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Abstract

NEID is a high-resolution red—optical precision radial velocity (RV) spectrograph recently commissioned at the
WIYN 3.5m telescope at Kitt Peak National Observatory, Arizona, USA. NEID has an extremely stable
environmental control system, and spans a wavelength range of 380-930 nm with two observing modes: a High
Resolution mode at R ~ 112,000 for maximum RV precision, and a High Efficiency mode at R ~ 72,000 for faint
targets. In this paper we present a detailed description of the components of NEID’s optical fiber feed, which
include the instrument, exposure meter, calibration system, and telescope fibers. Many parts of the optical fiber
feed can lead to uncalibratable RV errors, which cannot be corrected for using a stable wavelength reference
source. We show how these errors directly cascade down to performance requirements on the fiber feed and the
scrambling system. We detail the design, assembly, and testing of each co Ponent Designed and built from the
bottom-up with a single-visit instrument precision requirement of 27 cms™ ', close attention is paid to the error
contribution from each NEID subsystem. Finally, we include the lab and on-sky tests performed during instrument
commissioning to test the illumination stability, and discuss the path to achieving the instrumental stability
required to search for a true Earth twin around a solar-type star.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Radial velocity (1332); Astronomical instrumentation

(799); Spectrometers (1554)

1. Introduction

Introduced in astronomical instrumentation in the late 1970s
to replace slit 111ummat10n optical fibers were soon recognized
for their utility>* and scrambling properties (desensitizing the

2! NEID Principal Investigator.
22 NASA Sagan Fellow.
23 NEID Instrument Team Project Scientist.

4 See Minardi et al. (2021) for a review of photonics in astronomical
instrumentation.
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output illumination from changes in the input due to seeing and
pointing variations; Angel et al. 1977; Hubbard et al. 1979;
Serkowski et al. 1979; Black & Brunk 1980; Barden et al.
1981; Heacox 1986). Their multiplexing ability made them
attractive both for observing multiple objects simultaneously
(Hill et al. 1980a; Hill 1988), as well as for observing different
regions of a spatially resolved object (Vanderriest 1980). One
of the first fiber-fed spectrographs was developed at Pennsyl-
vania State University (Ramsey et al. 1980, 1985)—initially for
the 1.5 m at Black Moshannon Observatory, and then the 2.1 m
at Kitt Peak National Observatory—for spectral monitoring of
RS CVn systems (Huenemoerder et al. 1989; Hall et al. 1990).

Optical fibers were first used for radial velocity (RV)
searches for extra-solar planets as part of the ELODIE
instrument (Baranne et al. 1996), which was the successor to


https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0001-8401-4300
https://orcid.org/0000-0002-9082-6337
https://orcid.org/0000-0002-9082-6337
https://orcid.org/0000-0002-9082-6337
https://orcid.org/0000-0003-0790-7492
https://orcid.org/0000-0003-0790-7492
https://orcid.org/0000-0003-0790-7492
https://orcid.org/0000-0003-1312-9391
https://orcid.org/0000-0003-1312-9391
https://orcid.org/0000-0003-1312-9391
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0001-9596-7983
https://orcid.org/0000-0003-4384-7220
https://orcid.org/0000-0003-4384-7220
https://orcid.org/0000-0003-4384-7220
https://orcid.org/0000-0002-9632-9382
https://orcid.org/0000-0002-9632-9382
https://orcid.org/0000-0002-9632-9382
https://orcid.org/0000-0002-4289-7958
https://orcid.org/0000-0002-4289-7958
https://orcid.org/0000-0002-4289-7958
https://orcid.org/0000-0001-8720-5612
https://orcid.org/0000-0001-8720-5612
https://orcid.org/0000-0001-8720-5612
https://orcid.org/0000-0001-7409-5688
https://orcid.org/0000-0001-7409-5688
https://orcid.org/0000-0001-7409-5688
https://orcid.org/0000-0002-0048-2586
https://orcid.org/0000-0002-0048-2586
https://orcid.org/0000-0002-0048-2586
https://orcid.org/0000-0002-4046-987X
https://orcid.org/0000-0002-4046-987X
https://orcid.org/0000-0002-4046-987X
https://orcid.org/0000-0001-8127-5775
https://orcid.org/0000-0001-8127-5775
https://orcid.org/0000-0001-8127-5775
https://orcid.org/0000-0003-1324-0495
https://orcid.org/0000-0003-1324-0495
https://orcid.org/0000-0003-1324-0495
https://orcid.org/0000-0002-3985-8528
https://orcid.org/0000-0002-3985-8528
https://orcid.org/0000-0002-3985-8528
https://orcid.org/0000-0003-3906-9518
https://orcid.org/0000-0003-3906-9518
https://orcid.org/0000-0003-3906-9518
https://orcid.org/0000-0002-6096-1749
https://orcid.org/0000-0002-6096-1749
https://orcid.org/0000-0002-6096-1749
https://orcid.org/0000-0002-2144-0764
https://orcid.org/0000-0002-2144-0764
https://orcid.org/0000-0002-2144-0764
https://orcid.org/0000-0002-3603-9789
https://orcid.org/0000-0002-3603-9789
https://orcid.org/0000-0002-3603-9789
https://orcid.org/0000-0002-5463-9980
https://orcid.org/0000-0002-5463-9980
https://orcid.org/0000-0002-5463-9980
https://orcid.org/0000-0002-1664-3102
https://orcid.org/0000-0002-1664-3102
https://orcid.org/0000-0002-1664-3102
https://orcid.org/0000-0003-0241-8956
https://orcid.org/0000-0003-0241-8956
https://orcid.org/0000-0003-0241-8956
https://orcid.org/0000-0002-2488-7123
https://orcid.org/0000-0002-2488-7123
https://orcid.org/0000-0002-2488-7123
https://orcid.org/0000-0003-0149-9678
https://orcid.org/0000-0003-0149-9678
https://orcid.org/0000-0003-0149-9678
https://orcid.org/0000-0002-4788-8858
https://orcid.org/0000-0002-4788-8858
https://orcid.org/0000-0002-4788-8858
mailto:skanodia@carnegiescience.edu
http://astrothesaurus.org/uat/498
http://astrothesaurus.org/uat/1332
http://astrothesaurus.org/uat/799
http://astrothesaurus.org/uat/799
http://astrothesaurus.org/uat/1554
https://doi.org/10.3847/1538-3881/acea60
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/acea60&domain=pdf&date_stamp=2023-08-15
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/acea60&domain=pdf&date_stamp=2023-08-15
http://creativecommons.org/licenses/by/4.0/

