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Abstract of the Dissertation

Direct Observation of Extrasolar Planets and

the Development of the Gemini Planet Imager

Integral Field Spectrograph

by

Jeffrey Kaplan Chilcote

Doctor of Philosophy in Astronomy

University of California, Los Angeles, 2014

Professor James Larkin, Chair

This thesis is focused on the development and testing of a new instrument capable

of finding and characterizing recently-formed Jupiter-sized planets orbiting other

stars. To observe these planets, I present the design, construction and testing

of the Gemini Planet Imager (GPI) Integral Field Spectrograph (IFS). GPI is

a facility class instrument for the Gemini Observatory with the primary goal

of directly detecting young Jovian planets. The GPI IFS utilizes an infrared

transmissive lenslet array to sample a rectangular 2.7 × 2.7 arcsecond field of view

and provide low-resolution spectra across five bands between 1 and 2.5 µm. The

dispersing element can be replaced with a Wollaston prism to provide broadband

polarimetry across the same five filter bands. The IFS construction was based at

the University of California, Los Angeles in collaboration with the Université de

Montréal, Immervision and Lawrence Livermore National Laboratory.

I will present performance results, from in-lab testing, of the Integral Field

Spectrograph (IFS) for the Gemini Planet Imager (GPI). The IFS is a large,

complex, cryogenic, optical system requiring several years of development and

testing. I will present the design and integration of the mechanical and optical

performance of the spectrograph optics. The IFS passed its pre-ship review in
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2011 and was shipped to University of California, Santa Cruz for integration

with the remaining sub-systems of GPI. The UCLA built GPI IFS was integrated

with the rest of GPI and is delivering high quality spectral datacubes of GPI’s

coronagraphic field.

Using the NIRC2 instrument located at the Keck Observatory, my

collaborators and I observed the planetary companion to beta Pictoris in L′

(3.5–4.1µm). Observations taken in the fall of 2009 and 2012 are used to find the

location and inclination of the planet relative to the massive debris disk orbiting

beta Pictoris. We find that the planet’s orbit has a position angle on the sky

of 211.9 ± 0.4 degrees, making the planet misaligned by 2.9 ± 0.5 degrees from

the main disk, consistent with other observations that β Pic b is misaligned with

the main disk, and part of the misaligned inner disk. In 2009 & 2012 we find

a projected orbital separation of 312.8± 18.3 and 466.35± 8.4 milliarcseconds

consistent with an orbital period of ∼ 20 years, and a semi-major axis of ∼ 9 AU

as found by Macintosh et al. (2014).

During the first commissioning observations with the Gemini Planet Imager

(GPI), my collaborators and I took the first H -band spectrum of the planetary

companion to the nearby young star beta Pictoris. The spectrum has a resolving

power of ∼ 45 and demonstrates the distinctive triangular shape of a cool

substellar object with low surface gravity. Using atmospheric models, we find an

effective temperature of 1650 ±50 K and a surface gravity of log(g) = 4.0± 0.25

(cgs units). These values agree well with predictions from planetary evolution

models for a gas giant with mass between 10 and 12 MJup and age between 10 and

20 Myrs. The spectrum is very similar to a known low mass field brown dwarf

but has more flux at the long wavelength end of the filters compared to models.

Given the very high signal-to-noise of our spectrum this likely indicates additional

physics such as patchy clouds that need to be included in the model.
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CHAPTER 1

Introduction

1.1 Motivation

Since the discovery of 51 Pegasi in 1995 (Mayor & Queloz, 1995), the search

for and discovery of extrasolar planets has become a rapidly developing and

exciting field of scientific research. However, to date almost all of the discovered

planets and planet candidates have been found by the indirect techniques of radial

velocity measurements (e.g., Marcy & Butler, 1996; Howard et al., 2010) and

transit searches (e.g., Charbonneau et al., 2000; Lissauer et al., 2011; Batalha

et al., 2012). The majority of the planetary systems that have been found have

architectures radically different from our own solar system, many with giant

planets orbiting much closer to their sun than expected two decades ago. These

disparate extrasolar planetary systems have caused us to re-evaluate the processes

for their development and have challenged our understanding of solar system

formation. But given the inability of indirect searches to find solar systems like

our own, we remain ignorant whether or not solar systems architectures like our

own are typical or not and struggle to produce a comprehensive model.

Central to our understanding of solar system formation is the role of ices in

the outer solar system. The explanation encompassing our own terestrial and

Jovian planets and the solar systems discovered so far involves scattering the

outer Jovians into the inner solar system. But, we have not been able to observe

many systems with a planetary architecture similar to our own solar system.
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Indirect techniques such as radial velocity surveys and transit surveys infer the

presence of a planet by its effect on the more readily observed host star. Radial

velocity measurements are derived from the fact that the center of mass of any

solar system is not the center of mass of the star itself but is the center of mass of

the entire solar system. All of the objects in a solar system including the central

star orbit around this center of mass. The orbit of the central star causes spectral

lines of the star to become blue or red Doppler shifted as the star moves towards

or away from us respectively during its orbit. Fine measurements of this Doppler

shift can be used to determine the existence of planetary mass companions.

Alternatively, the transit search technique is used to infer the presence of a

planet by measuring a slight decrease in the light of a planet’s host star as the

planet transits between the observer and the star. The phenomenally successful

Kepler spacecraft has used the transit method. Neither the Doppler nor transit

techniques observe the planet directly, but look for the indirect effects that a

planetary companion has upon its star.

Radial velocity and transit techniques have increasing difficulty detecting

planets at wide separations from their host star. Radial velocity surveys require a

significant portion of the orbit to be observed. For wide orbital separations, this

requires a substantial amount of time and a quiet, stable star and spectrograph.

Transit surveys not only require a long period of time, but the chance of alignment

of the planet, star, and observer at wide separations becomes vanishingly small.

While indirect methods are well suited for searching the region in close proximity

to their host star these difficulties make indirect methods less effective at looking

for solar system bodies, like our own Jovian planets, in wider orbits. Indirect

observation methods are inefficient at observing past the “ice line” – the region

in protoplanetary disks where it is cold enough for hydrogen compounds such as

water, ammonia, and methane to condense into solid ice grains. To search for

planets in wider orbits we must turn to different techniques.
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Direct imaging of extrasolar planets is a nascent technique, which allows for

the discovery of planets in wide orbits, provides new insight into the formation and

characteristics of extrasolar systems as well as enabling spectroscopic observation

of their atmospheres. Although planets in our own solar system are primarily

imaged through reflected light from the sun, this typically makes a planet only

one billionth as bright as its host star and no extrasolar planets have been imaged

in reflected light.

Instead direct imaging focuses on young solar systems where planets are

self-luminous. Heat generated during their formation causes planets to be

highly luminous in the infrared (IR) when they are young. By investigating

planets in wide orbits the ability to directly detect Jovian planets opens up new

regions of extrasolar planet phase space (Figure 1.1) that in turn will inform our

understanding of the processes through which these systems form.

The first step in the challenge of direct extrasolar planetary imaging is building

a new generation of dedicated instruments to explore the young hot Jupiters in

the 5–40 AU region, unreachable with Doppler and transit methods, but accessible

from ground based facilities using state of the art technology. Instruments such

as Palomar/P1640 (Oppenheimer et al., 2012), Gemini/GPI (Macintosh et al.,

2012, 2014), and VLT/SPHERE (Beuzit et al., 2008) have been recently built

and more, like Subaru/CHARIS (Peters et al., 2012), are under construction.

These instruments are dedicated to searching for and characterizing these young

extrasolar planets.

Direct imaging of extrasolar planets will allow new observations opening

new horizons on our understanding of extrasolar planet formation. These

accomplishments cannot be attained through theoretical analysis of the current

data, but require us to establish statistics and make observations that help us

to understand such information as planetary masses, orbital elements, and host

star properties, including an understanding of their atmospheric chemistry and
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Figure 1.1: The known extrasolar planets (Transit/Blue, Radial
Velocity/Green, Microlensing/Black, Direct Imaging/Red, Solar
System Planets/Orange-Triangle). The number of planets which
have been discovered via direct imaging is small, but has the
potential to expand into the relatively unpopulated high-mass and
high semi-major axis area of of the Mass versus Semi-major phase
space (Wright et al., 2011).

the processes that they underwent during formation.

There are two competing models of Jovian planet formation commonly referred

to as “hot-start” (Burrows et al., 1997) and “cold-start” (Pollack et al., 1996;

Marley et al., 2007). “Hot-start” models are where planets are formed by disk

instability, where if a disk is sufficiently massive, the disk fragments into a dense

core, and the planet cool from an initial hot state. The gas that collapses

directly to form a giant planet retains most of it initial entropy, resulting in high

initial temperature. “Cold-start” models are where giant planet formation is a
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result of core accretion, where a heavy element core is built by the accretion of

planetesimals and as the core grows, its ability to accrete gas from the surrounding

disk increases. This process cools the gas, causing it to lose much of its initial

entropy, and forms a giant planet that has a lower initial temperature. For a

planet of a given mass and young age, hot start models predict more luminous

planets. Even with a well determined stellar age, determining the planet’s mass is

difficult especially with only photometry. The key is to take spectra of the planet

to determine which molecules are present and to constrain the scale height and

temperature of the atmosphere which in turn yields mass.

We are just beginning to take the initial steps in our understanding of the giant

planets that form beyond the “ice-line”. Direct imaging of extrasolar planets is an

exceptional technique, distinctly separate from other indirect techniques, fraught

with its own set of unique challenges which require novel solutions. As we push

closer to the parent star, and towards smaller, older, and fainter objects, even

newer techniques, technology, and dedicated specialty built instruments will be

required to image this challenging zone. However, this scientific advancement

is not a trivial step; it has the potential to considerably advance our models

and understanding of the makeup and formation processes present in extrasolar

planetary systems.

1.2 Direct Imaging

The primary challenge of directly imaging a planet is differentiating it from the

light from its host star. For stars under consideration, the distances are typically

tens of parsecs from the Earth which places their potential outer solar systems less

than one arc second in radius. But due to turbulence in the atmosphere, light from

the star is traditionally blurred into a halo of light called the point spread function

(PSF) with an angular full width at half maximum of approximately one arc
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second. So even with significant self-luminosity, the light of a planet is completely

swamped by star light. Hubble Space Telescope is above the atmosphere but is a

relatively small telescope and diffracted and scattered light from its optical system

can still make the discovery of even bright exoplanets difficult. The first discovery

of an exoplanet using its own emission was made with a modern adaptive optics

(AO) system at the W.M. Keck Observatory (Marois et al., 2008).

An adaptive optics system is one of a variety of optical systems that measures

the optical effect of turbulence in the atmosphere and in real-time uses a

deformable mirror to restore a fraction of the light to an ideal plane wave limited

by telescope diffraction. The performance of any AO system is limited by the rate

of its operation (typically a few hundred hertz to a kilohertz), inaccuracies in its

atmospheric measurements and the number of degrees of freedom (actuators on

one or more deformable mirrors) it can control. As large telescopes in the mid-90’s

began installing AO systems, it became common to produce stellar PSFs smaller

than 0.1 arc seconds in diameter with 30% or more of the light restored to this

inner core. But, with the remainder of the light still uncontrolled and spread over

a large PSF, planets remained undetected.

In parallel with these early AO systems, algorithms for modeling and removing

the stellar light in the PSF made considerable progress and are of comparable

importance to the detection of planets. Much of the early work focused on the

Hubble Space Telescope where the atmosphere was gone and the PSF remained

stable for long periods of time (but still typically less than a full orbit). The

diffraction dominated PSF was largely symmetric under rotations of 90 degrees

which led to a very successful technique of taking two or more images of a star

at different telescope rotations and then subtracting one image from the other. A

planet, disk or other faint structure would be different in the two images and would

not subtract out or would partially remain (Schneider & Silverstone, 2003). But

even in space, irregularities of the optics create unique and asymmetric diffractive
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effects called speckles and typically limit contrast within one arc second of a star

to roughly 10−5.

From the ground, speckles and diffraction from the telescope and optics are

normally minor compared to the effects of the atmosphere. But, as AO systems

improved, instrumental effects became more and more important. Many speckles

are thought to be quasi-static in that they slowly vary with time, ambient

temperature, pressure, mechanical flexure, guiding errors, and other phenomena

(Marois et al., 2005a,b, 2006; Hinkley et al., 2007). All variations within the PSF

show some level of time stability and there are several symmetries of the PSF which

can help to remove the starlight and reveal a planet. These PSF symmetries fall

into two categories of either spatial structure, such as an azimuthally symmetric

component, or predictable wavelength dependency. Diffractive effects in particular

have a predictable wavelength dependency making it possible to scale portions of

the PSF at one wavelength to another and this was a prime motivator for building

an integral field spectrograph for the science instrument of GPI.

The latest techniques for modeling the PSF use angular differential imaging

(ADI, Marois et al. (2005b); Liu (2004)) and/or spectral differential imaging (SDI,

McElwain et al. (2007)) to allow techniques such as locally optimized combination

of images (LOCI, Lafrenière et al. (2007)) to build reference PSFs. The algorithms

are detailed in chapter 4 where I apply them to imaging data on Beta Pictoris b

and in chapter 5 on the first spectra from the GPI instrument. ADI, combined

with the Keck AO system and the NIRC2 camera led to the first published direct

image of a planet around another star (Marois et al., 2008).

1.3 Gemini Planet Imager Overview

The Gemini Planet Imager combines all of the lessons from the last two decades

in adaptive optics development, coronography, integral field spectroscopy and
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image analysis to try to achieve two orders of magnitude of improvement

in direct imaging contrast. We are now planning a survey of 600 nearby

young stars to characterize their outer solar systems. GPI is led by Bruce

Macintosh and involves eight institutions collaborating on the design and

construction of the instrument (Macintosh et al., 2008, 2012, 2014). GPI

was built for the Gemini Observatory, and installed at Gemini South in the

Fall of 2013. Due to the high dynamic ranges involved in directly imaging

extrasolar planets, GPI is designed to pay special attention to occulting and

speckle suppression in order to distinguish planetary companions from PSF speckle

noise. GPI was built with the major goal of detecting and characterizing young,

Jovian-mass planetary companions by distinguishing them from PSF speckle noise,

recording low-resolution spectra of the planets (0.98–2.4 µm), and detecting

and then measuring debris disks through polarization (Graham, 2009). GPI

consists of seven major sub-components: the adaptive optics (AO) system, the

coronagraph masks, the calibration interferometer (CAL), the cryogenic integral

field spectrograph (IFS), the opto-mechanical superstructure (OMSS), top level

software and a data reduction pipeline. The different sub-systems are shown in

figure 1.2.

