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Abstract
The Daniel K. Inouye Solar Telescope (DKIST) Visible Spectro-Polarimeter (ViSP) is a
traditional slit-scanning spectrograph with the ability to observe solar regions up to a
120 × 78 arcsec2 area. The design implements dual-beam polarimetry, a polychromatic po-
larization modulator, a high-dispersion echelle grating, and three spectral channels that can
be automatically positioned. A defining feature of the instrument is its capability to tune
anywhere within the 380 – 900 nm range of the solar spectrum, allowing for a virtually in-
finite number of combinations of three wavelengths to be observed simultaneously. This
enables the ViSP user to pursue well-established spectro-polarimetric studies of the mag-
netic structure and plasma dynamics of the solar atmosphere, as well as completely novel
investigations of the solar spectrum. Within the suite of first-generation instruments at the
DKIST, ViSP is the only wavelength-versatile spectro-polarimeter available to the scientific
community. It was specifically designed as a discovery instrument to explore new spectro-
scopic and polarimetric diagnostics and test improved models of polarized line formation
through high spatial-, spectral-, and temporal-resolution observations of the Sun’s polar-
ized spectrum. In this instrument article, we describe the science requirements and design
drivers of ViSP and present preliminary science data collected during the commissioning of
the instrument.
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1. Introduction

The Daniel K. Inouye Solar Telescope (DKIST: Rimmele et al., 2020) is the first of a new
generation of large (> 2 m) solar telescopes. Its 4-m aperture will enable the solar-science
community to undertake observations of structures in the solar atmosphere at an unprece-
dented spatial resolution (< 20 km at the shortest wavelengths), and at the same time it
provides the largest photon collecting area available for solar studies, creating exciting op-
portunities for the exploration of new spectral diagnostics and weakly polarized signals on
the Sun.

The DKIST is designed with a facility suite of instruments with the capability and flex-
ibility to address many scientific questions, and in the long term, it allows for adaptability
to new scientific challenges. Four out of five of its “first-light” instruments are spectro-
polarimeters, which are aimed at the study of the different polarization signatures of the
solar magnetic field over a broad range of spatial and temporal scales and a large interval
of optical to mid-IR wavelengths (380 – 5000 nm). The DKIST positions itself at the fore-
front of solar science with this suite of instrumentation: spectro-polarimetry is a powerful
tool for quantitative diagnostics of the magnetic field in the solar plasma, which is critically
important for our understanding of physical processes in the solar atmosphere. The Visible
Spectro-Polarimeter (ViSP) described in this article is one of these first-light instruments.

ViSP is a spectro-polarimeter based on a slit-scanning echelle spectrograph designed
to perform polarization measurements of solar radiation in the visible and near-IR spec-
trum from 380 to 900 nm. ViSP can observe up to three spectral regions at once with its
three camera arms, enabling powerful multi-line diagnostics that probe plasma parameters
in many different physical layers of the solar atmosphere simultaneously. The wavelength
band accessible to ViSP is determined by the DKIST Facility Instrument Distribution Optics
(FIDO) that feeds light to ViSP and other instruments. FIDO consists of a series of mirrors,
windows, and dichroic beam splitters that can be reconfigured to direct a single continuous
region of the solar spectrum to an instrument (Harrington et al., 2021).

ViSP is “wavelength versatile”, meaning that it can be set up to observe any wavelength
within its spectral range of operation, while simultaneously achieving high spectral, spa-
tial, and temporal resolution. It is the only instrument at the DKIST with this capability at
this time. Hence, ViSP is not only ideally suited for multi-line diagnostics, but it is also a
highly capable research spectro-polarimeter that can be used to study any region of the solar
spectrum within its wavelength range.

Most modern solar telescopes are equipped with spectro-polarimeters (Iglesias and
Feller, 2019). Imaging spectro-polarimeters using Fabry–Pérot interferometers have become
commonly available at many telescopes, such as the Triple Etalon Solar Spectrometer (Ken-
tischer et al., 1998; Tritschler et al., 2002) at the German Vacuum Tower Telescope (VTT:
von der Lühe, 1998), and the CRisp Imaging SpectroPolarimeter (Scharmer et al., 2008)
at the Swedish 1-m Solar Telescope (SST: Scharmer et al., 2003). These instruments have
the benefit that they simultaneously capture a 2D region of the Sun, but they must scan in
wavelength, potentially resulting in spectra that are not temporally coherent. They are also
restricted in their ability to tune in wavelength due to their limited free spectral range, which
requires the use of a dedicated pre-filter for each wavelength region that is to be observed.

Only a few instruments with capabilities similar to ViSP currently exist. Most spectro-
graph-based polarimeters such as the Polarimetric Littrow Spectrograph at the German VTT
(Beck et al., 2005), the Facility Infrared Spectropolarimeter at the Dunn Solar Telescope
(DST: Jaeggli et al., 2010), the GREGOR Infrared Spectrograph (Collados et al., 2012),
and the Hinode Spectro-Polarimeter (Lites et al., 2013) do not provide the same amount of
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flexibility and wavelength channels as ViSP. The most similar is the Spectro-Polarimeter
for Infrared and Optical Regions (SPINOR) at the DST (Socas-Navarro et al., 2006), which
replaced the Advanced Stokes Polarimeter (Elmore et al., 1992). The echelle spectrograph
at the German VTT and the TRI-Port Polarimetric Echelle-Littrow spectrograph at the SST
(Kiselman et al., 2011) are also similar but are not typically used as polarimeters. ViSP
improves on these instruments not only in terms of spatial resolution but also in its automated
configuration of grating and camera-arm angles, significantly reducing setup time while
improving repeatability.

2. Science Objectives

ViSP provides measurements of the full state of polarization simultaneously in up to three
wavelength regions within the visible and near-IR solar spectrum with high polarimetric
precision and high spectral resolving power. Such measurements provide quantitative diag-
nostics of the magnetic-field vector as a function of height in the solar atmosphere, along
with the associated variation of the thermodynamic properties, which are crucial to address-
ing many of the DKIST science use cases (Rimmele and the ATST Science Working Group,
2005), such as improving our understanding of solar magnetism and of the trigger mech-
anisms of solar energetic events (i.e. flares and coronal mass ejections) that are the main
causes of space weather.

The spectral versatility and continuous wavelength coverage of ViSP are primary require-
ments and two of the main drivers of the instrument design. They are specifically aimed at
making the instrument a research tool of polarization diagnostics over the entire visible solar
spectrum.

A few key topics of investigations that can be performed with ViSP are:

• the evolution of small-scale magnetism in the photosphere, including the quiet Sun,
active-region plage, and coronal holes;

• the emergence, evolution, and decay of active regions, and the fine structure of sunspots;
• the precursors and triggers of solar flares and coronal mass ejections, including filaments

and prominences;
• the mass and energy cycle in the lower solar atmosphere and into the corona;
• the connectivity of the non-eruptive solar atmosphere through magnetic field;
• oscillations in the photosphere and chromosphere.

A comprehensive review of the science objectives of ViSP is out of scope for this article.
We refer the interested reader to Rast et al. (2021) for details on the DKIST Critical Science
Plan that will be executed in the first years of operation.

Polarized light emerges as a manifestation of symmetry-breaking processes that affect
the interaction of radiation with matter (e.g. magnetic and electric fields, velocity-field and
thermal gradients, plasma-wave processes, radiation scattering in the higher atmospheric
layers). Therefore, the ability to measure the polarized solar spectrum is key to unveiling
the fundamental physical mechanisms driving the solar atmosphere and its short- and long-
term variability because of the dominant role that such processes of plasma and radiation
anisotropy play in the manifestation of the observed solar phenomena. The ability to si-
multaneously tune a spectro-polarimeter on different spectral diagnostics serves a double
purpose: first, lines with different formation heights can be used to produce a “tomography”
of the solar atmosphere; second, the redundancy offered by observing multiple, independent
spectral lines with different properties that are known to sample approximately the same
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height, can be of great help in reducing data analysis and inversion model errors and degen-
eracy (see, e.g., Stenflo, 1973; Socas-Navarro et al., 2008; Balthasar and Demidov, 2012;
Demidov and Balthasar, 2012; Kuckein et al., 2021). The polarization signatures that are
typically observed in the magnetized solar atmosphere result from a variety of effects, the
most commonly known of which are the Zeeman and Hanle effects.

