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Abstract

The Diffraction-Limited Near-Infrared Spectropolarimeter (DL-NIRSP) is one of the first-
light instruments for the National Science Foundation’s Daniel K. Inouye Solar Telescope
(DKIST). DL-NIRSP is an integral-field, dual-beam spectropolarimeter intended for study-
ing magnetically sensitive spectral lines in the Sun’s photosphere, chromosphere, and corona
with high spectral resolution and polarimetric accuracy. Two novel fiber-optic integral-field
units (IFUs), paired with selectable feed optics and a field-scanning mirror provide great
flexibility in spatial sampling (0.03”, 0.08”, and 0.5”) and field coverage (2’ x 2). The
IFUs allow DL-NIRSP to record all the spectra from a 2D field of view simultaneously,
enabling the instrument to study the evolution of highly dynamic events. The spectrograph
is an all-reflecting, near-Littrow design, which achieves a resolving power of approximately
125,000. Multiple wavelengths can be observed simultaneously using three spectral arms:
one for visible wavelengths (500 — 900 nm) and two for infrared wavelengths (900 — 1350 nm
and 1350—1800 nm). Each supporting camera sub-system is capable of a 30-Hz frame rate,
making it possible to track dynamic phenomena on the Sun.
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1. Introduction

The Diffraction-Limited Near-Infrared Spectropolarimeter (DL-NIRSP) is one of the first-
light instruments of the Daniel K. Inouye Solar Telescope (DKIST: Rimmele et al., 2020),
developed at the Institute for Astronomy (IfA) of the University of Hawai‘i (UH). DKIST is
the National Science Foundation’s (NSF) new flagship solar telescope to support the solar-
physics research effort of the US and the broader worldwide solar communities for the 21st
century.

DKIST was designed from the ground up as a general-purpose facility that can be used
for research of a broad range of science topics, ranging from the generation of solar mag-
netism to the physics of energetic solar eruptions (Rast et al., 2021). It is a 4-m aperture,
off-axis Gregorian telescope equipped with a high-order adaptive optics system (HOAO:
Rimmele et al., 2006; Richards et al., 2010; Johnson et al., 2018) to enable high spatial
observations of the Sun at the spatial scale of fundamental plasma processes. DKIST is de-
signed for high-precision polarimetry (Harrington et al., 2022) and is also a coronagraphic
telescope, with a superpolished primary mirror, a Lyot stop, and a limb occulter to facilitate
observations of the faint solar corona at small elongations from the bright solar disk.

DKIST is equipped with five facility-class instruments, each with unique capabilities and
priority science objectives. The DKIST optical path allows for multiple instruments to be run
in parallel to address diverse use cases. In addition to DL-NIRSP, these instruments include
the Visible Broadband Imager (VBI: Woger et al., 2021), the Visible Spectropolarimeter
(ViSP: de Wijn et al., 2022), the Cryogenic Near-Infrared Spectropolarimeter (CryoNIRSP:
Fehlmann, 2022), and the Visible Tunable Filter (VTF: von der Liihe et al., 2022). A unique
feature of DL-NIRSP that is not available in the other facility instruments is its capability
to perform integral-field spectroscopy (IFS), or the simultaneous observation of the spectra
from a spatially resolved 2D field of view. One of the primary science goals of DL-NIRSP is
the study of the interaction between the magnetic fields and the plasma of the dynamic solar
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atmosphere. As the evolutionary timescales of solar magnetism range from hours, for large-
scale structures like sunspots or filaments, to minutes, for solar granules, to seconds during
energetic eruptions, it is critical that DL-NIRSP is equipped with the ability to observe a 2D
field of view with high temporal resolution sufficient to resolve the dynamic timescales of
these energetic events.

Dynamic events that cause the exchange of magnetic energy and heating through differ-
ent layers of the solar atmosphere, e.g. solar flares, filament eruptions, and coronal mass
ejections (CMEs), demand an instrument capable of simultaneous observations of the po-
larized spectra of multiple spectral lines from a 3D volume of the solar atmosphere with
very high spatial, spectral, and temporal resolution. For observations on the solar disk, this
requires simultaneous observations of spectral lines originating from the photospheric and
chromospheric levels. For the study of coronal magnetism, this requires simultaneous cov-
erage of coronal emission lines with ionization temperatures spanning a large range. This
capability is critical for understanding the physics of energetic solar eruptions that drive
space weather.

These requirements are the primary drivers that have guided the design of DL-NIRSP. In
particular, the high temporal resolution requirement has led to the decision to use fiber-optic
integral field units (IFUs) to achieve fast temporal coverage along with simultaneous 2D
field coverage.

Multi-object spectrographs, integral-field units, and integral-field spectrographs have a
long history in nighttime astronomical research (Ramsay Howat et al., 2004; Smee et al.,
2013; Henault et al., 2003); however, their application for solar observations did not start
until the early 2000s (Lin, Kuhn, and Coulter, 2004; Lin, 2012; Ren, Keller, and Plymate,
2009). While the principles and technologies for IFS were well developed, solar spectro-
scopic observations, especially those related to magnetic-field diagnostics, require obser-
vation of polarized spectra at very high spectral resolution (R > 100,000) over a narrow
spectral window (A/AX = 1000) around the spectral lines. Conventional IFUs built with
large-core multi-mode fibers or polished-glass image slicers are difficult to optimize for so-
lar observations. For example, the GREGOR Infrared Spectrograph (GRIS: Collados et al.,
2012) is equipped with a polished-glass image slicer with a 100-um slit width, which re-
quires a large spectrograph to achieve high spectral resolution.

The development of multi-slit spectrographs, such as the photographic system of Mar-
tin et al. (1974) and the Facility Infrared Spectropolarimeter (Jaeggli et al., 2010), laid the
groundwork for integral-field spectroscopy with DL-NIRSP. The multi-slit approach allows
for efficient use of modern large-format detectors. High spectral resolution can be achieved
over very narrow spectral bandpasses by using high-performance narrow-band filters to keep
spectra from different slits and orders of the spectrograph from overlapping on the detector.
Multi-slit spectrographs allow for more rapid scanning of large fields of view than tradi-
tional long-slit spectrographs, and the development of instruments with multi-slit capability
continues to grow (Lin, 2016; Schad and Lin, 2017; De Pontieu et al., 2020).

A new Birefringent Fiber-Optic Image Slicer (BiFOIS: Lin and Versteegh, 2006; Schad
et al., 2014) was developed to address the special needs of solar integral-field spectropo-
larimetry. BiFOIS takes advantage of the multi-slit approach by taking a small integral field
at the focal plane and coherently mapping to multiple linear arrays that form the spectro-
graph entrance slits using fiber-optic ribbons. DL-NIRSP is equipped with two BiFOIS IFUs
(BiFOIS-36 and BiFOIS-72) optimized for high spatial resolution and wide-field coverage,
respectively. These two IFUs, combined with a flexible-feed optical system and scanning
mirror, enable DL-NIRSP to observe in three spatial resolution modes to help address di-
verse science objectives.
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This article documents the details of the optical system as well as the designed perfor-
mance parameters. Examples of laboratory-performance evaluation results of the critical
optical components and sub-systems will also be described. First, we provide the scientific
motivation for the design of the instrument in Section 2. We discuss the essential components
of the instrument in Section 3, including the optical, polarimetric, and software systems. We
provide a description of the techniques and procedure used for the optical alignment of the
instrument in Section 4. In Section 5 we present some of the critical as-built instrument-
performance measurements. In Section 6 we present the first observations from DL-NIRSP
on the solar disk and in the corona. In Section 7 we summarize our work and discuss some
future developments for DL-NIRSP.

2, Scientific Objectives and Design Concept

DL-NIRSP was developed to target specific needs in order to address some of the major
scientific questions in solar physics. How is the magnetic field generated and recycled by
the Sun’s global and small-scale dynamos (Cameron, Dikpati, and Brandenburg, 2017; Bor-
rero et al., 2017)? How are the chromosphere and corona heated to high temperatures (De
Moortel and Browning, 2015; Klimchuk, 2015)? How is the solar wind accelerated (Cran-
mer and Winebarger, 2019)? What triggers solar flares, coronal mass ejections, and other
eruptive phenomena on the Sun that impact space weather (Benz, 2017; Green et al., 2018)?
In order to provide new insight into these questions, the design of DL-NIRSP was driven by
five major factors:

The need for high spatial resolution observations.
The need for sensitive spectropolarimetry.

The need for high-cadence observations.

The need for multi-wavelength observations.

The need for coronal spectropolarimetry.

In the following paragraphs we briefly discuss some example science cases and the instru-
ment parameters necessary to meet these needs.

One of the strongest cases for diffraction-limited integral-field spectropolarimetry comes
from a need to study the smallest magnetic elements that can be seen on the Sun. Compact
magnetic elements with &1 kG magnetic-field strength are ubiquitous in the quiet-Sun pho-
tosphere where they appear in the downflow lanes of solar granulation. These elements are
largely unresolved in current spectropolarimetric measurements (Lagg et al., 2010), but they
display systematic features in their intensity, velocity, and dynamical behavior, in addition
to the magnetic field, that set them apart from regions with weaker apparent magnetic fields.
Recent observations with DKIST/VBI have revealed the detailed structure and dynamics
occurring within bright features that correspond to these magnetic elements (Woger et al.,
2021). High spatial resolution magnetohydrodynamic simulations of the solar convection
zone and photosphere indicate that 50% of the magnetic energy in the quiet Sun may exist
on scales of smaller than 100 km (Rempel, 2014), and therefore understanding these small-
scale features might be important for understanding the Sun’s magnetic-energy budget. Use
of an integral field with spatial resolution limited only by the diffraction of DKIST allows
one to continuously track the evolution of compact solar features within a small field of view.

Sensitive observations are necessary to make headway on problems involving magnetic
waves in the solar atmosphere, e.g. magnetoacoustic waves, transverse/torsional Alfvén
waves, and kink waves. The magnetic-field variation produced by these phenomena is small,
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at about the 10-G level as seen in photospheric spectral lines (Fujimura and Tsuneta, 2009).
Given that the spectral lines themselves are not fully polarized, a polarization sensitivity of
at least 10~* with respect to the continuum intensity level is required to see these changes in
the magnetic field in the chromosphere (Quintero Noda et al., 2017). The observations must
also be taken with a cadence sufficient to fully sample the three- or five-minute oscillation
period common to the photosphere and chromosphere.