One of the critical new technologies is a state-of-the-art AO system to

compensate for distortion due to the atmosphere. Adaptive optics systems were

designed to measure fast atmospheric wave-front errors and correct these errors

using a deformable mirror. The GPI AO system is designed to improve on previous

facilities by having, in comparison to other AO systems, a large number of degrees

of freedom and operating on a short time scale to reduce the residuals caused

by atmospheric turbulence (Macintosh et al., 2012). The goal of the AO system,

compared to previous facilities, is to lower the total waterfront error from dynamic

sources and to lower quasi-static errors by an order of magnitude.

The GPI AO system is composed of a low spatial frequency, high stroke, 11x11
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actuator deformable mirror, and a 64x64 Microelectromechanical System (MEMS)

low stroke, high frequency, deformable mirror from Boston Micromachines

(BMC) (Poyneer et al., 2011), with a 43-actuator-diameter region for high order

corrections. Light travels through a spatially-filtered wave-front sensor, to remove

high spatial frequency signals that would violate the sampling theorem and be

aliased as low-frequency signals. Spatial filtering is implemented as a hard-edged

stop in the focal plane before the wavefront sensor (Poyneer & Macintosh, 2003).

This allows for attenuation of spatial frequencies up to 1/2d; reducing scattered

light from the dark hole. The GPI AO system uses a 160×160 pixel Lincoln Labs

CCD to sample the sky at a typical operation speed of one kilohertz. The use of

two deformable mirrors in GPI is due to the fact that the MEMS, while having

a high number of actuators, does not have the stroke needed to correct the large,

low frequency changes in the atmosphere. The MEMS deformable mirror did not

exist as part of the original conceptual design of GPI, but because of the need for

a 43-acuator-diameter region, the 4,096 (64 × 64) actuator MEMS was developed

starting in 2004 (Poyneer et al., 2011).
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Unfortunately, a perfectly functioning MEMS could not be obtained

(Macintosh et al., 2012). A bad actuator can have enormous effects on contrast.

However, the scattered light as a result of this malfunction is well-confined in

the Lyot plane (Sivaramakrishnan et al., 2009), allowing customized Lyot masks,

installed in the IFS, to block out the scattered light, nearly restoring contrast to

its previous level. Additionally, the AO system is innovative in that it includes a

spatial filter to prevent aliasing and produces a dark region very close to the star

(Poyneer & Macintosh, 2004). The AO system and software was designed and

written by Lawrence Livermore National Laboratory (LLNL) (Macintosh et al.,

2008). The AO system and its first light performance results are described in

Macintosh et al. (2014).

Residual diffraction is removed by an apodized-pupil Lyot coronagraph

(APLC) (Soummer et al., 2011; Macintosh et al., 2014). A classical Lyot

coronagraph has a hard-edged focal plane occultor, an APLC combines a hard

edged Lyot coronagraph with a apodization function introduced in the pupil

plane. A grid of narrow, widely-spaced lines printed onto the apodizer forms a

two-dimensional grating, producing diffracted images of the central star in a square

pattern (Sivaramakrishnan & Oppenheimer, 2006; Marois et al., 2006). These four

satellite spots allow for a sampling of the central star spectrum, instrumental, and

atmospheric effects in the same image as the object of interest (Wang et al., 2014).

The calibration wavefront sensor (CAL) is designed to deal with non-common

path wave front errors (Wallace et al., 2010), providing feedback to the AO system

about these wave front errors in the IR. The speckles generated as a result of

these errors are not perfectly static as they vary over tens of minutes, nor are

they random (averaging out over time). The CAL is unique in that it provides

feedback to the AO system about the wave front errors, which are in the science

instrument wavelength bands, but are not sensed by the AO system. The CAL

is designed to measure the wave front at the focal plane mask, where a thin
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gold-coated mask with an occultor hole has been etched through the mirror and

is used to “block” the central star light. The CAL uses a near-infrared (1.5–1.7

micron) camera to sample these non-common path wavefront errors. The light

picked off by the coronagraphic mask is used to feed a low-order Shack-Harman

wave-front sensor.

Light from the CAL is fed to the IFS after a pair of pointing and centering

mirrors located in the CAL to keep the beam aligned into the cryogenic IFS. The

IFS is a 1−2.5µm instrument capable of sampling spectral and spatial information

simultaneously. The IFS is discussed in more detail in section 2.

The entire GPI structure is supported by the OMSS constructed by the

National Research Council — Herzberg Institute of Astrophysics (NRC-HIA).

It is the overarching structure which contains, and holds the major subsystems

and electronics for GPI. The OMSS precisely holds the subcomponents of GPI in

a predictable alignment and mounts the entire system to one of the five Gemini

instrument ports (figure 1.3).

1.4 Outline of Thesis

This thesis is centered on the direct detection and observation of extrasolar

planets using the facility class Gemini Planet Imager. The first component of

this thesis was the construction and testing of the integral field spectrograph

for GPI (Chapter: 3). This included the construction of the actual instrument

itself, trouble shooting and resolving unforeseen challenges in the construction and

operation of the IFS, and the verification that the instrument performance met the

stringent requirements for a the camera for the Gemini Planet Imager. This work

continued with the testing and verification of the instrument performance at the

University of California, Santa Cruz where the instrument was integrated with the

other components of GPI, and concluded with the integration and commissioning
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Figure 1.3: GPI mounted to the bottom port of Gemini South.

at Gemini South, located on Cerro Pachón, Chile.

Subsequently, in line with the goals of GPI, studies were performed on

β Pictoris b — a Jupiter sized extrasolar planet — bright enough to be directly

detected using current AO systems. Many questions related to extrasolar

planetary formation and many of the future goals related to directly observing

extrasolar planets will be answered only based upon the results from a large

number of observations. A large survey will begin in the Fall of 2014, but is outside

of the scope of the research contained in this thesis. The study of the singular
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object β Pictoris b serves as one foundational building block towards answering

these complex questions. Before GPI was installed, I performed a multi-epoch

broadband imaging and position monitoring campaign of β Pictoris b with the

NIRC2 instrument at the Keck Observatory. This work constrained the orbit of

the planet and helped prepare for the GPI observations. As part of GPI’s early

science effort, we obtained the first H-band spectrum of β Pic b (Chapter 5).
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CHAPTER 2

Gemini Planet Imager Integral Field

Spectrograph

2.1 Introduction

In this chapter, we will focus on components and systems I was intricately

involved with especially those I tested and will describe in chapter 3. The science

instrument designed for GPI is an integral field spectrograph (IFS). The GPI IFS

is a cryogenically cooled infrared science instrument designed for GPI and capable

of gathering spatial and spectral information simultaneously (Figures 2.1,2.2,2.5).

For an IFS, the spatial field is sampled with an image slicer, a bundle of fibers,

or in the case of GPI with a lenslet array. With these methods the spatial field is

sampled and then broken up into its spectral information. The GPI IFS principle

investigator is James Larkin and the instrument was constructed at the University

of California, Los Angeles (UCLA). The GPI IFS design is similar to the OSIRIS

instrument (Larkin et al., 2006) currently employed at the Keck observatory. All of

the lenslet based spectrographs rely on the ground breaking designs from Roland

Bacon such as the optical Tiger Instrument (Bacon et al., 1995).

The GPI IFS is a cryogenic instrument cooled with a mechanical closed cycle

refrigerators (CCRs) and sensitive from∼ 1−2.5µm. A collimated beam produced

by the CAL unit (Wallace et al., 2010) enters the spectrograph through an

infrared transmissive window that serves as a vacuum seal (Section 2.2). The

light then passes through a wheel with 10 positions located in the pupil plane
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(Section 2.3). For alignment purposes, a fold mirror can be inserted after the

pupil plane to intercept the incoming beam and redirect the light though a small

optic, through another infrared transmissive window and onto a small commercial

infrared camera (Section 2.3). While in science operation, the fold mirror is not

inserted into the beam and a pair of highly polished spherical mirrors are used to

reimage the focal plane at F/200 onto the lenslet array (Section 2.5).

The lenslet array is the heart of the IFS and samples the focal plane to produce

a grid of “spots” which are each an image of the telescope pupil. The choice of

an all reflective design for the reimging optics was made to minimize chromatic

aberrations that can degrade speckle suppression, which is completely dependent

on modeling of chromatic shifts in the speckles. The only aberrations affecting

the image quality of the field are from elements in front of the lenslet array. After

the lenslet array all of the spectrograph optics are refractive with a collimator and

camera system based on Petzval lens systems and is detailed in an earlier SPIE

paper by Thibault et al. (2010). The filters and prisms lie between the collimator

and camera in the spectrograph system (Section 2.7). The filter wheel contains

5 filters covering the 1–2.5 micron near-IR regime. The physical location of the

filter wheel is located in spectrograph portion of the optics, down stream of the

lenslet to remove the filters effects on image quality. The detector finally sits in

the spectrograph focus conjugate to the pupil plane from the lenslet array. For

the polarization mode, the primary prism is removed and a Wollaston prism is

inserted into the collimated space to separate the two polarization states.
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Table 2.1: IFS Performance Characteristics

Filters Y, J, H, K1, K2
Spatial Sampling 0.01414”/lenslet
FOV ∼ 2.7”× 2.7” (198×199 lenslets)
Spectrograph flexure < 1 detector pixel from 0 to 90 degrees
Lenslet Array 110 µm pitch in F/200 focus
Full Mechanism Reconfiguration ≤30 seconds
Optical Throughput > 62%
Spaxel Crosstalk < 5.1%
Dark Current Median 0.02 e-/second
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Figure 2.2: Left: The integral field spectrograph (IFS) is shown from the top
with the vacuum cover and cold shield removed. The light baffles inside the cold
shield are still in place. Right: The same image overlaid with the optical path
through the system. The optional pupil view is used by inserting a mirror into
the optical path. This mirror determines if light goes to the pupil viewer or the
lenset array. It is not possible to send light to the pupil viewer and the lenslet
array simultaneously.

The final result sampled by a Hawaii-2RG (Section 2.8) is that the IFS

has a field of view of 198 × 199 spatial locations and can measure either

eighteen simultaneous spectral channels1 The lenslet spatial scale, 14.14 ± 0.01

milliarcseconds per lenslet (Konopacky et al., 2014), was chosen to Nyquist sample

the PSF at the shortest wavelength. Given the IFS plate scale, this leads to

a greater than 2.7 × 2.7 arcsecond field of view; approximately the size of the

dark hole created by the AO system at the longest wavelength of operation. By

sampling both spectral and spatial information simultaneously, artifacts within

the PSF, such as residual speckles, can be suppressed due to the location —

wavelength dependence of interference artifacts compared to planets. Thus for a

given observation, the location of the planet is invariant compared to the central

1In H -band. Other wavelengths have slightly different spectral dispersion (see Table 2.2).
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Table 2.2: IFS Filters

Filter Short 1/2 Long 1/2 Central Spectral Resolution
Name Power (µm) Power (µm) Wavelength (µm) (R = λ/δλ)

Y 0.95 1.14 1.045 ∼ 43
J 1.12 1.35 1.232 ∼ 48
H 1.5 1.8 1.647 ∼ 52
K1 1.9 2.19 2.045 ∼ 65
K2 2.13 2.4 2.255 ∼ 90

Figure 2.3: Y, J, H, K1, K2 filters shown overlaid on an atmospheric transmission
curve with approximately 1.6 mm of precipitable water vapour.
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star location, but because speckles are interference artifacts their spatial location

is wavelength dependent. Additionally, the initial detection of a candidate planet

will include spectral information to distinguish it from background objects.

Figure 2.4: The major structural components of the IFS.
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Figure 2.5: Installation of the UCLA-built IFS into GPI at UCSC

2.2 Vacuum Enclosure & Overall structure

The IFS vacuum enclosure is made of 25mm thick aluminum walls which have

been welded together to form a 6-sided box with a separate lid. At strategic

points the IFS walls have been light-weighted in order to reduce the overall dewar

weight, but not to significantly effect the strength. All of the seals are made

with Buna-N O-rings. The outside of the vacuum enclosure has three precision

machined pads, referenced to tooling balls locations inside the dewar to allow

for precise mounting of the IFS to the OMSS (Section 1.3). Two windows are

located in the dewar to allow light to pass between the inside vacuum and outside

environment. These windows are an infrared grade of fused silica (Infrasil) and are
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the only transmissive elements before the lenslet array samples the field of view.

Infrared grade fused silica has a much lower water content leading to excellent

infrared transmission. Five vacuum pass-through connections are made to allow

for electrical cables to pass signals between the atmospheric IFS electronics and the

internal electronics mechanisms, switches, sensors, heater, and detector. Mounted

on the outside of the dewar are 5 additional vacuum ports, two for the Sunpower

inc. CCRs (Section 2.9), two for the two vacuum gauges & over-pressurization

prevention valves, and a fifth port which was installed in case a replacement

CCR was needed. The fifth port was created as part of a backup strategy and

implemented by cutting an additional port in the dewar wall so that a Pulse Tube

cooler or other future CCR system could be mounted there if needed. This port

was cut and sealed with great care while all optics and electronics were already

inside the dewar. The IFS dewar is powder coated to protect the aluminum walls,

but all vacuum seals have been left as bare aluminum.

The internal components of the IFS are mounted on a cold optical plate, which

is cooled via the CCR (Section 2.9). The optical plate is connected to the CCR via

flexible copper straps (Section 3.10). The optical bench contains all the optics of

the IFS and is structurally connected to the outside dewar wall by three A-frames

made of fiberglass Micarta (known as Garolite or G-10). Bolted to the optical

bench is an aluminum cold shield to mask the internal components operation in

the IR from the ∼ 300K glowing vacuum enclosure walls. The IFS is surrounded

by several layers of aluminized Mylar and gold Kapton to reduce the radiation

load on the cold shield walls from the external vacuum walls. Additionally, the

three mounting brackets for the G-10 A-frames located on the vacuum enclosure

wall are gold coated. A nickel coating was applied by an outside vender, then the

mounting brackets were gold plated by the UCLA Infrared Lab.
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2.3 Lyot Stop & Pupil Camera

Within GPI, an occulting spot in a focal plane masks off much of the light from

the star. Much of the remaining light is diffracted into a ring corresponding to

the outer edge of the primary mirror. To remove this ring of light, block thermal

emission from the telescope and diffraction from the spiders, we have selectable

Lyot stops located in a pupil plane. Once light has passed through the entrance

window and through a hole in the cold shield, it passes though the Lyot stop

selector wheel. The IFS uses 10 different positions in a rotating wheel located in

the pupil plane. This wheel contains a total of 9 cold Lyot stops and one blank.

The GPI Lyot stops are unique in that they contain tabs to block off bad actuators

located in the AO system. This blank plate is the only light blocking point in the

IFS science optical path.

