Received: 8 November 2022

Revised: 8 March 2023

W) Check for updates

Accepted: 13 March 2023 Published on: 9 April 2023

DOI: 10.1002/asna.20220080

ORIGIN AL ARTICLE

Astronomische

[Nachrichten

Seeing the limited coupling of starlight into single-mode
fiber with a small telescope

David H. Sliski?

'Department of Physics and Astronomy,
University of Pennsylvania, Pennsylvania,
Philadelphia

2Center for Astrophysics, Harvard &
Smithsonian, Cambridge, Massachusetts

%Jet Propulsion Laboratory, California
Institute of Technology, Pasadena,
California

Correspondence

Cullen H. Blake, Department of Physics
and Astronomy, University of
Pennsylvania, Philadelphia, PA 19103,
USA.

Email: chblake@sas.upenn.edu

Funding information

Aeronautics Research Mission
Directorate; Australian Research Council,
Grant/Award Number: LE140100050;
David and Lucile Packard Foundation; Mt.
Cuba Astronomical Foundation; National
Science Foundation, Grant/Award
Numbers: 1516242, 1608203; National
Aeronautics and Space Administration,
Grant/Award Numbers: NNX13AMO97A,
NNX13AI79G, MT-13-EPSCoR-0011

1 | INTRODUCTION

| Cullen H. Blake!

| Jason D. Eastman? @ | Samuel Halverson?®

Abstract

An optical fiber link to a telescope provides many advantages for spectrome-
ters designed to detect and characterize extrasolar planets through precise radial
velocity measurements. In the seeing-limited regime, a multi-mode fiber is typ-
ically used so that a significant amount of starlight may be captured. In the
near-diffraction-limited case, either with an adaptive optics system or with a
small telescope at an excellent site, efficiently coupling starlight into a much
smaller, single-mode fiber may be possible. In general, a spectrometer designed
for single-mode fiber input will be substantially less costly than one designed
for multi-mode fiber input. We describe the results of tests coupling starlight
from a 70 cm telescope at Mt. Hopkins, Arizona into the single-mode fiber of
the MINERVA-Red spectrometer at a wavelength of ~850 nm using a low-speed
tip/tilt image stabilization system comprising all commercial, off-the-shelf com-
ponents. We find that approximately 0.5% of the available starlight is coupled
into the single-mode fiber under seeing conditions typical for observatories
hosting small telescopes, which is close to the theoretical expectation. We
discuss scientific opportunities for small telescopes paired with inexpensive,
high-resolution spectrometers, as well as upgrade paths that should significantly
increase the coupling efficiency for the MINERVA-Red system.

KEYW ORD

spectrometers

et al. 2020; Suarez Mascarefio et al. 2020; Pepe et al. 2021;
Ben-Ami et al. 2018). Fundamentally, these instruments

Over the past fifty years, the precision of stellar radial
velocity measurements has improved by more than
two orders of magnitude (Fischer et al. 2016). Today,
a number of precise radial velocity (PRV) instruments
recently deployed or being commissioned are capable of
<1 ms™! instrumental precision, and teams around the
world are working to mitigate technical challenges on
the way toward 10 cm s™! instrumental precision (see,
e.g., Gibson et al. 2018; Robertson et al. 2019; Blackman

seek to measure Doppler shifts in stellar spectral features
at the sub-femtometer level, an extremely challenging
technological feat that requires high spectral resolu-
tion (R=AA1>10°) and exquisite control of systematic
sources of measurement error. Most PRV spectrometers
are similar in design, employing an echelle grating as the
primary dispersing element, a cross disperser to place a
large number of diffraction orders across a CCD or near
infrared (NIR) detector, sub-milliKelvin thermal control
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of the entire instrument, and a multi-mode fiber from the
telescope focal plane to the instrument. The physical size
of the focused star (1" corresponds to 60um on the focal
plane of a 3 m telescope operating at f/4) and a desire to
capture as much starlight as possible sets the size of the
multi-mode fiber, which is typically tens of microns in
diameter. At fixed spectral resolution and without pupil
slicing, the fiber diameter determines the physical sizes of
the optical components within the instrument, such as the
grating and collimating optics (see, e.g., Bingham 1979).
The sizes of these components are a primary driver of
total instrument cost, and anecdotal evidence suggests
that the current generation of PRV instruments designed
for sub-m s™! instrumental precision cost in excess of $10
million to design and build.

