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ABSTRACT

We present the design concept of the wavelength calibration system for the Habitable-zone Planet Finder instru-
ment (HPF), a precision radial velocity (RV) spectrograph designed to detect terrestrial-mass planets around
M-dwarfs. HPF is a stabilized, fiber-fed, R∼50,000 spectrograph operating in the near-infrared (NIR) z/Y/J
bands from 0.84 to 1.3 microns. For HPF to achieve 1 m s−1 or better measurement precision, a unique cali-
bration system, stable to several times better precision, will be needed to accurately remove instrumental effects
at an unprecedented level in the NIR. The primary wavelength calibration source is a laser frequency comb
(LFC), currently in development at NIST Boulder, discussed separately in these proceedings. The LFC will be
supplemented by a stabilized single-mode fiber Fabry-Perot interferometer reference source and Uranium-Neon
lamp. The HPF calibration system will combine several other new technologies developed by the Penn State
Optical-Infrared instrumentation group to improve RV measurement precision including a dynamic optical cou-
pling system that significantly reduces modal noise effects. Each component has been thoroughly tested in the
laboratory and has demonstrated significant performance gains over previous NIR calibration systems.
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1. INTRODUCTION

Wavelength calibration is a critical element in any high resolution spectrograph, particularly in the context
of precision Doppler measurements. A stable frequency source referenced to an atomic standard is needed
to accurately discern instrumental drift from stellar radial velocity shifts. Molecular I2 absorption cells and
Thorium-Argon emission lamps have sufficient line density to yield 1 m s−1 overall instrument precision for
stabilized high resolution optical instruments,1,2 but have few features at near-infrared (NIR) wavelengths.
Currently, no comparable atomic lamps or molecular absorption cells have demonstrated similar measurement
precisions in the NIR. Future NIR Doppler instruments such as the Habitable-zone Planet Finder (HPF3) on the
10-m Hobby-Eberly Telescope (HET) and the Calar Alto high-Resolution search for M dwarfs with Exo-earths
with Near-infrared and optical Echelle Spectrographs (CARMENES4) on the 3.5 m telescope at the Calar Alto
Observatory will require specialized wavelength calibration systems as these instruments aim to achieve 1 m s−1

precision in the NIR.

This paper summarizes the overall design of the HPF calibration system and discusses some of the new
technologies incorporated to increase calibration precision. Section 2 discusses the array of wavelength references
available to HPF for calibration. Section 3 outlines a new modal noise reduction system for coherent calibration
sources. An overview of the optomechanical design of the complete system is presented in Section 4.
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Figure 1. Theoretical photon-limited velocity precision8 comparison of NIR wavelength calibration sources for each order
in the HPF bandpass. Simulations assume a resolution of 50,000, three-pixel sampling, and a signal-to-noise of 200 in
the extracted spectrum. The LFC and fabry-perot sources give significantly better measurement precisions than atomic
lamp sources.

2. CALIBRATION SOURCES

HPF will use a suite of wavelength calibration sources to complete a wide range of science goals. The primary
calibration source for high precision radial velocity measurements will be a broadband Laser Frequency Comb
(LFC), discussed separately in these proceedings. The LFC produces a dense grid of emission features, stable
at the ∼10 cm s−1 level,5 across the entire instrument focal plane. The frequency comb has a much richer
intrinsic spectrum than a typical atomic lamp (see Figure 1) and is the ideal source for high precision wavelength
calibration. A custom, stabilized single-mode fiber (SMF) fabry-perot (FFP) etalon will also be available for
precise short-term calibration. Tests with a prototype H-band FFP device showed the device to be stabile to < 1
m s−1.6 The HPF FFP will build on the success of the prototype device and yield relative higher measurement
precision than typical atomic lamps. Uranium-Neon and Thorium-Argon lamps7 will be used as secondary
calibration sources for more coarse wavelength calibration.

3. MODAL NOISE REDUCTION SYSTEM

Several next generation spectrographs, including HPF, will use coherent emission line calibration sources (like
LFCs and Fabry-Perot cavities) to achieve precision sufficient to detect earth-size planets. Many of these photonic
sources couple light from single-mode fibers into the larger core multi-mode fibers used in these spectrographs.
This coupling leads to very few modes being excited, thereby exacerbating the modal noise measured by the
spectrograph. Commercial fiber mode scramblers have been used to reduce this issue for visible wavelength
instruments, but are not the complete solution in the NIR due to the decreased number of modes at longer
wavelengths (Nmodes ∝ λ−2). This is an increasingly pressing problem for high precision RV spectrographs that
require both high stability and high signal-to-noise. As a prime example of modal noise effects: our tests with a
NIR LFC on the Pathfinder spectrograph7 were limited at 10 m s−1 due to modal noise, despite the LFC being
intrinsically stable to significantly higher precision.5 Bulk mechanical agitation of the fiber can be sufficient for
continuum sources (e.g. starlight) but does not suppress modal noise at levels required for high precision RV
measurements when using narrow line-width calibration sources.
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Figure 2. Laboratory modal noise measurement apparatus. Light from a narrow-band 1550 nm fiber laser is coupled to a
300 micron test fiber through a NIR optimized integrating sphere. A 45 degree mirror on a motorized rotation stage is
placed opposite to the illumination fiber. This ensures the input beam is periodically redirected within the sphere during
a given exposure, thereby maximizing modal mixing in the output fiber.