THE ASTRONOMICAL JOURNAL, 166:105 (13pp), 2023 September

CORAVEL (Baranne et al. 1979). Using the cross-correlation
technique and a two-fiber input (for simultaneous science and
calibration with a thorium argon lamp), ELODIE achieved
precision of ~13ms ™', which enabled the discovery of the
first exoplanet orbiting a solar-type star (Mayor & Queloz
1995). In addition to their scrambling abilities, optical fibers
enable the RV spectrograph to be decoupled from the telescope
prime focus, enabling a static gravitational vector (one that
does not change with telescope position), as well as bigger and
bulkier instruments with extensive environmental stabilization
(Pepe et al. 2002; Stefansson et al. 2016; Robertson et al.
2019). The High Accuracy Radial velocity Planet Search
(HARPS) spectrometer at La Silla in Chile (Mayor et al. 2003)
was one of the first spectrographs with environmental stability
control, and had the optical bench enclosed inside a vacuum
chamber. It also used optical fibers for simultaneous wave-
length calibration spanning a large part of the spectrum,
enabling it to reach an instrumental precision of 1-3 ms™
(Lovis et al. 2006).

Precision RV instruments are essential for measuring the
masses of planets, especially the low-mass terrestrial ones. For
example, the Doppler semi-amplitude of an Earth-mass planet
orbiting at 1 au around a solar-mass star is only ~9 cms ™', the
detection of which requires RV measurement precision at the
few cm s~ level. When coupled with transiting surveys such as
Kepler (Borucki et al. 2009) and TESS (Ricker et al. 2014),
RV-derived masses are important for density estimation of
exoplanets, which in turn puts bounds on planetary composi-
tion. Precise masses are also important to place informative
priors on atmospheric scale heights, which are used to estimate
the signal-to-noise ratio of transmission spectroscopy observa-
tions to study planetary atmospheres. RV measurements are
also required to obtain orbital parameters for transiting and
directly imaged planets, which are crucial for upcoming direct
imaging missions such as the Habitable Worlds Observatory
(Gaudi et al. 2019; The LUVOIR Team 2019). These science
objectives necessitate instruments with RV precision at the
sub-ms ™' level pushing toward cms ™.

In this paper we discuss the steps followed in the design,
testing, and commissioning of the optical fiber train for
NEID,* a new ultra-precise RV spectrograph, installed at the
WIYN 3.5 m telescope?® at the Kitt Peak National Observatory,
USA. NEID builds upon the successful extreme environmental
stabilization of the near-infrared Habitable-zone Planet Finder
(HPF; Mahadevan et al. 2014b; Stefansson et al. 2016;
Robertson et al. 2019), and includes a high-throughput optical
design (Schwab et al. 2016), and a laser frequency comb (LFC)
and a Fabry-Pérot etalon as calibrators. Designed to achieve a
single-visit RV precision of 27 cms ™' (Halverson et al. 2016),
NEID is part of the new generation of extreme precision optical
RV instruments which include ESPRESSO (Pepe et al. 2021),
EXPRES (Blackman et al. 2020), KPF (Gibson et al. 2016),
and MAROON-X (Seifahrt et al. 2016), among others.

All these new RV instruments are fiber-fed and utilize a
stable calibration source through the Science (or separate
Calibration fiber), such as an LFC or etalon cavity, which helps

25 NEID comes from the O’odham word neid’ meaning “to see/visualize.”
Kitt Peak National Observatory is located on the Tohono O’odham Nation.
26 The WIYN Observatory is a joint facility of the NSF’s National Optical—
Infrared Astronomy Research Laboratory, Indiana University, the University of
Wisconsin-Madison, Pennsylvania State University, the University of Mis-
souri, the University of California-Irvine, and Purdue University.
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calibrate out instrumental errors due to thermo-mechanical
(temperature, pressure, flexing) or detector effects (Halverson
et al. 2016). However, crucially, the error contributions from
fiber and illumination sources cannot be calibrated out using
calibration exposures, and it is therefore imperative to under-
stand and mitigate these error sources. In this paper, we detail
the various sub-systems of the NEID fiber train, as well as the
steps followed for their fabrication. NEID’s optical fiber train is
conceptually based on that of HPF (Kanodia et al. 2018), but
has been modified for the WIYN telescope (diameter and
seeing), NEID’s higher spectral resolution, and its tighter
precision requirements. This detailed description of the NEID
fiber feed is meant to serve as an example for future
instruments, but also to highlight the current state of the field,
and the pathway (including roadblocks) toward the next
generation of RV instrumentation.

The paper is structured as follows: in Section 2 we give an
overview of the NEID fiber feed, while we discuss the design
choices for various sub-components in Section 3. In Section 4
we detail the telescope fiber, and the testing carried out to
characterize it. In Sections 5 and 6 we discuss the various
instrument fiber sub-components, while in Section 7 we
describe our testing protocol for each stage in the fiber train.
We then discuss our on-sky tests to characterize the scrambling
performance of the fiber train during commissioning in
Section 8. Finally, in Section 9 we summarize these results
and discuss future prospects.

2. Overview of NEID Fiber Train

NEID uses a port adapter to interface between the WIYN
telescope focus and the input fiber (Logsdon et al. 2018, 2022).
The port adapter converts the native f/6.3 focal ratio of the
WIYN telescope, to the f/4 input of the instrument (Schwab
et al. 2018), and it corrects for atmospheric dispersion over the
entire wavelength bandpass of NEID (380-930 nm), while
providing stable light injection to the fibers using a tip-tilt stage
(Percival et al. 2018; Li et al. 2022). The port adapter was
intentionally designed to allow light from the calibration
system and solar feed (Lin et al. 2022) to follow the same
optical path as the stellar data and be projected onto the Science
fibers. This system is used to input light from the solar
telescope to the spectrograph for RV monitoring of the Sun in
the daytime, in order to obtain an independent handle on
instrument systematics and also test new stellar activity
mitigation techniques on a well-studied stellar system.