The Zeeman effect (Zeeman, 1897a,b) produces a wavelength splitting of magnetic-
sensitive spectral lines (with non-zero Landé factor), which can then be detected and quan-
tified through polarimetric observations with sufficiently high spectral resolution. Most of
the magnetic diagnostics of the photosphere is based on the interpretation of Zeeman-effect
signatures in spectral lines such as the Fe I 630.2 nm doublet, or the Fe I 524.7 and 525.0 nm
line pair.

Radiation scattering becomes a dominant process in the formation of polarized spectra
when the plasma density and collision rates drop. Plasma parameters depart strongly from
local thermodynamic equilibrium (LTE) under these conditions, greatly increasing the com-
plexity of the modeling and the difficulty of the interpretation of observations (see, e.g., the
review by Leenaarts, 2020). This is the typical situation for spectral diagnostics of the chro-
mosphere, especially at the line cores. Another characteristic of non-LTE line formation is
the importance of the anisotropy of solar radiation due to the presence of density and thermal
gradients. The most notable example is the phenomenon of limb darkening or brightening
caused by the variation of radiation temperature with the solar radius.

Anisotropic excitation of atomic systems leads to the appearance of atomic sub-level
population imbalances, which produces a naturally polarized scattering of the incident ra-
diation. As the different sub-levels de-excite, the atom emits radiation carrying imprints
of the initial anisotropy (see, e.g., Landi Degl’Innocenti and Landolfi, 2004). This mech-
anism is also present in the photosphere, but there it is greatly reduced because the larger
collision rates at photospheric densities effectively equalize (i.e. “thermalize”) the atomic
sub-level populations. However, even in the photosphere, there are a few exceptions, such as
the scattering-dominated photospheric line of Sr I at 460.7 nm all over the disk (e.g. Bianda
et al., 2018) or when observing the photosphere at the extreme solar limb (Lites et al., 2010).
In the chromosphere, instead, practically all spectral lines show the polarization signature
of anisotropic excitation, which can be observed even in the absence of magnetic fields, es-
pecially close to the solar limb. The degree of linear polarization of the solar spectrum near
the limb (the “second solar spectrum,” e.g. Stenflo and Keller, 1997) demonstrates very well
the great complexity of the polarization pattern produced under this mechanism.

For these scattering-dominated lines, when a magnetic field is also present, the linear
polarization may be modified through a physical mechanism known as the Hanle effect
(Hanle, 1924). By means of high-sensitivity observations that can detect the polarization
changes with respect to an ideal model of the field-free plasma, it then becomes possible to
diagnose magnetic fields that are much weaker than the ones accessible to the Zeeman-effect
diagnostics (see, e.g., Stenflo, 1982). In addition, the Hanle effect is much less sensitive than
the Zeeman effect to polarization cancellation in the presence of unresolved magnetic struc-
tures (such as in turbulent local dynamo; e.g. Pietarila Graham, Danilovic, and Schüssler,
2009). As in the application of the Zeeman effect, the use of multiple spectral diagnostics
is also very important for the Hanle effect, especially because of its reliance on atmospheric
modeling for setting the polarization reference level corresponding to the ideal field-free
atmosphere (Stenflo, Keller, and Gandorfer, 1998).

Atomic-level interference and crossings, induced by magnetic fields in complex atoms,
produce even more exotic polarization effects, such as the alignment-to-orientation (A-
O) mechanism responsible for the appearance of intensity-like signals in Stokes-V
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(Landi Degl’Innocenti and Landolfi, 2004). These greatly enrich the diagnostic potential
of scattering lines. In particular, the vector-field structure within prominences as determined
from the Hanle effect and the A-O mechanism is an objective of the critical science plan
(Rast et al., 2021). Such an analysis requires high sensitivity to both linear and circular po-
larization because of the subtlety of these effects, and it also benefits from the simultaneous
observations of multiple diagnostics.

3. Requirements

The science objectives described above drive ViSP instrument requirements. The main two
drivers of the instrument design are multi-line diagnostics and spectral versatility, i.e. the
requirement to observe up to three spectral regions simultaneously and the ability to observe
any line in the visible and near-IR (380 – 900 nm).

Multi-line diagnostics are key for providing a “snapshot” of the thermodynamic and
magnetic structure of the solar atmosphere, owing to the fact that different spectral lines
generally have different ranges of temperatures and formation heights in the atmosphere.
Accordingly, ViSP has a requirement to observe three wavelength regions simultaneously.
The wavelength range of ViSP includes magnetic and plasma diagnostics that span from the
lower photosphere to the low corona. Thus, plasma temperatures accessible to ViSP reach
down to the chromospheric temperature minimum, while the few coronal emission lines in
the ViSP range are sensitive to temperatures ranging approximately from 1.1 to 2 MK. How-
ever, no spectral diagnostics probing the solar transition region between the chromosphere
and the low corona are accessible to ViSP or DKIST, as these all belong to the UV spectrum
that lies below the terrestrial atmosphere’s wavelength cutoff.

ViSP is intended to also serve as an exploratory instrument for the whole polarized solar
spectrum in the visible and near-IR. For this reason, it must be capable of observing combi-
nations of spectral lines regardless of whether these belong to widely different parts of the
solar spectrum or the same spectral region, e.g. close multiplets such as the Ca II H and K
lines (393 and 397 nm), the Mg I b1 – b3 lines (around 517 nm), the Na I D doublet (around
589 nm), and the Ca II IR triplet (850, 854, and 866 nm).

The principal science requirements of ViSP concern performance in the spectral, spatial,
and temporal domains. These requirements were derived from the DKIST science use cases
(Rimmele and the ATST Science Working Group, 2005). The spectral range is driven by
the desire to observe the Ca II lines at 393.4 and 866.2 nm. ViSP is designed to attain high
spectral resolution (R � 180,000). The optical design is diffraction limited over the DKIST
spectral range where the adaptive-optics system can effectively correct for seeing aberra-
tions (approximately λ � 500 nm), exceeding its requirement to meet the spatial-resolution
requirement of two times the DKIST diffraction limit. The instrument throughput is opti-
mized to achieve a polarimetric sensitivity of 10−3 Icont within ten seconds of signal integra-
tion in the region of the solar spectrum with λ� 500 nm. In addition, ViSP is outfitted with
three automatically reconfigurable camera arms in order to observe simultaneously in three
different spectral passbands. A list summarizing the science and operational requirements
for ViSP is given in Table 1.

4. Instrument Design

The main challenge in designing a wavelength-versatile spectro-polarimeter such as ViSP
is that it is not possible to meet the large set of science-driven instrument requirements
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Table 1 Summary of science and operational requirements of ViSP.

Parameters Requirement Notes

Wavelength range 380 – 900 nm

Simultaneous wavelengths three lines

Spectral resolving power 180,000

Spatial FOV 120 × 120 arcsec2 limited by cameras to < 120 × 78 arcsec2

Spatial resolution 2× DKIST resolution at all
wavelengths

met for λ ≥ 450 nm due to the width of
the narrowest slit

Slit scan repeatability ± 1
2 slit width measured < 1% slit width

Slit scan accuracy 0.1 arcsec measured 0.03 arcsec

Polarimetric sensitivity 10−4 Icont

Polarimetric accuracy 5 × 10−4 Icont

Temporal resolution 10 s to reach 10−3 Icont
for λ > 500 nm

measured 10−3 Icont in 2 s at 630 nm

Spectral bandpass 1.1 nm at 630 nm

Setup time 1 channel in 10 min

Slit move time 200 ms between adjacent
slit positions

Slit slew velocity 2 arcmin in 30 s

(spatial resolution, field of view, spectral resolution, bandwidth, and instrument throughput)
simultaneously for all possible combinations of spectral lines. Therefore, the requirements
must be ranked based on scientific priority balanced with technical feasibility and cost of
fabrication and implementation.

The starting point of the ViSP design was to identify the constraints for the dimensions of
the instrument. This is a sensible approach since the complexity of the design and the cost of
fabrication are strongly dependent on the size of the instrument and particularly the optics.
ViSP consists of a number of opto-mechanical components and systems set up on three
joined optical tables. Renderings of the ViSP mechanical optical and mechanical models are
shown in Figure 1.