A primary advantage of a fiber link to the spec-
trometer is that the instrument can be placed in a
temperature-controlled environment far from the tele-
scope, which is key to achieving sub-milli Kelvin temper-
ature stability (see, e.g., Robertson et al. 2019). Changes in
the illumination of the fiber at the telescope due to guid-
ing errors translate directly into un-calibratable systematic
radial velocity (RV) errors. The fiber naturally reduces the
impact of these guiding errors compared to a slit-based sys-
tem, but the scrambling effects of the fiber alone are not
sufficient when the goal is high RV precision. Multi-mode
fibers also suffer from an effect called modal noise that
limits achievable signal-to-noise (Lemke et al. 2011). This
speckle pattern in the output of the fiber results from the
phase delays experienced by the light of the same wave-
length propagating along the fiber in different modes. By
combining the physical agitation of the fiber with an opti-
cal double scrambler to exchange the near and far fields of
the fiber, both the illumination and modal noise effects can
be reduced by factors of thousands but remain important
and place stringent requirements on guiding performance
for next-generation PRV spectrometers (Sirk et al. 2018;
Schwab et al. 2018). Finally, multi-mode fibers suffer from
focal ratio degradation, which causes the angular spread
of the fiber output to be larger than the acceptance cone of
the fiber. This effect requires increasing the diameters of
instrument optical components so as not to lose light and
is minimized by careful preparation of fiber connections
and reducing bends in the fiber.

Unlike a multi-mode fiber, which can have hun-
dreds of modes at optical wavelengths, single-mode fiber
has only two fundamental, nearly Gaussian modes (one
in each polarization—see Halverson et al. 2015). This
results from the fact that the fiber has a very small core
diameter and Mode Field Diameter (MFD), typically a
few microns at optical wavelengths for standard glass
fibers. This presents a number of important advantages
from the point of view of instrument design and cost,

as discussed in, for example, Ghasempour et al. (2012);
Schwab et al. (2012); Crepp (2014); Jovanovic et al. (2016a);
Crass et al. (2019); Gibson et al. (2022); and Gibbs
et al. (2022). The single-mode fiber does not suffer from the
modal noise or illumination limitations of the multi-mode
fiber and also has no focal ratio degradation. At the
same time, the small MFD of the fiber means that high
spectral resolution can be achieved with a small col-
limated beam and near-diffraction-limited spectrograph
optics. Depending on the desired wavelength coverage,
commercial, off-the-shelf optics in standard diameters (50
or 75 mm) are sufficient for many key spectrometer com-
ponents, even at a resolution of R > 100,000. The small
input spot size typically means that the spectrograph cam-
era system must magnify, meaning relatively long focal
lengths and overall reduced cost and complexity compared
to a very fast camera system.

The small beam diameter generated by a short focal
length collimator and the modest sizes of the individ-
ual optical components means that the entire instrument
occupies much less volume than an instrument with
comparable resolution and multi-mode fiber input, par-
ticularly if the traditional instrument does not employ
pupil slicing. For example, while the volume of the vac-
uum chamber housing a traditional multi-mode fiber PRV
instrument may be ~3m? a single-mode instrument with
similar resolution and spectral coverage could easily fit
within half a cubic meter. Taken together, the smaller
component sizes enabled by single-mode fiber dramati-
cally reduce the costs associated with designing and build-
ing the instrument. This advantage becomes particularly
important when considering high-resolution spectrome-
ters for the next generation of extremely large telescopes,
where the seeing-limited instrument may be prohibitively
expensive, and the advantages of single-mode fiber instru-
ments operating behind advanced adaptive optics systems
are even more significant.