NEID has two observing modes utilizing two separate fiber
feeds, the High Resolution (HR) mode with a spectral
resolution of R ~ 112,000 for precise RV observations, and a
High Efficiency (HE) mode for fainter objects, with a spectral
resolution of R ~ 72,000. The physical dimensions of the
various fibers used in NEID are given in Table 1. The on-sky
sizes of these fibers are 0792 for HR mode and about 1”5 for
HE mode. NEID has three instrument fibers for HR mode:
Science, Sky, and Calibration. The starlight is fed into the
Science fiber, while the Sky fiber is used to measure sky
brightness and emission lines, and the Calibration fiber is used
for simultaneous calibration during science exposures. The HE
mode has a Science and Sky fiber, and does not include a
simultaneous Calibration fiber.

The port adapter directs light into either the HR or HE
telescope fiberhead by inserting/removing a fold mirror. The
fiberhead consists of a central Science octagonal fiber,
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Figure 1. Schematic of the NEID fiber train for the High Resolution Science fiber (not to scale).

Table 1
Summary of the Dimensions of Fiber Types Used in NEID

Name Fiber Shape

Fiber Dimensions

Application

Core, Cladding, Buffer (xm)

Telescope HR Octagonal 61.4, 88.5, 112 Port adapter to Ball scrambler
Telescope HE Octagonal 101.1, 141.3, 166 Port adapter to Ball scrambler
Instrument HR Circular 64.1, 90.2, 108.4 Ball scrambler to Instrument

Instrument HE Circular 101.2, 141.2, 168.9 Ball scrambler to Instrument

Exposure Meter Circular 150, 165, 195 Pick off mirror focus to Exposure Meter
Solar Circular 102, 122, 145 Solar telescope to Calibration bench
Bifurcated Fiber Octagonal 101, 141, 166 Calibration bench® to Port adapter

Note.

 The solar telescope feeds into a shutter tube in the NEID calibration system (Figure 9 from Lin et al. 2022). The bifurcated fiber includes inputs from the solar shutter
tube and NEID calibration system integrating sphere that can then be controlled through separate bi-stable shutters.

surrounded by three Sky octagonal fibers separated by 120°, as
well as three Coherent Fiber Bundles (CFBs). The telescope
fiber is then fed down from the port adapter to the instrument
room. Here the octagonal Science and Sky fibers are fed into a
v-groove block where they are face-coupled to the ball lens
double scrambler (Halverson et al. 2015). The output of the ball
lens is face-coupled to a 2 m octagonal fiber, which is then fed
to a modal-noise agitator for temporal scrambling of the
transverse modes propagating through the fiber (Mahadevan
et al. 2014a; Roy et al. 2014). The 2 m octagonal fiber is
spliced on to the circular instrument fiber, which serves as the
spectrograph input. The complete instrument fiber bundle
consists of the three HR (Science, Sky and Calibration), and
two HE (Science and Sky) fibers, which enter the instrument

vacuum chamber through a vacuum feedthrough and are then
terminated in a fused-silica fiber puck (Figure 1).

NEID also has an extensive instrument calibration system,
which will be described in detail in a future paper, but we
include a brief description here. It consists of stable wavelength
sources, namely an LFC and an etalon cavity illuminated by a
white-light super-continuum source. There is also a laser-
driven light source (Hamamatsu EQ-99X) for obtaining
spectral flats. These light sources (along with a thorium argon
oxide lamp for wavelength calibration), are mounted on a turret
and can be selected using an elliptical mirror mounted on a
rotation stage (similar to that for HPF; Halverson et al. 2014).
The light is then fed into a 1 inch integrating sphere with two
output arms that have separate shutters. One of these outputs
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feeds directly into the instrument Calibration fiber, whereas the
other feeds the bifurcated fiber to the port adapter, allowing it
to illuminate the Science fiber and thus follow the same path as
the stellar photons (albeit not contemporaneously). As
previously mentioned, the solar telescope can also illuminate
the Science fiber via the bifurcated fiber, allowing for
simultaneous Calibration light with solar observations (Figure
9 in Lin et al. 2022).

Lastly, NEID also uses a chromatic exposure meter which
picks off a small fraction of the light reflected from the blank
between the two mosaics of the echelle grating. This is then re-
directed outside the instrument to a separate low-resolution
R~ 100 spectrograph from Wasatch Photonics for faster
cadence feedback and monitoring of the flux on the NEID
detector (Gupta et al. 2022a). This system allows for chromatic
flux-weighted midpoints (Blackman et al. 2019) which are
required to meet the barycentric correction budget for NEID.

3. Design Choices

The single-visit instrumental precision for any RV observa-
tion is a combination of photon noise, instrumental noise, and
astrophysical noise due to Keplerian signals and stellar activity.
Astrophysical noise sources are specific to individual stars and
beyond the scope of this paper. In the subsequent sections we
discuss the various design choices motivated by minimizing the
photon and instrumental noise contributions for NEID visits.

3.1. Contributing to Photon Noise
3.1.1. Fiber Size

The RV photon noise (or quality factor) benefits from high
spectral resolution, up until it platecaus at about
100,000-120,000 for solar-type stars (Bouchy et al. 2001).
To achieve the science goals for NEID, we use a standard
Zerodur 1 x 2 mosaic R4 echelle grating with a ruled area that
is 200 x 800 mm across (Schwab et al. 2016) in the classic
white pupil design (Baranne 1988). Using the standard grating
equation in Littrow configuration, the resolving power (R) is
given by

R— 2 d tan(6)

1
oD )

where

1. d = beam diameter inside the spectrograph
2. D =telescope primary diameter

3. ¢ = on-sky fiber diameter (angular)

4. 6 = incident angle of beam on grating.

For an R4 Echelle, telescope diameter (D) of 3.5 m, beam
diameter on the echelle (d) of 195 mm, and spectral resolution
(R) of 100,000, a fiber size of 0”92 balances the need for high
spectral resolution and good efficiency by matching the median
seeing at WIYN which is ~0”8 FWHM median seeing in the
R-band (with this fiber diameter, under median seeing
conditions only ~49% of the light is coupled into the fiber).

