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Abstract
Our knowledge about the solar chromosphere and transition region (TR) has 
increased in the last decade thanks to the huge scientific return of space-borne 
observatories like SDO, IRIS, and Hinode, and suborbital rocket experiments like 
CLASP1, CLASP2, and Hi-C. However, the magnetic nature of those solar regions 
remain barely explored. The chromosphere and TR of the Sun harbor weak fields 
and are in a low ionization stage both having critical effects on their thermody-
namic behavior. Relatively cold gas structures, such as spicules and prominences, 
are located in these two regions and display a dynamic evolution in high-resolution 
observations that static and instantaneous 3D-magnetohydrodynamic (MHD) mod-
els are not able to reproduce. The role of the chromosphere and TR as the necessary 
path to a (largely unexplained) very hot corona calls for the generation of observa-
tionally based, time-dependent models of these two layers that include essential, up 
to now disregarded, ingredients in the modeling such as the vector magnetic field. 
We believe that the community is convinced that the origin of both the heat and 
kinetic energy observed in the upper layers of the solar atmosphere is of magnetic 
origin, but reliable magnetic field measurements are missing. The access to sensi-
tive polarimetric measurements in the ultraviolet wavelengths has been elusive until 
recently due to limitations in the available technology. We propose a low-risk and 
high-Technology Readiness Level (TRL) mission to explore the magnetism and 
dynamics of the solar chromosphere and TR. The mission baseline is a low-Earth, 
Sun-synchronous orbit at an altitude between 600 and 800 km. The proposed scien-
tific payload consists of a 30 cm aperture telescope with a spectropolarimeter cov-
ering the hydrogen Ly-alpha and the Mg II  h&k ultraviolet lines. The instrument 
shall record high-cadence, full spectropolarimetric observations of the solar upper 
atmosphere. Besides the answers to a fundamental solar problem the mission has 
a broader scientific return. For example, the time-dependent modeling of the chro-
mospheres of stars harboring exoplanets is fundamental for estimating the planetary 
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radiation environment. The mission is based on technologies that are mature enough 
for space and will provide scientific measurements that are not available by other 
means.

Keywords Solar physics · Polarimetry · Magnetic fields · Instrumentation

1 Introduction

Building fully consistent chromospheric and Transition-Region (TR) time-depend-
ent models, including information about the magnetic field configuration and the 
plasma dynamics, is critical for a thorough understanding of the outermost layers 
of the Sun and for gaining new physical insights about the energy balance between 
these layers and the photosphere and corona. The solar chromosphere and TR are 
extremely dynamic and harbor a large variety of physical phenomena such as waves 
and jets [6, 17, 31]. All these events take place exactly in the region where the 
plasma goes from being fully governed by the gas pressure ( 𝛽 > 1 ) to being domi-
nated by magnetic fields ( 𝛽 < 1)1 and whose physical conditions are better seen in 
the ultraviolet (UV), which cannot be observed from the ground. Moreover, non-
local and non-thermal equilibrium effects dominate the formation of atomic line 
transitions, which make it difficult to interpret the observed signals that require com-
plex radiative transfer calculations assisted by sophisticated simulations.

Modelers have first attempted to simulate the upper solar atmosphere with one-
dimensional models, which included many but not all the physical ingredients. 
Later, sophisticated MHD simulations [26] were used as a test bench for understand-
ing solar observations. However, such analyses are strongly limited because current 
observations have not yet provided enough constraints about how the magnetic field 
is organized in the upper layers. Zeeman based measurements in the chromosphere 
are of limited utility because the fields are usually weak and the Doppler broaden-
ing is large enough to hinder Zeeman diagnostics. Moreover, although non-thermal 
equilibrium effects are partly taken into account in the modeling [11], current obser-
vations have not yielded any boundary conditions to those dynamic phenomena 
associated with the different ionization and recombination times. Non-thermal equi-
librium effects can be a key ingredient to explain the source of non-radiative heating 
of the upper solar atmosphere in a layer fully dominated by dynamics and magnetic 
fields. These effects, however, are usually disregarded from the observational point 
of view.