There are many problems in solar physics where simultaneous multi-wavelength obser-
vations are necessary. Using multi-wavelength observations, it is possible to combine di-
agnostics sensitive to different plasma properties and target different heights in the solar
atmosphere, building up a three-dimensional picture. Co-temporal and co-spatial measure-
ments of magnetic-field diagnostics formed at different heights can reveal the propagation of
magnetic waves (Felipe et al., 2010), the morphology of magnetic-flux tubes (Morosin et al.,
2020), and the spatial and temporal distributions of the electric-current vector (Anan et al.,
2021). Multi-height magnetic-field information is also critical for informing and validat-
ing magnetic-field extrapolations based on photospheric observations (Metcalf et al., 1995;
Kawabata et al., 2020), which are heavily relied on for coronal studies.

Ground-based spectral observations of the off-limb solar corona offer many advantages
for studying its energization and dynamics, especially as it pertains to solar-wind accel-
eration and coronal mass ejections (Landi, Habbal, and Tomczyk, 2016). The key benefit
provided by diagnostics at visible and infrared wavelengths lies in their ability to remotely
probe the magnetic field in the corona via polarization, as reviewed by Casini, White, and
Judge (2017). Lin, Penn, and Tomczyk (2000) first observed circular polarization from a
coronal emission line, which results from the longitudinal component of the Zeeman effect.
Together with resonance-scattered polarization, constraints on the line-of-sight component
and the orientation on the plane of sky of the magnetic field bolsters vector-tomographic
efforts for reconstructing the 3D coronal magnetic field (Kramar, Inhester, and Solanki,
2006; Kramar et al., 2013). To take full advantage of such diagnostics, simultaneous multi-
wavelength observations are necessary to address the intertwined thermal and magnetic-field
effects on the spectra, as discussed, e.g. by Dima and Schad (2020) and Schad and Dima
(2020).

A single instrument cannot simultaneously achieve high cadence with high spatial reso-
lution and high signal to noise over a large field of view at all wavelengths. There must be a
trade-off between these parameters. By building DL-NIRSP as a multi-wavelength integral-
field spectropolarimeter with field-scanning capability and different spatial-resolution
modes, a high-resolution mode for diffraction-limited observations, a mid-resolution mode
for cases requiring high signal to noise or cadence, and a wide-field mode for coronal ob-
servations, the end user is given the ability to select the trade-offs that allow them to address
their science use cases most effectively using set combinations of sensitive magnetic-field di-
agnostic spectral lines. The requirements for DL-NIRSP, driven by these science motivators,
are given in Table 1. The wavelengths of DL-NIRSP were selected to sample diagnostics
from a diverse range of heights, temperatures, and magnetic-field regimes in the solar atmo-
sphere. These wavelengths are listed in Table 2 along with the diagnostic species and their
potential uses. Rescoping, rebudgeting, and the realities of implementation have changed
the instrument slightly from its original design over the course of the construction project.

3. Elements of DL-NIRSP

DL-NIRSP is composed of two major optical systems: the feed optics and the spectrograph.
In the following sub-sections we discuss the elements and the layout of these two optical
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Table1 DL-NIRSP High-Level Design Specifications.

Science Requirement Goal As-Built

Spectral Coverage 900-2500 nm 500-1800 nm

Spectral Resolving 50,000 -200,000 >105,000

Power

Spatial Sampling 1.221/2D @ 900 nm TBD

Spatial Field of View 2.8 round, 2’ square Same

True Imaging IFU with 2048 spatial sampling IFU with 3840 spatial sampling elements

Spectropolarimeter elements

Polarimetric Accuracy 5x 1074 TBD

Modulation Cadence 0.1 sec. 0.3 sec.

Modulation Efficiency > 0.1 > 0.4

Multi-wavelength 3 Simultaneous Channels Same

Simultaneous Operation ~ AO corrected with VBI, ViSP, VTF  AO corrected with VBI, ViSP, VTF; also
with CryoNIRSP?

4 After FIDO beam-splitter upgrade. CryoNIRSP is not corrected by the high-order adaptive-optics system.

Table2 Current DL-NIRSP Wavelengths.

Arm Wavelength [nm] Diagnostic Species Uses

1 530.3 [Fe X1V] Coronal magnetic fields, log(Tmax [K]) = 6.32

1 587.6 He 1 D3 Chromosphere, Filament magnetic fields

1 630.2 Fe1 Photospheric magnetic fields

1 789.2 [Fe x1] Coronal magnetic fields, log(Tmax [K]) =6.2

1 854.2 Call Chromospheric magnetic fields

2 1074.7 [Fe x111] Coronal magnetic fields, density, log(Tmax [K]) = 6.3
2 1079.8 [Fe x111] Coronal magnetic fields, density, log(Tmax [K]) = 6.3
2 1083.0 Her Si1 Photospheric and chromospheric magnetic fields

3 1430.0 [Si x] Coronal magnetic fields, log(Tmax [K]) =6.2

3 1565.0 Fe 1, OH Photospheric magnetic fields, cool photosphere

4The coronal emission-line temperatures [Tmax] come from the CHIANTI atomic-database line list (Dere
et al., 1997; Del Zanna et al., 2021).

systems, as well as critical components that make DL-NIRSP a functional imaging spec-
tropolarimeter. Figure 1 shows a rendering of the DL-NIRSP instrument in the context of
the coud€ laboratory with the full light path from DKIST M7 through the DL-NIRSP spec-
trograph. Figure 2 shows a panoramic overview of the real DL-NIRSP components in the
coudé lab as they are currently installed.

The DKIST optical beam in the coudé€ lab is horizontally oriented and is nearly col-
limated after DKIST MS. Following the reflection from the wavefront-correction (WFC)
system deformable mirror (DKIST M10), the beam encounters the Facility Instrument Dis-
tribution Optics (FIDO: Harrington et al., 2021) which is an interchangable series of win-
dows and long-pass dichroic beam-splitters used to provide different instruments with light
from various portions of the optical and infrared spectrum. The light traveling to DL-NIRSP
follows the transmitted path through the coudé locations (CL) for the FIDO beam-splitters:
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Figure 1 A rendering of the instrument hardware and optical train from DKIST M7 through the DL-NIRSP
spectrograph. The feed optics are shown in the f/24 configuration.

Field Scanning Mirrorl |f/62 Off-Axis Mirror

/62 Convex Mirror

CL1 (reflects to WFC), CL2 (reflects to ViSP), CL3 (reflects to VBI Red and VTF), and CL4
(reflects to an unused path). During coordinated observations, DL-NIRSP may receive part
or none of the visible spectrum, but infrared wavelengths longer than 1 um are always avail-
able to DL-NIRSP unless CryoNIRSP is observing, as it currently receives the full optical
beam using a fold mirror placed between M9 and M 10 (not shown in Figure 1). An upgrade
of the current M9a mirror to a beam-splitter will make observations between CryoNIRSP
and other instruments possible.

3.1. Feed Optics

The DL-NIRSP feed optics re-image the light within the 2.8’ field of view of DKIST at dif-
ferent plate scales to provide different spatial-sampling modes. The feed optics also incorpo-
rate a scanning mechanism for observing fields of view larger than what is accommodated
instantaneously by the IFU, up to 2.8'. The feed optics were designed as an all-reflecting
optical train, making use of the protected silver coatings used elsewhere in DKIST (Harring-
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Spectrograph

Figure 2 A panoramic view, taken on 23 November 2021, of the DL-NIRSP spectrograph (left)] and feed
optics (center, right) in the DKIST coudé€ laboratory. The enclosure covers for control of scattered light have
been removed so that the optical components can be seen.

Table 3 Feed-Optics Elements.

Name Diameter Radius of Curvature Conic Constant Offaxis Distance
[mm] [mm)] [mm)]

Fold Mirror 1 380 00

Main Off-axis Mirror 400 —9600.000 —1.376 600
Fold Mirror 2 300 [e'e)

Fold Mirror 3 150 [ee)

Field Scanning Mirror 220 —9600.000 0.000 0
/24 Off-axis Mirror 250 —9600.000 —0.640 918
/62 Off-axis Mirror 230 —5855.785 —0.252 481
/62 Convex Mirror 100 2852.493 2.832 0
Fold Mirror 4 203 [e9)

ton, Sueoka, and White, 2019) to provide excellent throughput as a function of wavelength
as well as achromatic imaging performance. Several of the powered (i.e. with curvature)
mirrors are off-axis conic sections. The shape and configuration of these mirrors were de-
signed to compensate for wavefront distortion introduced in the optical path of the telescope
and help the feed optics achieve diffraction-limited performance. The optical parameters for
each mirror are given in Table 3, and an optical ray trace of the DL-NIRSP feed optics is
shown in Figure 3.

The DL-NIRSP fold mirror 1 (Feed FM-1) directs the nearly collimated light from FIDO
to the main off-axis mirror (Feed OAM), a concave hyperboloid, which begins to focus the
light. This converging beam encounters fold mirror 2 (Feed FM-2) and then comes to the
intermediate focus, which is approximately f/24. This focus is not optimized for wavefront
error and has a significant astigmatism. The focused beam then begins to diverge as it en-
counters fold mirror 3 (Feed FM-3), which directs it to the field-scanning mirror (FSM).
The DKIST intermediate pupil image incident on M 10 (the deformable mirror) is re-imaged
here with unit magnification. The FSM is a spherical mirror mounted in a piezo-driven tip/tilt
mount that can adjust the centering of the field of view at the final focal plane of the feed
optics. The motion of this mount is controlled at the 0.3-urad level, equivalent to 0.006” on
the sky.

After the FSM, the beam is once again nearly collimated, and the optical path has two
possible configurations that can be swapped by moving mirrors on motorized stages. The
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«— Fold Mirror 1

intermediate /

focal plane

Polarization
Modulator

/

/

final focal plane

Field Scanning Mirror

Figure 3 Ray trace of the two main optical paths through the feed optics starting from DL-NIRSP Fold
Mirror 1. The blue trace shows {/62 High-Res mode and the red trace shows f/24 Mid-Res mode. The /8
Wide-Field mode (not shown) modifies the f/24 optical path by inserting the coronal lens immediately before
the IFU, but it is otherwise identical.

first configuration provides the Mid-Res mode with an /24 focal ratio and the Wide-Field
(coronal) mode with an f/8 focal ratio; it is shown by the red ray trace in Figure 3. In this
case, the light proceeds from the FSM to the /24 mirror (Feed MF24), an off-axis prolate
ellipsoid. The light begins to converge and then reflects from fold mirror 4 (Feed FM-4):
a flat mirror on a motorized rotation stage. Feed FM-4 directs the light to the final focal
plane at the spectrograph. Either BiFOIS-36 or BiFOIS-72 with the coronal lens may be
used with this configuration to provide the spatial sampling for the Mid-Res or Wide-Field
modes, respectively. The coronal lens changes the native f/24 beam to {/8, providing greater
field-of-view coverage.

