

















The beam mpre edbyafatr ftent a 10.48 mm d ameter by tw ff-ax parab lae (OAP1 and OAP2).
Beam mpre n needed n rdert permtthe fat(l kHz)tp/tlt ytemt be ntrutedatl w t. OAPl a
6 n h metal A/20 pt wtha 600 mm f al length, tuated 200 mm ff ax (gvng an 18.42 degree angle t the
beam). The enter fthe pt 200 mm ff-ax . OAP2 a ut m,254 mmdam nd-turned alum num m rr r w th
agld vern kel atng. Itha a60mm{f allengthand 20mm ff-ax . Th mpen ate aberrat n n OAPI.

OAP2 re mage the pup 1 plane ab ut 60 mm after refle t n. The Fa t Steer ng M rr r (FSM) tuated 2 m
further al ng the beam path. Ideally the tp/tlt rre t n h uld be d ne exa tly n the pup 1 plane t prevent any
mt n fthe pupl mage telf. Inth a e th ugh, let u exam ne the expe ted pupl mage m t n duet the
m vement fFSM. O.1ar e ftp/tlt nthe ky rmep nd t 363 ar e atthe FSM (magnf at n 363 fr m
the pr mary t the FSM) r 175 purad. If we all wapuplm al gnment f0.1% fa 10 mm beam (10 um), then 10 um
/175 urad gve 5.7 m, wh h the furthe t the FSM an be tuated fr m the pup 1 plane under th n trant. In
truth, pup I m al gnment up t a few per ent fthe beam d ameter perm Dble bef re ub tantall e n dynam
range n the fnal magea rue.’ M vngthe FSM 2 m pa t the pup 1 magere ult n ub tantal mpr vement n the

learan e between FSM' m unt and the beam, alth ugh tpermt puplm t n fupt 0.03% fthe beam d ameter.

k

FSM  a 25.4 mm A/20 Zer dur flat atta hed t a 25 mm alum num flexure m unt a t vated by a et f4 PZT
ta k. Themrr rrefle t the beam thr ugh a 50 degree angle (25 degree angle f n den e). The m unt atta hed t
a pa ng plate, wh h b It nt the fa eplate fa gn metr radle ntr lled wth a tepper m t r. Th
arrangement pla e theax fr tat n fthe radle at the enter fthe pt . The radle atta hed thr ugha et f
p t andth kplate t ar tat n tage, al ntr lled wtha tepperm t r.

The PZT tak anm vethemrr r+ 1 mrad (+ 0.57 ar e nthe ky) at update rate ver 1 kHz. The ta k ,
n lud ng the m unt and a 1 ghtly larger m rr r than the ne we are u ng, have are nant frequen y f2.4 kHz. Our
ele tr n are apable fpla ngthe tarwthana uray f28 pa (0.12 nan rad) a mea ured nthe ky (ab ut 50
nan rad tlt err r n the FSM). Th ub tantally mpen ate the re dual tlt err r n the AEOS beam, urrently
mea ured atupt 200mllar e . The y tem perate r utnely at 1 kHz update rate .

The tw therr tat n tage areued f rpla ngthe tar nthe r nagraph' f alplanemak. Theem tr
w1l be na tve when the tp/tltl p perat ng, alth ugh they anbeu edt ffl ad the PZT ta k. Ther tat n
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stages have a precision of 3.6 arcsec or 17 prad at the FSM optic. This translates to 10 mas on the sky. For reference,
the focal plane masks are 275 to 500 mas in diameter (as projected on the sky).

Mounting the PZT stack on the heavy goniometric cradle and rotation stage ensures mechanical stability. The
mount is over 30 times as massive as the active PZT stage.

Fold Mirror 1 (FM1) simply folds the beam. The current design has two fold mirrors in the science beam,
necessary to keep the instrument within the spatial constraints of Room 6. FM1 is a 1 inch A/20 Zerodur flat mounted in
a post-raised gimbal mount.

The Parabola (P) on the lower right side of Fig. 5 serves as the heart of a pseudo-Offner relay that reimages the star
at the focal plane mask and the pupil at the Lyot stop. P is 8 inches in diameter (the beam incident on the mirror is
contained within a 140 mm circle centered at P’s center). P has a focal length of 600 mm. Surface accuracy for this
optic is less stringent since the beam uses only a small region on opposite sides of the optical axis (A/10). The 600 mm
focal length provides an {/57.25 beam to the image mask.

The Focal Plane Mask (FPM, a. k. a. occulting mask) sits at the focus of P. The optical design provides perfect on-
axis imaging at FPM, required for an optimized, diffraction limited coronagraph. The focal plane mask is a diamond
turned flat mirror 2 inches in diameter. A hole is drilled through the center of the optic and beveled on the back side.
The hole, ranging from 275 to 500 um in diameter, serves as the occulting mask. The starlight that passes through the
hole is used to close the tip/tilt control loop. The {/57.25 beam results in a plate scale on the FPM of 1.0 mas / um.
This large f/# is necessary to avoid extremely expensive micromachining of these optics. Four FPMs have been made
with holes to permit optimal occultation at all observing wavelengths. These parts posed significant problems for the
manufacturer (Axsys Technologies). Trials using glass were unsuccessful due to chipping. A prototype mask made of
diamond turned steel with a polished nickle coating covered with a gold optical surface revealed significant
inhomogeneities around the hole edge. However, the best solution was to precision machine nickel which was then
polished and coated with gold. The holes had deviations from circularity of less than 2 um and edges sharper than this
as measured with an optical microscope. Examples of the steel and nickel mask holes are shown in Fig. 7.