4.1. Feed Optics and Slit Focal Plane

The requirement for ViSP to reach a spatial resolution of two times the diffraction limit of
the DKIST at all visible wavelengths implies that the entrance slit must be able to critically
sample the resolution element down to 380 nm (i.e. 0.024 arcsec for a 4-m aperture). At
the same time, the requirement for a spatial field of view (FOV) of 2×2 arcmin2 forces
the entrance slit to have a very large aspect ratio (≈ 5000:1). Because the slit length is
constrained to keep the focal plane to a reasonable size, the slit must be narrow, in the range
of 10 to 20 µm wide. Such a slit can be fabricated by photo-lithography with good tolerances
(±1 µm) over the full length of the slit of several cm. For the DKIST, this implies an effective
focal length (f/#)tel ≈ 30 at the spectrograph entrance.

The feed-optic (FO) system of ViSP is a modified “Schiefspiegler” telescope delivering
(f/#)tel ≈ 32 (see items labeled 1 in Figure 1). It consists of three spherical mirrors, although
the first mirror is nearly flat and mainly acts as a beam-steering optic. The choice of this
design was driven by its simplicity and cost-effectiveness, and the good aberration control
attainable for relatively large f -numbers. The ViSP FO system is able to produce an image
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Figure 1 Top: 3D-model rendering of ViSP instrument on its optical tables. Bottom: top-down view of the
optical layout of the instrument in the Science Verification configuration with components labeled.

of the 2×2 arcmin2 FOV that is both flat (within the depth of focus of the collimator) and
highly telecentric. This allows the instrument to preserve the image focus at the slit and a
constant illumination of the grating across the entire FOV. With this FO system, the critical-
sampling width at the focal plane is about 15 µm at 380 nm, with a slit length of about
75 mm (i.e. a plate scale of approximately 1.6 arcsec mm−1). The off-axis design of the FO
telescope produces a focal plane that is intentionally tilted by 5.4◦. This allows the unwanted
light reaching the reflective slit optic to be rejected towards a beam dump, rather than back
into the optical path of the incoming beam, and also allows for the possible addition of a
context imager.
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ViSP is equipped with a set of five slit apertures, photo-etched on a single optical-glass
support with an aluminum reflective coating (Item 2 in Figure 1). The first three slit apertures
have widths that match the diffraction-limit resolution of the DKIST at 450, 650, and 850 nm
(sampling at 0.028, 0.041, and 0.053 arcsec, respectively), hence somewhat compromising
the spatial-resolution requirement towards the blue end of the spectrum. A fourth and fifth
slit, respectively sampling at approximately 0.1 and 0.2 arcsec, are included in order to
address use cases where it is necessary for the science to trade spectral and spatial resolution
for high throughput (e.g. for prominence and coronal observations). Fiducial hairlines with
a separation of 45.2 arcsec are directly etched into the substrate for alignment purposes.

Field scanning is achieved by moving the slit on an Aerotech ANT180-260-L translation
stage. The slit optic is mounted on an Aerotech MPS75SLE stage. The slit is selected by
moving the slit optic in front of a mask that allows light from only one slit to pass into the
spectrograph while also helping to reduce stray light from pinholes in the reflective coating
of the slit optic.

4.2. Spectrograph

The spectrograph consists of a collimator lens (Item 4 in Figure 1), which forms an image of
the pupil of the telescope on the diffraction grating, the grating proper (Item 5 in Figure 1),
and a camera telescope for each of the spectral channels. These systems are all intercon-
nected, and the characteristics of one constrain the design of the other. Here, we discuss first
the selection of the diffraction grating, and then we turn our attention to the collimator, and
finally the camera arms.

4.2.1. Diffraction Grating

The use of a commercial off-the-shelf (COTS) grating was forced by cost and schedule
constraints. Thus, we had to ensure that the selected grating allowed us to meet the spectral
resolving power requirement while also enabling the required spectral versatility.

The spectral resolution of the instrument depends, among other things, on the finesse
profile of the grating (e.g. Casini and Nelson, 2014)

F(α,β) = sinc2

[
π

L

λ
(sinβ − sinα)

]
, (1)

where α and β are, respectively, the incidence angle of the incoming beam on the grating
and the emergence angle of the diffracted beam, measured from the grating normal (see
Figure 2 for the diffraction geometry and sign convention for those angles), and L is the
illuminated width of the grating. In order to achieve a target resolving power R at a given
wavelength and incidence angle α, the corresponding dispersion interval,

δβR = 1

R

sinβ − sinα

cosβ
, (2)

must be critically sampled by the full width at half maximum (FWHM) of the finesse profile
as a function of β ,

δβg = λ

L cosβ
, (3)
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Figure 2 Geometric convention adopted in this work for the definition of the incidence and diffraction angles
(α and β , respectively) relative to the grating normal n̂. The direction of the incident beam is −z, whereas
that for the diffracted beam is +ζ . The deviation angle between the diffracted and incident beams is defined
by δ = α + β , and it is a negative quantity for the normal operation of ViSP (assuming the usual convention
of counterclockwise angles being positive). The blaze angle ϕ measures the inclination of the normal to the
blazed facets of the grating [b̂] from the grating normal.

i.e. δβR ≈ 2 δβg. In reality, one must also consider the finite width of the slit, which con-
tributes to the line-spread function of the spectrograph along with δβg (see Casini and
de Wijn, 2014). Considering for simplicity the case where the spectrograph is set to the
Littrow configuration and with the grating tilted at the blaze angle (β = −α = ϕ), such a
sampling condition gives

R ≈ L

λ
sinϕ = wC

λ
tanϕ, (4)

where wC is the projected width of the grating on the plane normal to the optical axis of the
collimator. This must at least match the width of the collimator optic to avoid vignetting by
the grating. We then see that the larger the blaze angle ϕ, the narrower the collimator and
grating optics can be made, decreasing fabrication risk and cost. On the other hand, too large
values of the blaze angle practically limit the range of tilt angles at which the grating can be
used, impacting the spectral versatility of the instrument. A collimator width of wC ≈ 10 cm
(see Section 4.2.2) implies the use of gratings with blaze angles ϕ ≈ 60◦ and L ≈ 20 cm in
order to meet the spectral-resolution requirement.

It is important to remark that meeting the spectral-resolution requirement is subject to
the condition that the effective width of the grating be coherently illuminated. This is usu-
ally achieved in ViSP, e.g. when using a wavelength-scaled slit (see Section 4.2.2), as this
coherently samples the FOV along the spectral dimension (a consequence of the Van Cittert–
Zernike theorem; e.g. Mandel and Wolf, 1995).

Gratings have a characteristic efficiency curve for the diffracted energy, which determines
the usable range of diffraction angles of a given spectrograph configuration (see Figure 3,
bottom panel). A spectrograph with reconfigurable arms like ViSP must thus be capable
of positioning all the spectral channels used for an observation within this optimal angular
range. Ultimately this is a function of the groove spacing d of the grating and the configura-
tion of the spectrograph. Using the scalar theory of diffraction, the usable range of diffraction
angles for a given grating can be estimated by the FWHM of the grating-efficiency curve
(e.g. Casini and Nelson, 2014):

I (α,β) = sinc2

[
π

d

λ
cosα

sin(β − ϕ) − sin(α + ϕ)

cos(α + ϕ)

]
. (5)
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Figure 3 Model of the vector (polarized) efficiency of the ViSP grating for a tilt angle α = −68◦ , working
between the diffraction orders 6 and 14, and for deviation angles δ = α +β between −3.3◦ and −35.3◦ . Top:
the two polarized efficiencies TE (Transverse Electric: groove-parallel, dashed curves) and TM (Transverse
Magnetic: groove-perpendicular, dotted curves), along with the corresponding average (solid curves). Bottom:
the average efficiency curves plotted against the diffraction angle δ.