The second feed-optics configuration provides the diffraction-limited High-Res mode
with an /62 focal ratio and may only be used with BiFOIS-36; it is shown by the blue ray
trace in Figure 3. In this instance, the collimated light from the FSM is intercepted by the /62
off-axis mirror (Feed MF62-1), another prolate ellipsoid. This mirror sits on a linear stage
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Table 4 Spectrograph Optical Elements.

Name Physical Dimensions Parameters

Heat Stop 30-mm diameter aperture Actively cooled copper aperture plate

Polarization Modulator 38-mm diameter Index-matched Polycarbonate with BK-7 windows

/8 Coronal Lens 36 mm Triplet demagnifying lens

IFU-36 150 mm long 36 um imaging pixel

IFU-72 150 mm long 72 um imaging pixel

Fold Mirror 1 116 x 74 mm Flat Mirror

Offaxis Mirror 350-mm diameter Radius of Curvature:-2500 mm, Conic Constant:
—1.123, Offaxis Distance: 260 mm

Diffraction Grating 300 x 150 mm Grating Constant: 23.2 mm !, Blaze Angle: 63°

Beam-Splitter 1 160 x 86 mm Dichroic 950 nm long pass

Beam-Splitter 2 140 x 64 mm Dichroic 1350 nm long pass

Fold Mirror 2 92 x 64 mm Flat Mirror

Collimator Lens 92-mm diameter Triplet, Front Focal Length: 334.3 mm

Wollaston Prism 50 x 50 mm Quartz Crystal, 34° internal wedge angle

Camera Lens 92-mm diameter Triplet, Back Focal Length: 334.3 mm

Narrow-band Filter 70-mm diameter Narrow-band and Bandpass filter coating

capable of moving the mirror in and out of the optical path. The converging beam is then
modified by a convex mirror (Feed MF62-2), an on-axis oblate ellipsoid, which makes the
beam convergence more gentle, providing the {/62 final focal ratio. Together, Feed MF62-1
and MF62-2 form a variant of a Dall-Kirkham telescope configuration. Feed FM-4 is rotated
with respect to its £/24 position so that the /62 beam reflects from it and comes to a final
focus at the spectrograph.

3.2. Spectrograph

The DL-NIRSP spectrograph optics are responsible for carrying out all of the spatial, spec-
tral, and polarimetric light analysis necessary for making observations. A rendering of the
spectrograph is shown in Figure 4 with all of the major components labeled, and the relevant
parameters for each optic are given in Table 4. A top-down view of the optical ray trace in
Figure 5 shows the location of focal planes more clearly. The optics of the spectrograph are
mounted on the Instrument Support Platform (ISP), which is an air-bearing platform capa-
ble of lifting the full weight of the spectrograph and positioning it with um precision with a
range of several centimeters in each direction. The ISP is designed to allow a precision final
positional and angular alignment of the spectrograph as a whole to the incoming beam from
the feed-optics system. The ISP rests on top of two flat-topped optical tables that have been
joined together, and these are each mounted to the coud€ rotator platform. When the ISP is
deactivated after the final alignment, it is rigidly bolted to the lower optical tables, although
it is still resting on the air-bearing pucks (the blue disks in Figure 4).

The feed optics produce a focused image on the IFU, but there are a few components
upstream of the IFU that are important for the function of the spectrograph. A heat stop
(not included in Figure 4 but visible in Figure 2) with a cylindrical baffle is mounted on
the front edge of the ISP nearest to the feed optics. The heat stop is an actively cooled
aperture stop that transmits an unvignetted field of view to the polarization modulator and
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Filter Wheel Arm 1: 500-900 nm

Arm 2: 900-1350 nm

Hawaii-2RG

Arm 3: 1350-1800 nm

Figure4 A rendering of the DL-NIRSP spectrograph with the essential optical components labeled. Spectro-
graph Arms 1, 2, and 3 have similar optical trains; only the components on Arm 1 are labeled for simplicity.
The enclosure and covers are not shown, but the spectrograph optics are fully enclosed on the top and sides
to control scattered light.

IFU, and collects the unused beam overflow from the 2.8" FOV of DKIST. This prevents
excess heating of the instrument hardware and mitigates scattering of the solar beam into
the spectrograph. The polarization modulator in its rotation mount sits immediately behind
the heat stop. This component will be discussed further in the context of the polarization
system in Section 3.5.

The IFU assembly sits behind the polarization modulator on the front end of the ISP. The
two BiFOIS IFUs with image sampling pixels of 36 and 72 um are mounted together on a
motorized elevator stage that translates vertically to select the resolution mode in combina-
tion with the feed-optics configuration. The lens that provides the f/8 Wide-Field mode for
coronal studies is also mounted on this stage immediately in front of BiFOIS-72.! The IFU
takes a rectangular area of the input image and reformats it into an array of four vertical
slits that form the input to the spectrograph. Due to the off-axis design of the spectrograph,
the plane formed by the exit slits of the IFU is tilted at a 3.394° angle with respect to the
propagation direction of the beam. If this were not the case, the spectrograph would have a
tilted image plane at the final focus, requiring each camera to be tilted at the same angle. The
design and properties of the BiFOIS IFUs are discussed in more detail in Section 3.3. The
final part of the IFU assembly is a motorized mask that sits immediately behind the IFU slits.
This mask has apertures with variable spacing that make it possible to illuminate the spec-

L As of this writing, BiFOIS-72 and the coronal lens have not been integrated and aligned. All performance
testing is based on BiFOIS-36.
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Figure 5 Ray trace of the optical path through the spectrograph for 630 (blue), 1083 (red), and 1565 nm
(magenta). The grating and arm positions shown have been optimized to achieve the best wavefront error for
each wavelength.

trograph with all slits, block all slits, or allow individual slits to illuminate the spectrograph
for calibration purposes.

The front end of the DL-NIRSP spectrograph was designed as an all-reflecting, off-axis
Littrow spectrograph to provide good instrument efficiency and achromatic behavior over
a range of visible and infrared wavelengths. The light emerging from the fiber-optic IFU
is telecentric with a nominal f/12 Gaussian beam profile, and the spectrograph optics are
matched to this focal ratio. A flat mirror (Spectrograph FM-1) folds the light from the IFU
exit slits toward the left side (from the views shown in Figures 4 and 5) of an off-axis hyper-
boloid mirror (Spectrograph OAM). The diverging beam is collimated and reflected toward
the diffraction grating located one focal length (~1250 mm) away, where the light is spec-
trally dispersed. This grating has a coarse groove density of 23.2 mm~! and a steep blaze
angle of 63° that allow DL-NIRSP to achieve high dispersion at visible and infrared wave-
lengths while still achieving good efficiency. The dispersed light from the grating travels
back to the right side (from the views shown in Figures 4 and 5) of the Spectrograph OAM
and begins to refocus. This spectrograph design preserves the telecentric-beam configuration
of the beam exiting from the IFU slits.
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In the converging beam leaving the OAM, DL-NIRSP has two dichroic beam-splitters,
which serve a similar purpose as the DKIST FIDO optics. This set of optics allows the
visible and infrared light to be distributed to the three different cameras. The converging
beam from the Spectrograph OAM first encounters a dichroic beam-splitter (Spectrograph
BS-1), which reflects visible light shorter than 900 nm to Arm 1. The wavelengths longer
than 900 nm are transmitted through BS-1 to a second dichroic beam-splitter (Spectrograph
BS-2), which reflects wavelengths shorter than 1350 nm to Arm 2. Wavelengths longer than
1350 nm continue to the Arm 3 optics. The performance of these beam-splitters has been
rigorously characterized by the DKIST polarization team and can be found in Harrington
et al. (2021).

The components for each spectral arm of DL-NIRSP are nearly identical, except for
wavelength-specific coatings. To make clear the purpose of the optical components of the
spectral arm, we discuss the manner in which they can be considered to operate on the spec-
trum, rather than their order in the light path. The converging beam from the Spectrograph
OAM is reflected or transmitted by the beam-splitters and comes to an intermediate focus
at the front end of each spectral arm. The light from the intermediate focus is re-imaged 1:1
by a pair of achromatic lenses (the collimator and camera lenses in Figures 4 and 5) and
focused on the camera detector. The visible and infrared detectors are discussed further in
Section 3.4.

A narrow-band bandpass isolation filter (A/AA & 750) sits in the telecentric converging
beam just in front of the detector to enable the multi-slit design of the spectrograph. This
filter has both broad- and narrow-band coatings so it can select the spectral region of inter-
est around the diagnostics listed in Table 2 and reject light from nearby spectral orders that
are also transmitted by the spectrograph optical path. Although the filter spectral profiles
are extremely narrow and have steep shoulders, their demanding design specifications are
relaxed by up to a factor of two in bandwidth in comparison to the bandpass that the instru-
ment achieves through the use of a spectral mask in the intermediate focus at the front end
of the spectral arm. The spectral mask is a field stop with four slots with width and spacing
that have been tailored to the re-imaged IFU slit spacing for that arm. The spectral mask
creates a large, dark gap between each spectrum from the IFU slits, so that each spectrum
can be dispersed horizontally by the Wollaston prism, which sits at the pupil plane in the
middle of the lens relay. The narrow-band filter and the spectral mask create an effective
spectral bandwidth coverage of A/AA = 1250. The Wollaston prism splits each individual
image into two images with an orthogonal linear polarization direction. Figure 6 shows an
example of the 630-nm spectra from Arm 1 produced by this complex stack-up of optical
elements, which efficiently fills the detector area.