3.1.2. Fiber Transmission

The photon noise for an RV instrument is inversely
proportional to the square root of the number of photons
received at the detector, i.e., inversely proportional to the
square root of the efficiency of the system. We estimate that
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Figure 2. Fiber transmission comparison for the FBP fiber used for NEID, vs.
the low and high OH" variants, for 35 m length (the approximate length of the
NEID fiber train).

only about ~20% of the stellar light is coupled into the
instrument fiber after accounting for seeing losses, atmospheric
extinction, telescope throughput, etc. Therefore it is imperative
to maximize the efficiency of the instrument system, including
the fiber feed. NEID uses a single-arm spectrometer and fiber
with a minimum requirement to cover the entire wavelength
bandpass from 380 to 930 nm,?” with the total science fiber
spanning about 35 m from telescope to instrument. We use the
Polymicro FBP substrate for both HR and HE fibers which
does not exhibit the OH" ion dip at ~700 nm like high OH"
fibers, while at the same time having lower attenuation in the
blue than the low OH" fiber (Figure 2).

The final photon noise for different stellar 7.¢, magnitudes,
and exposure times can be estimated through the NEID
Exposure Time Calculator,28 which is based on the measured
on-sky NEID throughput and resolution.

3.2. Contributing to Instrumental Noise
3.2.1. Separate Sky Fiber

NEID uses a separate Sky fiber to correct for solar
contamination from moonlight, atmospheric scattering, and
also OH™ emission lines contaminating the science spectrum.
Uncorrected solar contamination can cause systematic RV
errors of many ms ™', the exact magnitude of which depend on
the target brightness, sky brightness, zenith angle, lunar phase,
etc. (Roy et al. 2020). However, by using a Sky fiber and
avoiding observations very close to a bright moon, we allow
for an error contribution up to 10 cms™' from sky-subtraction
residuals for the NEID instrumental error budget based on
results from Roy et al. (2020).

3.2.2. Use of CFBs

Three CFBs from Schott were originally added to each
telescope fiberhead to robustly triangulate the position of the
target star relative to the science fiber in the presence of varying
telescope flexure. Each CFB consists of 3500 individual single-
mode fibers, which have a combined size of 6”3 on sky

27 NEID covers 3701090 nm, albeit with the throughput dropping precipi-
tously outside of the nominal bandpass.

3 http:/ /neid-etc.tuc.noirlab.edu/calc_shell /calculate_rv
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Figure 3. (a) Laser frequency comb time series with the modal-noise agitator on and off sequences interspersed by agitator movement to mix the fiber modes. Given
our finite sample size and photon noise, we consider the rms difference between the two agitator cases, on (green circles) and off (red squares), to be similar. (b)
Comparison of the ratio of rms scatter to the photon noise across each order index (O is for the bluer wavelengths, and 55 toward the redder wavelengths), and do not

see any chromatic trends suggestive of the > dependence of modal noise.

(quality image area of ~5”8). All six CFBs (three from each
fiberhead) are imaged on to a single CCD, and have had their
positions mapped with respect to the science fiber at the pum
level (see Section 4). While the CFBs are not currently used for
target star positioning, CFB images are automatically taken
contemporaneously with each nighttime science spectrum to
allow an independent estimate of sky brightness.

3.2.3. Spatial Scrambling

Achieving the sub-m s~ instrument precision goal for NEID
(Halverson et al. 2016) necessitates excellent illumination
stability from the fiber system. While the simultaneous
Calibration fiber can be used to correct for instrumental drift
seen by the Science fiber, this assumes that the two fibers see
similar changes in RVs due to instrumental effects. This
differential fiber-to-fiber correction cannot be used to correct
for spurious RV shifts due to relative changes in the
illumination pattern of the two fibers, making it important to
maintain near-field and far-field illumination stability.*

Optical fibers already offer extensive azimuthal scrambling;
however, the scrambling along the radial axis is incomplete
(Angel et al. 1977; Avila et al. 2006; Avila & Singh 2008).
This can cause the output intensity distribution to change, as
the input illumination varies due to pointing errors, seeing,
pupil changes, and atmospheric dispersion. NEID uses a
combination of non-circular fibers (octagonal; Chazelas et al.
2010; Avila 2012; Spronck et al. 2012), and the ball lens
double scrambler to maximize scrambling gain (Halverson
et al. 2015), which then dictates the requirements for the port
adapter in terms of the pointing (near-field positioning changes)
and guiding (far-field chief ray angle variations) systems
(Logsdon et al. 2018). This is discussed further in Section 5.

3.2.4. Modal Scrambling

Optical fibers used in astronomy are typically multi-mode
fibers that allow propagation of a finite number of transverse
modes. These modes interfere at the fiber output, giving rise to
an interference pattern, commonly referred to as a speckle
pattern (Hill et al. 1980b; Rawson et al. 1980; Goodman &
Rawson 1981). This pattern depends on the coherence path

% For an introduction to the importance of far-field and near-field stability
patterns, refer to Hunter & Ramsey (1992).

length of the light source, fiber diameter, and the wavelength of
light, and can change as the fiber is perturbed due to telescope
movement or temperature fluctuations. These changes manifest
in the far-field output of the fiber, which can add to the
spectrograph RV noise due to centroid offsets (Baudrand &
Walker 2001; Lemke et al. 2011; Mahadevan et al. 2014a). For
the instrument fiber, we mitigate this using a mechanical
agitator based on the one used in HPF (McCoy et al. 2012;
Mahadevan et al. 2014a; Roy et al. 2014; Kanodia et al. 2018).
Given that the calibration light from the photonic sources (LFC
and etalon) is more coherent than the continuum stellar light,
we use a separate mechanical scrambler for the calibration
sources, made by GigaConcepts.”® To empirically test the
modal-noise contribution from the calibration source, we
obtained a series of LFC observations with NEID alternating
the modal-noise agitator (common for Science, Sky, and
Calibration fibers) on/off. Through these exposures, the
mechanical scrambler made by GigaConcepts is kept on as it
is part of the standard calibration sequence with the LFC and
etalon. We take four sequences of data, where each one is
defined as follows -

. Agitator On: 6 x 60 s
. Agitator Off: 3 x 60's
. Agitator Movement

. Agitator Off: 3 x 60's
. Agitator Movement

. Agitator Off: 3 x 60's
. Agitator On: 6 x 60s.

