet or [@dti
design. It was also initially thought that the 4-doubkedign would be more impervious to errors in fabricatiom the
Zemax model atmosphere than the 2-triplet design, shedwo doublet pairs can essentially correct primay an
secondary chromatism independently of each other. ofrtrast, the relative amounts of primary and secondary
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Figure 6: The 4-doublet design correcting the 2000um of chromatic aberratithdeg zenith to better than 6um rms.
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chromatic correction are fixed by the fabricated wedygles in the 2-triplet design. However, a tolerancalysis
shows that the 2-triplet design can handle small fatioicaerrors and chromatic fluctuations in the atmospluere to
changes in humidity, temperature, or pressure. Sinc2-thplet design is less complex than the 4-doublet design and
has sufficient performance for our needs, it is thelbas design for the Magellan Vis AO system.

Figure 7 shows the rms spot size over the 0.54ih®and as a function of zenith angle for the thregydssi At the
CCD47 in narrow-field science mode, the rB diffraction limit is 29.84um (radius of first Airy minima). It should
also be noted that over a narrower band, such as 0p8¥)).8ms spot size is much smaller: roughly a factor ctx2
most zenith angles. The Quén spot is usually the biggest contributor to a large dpetat high zenith angle for the
three designs.

As Figure 7 shows, the 2-doublet and 2-triplet designs bath $tearp spikes in rms spot size azénith. This is
because there is no atmospheric dispersion, so thaedhromatism to cancel the intrinsic chromaggidual of the
ADC. The 2-doublet and 2-triplet designs suffer from tfffecebecause they only have two elements. The 4-dbubl
design does not suffer from this effect because twheotements can cancel the residual chromatism ferother
two. Regardless, any telescope large enough to requigh-gérformance ADC for visible AO will be alt-az maed
and will not be observing exactly at zenith.

RMS Spot Radius, On-Axis, 0.5-1.0 um
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Figure7: RMS spot size vs. zenith angle for the three ADC desighs. 2triplet ADC is the baseline design for the Magellan
system due to its relative simplicity and diffraction lied performance down to three airmasses.

2.4 Pupil Shear

Because the pyramid sensor operates by imaging the pupiessential that any ADC design not introduce any
significant chromatic pupil shearing. Chromatic pupil stedamore that ~10-20% of the 2dn pixel pitch of the
CCD39 could interfere with our wavefront sensing. Chrerimmaging effects cause pupil shear to be weakly
dependant on field angle, pupil position, and ADC design, amd stiongly dependant on zenith angle. In order to
qguantify the pupil shear, we traced individual rays ovel0tbed.9um wavefront sensing band both on-axis and at the
edge of the field at 20 different pupil positions for eaeldfpoint for a given zenith angle and ADC design. Tleash
was then calculated as the maximum distance on the CGid88dn rays of different wavelengths for a given field
point and pupil position. The shears calculated with thesgeover the two field points and 20 different pupil pos#i
were then averaged and are plotted in Figure 8. The sthddeaiation of all the shears for a given ADC design and
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zenith angle was small, typically ~2%. As Figure 8 shdkes shear can become significant at higher zemighea
(50% at 70 zenith). To compensate for this effect, we mayrteesither use a narrower wavelength band for wavefron
sensing, or bin the CCD39 in a coarser sampling mode.

Average Pupil Shear as a Function of Zenith Angle Over the Band 0.6-0.9 pm
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Figure 8: Chromatic pupil shear as a function of zenith angle over the.06m wavefront sensing band. Each poir
the plot is an average of shear values at two differelat fioints and 20 different pupil positions.

3. WIDE-FIELD LENS

The EEV CCDA47 of the W-unit will serve as both a narfield (8.6” FOV) science camera for visible AO andide
field (28.5" FOV) acquisition camera. Because of the fipesition of the CCD47 and the tight geometry of the W-uni
board (Figure 2), we were forced to design a removabtetheat would fit between the final fold mirror and foeal
plane. Typically, a lens of this type is more natyrktated near a pupil. However, all of the real est&ar the pupil
is occupied by the ADC, the beam splitter, and therfilleeel. Because of the large distance from the pujillems
elements must have large (3”) diameters and higher cuegatinvan most stock lenses.

Our wide-field design is diffraction limited over the bad@-1.0um in the inner ~20” diameter circle of the CCD,
which is the largest possible isoplanatic patch we weult expect to have at 1n. The field over the rest of the
CCD outside of this well-corrected inner patch is ndfratition limited, yet is still much better than ses&-limited
spot of 1”. By relaxing the image requirements on thigroportion of the field, we were able to generatelatively
inexpensive design that makes use of two stock Melles @cloromats along with a custom negative doublet. The
distortion of the lens is also small, with a maximuhi 8% at the edge of the field. The wide field lens tdlon a
movable mount that will lift the lens into and outtleé beam without requiring a focus shift at the detedtwwever,
the CCD will be on a small precision translationgstavith +/- 5 mm travel in the z-direction in orderattow us to
adjust focus. Figure 9 shows the Zemax design of the Vic#®@era in wide-field mode, with the lens elements in
place. Figures 10 and 11 show the spot diagrams of the Visaff@ra in both the wide-field mode and narrow-field
mode at low zenith angle.