The DL-NIRSP spectrograph is not static; it must be reconfigured to observe different
combinations of wavelengths with the three spectral arms. The spectrograph is designed
around a nominal angle of 5° between the incident and outgoing rays (i.e. « — 8 as in Equa-
tions 2 —6 of Palmer, 2020); this angle is sometimes called the Littrow angle. As the blaze
orders for different wavelengths do not necessarily overlap the same optical path, the light-
distribution optics following the spectrograph need to be capable of accepting a range of
Littrow angles, and each spectral arm must be able to move to center the bandpass on the
camera. The optics for each spectral arm, from the spectral mask up to and including the
camera, are all mounted together on a large translation stage, indicated by the black raised
platforms in Figure 4. It is necessary to rotate the spectrograph grating and translate the
spectral arms to observe different combinations of wavelengths together, but because the
optical path through the instrument must change, it is not always possible to achieve the
highest image quality with all of the spectral arms at once. For simultaneous wavelength
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Figure6 A raw image from Arm 1 of DL-NIRSP configured for 630 nm showing the essential behavior of the
IFU-36 with the spectrograph. During this exposure, DKIST was illuminated with sunlight with a resolution
target in place and re-imaged by the DL-NIRSP Mid-Res optics on the IFU entrance. The inset image shows
the spatially reconstructed image from the IFU with the flat field applied. The red rectangles in the raw image
indicate the spectra corresponding to the region covered by the red line in the reconstructed image.

combinations, the different wavelengths traverse different optical paths through the instru-
ment, in particular they fall on different portions of the off-axis mirror after returning from
the grating. This behavior can be seen in Figure 5 as a slight separation of the red, blue,
and magenta optical ray traces. The “misalignment” from the best optical path introduces
wavefront error, which degrades the image. The current grating, with a groove density of
23.2 mm~! and a 63° blaze angle, cannot provide high diffraction efficiency simultaneously
for all combinations of the current wavelengths available for DL-NIRSP (see Section 5.6)
and may limit future wavelength upgrades. An additional grating, for example, one with a
groove density of 31.6 mm~! and a 63° blaze angle, would allow the user to optimize the
image quality and diffraction efficiency for a larger number of three-wavelength combina-
tions.
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3.3. BiFOIS

DL-NIRSP has two fiber-optic image slicers, BiFOIS-36 and BiFOIS-72, which are each
composed of a fiber-optic bundle that transfers the light from a densely packed rectangular
array on the front surface to four linear arrays on the back surface of the device. Following
the work of Lin and Versteegh (2006) and Schad et al. (2014), the first BiFOIS was installed
in an experimental instrument (Lin, 2012) at the Dunn Solar Telescope, and its scientific
capability was demonstrated by Anan et al. (2019). The DL-NIRSP BiFOIS are the first
such devices used in a facility instrument. Images of BiFOIS-36 are shown in Figure 7
to demonstrate the scale and construction of these novel integral-field units. The imaging
array, shown in Figure 7d, sits at the final focal plane of the feed optics, while the slit array,
shown in Figure 7b, sits at the input focal plane of the spectrograph. Each fiber-optic image
slicer is composed of fiber-optic ribbons, making the assembly of a device with so many
individual imaging elements feasible. The fiber ribbons are each composed of many cores
with a rectangular shape and a buffer of cladding around each fiber core. A microscope
view of an illuminated sample of the BiFOIS-36 fiber ribbons is shown in Figure 7c. The
individual rectangular cores can be seen in this image.

The DL-NIRSP IFU is located between the polarization modulator and the polarization
analyzer (Wollaston prism) in the DL-NIRSP polarimetric system, and in this position it
must maintain linear polarization with respect to the polarization directions of the analyzer
in the vertical and horizontal directions (i.e. Stokes- Q). Fiber optics do not typically main-
tain the polarization of light transmitted through them. Slight deformation in an axially
symmetric fiber, from manufacturing defects, bending, mechanical vibration, or tempera-
ture variation, can easily influence the polarization state of the output light. It is possible
to enforce the maintenance of certain polarization states through specification of particular
core geometries or stress-induced birefringenece in the optical material (see Okamoto, 2006,
Section 3 for more detail on this topic).

Schad et al. (2014) demonstrated the linear-polarization maintenance properties of fibers
with rectangular cores for the precursor to the DL-NIRSP BiFOIS (and a potential instru-
ment on the JAXA Solar-C mission) at 630 nm. This device had a core size of 38 x 8§ um
with 1-um cladding around each core for a total of 2-um cladding between each fiber core.
The extreme aspect ratio between the two core dimensions and the scale of the dimensions
with respect to the operating wavelength cause the rectangular fiber to behave as a multi-
mode fiber optic in the long dimension and as a single-mode fiber in the short dimension.
This behavior contributes to the preservation of linear polarization parallel to the rectangular
dimensions of the fiber core.

The size and shape of the fiber core for the DL-NIRSP BiFOIS were selected as a com-
promise between optimization of plate scale, optical efficiency, intensity cross-talk between
fiber cores, and polarization maintenance over the visible to infrared wavelength range of
DL-NIRSP. The melting temperatures for the core and cladding glass were also crucial prop-
erties to achieve successful fiber fabrication and limited the possible glasses that could be
used in this application. The commercially available LF5 glass was used for the core of the
fiber, while KG-12 was used for the cladding. The refractive indices of these two glasses be-
come more similar at infrared wavelengths, leading to increased intensity cross-talk at these
wavelengths. In addition, these glasses are somewhat absorptive to infrared wavelengths, so
keeping the overall length of the fiber ribbons short was important to maintain high through-
put.

The BiFOIS for DL-NIRSP are based on a fiber ribbon with a 29 x 5 um core. The
cladding for this device was increased to 3.5 um for a total of 7 um of cladding between each
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Figure 7 Images of the BiFOIS-36 integral-field unit used for the high- and mid-resolution modes. Panel
a shows the interior of the mechanical housing during assembly with free-floating fiber ribbons connecting
from the densely packed image array (Panel d) to the array of four linear slits (Panel b). Panel ¢ shows
a microscope image with the individual fiber cores in each ribbon resolved. Images a, ¢, d are provided
courtesy of Collimated Holes, Inc.

fiber core in the ribbon, in order to decrease the influence of intensity cross-talk between
fibers to the level of 3 fibers along the ribbon at 1565 nm. The fiber ribbon for BiFOIS-36
consists of a single column of 90 cores. The core spacing of 12 um means that three fiber
cores are necessary to make one square resolution element, or “imaging pixel.” In the case of
BiFOIS-72, the fiber ribbon has been doubled up in both dimensions, with two columns of
180 cores each, and an imaging pixel consists of 6 x 2 cores. The properties of BiFOIS-36
and -72 are given in Table 5. These numbers are based on the nominal values for the fiber
dimensions, but the shape and size of the fiber ribbons are not completely uniform and show
some variation.
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Table 5 Properties of the IFUs.

IFU BiFOIS-36 BiFOIS-72
Core Dimensions 29 x 5 um 29 x 5 um
Cladding Thickness 3.5 um 3.5 um
Ribbon Format 1 x 90 cores 2 x 180 cores
Input Format 64 x 2 ribbons 32 x 2 ribbons
Exit-Slit Height 36 mm 36 mm
Average Exit-Slit Spacing 10.9 mm 10.9 mm
Number of Imaging Elements 64 x 60 32 x 60

Size of Imaging Elements on Sky

High-Res 0.030”

Mid-Res 0.077”

Wide Field 0.464"

Size of Integral Field on Sky:

High-Res 1.92” x 1.80"

Mid-Res 4.93" x 4.62"

Wide Field 14.8" x 27.8"

3.4. Detectors
3.4.1. Arm 1 Balor Camera

DL-NIRSP Arm 1 is equipped with one of the Andor Balor sCMOS cameras specifically
developed for DKIST. This device has a detector format of 4128 x 4104 pixels with square
pixels 12 um in size. This same kind of camera is used in VBI and is described further by
Woger et al. (2021). The DL-NIRSP Balor camera is run at a frame rate of approximately
30 Hz to match the frame rate of the infrared cameras. As the spectrograph image magnifi-
cation is matched to the physical area of the IR detectors, the spectrum fills about 60% of
the Balor detector area, so only a portion of the full detector area is read out during standard
DL-NIRSP observations. The Balor camera may be run with either a global reset mode or
with a rolling shutter. This operational behavior has consequences for modulation of po-
larization, as described in Section 3.5, and it may impact other aspects of the instrument
operation.

3.4.2. Arm 2 and 3 Hawaii-2RGs

The infrared spectral arms of DL-NIRSP, Arms 2 and 3, each use a camera system based on
a Hawaii-2RG (H2RG) detector from Teledyne Imaging Systems. The H2RGs are HgCdTe
array detectors with 2048 x 2048 pixels at 18 um pitch. The detectors for DL-NIRSP were
intended to have a cutoff wavelength of 2.5 um, although they appear to have extended
sensitivity; see Section 7. The detectors are cooled to cryogenic temperatures by a closed-
cycle Joule-Thomson chiller to avoid local vibration at the camera. There is a fixed cold
filter within each cryostat to reject out-of-band light with bandpasses of 880— 1370 nm and
13301820 nm for Arms 2 and 3, respectively. The H2RGs are read out by University of
Hawai ‘i supplied STARGRASP controllers (Onaka et al., 2008) at a 29.39-Hz frame rate with
a 16-bit ADC sampling resolution.
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The readout of the H2RG detector pixels is not simultaneous across the device. They
effectively operate in a rolling-shutter mode where each row of pixels is reset and/or read in
order. The H2RGs for DL-NIRSP currently have two operating modes implemented depend-
ing on the photon flux: “Fast up-the-ramp” and “sub-frame” modes. The fast up-the-ramp
mode is used for lower flux situations where the detector does not saturate during one frame
time (34 ms), as in the High-Res mode on the disk of the Sun or Wide-Field mode in the
corona. During a fast up-the-ramp integration cycle, the detector rows must first be reset
and then are immediately read out, producing a bias frame with effectively zero integration
time; this process takes one frame time. The detector then integrates charge for one or more
integer frame times. The charge in each row is sampled using a non-destructive read (NDR)
at the end of the frame time for that row. By making successive NDRs, the effective integra-
tion time for that exposure increases. Correlated double sampling and other noise-reducing
techniques are possible in this mode. During sub-frame integration, the detector rows are
reset and then read out a certain number of row times later, but within a single frame time.
Although this style of readout is short, it still incurs a duty cycle of two frame times to reset,
integrate, and then read each row. This mode has a minimum exposure length of 0.1 ms (3
subf-rame rows), a maximum exposure length of 34 ms (1023 sub-frame rows), and it is
adjustable in units of 0.06 ms (2 rows).