Our solution to this issue is to use a combination of diffusion and temporal illumination variation at
the fiber input to maximize mode mixing within the fiber. Our laboratory test apparatus is shown in Figure 2.
Light from a narrow-band (1 MHz) 1550 nm laser is coupled to a 300 micron test fiber through an integrating
sphere. This increases the number of injected modes propagating through the fiber and provides a very diffuse
illumination of the fiber face. Combining the integrating sphere with a rotating mirror element (placed opposite
to the single-mode fiber illumination port) further suppresses speckle-induced noise in the fiber output and yields
a very stable near-field illumination (see Figure 3). The rotating mirror periodically redirects the input beam
within the sphere, further increasing the mode mixing in the fiber. This technique has the benefit of not requiring
a mechanical agitator that stresses the fiber and can be used with any calibration source, though is restricted
to sources that are bright enough (such as frequency combs and fabry-perot etalons) to yield sufficient flux after
considering the losses associated with the integrating sphere. We previously tested a commercial oscillating
diffuser element which, when combined with the integrating sphere, significantly reduced modal noise effects9

but still resulted in some visible speckles at the fiber output. The rotating mirror system results in a smooth
output illumination that is insensitive to fiber bends, even when using a monochromatic laser source.

4. OPTOMECHANICAL DESIGN

The primary purpose of the HPF calibration system is to couple light from a calibration source to the dedicated
calibration fiber entering the spectrograph. The system must also reduce modal noise effects and have the ability
to couple light from a calibration source into the primary instrument science fiber through the telescope top-end
optics (see Figure 4).

The calibration system is built around an octagonal calibration source mount, inspired by the CARMENES
calibration unit design,10 that houses a suite of calibration lamps and optical fiber collimators. A rotating mirror
selects one of eight calibration slots on a fixed octagonal mount. Light from a given source is then focused into
an integrating sphere, reflected off a rotating mirror, and coupled into the primary calibration fiber. A second
fiber is used to couple calibration light into the science fiber through the HET Field Calibration Unit (FCU).11
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Figure 3. Top: Near-field images of 300 micron multi-mode fiber illuminated with a narrow-band (1 MHz line-width) 1550
nm SMF laser. Each image is taken using a different fiber coupling configuration. In all cases the 300 micron test fiber
is illuminated with an F/3.5 beam, roughly equivalent to the illumination from the HET fore-optics. The vertical fringe
patterns are due to interference at the detector window. Bottom: Intensity profiles of near field images. The combination
of integrating sphere and rotating mirror produce the smoothest near-field image with no visible speckles.

The majority of components are commercially available, off-the-shelf products and will be combined on a single
2‘ x 3‘ optical bench. Figure 5 shows the full calibration system model.

5. SUMMARY

We present the baseline design of the calibration system for the Habitable-zone Planet Finder instrument. The
calibration system incorporates several new technologies developed specifically to improve the overall measure-
ment precision of the HPF spectrograph. A dynamic optical coupling system that combines a rotating mirror
assembly and an integrating sphere will be implemented to mitigate modal noise issues for the planned broadband
frequency comb calibration source. We are also developing a fiber fabry-perot interferometer that will be stable
to <1 m s−1 to supplement the laser comb.6 All components have been thoroughly tested in the laboratory and,
when combined with the frequency comb, will enable HPF to reach 1 m s−1 measurement precision.
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Figure 4. Optomechanical design concept of HPF calibration system. Light is coupled to two separate multi-mode fibers
through a simple lens system that mimics the input beam from the telescope. An off-axis mirror is inserted into the
integrating sphere opposite to the illumination beam and rotated using a DC motor. The mirror scrambles the fiber mode
distribution and reduces modal noise in the output. A neutral-density filter wheel set is used to match flux levels of the
calibration fiber and science fiber.

Figure 5. 3D Renderings of HPF calibration system. All components will mount to a 2’ x 3’ optical breadboard. The
majority of optomechanical parts are commercial off-the-shelf products.
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