Planet Formation Instrument (PFI)

Science Objectives

· Direct imaging of self-luminous jovian exoplanets out to the Taurus star-forming region at 140 parsecs

· Direct imaging of jovian exoplanets in reflected light
· Spectroscopy of jovian exoplanetary atmospheres

· Direct imaging of planet-forming disks
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	Figure 1:  Contrast-separation plot for a Monte-Carlo simulation of a variety of targets in the solar neighborhood. Blue dots are rocky planets, beyond the reach of even TMT. Black dots are mature Jovian planets reflecting sunlight. Green dots are self-luminous Jovian planets, typically those with masses of 3-10 Jupiters and ages < 1 Gyr. Red dots are extremely young planets, recently formed or still accreting, in the Taurus star-forming region. The expected sensitivity of PFI and the Gemini Planet Imager for a typical target are overlaid. Although the exact sensitivity is a function of individual star type, this provides a sense of the unique phase space accessible to TMT.


Top-level Observatory Requirements

	Requirement ID
	Description
	Requirement

	[REQ-1-ORD-4510]
	Wavelength range
	1-2.5µm, one band at a time. Goal is 1-4 µm.

	[REQ-1-ORD-4515]
	Field of View 
	0.7 arcsec radius, goal 2 arcsec radius (applies to all requirements for PFI)

	[REQ-1-ORD-4520]
	Planet Detection Contrast (I<8)@Inner Working Angle with 5x rms noise, for a two hour integration
	10-8 @ 50 mas, goal 10-9 @ 100 mas

	[REQ-1-ORD-4525]
	Planet Detection Contrast (H<10)@Inner Working Angle with 5x rms noise, for a two hour integration
	10-6 @ 30 mas, goal 2x10-7 @ 30 mas

	[REQ-1-ORD-4530]
	Spatial Sampling
	Nyquist sampled at H band, goal J band.

	[REQ-1-ORD-4535]
	Spectral Resolution, full FOV, IFU
	R = 50, goal 100

	[REQ-1-ORD-4540]
	Spectral Resolution, partial FOV, IFU
	R = 500, goal 1000

	[REQ-1-ORD-4545]
	Polarimetry
	Simultaneous dual channel to detect polarized light (e.g., from scattering off circumstellar dust) at a level of 1% of the residual stellar halo, and measure absolute polarization to an accuracy of 10%


Description

High-contrast imaging is an important capability that places stringent requirements on the full optical path of TMT. The Planet Formation Instrument feasibility concept completed in 2006 results from a collaboration involving Lawrence Livermore National Laboratory, Jet Propulsion Laboratory, Université de Montréal and University of California, Berkeley. The PFI Principal Investigator is Bruce MacIntosh (LLNL). A block diagram of the PFI system is shown in Figure 2.
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	Figure 2: Simplified block diagram of the PFI system


Current AO systems achieve imaging contrasts of 10-5 at an angular separation of ~ 1 arcsecond. The goal of PFI is to achieve an extremely high contrast of 10-8 down to an inner working angle of 50 mas for a I < 8 parent star. The first stage in the PFI system is a high-speed, visible-light, front-end AO system. It will operate at very high update rates (2-4 kHz) to minimize dynamic atmospheric errors. At the heart of this AO system will be a pyramid wavefront sensor running in quasi-interferometric mode. Errors from these wavefront measurements should be factor of 2-4 better than those obtained with a conventional Shack-Hartmann sensor. The pyramid sensor will be combined with a high-order Micro-Electric-Mechanical Systems (MEMS) deformable mirror (DM) to deliver expected H-band Strehl ratios above 0.9 on bright stars and 0.84 down to I = 9 mag. 
The second stage of PFI is a diffraction suppression system (DSS) that will control the light scattered by diffraction from the telescope pupil. The DSS will be a dual-stage shearing nulling interferometer that will combine four offset and phase-shifted copies of the telescope pupil to remove the uniform component of the EM field that causes diffraction. This “nuller” architecture offers two significant advantages: (1) very small inner working angles (~ 3 (/D) needed to detect planets in reflected starlight, and (2) robustness against pupils such as the TMT one. However, one disadvantage of this nuller is its low throughput (~10-20%). Downstream from the DSS is a dedicated, interferometric infrared wavefront sensor. This “back wavefront sensor” will be a Mach-Zehnder interferometer that will combine the bright and dark outputs from the DSS. It will control a second MEMS inside the DSS to remove subnanometer internal static optical errors. 
The final stage of PFI is the science instrument itself. It will be an integral field spectrograph (IFS) capable of disentangling the exoplanet signal from the chromatic changes in residual artifact speckles. Such a speckle suppression system is expected to boost image contrast by an order of magnitude. The IFS will provide spectral resolutions up to 700 for follow-up studies of detected planets as well as a dual-channel imaging polarimeter mode to discriminate planets against the disks in which they may be embedded.
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