3.5. Polarization System

DL-NIRSP is a dual-beam spectropolarimeter with a rotating waveplate modulator, as imag-
ined by Lites (1987). The major components of this polarization system are the modulator
and the polarizing beam-splitter. The modulator encodes the polarized signals as linear po-
larization during multiple measurements taken during the course of a 180° rotation. The
polarizing beam-splitter acts as the analyzer of the encoded linear-polarization signals, con-
verting the linear polarization to intensity signals detectable by the instrument cameras. The
beam-splitter simultaneously analyzes orthogonal polarization states in the local Stokes-Q
frame of the instrument, in the vertical and horizontal directions. This helps to mitigate any
changes in the intensity, due to spatial shifts from atmospheric seeing, instrumental effects,
or evolution of solar structure, that occur during the modulation sequence by disentangling
them from real polarized signals through combining the two beams during data processing
(e.g. Elmore et al., 1992; Casini, de Wijn, and Judge, 2012).

The rectangular fiber cores of the BiFOIS IFUs preserve + Stokes-Q linear polarization
fairly well, but depolarization and birefringence impact the transmission of other polariza-
tion states (see Schad et al., 2014). Thus, the polarization modulator in DL-NIRSP is located
just upstream of the IFU in the converging beam from the feed optics. The modulator mixes
the desired modulation state into the Stokes-Q state that is preserved by the fibers. The an-
alyzer downstream of the fibers is a “Q-analyzer,” and all reflections in the spectrograph are
in-plane to minimize the influence of polarization cross-talk from Stokes-U and -V into -Q
downstream of BiFOIS.

The polarization modulator may be the rotating “waveplate”, as in the modulation scheme
imagined by Lites (1987), but it is described more accurately as an elliptical retarder with
spatial- and wavelength-dependent parameters. The current DL-NIRSP modulator is actu-
ally a spare of the NSO Coudé Spectropolarimeter (NCSP: Harrington et al., 2022), and it
provides fairly polarimetric efficiency over visible and near-IR wavelengths. The modula-
tor is composed of a five-layer polycarbonate stack sandwiched between the BK-7 entrance
and exit windows with index-matching adhesive. (See Harrington et al. (2020) for a full
description of the development of this optic.) The modulator-rotation mount and stage was
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developed by the NSO for all the polarimetric instruments of DKIST to achieve precise,
repeatable rotation with accurate timing (Ferayorni et al., 2014).

The dual-beam polarization analysis must occur close to the camera on each spectral
arm to limit the non-common optical path and avoid differential distortion and alignment
errors between the two beams. The polarizing beam-splitter, a Wollaston prism, is located in
the collimated beam between the collimator and camera lenses of each spectral arm of DL-
NIRSP. A Wollaston prism is a bonded pair of right-angle prisms made from birefringent
optical crystal where the crystal axis of each prism is orthogonal to the beam-propagation
direction and the other crystal axis. A single, unpolarized ray entering the Wollaston is split
into two rays with orthogonal linear polarization states (e.g. = Q). The divergence angle of
the two beams is specified by the matching wedge angle of the two prisms and the material
index of refraction. In this case, the wedge angle is 34° and the optical material is quartz.
The divergence angle is matched to half the separation of the spectra coming from each slit
of the IFU, so that the two beams can be dispersed horizontally into the blank space made
by the spectral mask.

Spectropolarimetry from DL-NIRSP requires a spatially dependent demodulation of the
measured intensity to retrieve the Stokes vector. As with the device described by Schad et al.
(2014), the BiFOISs for DL-NIRSP have fiber-to-fiber variation in the polarimetric response.
In addition, the operational modes for the detectors (discussed in Section 3.4) have some
consequences for the modulation of polarization. The DL-NIRSP modulator is capable of
both continuous- and discrete-modulation modes. As the detector pixels for both the visible
and IR cameras are read out over the course of one frame time, each row of pixels samples
a slightly different modulation cycle during continuous-modulation modes. Therefore, the
demodulation matrix for the instrument must be determined on a pixel-by-pixel basis.

3.6. Software
3.6.1. Control System

The operational software for DL-NIRSP is integrated within the software framework of
the DKIST observatory (Hubbard, Goodrich, and Wampler, 2010) and reuses many of the
same components as other instrument systems. The Camera Systems Software provides a
standard interface for controlling the DL-NIRSP cameras, including the H2RGs. The high-
precision timing of the cameras, modulator, and field-scanning mirror is accomplished using
the DKIST Time Reference and Distribution System (TRADS: Ferayorni et al., 2014). The
DL-NIRSP Instrument Controller (IC) is responsible for commanding and sequencing ac-
tions of the various mechanisms and cameras within DL-NIRSP. The user interface for this
system is the Instrument Engineering GUI (IEG). The IEG provides both low-level and
high-level control of the instrument. Instrument programs can be run that coordinate the ac-
tions of the instrument mechanisms and camera to configure the instrument and run a set of
measurements. The instrument operator also has control over individual mechanisms and is
provided with their health and status. DL-NIRSP can also be operated in coordination with
the telescope and other instruments through the Observatory Control System (Johansson and
Goodrich, 2012).

3.6.2. Detailed Display and Processing Plugins
The DL-NIRSP operational software includes plugins for processing the data from most

observation and calibration tasks. Standard observations are quickly demodulated for po-
larization and remapped to spatial coordinates to provide quality-assurance data while the
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Figure 8 A screenshot from the DL-NIRSP Instrument Performance Calculator.

observation is being carried out. Additional processing is carried out for the focus and align
tasks, which orchestrate scans of the camera-focus stages and FSM. The images produced by
these tasks are analyzed to determine and implement the best focus for the cameras and align
the feed optics with respect to a common spatial reference used by all of the instruments.

3.6.3. Instrument Performance Calculator

The DL-NIRSP Instrument Performance Calculator (IPC) is a GUI-based tool for determin-
ing the operational parameters for DL-NIRSP based on the scientific needs of the end-user.
Photon statistics are based on the quiet-Sun radiance and a simple limb-darkening function.
Some estimates are currently implemented for coronal use cases, but the user may also input
coronal-line intensities in disk-brightness units. This calculation makes use of the estimated
instrument efficiency as a function of wavelength discussed in Section 5.3. Example images
of the solar disk are provided for determining the approximate size and extent of mosaics.
The user can load their own images in FITS format provided they contain standard World
Coordinate System (WCS) keywords needed to determine the image scale. Figure 8 shows
an example screen shot from the IPC. This tool will continue to evolve as more accurate in-
formation on the timing and instrument throughput becomes available, and with changes in
the operational model of the instrument. The IPC is currently implemented in IDL® and can
be obtained from the NSO website for DL-NIRSP, at nso.edu/telescopes/dkist/instruments/
dl-nirsp/.

3.6.4. Spectrograph Calculator

The DL-NIRSP Spectrograph Calculator is a GUI-based software tool that has been de-
veloped to help determine valid spectrograph configurations. The mechanical constraints
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Figure 9 A screenshot of the DL-NIRSP Spectrograph Calculator showing the configuration for 630 nm on
Arm 1, 1083 nm on Arm 2, and 1565 nm on Arm 3. The blaze orders for each wavelength fall into the valid
range of Littrow angles contained within the dashed lines. A blaze angle of 63.5° (rather than the nominal
blaze angle of 63°) has been adopted in the spectrograph calculator because the predicted configurations are
more consistent with the real performance on the instrument.

provided by the travel range of the spectral arms, the optical constraints from the beam-
splitters and the spectrograph OAM vignetting, and the relative positions of the discrete
spectrograph orders for the desired wavelengths are combined in a single tool to predict
the spectrograph geometry, dispersion, and efficiency. This tool does not take into account
the additional limitation of the image quality achieved on each arm of the spectrograph. At
the moment, this must be investigated through optical modeling or testing with the actual
hardware. A screenshot from the GUI is shown in Figure 9. The Spectrograph Calculator
is currently implemented in IDL® and can be provided on request for users who wish to
explore new wavelength combinations.

4. Optical Alignment

Optical alignment of DL-NIRSP in the DKIST coudé lab was achieved using a combina-
tion of instruments to achieve high positional and angular accuracy when placing the optics
according to an opto-mechanical model. The following description is provided primarily to
give the reader insight into the high-precision alignment process and techniques involved
in modern optical alignment critical to achieving the spatial and spectral resolution require-
ments of DL-NIRSP.
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The instruments used in the alignment included a laser tracker (FARO® Vantage or API
Omnitrac2™) and a coordinate-measuring machine (CMM) arm (FARO® FaroArm® or
FARO® Edge) for measuring distances, a pair of auto-collimating theodolites (Wild-Leica
T3000A) for measuring angles between flat optical surfaces, and an optical interferometer
(4D Technology PhaseCam®6000) with a HeNe (helium—neon) 633-nm wavelength laser
for measuring the resulting wavefront shape in the optical system. This combination of
instruments allows for mechanical placement at the 20-um level and angular accuracy of
approximately 30" in the reflected beam for flat surfaces. The SpatialAnalyzer® software
by New River Kinematics was used to interface the opto-mechanical model and the mea-
surements from the various devices. Measurements were linked into the global coordinate
system of the telescope using the laser tracker to measure the six spherical reflectors located
on the structural pillars surrounding the coudé lab with the rotator oriented at zero degrees,
and angles were referenced to the DKIST M9 flat mirror through theodolite measurements.

Prior to the optical alignment of the feed optics and spectrograph, the instrument optical
tables were located, aligned, and leveled in the context of the coudé opto-mechanical model
using a laser tracker. Each component was placed to approximately 0.1 mm accuracy in the
horizontal plane of the coudé€ lab and <2 mm in height.

4.1. Feed-Optics Alignment

The DL-NIRSP feed optics were aligned first. Each optic was placed using the laser tracker
by making measurements on the mount and rear surfaces of the mirrors. The angles of the
flat mirrors (Feed FM-2, FM-3, and FM-4) were adjusted with respect to DKIST M9 using
the pair of theodolites. Following the initial alignment of the feed optics, the system was
tested using the interferometer.

In order to isolate and adjust the powered (non-flat) mirrors, auto-collimated sections of
the optical train were created by placing a large flat mirror in a collimated beam and lo-
cating a removable spherical reflector at a focal plane with the interferometer just behind
it to measure the wavefront error. For example, to align the Feed OAM, the flat mirror was
placed at the position of FM-1, and the spherical reflector was placed at the intermediate
focal plane with the interferometer between the focal plane and Feed FM-3 looking up-
stream toward Feed FM-2. Iterative adjustments were made in the interferometer position
based on measurements of the spherical reflector and the optical path to ensure that it was
in the right position. Then, the tilt and position of the powered optics along the optical path
were adjusted to minimize the astigmatism and defocus terms measured by the interferom-
eter.