However, coupling starlight into a single-mode fiber is
challenging. Given a stellar point spread function (PSF)
that is tens of microns across at the telescope focal plane,
it is clear that very little light is going to couple into a
single-mode fiber with a Gaussian fundamental mode hav-
ing an MFD of ~5 um. Changing the focal ratio of the
light to shrink the stellar PSF only helps while the beam
falls within the acceptance angle of the fiber, defined by a
Numerical Aperture (NA) of ~ 0.1 - 0.15. The integral of
the product of the PSF and the fiber mode gives a rough
estimate of the maximum coupling efficiency, which is
expected to be low if the fiber MFD is much smaller than
the full width at half maximum (FWHM) of the PSF.

Alternatively, the stellar image can be thought of as a
collection of speckles rapidly evolving in time. The num-
ber of speckles is approximately (-7, where ro is the
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Fried parameter, which characterizes the atmospheric sta-
bility of the site, and D is the telescope diameter. At best, on
average, one speckle is going to couple to the single-mode
fiber at a time. For the 3 m telescope at f/4 (matched to
a fiber with NA=0.12), 1" seeing at 500 nm (0 = 0.1 m),
and a fiber MFD of 5um, either approximation points to a
coupling efficiency € < 1%.

Shaklan & Roddier (1988) more rigorously consider the
expected coupling efficiency into single-mode fibers for
the seeing-limited case over a range of D-75. Even assum-
ing high-speed tip/tilt guiding to center the star on the fiber
(which would likely require corrections at a rate of tens
of Hz to fully compensate for atmospheric motion) and
matching the telescope focal ratio to the fiber NA, these
authors find that maximum coupled power, including the
effects of coupling efficiency and telescope collecting area,
peaks at an efficiency of € ~ 18% at.D-1 ~ 4. This total
coupled power falls off for larger telescopes and decreases
by a factor of ~ 5 overall without high-speed tip/tilt guid-
ing. While the MINERVA-Red system does have an image
stabilization system, described in Section 2, this system is
not capable of the type of high-speed corrections included
in the Shaklan & Roddier (1988) simulations.

This suggests two paths forward for employing
single-mode fibers to feed light into astronomical
spectrometers—feeding the fiber with an Adaptive Optics
(AO) system or using a small telescope at an excellent
observing site. Given the advantages of single-mode fiber
spectrometers, there is growing interest in the commu-
nity in both approaches. In principle, AO systems can
provide a diffraction-limited stellar image that can be
coupled with high efficiency into a single-mode fiber. The
advantages of the AO system and single-mode fibers for
high-resolution spectroscopy were recognized in the late
1990s (see, e.g., Ge et al. 1998), and several efforts to build
instruments of this type are underway (Bechter et al. 2016;
Gibson et al. 2022; Mawet et al. 2019). Recently, work
at Subaru and the Large Binocular Telescope (LBT) has
demonstrated coupling efficiency into single-mode fibers
up to 50% at near-infrared wavelengths using modern,
sophisticated AO systems (Bechter et al. 2016; Jovanovic
et al. 2016b; Jovanovic et al. 2017). In the seeing-limited
regime, the RHEA project has demonstrated an inexpen-
sive, high-resolution single-mode fiber spectrometer on a
small telescope (Bento et al. 2016; Feger et al. 2016; Feger
et al. 2018).