NN AW~

The agitator movement comprises of turning it on, waiting
for 10 s, and turning it off. This is meant to move the fibers,
thereby changing the modal distribution within them, where
during the “Off” exposures, the agitator is kept static. This
entire sequence is repeated four times resulting in a total of 84
LFC exposures. In Figure 3(a) we see that the rms scatter is
comparable across the two agitator states, which suggests that
the GigaConcepts scrambler is performing most of the
scrambling of the calibration light. We then compare this rms
scatter with the estimated photon noise for the LFC spectrum
and find the rms to be ~1.3 x the photon noise across most of
the NEID orders which receive LFC flux. Given the estimated

photon noise of 2.5 cms ™' and an rms of ~3.2 cms™', we

30 http://gigaconcept.com/index.html
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Figure 4. NEID Telescope fiberhead. (a) Image showing the fiberhead, with a black coating to reduce backscatter. (b) Schematic of the fiberhead adapted from Roy
et al. (2020) showing the relative positions of the science and sky fiber with respect to the Coherent Fiber Bundles. (c) High-resolution image taken of the fiberhead
installed in NEID, taken using a Zygo Optical profilometer. Oct 1 is the Science fiber and Oct 4 is the Sky fiber, while the other octagonal fibers are spares.

ascribe this additional noise component of ~2 cms ™' to be the
upper limit on the modal-noise term for the calibration source
to the NEID error budget.

3.2.5. Focal Ratio Degradation and Fiber Stresses

For astronomical spectrographs, both the throughput and the
focal ratio degradation (FRD) play a critical role in the
performance of fiber-fed instruments. FRD is the tendency of
the fiber output to be at a lower f/# (“faster”)’! than the input
(Ramsey 1988). The HR mode fibers used in NEID have a
relatively small core of ~60 pum, which is driven by the fiber
size considerations detailed in Section 3.1.1, and small core
fibers tend to suffer more from the effects of FRD
(Ramsey 1988). Unmitigated FRD can increase the output
cone angle of the fibers, which can not only lead to a reduction
in throughput, but also cause an increase in the scattered light
background on the detector (Kanodia et al. 2020). Therefore,
throughout the design and fabrication process for the NEID
fiber train, utmost care was taken to minimize any additional
sources of FRD for the fibers in the system, including the
vacuum feedthrough where the fibers pass into the vacuum
chamber. The two largest sources of FRD are typically stress
on the fiber at the terminations as well as small bend radii. We
prepared six sets of spare fiber bundles, which were each tested
after every fabrication step for throughput and FRD to ensure
consistency, and the best-performing fiber bundle was installed
in NEID. We discuss the testing procedure in Section 7.

4. Telescope Fiber

The telescope fiber bundles are 26 m in length and consist of
four octagonal fibers (referred to as October 1-October 4) and
three CFBs (1 m in length) for the HR mode, and similar for the
HE mode. The central octagonal fiber is the Science fiber, on
which the star is positioned, while the other three are sky fibers,
of which one is used and the other two are spares. The CFBs in
the fiberhead (shown in Figure 4) are 120° apart, and feed into
the CFB camera in the port adapter (Logsdon et al. 2018). The
120° orientation for the fibers and CFBs was chosen to avoid
diffraction spikes (at 45°) from the Science fiber contaminating

3§/ = focal length/diameter of beam.

the sky fibers or the CFBs. We had a total of five telescope fiber
bundles fabricated by Berlin Fiber,>* which were numbered
sequentially and included one test bundle, and two each for the
HR and HE modes. This allowed for one spare fiber bundle for
each mode. The final units installed in the port adapter were
chosen based on the throughput and FRD testing performed at
Penn State and are listed in Table 3.

The NEID error budget (Halverson et al. 2016) dictated the
instrument requirements for each component of the telescope,
port adapter, and spectrograph. As discussed by Logsdon et al.
(2018), the scrambling gain for the NEID fiber feed translates
into a stellar image positioning tolerance of ~2.7 um, which
necessitates precise metrology of the NEID fiberhead giving
the position of the each fiber and CFB at the 1 ym level. We
performed this metrology in the lab using a telecentric lens as
follows.

1. We calibrated the plate scale and radial distortion profile
of the telecentric lens using a polka-dot pattern.*

2. We imaged the fiberhead to obtain the positions of the
fibers and CFBs in pixel space, then corrected them using
the distortion estimates, and converted to physical units
(mm) using the plate scale measurements from above.

The telecentric lens measurements were then verified using a
Zygo optical profilometer. The profilometer relies on white-
light interferometry to measure the 3D profile of a surface, and
also a very precise 2D map of the fiber locations. The steps
followed were as follows.

1. We calibrated the plate scale of the imager using a UV
grating with a known spacing of 3.455 pm, measured
using an atomic force microscope (AFM). We measured
the grating pitch of the imager by fitting a peak to the
image in 2D Fourier space, and matching that to the AFM
measurements. With a 20x magnification, and 0.5
zoom, we obtained a plate scale of 0.8183 ym pixel ' for
the 1024 x1024 pixel grid.

2. We imaged the telescope fiberhead, while simultaneously
back-illuminating the fibers.

32 https: //www.berlin-fiber.de /en/

33 Fixed frequency grid distortion targets with 250 & 1pm spacing; Thorlabs
R2L2S3P2.
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Figure 5. (a) Stitched collection of individual frames using the weighted averages algorithm, showing the stitch boundaries. This was later replaced by the “High
Contrast” algorithm to stitch the images together. The fiberhead is 4 mm in diameter. (b) Thorlabs polka-dot pattern showing the offsets due to the imperfect stitching.

Each dot is 125 pum in diameter.

The profilometer uses white-light optical profilometry
(Groot 2015) along with piezo motors to obtain nanometer
level precision in the z (depth) axis. However, it is also a
powerful tool for precisely determining spatial distances in the
x—y plane to get the relative positions of the fibers. We used the
intensity mode to measure the spatial positioning of the fibers,
in which the profilometer is essentially used as an ordinary
microscope with a 20 x magnification and 0.5x zoom.

It was challenging to distinguish the core and the cladding of
the octagonal fibers when centroiding them in the 3D mode,
since there is no surface feature distinguishing the two (similar
topography). We therefore used the intensity mode by back-
illuminating the octagonal fibers to increase the contrast
between core and cladding. The high magnification necessi-
tated stitching of multiple individual frames in order to obtain a
precise scan of the entire fiberhead (Figure 5(a)) which was
accomplished using an automated precise x—y stage. This
stitching process had an error of the order of 2-3 pixels (about
2 pm) which exceeded the tolerances on this measurement
(Figure 5(b)). We attempted to diagnose the magnitude of the
stitching errors using a 250 um polka-dot beam-splitter grid
from Thorlabs. Figure 5(b) shows the polka-dot pattern with
the offsets induced by the inaccurate stitching. This issue was
diagnosed in consultation with the manufacturer by switching
to the higher contrast (instead of the weighted average)
algorithm for removing fringes. This improved fringe removal
allowed for better stitching of the individual frames.