The precision of the Lyot positions is maintained by individual detents —

a notch in the cryogenic wheel used to locate and hold each position — and

switches are used to confirm the positions. The switches are placed in such a

way that each individual position generates a unique switch pattern, but does not

require the same number of switches as positions. For alignment and calibration

the pupil can be imaged by inserting a fold mirror into the light path so the beam

is redirected through a H -band filter and into an off-the-shelf, external, indium

gallium arsenide (InGaAs) camera from Sensors Unlimited, Inc. The InGaAs

camera is located external to the IFS dewar operating at atmospheric pressure.

The IR sensitive camera has a cut-off wavelength of 1.7 microns, and we use an

H-band filter to limit its bandpass to 1.5 − 1.7 microns. The camera utilizes

an industry standard Camera Link interface to a model PCIe DV C-Link frame

grabber from Engineering Design Team Inc. (EDT).
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2.4 Reimaging system

The re-imaging system is used to focus the input collimated beam into an image

on the lenslet array. The incoming beam has an F/200 focal ratio resulting in the

need for a 2 meter focal length. In order to fit this length into the small space

constraints of the dewar, a pair of spherical mirrors is used to relay the beam

across the optical bench. To reduce chromatic aberration, a reflective design

was selected using two super polished gold coated spherical mirrors acting as a

telephoto system. To minimize wavefront error due to differential contraction the

mirror substrates are made of the ultra-low expansion material Zerodur. The

entire optical path is covered by light tight tongue and groove baffle system, with

all interior surfaces painted with the IR absorbing material Aeroglaze R© Z306. The

resulting focal plane falls on the lenslet array (Section 2.5).

2.5 Lenslet Array

The lenslet array is the heart of the optical system and serves as the location where

the field of view is sampled. The lenslet array consists of an array of micro-lenses,

having a pitch of 110 µm. The lenslet was produced by MEMs optical with a

grayscale lithographic technique that produces a monolithic optic with no internal

surfaces. The lenslet array acts at the boundary between the spectrograph and the

re-imaging optics by sampling the focal array, and generating a grid of micro-pupil

images in a plane. The lenslet array is rotated by ∼ 24.8 degrees with respect to

the incoming field orientation allowing the interlacing of the micro-spectra. Given

the diffraction limited sampling of the lenslets, the size of the pupils is dominated

by diffraction effects and geometric aberrations are negligible for the very slow

input beam.
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2.6 Spectrograph Optics

The spectrograph optics (Figure 2.6) were designed, built, and installed onto

the UCLA sub-plate by the Université de Montréal and Immervision (Thibault

et al., 2010). The spectrograph optics are made up of 8 lenses include three

of Cleartran (ZnS), four of BaF2 and one of S-FTM16, making an all-refractive

design except for two fold mirrors, which are used to package the optics in the

IFS space envelope. The optics between the lenslet array and the detector form a

standard spectrograph with a collimating set of lenses, a dispersive prism (Section

2.7) and a camera set of lenses. The spectrograph collimator has a focal ratio of

F/3.52 (to the corner of the square beam from the lenslet elements) with a 22.44

mm square field. The spectrograph camera has a focal ratio of F/5.89 and remaps

the micro-pupil array onto the science detector. Additionally, located with the

prisms between the spectrograph optics and the camera lenses is a five position

filter wheel (Table 2.2).

2.7 Prisms

While the spectrograph optics are provided by the Université de Montréal and

Immervision, the filters and dispersing elements were installed by UCLA. In

order to select a spectral mode or polarization mode, a spectral prism and the

Wollaston prism were designed to have no net deflection on light at 1.65 microns

and to be inserted into the middle of the spectrography optics (Figures 2.1,2.7).

The spectral prism uses a pair of prism elements to produce the required R=45

primary spectrum but with no net deflection at the central wavelength of 1.65

µm. The spectral prism pair was designed consisting of BaF2 and S-FTM16.

Polarization observations are made by removing the primary prism and inserting

a Wollaston prism made of MgF2. Because of the necessity that it operate at

cryogenic temperatures, an “air-spaced” Wollaston prism is used to avoid thermal
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stresses between the two prism elements.

2.8 IFS Detector

The GPI IFS uses a 1–2.5 µm 2048×2048 Mercury-Cadmium-Telluride (HgCdTe)

H2RG (HgCdTe Astronomical Wide Area Infrared Imager, where R denotes

reference pixels, and G denotes guide window capability) with a SIDECAR

(System for Image Digitization, Enhancement, Control and Retrieval) ASIC

(Application Specific Integrated Circuit). The detector is a hybrid CMOS imaging

sensor, combining infrared sensitive materials with CMOS integrated circuits. The

GPI IFS detector was built by Teledyne and is an October 2008 generation device.

The GPI detector is capable of 1, 4, or 32 readout channels2. The border of the

2048×2048 array is made up of a 4 pixel wide band of non-photosensitive pixels,

which are read out as “reference” pixels. These reference pixels at the top and

bottom of the columns are used to track any bias voltage fluctuations that occur

in each of the individual readout channels. While GPI reads the side reference

channels, they are measured too sparsely to improve the data quality and are thus

ignored for any noise tracking in the IFS readout. The CMOS design allows for

non-destructive readouts of the pixel amplifiers, allowing for multiple reads of the

array. The detector is operated in a continuous readout or reset mode, such that

the entire array is clocked over every 1.45479s (including overheads), at a 100 kHz

pixel clock rate.

The SIDECAR ASIC operating in a cryogenic environment, is connected to a

JADE2 (JWST ASIC Drive Electronics) with a single continuous, uninterrupted

connection cable. This cable, is passed through the vacuum wall and potted

in Emerson-Cumming Stycast 2850-FT, using a custom built in-house holder,

adopted from an initial design by the University of Hawaii. The JADE2 is used to

2For science operations the GPI detector is operated solely in 32 readout mode.
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connect the detector subsystem to the GPI Windows XP computer (“IFS Brick”).

2.9 Sunpower Closed Cycle Refrigerators

The IFS uses two CryoTel GT closed cycle refrigerators (CCR) from Sunpower

Inc., each rated at 15W of cooling power at 77K3. The decision was made to use

these Stirling cycle based cryo coolers instead of Gifford McMahan closed cycle

refrigerators, to avoid the substantial broad-band vibration generated by Gifford

McMahan CCRs. Several Cryocoolers were considered, but due to their low

vibration levels and availability Sunpower CryoTel GT cryocoolers were selected

to cool the GPI IFS optical bench (Figure 3.8). These Cryocoolers operate at a

60 Hz frequency, only producing vibration and electrical interference at 60 Hz and

its harmonics. On the back of each CCR is a vibration absorber tuned precisely

to 60 hertz and intended to absorb and dissipate some of the vibrational energy

generated by the CCR and to prevent this energy from being translated into the

IFS.

2.10 Mechanisms

The GPI IFS contains five cryogenic mechanisms based upon previous mechanisms

from the UCLA Infrared Laboratory. There are four active mechanisms used in

the standard operation of the spectrograph and one mechanism which has been

disabled, but was part of the initial alignment of the detector. The mechanisms are

based upon a long history of tried-and-true mechanisms in other IR instruments

built by the UCLA Infrared Laboratory: OSIRIS, MOSFIRE, NIRSPEC and

GEMINI. All mechanisms use off-the-shelf components and air cooled motors

which have been modified by the UCLA Infrared Laboratory to operate in a

3With a reject temperature of 35C.

28



cryogenic environment. Similar mechanisms with similar modifications have been

in use in other IR lab instruments, with some motors demonstrating a lifespan

of over a decade. Motion control is provided by a Galil DMC-2183 controller,

which was chosen as a standard for all mechanism controls within GPI resulting

in simpler development, reduced cost, and the ability to carry spares available to

the entire instrument. All the IFS mechanisms operate cold, with zero holding

current when they are not in motion. The GPI software provides movement

limits on the motors in a given period of time to prevent over heating of the

windings in each motor. Motor limits are high enough as to not interfere with

standard observing sequences, but without risk of thermal damage to the motor

windings. The two slides (Pupil Camera & Prism Slide) use hard stops to

control their position, while the two wheels (Lyot wheel & Filter wheel) use

roller detents to hold their position after the motor is de-energized. Due to the

extended cycle time needed to warmup, pump, and cool-down the instrument,

prototype mechanisms using cryogenically prepared parts were tested to avoid

breakdowns once they were installed in GPI. One wheel and one slide mechanism

prototype were operated through thousands of moves to simulate an expected

instrument lifetime of movement. These components were then inspected for

signs of wear. Despite these early tests, minor modifications were made during

the integration and testing phases and a problem with incorrect compression of

drive train elements in the two slides was not remediated fully until January 2014

after the first light observations.
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Figure 2.6: Zemax representation of the Université de Montréal and
Immervision optics (Thibault et al., 2010).
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Figure 2.7: The IFS Prism Slide. The prism on the right is the
Wollaston prism, while the prism on the left is the spectral prism.
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CHAPTER 3

Integral Field Spectrograph Testing and

Performance

3.1 Introduction

The GPI IFS (Chapter 2) underwent performance testing at UCLA prior to

shipment in December 2011 to the University of California, Santa Cruz (UCSC),

where it was integrated into GPI. Additional performance testing was completed

at UCSC once the IFS was fully integrated into the entire system. Understanding

the performance of the instrument is critical to verifying that the IFS meets the

needs of GPI, and to provide feedback to the general astronomical community

as to the performance of the instrument. We present the performance of several

key subsystems and the investigation and solution of several interesting technical

challenges encountered during the construction and integration of the instrument.

3.2 Lyot Stop and Pupil Camera

Nine Lyot masks and a blank are mounted in a wheel mechanism located at

the pupil plane. Due to the need to mask small features like individual bad

actuators in the deformable mirror and the secondary support spiders the masks

need to be aligned to each other and repeatedly moved into the beam. The

masks were installed to a tolerance of ±0.5 degrees by aligning the masks to

a precision of ±0.109 mm using two vertical alignment marks on the edge of
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the masks (Figure 3.1). To measure repeatability, the Lyot wheel was moved to

different positions and then returned to its initial position. This was movement

was performed multiple times without resetting and homing the location of the

wheel. Images of the Lyot masks were taken with the pupil camera (Figures

3.3,3.4) after each set of moves and the resulting images were then cross-correlated

to measure mechanism repeatability. This testing indicated that the Lyot stop

movement is highly repeatable to within 0.1% of the beam diameter. Because

GPI cannot be rotated while observing, the orientation of the Lyot masks to each

other is critical. Further, because misalignment of the Lyot mask to the central

spiders can cause significant diffraction effects in the imaging plane, a high level

of repeatability of the Lyot mechanism is required to reduce the need to realign

GPI between observation configuration changes. An alignment to a tolerance of

±0.5 degrees between Lyot masks and is an acceptable level. As this amount of

rotation is about 0.2 actuators at the edge of the pupil and within the overall

system goal of having an alignment tolerance of half an actuator, including terms

for flexure.
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Figure 3.1: This is an image of one of the
Lyot Masks. In addition to masking off
the secondary, outer edge of the primary
and the secondary support spiders, three
tabs are used to mask bad actuators
in the MEMS mirror. An external
alignment mark was used to coalign the
9 transmissive masks.
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Figure 3.2: An image of the IFS Lyot wheel. This set of Lyot stops was
replaced during integration and testing at the University of California,
Santa Cruz by the UCLA IR Lab following the failure of one of an
additional AO MEMS actuators which occurred after the shipment of
the IFS. Each small tab shown in the Lyot stop is intended to block
out the stray light generated by bad MEMS actuators. This expanded
image of the Lyot stop was taken with an external camera to verify
alignment of the Lyot stop before installation in the IFS.
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Figure 3.3: First light image of the IFS pupil camera, after install into
GPI, with the instrument still warm (Figure: 2.5). An image of the
GPI logo generated by deforming the MEMS to cause constructive and
destructive interference in the pupil plane allowing the GPI logo to
be generated by the AO system and imaged by the IFS pupil camera.
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Figure 3.4: An image from the IFS pupil camera with a lyot stop
moved into the beam. The lines are displayed by pistoning the MEMS
in the AO system to measure the rotation between the AO system and
the IFS.
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3.3 Reimaging Optics

The reimaging optics within the IFS consist of a pair of spherical mirrors used as

a telephoto system to relay the image onto the lenslet array (Section 2.4). The

system must be aligned warm in such a way that it will be in focus and aligned

at cryogenic operating temperatures. In order to accomplish this alignment, a

combined warm and cold model was calculated using CAD software in order to

predict the correct warm positions of optical elements and mounts that would

allow them to maintain focus and alignment during cryogenic operations. A

coordinate measuring machine was then used to make precision measurements

and compared to the model. This was done by touching the outside reference

surfaces of the IFS (Section 2.2) and then touching the optical and back surface

of the individual relay mirrors to initially align them. In the final configuration,

typical residuals to the warm model were on the order of 50µm. A beam passed

into the IFS at UCLA through a precision 10 × 10 pinhole grid at 1 µm has

pinhole images under two lenslets in FWHM and overlapping Airy rings (Figure

3.5). This shows an excellent optical alignment and quality can be achieved in

projection of an image onto the focal plane at the lenslet array (Section 2.5). A

final optics alignment was performed after cold tests at UCSC and when the IFS

had been integrated with the rest of GPI.

3.4 Alignment & Characterization of the Spectrograph

Optics

The spectrograph optics are needed to relay the lenslet pupil to the detector.

Therefore it is critical that the spectrograph optics are aligned to the detector.

The optics in the spectrograph were assembled, aligned and cryogenically tested

using an engineering grade H2RG at the University of Montreal prior to delivery
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Figure 3.5: The image quality of the IFS reimaging optics. Left: This
is a raw frame in the undispersed mode in which a 10 × 10 grid of
precision pinholes are illuminated by a whitelight source. Upon closer
inspection, the small size of the micro-pupil, less than 2 pixels fwhm,
indicates the alignment and high quality of the spectrograph optics.
Right: Putting the IFS into spectral mode for the same 10 × 10
pinhole grid, the data was then processed by the GPI data pipeline.
In both images, overlapping Airy rings can be seen from the focused
pinholes, indicating the high quality of the reimaging optics.

to UCLA (Thibault et al., 2010). The final step in the alignment process was to

focus the spectrograph optics on the H2RG (Section 2.8) using a cryogenic focus

mechanism. We used this cryogenic focus mechanism so that we would not need

to cyro-cycle the entire instrument. If this mechanism did not exist, focus could

only be achieved through multiple cryogenic cycles of the instrument, with the

detector mounting stage moved between subsequent cool downs.