2 | MINERVA-RED
SPECTROMETER

MINERVA-Red is a high-resolution, cross-dispersed
echelle spectrometer designed for Doppler measurements

Nachrichten

of nearby low-mass stars for the detection and charac-
terization of extrasolar planets. The spectrometer covers
a spectral region between 820 and 920 nm, where there
is relatively little telluric water vapor absorption and
low-mass stars are relatively bright, at a resolution of
R ~ 45,000 using a deep depletion charge-coupled device
(CCD) detector. The spectrometer is designed around
single-mode fiber input (780HP fiber with an MFD
at 1/e2 of 5um, NA = 0.13, and a single-mode cutoff
wavelength of 1 = 780 nm) and is built primarily from
commercial, off-the-shelf components. The optics are
housed in a vacuum chamber and thermally controlled
enclosure that provides milliKelvin level temperature
stability (Sliski et al. 2017), which enables intrinsic sta-
bility of the wavelength solution equivalent to better
than 5 ms™. Calibration of residual instrumental drifts is
accomplished with observations of a Uranium-Neon lamp
through an all-fiber system that enables rapid switching
between on-sky observations and observations of cali-
bration sources. The MINERVA-Red spectrometer and
on-sky radial velocity measurement performance will be
described in detail in a future publication.

Starlight is coupled into the science fiber with a cus-
tom Fiber Acquisition Unit (FAU) attached to a 0.7 m
CDK700 telescope built by PlaneWave Instruments. The
telescope, which is part of the MINERVA array at the Fred
Lawrence Whipple Observatory (FLWO) at Mt. Hopkins,
Arizona, has gold-coated mirrors to optimize the through-
put in the 820-920 nm range. The telescope has a Nasmyth
focus that allows the FAU to have a near-constant gravity
vector by disabling the telescope’s integrated field derota-
tor. The FAU, which is shown in Figure 1; is similar in
design to the unit described in Bottom et al. (2014), but
with the addition of an image stabilization guider capa-
ble of low-speed tip/tilt corrections and a focal reducer.
The FAU uses a pellicle beam splitter, which provides very
low fringing, to send 8% of the A > 750 nm light to a ZWO
178 monochrome CMOS guide camera and 92% of the
light to the science fiber. Backlighting the science fiber,
which is attached to the FAU with standard FC/PC con-
nectors, with an 850 nm laser and imaging the spot onto
the guide camera through a corner cube and air-spaced
doublet lens allows for precise determination of the fiber
location. The retro-reflection path also contains a 750 nm
long-pass filter to ensure that when that arm of the FAU is
manually focused at installation by observing bright stars,
the focus is set using light with a wavelength that is close
to the wavelength of the science light. The retro-feed pro-
cess involving back-lighting the science fiber calibrates
any movement within the FAU system and is carried out
between science exposures. In practice, we find that the
measured variations in the fiber location are very small, at
the level of a few microns over days. The entire assembly,
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which is built around SM1 components from Thorlabs,
provides intrinsic stability of the fiber location at the 1um
level.

Optimal coupling of starlight into a single-mode fiber
requires matching the stellar PSF to the Gaussian fun-
damental mode of the fiber and matching the focal ratio
of the telescope beam incident on the fiber face to the
NA of the fiber. The beam from the CDK700 telescope
is nominally £/6.3, and the 780HP fiber has a nominal
NA of 0.13 (defined by the 1/e? intensity points), corre-
sponding to £/3.8. The actual NA value may vary between
fibers or as a function of wavelength. The optimal f/# for
single-mode fiber coupling will also depend on the details
of the stellar PSF shape, which will not be a Gaussian even
with a perfect telescope having no central obstruction (in
which case the PSF will be an Airy function and optimal
coupling to single-mode fiber is always less than 100%).
A central obstruction reduces the upper limit of cou-
pling efficiency further (see, e.g., Shaklan & Roddier 1988;
Jovanovic et al. 2017).

We aim to increase the efficiency of our seeing-limited
coupling by using a Thorlabs air-spaced doublet with
a focal length of 200 mm incorporated into the FAU
before the beam splitter to approximately match the tele-
scope beam to the fiber NA. This simple optic provides
seeing-limited imaging over our narrow wavelength range
within a small field of view that is still many times larger
than the fiber. With the focal reducer, the star is imaged
onto the ZWO 178 guide camera with 2.4 um pixels at a
plate scale of 0.2" pixel ! and a focal ratio of f/3.5. At this
focal ratio, the single-mode fiber MFD of 5 ym corresponds
to 0.42", substantially less than the average natural seeing
at virtually all observatories.