Finally, the wavefront error of the full optical system from FM-1 to the final focus at
the spectrograph was measured for both f/24 and f/62 modes. The resulting wavefront error,
equivalent to a single pass through the system, is shown in Figure 10. The polarization
modulator and f/8 coronal lens were not included in these measurements.

4.2, Spectrograph Alignment

The Spectrograph FM-1 flat mirror was used as a reference for the placement of all of the
spectrograph optics. FM-1 was placed with respect to the spectrograph ISP, then the entire
ISP was used to tilt and translate FM-1 in the horizontal plane of the coudé lab with respect
to M9 based on laser-tracker and theodolite measurements. The reflective optics of the spec-
trograph “front end,” including FM-1, the Spectrograph OAM, the diffraction grating, and
beam-splitters, were then aligned. The OAM and beam-splitters were placed mechanically.
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Figure 10 Residual wavefront error of the DL-NIRSP feed optics from the auto-collimating mirror at the
FM-1 position to the focal plane at the front end of the spectrograph for the f/24 (left panel) and 1/62 (right
panel) branches of the optics following their alignment. The root-mean-square (RMS) and peak-to-valley
(PV) values for the residual wavefront error are listed for each case.

A large flat mirror, in place of the diffraction grating, was also positioned using the CMM
arm so that interferometric measurements could be carried out. The angles of the grating sur-
rogate mirror and beam-splitters were adjusted using theodolite measurements with FM-1
as a reference. Return spheres were located at the spectrograph input focal plane and inter-
mediate focal plane for Arm 1, and the interferometer was located upstream of the sphere at
the spectrograph entrance; then this sphere was removed. The position and tilt of the OAM
was then adjusted to minimize the wavefront error for the spectrograph front end.

The wavelength-specific optics made the alignment of the back end of the spectrograph
somewhat difficult. While the beam-splitters could be aligned with the CMM arm and
theodolite using the reflective front surfaces, it was not possible to use the 633-nm inter-
ferometer in the alignment of any of the infrared optics after the beam-splitters due to low
transmission and bright surface reflections from the infrared anti-reflection coatings at vis-
ible wavelengths. The lens relays for each spectrograph arm were aligned separately using
the CMM arm and then placed mechanically as a unit with respect to the rest of the spectro-
graph. The combined wavefront error of the spectrograph front end and Arm 1 was measured
by moving the return sphere at the intermediate focal plane to the final focal plane on Arm 1.
The Arm 1 optics were seen to have very little impact on the wavefront error of the system.
Figure 11 shows the final measured wavefront error.

Following interferometry, the grating was placed using the CMM arm, and the remaining
optics and components were placed by hand or using optical feedback from the detectors,
including the detectors themselves, the Wollaston prisms, and the narrow-band filter wheels.
To measure the intrinsic optical performance of the spectrograph at representative visible
and infrared wavelengths, an array of single-mode optical fibers was used to inject HeNe
laser light at various positions across the input focal plane. This synthetic “star-field” was
positioned with respect to the spectrograph optics using the CMM arm. The single-mode
fibers have a mode-field radius at the level of a few microns depending on the wavelength.
In combination with illumination from the HeNe laser, the star-field fibers are point like in
both the spatial and spectral dimensions. Any resulting blurring or aberration in the star-
field fibers re-imaged by the spectrograph can be attributed to spectrograph wavefront error
and diffraction. To characterize each spectral arm of DL-NIRSP, it was necessary to use
different HeNe laser wavelengths and single-mode fiber optics specific to these wavelengths.
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Figure 12 A comparison of the re-imaged “star” from the fiber-optic “star-field” center field position (bottom
row) with the model PSF of the spectrograph for the corresponding wavelength and configuration (fop row).
The model PSF has been resampled to the same scale as the detector pixels. A 2D Gaussian profile was fit
to the resampled model PSF and the observed star-field images, the FWHM in the x- and y-directions of the
fitted profiles are listed at the top of each panel.

HeNe lasers with wavelengths of 633 nm, 1152 nm, and 1523 nm were used to characterize
Arms 1, 2, and 3, respectively. Image quality in the spectrograph is highly sensitive to the
configuration, as defined by the grating angle and spectral arm position, so for each HeNe
laser wavelength, the spectrograph was stepped through various configurations to locate the
one with the best performance. Figure 12 shows the best imaging performance achieved for
each arm in comparison with the theoretical prediction of the point spread function (PSF)
of the spectrograph for these wavelengths. The measured star-field spots have a width that
is about 1.5 times larger than the model PSE.
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Following the star-field measurements, IFU-36 was placed with the CMM arm. The spec-
tral masks were placed to achieve optimal wavelength centering and focus as seen by the
camera for each arm. The modulator was placed using the CMM arm, and tip/tilt of the
assembly and modulator cell was carried out using a reference theodolite. The tip and tilt of
the modulator optical cell inside the rotation mount must compensate for beam deflection
by using a specific tilt angle as well as minimizing beam jitter. Some residual beam dis-
placement at the IFU focal plane is still apparent after the initial alignment. We anticipate
improvement with further alignment efforts.

5. As-Built Performance

The performance of DL-NIRSP has been tested using a combination of observations with
sunlight, the calibration lamp and targets at the Gregorian Optical Station (GOS: Rim-
mele et al., 2020), and various calibration sources set up within the coudé lab during the
instrument-commissioning phase. The following sub-sections provide results and discus-
sion on the major aspects of the instrument performance, including the spatial and spectral
resolution, wavelength coverage and throughput, polarization performance, instrument sta-
bility, and the combinations of wavelengths achievable by the spectrograph.

5.1. Spatial Resolution

An accurate end-to-end characterization of the spatial resolution of DL-NIRSP has been, so
far, difficult to obtain. There are many factors that contribute to the spatial resolution that
DL-NIRSP can achieve, including the wavefront error of the spectrograph and feed optics,
fiber-to-fiber cross-talk within the BiFOIS IFU, and the stability within the DL-NIRSP and
DKIST optical paths. The measurements of the DL-NIRSP feed optics and spectrograph
wavefront error made during the optical alignment (Figures 10 and 11) are within their
budgeted tolerance and confirm that these optical trains are performing at the level required
to deliver diffraction-limited performance. Additional measurements of the image quality
internal to the spectrograph were necessary to characterize the optical performance in the
infrared, because the interferometric measurement only works for the visible-wavelength
optics. The star-field images in Figure 12 demonstrate that the intrinsic behavior of the
spectrograph is within budget and close to ideal for the most part. This testing showed
that the Wollaston prism on Arm 2 contributes to poor imaging performance on this arm.
Fabrication of a new Wollaston prism for this arm is currently underway.

We propose two strategies for determination of the DL-NIRSP spatial resolution that
may be carried out in the near future. The first task is to determine the combined spatial
resolution of the spectrograph and the IFU. This can be done using the same calibration data
set necessary to spatially remap the spectrograph images. During this calibration, images
are taken while a knife edge located at an image plane is scanned across the IFU entrance
in the horizontal and vertical directions. Lin and Versteegh (2006) and Versteegh (2006)
demonstrated how this technique might be used to spatially reconstruct spectra from an IFU,
a by-product of the calibration is a characterization of the profile of the knife edge, which
is directly related to the imaging performance. The current IFU remapping calibration was
performed with the knife edge located at the intermediate focus in the feed optics, but as
noted before, this focus has astigmatism, and the characterization of the spatial mapping
and imaging performance is not adequate. We propose to modify this calibration by placing
the knife edge directly in front of the IFU entrance surface, as was done by Versteegh (2006).
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Figure 13 The average spectral profile of the spectrograph with BiFOIS-36 measured using spectral arms 1,
2, and 3 with input HeNe laser light at 633, 1152, and 1523 nm, respectively. The equivalent FWHM of a
Gaussian fitted to the profile is shown in the upper right of each panel.

The slow focal ratio of DL-NIRSP allows for slight offsets in the focus direction, so the knife
edge may be placed immediately in front of the IFU to perform this scan.

For the evaluation of the full performance of DL-NIRSP, the Sun provides many spatially
compact features, as seen in observations from VBI (Woger et al., 2021). By observing these
features with AO simultaneously with the VBI blue- or red-continuum channel and DL-
NIRSP, the end-to-end spatial resolution of DL-NIRSP, including the telescope, DL-NIRSP
feed optics, and the spectrograph can be derived. These two techniques combined should
allow us to isolate sources of image-quality degradation in the system.

5.2. Spectral Resolution

The spectral resolution of each arm of the DL-NIRSP spectrograph with BiFOIS-36 in place
was measured using the HeNe laser set described in Section 4.2. Collimated laser light was
input into the front end of BiFOIS-36, and although the input was collimated this still leads
to a divergent beam exiting the IFU due to focal-ratio degradation. The spectrograph was
configured specifically for each arm, using the configurations determined during the star-
field testing that achieved the best image quality. The narrow-band filter was removed to al-
low the laser wavelength to reach the camera. A scan through focus was performed using the
focus stage for the camera, and images were taken at each focus stage position. The approxi-
mate dispersion for each arm configuration was estimated using the DL-NIRSP spectrograph
calculator. Figure 13 shows the average spectral profile measured for each wavelength. This
profile was fit with a Gaussian profile to obtain the full width at half-maximum (FWHM).
The FWHM of the fitted Gaussian profiles implies equivalent spectral resolving powers of
R = 158,000 for 633 nm, 105,000 for 1152 nm, and 109,000 for 1523 nm using BiFOIS-36.
These are slightly lower than the R = 184,000, 132,000, and 120,000 theoretical resolution
of the three wavelengths determined using the Nyquist sampling theorem for infinitely nar-
row slits, and they can be expected due to the broadening of the spectrum due to the ~29 um
width of the fiber core.
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Figure 14 The wavelength coverage of DL-NIRSP with the estimated telescope and instrument efficiency
assuming a FIDO configuration that allows 500 nm and longer to pass to DL-NIRSP. Wavelength data are not
available for all optics over the full wavelength range, dotted lines show where some of the data have been
extrapolated. The gray dashed lines indicate the wavelengths of the current set of narrow-band filters. The
transmission of these filters is not included in the estimated efficiency but is typically better than 80% (see
Figure 15). The gray bands indicate the boundaries of wavelengths between each arm.