To assist in this focusing process, it is possible to remove all prisms (direct

mode), which results in an image of the micro-pupils. These 40,000 micro-pupil

were focused onto the detector array using a cryogenic focus stage with a range

∼ 390µm. Since this focus is only used for the spectrograph optics, and is only

internal to the IFS, it was disabled after a final focus was reached. Measurements

of the pupil spots gives a FWHM < 2 pixels across the array. Spectral resolution

is limited to the ability to Nyquist sample the spectra, allowing no spectral

improvement in resolution for a spot FWHM < 2 pixels.
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Figure 3.6: Images of the spectrograph portion of the instrument show
good agreement with the predicted Zemax model. Left: An actual
spectral image taken with the IFS versus a simulated image based on
Zemax predictions. Right: An actual polarization image compared
to a simulated Zemax result for polarization.

By measuring the position of the spots, we find that the lenslet separation is

10.63 pixels. Spectral separation is ∼ 4.3 pixels perpendicular to dispersion and

is ∼ 23.5 pixels1 along the dispersion axis, leading to a separation of ∼ 6 pixels in

H -band at the center of the detector. By measuring a bright emission line, we are

able to determine that 94.9% of the light from a lenslet goes into a 3.5 pixel-wide

spectral swath. To obtain polarization information, a Wollaston prism is inserted

into the re-imaging optics path (Perrin et al., 2010). This generates two sets of

microdots measuring the separate linear polarizations simultaneously. Spectral

polarization is not possible since the Wollaston and spectral prisms cannot be

installed at the same time. In polarization mode the micro-pupil are separated

by ∼ 7.2 pixels. The rotation, dispersion distance, spectral spacing, and overall

performance of the spectra are in very good agreement with the Zemax model

(Figure 3.6).

Measurements of the spectral resolution of the instrument were made by using

1Distance between two identical wavelengths
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Figure 3.7: Top Left: H -band spectra of a Xenon source as reduced
using the GPI pipeline. Results indicate a resolution of R ∼52. Top
Right: K1 (1.9-2.19 µm) spectra of Xenon source as reduced using
the GPI pipeline. Results indicate a resolution of R ∼65. Each meets
or exceed the required resolution of the instrument. Bottom: Actual
image as taken by the IFS detector with Xenon source in H -band
before reduction with the Pipeline. Overlaid are the locations and
length of the spectra as found by the GPI pipeline.

Xenon and Argon calibration lamps. These were fed into the GPI Data Reduction

Pipeline (DRP) (Maire et al., 2010, 2012). The DRP identifies spectral features

from the lamps to deduce a wavelength solution (Figure 3.7).
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3.5 CCR Vibration and Induced Microphonics in H2RG

Detector

The IFS uses two CryoTel GT closed cycle refrigerators (CCR) from Sunpower

Inc., each rated at 15W of cooling power at 77K (Section: 2.9, Figure 3.8). The

Sunpower CryoTel GT is a Stirling cycle cryocooler. The cryocoolers are cooled

at the heat rejection surface via a removable water cooling jacket provided by

Sunpower. Originally a custom copper jacket designed to cool the body of the

CCR was cooled by using the waste heat from the CCR heat reject collars, but

the cooling source has been subsequently replaced with air running though the

same body copper jacket to reduce the chance of a glycol spill by reducing the

number of lines inside the optics enclosure which carry glycol. The bodies are

designed to operate without any cooling but will reach temperatures in excess of

sixty degrees Celsius without cooling jackets.

The coolers were provided with a removable KF-50 vacuum flange. This

was initially used to directly mount the CCR to the IFS dewar wall. While

the Sunpower coolers are low in overall vibration, each cooler operates at 60Hz

generating significant vibration at this frequency and its harmonics. A passive

vibration absorber, tuned to 60Hz, was provided by Sunpower and when added

into the system decreases the transmitted 60Hz vibration. However, by rigidly

connecting the CCRs to the IFS, vibration energy not dissipated by the vibration

absorbers is transferred into the dewar.

During lab testing, a localized source of read noise, on the order of ∼ 100

electrons, was noticed in frames from the H2RG detector (Figure 3.9). This noise

was seen to occur at a frequency of 120 Hz. Subsequent changes in the grounding

scheme made little or no difference to the detector noise, in the localized region.

Additionally, changes in the number of read channels (32, 4, 1) did not affect the

position of the region of enhanced read noise. We determined that the amplitude
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Figure 3.8: Sunpower CryoTel GT 15W cryocooler.

of the noise was dependent on the way in which the dewar was supported. By

placing the dewar on the ground as opposed to suspending it from a rotation frame

(figure 3.10), the noise was considerably diminished from ∼ 100 electrons to a few

10s of electrons. Further, by changing the amplitude of the CCR stroke, the

amplitude of the noise was correlated to the power and vibration of the CCRs.

The IFS H2RG detector uses three posts to attach it to its support structure

(Figure 3.11). It was realized that the noise was located approximately between

the H2RG detector’s support legs.

Analysis of the vibration dampers showed that while reducing 60 Hz vibration

along the CCR axis, some energy was shifted to 120 Hz in both the perpendicular

axes to the CCR’s center line axis. One of these axes is appropriate to stimulating

a drumhead-like vibration in the detector, essentially causing microphonic noise

in the detector. It is impractical to isolate the IFS detector head, so we decided to

isolate the Sunpower CCRs from the rest of the Dewar and GPI as a whole. This

was done by adding a set of all steel bellows at the KF-50 vacuum connection,

and suspending the CCRs via a series of Sorbothane washers. This dramatically

reduced the vibrational energy translated into the dewar.
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Figure 3.9: Microphonics noise pickup on the IFS H2RG detector.
Top: A vertical slice though the displayed box region revealing the
120Hz frequency.

3.6 Vibration Management

While the CryoTel GP CCRs were picked for their low vibration in most frequency

bands, they do produce significant vibration at 60 Hz and its harmonics. It was

originally believed that the CCRs could be hard mounted to the IFS dewar, but

over time this proved to be problematic, as the vibration was found to be extremely

high in the narrow operational bands and could effect the GPI H2RG (Section:

3.5) by introducing a strong vibration in the detector and detector head. Further,

concerns over the lifetime of internal mechanisms, vacuum seals, and the overall

performance of GPI led to attempts to mitigate the overall vibration.
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Figure 3.10: The IFS rotation stand with the IFS partially
rotated between 0 and 90 degrees.
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Figure 3.11: The location of the three legs of the H2RG detector in
comparison to the location of the vibrationally induced noise.
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The problem was approached from two angles. The first, was to attempt

to eliminate the generation of the vibration, and the second was to reduce the

vibrational transmission into the IFS. The first attempt to reduce the source of

vibration was to utilize the advantage that the two GT CCRs generated more

cooling power then was needed and a small increase in temperature of the optics

bench to reduce the power in each CCR was advantageous. Further, through

discussion with the manufacturer they were able to produce a prototype board

that had one logic unit to generate the CCR control signals and two driver units,

where the second driver (slave) was connected to the master board, but with the

piston movement commands reversed.

This setup was found to be problematic in that each driver board was powered

independently, and it is possible to provide power to the slave driver without

powering the logic board. This resulted in the CCR piston being driven hard

into one end of its range, effectively turning the magnetic coil which drives the

piston into a large resistor. Additionally, the slave driver board will immediately

be damaged, to an unrecoverable state. Due to the occurrence of such an event,

it was decided to abandon this method of reducing vibration with the generation

one controllers.

The second approach used to reduce vibration involved reducing the amount

of vibration transmitted into the IFS from the CCRs. Isolation was achieved

by separating the CCRs with a set of steel welded bellows, and supporting the

CCRs (Figures 3.12,3.13) by a set of washers made up of a vibration isolating

material. As was reported in Chilcote et al. (2012), duromater 70 sorbothane did

a spectacular job of isolating vibration from the dewar.

Using accelerometer measurements, the g-load on the detector head, going

in and out of the plane of the detector decreased from an absolute peak of

2.0 g’s to a peak of 0.17 g’s at 60Hz. This reduction in vibration virtually

eliminated any detectable level of microphonics when reading out the detector.
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Unfortunately, design constraints, limited the size and amount of Sorbothane

used. Further, after approximately six months we noticed that the Sorbothane

washers were deteriorating under the atmospheric load, and vibrational stress.

This resulted in a redesign, using instead rubber isolation pads. They are more

robust against deterioration, but unfortunately transmit more vibration than the

Sorbothane. While the rubber transmits slightly more vibration than Sorbothane,

it is significantly less than would be present without any vibration isolation

incorporated into mounting structure for the IFS CCRs. Further vibration

mitigation was performed using a set of synchronized controllers. We now estimate

that the microphonics is less than ten percent of the original amount observed.
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In the Fall of 2013, Sunpower Inc. began producing their second generation

controller with an add on to have one master 60 Hz sinusoidal wave to keep

the pistons out of sync, but to allow the logic boards to remain separate. This

second generation controller was installed into the IFS electronics enclosure in

January 2014 in Chile, replacing the original first generation controllers. The

overall solution to reducing vibration in the IFS and GPI due to the cryocoolers

is to use both rubber washer supported cryocoolers to control the phase of each

cryocooler to operate the cryocoolers in a state so that the overall vibration is

minimized.

3.7 Evaluation of GPI IFS H2RG Readout Modes

The IFS detector is a 1 − 2.5µm Teledyne H2RG (Section 2.8). Because the

CMOS design allows for the detector to be sampled without the destruction of

the original data there are multiple methods employed to measure the final signal

value. The most frequently used method is Multiple Correlated Double Sampling

(MCDS), sometimes called Fowler Sampling. In MCDS, the first half of the reads

are subtracted from the second half of the reads producing a result which is

proportional to the flux. This method serves as our primary noise baseline, but

it is important to remember that it can be confusing to talk about a read noise

in electrons for such an image, since the noise will depend on the exposure time

that you scale the flux to. In other words, if the reads densely fill the exposure

time, then the flux one naively calculates in a traditional MCDS is the integrated

flux for an exposure time of

N

2× (N − 1)
. (3.1)

Where N defines the number of reads performed.
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The second main method is often called Up-The-Ramp (UTR) sampling, where

the reads are treated as points along a linear graph of integrated flux vs. time.

They are then fit to a straight line which is proportional to the flux. In our

particular variation, it is also important to check for problems along the way,

such as a cosmic ray hit. So, we compute the traditional linear fit, but do so

through a weighted sum of the difference between any two adjacent readouts.

Since each neighboring difference is itself proportional to the flux, the weights can

be tuned to a particular expectation of the flux. This is explored in some detail

in a set of papers by Offenberg et al. (2001) and others.

An important consideration in these weighted sums is that adjacent

measurements of the slopes contain the same read in the middle, making the

covariance matrix off-diagonal. If there is no flux expected (as with a dark), the

ideal weight is to value the individual reads equally which is achieved by linearly

increasing the weight towards the middle set of deltas (neighbor differences), and

then linearly decreasing the weight. If no other changes were made, this would be

mathematically identical to MCDS for a set of exposures spread throughout the

integration time.

If, however there was a very strong flux present, then read noise is unimportant

and one wants to maximize the weight for the first and last read (essentially

ignoring middle reads which contain redundant information). In that case, an

equal weight should be applied to all of the deltas. As Offenberg showed, choosing

weights intermediate to flat and linearly varying often produced the best results.

To evaluate the readout modes and weighting schemes for the IFS, 50 dark

images were taken in a mode where all the raw frames are dumped to disk

(here after referred to as “write-all” mode). Traditionally these frames are

interpreted by the IFS and a single reduced detector frame is written out. For

this test each individual dark exposure produced 102 individual frames read

from the H2RG detector. The frames were combined together using a variety of
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proposed algorithms to estimate the flux contained in the images and determine

the equivalent noise of the particular algorithm, by comparing the results across

the 50 images. The limit of 102 readouts was set by the ability to reliably get

the entire set of write-all frames processed and written to disk due to memory

constraints. The write-all frames are the reads returned by the JADE2 to the IFS

brick before any processing, allowing the frames to be post reprocessed.

For all algorithms, 50 images were generated. These 50 images are then used

to generate 2d standard deviation and median absolute deviation maps of the

detector (Figures 3.14,3.15). A sub-region to avoid the microphonics is selected

in each deviation map, and then the median is plotted in Figure 3.16, reweighted

into an effective read noise in MCDS.

Each of the 32 output channels has a set of 4×64 pixels at the top and a second

set of 4 × 64 pixels at the bottom of the column that are not exposed to light.

These reference pixels can be used in a variety of ways to track common channel

noise. These pixels can be medianed together to track changes in detector bias

and subtracted from individual frames, or differences. In MCDS, this subtraction

is always done after calculating the flux. In this analysis, we analyzed the case of

UTR weighted sums where only reference pixels in the final flux measurement are

used to subtract the weight once versus where the reference pixels are subtracted

on each individual delta. With 512 reference pixels, the basic assumption was

that the median of any one frame would have negligible noise so this variation

would have no effect.

We calculate noise as a function of readouts, using the following possible

algorithms:

• UTR fixed time: The first and last reads are always used, but as more

reads are included, these are spaced out equally through the exposure time.

For two reads, the first and last readouts are the only frames used. For
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three reads, a frame in the middle of the exposure time is used. For four

reads, two intermediate reads are added, etc... In this case each pair of

frames is subtracted, vertical reference pixel subtracted, and added to a

weighted average. In the graphed data, the original weighting scheme was

used (between flat and linear).

• Calculated as MCDS, fixed itime: The image is calculated as an MCDS with

varying numbers of reads, but with the same total integration time. For

example an MCDS-1 is two reads, with an integration time of 74 seconds,

while an MCDS-32 has thirty-two reads on each end, with an integration

time of 74 seconds.

• UTR reads define itime: For each number of reads N specified, the first N

reads out of the 102 is used to calculate the flux. So in comparing to UTR

fixed time, this is identical except the frames are packed closely together in

time, while in UTR fixed time, they are spaced across the roughly 2.5 minute

total exposure time. Again, vertical reference pixels are subtracted to each

pair difference, and again this data used the original weighting scheme.

• UTR with MCDS weighting reads define itime: This is a computed image

like “UTR reads define itime” but with a linear weighting scheme to the

final value should be equal to having the lower half of the reads subtracted

from the upper half (an MCDS). The difference is the reference pixels are

subtracted to each delta.

Additionally, we calculate all of the above, but with the reference pixel

subtraction moved to the final step, as opposed to subtracting it from frame

difference. All of these different schemes are plotted in Figure 3.16. Further,

this scheme is not overly effected by the microphonics caused by vibrational noise

(Figure 3.17). In conclusion, we find that a weighted intermediate scheme is best,

but with the reference pixel subtraction moved to the last step.
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While we do not evaluate the noise of the system for an exposure time longer

than roughly 2.5 minutes of total exposure time, this 2.5 minutes covers the major

fraction of the integration times expected to be performed with GPI.