We thus find that the range of usable β angles of a grating is approximately

	βg = λ

d cosα

cos(α + ϕ)

cos(β − ϕ)
. (6)

In the case of ViSP, in order to access many scientifically interesting combinations of spec-
tral lines with good efficiency, we must employ gratings that can deliver 	βg ≈ 20◦. Con-
sidering the case of a Littrow configuration again, with the grating tilted at the blaze an-
gle (β = −α = ϕ), this implies groove densities larger than about 300 l mm−1 (e.g. for
λ ≈ 500 nm and ϕ ≈ 60◦). Such gratings also have the advantage of working in relatively
low diffraction orders (m � 15) over the visible spectrum, allowing us to employ a corre-
spondingly small number of order-sorting filters to fully cover the ViSP spectral range.

For ViSP, we adopted an aluminum-coated echelle grating by Newport-RGL with a
groove density of 316 l mm−1, blazed at 63.4◦, of 90 × 340 mm2. An example of the polar-



The Visible Spectro-Polarimeter of the Daniel K. Inouye Solar Telescope Page 11 of 30 22

ized efficiency of the ViSP grating, based on a vector model of diffraction (Li et al., 1999),
is given in Figure 3, for α = −68◦ and a range of arm angles δ corresponding to the opto-
mechanical capabilities of the instrument.

The grating is mounted on a Newport RV120HAHLT-F precision rotation stage for auto-
mated positioning. While ViSP is outfitted with a single grating at this time, the mount uses
an intermediate kinematic platform to facilitate the manual exchange of gratings should
more gratings become available for use in the future.

4.2.2. Collimator

An oversized collimator optic is necessary to avoid loss of instrument throughput as a result
of diffraction because of the matching condition of the entrance-slit width to the diffraction
limit of the telescope. A rigorous diffraction-model analysis of telescope–spectrograph sys-
tems (Casini and de Wijn, 2014) shows that, by making the collimator system faster than
the imaging telescope by about 20% (i.e. (f/#)tel/(f/#)coll ≈ 1.2, or (f/#)coll ≈ 27), the
diffraction losses of ViSP remain below 10%, when the entrance slit matches the diffraction
limit of the DKIST at a given wavelength.

Recalling the argument leading to Equation 4, the focal length of the collimator is ulti-
mately set by the width wC necessary to meet the resolving power of R ≈ 180,000 at the
detector for all wavelengths. Using ϕ = 63.4◦ and λ = 900 nm, we find wC � 9 cm (also
allowing for anamorphic magnification when α + β �= 0; see Equation 2). We thus arrive at
a focal length of about 2.4 m for the collimator.

The ViSP collimator is an achromatic doublet with a focal length fcoll = 2.37 m and a
clear aperture width of 90 mm. The large f/# allows adequate control of aberrations using
only spherical surfaces and a flat exit surface. This facilitates the alignment of the instru-
ment, as the flat surface can be used to reference an auto-collimating theodolite. Controlling
chromatic aberrations required the use of a combination of a low-dispersion fluorophosphate
meniscus and a plano-convex borosilicate element. The Ohara S-FPL53 and S-BSL7 glasses
selected have substantially different coefficients of thermal expansion, which motivated the
decision to fabricate the doublet with an air gap. A slight improvement in performance could
then be realized by allowing the internal radii to differ. The collimator doublet was optimized
not only for aberration control but also for achromaticity of the pupil position, critical for
control of spectrograph astigmatism at large arm angles δ.

The width of the collimator lens drives the physical width of the grating to be about
33 cm, which allows configurations with tilt angles up to about 74◦ without suffering vi-
gnetting of the collimated beam by the grating.

Since diffraction effects can be neglected along the slit, the clear aperture (CA) height of
the collimator lens is only constrained by the size of the pupil (about 74 mm) plus the height
of the FOV at the slit plane (about 75 mm). Hence, it was set at 150 mm. It is important to
keep the horizontal extent of the collimator and the camera lenses to a minimum because
they must be placed close together for spectral versatility. The collimator doublet was there-
fore fabricated with a rectangular shape to match the shape of the beam, and the mount was
specifically designed to allow for Arm 1 to be positioned very close.

In order to keep the ViSP spectrograph compact, the collimator was designed with a
folded optical path (see Figure 4). The fold mirror behind the slit directs the beam parallel
to the slit image plane. The fold mirror and the polarimetric modulator are mounted with
the slit optic on a single translation stage. The focal distance between the collimator lens
and the slit optic during the scanning of the FOV is preserved through a system of two fold
mirrors at 90◦ to each other (working as a retroreflector), which must move synchronously
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Figure 4 Optical ray tracing of the ViSP collimator. The image plane produced by the FO system is spatially
filtered by the slit aperture on the slit optic (top left). The input beam is deflected by a fold mirror into the
rotating polarization modulator and then folded backward by a pair of mirrors at 90◦ from each other. Finally,
the beam passes through an achromat to be collimated onto the grating (not shown). In order to preserve the
spectrograph focus during translation of the slit station by a distance x in the slit-scanning direction, the
path-folding station synchronously moves by x/2 in the same direction.

Table 2 Optimized scaling
factors for the clear aperture
widths of the camera lenses
relative to the clear aperture
width of the collimator and
approximate fields of view.

Spectral channel #1 #2 #3

〈r〉−1 1.16 1.44 1.75

FOV in arcsec � 78 62 52

with the slit motion at half the rate. To this end, the two fold mirrors are mounted together
on an Aerotech ANT180-160-L translation stage. The instrument-control software ensures
that the motions are synchronized by commanding the motion-controller hardware to move
the stages in unison.

4.2.3. Spectral Channels

The collimator width determines also the width of the camera lenses in the three spectral
channels. Ideally, the width of a camera lens for a given spectral channel must take into
account the anamorphic magnification, r = cosα/ cosβ , pertaining to the particular config-
uration of that camera arm. However, ViSP has reconfigurable camera arms, and there are
no preassigned values of the anamorphic magnification for any of the channels.

In order to optimize the camera-lens widths, we conducted a study of the distribution of
spectrograph configurations for typical uses of the instrument to identify the most “proba-
ble” positions (and corresponding anamorphic magnifications) of the three arms. Such anal-
ysis led to the values for 〈r〉−1 given in Table 2. These values were used to determine the
CA widths of the camera lenses, and, like the collimator, these lenses were fabricated with
a rectangular shape in order to maximize the spectral versatility of the instrument.

The focal lengths of the camera lenses are subject to both spatial and spectral constraints.
The requirement to capture the full FOV height of 120 arcsec on the detector sets the spec-
trograph magnification and, consequently, the camera focal length. The design assumed a
detector with 6.5 µm square pixels, yielding a spectrograph magnification fcam/fcoll ≈ 0.35,
where fcoll and fcam are the focal lengths of the collimator and the spectral channel, respec-
tively. The pixel size was based on the Andor Zyla 5.5 camera in hopes that larger detectors
of 4k × 4k pixels of the same size would become available. The Andor Balor camera that is
supported by DKIST and used by other instruments (e.g. VBI: Wöger et al., 2021) unfortu-
nately has larger 12 µm pixels. It was determined that a redesign with the larger pixel size
would result in an unacceptable increase in cost and instrument size (due to the longer focal
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length of the camera lenses), and therefore the original design was implemented instead. The
Andor Zyla 5.5 cameras in ViSP are oriented to have 2560 pixels in the spatial dimension,
and 2160 pixels in the spectral dimension. Hence, the height of the captured FOV is at most
78 arcsec in Arm 1.

It must be noted that the spectrograph magnification of Arm 1 approximately maps the
450-nm slit width (17.6 µm) to one pixel width. This condition of “pixel matching” ensures
that the FOV is critically sampled both along and transversely to the slit in order to satisfy
the spatial-resolution requirement of twice the diffraction limit of the DKIST at least down
to 450 nm in that channel. Moreover, pixel matching is also key for ViSP to meet its spectral-
resolution target, i.e. to satisfy the sampling condition δβR ≈ 2 δβg (see Section 4.2.1), and
thus it must generally be implemented in all spectral channels.

In the spectral dimension, we must consider the effects of anamorphic magnification on
the spectrograph point-spread function (Casini and de Wijn, 2014), which gets shortened in
that dimension by the same factor: r = cosα/ cosβ . This required increasing the widths of
the camera lenses in order to mitigate vignetting for configurations with β < −α. Therefore,
in order to maintain as far as possible the ideal condition of pixel matching across the various
configurations of the spectrograph, the focal lengths of the three spectral channels must also
be scaled in the same proportions as given in Table 2. Hence, all camera lenses in ViSP were
designed with the same (f/#)cam ≈ 8 in the spectral dimension. This allows us to remain
close to pixel matching across the full range of diffraction angles. On the other hand, it also
implies that the height of the FOV that can be imaged onto the detector is proportionally
smaller for Arms 2 and 3 (� 62 arcsec and � 52 arcsec, respectively), while their spatial
resolution along the slit is correspondingly larger.