Conversely, dissipation of magnetic fields may be the primary heat source 
in the chromosphere and TR. Current sheets can naturally be generated in the 
solar atmosphere simply by the continuous evolution of the magnetic field 
topology. Those regions are where dissipation of the magnetic field occurs in 
a natural way through reconnection. Proving the validity of such hypotheses is 

1 � is the ratio of gas pressure to magnetic pressure.
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a fundamental issue for solar and stellar physics. Indeed, the release of energy 
in the chromosphere and TR impacts local UV irradiance measurements (usu-
ally up to 400  nm) whose time variations are considerably larger than those 
corresponding to the total solar irradiance. Irradiance variations are associated 
with the solar activity cycle and have a profound effect on Earth’s atmosphere. 
Hence, for the reasons above, it is time for exploring in depth the thermody-
namic and magnetic properties of the solar plasma through high spatial and 
spectral resolution spectropolarimetric observations in the UV spectral region, 
in parallel with other current space missions such as IRIS, but adding full 
polarization measurements as done by the successful CLASP1 and CLASP2 
sub-orbital rocket experiments.

The optimum spectral lines that are useful for diagnosing the solar chromosphere 
and TR are the Mg II h&k lines at 280.270 nm and 279.553 nm and the hydrogen 
Ly-alpha line at 121.567 nm, all of them in the UV region of the spectrum. There 
are a number of reasons why these three spectral lines are perfect candidates for 
exploring the dynamics and magnetism of the chromosphere and TR using a space-
borne observatory:

– These lines, when observed on the solar disc, usually show broad photospheric 
absorption wings and core emission peaks which provide fundamental ingredi-
ents for diagnosing the thermal and density structure of the solar atmosphere, 
from the photosphere (seen in, e.g., the Mg  II  k wings) through the chromo-
sphere and to the TR (Ly-alpha core). Particularly, the Mg II h&k lines are per-
haps the only available spectral lines to get information about the region between 
the upper chromosphere and the TR.

– They are useful for the observation of off-the-limb solar structures, such as prom-
inences, spicules, coronal loops, or polar plumes. Remarkably, the Ly-alpha line 
is optically thin in the solar corona and the strongest emission line there, which 
makes it especially suitable for coronal magnetic field measurements [33].

– The Mg II h&k and Ly-alpha lines are located below the UV-Earth atmosphere 
cut, so that they are only accessible from space. The Ca  II H&K UV lines are 
still accessible from the ground and therefore they remain as an add-on to the 
mission.

– It is now possible to get information about the magnetic field using these lines 
because they are sensitive to the presence of atomic level polarization and to the 
joint action of the Hanle and Zeeman effects, what make them especially suit-
able for the determination of the magnetic configuration in many chromospheric 
and TR solar structures (see [56] for a review on the diagnostic potential of UV 
spectropolarimetry). The Hanle effect in TR lines is sensitive to relatively strong 
fields, going from 10 Gauss to 100 Gauss in the case of the Ly-alpha line [57]. 
This spectral line generates measurable scattering polarization signals, both at 
its core [53, 57] and in their wings [4]. In contrast, the Hanle sensitivity of the 
Mg II k line is between 10 Gauss and 50 Gauss. These lines produce clear cir-
cular polarization signals (above 1%) for longitudinal fields of about 50 G [7]. 
Moreover, the Mg II h&k and the hydrogen Ly-alpha wings show sensitivity to 
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magnetic fields through the magneto-optical terms of the Stokes-vector transfer 
equation that couple Stokes Q and U [1–4, 20, 29].

– This spectral region allows a continuous monitorization of the chromosphere and 
TR UV irradiance and of energetic phenomena contributing to it, such as mag-
netic reconnection. Hence, these lines are perfect candidates for tracing recon-
nection events in the chromosphere and TR.

There are other spectral lines which could also be used for diagnosing the chro-
mosphere and some plasma structures like spicules. These are, for instance, the 
Ca II infrared triplet and the He  I  1083  nm and D3 multiplet lines. Both are 
accessible from the ground and require telescope diameters above one meter 
to reach 0.3′′ spatial resolution. The Sunrise III balloon-borne mission (pro-
grammed for summer 2022) will observe the Ca II infrared triplet lines from 
an altitude of about 40 km. The Mg II h&k resonance lines have higher opac-
ity and larger sensitivity to temperature than the subordinate lines of the 
Ca  II  IR triplet [32]. Moreover, the core of the Mg II lines form much closer 
to the TR where the most dramatic physical events take place. Regarding the 
He I 1083 nm and D3 multiplet lines, it is believed that these are the only ones 
that can be used for reliable magnetic field measurements in the chromosphere. 
However, typically these lines are optically thin and barely seen on the quiet 
solar granulation, except in prominences, active regions, and spicules. Moreo-
ver, they are very sensitive to coronal UV irradiation which makes them useless 
for temperature diagnostics. The Daniel K. Inouye Solar Telescope (DKIST) 
with its 4-meter aperture, will take measurements from almost the whole spec-
trum except in the ultraviolet [23]. DKIST lacks the continuous monitoring and 
stability of space observations and its diagnostic potential weakness is actually 
the lack of TR region measurements in the UV. This is also the situation for 
any other ground-based solar observatory. Hence, it is fundamental to coordi-
nate space-borne UV measurements with groundbreaking instruments of other 
observatories and to search for opportunities for multi-wavelength observa-
tions. This will significantly increase the science return.