Figure 3.14: An evaluation of the read noise after 102 reads in the
detector with the channel bias reference pixels subtracted from each
delta in the UTR readout.
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Figure 3.15: An evaluation of the read noise after 102 reads in the
detector with the channel bias reference pixels subtracted from the
final frame.
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3.8 Detector Ground Loop

Upon delivery of the integral field spectrograph to the University of California,

Santa Cruz in late 2011, and subsequent integration with the other GPI

subsystems in early 2012, a substantial increase in noise was discerned in the

GPI detector (Figure 3.18). This noise did not have the same pattern and look

like microphonics noise (Section: 3.5), but instead varied in location with time,

indicative of an electrical issue. Unlike a pickup signal, the noise was not sinusoidal

in its appearance, but was pulsed, having a very abrupt start and end, with a

regular period (Figure 3.19).

Suspicions quickly focused on the GPI detector power supplies. While both the

digital side and analog side of the detector electronics require 5V, it is to the user’s

advantage to run the two sides off of separate 5V sources. The digital electronics

are powered from the possibly noisy 5V power supply used in the Windows

computer, while the analog side, which is used to set and maintain voltage on

the detector, are derived from a clean, regulated 5V power supply. At the UCLA

Infrared Lab there was no effect seen from operating in this configuration.

Figure 3.18: Left: The IFS with the ground loop introduced from the
power outlet ground line. Right: The IFS detector running on wall
power for its clean 5V analog power supply, but with the computer
running from battery power isolated from the GPI main facility power.
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By changing the gain in the analog-to-digital converter, we noticed that the

noise increased in proportion to the change in gain. This indicated that the

noise was not localized to the detector itself, but was more likely present in

the analog-to-digital converter, and was possibly leaking between the digital and

analog power sides of the electronics, at a point where they merged. Isolating

both the analog and digital electronics power supplies was shown to improve the

readout noise in certain circumstances by Dorn et al. (2008). This was achieved

by using a fiber based USB communications scheme. Powering both the analog

side and the digital side of the GPI detector off of a battery, removed the ground

loop (Figure 3.18). Further investigation showed that the noise only appeared

when using the 5V computer power supply, while the computer was connected

to the ground used in the GPI power strip. To isolate the computer, the power

supply was modified to use the chassis ground through the computer case instead

of the power supply ground. This kept the computer grounded, but removed the

noise source from propagating along the 5V digital supply.

60



F
ig

u
re

3.
19

:
B

ec
au

se
it

ta
ke

s
a

p
er

io
d

of
ti

m
e

to
re

ad
ou

t
th

e
d
et

ec
to

r,
b
y

u
si

n
g

th
e

cl
o
ck

in
g

cy
cl

e
th

e
H

2R
G

ca
n

ac
t

as
an

os
ci

ll
os

co
p

e
to

sa
m

p
le

th
e

re
ad

n
oi

se
.

T
h
is

fi
gu

re
re

p
re

se
n
ts

a
sm

al
l

sa
m

p
le

of
th

e
1.

45
47

9s
re

ad
ou

t
ti

m
e,

b
u
t

sh
ow

s
th

e
n
on

-s
in

u
so

id
al

n
at

u
re

of
th

e
gr

ou
n
d

lo
op

.

61



3.9 Spaxel Flexure and Improvements

Since GPI is not installed in a gravity invariant environment, it was important to

check for movement of the lenslet micropupil PSFs with respect to the detector.

With spaxel movements, differences in the quantum efficiency both pixel-to-pixel

and intra-pixel sensitivity can effect the flat field. Additionally, in spectral mode,

the spectral solution can change as the spectra shift on the detector. We performed

testing on the IFS flexure (figure 3.10) to identify possible shifts, and to attempt to

reduce their effects. The work presented here encompasses the testing performed

at the UCLA Infrared Lab before the IFS was integrated with the remainder of

GPI. No modifications have been performed on the instrument after shipment to

attempt to change these performance results; though testing has been performed

by other members of the GPI team after delivery to UCSC.

The cryogenic slide which holds the prisms has three different operating modes;

spectral: where an “air-spaced” dispersion prism can be inserted, polarimetry:

where a Wollaston prism can be inserted in place of the spectral prism, or open:

where nothing is inserted into the beam and the lenslet array pupil images can

be sampled by the detector. This allows for each prism and the open optics to be

considered independently for flexure.

Initial testing showed that the pupil spots and spectra were observed to move

multiple pixels when the dewar was rotated around its center of mass from 0 to

90 degrees. This included the direct mode when no prism elements were inserted

into the beam. To correct for this movement, blocks were glued beneath the IFS

detector head to reduce the possibility of the IFS detector focus flexure sagging

with gravity due to the cantilevered weight of the detector and its mount. Further,

we reinforced the clips holding the two fold mirrors to prevent their movement

with changing gravity orientation of the IFS.

On the subsequent cool down of the dewar, we noticed smaller movements
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without the prism inserted, but a significant shift in the spectra remained

when using the prisms. The spectra mode moved by greater than three pixels

perpendicular to the dispersion direction. A smaller but still significant motion

was notice in the Wollaston prism as well.
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Figure 3.20: Measurements made in the final
configuration of the lenslet flexure on the detector at
UCLA. These measurements of the position of lenslet
spots as the dewar is rotated between different gravity
orientations. The entire box represents one pixel,
with the measurement made by measuring the shift of
many lenslet spots The first three triangles identified
by a blue box are the first three points after the IFS
has been cooled down, but before any rotation has
occurred such as to allow the optics to settle into
their holders. Black: 0 degrees, Green: 15 degrees,
Yellow: 30 degrees, Cyan: 45 degrees, Magenta: 60
degrees, Blue: 75 degrees, Red: 90 degrees.
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Figure 3.21: The IFS H2RG installed on the flexure / focus stage
with the orientation of the spectral dispersion labeled.
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Because this flexure only occurred when the prisms were inserted, the most

likely cause was related to the insertion of the prisms. Zemax modeling was done

to identify the type of motion which could produce this movement. Inserting or

removing the prism elements perpendicular to the beam causes no shift in the

spot locations. This was further verified through testing, as it is a controllable

movement parameter. Tipping the entire prism assembly forward by 0.1 degrees

caused only a one micron shift in the focal plane2. Rotating the entire prism

by 0.1 degrees made a one-micron shift in the dispersion direction, but no shift

perpendicular to dispersion. Tipping the second prism forward, so that the

separation between the prism changed, by only 0.1 degrees caused 30 microns

of displacement perpendicular to the dispersion with a shift of less than one

micron in the dispersion directing. Tipping the second prism along the dispersion

direction by 0.1 degrees caused a 124-micron shift in the dispersion direction but

no associated perpendicular shift (Figures 3.20,3.21).

Upon closer inspection, we noticed that it was possible for the prisms to tip

and tilt independently in their holders. Further, the extra play in the prisms

while in their holders was consistent with the non-repeatable and jerky motion

seen in the spectral mode. By modifying the spectral prism mounts, we were able

to remove their independent movement, which was verified with the remaining

flexure that was seen with subsequent testing being uniform in the spectra,

Wollaston, and open positions, indicating that it is derived from the remaining

optical components. This modification consisted of increasing the strength of the

flexible washers holding the prisms in place, but not strengthening them to the

level where the prism optics might be damaged.

The remaining motion was most likely due to another optic flexing in its

mount. We rotated the dewar between 0 and 90 degree orientations many times

tracking the motion of the spots on the detector due to flexure3. This included

2The H2RG has a pitch of 18 microns.
3We ignored the very first tipping and tilting of the IFS after a cryocycle as to allow optics
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measurements in the spectral, Wollaston, and open prism positions. We found

that over all of these measurements, there was no discernable dependency on which

prism was used, leading us to the conclusion that the motion was due to another

optic. We found that the bulk motion of the spots was ∼ 0.8 pixels perpendicular

to dispersion, and 0.3 pixels in the dispersion direction. In each orientation, there

was about 0.3 pixels of scatter between different data sets. Further, starting at one

end of the scatter as the dewar is rotated, the points tend to stay near the same

end of the scatter. For a given angle, the scatter amongst the points tends to lie

along a line with less than 0.1 pixels of perpendicular scatter. The orientation of

the scatter lines appears to rotate being approximately 20 degrees (y over x) when

the dewar has a 90 degree from horizontal orientation, and changing to roughly

40 degrees at a dewar orientation of 0 degrees.

The scatter is very consistent with a loose optical element that is tipping in

its mount during dewar rotation. The fact that the angle of dispersion changes as

the dewar tips over may give some indication about which element is changing.

In the 90 degree orientation, most elements have an axis that is parallel to gravity

so one would not suspect a strong dispersion along either x or y. But, the middle

optics sitting between (and possibly including) the fold mirrors always have an

optical axis perpendicular to gravity and one might expect the relative amount

of x versus y motion to depend strongly on orientation. We suspect that one of

these lenses is moving a very small amount due to gravity.

In order to understand the possible source of the motion, coordinate breaks

were added around each of the lenses in the Zemax optical model (Figure 2.6).

The lenses were then shifted laterally and tilted to determine the magnitude and

direction of spectral motion. We assume that the motion must be because of

flexure in the system, if there was a loose element, we surmise that the shifts

would be sudden and non-repeatable as they were for the prisms. Using the

to relax in their mounts
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motions indicated in table 3.1, we determine the motion that the lens would have

to undergo in order to generation the motion of the spot pattern that we see

(Table 3.2).

The result of this testing is that a deflection of collimator elements 3 or 4 could

move with gravity in a way which would also explain the shifts that are seen of

the pupil pattern. Further, they require a small motion to produce the needed

deflections. At an IFS review by GPI and Gemini, it was decided that these shifts

are small enough to be compensated for in software, and further, due to the small

nature of the movements, it is more likely that an attempt to reduce the lenslet

pupil motion further would possibly damage or disrupt the already highly aligned

optical elements.

3.10 IFS Thermal Management

A flexible copper strap is used to connect the IFS CCRs which are mounted to

the outside of the dewar, to the internal optical bench which changes in size

and position as the dewar cools from ambient temperature to ∼ 70K. Providing a

thermal path to the IFS CCRs that was compact, had a high thermal conductivity,

and provided enough flexibility so as to not damage the IFS CCR cold tips was

a design challenge. At cryogenic temperatures, the conductive and radiative load

does not substantially change over a few degrees Celsius. But, the cooling capacity

of the CCRs changes substantially, thus for a given thermal load, they will always

reach the same operating temperature. By reducing the thermal impedance in the

link between the CCR tips and the IFS’s optical bench, we can lower the optics

bench’s operating temperature. Proving a highly flexible link that provided the

low thermal impedance for 15 watts of cooling capacity was challenging and took

several designs.

Thermal conductivity is proportional to the cross-sectional area of the strap
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divided by its length. Making the copper strapping longer as to provide more

flexibility decreased the thermal conductivity. Unfortunately, increasing the

thickness of the strap bundle did not appreciably increase the thermal conductivity

because thermal conductivity can be low as a result of touching / mated surfaces.

Using higher amounts of solid copper did improve thermal conductivity, but at

the expense of adding a high amount of weight and inflexibility to the end of the

Sunpower GT CCRs.

Figure 3.22: GPI IFS Press-welded copper straps. Assembled such as
to attach the tip of the CCR to the optical bench, but to allow for
the differential contraction between the cold bench at approximately
70 Kelvin and the dewar external walls, where the CCR is mounted,
at ambient temperature (0− 20 degrees Celsius).

While the straps were designed to be flexible, there was concern that limited

flexibility in all orientations could put undue stress on the fragile CCR tips. As a

result of in-lab testing, we found that some straps had < 5% of their theoretical

conductivity. Attempting to weld the end of the straps caused the thin copper
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straps to disintegrate, while attempting to add solder to the tips of the strap

bundles was difficult because the high thermal conductivity of copper resulted in

the solder flowing further than desired.

In the end, our solution was to use press-welded copper straps (Figure 3.22).

These straps are often used as flexible founding straps. Many different methods

— such as passing a high current while pressing together multiple sheets of copper

with a high amount of force — are used to bond the copper straps together so

that the stack of copper straps shows little resistance (electrical / thermal) across

the weld allowing the entire strap to carry the load. Lab testing showed that

our conductivity to be > 40% across the strap4. This strap design has been used

within the GPI IFS to couple the cryogenic optical bench to the CCR cold tips.

3.11 Additional Challenges

The IFS has had many additional challenges related to its design, construction,

and performance. These are important to the overall operation of the IFS, and

while worthy of mention, do not necessitate the detailed description demanded by

the preceding sections. They are listed here for completeness, with a rudimentary

summary.

• Initial testing and characterization of the IFS Pupil Camera. This includes

many of the same types of tests that were performed on the astronomical

detector, but the Pupil Camera uses a different technology, and method of

reading out and reporting the frames back to the IFS computer. The camera

was tested and configured to optimize performance for the environment and

demands of an astronomical imaging instrument.

4This measurement is limited by test setup and procedures
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• Diagnosis, operation, and repair of the IFS Vacuum gauges. The IFS vacuum

cold cathode gauges have a finite life. This operational lifetime was used at

an unexpected rate due to the need for 18 cooldowns of the instrument,

instead of the original 8 which were initially planned, often leaving the

Vacuum gauges at a high pressure for the cold cathode resulting in decreased

operational life.

• Creating a seal around the uninterrupted JADE2 communications cable. My

work with the JADE2 communications cable involved designing and testing

a method of passing the continuous JADE2 cable through the pressure

bulkhead of the dewar without introducing any cable breaks. This required

that I investigate a variety of designs, create test components, and prove

that the resulting design maintained a vacuum seal.

• Modeling thermal environment and copper strap performance. With

initial difficulties in reaching the desired temperature, and later difficulty

with overall CCR performance, understanding the thermal environment is

critical.

• The reduction of light leaks in the IFS. This included a light leak caused by

a caustic reflection before the lenslet array, and light leaks after the optics

reflecting off the field flattening lens and falling onto the detector.