Furthermore, to increase the contrast between the octagonal
core and corresponding cladding in the intensity images we
used a “True Color” mode (Beverageet al. 2014). This mode is
essentially a color image of the surface using multi-color
illumination, which is then superimposed on the 3D phase map.
The polka-dot stitching was repeated with this configuration,
following which the actual fiberhead was remeasured and is
shown in Figure 4(c). This finally enabled accurate measure-
ment of the distances between the fibers and CFBs.

The measured distance between fibers was converted to
physical units using the plate scale we estimated using the UV
grating. The new plate scale, coupled with the improved
stitching gave us results comparable to the telecentric lens

measurements (<1 ym), thereby verifying they met our
metrology requirement. The measured coordinates for the
octagonal fibers and CFBs for HR2 and HES (the installed fiber
bundles) are given in Tables 4 and 5 in the Appendix, and have
a typical uncertainty of 0.1 um for the positions of the
octagonal fibers, and 0.8 um for the CFBs. Lastly, we
measured the FRD (Section 7.1) and throughput (Section 7.2)
for the octagonal fibers in the telescope fiberhead.

5. Spatial Scrambling

Excellent image and pupil scrambling is required to
“desensitize” the instrument from external variations in input
illumination. The extent to which this is done is characterized
as the scrambling gain of the system, which governs the
requirements on the various sub-systems of the port adapter.
For NEID we use the same ball lens double scrambler concept
as for HPF, albeit with a much smaller ball lens due to the
smaller fiber diameter. The HR ball lens is 500 pm in diameter,
and is made of Hoya glass TaFD-45 with a refractive index
n ~ 2. Chromatic deviations from n ~ 2 result in a degradation
in throughput and scrambling performance which are encapsu-
lated in the total NEID throughput estimate after scaling by
throughput measurements at 630 nm (Section 7.2).

The inputs to the ball scrambler are the octagonal HR and
HE Science and Sky fibers from the telescope fiber bundles,
along with an octagonal HR Calibration fiber from the
calibration bench (Figure 6). These are face-coupled to the
ball lens in a precise electrical discharge machined stainless
steel v-groove block. At the output end, we have a 2 m section
of octagonal fiber face-coupled to the ball lens on one end, with
this end of the octagonal fiber also coated with a broadband AR
coating to maximize throughput, and spliced to the circular
instrument fiber on the other. We use a fusion splicer** to fuse
the two fibers, and follow the same methodology as prescribed
for HPF (Kanodia et al. 2018), while optimizing the splicer
fusion parameters to give the best FRD and throughput
performance for the NEID fiber feed. This combination of an

34 FITEL S183PM II Fusion Splicer.
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Figure 6. NEID v-groove block with the five fibers (three HR + two HE) in the
process of alignment to the ball lenses during commissioning at WIYN. The
yellow arrows point to the two HE fibers and ball lenses, while the red ones
indicate the three HR fibers and lenses, with one of them lit up with an
alignment laser. We ground the stainless steel block to prevent electrostatic
discharges from disturbing the tiny lenses, and use Kapton tape and epoxy to
fix the fibers in place upon alignment. This block is then capped with a foam-
covered lid that is not shown in this image.

octagonal fiber, double scrambler, and an octagonal fiber
spliced to a circular fiber has been tested to maximize
scrambling gain (Table 1 in Halverson et al. 2015). The same
spatial scrambling system is used in HPF, where the far-field
scrambling performance has been validated on-sky (Kanodia
et al. 2021).

6. Instrument Fiber

Inside the NEID cryostat, the five fibers (three HR and two
HE) in the fiber bundle are potted inside a fused-silica puck
(Figure 7). This puck was manufactured by Femtoprint® using
the same fabrication procedure as the HPF puck, which
achieves the tight tolerances for the fiber bore centroids
(<1 pm; Kanodia et al. 2018). The NEID optical fiber core and
cladding are made from fused silica, so the matching coefficient
of thermal expansion of the puck reduces stresses from
compression of the puck as the instrument goes from room
temperature to its operating temperature of ~300 K. The puck
has five bore-holes sized to the NEID fibers and conical
openings leading to each bore-hole to help ease the fibers into
the bores.

The fibers were glued in the bores using Epotek 301-2 epoxy
and allowed to cure at room temperature over 48 hr. After this,
we polished the fibers by mounting the puck in an aluminum
mount on the polishing table, and then polishing the fibers
using the method followed for HPF (Kanodia et al. 2018).

Once the puck was polished and tested, we glued a fused
silica singlet lens on the puck using Epotek 301-2 epoxy. This
is the first lens in the set of lenses in the optics tube, which

3 https: //www.femtoprint.ch/
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increases the f-ratio from f/3.65 to f/8.1 and also provides a
pupil stop that limits stray light. The design, optimization, and
implementation for this optical configuration are further
discussed in Schwab et al. (2020).

A v-shaped wedge is cut into the puck to help clock and lock
it in place inside its mount. This is important to ensure the
correct alignment of the three fibers on the NEID detector, after
correcting for the field rotation due to the v angle from the
echelle grating (Hearnshaw 2009).

7. Testing Procedure
7.1. FRD

As mentioned in Section 3.2.5, FRD in the system is an
indicator of stresses on the fiber, typically near the terminated
ends (Ramsey 1988). Excessive FRD overfills the white pupil
on the grating, which degrades the efficiency of the system and
also contributes to scattered light inside the instrument, which
can present problems in background subtraction and point-
spread function estimation (Kanodia et al. 2020). The
procedure to estimate the FRD of each fiber in the NEID
system was the same as for HPF (Kanodia et al. 2018) and is
shown in Figure 8(a). A point-source microscope along with a
motorized iris couples light into the fiber at an /4 input. We
use a motorized linear stage to project the output cone from the
fiber onto a CCD. We then measure the image size as a
function of stage translation to estimate the output f/# of the
system. The final measurements are included in Table 3, where
the FRD measurements for the HR Science fiber suggest that
the enclosed energy at the expected f/out is ~90%.