In space, several missions have had access to the solar UV part of the spec-
trum. The Solar Dynamic Observatory (SDO) and STEREO missions are pro-
viding invaluable information about the evolution of the solar corona with 
narrow-band filter measurements in the 100-300 Angstroms range. These meas-
urements reached one arcsecond resolution and are fundamental for under-
standing the solar corona global and local dynamics and cycle but lack spectral 
or polarimetric diagnostics. The SUMER/SOHO instrument provided the first 
hydrogen Ly-alpha profile measurements. More recently, the IRIS mission (still 
operating [19]) and the sounding-rocket CLASP experiments (with two suc-
cessful flights in 2015 and 2019) have provided good observations. However, 
they have limitations. IRIS does not have the possibility to measure the degree 
of polarization while the CLASP spectropolarimetric observations are too short 
in duration for providing useful data for the time-dependent modeling of the 
upper solar atmosphere. Unquestionably, the CASPER mission builds upon and 
is inspired by the CLASP observational discovery of the linear polarization 
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produced by scattering processes in the Ly-alpha line [30] and its theoretical 
modeling [55]. CLASP spectropolarimetry represents a big step forward since 
it also confirmed that the target UV spectral lines are sensitive and useful for 
determining the magnetism of the chromosphere and TR. Presently, CLASP 
spectropolarimetric measurements are paving the way to build robust diagnos-
tics in order to obtain reliable vector magnetic field measurements from UV 
observations. The next natural step is therefore to perform such observations 
routinely and from space. In any case, it is important to bear in mind that the 
UV polarization signals are usually small, between 0.1% and 1% of the local 
continuum intensity. Hence, the observations require high signal-to-noise ratios 
to detect polarization. This is a strong requirement that fully drives the instru-
ment conceptual design and the final spatial and spectral resolution since, in 
the UV, the available photon budget is limited and the optical elements and 
detectors are usually less efficient. Besides CLASP, it is also worth mentioning 
the forthcoming Sunrise III mission which will carry a spectropolarimeter in 
the UV. However, even at the flight altitudes of Sunrise (around 40 km) the UV 
absorption below 300 nm is still strong. Sunrise will limit its observed spectral 
region to 300-430  nm; therefore it will not provide information on the upper 
chromosphere. CASPER measurements will also complement the Solar Orbiter 
and Parker Solar Probe missions since they observe the Sun from close dis-
tances and different points of view, and will enhance their scientific return.

CASPER measurements will allow continuous and unique spectral line polariza-
tion measurements in the near-UV which will improve our knowledge of the mag-
netic fields in the chromosphere and TR. From the measurements of the Stokes pro-
files and their interpretation via the physics of scattering polarization and the Hanle 
effect, we will be able to better determine the variation of the vector magnetic field 
with height above the solar limb in solar spicules and further characterize their 
dynamic properties. This can be done with a 30 cm diameter telescope working at 
a limited resolution of 0.3′′ . Resolution in the chromosphere and TR is not a limit-
ing factor since the photon mean free path in the chromosphere is much larger than 
in the photosphere below, so it is not expected to see much small-scale structuring 
below 0.2′′.