• Understanding IFS detector read time and overheads

• IFS software testing and verification. I verified that all alarms and software

complied with the software acceptance test plan. Further, I independently

wrote test code to check the robustness of all of the IFS detector algorithms

written by Jason Weiss in C#.
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3.12 Summary

UCLA has designed and constructed the Integral Field Spectrograph for the

Gemini Planet imager. GPI is one of a new generation of instruments being built

to carry out the difficult task of directly observing extrasolar planets. Our testing

has shown that the GPI IFS has excellent optical quality, robust mechanisms, a

high level of internal metrology, and excellent filter throughput. The optical design

closely matches the predicted results from Zemax. While the Sunpower CryoTel

GT closed cycle refrigerators have low vibration, they induce vibration at a few

select frequencies. This was found to introduce microphonics noise into the IFS’s

H2RG detector. By isolating the vibration introduced from these coolers, the

induced noise has been substantially mitigated. The read noise on the detector

for a single CDS frame is near expectations, and the weighting scheme for UTR

frames has been optimized to produce the optimal results. Finally, due to an

unfixed gravity orientation, it is extremely difficult to prevent spaxel movement

on the detector, but by improving the robustness of the IFS, spaxel shifts have

been substantially reduced. All of these results meet the needs of GPI and should

make the IFS an excellent addition to the overall instrument.
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CHAPTER 4

A study of the massive planet Beta Pictoris b —

L′ observations using the Keck Observatory

4.1 Introduction

Beta Pictoris (HD 39060) is an A6V (Gray et al., 2006) star located

19.44± 0.05 parsecs from Earth (van Leeuwen, 2007) and is one of a handful

of stars with a directly imaged extra solar planet (β Pic b). The estimated age

is ∼ 12 Myr old using the moving group’s location on the H-R diagram, and

lithium equivalent widths intermediate in strength between Tucana-Horologium

and TW Hydrae stars as an estimator (Zuckerman et al., 2001). Recently, a

revised estimate was proposed using the lithium depletion boundary age of 21

Myr for the Beta Pictoris moving group (Binks & Jeffries, 2014).

In 1983, IRAS observations indicated a significant IR excess from β Pic

(Aumann, 1984; Aumann & Walker, 1984). The β Pic system represents one

of the earliest examples in which high contrast imaging was used to directly

detect a circumstellar disk by resolving the edge-on systems of freshly produced

dust (Smith & Terrile, 1984). Scattered-light studies of the morphology of the

β Pic circumstellar disk have revealed an inner warped component to the disk at

less than 80AU, inclined by 2–5 degrees with respect to the main disk (Kalas &

Jewitt, 1995; Heap et al., 2000; Golimowski et al., 2006). Asymmetries in the

disk structure have been attributed to the possibility of planetary perturbations

(Burrows et al., 1995; Mouillet et al., 1997; Heap et al., 2000). The deformed
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structure of the circumstellar disk can be attributed to a giant planet at a slightly

inclined orbit (Gorkavyi et al., 2004; Augereau et al., 2001; Thébault & Beust,

2001; Lagrange et al., 2009a). Observations by Okamoto et al. (2004) at 10 µm

found concentrations of silicate dust in several bands around β Pic, which was

interpreted as resulting from planetesimal belts. These belts should not be stable

over long periods of time, unless a planetary object is orbiting around the star

enforcing the belts through resonant interactions. Simulations by Freistetter et al.

(2007) found that a set of three planetary objects would explain these planetesimal

belts. These different observations were made with the growing consensus that the

young debris disk orbiting around β Pic hid a giant planet, and possibly held up to

three giant planets forming and sculpting the debris disk. This led to a successful

search for more evidence of an extra solar planet, or the direct detection of the

planetary body.

In Lagrange et al. (2009a) finally discovered a planetary candidate around β pic

using observations from 2003, in L′ (3.5–4.1µm) on the Nasmith Adaptive Optics

System (NACO) instrument. A single detection is not sufficient to determine

whether this candidate source was a gravitationally bound companion, or an

unrelated background star, whose projected position in the plane of the sky

happened to be close to β Pictoris. Observations in January and February

2009 did not detect the companion (Lagrange et al., 2009b; Fitzgerald et al.,

2009). However, the object was found in follow-up observations in 2009 (Lagrange

et al., 2010), appearing on the opposite side of the host star from its initial 2003

observations. Until 2013, no confirmed observations of β Pic b were published

with any other instrument besides NaCo and the Near-Infrared Imager and

Spectrograph located on the Very Large Telescope (VLT) (Boccaletti et al., 2013).

As more instruments have come online, and the object has moved further from its

host star making it easier to detect, β Pic b has been detected by VLT/NACO

(Lagrange et al., 2010), Gemini/NICI (Boccaletti et al., 2013), Magellan AO
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(Morzinski et al., 2014), and Gemini/GPI (Macintosh et al., 2014).

The confirmation that β Pic b is a planet, buried in a well-studied, and

prominent debris disk has led to a multi-epoch attempt to understand the orbital

parameters of β Pic b, its temperature and atmospheric environment, and to

discern if it is part of the main disk or the secondary inclined disk (Lagrange et al.,

2012; Currie et al., 2011). Measurements of the position of β Pic b determined

it to have an ∼ 9.04 AU semi-major axis, with a 20+2.9
−1.4 year orbital period at a

90.60± 0.68 degree inclination (Macintosh et al., 2014) on the sky. SED fitting of

broad band photometry has been performed on β Pic b to estimate an effective

temperature of 1700±100K, with a log g = 4.0±0.5, and that β Pic b has a dusty

atmosphere (Bonnefoy et al., 2013). Bonnefoy et al. (2013) finds that “hot-start”

evolutionary models give a mass estimate of 10+3
−2 MJup and a mass of 9+3

−2 MJup

from luminosity measurements.

Studying the orbit of β Pic b will allow us to reconcile the past three decades

of observations of the disk, with a planet that is orbiting and sculpting that disk.

Observations by the NACO team (Chauvin et al., 2012) are valuable in that they

have the benefit of being performed with the same instrument, and over a long

baseline to further constrain the orbit. They found that the planet is aligned

with the inner warped disk, and that the planet is located above the mid-plane

of the main disk. They also found that the position is compatible with a warped

disk tilted by 3.5–4.0 degrees. This is in contrast to Currie et al. (2011) who in

reanalyzing the data with his own version of LOCI argued that the observations

are inconsistent with the inner disk position angle, which is offset by ∼ 5 deg. GPI

observations made in late 2013 are seen to have a position angle above the main

disk, tilted by 2.8±0.6 degrees with respect to the main disk, providing additional

evidence that the planet is clearly misaligned with the main disk, but more nearly

aligned with the inner warped disk (Macintosh et al., 2014). Observations over

time, have given a sense of the orbital period and semi-major axis. Chauvin et al.
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(2012) found the most probable range for the semi-major axis fell between 8.0 –

9.0 AU. GPI, using previous published NACO measurements, further constrains

the semi-major axis to being 9.04+0.82
−0.41, having most likely observed β Pic b after

having reached its maximum projected angular separation.

Starting in 2009 we attempted to observe the β Pic system in L′ using the

Near Infra-Red Camera 2 on Keck. These observations are broad band. When

this campaign was started, no other instruments besides NACO had published

observations of β Pic b. While β Pic is only visible for part of the year from

Mauna Kea, when it is up, it reaches a low altitude, and a high airmass. We

present the work done from Keck using observations from 2009 and 2012 using

the classical LOCI process. These observations provide a large baseline to compute

the orbit of β Pic b.

4.2 A review of ADI, LOCI, & SDI

The primary problem with directly imaging planets is that the point spread

function (PSF) of the star contains significant flux to much larger radii than

the planet location. This PSF is not stable over long time scales such that

it is easily subtracted by building a master reference PSF. This complication

is described in more detail in section 1.2. Several techniques such as angular

differential imaging (ADI), locally optimized combination of images (LOCI), and

spectral differential imaging (SDI) have been employed to try and build reference

PSFs. These techniques rely on using frames close in time or spectral coverage

as the science frame of interest in order to estimate the PSF of the telescope and

instrument and subtract it from the science frames. In order to suppress the PSF

from β Pic A which obscures the image of β Pic b (Figures 4.2,4.3) we employ

these techniques. We review the mathematics behind these algorithms below in

sections 4.2.1,??,4.2.2.

78



4.2.1 Angular Differential Imaging

ADI exploits the fact that the sky and the pupil can be rotated with respect

to each other allowing the observations of the pupil and PSF to be disentailed

from the objects in the sky. A simple form of ADI (Marois et al., 2005b; Liu,

2004) takes a median of several images close in time, but where the pupil PSF

pattern is stabilized on the detector and a companion rotates throughout the

observing sequence due to field rotation. The subtraction avoids frames where

the companion has not been displaced to avoid subtraction with itself. ADI can

be summarized by the set of equations in Marois et al. (2006):

Given a set of images (In) taken at a given time (tn) at a paralactic angle (θn):

I1(t1, θ1), I2(t2, θ2), I3(t3, θ3), . . . , In(tn, θn) (4.1)

the first goal is to remove the constant PSF component.

IDi = Ii −median(I1, I2, I3, . . . , In) (4.2)

To remove the slowly varying time component, an optimized reference PSF is then

obtained for each image by median combining four images (two images acquired

before and two images after the image being processed) that show at least 1.5

full-width-at-half-max of rotation separation at a given radius of interest.

IADI
i = IDi − a×median(IDi−b, I

D
i−b−1, I

D
i+c, I

D
i+c+1) (4.3)

Having subtracted a significant portion of the constant, and slowly varying PSF

components, the more rapidly varying components are suppressed by rotating the

PSF so that the paralactic angle of rotation for each image is aligned, and the

images median combined.
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IADI
F = median

[
IADI
1 , rot(IADI

2 ,∆θ1−2), rot(I
ADI
3 ,∆θ1−3), . . . , rot(I

ADI
n ,∆θ1−n)

]
(4.4)

Locally Optimized Combination of Images (LOCI) (Lafrenière et al., 2007)

is a similar process to the simple ADI process above, but instead of choosing

just the nearest set of images, with enough field rotation, a least-squares fit of

the all the images is used, while looking in a sub-region. This process builds a

unique reference PSF for each image, in an attempt to subtract the PSF from each

individual image. This provides a gain in sensitivity of up to a factor of three at

small separations over ADI (Lafrenière et al., 2007; Soummer et al., 2012).

LOCI can be summarized by the set of equations in Lafrenière et al. (2007):

Since the subtraction region is based upon sub-regions of the image, we must

define an area (A) over which that subtraction occurs. This is determined by W ,

the full-width-at-half-maximum (FWHM) of the PSF and NA thus corresponds

to the number of “PSF cores” that fit in the optimization subsection.

A = NA π

(
W

2

)2

(4.5)

It is necessary for the optimized PSF to be subtracted from a given subsection

ST by using only the subset of these images in which a companion point source

appearing in ST would be displaced such as to not interfere point source in the

image being optimized over.

K = {k ∈ [1, N ] : |rk − rT | > δmin ∨ fk/fT < α}, (4.6)

The reference PSF for the optimization subsection is then constructed according

to:
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OR =
∑
k∈K

ckOk, (4.7)

The minimum of σ2 occurs when all its partial derivatives with respect to the

coefficients ck are equal to zero:

∂σ2

∂cj
=
∑
i

−2miO
j
i

(
OT

i −
∑
k

ckOk
i

)
= 0, ∀ j ∈ K. (4.8)

Reversing the summation order and rearranging the terms:

∑
k

ck

(∑
i

miO
j
iO

k
i

)
=
∑
i

miO
j
iO

T
i , ∀ j ∈ K. (4.9)

This is a system of linear equations:

Ajk =
∑
i

miO
j
iO

k
i , xk = ck, bj =

∑
i

miO
j
iO

T
i . (4.10)

Solving this system gives the coefficients ck needed to construct the optimized

reference PSF image for the subsection ST . Using the set of optimized coefficients,

the optimized reference PSF image subsection to be subtracted from ST :

SR =
∑
k∈K

ckSk, (4.11)

where Sk denotes the corresponding subtraction subsection in the reference PSF

image k.

4.2.2 Spectral Differential Imaging

SDI is a technique where the PSF is built by acquiring images simultaneously

at adjacent wavelengths. Because the location of a speckle is dependent on
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wavelength, taking simultaneous images at multiple wavelengths, with either an

IFS (McElwain et al., 2007) or a dual-channel camera, can allow for the subtraction

by building a PSF from other wavelengths. This is often done by rescaling the

images so that the PSF will be fixed, but the planet will change position with

wavelength (Figure: 4.1). Just as for ADI, this allows the PSF to be subtracted

by combining the different measurements of the PSF with methods similar to

those discussed in section 4.2.1. The images can then be combined to locate the

companion. A lenslet based integral field spectrograph (IFS) has the advantage

of sampling the focal plane before the spectrum is separated. Additionally, SDI

does not suffer from the need to have the sky rotate but instead builds the PSF

from the diffraction effects which cause the location of a given diffraction effect,

resulting from a flaw in the optics, to change the position it falls on the focal plane

depending upon the observed wavelength.

4.3 Observations and Data Reduction

We observed β Pic (HD 39060) on 24 November 2009 and 12 October 2012 using

the Near Infra-Red Camera 2 (NIRC2) located behind the adaptive optics bench

on the Left Nasmyth Platform of Keck II. All observations were performed with

imaging mode in L′ (3.43 – 4.12µm) using the narrow camera field of view (10x10

arcsec) with a plate scale of 0.9942± 0.005 milliarcseconds/pixel. NIRC2 was put

into vertical angle mode which fixes the telescope orientation to the instrument,

but allows the sky to rotate with time. Thus the orientation of the PSF will stay

fixed frame-to-frame but the planet will rotate in position angle around the central

star. The 2009 data were taken without a chronographic spot, with the core of the

PSF from β Pic A saturated, and sky frames interleaved with the observations.

NIRC2 was used in a subarray mode, with only the central 512× 512 pixel region

(∼ 5 square arcseconds) imaged. The data was taken in MCDS-2 mode with an
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exposure time of 0.5 seconds. β Pic underwent 21.5 degrees of sky rotation during

this image set, and had an air-mass ∼ 3. Immediately after the observations, a

reference image of the star FS13 (selected from Leggett et al. (2003) standards

catalog) was taken for photometric and core PSF generation.

The 2012 data were taken with the 200 milliarcsecond coronagraphic spot.

The images were taken both behind the spot, and with the central star dithered

in a three position pattern to avoid the bad quadrant on NIRC2. In lieu of taking

sky frames, this dither pattern was used to generate sky frames for subtraction.

The entire 1024× 1024 chip was used for the 2012 observations. Exposure times

were 0.18 seconds, 30 co-adds, taken in CDS mode.

For the 2012 data, β Pic was taken at an air-mass of ∼ 3 and underwent

14.1 degrees of sky rotation during the entire image set, but the dither pattern

data is bracketed by the under frames where the central star is located under the

occulting spot and thus only underwent 9.4 degrees of sky rotation. This limited

sky rotation does not allow the planet to be completely identified for positional

information, and is instead cut off. For this reason, we only analyzed the on spot

data, having significantly more sky rotation. For 2012 a reference image of the

star FS13 and FS2 were taken for photometric and core PSF generation (selected

from Leggett et al. (2003) standards catalog).

