A coronagraph system with

unbalanced nulling interferometer

and fourth-order coronagraphs

J. Nishikawal, K. Yokochi%1, N. Murakami3, L. Abe?, T. Kotani®>, M. Tamural, T. Kurokawa?, A.V. Tavrov®, M. Takeda’, H. Murakami®
INational Astronomical Observatory of Japan, 2Tokyo University of Agriculture and Technology, 3Hokkaido University, “Universite de Nice-Sophia Antipolis,

5Japan Aerospace Exploration Agency, 5Space Research Institute

Abstract : 4-Stage Coronagraph system
First AO >

UNI (Unbalanced Nulling Interferometer) >

PAC (Phase and Amplitude Corrector): 2DM-AQ >

4th-order Coronagraphs =

partial nulling

1.Introduction : We describe novel techniques in the 4-stage coronagraph.

»UNI-PAC method: partial nuller and high-sensitivity wavefront compensator.
[1] Nishikawa et al., A&A 489, 1389 (2008)
[2] Yokochi et al., Opt. Exp. 19(6) Mar 14 in press (2011)

“Precise Wavefront Correction with an Unbalanced Nulling Interferometer for Exo-Planet Imaging Coronagraphs”
»Common-path AIC (3D Sagnac Nulling Interferometer coronagraph)
[3] Yokochi et al., Optics Letters, 34, pp. 1985-1987 (2009)

“Achromatic deep nulling with a three-dimensional Sagnac interferometer,”

[4] Tavrov et al., Applied Optics, 47, 4195-4926 (2008)

“ Achromatic interfero-coronagraph with two common-path interferometers in tandem,

»80PM : achromatic 1E-6~1E-7 results with photonic clystal
[5] Murakami et al., Ap.J, 714, 772-777 (2010),

“Achromatic Eight-octant Phase-mask Coronagraph using Photonic Crystal”

[6] Murakami et al., PASP, 120, 1112-1118 (2008),

2. UNI-PAC method : [ref.1,2)
Principle (Fig.2): The (amplitude-) unbalanced

“An Eight-Octant Phase-Mask Coronagraph,”

UNI-PAC mhnd

nulling interference of two light beams provides EY (E%+¢)
some order (~10-2) of reduction of the central star

light. At the same time, the wavefront aberrations m ﬂ
are magnified by reducing the unaberrated electric —— W (Extey)
field. The magnified wavefront aberrations can be i (1-8) ;\_ .

corrected further in the next PAC adaptive optics ——&y (1-2)(Eptep)

system (two DMs and a WFS) than without the UNI.
Thus, without the extremely high-quality optics
such as A /10000 rms, the required wavefront
quality is virtually obtained by the UNI-PAC

process. Consequently, the required wavefront
quality of the whole UNI-PAC and coronagraph
optics is relaxed which makes the high dynamic
range of 101 feasible.

Experiment (Fig.3, 4, 5): We have constructed the
laboratory testbed to demonstrate a capability of
the UNI-PAC for very precise wavefront correction.
We observed the aberration magnification of about
6 times by the UNI stage, A /110to A /16 for the
amplitude difference of the two beams of 0.18. The
magnified aberrations are re-compensated to A /96
rms by the PAC stage, which is equivalent to A /600. |
After the UNI-PAC, we placed a 3-D Sagnac nulling Lo
interferometer coronagraph. We observed a -
speckle level reduction of x 0.15 times in the focal ‘;:::D
plane by the PAC AO system. Now we confirmed
the principle of the UNI-PAC processes at both of
pupil plane and focal plane.
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Fig. 2. Principle of precise wavefront
correction with UNI-PAC system ([1]
Yokochi et al., Opt. Exp. 2011) .
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Fig. 3. Optical layout of the UNI-PAC + CP-
AIC coronagraph ([1] Yokochi et al., Opt.
Exp. 2011) .

3-1. 8OPM [ref.5,6](Fig.6): The eight segments of photonic-crystal half-wave-plate

with ®45deg inclinations make achromatic nulling of 4th order. An input linear polarization
is rotated to opposite directions and a 90 deg analyzer makes them nulling achromatically by
the use of Pancharatnam phase. We obtained ~7E-7 nulling of 633 & 532 nm light at5 A /D.

( First AO + UNI + PAC + Coronagraph )
wavefront correc tion (Single DM AO system)
(1/100) and aberration magnification. /1000 = observed A/100
wavefront re-cor rection
rejection of star light 8OPM, 3D Sagnac((T)CP-AIC, PIAA,BL4,Vortex,,

of Russian Academy of Science, “The University of Electro-Communications

(Fig.1)
/1000

virtually 2/10000 €< controlled ?»/1000<_—|
(A /1000 OK),

</ .

\F T
*

o wrs

P
D —

*____________"
c
1 Z

‘Telescope‘ ‘ First AO ‘ | PAC | Coronagraph
10 \
nulling
_ 8 R w a\efront. star{light
= ) re-correchan suppression
‘Z 6 wavefront Star
E correction —
£ |
5 4t
@
E Speckle
s 2k /1000 ==+ 2. /100
E NN
e
= A /1000
= 0 F Planet/‘\ ,’1,/19099[‘\, [\
20
2
" n n n A~ A A~ A

Fig. 1. Schematic of the 4-stage coronagraph system using UNI-PAC and intensity changes
in each stage.([1] Yokochi et al., Opt. Exp. 2011)
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Fig. 4. An example of the wavefront aberration Distance flambda/D1

magnification and correction. ([1] Yokochi et al.,
Opt. Exp. 2011)

3-2. [T]CP-AIC ([tandem] 3D-Sagnac) [ref.3,4](Fig.7): The CP-AIC perfectly
rejects point-like stellar light achromatically by the use of geometric phase shift (electric
vector rotaion) of 7. It can make stable nulling interference because of the common path
structure. Lab experiments without AO showed achromatic nulling (1E-6 at 5 A /D) of two
lasers. A Tandem CP-AIC is being confirmed as a 4th-order coronagraph, where the first one
outputs bright interferometric signal with 180-degree Image-rotation, while the second one
outputs nulled signal with 90-degree image-rotation (TCP-AIC generates 4 planet images).

Fig. 5. Speckle suppression in focal plane by the
UNIPAC system. ([1] Yokochi et al., Opt. Exp. 2011)
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Figure 6: (Left) The photonic crystal 80PM and its central part by SEM.([5] Murakami et al. Ap.J 2010),

(right) Radial intensity profiles of achromatic nulling by the 80OPM and the CP-AIC. (From [5] Murakami
et al. 2010 & [3] Yokochi et al. 2009)
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Conclusions:
v The principle of the UNI-PAC method has confirmed
at the pupil plane and the focal plane.
v A /600 virtual accuracy was achieved with A /100 optics & control.

of 1st CP-AIC

M5

Figure 7: (Left) Achromatic nulling images and (Middle) optical layout of CP-AIC. (Right) A
configuration of TCP-AIC (without polarization elements). ([3] Yokochi et al., Opt. Exp. 2009 & [4]
Tavrov et al. Appl. Opt. 2008)

v 80PM is 4-th order, achromatic, (high throughput).
v CP-AIC is achromatic. TCP-AIC would be 4-th order.

v The 4-stage coronagraph configuration would be candidate optics for
terrestrial planet finder missions.
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