Fig. 5. Optical micrographs of the
hole that forms the 334 pm diameter
H-band focal plane mask. On the left
is the prototype mask made with
diamond-turned steel coated with
nickel. The nickel was polished to
optical quality and coated with gold.
On the right is a pure nickel mask
polished and coated with gold. The
mask on the right is used in routine
observing mode.

The FPM is on a gimbal mount which is controlled with two DC servo motors. The servo motors can be used to
precisely align the pupil with the Lyot stop. Furthermore, they can be operated to maintain pupil alignment whenever
the telescope pupil is illuminated with a star. This is achieved with the pupil imaging camera (Pupil Cam) and a second
control loop running along with the fast tip/tilt loop. Our science integrations will tend to be quite short (one to 300
seconds) due to the lack of an image rotator and the alt/az design of AEOS. In light of this and the fact that beam
wander in AEOS is relatively slow, pupil alignment takes place between exposures.

The Lyot stop is located at a plane conjugate to the telescope pupil. The pupil is reimaged without aberration here.
The Lyot stop itself is a metal mirror, reflective on the side facing P. The configuration shows it slightly tilted in Fig. 5.
This is a 6 degree angle meant to reflect the light of the star from the regions of the beam that are obscured by the Lyot
stop into Pupil Cam, situated above the FPM in Fig. 5. The camera is focused on the Lyot stop and permits
measurement of Lyot stop-to-telescope pupil alignment. The Lyot stop is also mounted on a rotation stage so that the
spiders can be matched to the telescope spiders.

FM2 is a gimbal mounted fold mirror, 1 inch in diameter made of A/20 Zerodur and coated with protected silver.
This tilts the beam up away from the table and breadboard to feed the final focusing optic, OAP3, which is locaated
directly above the P mirror. OAP3 is a diamond-turned custom Off-Axis Parabola, 750 mm focal length, 2 inch
diameter, gold over nickel coating, A/20 surface, 270 mm off axis (measured to center of OAP3), mounted on a
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precision kinematic mount situated above the P mount. The beam, after impinging upon OAP3, is parallel to the bench
surface and directly above the beam recollimated by P after the FPM.

This optic provides the final focus in front of the Dewar (the Kermit IR science camera). It is located one focal
length away from the Lyot stop. The final beam entering the Dewar is F/71.34. This provides a plate scale of 14.73
mas/pixel at the detector. This design also transmits a 10 mm diameter unvignetted field of view (FOV) at the detector,
while the actual detector spans 37 mm, providing a viewable field 10.0 arcsec across. This small FOV allows dual or
multiband imaging to be implemented in the future (Section 6).

The tip/tilt optics provide light for the control of the tip/tilt loop, which operates at an update frequency of 1 kHz.
This necessitates an extremely fast detection method. Single photon counting modules (avalanche photodiodes) are
presently the only suitable detectors. In our case, the limiting factor is the frame rate, not the number of photons
available: Considering the throughput from the AEOS primary mirror to the APDs, a sufficient number of photons can
be detected in 0.5 ms from stars brighter than 4™ magnitude in the 0.7 to 1 wm range (the range of sensitivity for the
APDs) to provide a centroid with a precision of 57 pas. (The signal-to-noise requirement here is 800 for an image size
of 45 mas, which is the diffraction limit at the signal wavelength.) For a 7" magnitude star, the centroiding error is
approximately 400 pas. For the brightest stars, a neutral density filter is required to prevent APD saturation. A Gunn z-
band filter is also used to reduce the atmospheric dispersion difference between the star position detected by the APDs
and the science band pass.

Four APDs serve as the tip/tilt detector, fed by a four-fiber bundle with a set of four lenslets on a single substrate
positioned and aligned to the fiber heads. This “quad-cell” fiber pigtail is placed inside a fiber head micropositioner
which provides x and y translation of the fiber head in the image plane. The image plane is formed with a doublet lens
mounted behind the FPM (FM3 provides the needed clearance for the beam path). The motorized stage permits the
system to track a star regardless of where the hole in FPM sits. The four fibers from the fiber pigtail are then connected
directly into the APDs, which are housed in the electronics rack enclosure.

The doublet forms an image of the FPM hole at the lenslet in front of the quadrant fiber head. The doublet has a
150 mm focal length, giving an Airy spot diameter of about 150 um at the lenslet surface, where the quad-cell head is
280 um across.