A side-effect of having different magnifications for the three spectral channels is the
ability to trade FOV and bandwidth for resolution by using different channels and diffraction
angles to observe the same target.

The collimator and camera lenses are placed at optically conjugate points with respect to
the position of the system’s pupil on the grating. In this configuration, the collimated beam
propagated via the grating reflection has the same height at the exit face of the collimator
lens and the entrance face of the camera lenses. Hence, the CA height of the camera lenses
is set identical to that of the collimator. The three camera lenses are cemented achromatic
doublets. Like the collimator, all surfaces are spherical, and the exit surface is flat. The
three doublets all use the same combination of a high-dispersion lanthanide glass meniscus
(Ohara S-LAL12) followed by a plano-convex borosilicate element (Ohara S-BSL7). Since
each arm observes only a small spectral window, it is possible to optimize the lenses for
the best monochromatic image quality while allowing for a considerable chromatic shift
in focal length over the ViSP spectral range. The effect of this is more pronounced for
lenses with longer focal lengths. It amounts to about 53 mm of focal range in Channel 3.
The polarization analyzer, the beam-combiner optics, and the camera (see Sections 4.2.5
and 4.2.3) are translated together on an Aerotech MPS75SLE stage to focus the image on the
detector. The arms are designed similarly, essentially differing only in length. Similarly to
the design of the collimator lens cell, the camera-lens mounts are also designed for minimum
width for the highest spectral versatility.

The arms are mounted on independent carts that can be positioned with high precision
along a section of THK HCR 65A curved rail with a radius of 3 m. The carts are driven
by Aerotech BMS60 motors through a Nexen HGP17 roller-pinion drive system that is
preloaded into the curved rack to provide backlash-free operation. The rail consists of two
sections of 6 and 30◦ that were carefully aligned to be highly circular and placed so that its
axis is in the plane of the grating surface. The 6◦ segment is placed on the side of the colli-
mator because modeling showed this results in fewer spectrograph configurations in which
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Table 3 Blocking pre-filters provided with the ViSP instrument to address blue and red leaks of various
order-sorting filters (see Table 4).

AVR Catalog # Quantity Mitigation

AVR-0265939 568 nm EdgeBasic LWP 1 blue leak of FF01-775/46 below 550 nm

AVR-0265940 532 nm EdgeBasic SWP 1 red leak of FF01-406/15 above 550 nm

AVR-0265941 785 nm EdgeBasic SWP 3 red leak of various filters

an arm spans the two rail segments. The camera arms can move over a range of arm angles δ

from −3.3◦ to −35.3◦ with a minimum separation of 3.55◦ and 4.35◦ between Arms 1 and
2, and Arms 2 and 3, respectively.

4.2.4. Order-Sorting Filters

Because ViSP relies on the use of a diffraction grating working in multiple orders (see
Section 4.2.1), each spectral channel must be equipped with an order-sorting filter to prevent
order overlap. If a spectral channel is configured to observe a wavelength λ in order m, the
overlap of diffraction orders would cause the two “conjugate” wavelengths λ±,

λ± = m

m ± 1
λ, (7)

to be imaged at the same location. In practice, we must ensure that the half-bandwidth of
the filter used for observing at wavelength λ, within which the transmission stays above the
maximum acceptable threshold for order suppression, e.g. 0.1%, is smaller than

|λ − λ+| = λ

m + 1
. (8)

The ViSP wavelength range can, in principle, be covered with a set of 18 custom interfer-
ence filters with a typical five-cavity design. However, many COTS filters are available, and
a set of 21 filters was selected from the AVR-Semrock catalog. Some of these filters have
blue or red “leaks” that fall within the spectral range of sensitivity of the Andor Zyla 5.5
detectors and must therefore be used in conjunction with pre-filters that block those leaks.
The list of pre-filters and order-sorting filters available at the time of writing are given in
Tables 3 and 4.

The filters have a clear aperture of 31.5 × 63 mm2. The vertical size of the filters is
large enough to capture the full 2-arcmin height of the FOV in anticipation of a possible
future upgrade to a camera with 4k × 4k pixels. For the same reason, the filters are sized
horizontally to capture a spectral range around the observed wavelength wide enough to fill
a detector with 2k spectral pixels per beam (i.e. about 4k spectral pixels total).

4.2.5. Polarization Analyzer

The polarizing beam splitter (PBS) and the polarization modulator (not part of the ViSP de-
sign effort; see Harrington et al., 2020) are the optical elements that make ViSP a polarime-
ter. The purpose of the PBS is to analyze the polarization properties of the solar spectrum
observed with ViSP. A discussion on polarimetry and polarization measurement techniques
is out of scope for this article. We refer the reader to del Toro Iniesta (2003) and Tinbergen
(2005) for excellent reference works on the subject of polarimetry.
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Table 4 Order-sorting filters.
The catalog number includes a
product code followed by the
nominal central wavelength and
bandpass.

AVR Catalog # Quantity Notes

AVR-026542 380/14 BP 1 needs 785 SWP

AVR-026543 392/18 BP 2 needs 785 SWP

AVR-026544 406/15 BP 1 needs 532 SWP

AVR-026545 420/10 BP 1

AVR-026546 433/24 BP 1

AVR-026547 448/20 BP 1 needs 785 SWP

AVR-026548 460/14 BP 1 needs 785 SWP

AVR-026549 482/25 BP 1 needs 785 SWP

AVR-026551 500/24 BP 1 needs 785 SWP

AVR-026552 520/15 BP 1 needs 785 SWP

AVR-026553 539/30 BP 1

AVR-026554 565/24 BP 1 needs 785 SWP

AVR-026555 593/46 BP 1 needs 785 SWP

AVR-026556 623/32 BP 2

AVR-026557 655/40 BP 1 needs 785 SWP

AVR-026558 697/58 BP 1 needs 785 SWP

AVR-026559 732/68 BP 1

AVR-026560 775/46 BP 1 needs 568 LWP

AVR-026561 819/44 BP 1

AVR-026562 857/30 BP 2

AVR-026563 889/42 BP 1

ViSP is a traditional dual-beam polarimeter using a temporal-modulation scheme. This is
a common design in which fluctuations of the intensity signal as a result of spurious sources
(e.g. atmospheric seeing) are encoded identically in the two orthogonally polarized beams
(apart from a possible scaling factor between the two beams). Therefore, they can be elimi-
nated from the polarization measurement via beam subtraction. In practice, the PBS will not
produce exactly orthogonal polarization states in the two beams, but this only impacts the
overall polarization efficiency of the instrument and does not impair the ability to perform
dual-beam polarimetry (see del Toro Iniesta and Collados, 2000, for the definition of polar-
ization efficiency). A PBS with a 20:1 contrast for both transmitted and reflected beams has
an acceptable analyzer efficiency of � 90%.

The PBS is located close to the camera detector. Any other location of the PBS along the
spectrograph’s optical path would have implied a significant increase in the size of optics
and/or in the PBS itself. We note that every arm must be capable of observing any wave-
length in the ViSP spectral range in order to satisfy the requirement of spectral versatility.
Consequently, the PBS was replicated identically for each arm. Like the order-sorting filters,
the PBS is sized to accept the full 2 arcmin height of the ViSP FOV. The PBS is oriented to
split the beam in the spectral direction in order to maximize the spatial extent of the FOV on
the camera. After splitting, the beams are recombined to be imaged side-by-side on a single
detector. Figure 5 shows a schematic view of the beam-splitter system.