We separated the observational data sets by category: where the observations

under the occulting spot are analyzed separately from the images taken as part

of a dither pattern. With the addition of the 2009 data, there were three data

sets, which were each analyzed using the same procedures. To align the images,

we used a cross correlation, over a localized area. This localized area was defined

such as to avoid regions of known detector or non-linear PSF effects. Additionally,

regions far away from the PSF structure were avoided. This left only the central

part of the PSF which in which the signal was dominated by the PSF to align the

position of the central star and PSF between individual frames. We attempted to
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cross correlate unsaturated images of β Pic A with the entire data set to determine

the location of the central star but were unsuccessful because the PSF wings were

dominated by sky background noise and read noise. This made it difficult to

determine the location of the central star. In order to determine the location of

the central star we used the known sky rotation to forward model the location of

the planet.

In order to identify the location of the planet and its flux, we attempted to

forward model the solution with a five parameter fit consisting of the X-location

of the central star (1), The Y-location of the central star (2), the radius of the

planet from the central star (3), the position angle of the planet (4), and the

flux of the planet (5). Using the time stamp recorded with each observation, we

determined the position angle, and the location of β Pic A to calculate the sky

rotation. Using this information and an estimate of the location of β Pic b, we

attempted to subtract the planet from each frame using the reference PSF. Each

image then is radial profile subtracted (the average flux at a given radius from the

central star is subtracted), to remove halo effects, and then LOCI (Lafrenière

et al., 2007) is used to subtract the remaining PSF. A Levenberg-Marquardt

least-squares minimization (Markwardt, 2009) attempts to minimize the residuals

after LOCI of the planet subtraction by adjusting the parameters of the injected

PSF. The returned solution is the location and flux of the reference PSF which

best subtracts the planet from the frame leaving the lowest residuals behind. We

interpret this best subtraction solution as the location of β Pic A and b. Finally,

the NIRC2 header coordinates have a known adjustment with respect to north.

We use the measurement of 0.252 degrees in Yelda et al. (2010) to correct our PA.

We estimated the use of LOCI parameters by applying several different

parameterizations and solving for the least squares fit in each case. The resulting

points are then averaged together, where the averages are weighted by the

Chi-squared. We estimated the errors by injecting several artificial points into the
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data set at various paratactic angles, but at the same angular separation as was

estimated for the planet. We used this to estimate an error in our fitting routine

by calculating the standard deviation of the fitted result errors from the original

known PSF inject location. This is added in quadrature to the error that results

from the covariance matrix as part of the Levenberg-Marquardt least-squares

minimization.

4.4 Results

For 24 November 2009 (Figures 4.2,4.4), we find that the angular separation

is 312.8± 18.3 milliarcseconds with a parallactic angle of 211.36 ± 2.29. For

12 October 2012 (Figures 4.3,4.5), we find that the angular separation is

466.35± 8.4 milliarcseconds with a parallactic angle of 212.0± 0.7 degrees.

Our 2009 measurements were taken while β Pic b was significantly closer to its

host star than in 2012, making the measurements more difficult and requiring a

significant amount of sky rotation. On Nov 24, 2009, we found that the separation

was 312.8± 18.3 milliarcseconds. On September 25, 2009, observations using

NACO found that the separation was 299± 14 milliarcseconds, and on December

29, 2009 306±09 milliarcseconds (Chauvin et al., 2012). We find that our location

for β Pic agrees to within error bars of these measurements.

Our 2012 measurements were taken while β Pic b was nearing its largest

separation (as view from Earth) from β Pic A. We found a projected separation

of 466.35± 8.4 milliarcseconds. This in good agreement with Magellan/MagAO

measurements of 461 ± 14 milliarcseconds made on December 02, 2012 (Nielsen

et al., 2014), and with current orbital parameters from Macintosh et al. (2014).

Observations by the NACO team (Chauvin et al., 2012) have shown that the

inclination of the orbit of the planet is misaligned with the main disk and is

more aligned with the inner warped disk. Independent analysis by Currie et al.
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(2011) who in reanalyzing the data with his own version of LOCI argues that

the position of the planet is inconsistent with the inner disk position angle and

that the planet is not aligned with the inner warped disk. GPI observations have

indicated that the inclination of the orbit of the planet is not consistent with

the aligned disk, but more with the misaligned disk, though slightly less at an

inclination 2.8± 0.6 degrees versus the 3.5–4.0 degrees as found with NACO. Our

observations conclude that the planet is misaligned with the main disk with a

PA= 211.9±0.4 degrees, making the planet misaligned by 2.9±0.5 degrees above

the main disk. This measurement is slightly less than the NACO measurements,

but still confirms it presence above the disk, and is in excellent agreement with

the GPI measurements presented in Macintosh et al. (2014).

4.5 Discussion

Our observations confirm the planet β Pic b in L′-band observations from Keck

observatory. These observations were the first made from the northern hemisphere

and are taken at a high airmass. These results agree well with the published

literature, and provide two distinct locational estimates for the planet using the

extremely well characterized NIRC2 instrument. The orbital separation of ∼9

AU agrees well with the picture that a giant planet is enforcing the inner belts of

the β Pic system and provide a possible perturber to misalign the inner disk of

β Pic. The next generation of extreme AO systems dedicated to observing extra

solar planets will allow even more detailed and precise astrometric measurements

of this system thus enabling the planet to be followed far closer to its parent star

than these 2009 and 2012 observations were capable of.
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4.6 Summary

The β Pic system has been the focus of intense study for the past three decades.

It has long been speculated that the massive debris disk that surrounds this

star, has hidden an extrasolar planet. Despite much speculation, and many

supporting observations, only in the last five years has one actually been confirmed

to exist. We have made follow-up observations in the L′-band of this system

on the extremely well characterized NIRC II instrument located on Keck II.

Our observations allow a comparison across a three-year baseline, and were

taken at the same time as some of the closest observations to the central star,

and near the furthest separation from the central star, providing a good lever

arm to add to the current set of published observations. We find that our

locations are consistent with the VLT/NACO, Magellan/MagAO, Gemini/NICI,

and Gemini/GPI observations. Further, we find that the planet appears to be

inclined with respect to the disk, and is not part of the main disk.

GEMINI South/GPI and VLT/SPHERE will continue to make key

contributions to our understanding of the atmosphere of β Pic b. SPHERE and

GPI will allow us to measure the planetary positions much more precisely than

have been previously achievable, and will provide for much more detailed analysis

of their atmosphere through the inclusion of integral field spectrographs. The

work of the next generation of direct imagers will allow for an investigation of the

orbital path closer to the central star than other instruments had been previously

capable of.
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Figure 4.1: Cuts through a GPI data cube with one spatial and one spectral
dimension. In the original cube (left), the diffraction artifacts diverge outward
with wavelength (X-axis), while in the spatially resampled cube (right), they
form straight lines running vertically in the plot and showing only low-frequency
structures. This image is from GPI in H-band.
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Figure 4.2: A 2009 median stacked image of β Pic b without any
processing.
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Figure 4.3: A 2012 median stacked image of β Pic b without any
processing.
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Figure 4.4: A 2009 median stacked image of β Pic b after processing
with LOCI. The ring is defined as a set of subregions over which LOCI
has processed the image, where areas farther away from the center are
not processed due to the time required for many iterations.
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Figure 4.5: A 2012 median stacked image of β Pic b after processing
with LOCI. The ring is defined as a set of subregions over which LOCI
has processed the image, where areas farther away from the center are
not processed due to the time required for many iterations.
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Figure 4.6: The positions of β Pic b as observed from Keck (Red) vs
other observations taken at approximately the same time (2009: NICI
& NACO, 2012: NICI & Magellan) (Chauvin et al., 2012; Nielsen
et al., 2014).
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CHAPTER 5

The First H-band Spectrum of the Massive Gas

Giant Planet beta Pictoris b

Submitted to the Astrophysical Journal Letters, 2014 July 15

5.1 Introduction

For over a decade, there have been ongoing efforts to directly image young Jupiter

mass exoplanets still luminous in the infrared (IR) from their formation process.

Examples of such planets include 2M1207b (Chauvin et al., 2005), Fomalhaut

b (Kalas et al., 2008), the HR8799 system (Marois et al., 2008, 2010), β Pic

b (Lagrange et al., 2010), IRXS J1609 b (Lafrenière et al., 2010), HD 95086 b

(Rameau et al., 2013), and GJ 504 b (Kuzuhara et al., 2013).

Beta Pictoris (HD 39060) is an A6V star located 19.44 ± 0.05 pc from Earth

(Gray et al., 2006; van Leeuwen, 2007). Zuckerman et al. (2001) estimates the

age of β Pic at 12+8
−4 Myr, but that has recently been revised upwards to 21 ± 4

Myr (Binks & Jefferies 2014). β Pic represents the earliest examples of using

high contrast imaging to directly detect a circumstellar disk (Smith & Terrile

1984). The disk is seen edge-on and shows asymmetric structure that has been

attributed to planetary perturbations (Burrows et al., 1995; Kalas & Jewitt, 1995;

Golimowski et al., 2006; Mouillet et al., 1997; Heap et al., 2000). The planet

possibly responsible for these perturbations was eventually discovered by direct

imaging (Lagrange et al., 2010). β Pic b has been detected by VLT/NACO

(Lagrange et al., 2010), Gemini/NICI (Boccaletti et al., 2013), Magellan AO
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(Males et al., 2014; Morzinski et al., 2014), and Gemini/GPI (Macintosh et al.,

2014). This has led to a multi-epoch attempt to understand the planet’s orbital

parameters and to discern if it is aligned with the main disk or the secondary

inclined disk (Lagrange et al., 2012; Chauvin et al., 2012; Macintosh et al., 2014).

The basic properties of β Pic b have been estimated using SED fitting of broad

band photometry, resulting in an effective temperature of 1700 ± 100K, with a

log g = 4.0± 0.5(Bonnefoy et al., 2013). Previous comparisons of the planet’s

bolometric luminosity and system age to evolutionary cooling tracks resulted in

a mass from 9 to 13 MJup (Bonnefoy et al., 2013; Males et al., 2014). Using a

cross-correlation technique and high-spectral resolution over a narrow wavelength

range, Snellen et al. (2014) were able to measure the planet’s spin (vsin(i) ∼ 25

km/s ) and detect carbon monoxide absorption in the K band.

Understanding the atmospheres of these very young giant exoplanets is

a challenging task because we have only a handful of objects to study

spectroscopically. The theoretical models used to compute the emergent flux

from these planetary atmospheres are often extensions of those generated for

brown dwarfs, yet the spectra of the HR8799 planets exhibit significant differences

relative to brown dwarfs (Barman et al., 2011a; Marley et al., 2012). Spectroscopy

of β Pic b offers another opportunity to study the atmospheric properties of a

young giant planet that is substantially hotter than the HR8799 planets.

Here we present the first H-band spectral mode observations of β Pic b with

GPI. An analysis of the orbital parameters using astrometric measurements from

these data has been published in Macintosh et al. (2014). In section 5.2, we briefly

review the recently delivered Gemini Planet Imager being commissioned on the

Gemini South telescope. In section 5.3, we discuss the observations and data

reduction used to analyze the spectrum with this new instrument. Analysis of

the H-band spectrum, along with existing photometry, is presented in section 5.4.

Conclusions are discussed in Section 5.5.
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5.2 Gemini Planet Imager

The Gemini Planet Imager is a facility class instrument that was designed and

built to directly image and spectroscopically characterize young, Jupiter sized,

self-luminous extrasolar planets. GPI was built for the Gemini Observatory, and

installed at Gemini South in the fall of 2013. The high dynamic ranges involved

in directly imaging extrasolar planets required GPI to be designed to pay special

attention to speckle suppression (Macintosh et al., 2006; Graham et al., 2007).

GPI uses different sub-systems to combine several key technologies into

one instrument. The GPI adaptive optics (AO) system incorporates a large

number of degrees of freedom and uses a spatially filtered wavefront sensor

to enhance contrast near the star. GPI first light and commissioning tests

demonstrate that the AO system lowers the total wavefront error from dynamic

sources and quasi-static errors by an order of magnitude compared to earlier

AO systems (Macintosh et al., 2014). The GPI AO system is composed of

a low spatial frequency, high stroke, 11 actuator diameter woofer deformable

mirror, and a 64×64 Micro-electro-mechanical-system low stroke, high frequency,

deformable mirror from Boston Micromachines (Poyneer et al., 2011), with a

43-actuator-diameter region for high order corrections. Light travels through

a spatially-filtered wave-front sensor, to remove high spatial frequency signals

that would violate the sampling theorem and be aliased as low-frequency signals.

Spatial filtering is implemented as a hard-edged stop in the focal plane before the

wavefront sensor (Poyneer & Macintosh, 2003).

Diffraction is suppressed by an apodized-pupil Lyot coronagraph (Soummer

et al., 2011; Macintosh et al., 2014).

A grid of narrow, widely-spaced lines printed onto the apodizer forms a

two-dimensional grating, producing diffracted images of the central star in a

square pattern. These four satallite spots allow for a sampling of the central
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star spectrum, instrumental, and atmospheric effects in the same image as the

object of interest (Wang et al., 2014).

A infrared (IR) calibration wavefront sensor was designed to suppress

non-common path wavefront errors (Wallace et al., 2010) by providing feedback

about these errors to the AO sytem. Finally, the science instrument is a near-IR

(1-2.5 µm) integral field spectrograph (IFS) with an imaging polarimetry mode

(Chilcote et al., 2012; Larkin et al., 2014). The spatial field is sampled by a lenslet

array and then dispersed, resulting in ∼ 37,000 individual spectra with a spectral

resolving power R= λ/δλ ∼ 30− 90. The spatial plane is sampled at 14.14± 0.01

milliarcseconds per pixel (Konopacky et al., 2014). In first light observations,

GPI achieved a 5-σ contrast of 105 at 0.35 arcseconds and 106 at 0.75 arcseconds

(Macintosh et al., 2014).

5.3 Observations and Data Reduction

β Pic was observed with GPI in the H band (1.5072µm - 1.7899µm1, R ∼44-49) by

the GPI Verification and Commissioning team on Gemini South during first light

and then during the first verification and commissioning runs on 18 November

2013 and 10 December 2013, respectively. During the November observations,

32 individual 59.6-second images were obtained in coronagraphic mode, with the

cryocoolers (Chilcote et al., 2012; Larkin et al., 2014) operating at a reduced

power level to reduce the effects of vibration introduced into the telescope.

Seeing conditions were on average 0.68′′as measured by the Gemini South DIMM.

As the observations were performed during instrument commissioning, various

operational modes were used during a specific data set to evaluate performance

of the instrument. During the December 2013 observations, 14 individual

59.6-second images were obtained in coronagraphic mode. For eight of the images,

1Defined by the 80% power-point of the filters

97



the IFS cryocoolers were operating at full power, while in the remaining six images,

the cryocoolers were operating in a reduced power state similar to the November

observations. Each image has a different spatial filter size & woofer integrator

memory value in an attempt to optimize AO performance (Macintosh et al.,

2014). Immediately after the observing sequence was completed, and at the same

telescope orientation and flexure, a single observation of the flood illuminated

argon calibration source was taken to accurately track the shift of the spectral

solution on the HAWAII-2RG detector.