Fig. 6. The Lyot Project Coronagraph as installed in Room 6
at AEOS in March 2004. The Dewar on the left is the Kermit
IR camera. The large black box with flames is the
coronagraph. The grey box on the right is a Zygo
interferometer used to align the coronagraph to the telescope
beam. To do this, a theodolite is set up on the opposite side of
the wall with the black circular beam port (just behind the
Zygo in this picture). The theodolite is set to mimic the angle
and location of the telescope beam. A mirror is placed at the
entrance aperture of the coronagraph and autocolimated to the
theodolite. By inserting a fold mirror, the Zygo beam can be
autocollimated to this mirror as well, thereby making the Zygo
beam identical in tilt and location to the telescope beam. This
is done because the telescope alignment beam is extremely
faint in Room 6, since it was not designed to serve the
instruments in the AEOS experiment rooms. The control
electronics are located in an adjacent room, where data are
collected.

5. CURRENT PROJECT STATUS

The Kermit IR camera underwent first light observations using the engineering grade detector in April 2003. It
functions well. In rather poor weather conditions (2” seeing in the optical), Kermit was able to make an image with a
Strehl ratio of approximately 60% in the H band. This was particularly encouraging and seems to confirm the notion
that a 90% Strehl will be achieved during median seeing conditions in the H-band.

The coronagraph, with assembly completed in New York at the American Museum of Natural History, underwent
extensive testing after December 2003. It shipped to Maui on March 4, 2004, where it was installed in AEOS's
Experiment Room 6. On 11 March 2004, the coronagraph was fed starlight from the AEOS telescope for the first time.
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After spending only 5 hours of telescope time to bring the whole system to a fully operational state, we observed the
star 55 Cancri, a star with a known exoplanetary system (consisting of 3 planets, including a 4 Jupiter-mass object at an
angular separation of about .4 arcseconds). This is a rather old star, so we did not expect to be able to detect any of the
planets, but it was a good target for our initial observations. 55 Cancri was observed in the H-band with occulted and
unocculted images taken. Total integration time was 11 minutes. We are still in the process of analyzing the data and
have determined most of the basic steps of data reduction for this new type of optimized, “extreme” AO, coronagraphic
data. In Fig. 9, we present two of the first exposures of this star, one with the star under the FPM and one unocculted.
These data are extremely interesting. First, they demonstrate the predicted’ effect of speckle symmetry in a
coronagraphic PSF. This effect is only visible when the input wavefront has a Strehl ratio above 85%. Our unocculted
images reveal a PSF with 90% Strehl, arguably the highest ever achieved in the H-band on any instrument.

Fig. 9. Two first-light images of
the star 55 Cancri. On the left:
Unocculted 2 second image 2.5
arcsec on a side in the H-band.
This image has a Strehl ratio of
approximately 90%. Right: one-
minute coronagraphic exposure in
the H-band, 5.0 arcseconds in
width.  Speckle symmetry is
obvious. Greyscale is logarithmic.

The March 2004 data were acquired during only 11 hours of usable observing time, due to rather poor weather that
ended Maui’s long-term drought. These data have enabled us to begin to characterize the true performance of the
coronagraph and the AO system.

In the comparison of I-band data with simulations (Fig. 3), we noted that the actual Strehl ratio was about 25%
while simulations suggested that it should be 40%. There are several reasons that the H-band coronagraphic data was so
far superior and directly in line with the simulation predictions of image quality (89%). First, the VisIM camera which
formed the I-band images has a Strehl ratio of only 70%." Second, the Lyot stop removes the outer portion of the
telescope primary, and accordingly the outer portion of the deformable mirror. The AEOS AO system has slaved two
subapertures of actuators on the outer edge of the deformable mirror. This means that the outer edge of the wavefront is
not being corrected properly. Since the Lyot stop removes this, the final image is not susceptible to this issue. In
addition there are five broken actuators on the deformable mirror.* All but one are blocked by the Lyot stop.

Furthermore, while we are still trying to understand this new data, the halo clearing effect described in Section 2
appears to extend only to about a one arcsecond radius rather than the predicted 1.5 arcseconds. The deformable mirror
is operated with only half of its available stroke because of fear that the broken actuators might either cause destruction
of the mirror or separation of additional actuators. The effect of using only half stroke is that it requires two
subapertures to correct a full stroke slope on the wavefront. In essence one can think of this as effectively increasing
the inter-actuator spacing. That results in a somewhat smaller 650. Further work on the data is necessary to fully
understand it. We are in the process of calculating the achieved dynamic range from the system, but results were not
ready prior to the due date of this manuscript.

6. FUTURE RESEARCH

The flexibility of the Lyot Project coronagraph’s design makes it an ideal facility for testing novel coronagraphic
techniques. Over the next year, while conducting our survey of nearby stars, we will implement and evaluate the
following: an apodized pupil mask, three types of focal plane phase masks, and a dual band polarimetry experiment for
increased sensitivity to circumstellar disks. We also intend to implement an integral field spectroscopic mode. This has
been recently identified as a technique that can greatly reduce the speckle noise effect.®
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