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ABSTRACT

The Gemini Planet Imager (GPI) is a high-contrast imaging instrument designed to directly detect and char-
acterise young, Jupiter-mass exoplanets. After six years of operation at the Gemini South Telescope in Chile,
the instrument is being upgraded and moved to the Gemini North Telescope in Hawaii as GPI 2.0. Several
improvements have been made to the adaptive optics (AO) system as part of this upgrade. This includes re-
placing the current Shack-Hartmann wavefront sensor with a pyramid wavefront sensor (PWFS) and a custom
EMCCD. These changes will increase GPI’s sky coverage by accessing fainter targets, improving corrections on
fainter stars and allowing faster and ultra-low latency operations on brighter targets. The PWFS subsystem was
independently built and tested to verify its performance before being integrated into the GPI 2.0 instrument.
This paper will present the pre-integration performance test results, including pupil image quality, throughput
and linearity without modulation.
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Figure 1. Schematic of the optical layout.6

1. INTRODUCTION

Gemini Planet Imager (GPI) is a high-contrast imaging instrument that successfully operated at Gemini South
Telescope, Chile, for six years. Its goal was to observe wide orbit (> 10 AU) Jupiter-mass exoplanets and
resolve circumstellar material around young, nearby stars.1 In August 2020 it was decommissioned to be moved
to Gemini North Telescope, Hawaii USA. This presented an opportunity to envisage new scientific goals and
assess the required upgrades to become GPI 2.0. These new goals, outlined in full in Chilcote et al. (2020),2

require GPI 2.0 to be more sensitive to fainter planets and to reach deeper contrasts at smaller inner working
angles. Therefore, upgrades to the adaptive optics (AO) system, coronagraphic masks, calibration unit (CAL)
and integral field spectrograph (IFS) are taking place.3 The main upgrades to the AO system include:

• Replacing the current Shack-Hartmann wavefront sensor with a pyramid WFS (PWFS)

• Replacing the current CCD with a custom Nüvü EMCCD

• Updating the current real-time controller (RTC) software to the Herzberg Extensible Adaptive Real-time
Toolkit (HEART)4

The subject of this paper is the PWFS, which will enable access to fainter WFS targets (I band magnitude
of 14) whilst also providing more stable operations on brighter targets. GPI 2.0’s PWFS has benefited from
the research and design of the Thirty Meter Telescope (TMT) Narrow Field InfraRed Adaptive Optics System
(NFIRAOS),5 using many of the same components. The PWFS was built, aligned and tested at UC San Diego
before its integration into the GPI 2.0 instrument at the University of Notre Dame in May 2024. In this paper
pre-integration tests as well as the status of the integration will be presented.

2. PWFS SUBSYSTEM DESIGN & BUILD

2.1 Design

A complete description of the PWFS design, including the opto-mechanical design, is presented in Fitzsimmons
et al. (2020).6 Figure 1 shows the ray trace of the PWFS, which has a 12 mm diameter pupil and an f/64 beam
reflected from the GPI science beamsplitter dichroic with a cut-off wavelength of 925 nm. The PWFS employs
key components as described below:
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• Two fast steering mirrors (FSM). FSM1 will modulate and dither the focused spot around the tip of the
pyramid. The typical radius of the modulation circle, produced by FSM1, will be 3λ/D.

• Two fold mirrors (Fold), where Fold1 is mounted on a transitional stage for focus capabilities.

• Four-sided double-pyramid, splitting the light into four channels. It is comprised of two different class
materials combined along their base, and is identical to that used by NFIRAOS.

• A triplet (camera) lens to image the pupils onto the EMCCD.

• An EMCCD with near-zero noise, high quantum efficiency and fast readout. It will operate at frequencies
up to 2 kHz (though capable of 3 kHz).

• Anodised aluminium bench, with a hollowed frame to reduce the mass of the PWFS.

• Baffle and field stop to reduce background noise and source confusion.

It is important to note that the pupil plane is not at FSM1 (as shown in Figure 1), which means for large
modulations the image on the EMCCD will move, resulting in smearing. This is further discussed in section 3.1

2.2 Build

The PWFS was built and aligned at UC San Diego in a class 1000 cleanroom, before being shipped to the
University of Notre Dame for its integration. The manufacturers of each component are listed in table 1.

Component Manufacturer
EMCCD Nüvü Camera
Stages Physik Instrumente
Mirrors Coastline Optics
Camera lens BVM Optical Technologies
Double four-sided pyramid BVM Optical Technologies
PWFS bench & Opto-Mécanique de Précision (OMP)
optomechanical components

Table 1. List of the PWFS components and manufacturers used.

A key component of the PWFS is the EMCCD which will enable observations of fainter targets and measure the
atmosphere at a faster frequency (moving from 1 kHz to 2 kHz). It uses the Teledyne e2v CCD220 8 outputs for
a faster readout, giving a 240 pixels × 240 pixels area, where the pixel length is 24µm. During the build of the
PWFS it was found that the Nüvü camera suffered from charge diffusion resulting in blurry images as described
in Do Ó et al. (2024).7 This was due to the inverted readout mode set by Nüvü, which was subsequently changed
to non-inverted readout mode. This mode change increased the dark current. However, for the short exposures
we are using this will have a negligible impact on our results.