The range of incidence angles in the spectral dimension at the entrance of the PBS is quite
large because of the relatively low f/# of about 8 for the camera lenses, which presents a
challenge for the design of a dielectric coating with a contrast better than 20:1 over the en-
tire ViSP spectral range. It is the largest for Arm 1 and amounts to a required total angular
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Figure 5 Optical layout of the aft
optics assembly. The assembly
consists of, from bottom-left to
top-right, the blocking pre-filter,
the order-sorting filter, the beam
splitter and relay optics assembly,
the beam combiner mirrors and
wedge, the camera entrance
window, and detector plane.

acceptance range of approximately ±3.8◦, which is too large even when using a high-index
glass for the PBS cube. The possibility of adopting a cube PBS utilizing a wire-grid polar-
izer at the hypotenuse was considered but discarded because of the large wavefront error
that these devices typically have in the reflected beam. Therefore, a system of relay optics
was added around the PBS with the purpose of slowing down the beam inside the PBS.
These relay lenses were optimized simultaneously with the camera lenses (Section 4.2.3)
for image quality and low angle-of-incidence on the beamsplitter hypotenuse while con-
straining overall spectrograph magnification for each channel. Singlet plano-concave and
plano-convex lenses at the PBS entrance and exit faces, respectively, reduce the required
angular acceptance range of the PBS to approximately ±2.9◦.

The PBS and the relay optics are fabricated from Ohara S-LAH65V, a lanthanum glass
selected for its high index of 1.8 and good transmission down to 380 nm. The relay optics
are bonded to the PBS. The contrast ratio is above 20:1 at all wavelengths for the transmitted
beam. The reflected beam has higher contrast (around 160:1) over most of the wavelength
range, but the contrast drops to about 20:1 below about 400 nm. The PBS contrast drops
quickly at wavelengths above the ViSP spectral range. This limits the instrument to wave-
lengths below 900 nm at least for polarimetry, although the instrument optical performance
is good up to the IR cutoff wavelength of the silicon detector.

Two reflections off flat surfaces are used to recombine the beams on the detector (see
Figure 5). The first reflection is at 45◦ and uses a COTS mirror. The second reflection is on a
custom wedge-shaped substrate at a shallow angle of 67.5◦. The coating on this substrate is
optimized for reflection at this angle over the ViSP wavelength range. The spectra from the
two beams mirror each other in the spectral direction, with the longer wavelength towards
the center of the detector. The beam-combiner wedge is designed to lie as close as possible
to the entrance window of the camera by protruding into its aperture. This allows us to
maximize the spectral bandwidth by minimizing the “blind” zone between the beams in
front of the wedge of the beam combiner.

5. Modes of Operation

The ViSP instrument has two modes of operations: polarimetric and intensity. We discuss
the differences between these modes below. Both modes of operation support rastering a
region of the FOV by moving the slit as well as sit-and-stare operation, in which case the
slit is stationary and spatial information is only recorded along the slit.

5.1. Polarimetric Mode

The polarimetric mode is the standard mode of operation for ViSP. It uses a highly effi-
cient polychromatic modulator (Tomczyk et al., 2010) that was designed specifically for
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the ViSP spectral range to encode the Stokes signals from the observed region into tempo-
rally modulated intensity-signal sequences (Harrington et al., 2020). Dual-beam polarization
analysis results in two intensity-signal sequences that contain nearly orthogonal polarization
information that are acquired simultaneously on a single detector. The modulated intensity
signals are then demodulated into Stokes vectors, which must subsequently be combined in
order to create an image of Stokes vectors with spectral information in one dimension and
spatial information in the other. The modulator spins continuously, and the slit is stepped
across the FOV to acquire modulation sequences during a polarimetric observation, thus
building up a map of a region. The slit remains stationary between steps until the full mod-
ulation sequence with the desired total integration time has been completed. The typical
number of modulation states per modulation cycle (corresponding to a half rotation of the
modulator) is ten, although configurations with as few as five states are possible, at the cost
of reduced polarization efficiency. Typical integration times for the polarimetric mode may
range from about one second for on-disk targets and highly efficient spectrograph configu-
rations to up to one minute for dimmer targets off the limb, such as quiescent prominences.
Many modulation cycles are co-added during an integration. A lower limit to the integration
time is imposed by the time for the modulator to complete a half rotation. The maximum
rotation rate of the ViSP modulator is 5 Hz (300 rpm), giving a theoretical minimum inte-
gration time of 0.1 second. This can be used to perform fast time series of a region but with
a correspondingly low signal-to-noise ratio (SNR), e.g. for investigations of wave phenom-
ena. However, the duty cycle of such fast polarimetric operations is low (< 30%) except in
a sit-and-stare observation where the slit is stationary, because of the 0.2 seconds necessary
to step the slit and settle to a new position, and the polarization efficiency suffers from the
small number of states that sample the continuously spinning modulator.

5.2. Intensity Mode

The intensity mode differs from the polarimetric mode in that the slit is scanned at a constant
rate of speed across the FOV, rather than being stepped from one position to another. Po-
larization measurements are not feasible in this mode because the modulation states would
correspond to different areas of the solar image and hence produce an inconsistent data set.
Therefore, in this mode, the modulator is stopped. An intensity-only measurement that is, to
first order, not contaminated with polarization is recovered by summing the two oppositely
polarized beams.

The continuous motion of the slit implies that there is some smearing of the image during
the exposure in the direction perpendicular to the slit, but this effect is small if the scan rate
does not exceed the width of the slit times the exposure time. The benefit of this mode is
that it permits very fast rastering of the FOV. For example, a typical scan speed would be
around 1.5 arcsec s−1 when using the 650 nm slit, so that the entire FOV of 2 arcmin can
be rastered in about 80 seconds. Higher scan speeds are possible at the expense of spatial
resolution. A wider slit can also be used, which results in a reduction of both spatial and
spectral resolution. However, a wider slit may also require a camera duty cycle smaller than
unity, thus reducing the amount of image smearing.

A sequence of maps can be acquired quickly, enabling studies of dynamic events and
waves that require high-cadence time-series observations. Some time is lost while the slit
returns back to the start of the map, and ViSP prepares to start the next map. For instance,
using the above example of a full FOV raster, the map cadence will be about 100 seconds.
The power of the intensity mode is evident if we compare this to polarimetric mode: a similar
2 arcmin map at the fastest possible rate in polarimetric mode would result in a map cadence
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of nearly 15 minutes, and with more typical integration times of several seconds such a map
would take two hours.

6. Software

6.1. Instrument Control Software

The ViSP Instrument Control System (ICS) follows the DKIST software architecture and
integrates tightly into the observatory. It uses the DKIST Common Services Framework
(CSF: Hubbard, Goodrich, and Wampler, 2010) that is intended to provide easy integration
into the facility. The CSF is used in most major DKIST software systems and was developed
to have a common software infrastructure throughout the facility in order to reduce software-
development effort and maintenance. The ICS can be used to operate ViSP stand-alone,
but, as with all facility instruments, the instrument-control GUI is also imported into the
Observatory Control System (Johansson and Goodrich, 2012), allowing a telescope operator
to control ViSP and other instruments through a single interface (Tritschler et al., 2016).

The ViSP ICS can be used by the operator to move mechanisms while showing positions
in real time. It also provides control of rack-mounted power-distribution units that can be
used to switch power to power supplies, computers, and other components in the electronics
racks.

The three ViSP cameras and the polarization modulator are provided by DKIST and
commanded by the ViSP ICs but controlled through the Camera System Software (CSS)
and the Polarization Modulator Controller (PMC). The CSS and PMC provide common
interfaces to DKIST cameras and polarization modulators and, like the CSF, are intended to
simplify software-development efforts and maintenance. The strict synchronization between
slit motion, modulator rotation, and camera exposures that is required for ViSP operation is
handled by the facility time reference and distribution system (Ferayorni et al., 2014).

6.2. Detailed Display and Ancillary Processing Plugins

ViSP provides Detailed Display plugins for the operator to assess data quality. For
polarimetric-mode science data, the plugin can show the modulation states, demodulated
data, or maps of Stokes-vector components at a specified wavelength pixel that are built up
in real time. In intensity mode, the plugin shows a map of intensity at a specified wavelength
pixel.