7.2. Throughput

To measure the throughput of the NEID fibers in a repeatable
manner, we used the same input configuration as for the FRD
test, with a deterministic input f/#t. At the output end we used
a Thorlabs photometer to measure the efficiency of the system.
We used a Thorlabs diode laser to provide a stable input light
source, which we calibrated both before and after the tests, to
ensure consistency. The final measurements for the fibers are
included in Table 3, where the throughput for the HR Science
fiber is about 98% of the theoretical expected value after
accounting for Fresnel and reflection coating losses. We note
that these throughput measurements are agnostic of the angular
distribution of the output flux, and therefore to get an effective
throughput relevant to the acceptance f/# of the instrument
and baffling, the throughput estimates should be multiplied by
the FRD.

8. On-sky Tests

During the NEID instrument commissioning period in fall
2020/spring 2021, we performed a variety of stress tests on the
spectrometer to verify the image and pupil scrambling
performance of the delivered NEID Science fiber system.
These tests used both stellar targets and internal calibration
sources (LFC, etalon) to constrain the scrambling performance
of the NEID fibers.

8.1. Near-field Tests

To probe sensitivity to input near-field variations (e.g.,
guiding offsets), we used the NEID fiber injection port
Calibration fiber, which delivers light from the NEID
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Figure 7. NEID fused-silica puck effectively functions as the NEID slit with three HR fibers (Calibration, Science, and Sky) and two HE fibers (Science and Sky).
(a) SolidWorks rendering of the puck showing the five fibers, and (b) the NEID puck after potting the fibers and polishing to the final finish.
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Figure 8. Block diagram showing the setup used to measure the (a) focal ratio degradation and (b) throughput for the test fiber. We use a point-source microscope to
ensure that the test fiber face is normal to the principal axis of the input beam, where the input light (Thorlabs TED4015 with a 635 nm pig-tailed SMF fiber output
with ~10 nm bandwidth) is focused on the fiber at a deterministic f/# using a motorized iris. The beam is centered on the fiber face by translating the face using an
XYZ stage. The throughput was performed as a differential measurement using a power meter.

calibration bench in the WIYN basement to the port, to record
calibration spectra taken at controlled alignment offsets. The
image of the port Calibration fiber (~100 pm core diameter)
was systematically translated across the NEID Science fiber
(~62 pm diameter) in discrete steps using the x—y stage the port
Calibration fiber is mounted on. A series of etalon spectra was
recorded at each spatial step, and the relative velocity offsets
were computed. Exposure times were adjusted accordingly to
maintain constant spectral signal-to-noise in the etalon
spectrum. This was required to remove potential systematics
due to charge transfer inefficiency.

To separately track instrumental drift, exposures of calibra-
tion light through the instrument Science fiber were interleaved
with standard calibration frames where only the instrument
Calibration fiber was illuminated with the etalon source. This
“nodding” between Science and Calibration fibers allowed for a
precise tracking of the bulk instrument drift during the
measurement period, and also ensured both spectra were not
affected by cross-contamination between channels (as would
have been the case if we had illuminated both the Science and
Calibration fibers simultaneously). Figure 9 shows the
measured relative drifts between the Science (SCI) and
Calibration (CAL) fibers during this test period. The image
of the port calibration fiber was stepped across the Science fiber
in discrete steps of ~20 pum, starting on-center, and extending
out to 70 pum off-center. This stepping sequence was then

reversed, and the resultant differential drift time series (SCI-
CAL, green points) shows systematic errors consistent with a
near-field scrambling gain of >10,000, consistent with
laboratory measurements of the analogous HPF fiber system
(Halverson et al. 2015).

8.2. Far-field Tests

To gauge the system sensitivity to input far-field variations,
we performed a stress test using stellar observations. To
maximize the potential systematic signal induced by input pupil
changes, we observed the bright star HD 141004 (V ~ 4.4) for
several hours. During this time, we purposefully vignetted half
of the WIYN primary pupil by partially closing the dome slit,
and recorded a series of spectra with only half of the primary
mirror fully illuminated, while we tracked the stellar flux using
the exposure meter. We performed this test on a night with
excellent seeing and transparency in order to ensure that the
reduction in flux was deterministic and due to mirror
obscuration rather than sky/cloud variations. After setting up
the vignetting, the exposure times were triggered using the
exposure meter to maintain comparable signal-to-noise ratio
throughout the test. The measured RVs for this test are shown
in Figure 10.

We found no significant difference between the derived
target RVs for HD 141004 when the mirror was vignetted
compared to when it was not. The rms across the three cases
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Figure 9. Near-field scrambling: measured differential drift between the NEID
Science (SCI) and Calibration (CAL) fibers during the near-field scrambling
test using the telescope fiber port. The cartoon above shows the sequence of
offsets applied to the port Calibration fiber (yellow) as the image is stepped
across the Science fiber (blue). The NEID etalon calibration source was used to
alternately illuminate both fibers during this test. Upon subtracting the intrinsic
instrumental drift (measured using the Calibration fiber, red points), the
residual Science fiber drifts (green points) are consistent with a near-field
scrambling gain of over 10,000.
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Figure 10. Far-field scrambling: on-sky testing of far-field scrambling
performance. Error bars reflect photon-noise estimates only. HD141004 was
observed with NEID under “standard” (full) mirror illumination (red circles),
with one half of the WIYN primary mirror vignetted (orange diamonds), and
the the other half vignetted (green squares). To maintain relatively constant
signal-to-noise in the stellar spectra the exposure lengths were increased by
~2x with half of the telescope pupil obscured. Within expected stellar jitter
and photon errors, we do not measure a statistically significant offset between
the three clusters of points.

shown in Figure 10 is consistent with the expected stellar jitter
from p-mode oscillations on the corresponding timescale
(Gupta et al. 2022b). In general, pupil illumination variations
arise from changes in seeing (which modulate the intensity
pattern across the pupil), and injection angle variations (which
move the pupil illumination). In either case, the expected
variability is significantly less than our testing, and these
observations represent an extremely harsh test of the NEID
fiber scrambling capability, which serves as a useful upper limit
for stability.