Between the telescope and the focal reducer is an image
stabilization guiding module from StarlightXpress. This
unit contains a BK7 plate with a VIS anti-reflection coating
mounted on voice coils that provide motion in two axes to
produce parallel displacements of the stellar image. This
method of low-speed tip/tilt correction using a plate in the
transmission is possible because the plate is placed in a rel-
atively slow, converging beam. The total range of motion
is +8" and the unit is intrinsically capable of making cor-
rections at more than 10 Hz. We use a custom software
package to drive the image stabilization unit and guide the
telescope based on the measured stellar position on the
guide camera. If position correction outside the range of
the tip/tilt is required, commands are automatically sent
to the telescope mount. The transformation between the
motion vectors of the tip/tilt and the direction of the sky
is measured once by manually commanding tip/tilt moves
and fitting the resulting stellar motion to determine the
angles that define the orientation of the tip/tilt on the sky.
The bandwidth of the guiding loop is currently limited to

approximately 1.0 Hz by the time required to process the
individual guide camera images, but routinely provides
root-mean-square variations (rms)in the stellar centroid
0.5" in typical seeing (1.7"), which is approximately equal
to the angular diameter of the fiber (see Figure 2). The pro-
cess of target acquisition and initiation of the guide loop is
fully automated.

3 | ON-SKY COUPLING TESTS

The MINERVA-Red calibration system includes an expo-
sure meter that allows for the measurement of the mean
light arrival time during extended integrations. This is par-
ticularly important for a single-mode fiber spectrometer,
where the temporal variations in the coupled starlight are
expected to be large (Shaklan & Roddier 1988), translat-
ing into uncertainties in the calculation of the barycentric
correction (Wright & Eastman 2014). The exposure meter
receives 10% of the science light through an in-fiber 90:10
splitter, and that light is imaged onto a thermoelectrically
cooled Atik 414EX CCD camera using a fiber-coupled dou-
blet lens pair. The exposure meter can be used to estimate
the efficiency of coupling starlight into the science fiber
by directly comparing contemporaneous measurements
of the total stellar flux obtained with the exposure meter
and the FAU guide camera. This differential measurement
removes uncertainty related to changes in atmospheric
transparency and the reflectivity and transmission of the
telescope optics from the calculation of coupling efficiency.
We note that there are optical elements that are not
common to both the FAU guide camera and exposure
meter paths, and these differences need to be accounted
for when estimating the coupling efficiency from the ratio
of fluxes on the FAU guide camera and exposure meter. We
estimate a small correction factor of order unity using the
published transmission curve for the pellicle beam split-
ter (for un-polarized light) and the published QE curves
for the two detectors, integrated from 750 to 950 nm. The
780 HP science fiber is AR coated, as is the doublet lens
used to image the output of the science fiber onto the expo-
sure meter and the optical windows of the two detectors,
so we neglect Fresnel effects from those surfaces. We also
neglect losses due to transmission through the fiber, which
we expect to be small given the modest fiber length. Dur-
ing testing, we chose to observe hot stars, so the slope of
the stellar spectrum is also not included in the calculation
of this correction factor.

We observed the bright star HD 206,672 (I = 5.0) over
four nights in September and October 2020 for a total of
approximately seven hours during MINERVA-Red com-
missioning. We obtained more than 14,800 2 s images of
HD 206,672 with the FAU guide camera while measuring
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FIGURE 1 MINERVA-Red
Fiber Acquisition Unit (FAU) with
image stabilization guider. The
CDK?700 telescope is located on the left
side, behind the PWI focuser/rotator.
The FAU is built from all commercial,

CDK700

off-the-shelf parts and is based on the
design described in Bottom et al. (2014).