Ancillary processing plugins are provided to analyze data from focus and alignment cal-
ibration tasks in real time. The focus plugin determines the best focus position using the
Sobel operator to find the camera position at which the image has the highest gradients. The
alignment calibration consists of two parts. One plugin finds the telescope boresight by cal-
culating the center-of-mass of a pinhole inserted at the Gregorian Optical Station (GOS) at
the secondary Gregorian focus of the telescope (Rimmele et al., 2020). Another plugin ana-
lyzes observations of a line-grid target at the GOS using Hough transforms (Duda and Hart,
1972) to find camera orientation with respect to the direction of dispersion and the spatial
scale of the image at the slit and the detector. The output from the two alignment-calibration
plugins is used to calculate FITS World Coordinate System metadata that describe the phys-
ical coordinates of the image pixels (Greisen and Calabretta, 2002; Greisen et al., 2006).
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Figure 6 The ViSP IPC GUI interface. At the top, the grating, slit, and map parameters can be set, and
calculated values such as map duration, cadence, and data volume are shown. Parameters and calculated
performance figures are displayed for the three arms below. In this example, a configuration was optimized
with the ICO to observe the Fe I lines around 630.2 nm and the Ca II lines at 396.8 and 854.2 nm. The
optimizer found a solution with the Fe I lines in Arm 1 and the Ca II lines in Arms 2 and 3. A user can
interactively change parameters and immediately see the result on the instrument performance.

6.3. Instrument Performance Calculator

The ViSP Instrument Performance Calculator (IPC) is a sophisticated tool to explore the
performance of ViSP configurations. It is intended to enable a user to test the ability of ViSP
to address a desired science case. The IPC calculates the expected SNR of the continuum,
spatial resolution and field of view, spectral resolution and bandwidth, map size and dura-
tion, and data rate and volume for a given configuration of the instrument. It also shows a
spectrum and the SNR as a function of wavelength based on the spectral atlas of Neckel
and Labs (1984). The IPC uses data for the solar radiation flux at the top of Haleakalā and
a model of the DKIST and ViSP optical throughput based on measurements of reflectivity
and transmission of optics where possible.

The IPC was implemented in the Interactive Data Language® with a graphical user in-
terface shown in Figure 6. The interface allows the user full control over the spectrograph
configuration. It consequently takes a large number of inputs: the desired mode of operation
(see Section 5), the slit width, the grating (currently only the 316/63 grating is available), the
grating tilt angle α (see Figure 2), mapping parameters (step size and positions for polari-



22 Page 20 of 30 A.G. de Wijn et al.

metric mode, and velocity and scan range for intensity mode), map repeats, solar μ-angle,
exposure parameters (integration time and modulation states for polarimetric mode, and
frame rate for intensity mode), and for each camera the arm position angle δ, diffraction or-
der, binning, and region-of-interest parameters. It is also possible to override the automatic
selection of the order-sorting filter and the choice of using a calculation under the assump-
tion of coherent and incoherent illumination of the slit aperture. Instrument configurations
generated by the IPC can be saved to file, and instrument programs can be exported that can
subsequently be loaded by the ICS to reduce the risk of mistakes in instrument setup.

Because of ViSP’s ability to tune continuously over the visible solar spectrum in each
of its spectral channels, determining the most efficient configuration of the spectrograph for
a desired set of wavelength regions requires optimization of the spectrograph performance
over a large parameter space, consisting of the grating angle, the diffraction order for each
of the specified wavelengths, the angular position of each spectral channel, and the selec-
tion of up to three desired wavelengths. The ViSP IPC is paired with a ViSP Instrument
Configuration Optimizer (ICO) that searches that parameter space for possible spectrograph
configurations for a list of lines provided by the user.

The expected performance of ViSP was analyzed using both detailed numerical modeling
(e.g. using the Zemax® optical-design package) and general analytic models of the instru-
ment design. While the numerical modeling was critical to optimize ViSP to its final optical
prescription, the general concept for the instrument was originally tested mostly with the aid
of analytic models. The ICO is based on the analytic model of the diffraction properties of
ViSP (Casini and de Wijn, 2014), which can predict the throughput of the instrument and
its spectral and spatial resolving power for arbitrary configurations of the spectrograph us-
ing different slit apertures, grating angles, and angular positions of the camera arms, under
both conditions of coherent and incoherent illumination of the slit aperture. The optimization
merit function maximizes the spectrograph efficiency at the desired wavelengths constrained
by the ViSP design to only allow configurations that do not lead to mechanical interference
among the spectral channels. The optimizer reads in and interpolates over a database of mod-
eled polarized efficiencies, which reproduce laboratory measurements (Casini et al., 2018)
with sufficient precision for planning observations and instrument setups. The output of the
ICO can be conveniently imported into the IPC for further analysis.

7. Example Data

ViSP acquired on-Sun observations several times during its installation. Here, we show
some of the data from the Science Verification (SV) campaign from 8 May 2021, of NOAA
AR 12822. For SV, ViSP was set up to observe a band around the well-known Fe I lines at
630.2 nm in Arm 1, the Ca II H line at 396.8 nm in Arm 2, and the Ca II line at 854.2 nm.
The configuration is shown in the screenshot of the IPC in Figure 6. Both data in polari-
metric mode and intensity mode were acquired with the DKIST Wavefront Correction Sys-
tem locked most of the time for high-order correction under reasonable seeing conditions.
These data were processed with the ViSP data calibration pipeline implemented to run in
the DKIST Data Center.

Figure 7 shows an example of ViSP Stokes-I Level-1 data. The full field of view of cam-
era Arm 1 is shown, with prominent lines identified using the lists of Moore, Minnaert, and
Houtgast (1966) and Kurucz and Bell (1995). The 1.28-nm wide range covers several telluric
O2 lines that can be used for accurate wavelength referencing, a few photospheric Zeeman-
sensitive Fe I lines including the widely used pair at 630.2 nm, temperature-sensitive Ti I
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Figure 7 Example Level-1 data from the ViSP Science Verification campaign, showing Stokes-I over the
full spectral bandwidth camera Arm 1, with prominent lines identified. The image is scaled by the square of
the value to enhance contrast.

lines, and the forbidden [O I] line that has been used for oxygen abundance studies (see, e.g.,
Asplund, Amarsi, and Grevesse, 2021). Figure 8 shows the four Stokes parameters from the
same data in a wavelength band covering just the Fe I lines around 630.2 nm. These data
have been corrected for dark current and gain, polarimetrically demodulated and calibrated,
have been corrected for spectral skew and curvature, and have the two polarization beams
combined. The FOV contained regions of relatively quiet Sun and a sunspot. The ViSP slit
can be oriented in any direction on the Sun by setting the angle of the coudé lab. In the SV
campaign, the lab was oriented to place the slit along the solar E–W direction.

Figure 9 shows Stokes spectra from these data at the positions indicated by the arrow-
heads on the right axes in Figure 8. In the quiet region, Q and U are dominated by noise,
while V shows a very weak signal. In the sunspot, we observe the expected broadening and
separation of the line profiles into separate components in I , and strong polarization signals
are present in Q, U , and V . These data reached a continuum intensity noise level of about
0.8 × 10−3 Ic with an integration time of 1.5 seconds, but it required 7.5 seconds to acquire.
The low camera duty cycle is the result of the combined effect of the short exposure time
required to avoid saturation and the limitations on the frame rate imposed by the camera
hardware.

The data shown in Figure 8 were taken from a scan of 300 steps that covered about
12.3 arcsec on the Sun, using the slit with a width of 0.041 arcsec and a matching slit-step
distance. Polarization and field azimuth maps of this region following the technique of Lites
et al. (2008) are shown in Figure 10.

The same region was also observed in intensity mode, using the same slit as for the po-
larimetric case. A series of 37 maps with a larger width of 26 arcsec was acquired with a
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Figure 8 The same example Level-1 data as in Figure 7, but now showing all Stokes parameters in a spectral
region around the Fe I lines at 630.2 nm. From left to right: Stokes I , Q/I , U/I , and V/I . The Stokes-I image
is scaled by the square of the value to enhance contrast. The polarization images are scaled symmetrically
around zero and saturated at an amplitude of 20%. Arrows indicate the locations of the Stokes profiles shown
in Figure 9.