9. Summary and Future Prospects

In this paper we have summarized the optical fiber feed for
NEID, its various sub-systems, and how the full-system
Doppler error budget governed the requirements on the design
and testing. While the fiber and illumination system is
responsible for calibration instrumental noise, the error
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Table 2
NEID Instrumental Error Budget for Terms Relating to the Optical Fiber
Delivery System (Halverson et al. 2016)

1

Fiber and Illumination (total) 9.8 cms™
Modal noise (star) 2.0 cms™!
Modal noise (calibration) 20cms™!
Near-field scrambling® 40 cms™!
Far-field scrambling® 40 cms™!
Focal ratio degradation (star)* 50 cms™!
Focal ratio degradation (calibration)® 50cms ™!
Stray light + ghosts 1.0cms™!
Fiber—fiber contamination 1.0 cms™!
Polarization variation 20cms!

Note. Terms that have been empirically explored in this study are marked “a.”
These were tested using internal calibration and/or on-sky experiments, which
have provided upper limits on performance.

contribution from the system is not self-calibratable. It is
therefore extremely important to understand these errors and
test them to reliably quantify their contribution to the overall
instrument error budget, especially on the path to 10 cms ™!
overall instrumental precision. In Table 2, we highlight a
handful of error terms related to the fiber delivery system (for
multi-mode instruments; Halverson et al. 2016), along with
their contribution to NEID’s 27 cms ™' instrument error budget.

We have only begun to reach the instrumental capability
necessary to isolate individual systematic error terms. As we
move into the era of extreme precision RVs which aim to
approach 10 cm s~ or better, the performance of existing fiber
systems must be interrogated even further. More detailed
investigations that explore the subtle RV instability caused by
far-field variations (such as pupil intensity changes, incident
angle variations, focal shifts) are also critical for understanding
the current systematic measurement floor. In the future, the
magnitude of these issues should be quantified using precise
calibration sources (i.e., non-stellar spectra) in controlled
experiments, rather than relying on inferred upper limits on
performance based on on-sky data. We note that there remain
multiple obstacles toward improving the performance of next-
generation fiber feed that support even tighter precision
capabilities (~cms™') in the quest for discovering an Earth
analog, and continued testing is needed to reliably quantify
these contributions, and to reduce each error contribution
to the level necessary to support 10 cm's™' overall instrumental
precision.
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Appendix
Telescope Fiberhead Measurements

We include the metrology for the NEID telescope fiberhead
as well as the throughput and FRD estimates in Tables 3-5.

Table 3
Final Throughput and FRD Measurements for NEID Fibers
FRD (f/4
Name Fiber Type Throughput % input)
Enclosed
Energy %
at expected
f/out
Telescope HR 2* Oct 1 Science 85.6 96.4
Oct 2 85.6 96.3
Oct 3 82.6 94.3
Oct 4 Sky 82.4 96.4
Telescope HE 5° Oct 1 Science 87.8 99.1
Oct 2 87.6 98.5
Oct 3 86.8 97.4
Oct 4 Sky 87.6 98.2
Bifurcated fiber 2°  Fiber C Solar 93.4 70
Fiber D Cal 94.4 89
Calibration fiber PSR9 92.8 97

patch’
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Table 3
(Continued)
FRD (f/4
Name Fiber Type Throughput % input)
Enclosed
Energy %
at expected
f/out
Instrument fiber
Testing the HRI1 Calibration 90.4 97.9
vacuum
feedthrough®
HR2 Science 90.9 e
HR3 Sky 91.5 98.2
HE1 Science 90.9 98.5
HE2 Sky 91.5 98.3
After final polish HRI1 Calibration 96 86.3
of the puck”
HR2 Science 95.8 91.8
HR3 Sky 96 89.1
HEI Science 94.6 89.3
HE2 Sky 94.5 90.8
After L1 singlet® HR1 Calibration 86.1 94.1
HR2 Science 92.4 95.9
HR3 Sky 88.1 95.2
HE1 Science 95 96.1
HE2 Sky 929 95.4
After L1 singlet + HR1 Calibration 93.3 87.3
optics tube”
HR2 Science 97.9 89.6
HR3 Sky 86.7 87.2
HE1 Science 95.6 87.8
HE2 Sky 91.3 88.6

Notes.
 Final HR telescope fiberhead.
® Final HE telescope fiberhead.
€ Used to input light from the calibration bench (or the solar telescope; Lin
et al. 2022) to the port adapter into the HR fiber.
d Calibration bench to the ball lens, for simultaneous calibration of stellar
observations.
¢ We test the fiber stresses in the vacuum feedthrough by potting the fibers at
both ends in separate brass ferrules, and testing their performance.
f Compared to the previous step, this includes a 2 m octagonal fiber + spliced
to the circular instrument fiber, which is terminated at the fused-silica puck.
€ Compared to the previous step, this includes a fused-silica singlet lens glued
to the fused-silica puck.

Compared to the previous step, this includes series of lenses which serve as a
f/# converter (optics tube Schwab et al. 2020).
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Table 4
Final Metrology for HR2 Telescope Bundle

Fiber Distance to Distance to

Name X y Oct 1 CFB 1
mm mm mm mm

Fibers

Oct 1 —0.1033  —0.0781 0

Oct 2 1.2095 —0.8181 1.5070

Oct 3 —1.3940 —0.8449 1.5012

Oct 4 —0.1117 1.4198 1.4980

Coherent Fiber Bundles

CFB 1 0.7748 0.4171 1.0082 0

CFB 2 —0.0865 —1.0897 1.0118 1.7357

CFB 3 —0.9858 0.3899 0.9989 1.7608

Note.

 The typical uncertainty for the fiber measurements is 0.1 um, while that for
the CFBs is 0.8 pm.

Table 5
Final Metrology for HES Telescope Bundle

Fiber Distance to Distance to

Name X y Oct 1 CFB 1
mm mm mm mm

Fibers

Oct 1 —0.0430 —0.0266 0

Oct 2 1.2643 —0.7703 1.5041

Oct 3 —1.3336  —0.7948 1.5019

Oct 4 —0.0582 1.4736 1.5003

Coherent Fiber Bundles

CFB 1 0.8175 0.4736 0.9953 0

CFB 2 —0.0273 —1.0334 1.0069 1.7277

CFB 3 —0.9209 0.4303 0.9897 1.7389

Note.

% The typical uncertainty for the fiber measurements is 0.1 xm, while that for
the CFBs is 0.8 pm.
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