5.3. Wavelength Coverage and Throughput

Measurement of the end-to-end throughput of DL-NIRSP, or any astronomical instrument,
as a function of wavelength would require extensive observations of a bright external calibra-
tion light source with known spectral brightness, and cannot be done easily. Therefore, the
final estimate for the radiometric throughput of the combined DKIST and DL-NIRSP optical
path was prepared based on a combination of vendor-provided information, measurements
made using UH/IfA and NSO facilities, and estimates based on the material properties (if
no other information was available). This estimate includes detailed wavelength-dependent
surface reflectivities, coating and bulk transmission factors, as well as the detector quantum
efficiencies. The items with the largest associated uncertainty are the absolute transmission
efficiency of the BiFOIS and the grating efficiency for the particular spectrograph configu-
ration that DL-NIRSP will use. The estimated radiometric efficiency of each spectral arm is
shown in Figure 14. Some of the transmission and reflectivity data were not available at all
wavelengths and were extrapolated to the edge of the bandpass for each spectral arm. These
regions are indicated by the dotted lines in the figure and should be considered as an upper
limit on the efficiency.

The transmission profiles of the narrow-band filters are not included in the above esti-
mate, but they typically have in-band throughput over 80%. Figure 15 shows the detailed
transmission profiles measured for each of the narrow-band filters currently available for
DL-NIRSP. For context with respect to the solar spectrum, the atlas spectrum from the NSO
Fourier Transform Spectrometer is shown (Kurucz et al., 1984). Some of the high-frequency
ripples that can be seen in a few of the filter profiles may be due to changes in the instru-
mental setup between the filter and reference measurements.

These filters control the accessible bandpass, while the bandwidth is set by the dimen-
sions of the slots in the spectral mask. It is possible to intentionally offset the center wave-
length of the spectrum transmitted by the spectral mask from the filter bandpass to access
different regions of the spectrum, the risk is that light from the wings of the filter profile
may start to contaminate the spectra from neighboring slits. The center of the filter band-
pass may also be adjusted slightly from those shown. The center of the bandpass can be
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Figure 15 The measured profiles for each of the DL-NIRSP narrow-band filters. The filter transmission is
shown in blue and the NSO FTS atlas spectrum in normalized intensity units, shown in orange, is provided
for context in each waveband. Note that the center wavelength of the bandpass can be adjusted toward short
wavelengths with small adjustments of the angle of incidence of the beam.

adjusted with slight changes in the angle of incidence, which shift the bandpass to shorter
wavelengths.

The combined throughput estimate is used in the instrument performance calculator to
determine the photon flux at the DL-NIRSP detectors for different configurations.

5.4. Polarization

One of the limiting factors in achieving high signal-to-noise spectropolarimetry is the po-
larization performance of the telescope and instrument optical system. If depolarization is
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present in the telescope or instrument optics, or if the modulation is not efficient, then more
photons are needed to achieve equivalent polarimetric signal to noise. This is especially im-
portant for coronal measurements where the polarized signals are a small fraction of the
total intensity signal. The DKIST optics and DL-NIRSP feed optics have been rigorously
characterized and are well described as non-depolarizing (Harrington and Sueoka, 2018;
Harrington, Sueoka, and White, 2019; Harrington et al., 2021), and the DL-NIRSP spectro-
graph has been designed to maintain the local Stokes- Q linear-polarization state, but the Bi-
FOIS IFU can potentially impact the modulation efficiency. The modulation scheme for DL-
NIRSP is based on a rotating modulator that mixes the desired state into the local Stokes- Q
frame, which is analyzed by the Wollaston prism downstream. The IFU is placed between
the modulator and analyzer, and thus any depolarization or transfer of Stokes-Q into cir-
cular polarization by the IFU results in degraded performance. The wavelength-dependent
performance of the modulator can also impact the efficiency, although it is reasonably well
balanced between 40% and 70% for £y, &y, and &y (see Figure 48 in Harrington et al.,
2020).

The modulation efficiency of DL-NIRSP was calculated using a data set obtained for
modulation calibration using the GOS fused-silica wire-grid polarizer and the optically con-
tacted retarder. This calibration was carried out on 05 August 2021 during the science-
verification observations using the 630-, 1083-, and 1565-nm channels for Arms 1, 2, and
3, respectively. The modulation matrix was determined pixel-by-pixel for each of the DL-
NIRSP spectral arms (see Harrington et al., 2022, for more details on how this is derived),
and then from this the optimal demodulation matrix and modulation efficiency [£] were
calculated for each of the Stokes-vector components using Equations 5.28 and 5.29 from
del Toro Iniesta (2003). The pixel-by-pixel modulation efficiency is shown in Figure 16.
Some regions of the spectra have low signal and produced invalid results; these regions have
been set to zero in the figure. For an ideal system, the modulation efficiency & = 1 and

3 é + Sf, + 5‘2, = 1. For this spectrograph configuration of DL-NIRSP, the average modu-

lation efficiency is greater than 0.75 for Stokes-/ and greater than 0.65 for the combined
polarized states. Considering only the modulator and using the wavelength-dependent char-
acterization of Harrington et al. (2020), we estimate an efficiency of greater than 0.85 for
Stokes-I and greater than 0.90 for the combined polarized states for an §-state modulation
cycle over the same set of wavelengths. The polarization performance may change signif-
icantly as a function of wavelength, so the measurements shown here are not necessarily
representative of the other wavelengths of DL-NIRSP.

5.5. Stability

Stability of the DL-NIRSP spectrograph and feed optical path are critical to achieving spatial
resolution and polarimetric accuracy. Mechanical drift within the spectrograph can cause
changes in the instrument flat field, which may introduce intensity errors if these occur
within the time between the calibrations and science observation. Mitigating changes in the
flat field may demand frequent recalibration, reducing the operational efficiency. The large
variation in the fiber-to-fiber transmitted intensity through the BiFOIS IFUs, as well as the
edges of individual ribbons, can also exacerbate any small shifts in the spectra with respect
to the detector pixels.

Image drifts within the spectrograph and in the feed optics of DL-NIRSP were charac-
terized over a time period of a few minutes using observations of the solar spectrum. To
measure image drift within the spectrograph, the telescope was targeted on quiet Sun near
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Figure 16 The modulation efficiency of the three DL-NIRSP spectral arms at wavelengths of 630, 1083,
and 1565 nm using the eight-state modulation sequence. The efficiency [£] for each of the Stokes-vector
components (I, Q, U, V) is as defined by del Toro Iniesta (2003) Equation 5.29 for an optimal demodulation
matrix.

the center of the solar disk. Images were collected continuously for about eight minutes us-
ing the 630/1083/1565-nm spectrograph configuration for DL-NIRSP. In the resulting image
series from each spectral arm, a cross-correlation technique was used to derive the shift of
each image in the x- and y-directions with respect to a reference image. Figure 17 shows the
resulting image shifts measured, converted to microns. The shifts derived from Arms 1 and
3 show consistent behavior, with RMS shifts of 2—3 um. The shifts from Arm 2 are likely
impacted by the image-quality issue described in Section 4.2.

Stability of the image on the DL-NIRSP IFU was also measured. In this case, the tele-
scope was still illuminated with sunlight. A pinhole field stop was put into the beam at
GOS, and the HOAO was locked onto the pinhole to provide a correction for any motion
between GOS and DKIST M10. A series of observations was run continuously over a few
minutes using the DL-NIRSP 630/1083/1565-nm spectrograph configuration for both High-
and Mid-Res modes. The polarization modulator was not run, as it introduces an additional
beam wobble that will be corrected in the future. In the resulting image series from each
spectral arm of DL-NIRSP, the images from the spectrograph were spatially reconstructed
using the preliminary mapping from the knife edge scan (see Section 5.1). The center of the
pinhole was determined in the reconstructed image, this is shown in Figure 18. Some scatter
here may be attributed to poor performance of the reconstruction, although the scatter is
slightly larger in the High-Res mode, this is to be expected because the magnification is 2.6
times larger than for the Mid-Res mode. The high-frequency jitter may be mechanical or it
may be optical, i.e. due to air currents or “seeing” in the coudé lab between the adaptive-
optics deformable mirror (DKIST M10) and the focal plane of the DL-NIRSP feed optics.
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Figure 17 Shifts of solar spectra for Arms 1, 2, and 3 as a function of time.
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Figure 18 Shifts in the measured pinhole position with respect to the IFU as a function of time. The red
crosses show the pinhole drift in High-Res mode, while the black crosses show the drift in Mid-Res mode
over the same length of time, although the data were not collected simultaneously. In both cases, 36 um is
equivalent to one imaging pixel, and the corresponding scale on the sky is defined for each mode in Table 5.

The systematic drift in these relatively short time series is likely mechanical. The long-term
stability of DL-NIRSP is known to be impacted by rotation of the coudé laboratory; this has
not yet been characterized, but is forthcoming.

5.6. Spectrograph Configurations

The DL-NIRSP spectrograph is configurable for different wavelength combinations, but
these configurations are in fact highly constrained. Configurations that stray too far from
the nominally designed Littrow angle for each arm can suffer from degradation of spa-
tial and spectral resolution and reduced intensity due to vignetting on the Spectrograph
OAM and dichroic beam-splitters. In order to observe different wavelengths together, the
desired spectral order for each arm must fall into the correct range of Littrow angles. Com-
binations with 1079.8 nm on Arm 2 and 1430.0 nm on Arm 3, or 1074.7 nm on Arm
2 and 1565.0 nm on Arm 3 may not be possible because these require a configuration

@ Springer



137 Page 32 0f42 S.A. Jaeggliet al.

Table 6 Three-Wavelength Spectrograph Configurations.

Wavelength [nm] Notes
Arm 1 Arm 2 Arm 3

Photosphere and Chromosphere

630.2 1083.0 1565.0 tested

587.6 1083.0 1565.0 tested

854.2 1083.0 1565.0 tested

Corona

530.3 1074.7 1430.0 Arm 1 order+1

789.2 1074.7 1430.0 tested

Mixed

587.6 1074.7 1430.0

630.2 1074.7 1430.0 Arm 1 blaze order +1
854.3 1074.7 1430.0 Possible with reduced throughput for Arm 1 and 3
530.0 1079.8 1565.0

587.6 1079.8 1565.0

630.2 1079.8 1565.0

789.2 1079.8 1565.0 Arm 1 blaze order —1
854.2 1079.8 1565.0

530.0 1083.0 1430.0

587.6 1083.0 1430.0

630.2 1083.0 1430.0

789.2 1083.0 1430.0 Possible with reduced throughput on Arm 1
854.2 1083.0 1430.0

530.3 1083.0 1565.0

789.2 1083.0 1565.0 Arm 1 blaze order —1

that falls outside of the proscribed limits on the Littrow angle due to the wide spacing
of the infrared orders. The efficiency of the blazed grating causes intensity to be more
tightly confined to the blaze order. Conversely, toward shorter visible wavelengths, the
orders are closer together and orders 41 about the blaze order still show significant effi-
ciency.