Figure 9 Two examples of full Stokes profiles around the Fe I 630.2 nm pair taken in the sunspot (left,
Arrow 1 in Figure 8) and in a relatively quiet area (right, Arrow 2 in Figure 8).
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Figure 10 Maps of the total polarization Ptot, net linear polarization Qtot, and preferred azimuth angle φr

from the ViSP Science Verification campaign of NOAA AR 12822, derived from the Fe I lines at 630.2 nm
observed with camera Arm 1. Arrows indicate the location of the Level-1 data shown in Figure 8.

cadence of 34 seconds. Figure 11 shows sample monochromatic intensity maps from those
data in the line cores and nearby continuum of the Fe I 630.25 nm, Ca II 396.8 nm, and
Ca II 854.2 nm lines. The continuum images show the photosphere with a sunspot umbra
and penumbra, and granulation, as expected. The Ca II 396.8 nm line is very wide, and
there is no clean continuum in the 0.77-nm passband (see the atlas spectrum shown in Fig-
ure 6). The map instead shows the wing of the line where magnetic regions appear with
enhanced contrast (Sheminova, Rutten, and Rouppe van der Voort, 2005). The Fe I line-core
map samples the high photosphere and shows reversed granulation (de Wijn, 2012; Beck,
Rezaei, and Puschmann, 2013). The two Ca II line-core maps show the chromosphere with
its characteristic filamentary structure (see, e.g., Reardon, Uitenbroek, and Cauzzi, 2009).

8. Potential Upgrades

The implementation of the ViSP design is inevitably affected by various instrumental effects
introduced by departures of several instrument components from their ideal behavior. This is
particularly important with regard to the polarimetric performance of the instrument because
of the dominant role of polarization science at the DKIST. Other impacts on instrument
performance may come from design descopes that were required to address cost, schedule,
or fabrication risks. Below, we discuss several potential upgrades in no particular order that
would improve the performance and/or capabilities of ViSP.

8.1. Grating Polarization

As shown in Section 4.2.1, low-order gratings such as the one adopted for ViSP may intro-
duce significant levels of polarization when λ becomes comparable with the grating period
d (say, for λ � 0.1d). The fact that the grating may partially act as a polarization analyzer,
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Figure 11 Intensity maps from the ViSP Science Verification campaign of NOAA AR 12822, in the cores
(left) and the neighboring continuum or far wing (right) of the Fe I 630.25 nm (top), Ca II 396.8 nm (center),
and Ca II 854.2 nm (bottom) lines, observed with camera arms 1, 2, and 3, respectively. The Ca II 396.8 nm
and Ca II 854.2 nm line-core images show the square root of the intensity to enhance contrast in the dark
regions. The slit was scanned in the solar N–S direction. We note the different spatial FOV captured by
the three arms because of the different spectrograph magnifications in each arm, but the constant hairline
separation of 45.2 arcsec. The images are scaled by the square of the value to enhance contrast.

before the light reaches the PBS in front of the ViSP detector, poses a risk for the polari-
metric performance of the instrument since it introduces a beam imbalance that reduces the
efficiency of dual-beam polarimetry.

In order to see this, we can simply model the grating as a partial polarizer with contrast
0 ≤ p ≤ 1, such that the grating is perfectly non-polarizing for p = 0, and a perfect Q-
polarizer for p = 1. If S = (I,Q,U,V ) is the Stokes vector of the incident beam on the
grating, and any instrumental polarization beyond the grating can be neglected, the two
beams reaching the detector will have intensities

S± = 1

2
(1 ± p)(I + Q).

Thus, even in the absence of Q polarization in the incoming Stokes vector, large values of p

can have a significant impact on the intensity balance between the two beams at the detector.
In some cases, where high polarimetric sensitivity and temporal resolution are required, it
may become critical to reduce the impact of grating polarization.

Grating polarization is mainly caused by a dephasing of the efficiency curve of the Trans-
verse Magnetic (TM) polarization component (perpendicular to the groove direction) of
the diffracted light with respect to the Transverse Electric (TE) component (parallel to the
groove direction). In order to describe and quantify these effects, one must employ a vec-
tor model of grating diffraction (e.g. Li et al., 1999). Figure 3 shows an example of such a
model output, predicting the presence of spectral regions and diffraction orders with strong
polarization.
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Strategies to mitigate grating polarization exist, and one that involves a special coat-
ing technique of the grating surface (“shadow cast” coating: Keller and Meltzer, 1966) has
proven to be successful on small samples measured in the laboratory (Casini et al., 2018).
This type of special coating is being considered for a possible future upgrade of the ViSP
grating.

An alternative approach to mitigating the effects of grating polarization is to circumvent
the partial Q-analysis performed by the grating by transforming the incoming Stokes vector.
A simplistic solution is to introduce two quarter-wave retarders at 45◦ before and after the
grating. The two beams at the detector will then have intensities

S± = 1

2

(
I − pV ∓

√
1 − p2 Q

)
,

and thus the two beams are perfectly balanced in the absence of Q polarization as desired.
A more general approach that eliminates the need for super-achromatic λ/4 retarders is to
optimize two stacks of retarders, one of which rotates Q into some combination of U and
V prior to the grating, while the other rotates it back to Q after, over the desired wavelength
range (Harrington, 2021).

8.2. Filter Jukebox

The original design of ViSP included an automated mechanism (a “jukebox”) for the selec-
tion of the order-sorting filters. Because all three spectral channels have the ability to tune
anywhere within the full spectral range of the instrument, this automated approach to filter
selection implied the need to have three identical sets of filters. Because of cost and fabrica-
tion risks, the filter jukebox feature was descoped, and only one full set of COTS filters was
acquired.

This has an impact on the use of ViSP to observe spectrally close diagnostics that cannot
be captured within the typical bandwidth of a single channel (e.g. the simultaneous observa-
tions of the Ca II lines at 849.8 and 854.2 nm). In the as-built ViSP, an operator must enter
the coudé lab to manually change filters for a change in the ViSP configuration, which lim-
its the ability of the instrument to be rapidly reconfigured for targets of opportunity such as
flares or to execute multiple observing programs with different selections of lines in quick
succession.

Some of the COTS filters used have either blue or red leaks that need to be blocked
to prevent signal contamination (see Section 4.2.4). This has required the addition of edge
blocking filters to be used in combination with the “leaky” bandpass filters. A future imple-
mentation of the filter-jukebox mechanism would therefore require the procurement of three
full sets of custom bandpass filters that do not have leaks in the sensitivity range of the ViSP
cameras.

We note that three spare filters corresponding to the Science Verification configuration
were acquired late in the project, making the above example case of observing two of the
Ca II IR-triplet lines possible (see Table 4).

8.3. Cameras

The Andor Zyla 5.5 camera used in ViSP was relatively new at the time that the ViSP design
was developed, but more powerful cameras have become commonly available. The ViSP
design could not be adapted to use the Andor Balor camera that is used by other DKIST
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instruments because its larger pixel size presented too much cost and schedule risk (see Sec-
tion 4.2.3). However, science-grade cameras with 4k × 4k pixels with a size of about 6.5 µm
are now available. Such a camera could replace the Andor Zyla 5.5 without the need to re-
place optics (except for the beam-combiner wedge), and if the camera form factor is similar
would require limited mechanical redesign work. Modern cameras are also capable of run-
ning at higher frame rates, which has the benefit of reducing polarimetric crosstalk (Casini,
de Wijn, and Judge, 2012), and would also improve the SNR in spectrograph configurations
where a duty cycle less than 100% must be used to avoid saturation.

9. Conclusions

ViSP is one of the four spectro-polarimeters available to the DKIST users, and it is currently
the only wavelength-versatile instrument capable of tuning on any spectral region of the
visible and very-near IR spectrum of the Sun (380 to 900 nm).

Its three spectral channels with automated positioning, a broad-dispersion diffraction
grating, and a practically fringe-free polychromatic modulator enable users of ViSP to ac-
cess a virtually infinite number of combinations of spectral lines for the magnetic and plasma
diagnostics of the solar atmosphere. Thanks to its high throughput, ViSP can deliver a po-
larimetric SNR of 1000 with integration times less than five seconds for on-disk targets
around the peak of the quantum-efficiency curve of the Andor Zyla detectors, at the maxi-
mum spatial resolution of 0.028 arcsec accessible with the narrowest slit. The library of five
slit apertures allows the instrument to be optimally adapted to the science case at hand, also
granting access to dim targets such as prominences and coronal loops.

ViSP has concluded its integration, testing, and commissioning phase with the Science
Verification campaign of May 2021, and it is ready to begin science observations for the first
year of commissioning of the DKIST facility that started in November 2021.
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