PWI Focuser
Rotator

the flux on the exposure meter CCD at a rate of approxi-
mately 0.75 Hz. These nights were photometric, with vari-
ations in the total stellar flux on the FAU camera 2%, but
with variable seeing. While the FLWO site has good intrin-
sic seeing properties and 1.0" seeing can be realized at
other facilities at the site, during commissioning the mean
image quality observed at MINERVA-Red was 1.7" with
a one standard deviation range of 1.37" to 2.03" FWHM
as estimated by two dimensional Gaussian fits the stel-
lar images on the FAU guide camera. The delivered image
quality is degraded by wind-induced vibrations and load-
ing in the carbon fiber truss of the telescope front end,
which is very lightweight, and also by the optical per-
formance and focus of the FAU system itself. In windy
conditions, the load on the telescope truss produces sub-
stantial image motion but at relatively low frequencies that
the active guiding unit can help mitigate. Future upgrades
to the MINERVA-Red facility will address these image
quality issues, but the current seeing is representative of
what is often achievable at sites hosting small telescopes,
such as university observatories at low-altitude locations.
In Figure 3 we show the overall distribution of the
measured coupling efficiency after applying the small cor-
rection factor described above, which has a median of € =
0.45%. We compare this to an empirical expectation based

StarLight Express

Nachrichten

Thorlabs
Retroreflector
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Tip Tilt
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750 nm cut-
on filter
Thorlabs
Beam Cube
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92:8 Pellicle

Beamsplitter

ZWO 178 mono
CMOS Camera

25 mm

on direct integration of the product of the fiber mode and
the stellar PSF as imaged on the FAU guide camera, under
the assumption that the stellar PSF at the fiber face is the
same (which should be the case if the FAU is properly
focused). We approximate the fiber mode as a Gaussian
with FWHM=MFD/1.68, where MFD is reported by the
fiber manufacturer to the 1/e? points. We sum the total
flux, after background subtraction, in the product of the
fiber mode, centered at the fiber location as determined
by the most recent fiber backlighting, and the stellar PSF
as imaged on the FAU guide camera, and divide by the
total aperture flux measured from the same FAU image.
The distribution of these coupling estimates, shown in
black in Figure 3, has a median of € = 0.46%, indicating
that the fiber coupling efficiency is close to the theoretical
expectation given the actual image quality.

We can compare this to the purely theoretical simu-
lations presented in Shaklan & Roddier (1988). Assum-
ing the mean seeing during the commissioning of 1.7" is
entirely due to atmospheric turbulence (so, neglecting the
wind-induced seeing component), we should expect the
Fried parameter at 850 nm to be ro ~ 0.10 m and therefore

L5 ~ 7.0. Figure 5 of Shaklan & Roddier (1988) shows
that the estimated coupling efficiency with the telescope
focal ratio matched to the fiber NA, light with a wavelength
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FIGURE 2  Measured variation in the position of a stellar
centroid on the MINERVA-Red FAU guide camera relative to the
average position. With the image stabilization system operating at
approximately 0.3 Hz, the image motion is approximately 0.5
(rms). The fiber MFD is approximately 0.4". Without the image
stabilization system, the stellar centroid frequently experiences
large departures up to 2" or more in windy conditions due to the
wind load on the telescope truss.
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FIGURE 3
based on 14,890 exposure meter measurements over seven hours of

Measured single-mode fiber coupling efficiency

observations under a range of conditions, with a median of

€ = 0.45% (small bins). Solid histogram shows optimal coupling
efficiency based on the overlap integral of the stellar PSF as imaged
on the FAU guide camera and a Gaussian approximation of the fiber
fundamental mode with an MFD of 5 um (larger bins, black fill,
scaled down for clarity).