Table 6 lists possible three-wavelength configurations for the current grating and filter set.
These combinations could also be optimized for any two wavelengths, and it is always possi-
ble to use one wavelength with the optimal configuration for that arm. These configurations
were determined using the DL-NIRSP Spectrograph Calculator described in Section 3.6.4.
Configurations that have been tested successfully on the instrument hardware are listed as
“tested.”

6. First Results
6.1. A Poreinthe Photosphere

DL-NIRSP observed the largest pore in the leading polarity of active region NOAA 12851
on 05 August 2021 starting at 21:55:41 UT. The DKIST wavefront-correction system was
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used to lock on the pore and correct for atmospheric seeing. The 630/1083/1565-nm spectro-
graph configuration was used with the Mid-Res mode. A 7 x 7 mosaic was taken using 4.69”
steps of the field-scanning mirror in both the x- and y-directions, covering a full field of view
of approximately 30" x 30”. This mosaic took approximately two minutes to conduct and
was repeated four times. During each step in the mosaic, DL-NIRSP obtained full-Stokes
polarimetry using the eight-state continuous-modulation scheme. The necessary calibration
data, including darks, flats, and polarization calibration, were taken on the same day.

A preliminary reduction was performed for the spectropolarimetric data to subtract dark
levels, remove flat-field effects, and retrieve the Stokes vector. From the reduced data set, we
derived quantities based on the line and continuum properties and then reconstructed these
quantities spatially using the knife edge mapping calibration of the IFU. Figure 19 shows
the reconstruction from the first repeat of the mosaic observations taken with DL-NIRSP.
For each spectral-arm channel, we show the derived continuum intensity and the Doppler
velocity and Stokes-V amplitude based on the main photospheric line in each channel (Arm
1: Fe 1630.25 nm, Arm 2: Si11082.71 nm, Arm 3: Fe 1 1564.85 nm). Figure 20 shows how
this pore appeared in the continuum intensity, Doppler velocity, and magnetic-field strength
data products from the Solar Dynamics Observatory/Helioseismic and Magnetic Imager
(SDO/HMI: Pesnell, Thompson, and Chamberlin, 2012; Schou et al., 2012) taken near the
same time as the DL-NIRSP observations.

This set of reconstructed quantities shows consistent physical behavior between the
various channels and they are in excellent agreement with the HMI quantities. Although
diffraction-limited resolution decreases with wavelength, the 1565-nm infrared channel ac-
tually shows the highest spatial resolution for this observation. The atmospheric conditions
were moderate to poor, and the resolution of the observation is still largely dominated by
seeing. The impact of seeing is greatly reduced at infrared wavelengths. Artifacts from the
mosaic reconstruction are apparent, especially in the images from the IR cameras (Arms 2
and 3). Work on the mosaic reconstruction is ongoing.

6.2. Active-Region Corona

DL-NIRSP made observations of the corona on 07 August 2021, using the Mid-Res mode
because the Wide-Field mode was not yet available. DKIST was pointed to target the corona
at 1.2R, above active region NOAA 12853 when it was on the east limb. The white star
on the left side in Figure 21 shows the approximate location of the observation in the con-
text of SDO’s Atmospheric Imaging Assembly (AIA: Lemen et al., 2012) image taken near
the same time as the observations. The DKIST Lyot stop was in place between DKIST M2
and M3 during these observations, and because this observation was off the solar disk, no
wavefront correction was possible. DL-NIRSP started observations at this location starting
at 21:36:34 UT using Mid-Res Mode with the 789/1075/1430-nm wavelength configuration
and eight-state discrete-mode modulation. These observations only lasted about two min-
utes, including the delays for discrete modulator motion. The individual exposures of the IR
camera amount to approximately seven seconds of integration. An identical observation was
made at 1.2 R at the north limb of the Sun, indicated by the white star in the upper right
of Figure 21. Measurements were also taken at the Sun center to calibrate the intensity level
of the coronal observations.

A preliminary calibration and data reduction was performed for this data set. All of the
modulation states and repeats from each location were summed together. The north-pole
measurement was subtracted from the active-region measurements assuming that the north
pole should show a very small signal from the coronal emission lines and primarily contains
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Figure 19 The spatially reconstructed continuum intensity, Doppler velocity, and LOS magnetic field of the
leading pore in NOAA 12851 derived from a spectropolarimetric mosaic using the 630-, 1083-, and 1565-nm
channels of DL-NIRSP. Artifacts from the mosaic reconstruction are apparent, especially in the images from
the IR cameras.

the background signal composed of scattered light from the solar disk due to the Earth’s
atmosphere and from the telescope, as well as the coronal continuum. The coronal-emission-
line spectra for each arm were shifted in wavelength and averaged together to create the
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Figure 20 An HMI cutout of the leading pore in NOAA 12851 covering the approximate region observed
with DL-NIRSP. The HMI images have been rotated so that solar north is down to match the orientation of
the DL-NIRSP maps.

Figure 21 A portion of the AIA SDOJAIA 193 A 2021-08-07T21:36:45.350
193-A image taken near the time 1200
of the DL-NIRSP coronal
observation. The stars indicate
the approximate observed
locations at 1.2R in the corona
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profiles shown in the top row of Figure 22. The same shifting and averaging was applied to
the spectra before background subtraction to show the total signal level in the observation;
these are shown in the bottom row of the figure.

NOAA 12853 was a fairly weak active region with no noticeable sunspots once it was
fully visible on the disk of the Sun. It should also be noted that these observations were taken
with DL-NIRSP in a mode that was not specifically intended for coronal measurements.
Despite these obstacles, the observations show unambiguous detections of the [Fe X1] line
at 789.2 nm, the [Fe x111] line at 1074.7 nm, and even the [Si X] line at 1430.0 nm, which
has previously been very difficult to detect in ground-based observations (Penn and Kuhn,
1994; Dima, Kuhn, and Schad, 2019).

7. Conclusions and Outlook
Each instrument in the first-light suite of DKIST has different strengths. As an integral-field

spectropolarimeter, DL-NIRSP is the only DKIST instrument capable of obtaining simulta-
neous spatial and spectral information over a continuous 2D field of view. Its three simulta-
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Figure 22 Average coronal spectra 1.2Rp over active region NOAA 12853 measured with DL-NIRSP in
Mid-Res Mode. The wavelength scale has been converted to velocity units. The upper set of panels shows the
coronal emission-line profiles after background subtraction. The line profiles were fitted with a Gaussian pro-
file (red line) and the FWHM is listed in the upper right. The lower set of panels shows the total measurement
with the coronal emission line, coronal continuum, and scattered-light background contributions.

neous spectral channels target specific photospheric, chromospheric, and coronal diagnostics
at visible and infrared wavelengths that allow for observation of the polarized signatures of
the Sun’s magnetic field with high spectral resolution. It has a scanning mirror and three
spatial-resolution modes that allow for mosaics of regions up to 2’ x 2’ with different plate
scales. DL-NIRSP’s highly flexible design allows the user to make trade-offs between sensi-
tivity, cadence, spatial resolution, and field-of-view coverage to optimize for many different
science use cases, from diffraction-limited observations on-disk to sensitive observations in
the solar corona. DL-NIRSP receives the AO-corrected beam from the DKIST wavefront-
correction system and can operate alongside the other first-light instruments.

Many of the components of DL-NIRSP provided a technical challenge that pushed the
boundaries of what is possible for an instrument. DL-NIRSP incorporates custom compo-
nents, including the novel fiber-optic integral field units, high-performance narrow-band
filters, precision mechanisms, as well as camera systems specifically developed for this ap-
plication. The optical design including off-axis mirrors was met with a high-precision align-
ment process to achieve the necessary wavefront-error goals. While the performance of the
instrument is still being understood, DL-NIRSP has been used to carry out its first solar
observations of a magnetic active region on the solar disk and over an active region in the
corona. These first disk and coronal observations with DL-NIRSP show promise and set the
stage for future studies.

Although DL-NIRSP has only just been completed, there are already many major im-
provements and upgrades planned that will be implemented during early operations with
the instrument. The most exciting and impactful of these upgrades is the implementation of
the Machined Image Slicer IFU with a 36-um slit width (MISI-36) to replace BiFOIS-36.
Functionally similar to the polished-glass image slicer for GRIS (Dominguez-Tagle et al.,
2022), MISI-36 would have spatial sampling and FOV equivalent to BiFOIS-36 but would
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have nominally three times higher throughput, with better intensity uniformity and polar-
ization fidelity relative to the fiber-based IFUs. Although the improved throughput would
make it possible to use the Mid-Res mode in the corona, an image slicer with coarse spatial
sampling is also in development for coronal observations.

Additional optical development will address issues discovered during the construction
and commissioning of the instrument. The excess wavefront error due to the Wollaston prism
on Arm 2 will be addressed with fabrication of a new component so that this channel will
achieve its expected spatial and spectral resolution. The H2RG detectors were found to
have residual sensitivity far beyond the 2.5-um cutoff wavelength of the detectors and well
past the 3-um blocking provided by DL-NIRSP’s current cold filters (known as an Urbach
tail: Terrien et al., 2016), and they require new cold filters with extended blocking out to
5 um. Polarized fringes are apparent in the infrared channels of DL-NIRSP when using the
High-Res mode. As the current DL-NIRSP modulator is a spare calibrator from a laboratory
system, it was not optimized specifically as a modulator, and fringe suppression was not a
consideration during the design (see Harrington and Sueoka, 2018; Harrington et al., 2020).
A new polycarbonate modulator with coatings and window thicknesses designed to suppress
fringe frequencies visible to DL-NIRSP is in fabrication.

DL-NIRSP provides coverage of a fixed set of wavelengths, and the ability to do this
depends on the filter set and the ability to physically configure the grating and the three
spectral arms for particular wavelength combinations. Some combinations of wavelengths
in the current filter set may not be possible, or they may suffer from reduced throughput,
from vignetting or diffraction efficiency, or degraded image quality. The addition of a sec-
ond grating with a different groove density would greatly improve the performance of the
instrument for more spectral-line combinations. Although DL-NIRSP has fixed observing
wavelengths limited by the availability of filters, the filter set can be extended. Community
members interested in additional wavelengths and wavelength combinations are encouraged
to contact the corresponding author.
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