The images were first processed using the GPI data reduction pipeline (Perrin

et al., 2014). The pipeline requires the location and spectral solution for every

lenslet. These lenslet locations were determined by using a cross correlation of the

single argon image taken during the observing sequence as β Pic and high S/N,

deep images made during daytime calibrations. The telescope elevation differed

between the science images and the daytime calibration sequence. The resultant

shift was used to determine the overall change of the wavelength solution between

the daytime calibrations and that appropriate for the observations of β Pic.

With a shifted wavelength calibration, the GPI data reduction pipeline was

used to reduce all images, apply dark corrections, remove bad pixels, track satellite

spot locations, and convert each microspectra into a 37-channel spectral cube

(1.490− 1.802µm). Each data set was processed in an identical way.

Further data processing was done outside of the GPI pipeline. The GPI

atmospheric dispersion corrector was not commissioned at the time these

observations were made; therefore, each image and each spectral slice are

independently registered using the stellar position found by the four satellite spots.

GPI is mounted on a Cassegrain port with derotator disabled so each image has

a different sky orientation. In post processing, these images are rotated so that

the planet has a fixed location.

Since the satellite spots are imaged at an identical time under identical
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conditions, in theory their PSFs should closely match the planet PSF especially

when the four spots are averaged together. Instrumental effects and atmospheric

effects are estimated from satellite spot spectra. An 8000K, log g = 4.0 BT-Nexgen

model (Allard et al., 2012) convolved to the resolution of GPI, was used to

approximate the A6V stellar spectrum of β Pic A. This allows the instrumental

and telluric features under identical conditions to be estimated for the planet

spectrum and removed.

We found that the remaining halo in these initial first light images was smooth,

and dominated by uncorrected atmospheric halo speckles, rather than quasistatic

speckles. In order to remove this halo, we fit a third-order spline surface to an

aperture of radius=57.2–114.4 mas centered on the location of the planet, which

includes the space around the planet but does not include the planet itself. A PSF,

generated by the average of the four satellite spot cores, was scaled and subtracted

from the planet position in parallel to the spline fit. This average PSF of the four

satellite spots was generated for each particular image and wavelength channel to

which it corresponds. This spline surface + reference PSF is generated to subtract

the smooth halo and estimate the flux of the PSF. A Levenberg-Marquardt

least-squares minimization (Markwardt, 2009) was performed to find the best

fit of the underlying halo and the planet PSF in each image and at each spectral

channel (Figure 5.1).

We determined the spectrum using the flux of the PSF component of the

background subtraction technique of the spline fit + PSF to measure the flux

from the injected reference PSF. This produces a measurement of the planet’s

flux in each spectral channel. Each of the individual spectra measured from the

individual frames is independently normalized and combined together (Figure

5.2). To estimate the systematic errors and residuals, PSFs were generated from

the satellite spots, injected with a flat spectrum at an identical radius from the host

star into the individual frames, and then reduced in an identical manner. Given
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that this is one of the first extracted spectrum from the new GPI instrument,

and that the halo of the star has significant color variation, it is possible that the

overall spectral slope has an uncertainty of approximately 10%.

5.4 Results & Discussion

The spectrum discussed above has an SNR (per wavelength channel) that matches

or exceeds most previous broad band photometry. With this spectrum, we can

estimate surface gravity and effective temperature as well as search for molecular

absorption features and departures from stellar abundances.

The H-band spectrum has a clear peak at 1.68 µm defined by absorption on

either side. The location of this peak and the slopes on either side are consistent

with water absorption frequently seen in brown dwarf spectra. Based on previous

photometric estimates of the effective temperature (1600–1700 K), the primary

opacity sources across the near-infrared are water, collision-induced absorption

(CIA) from H2, and dust. There is no evidence for additional molecular absorption

(e.g., from methane or ammonia). The H-band spectrum has a very triangular

shape, a hallmark of low surface gravity and further evidence of β Pic b’s low

mass and youth.

The GPI H-band spectrum and existing ground-based photometry were

compared to the model grids described in Barman et al. (2011a,b). An effective

temperature of 1650±50 K was found to best match these spectral data, in

excellent agreement with previous photometric studies (Bonnefoy et al., 2013;

Currie et al., 2013; Males et al., 2014). The best matching model is shown in Figure

5.4 and it agrees well with the visible to IR photometry. Broad-band photometric

colors, however, are only modestly sensitive to surface gravity, emphasizing the

need for spectral data. Our H-band spectrum, as previously discussed, has an

triangular shape that sensitively depends on surface gravity. Our best matching
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models have log(g) = 4.0 ± 0.25 (cgs units) that, when taken into consideration

along with the effective temperature of 1650 K, is consistent with evolutionary

models between 10 and 20 Myrs for masses between 10 and 12 MJup (Burrows

et al., 1997; Chabrier et al., 2000).

Figure 5.3 compares the December 2013 β Pic b spectrum to those of other

directly imaged planetary-mass companions: ROXs 42B b (Bowler et al., 2014),

2M1207B (Patience et al., 2010), HR8799 b (Barman et al., 2011a) and HR8799

c (Oppenheimer et al., 2013). All of these objects are reported to exhibit low

gravity. ROXs 42B b has a similar H-band spectrum as β Pic b, though the

former has a slightly steeper spectrum on either side of the peak, consistent with

ROXs 42B b being slightly younger (5–10 Myr) or lower mass. The other three

planets shown in Figure 5.3 are all cooler than β Pic b by ∼ 500K to 800K.

Despite this large temperature difference, 2M1207b and β Pic b have similar

H-band spectra. 2M1207b’s H-band spectrum is shaped by a combination of

low gravity, opacity from thick dusty clouds, and non-equilibrium chemistry that

favors CO over methane (Barman et al., 2011b). Non-equilibrium chemistry is

less important in hotter objects like β Pic b that will have large CO/CH4 ratio,

regardless of vertical mixing. Consequently, despite very different temperatures,

ROXs 42B b, 2M1207b and β Pic b have atmospheres with similar dominant

opacity sources. The H-band similarities between these objects supports the idea

that β Pic b is low gravity (and hence low mass) and 1 to 2 pressure scale heights

near the photosphere. The differences between β Pic b and HR8799 b and c seen

in Figure 5.3 highlight the spectral evolution of low gravity objects from high to

low effective temperatures.

The model spectra (Fig. 5.4), however, do not match the H-band spectrum

particularly well. The best matching model under predicts the fluxes at λ >

1.7 µm while slightly over predicting the fluxes on the blue side of the H-band

peak. The net effect is a systematic tilt of 5 to 10% between the model and the
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data. Though a spectral offset of this magnitude may be present in the data,

we found that most H-band spectra from a low gravity brown dwarf spectral

sequence (Allers & Liu, 2013) agree extremely well with our GPI spectrum. The

best matching brown dwarf, 2M2213-21, has a reduced χ2 = 1.7 (see Fig. 5.4) and

the red-optical through K-band spectrum of 2M2213-21 also closely follows the β

Pic b photometry. Like β Pic b, 2M2213-21 is a young object with low gravity

features and is possibly a member of the β Pic moving group, at the ∼ 30% level

(Manjavacas et al., 2014). The agreement between the GPI spectrum and that

of known low-gravity brown dwarfs strongly suggests that our GPI spectrum is

mostly free of chromatic systematic errors and the discrepancies with the synthetic

spectra are most likely the result of imperfect modeling (e.g., treatment of dust

clouds). Such a systematic discrepancy in the model spectra could bias the derived

surface gravity, but it is unclear by how much. Allowing for a slight, ±10% tilt

in the model H-band spectra yields much improved fits, but does not noticeably

change the resulting surface gravity.

5.5 Conclusion

We present the first H-band spectrum of the extrasolar planet β Pic b from the

recently commissioned Gemini Planet Imager — located on the Gemini South

telescope — which began commissioning in the Fall of 2013. The Gemini Planet

Imager is a facility class instrument built to directly image and spectroscopically

characterize young, Jupiter sized, self-luminous, extrasolar planets. We find that

the spectrum of β Pic b provides a new and insightful look at the atmospheres of

these high-temperature low-gravity objects. While the best matching model does

not perfectly match the H-band spectrum, the spectrum is remarkably similar to

the young, low gravity brown dwarf 2M2213-21. We thus conclude that error most

likely is derived from imperfect modeling of the atmosphere. With so few directly
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imaged planet spectra, the other known objects are estimated to be cooler than

β Pic b, and have a slightly different spectral shape.

Currently, and in the near future, several extreme-AO instruments will be

on-line with the capability to directly image the spectra of the extrasolar planets

they find. While our β Pic b data only cover the H-band, GPI is designed to

measure spectra from 0.95 − 2.4µm at a similar capability as our H-band data.

These spectra will further our understanding of these high temperature low-gravity

objects. The low resolution but great sensitivity of GPI is well designed to identify

and characterize low gravity young exoplanets, as is demonstrated in our β Pic b

spectrum.
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Figure 5.1: Left: An average combined set of GPI images of β Pic b from November
2013 with no additional post processing removal of the background. Right: An
average combined set of images from November with a circular annulus defined
around the estimated location of the planet, which has been used to define a
surface in each image and spectral channel to subtract the remaining halo light.
In order to remove this halo, we fit a third-order spline surface to an aperture of
radius=57.2–114.4 mas centered on the location of the planet, which includes the
space around the planet but does not include the planet itself. A PSF, generated
by the average of the four satellite spot cores, was scaled and subtracted from
the planet position in parallel to the spline fit. Images are averaged along the 37
spectral channels in H -band (∼ 1.5− 1.8µm).
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Figure 5.3: H-band spectra of young, directly imaged planets. The
December 2013 Gemini Planet Imager spectrum of β Pic b is plotted
above the spectra of ROX 42b b (Bowler et al., 2014), 2M1207b
(Patience et al., 2010), HR8799 c (Oppenheimer et al., 2013) and
HR8799 b (Barman et al., 2011a). Each of these objects is cooler than
β Pic b. Despite very different temperatures, ROXs 42B b, 2M1207b
and β Pic b have atmospheres with similar dominant opacity sources.
The differences between β Pic b and HR8799 b and c highlights the
spectral evolution of low gravity objects.
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Figure 5.4: The comparison of the H-band spectrum (black) to a
1650K model with 3 different gravities. All three models do not
provide a perfect match to the spectrum. The log(g) = 4.0 model
(green) comparison has the best fit but is offset from the observations
by a constant slope. The young, low-gravity brown dwarf 2M2213-21
(red) has a better match to the spectrum than all 3 models. The
agreement between the GPI spectrum and that of known low-gravity
brown dwarfs strongly suggests that our GPI spectrum is mostly
free of chromatic systematic errors and the discrepancies with the
synthetic spectra are most likely the result of imperfect modeling (e.g.,
treatment of dust clouds). The spectra are normalized to match the
flux measured in Males et al. (2014).
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CHAPTER 6

Discussion

In this thesis, I have presented my role in the development of a new planet

detection system and its first use to measure the spectrum of the planet β Pic b.

Direct detection of extrasolar Jovian planets offers us the best opportunity to

discover solar systems like our own and understand the variety of solar systems.

But to date, the majority of the extrasolar planets have been found as a result of

indirect searches. Only a handful of the known extrasolar planets observed have

been detected through direct imaging. The GPI system is the most advanced

planet imaging system built to date.

I was part of the team that built the IFS for GPI and that integrated

and delivered the GPI system to the Gemini South observatory. GPI’s IFS

was designed and built at the UCLA Infrared Laboratory. The construction,

testing, improvement, and performance characterization of the GPI IFS has been

a major component of this work. Our testing has shown that the GPI IFS has

excellent optical quality, robust mechanisms, a high level of internal metrology,

and excellent filter throughput.

Our preliminary results from November 2013 show that GPI is much more

sensitive than existing systems. Observations of β Pic b easily reveled a planet in

a single raw 60-second exposure. In comparison to other instruments, a lower

signal-to-noise H-band detection using NICI required 3962 s of exposure and

extensive PSF subtraction (Macintosh et al., 2014). Beta Pictoris b is detected

at a signal-to-noise of ∼ 100 in ∼ 30 min of imaging.
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The science team for GPI has been awarded 890 hours on Gemini South over

three years to conduct the GPI Exoplanet Survey (GPIES). The goal of this

survey is to observe about 600 stars spanning spectral types A-M. Simulations by

McBride et al. (2011) showed that GPI will be capable of detecting 10% of gas

giant planets with masses > 0.5MJup, around stars which are younger than 100

Myr, and closer than 75 parsecs.

Integral field spectrographs have an important role to play in the future of

astronomical instrumentation. These types of instruments are rapidly becoming

more common and in higher demand. For the future of extrasolar planet finding

instruments, IFSs were identified as a science camera for use with the AFTA

Coronagraph in the WFIRST-AFTA Final Report (Spergel et al., 2013).

While the IFS and GPI were being constructed and commissioned, I undertook

a multi-year set of observations using the NIRC2 camera located on Keck II to

directly observe β Pic in L′. Our observations of its orbital inclination strongly

support that the planet is elevated above the plane of the main disk. We made

observations spanning three years observing β Pic b at the same time as the

current closed published observations of the planet, and near the furthest projected

angular separation from the central star. These observations agree well with

previous observations and orbital solutions.

Using the early commissioning data from GPI we have been able to make the

first spectral observations of β Pic b with the Gemini Planet Imager. We presented

the first H-band spectrum of the extrasolar planet β Pic b from the recently

commissioned Gemini Planet Imager located on Gemini South. The spectrum was

found to match the low gravity field brown dwarf 2M2213-21 very well, but had

trouble matching models at the 10% level, indicating that at these temperatures

and gravities, the models most likely need to be improved. The few planetary

objects which have been spectroscopically imaged to date have all shown slightly

different atmospheric profiles. Our best matching models have log(g) = 4.0 ±
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0.25 (cgs units) that, when combined with 1650K, is remarkably consistent with

evolutionary models at 20 Myrs (Chabrier et al., 2000) and “hot-start” models.

My thesis work has followed the overall arch of observing the young,

self-luminous extrasolar planet β Pic b with current, well characterized,

instruments and AO systems, while simultaneously constructing a next generation

of instrument with the capability to look at self-luminous extrasolar planets

in a detail never before available to the astronomical community. Some of

the first objects observed with GPI have been the currently known directly

imaginable extrasolar planets, of which β Pic b is one. I have presented the

first H-band spectrum analysis of the planet, and the implications it has for

the temperature, gravity and metallically of the planet. GPI will make further

significant contributions to our understanding of extrasolar planets.
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