Because any bright sources will immediately saturate/iteeAO camera, we will have a 0.1” chrome dot and( 1.
chrome dot on a window immediately in front of the GZDRhat will act as neutral density filters. In ordesteer the
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star onto one of these dots, or to look at sourcdstvég CCD47 that are off-axis from the guide star beiregged on
the pyramid sensor, the fold mirror immediately priorthe wide-field lens location will be an automated fine
adjustment tip/tilt stage.

weut Lens N

‘ TIP/TILT DITHER AND FINE
“

(/ p GNMENT MIRROR
4 ‘[‘//‘\’\

U , (R

M 7 | ‘

FILTER 4

2-TRIPLET ADC
WIDE FIELD LENS
BEAMSPLITTER
MELLES GRIOT
STOCK ACHROMATS
WINDOW AND
Y — CORONOGRAPHIC SPOT =2

Figure9: The Vis AO camera will have a three element removabtie field lens that can increase the FOV from 8.6” to
28.5". Two of the three elements are identical MellestGtiack achromats.

Proc. of SPIE Vol. 7015 70156M-9

Downloaded from SPIE Digital Library on 26 Oct 2010 to 128.196.211.8. Terms of Use: http://spiedl.org/terms



UEM! -0.081Z, B.0012 DEG
o

4 A
il |
N

\
Sy

I 6,003, 6,670 HH
UG -0.0812, B.00G3 DEG
P

7 T \\\
i A
e )
| !
M, i

. A

— -
T s 602, B.BIZ

OET: -0.0312, -B.0312 DEC

T A

D! ©0.0088, B.0R12 CEG
o

/ 7

| @

L

\ ;
Ny s
SRR

W -0.081, &.692 M

[ET: ©.0388, D.000Q CEC

T

—
I -0.BEL. B.013 M
OET: 0.0038, -B. 0012 CEC

THR 0081, -6, 68 M

0BT 8.001Z, 8812 DEG
- ~

yah
f \'\
|
{ W, |
Ay J
W FEL
TR+ 6,660, 6,691
6T ,0012, @.BERD DEG
T T
rd ™
(@)
| B, |
i
ST
TR 6660, .812 M

CET: BB -0.0012 DEC
T

L

|

AN /
S A

- 1. 8308

UEM! -0.081Z, B.0012 DEG [
P

o
"
.
IHE 6001, 6652 WY
UET: -0.0812, B.0000 OEG
JT1 1=

7 1 ™,
y
\
.

—
DM -.68L. -B.024 1
OET: -0.0312

copreEs qup DFE 6 .BEL, -6.T09 HA

.

[/ N
9 ". I [
! )
5
e

(®)

I 0008, -D.223
-B. 0612 DEC OET:

©.0088, B.0012 G

. -
—

I BB, bothE
U 0.0088, B.0O0A CEG
L

0

I Iy
—

0.0038, -B. 0012 DEC

TrF -0.081, -6, 7B M

0BT 8.0012, @.B812 DEG

e

—
3.

TR 6653, 6,604 M

BTt 8.8012, @.BEED DEG

e

L

THA: &.6BL. -2.822
CET: .0 -0.0012 EC

. 7
THA: G.6BL. -&.78E M

.." T 1 \‘\
(> |
Y /

- 1. 8308

SFOT DIAGREAM

SFOT DIAGRAM

MACELLAM WITH LBT M2

THU AUG 7 2008 UNITS ARE pm

FIHD 1 ] 4

PG FRIIIE AR 3 R e B 7]
CED PAIIIE : L= I TR T e e .
CIRCLE OIFM: B3.82

MAGELLAN WITH LBT M2
THU AUG 7 2008 UNITS ARE pm
5 b 7 ] q FIAD 1 2 i & b 7 ] 1
47 WM ORI SIS Ml P FRTTIE LT B v N % N e O O S I Fii
.08 2.3 B4 IE 049 | NICE_PIC_MARROW_REVTIC,ZMx | CEDFAILE : MMM AN EaE OB EM O DA NX Jde
FEFEFENCE © CENTROID COMEIGURATION 1 OF 1| CIRCLE DIRM:  B3.82 FEFEFENCE  © CENTEOID

ARCETRI_NOSOLVES . ZMX
CONFIGURATION 1 OF 1

Figure 10: The spot diagrams for the Vis AO CCDA47 in narrfsld (8.6” FOV) mode. The box to the left contains the ceaibe
edge spots produced with the 2-triplet ADC design. The box tagiecontains the center and edge spots for the 2-doubletdesig
The variation in chromatism across the field is a resicaased by the ADCs themselves and does not vary with zenith aBaojt
spot diagrams were made atZenith to avoid zenith spike artifacts &z@nith. The circle shown is the diffraction limit for Qun,
which is the shortest wavelength at which we expect our A@rayto be diffraction limited. While the spot diagramstfar 2
doublet ADC are slightly better than those of the 2-tripleigieat this low zenith angle (see figure 7), th&iglet desig
outperforms the 2-doublet design at higher zenith angles and éfaiteethe design of choice for the Magellan AO system.
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Figure 11: The spot diagrams for the CCD47 in wide-field (28.5") mode. spimt diagrams to the left are thentsr and edges
the inner 20" circular patch, which is the largest possible asapic patch on a good night. The circles are the diffratiiat at
0.8um. The spots to the right are the center and edges of ihe 28155” FOV of the CCD47 with a 0.5” diameter (25f) seeing-
limited circle for comparison. These plots were madé wie 2-triplet ADC in place at@enith angle.
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4. CONCLUSION

In this paper we have discussed the design and performbives rmovel ADC designs, the 2-triplet and 4-doublet, and
compared them with a classical 2-doublet design. Thip2ttdesign gives significantly better performance ttnen2-
doublet design (56% improvement) with only slightly mormptexity. The 4-doublet design is only marginally better
from a performance perspective, but significantly mofficdit to implement, with twice the number of elemenlhat
need to be mounted in the tight confines of the W-umit @ontrolled. We also present our wide-field lens detigh
allowed our visible science CCD to operate in bothravai(8.6”) and wide-field (28.5”") modes.
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