close to the single-mode cutoff of the fiber, high-speed
tip/tilt guiding, and_D-17 ~ 7.0 peaks at approximately
14%. This value falls off to approximately 5% without
high-speed guiding. While the optical parameters of our
test system are similar to this simulated case, we do
not have high-speed tip/tilt guiding, and our on-sky cou-
pling efficiency is approximately a factor of 10 worse than

the Shaklan & Roddier (1988) simulation. This is likely
due to the combined effects of wind shake and atmo-
spheric turbulence, which impacts the actual PSF shape
and motion in a way that is not captured in the Shaklan
& Roddier (1988) simulations but is captured in our cou-
pling efficiency estimates based on directly integrating the
observed PSF. Analyses of stellar images taken with a dif-
ferent instrument at MINERVA using a high-speed CMOS
camera capable of gathering images at tens of Hz indicate
that substantial image motion is present at high frequen-
cies. We expect that improving the bandwidth of the tip/tilt
correction to 20 Hz or more should significantly improve

our coupling efficiency.

4 | DISCUSSION AND
CONCLUSIONS

A high-resolution astronomical spectrometer designed to
work with single-mode fiber can be small, inexpensive,
and built from commercial, off-the-shelf parts. At the same
time, such an instrument is immune to some of the impor-
tant effects, such as modal noise, that may limit radial
velocity precision with a multi-mode fiber instrument.
Coupling starlight into such a small fiber is a challenge
that requires an AO system on a large telescope. However,
coupling light into the single-mode fiber is simplified if
using a small telescope, where the ratio of the telescope
diameter to the Fried parameter is small even at a site of
moderate quality. We demonstrate coupling starlight into
a single-mode fiber with a 0.7 m telescope under condi-
tions of modest image quality with effective mean seeing
of 1.7". The MINERVA-Red FAU and spectrometer allow
for simultaneous monitoring of a star using a guide camera
and an exposure meter, which removes the sky conditions
and telescope efficiency from the calculation of fiber cou-
pling efficiency. After taking into account the reported
efficiencies of the MINERVA-Red fiber system, optics, and
detectors, we find that 0.45’:%%% of starlight is coupled
into the fiber using an image stabilization guiding sys-
tem that operates at approximately 0.3 Hz and provides
0.5" root-mean-square image centroid stability. As can be
seen in Figure 4, the coupling efficiency is highly variable
on short timescales. This is expected with seeing-limited
coupling into single-mode fibers since the coupling is dom-
inated by speckles, which evolve on very short timescales.
Variations of order unity are seen.

While this efficiency is low compared to the
light-gathering capability of a larger, multi-mode fiber, it
is sufficient to enable interesting science using small tele-
scopes and inexpensive spectrometers. While we might
think of the exoplanet discovery space for small telescopes
as limited, there is rich science that can be carried out with
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FIGURE 4  Temporal variation in seeing-limited,

single-mode fiber coupling efficiency observed with MINERVA-Red
over a period of 1.5 hours. The coupling efficiency is highly variable,
as is expected with seeing-limited coupling into single-mode fiber
(see Shaklan & Roddier 1988).

sub-meter class telescopes. The spectral resolution ele-
ment of an R = 10° system at A = 500 nm is 0.005 nm, and
the flux from a V =7 star in that one resolution element is
~ 800 photon s™! m™2. Assuming 0.5% coupling efficiency,
a telescope with an effective collecting area of 0.5 m?, and
overall spectrograph efficiency of 10%, signal-to-noise of
50 can be achieved in a few hours of effective integration,
which is useful for reconnaissance spectroscopy of exo-
planet candidates and mass measurements for massive,
short-period planets.

Future work to improve the MINERVA-Red fiber cou-
pling efficiency will focus on improving the image qual-
ity delivered by the FAU. A factor of two reductions in
the image FWHM, which is consistent with other mea-
sures of site quality, should increase the average coupling
efficiency, but image motion resulting from wind shake
may limit those coupling improvements. However, the
increased tip/tilt guiding bandwidth and low-order wave-
front correction afforded by a low-cost adaptive optics
system would significantly improve the delivered image
quality and provide a significant boost to the overall
MINERVA-Red efficiency.
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