The PWFS was initially aligned using a test source unit (TSU) with a 625 nm laser to mimic the f/64 beam
of the telescope. With the TSU the pupil image quality was initially assessed (for a full breakdown of the tests
performed see Perera et al. (2022)8). The throughput was measured as 98 %. Based on the requirement of the
individual components the transmission should be 95%. In April the PWFS was shipped to the University of
Notre Dame to be integrated into GPI. Section 3 presents the pre-integration tests performed pre- and post-
shipping to assess pupil image quality. The results remained unchanged. In May it was integrated into the GPI
instrument, see figure 2.
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3. PUPIL IMAGE QUALITY

3.1 Focus

To image the correct pupil plane, a resolution card was placed at the pupil stop located inside the TSU. This
was found by changing the position of the camera lens through positive to negative defocus. The camera lens
lies inside a tube with external threads to mount to the holder, allowing the position of the lens to move towards
and away from the EMCCD. At the correct plane, the pupil separation was expected to be 120 pixels (the re-
quirement 120 pixels). The measured separation between each horizontal and vertical pair was between 122 and
124 pixels. Since FSM1 is not located at the pupil plane, large modulations will result in movement of the pupil
positions. For a modulation radius of 20λ/D, the expected movement is ∼ 1 pixel, which is what we measured.
This further confirms the focus of the correct plane. For 10λ/D this movement is ∼ 0.5 pixels. Given that the
typical modulation radius will be 3λ/D, this smearing will be negligible. Figure 3 shows the final pre-integrated
non-modulated and modulated images of the pupils. It can be seen there are edge effects between the EMCCD
outputs (most prominent between the top two left outputs, seen as a vertical line through the pupil) that are
not removed in the bias or the flats. This requires further investigation.

To ensure there was no lateral shift of the pupils with wavelength, the fibre-fed TSU was replaced with 850
nm wavelength. No change in pupil position was measured.

3.2 Pupil Image Distortion

The measurements described below were based on the TMT NFIRAOS test plan. The pupil images are assessed
by pupil radius (Equation 1), pupil differential distortion (Equation 2) and RMS common distortion (Equation
3). These parameters were calculated by finding the central position of each pupil, and then converting to polar
coordinates (see Figure 4), before interpolating and thresholding.

(i) Pupil radius is defined as
RX = Xi , (1)

where denotes the pupil image A, B, C or D and i is the number of radius measurements as shown in Figure 5.
The expected radius was 30 ± 0.5 pixels i.e 720 ± 12 µm. All four pupils were measured to be within 0.4 pixels
of the 30 pixels radii.

Figure 2. The PWFS integrated and mounted onto the GPI bench.
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(ii) Pupil differential distortion between each pupil image combination:

DA−B = Max(|A1 −B1|, |Ai −Bi|, ...) . (2)

The maximum differential distortion was between pupils B and D with a value of 0.49 pixels. The minimum
with C and D with a value of 0.27 pixels. The requirement was 0.33 pixels (8 µm). Though not all combinations
passed, these values are dependent on the chosen thresholding. In addition, the pupil image is oversampled with
60 pixels diameter compared to the projection onto the MEMS deformable mirror, which is 43 × 43 actuators.

(iii) RMS common distortion:

CD =

√∑N
i=2(|

Si

S1 − avg(Ai,Bi,Ci,Di)
avg(A1,B1,C1,D1) |2)
N − 1

(3)

where Si/S1 is the normalised radius of entrance pupil avg(Ai,Bi,Ci,Di)
avg(A1,B1,C1,D1) is the normalised pupil image radius

(average of the four pupils) and N is the total number of points used around the pupil. The RMS common
distortion requirement was < 4 µm and was measured to be much smaller at 0.5 µm.

3.3 Relative Rotation

The relative rotation was also measured by using the resolution card at the pupil plane and moving light into
each quadrant. As indicated by Figure 6, with the dashed white line across a line of the resolution card, the
orientation of each pupil is the same.

3.4 Linearity

Since there were no means to apply a tip/tilt at the pupil plane, the aberration was applied using FSM1 (i.e. the
modulation stage) to measure a preliminary linearity curve, as shown in Figure 7, without modulation. Though
this is not the final linearity result, the PWFS produces the characteristic linearity shape. This will be redone
on the GPI 2.0 bench, utilising the deformable mirror to apply low-order modes, with and without modulation.
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Figure 3. Pupil images with a non-modulated (left) and modulated (right) beam.
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Figure 4. Example of the pupil in Cartesian coordinates (left) and polar coordinates (right) to calculate the radius and
distortion.
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Figure 5. Pupil distortion calculation.

4. CONCLUSION

We have presented the pre-integrated characterisation of the GPI 2.0 PWFS. The results show that we are within
the requirements for throughput, pupil diameter, pupil separation and RMS common distortion. The difference
in the expected pupil differential distortion is marginal. In May 2024 the PWFS was integrated into GPI 2.0.
In July 2024 we will align the PWFS relative to the rest of the GPI instrument. To achieve this, partial RTC
integration must take place to control the stages and mirrors located before the PWFS, to receive the beam at
its default position. Following the alignment, the tests presented in this paper will be redone and calibration will
begin. The calibration will include closing the loop on static aberrations and validating linearity and dynamic
range against simulations. GPI 2.0 is expected to complete integration and ship to the Gemini North Telescope
in 2024B/2025A with general science observations in 2025B.9
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