Measurements in the UV will be critical to solve the problem of the large 
discrepancies between UV measurements and models of the solar irradiance 
[24], particularly in the 200-400 nm spectral range. CASPER measurements will 
significantly improve current solar models by including the time-evolution of 
the chromospheric UV radiation. Finally, CASPER measurements will also be 
important for understanding chromospheres of other stars and their influence in 
exoplanetary atmospheres: UV emission, particularly in the Ly-alpha line, drives 
photochemical reactions in exoplanetary atmospheres [50]. This space mission is 
highly multifaceted since it requires cooperative observations with instruments 
attached to ground and space solar telescopes and the interpretation of the data 
using cutting-edge inversion codes based on radiative transfer and the quantum 
theory of spectral line polarization. Figure 1 shows the main scientific goals of 
the CASPER mission which are described in more detail in what follows.
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2  Main science questions

2.1  Goal 1.1: Time‑dependent behavior of the solar chromosphere and TR

The chromosphere and TR are very dynamic regions, fully dominated by the 
magnetic field. It is urgently needed to update and extend the physics contained 
in current semi-empirical (snapshot) models and in those generated through 
hydrodynamic and MHD simulations, including realistic chromospheric and TR 
vector magnetic field measurements. The objective is to generate time-dependent 
models of the chromosphere and TR through the observation of chromospheric 
small and large scale structures in the solar disc and at the limb with high sig-
nal-to-noise ratio. A high polarimetric precision (better than 10−3 in units of the 
continuum intensity) is needed to achieve that goal. The recommended observ-
ing targets are, among others, chromospheric fibrils, dark and bright mottles. The 
observations shall be carried out with high spatial resolution (0.3′′ ), low cadence, 
and large Fields of View (FoV).

Temperatures, densities, and magnetic fields models as a function of depth 
in the solar atmosphere shall be obtained with the aid of full NLTE inversion 
codes that already incorporate the physics of the Zeeman effect and are cur-
rently being upgraded to include the physics of scattering polarization and of 
the Hanle effect. CASPER measurements will provide new, time-dependent 
models of the solar chromosphere and TR regions for various chromospheric 
structures to be compared with state-of-the-art MHD simulations. Current sim-
ulations provide allegedly realistic information on the thermodynamics of the 
solar atmosphere but they lack observational information about the chromo-
spheric and TR vector magnetic field.
2.2  Goal 1.2: Dynamics of the solar atmosphere

The chromosphere and TR are made up of weakly ionized gases. Ions and neutrals 
experience different forces within the gas. For instance, neutrals do not sense the 
magnetic field while ions are fully dominated by it. Both are coupled mainly by 
collisions but not fully. In other words, ions and neutrals should show differential 
motions in a weakly ionized plasma. Of course, the gas will be more single-fluid 
or multi-fluid depending on physical conditions such as the ionization fraction, the 
temperature, the density, and the magnetic field. The latter governs the movements 
of electrons (in a weak collision environment), which play a significant role in vari-
ous heating mechanisms. Moreover, in the chromosphere and TR of the Sun most 
atoms are in non-thermal equilibrium. That is, they ionize and recombine at differ-
ent rates. In short, the chromosphere and TR physical properties can change dra-
matically in the height range they cover. Such variability gives rise to significantly 
different physical phenomena (that are indeed observed). Moreover, partly ionized 
plasmas can alter fundamental processes taking place in the solar atmosphere such 
as magnetic reconnection [40] [Goal 1.6]. The observation and characterization 
of the solar plasma from a multiple fluids perspective can provide unique physical 
ingredients for the proper modeling of the upper solar layers. It can be done through 
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the measurement of temperatures, densities, velocities and magnetic fields in differ-
ent atomic species in order to understand the interplay between two plasmas.

2.3  Goal 1.3: Determine the energy balance of solar chromosphere and TR

There are a number of processes in the solar atmosphere that can potentially inject 
substantial amounts of energy into the chromosphere and TR. Flux emergence pro-
cesses constitute one of the most firm candidates to explain the energy balance 
between the photosphere and the layers above. Flux emergence occurs all around the 
solar surface and at many spatial scales, from active regions to small scale loops. It 
is known that internetwork flux emergence events carry about four orders of mag-
nitude more magnetic flux into the chromosphere than active regions [25, 36]. This 
is possible because these events take place ubiquitously in the quiet Sun. Hence, 
we should characterize the thermal, dynamic, and magnetic field properties of those 
small-scale loops while they cross the chromosphere and TR. The recommended 
observing target is quiet Sun regions, at different limb positions. The observations 
shall be carried with high spatial resolution and moderate temporal resolution over 
narrow FoVs to track the evolution of emerging loops. The observations should 
allow us to determine how the energy carried out by these structures is released. 
The most probable mechanism is magnetic reconnection with preexisting magnetic 
field structures (see Goal 1.6). This way, there will be a continuous conversion of 
magnetic energy into thermal energy in the chromosphere. However, it is not under-
stood how the magnetic energy is dissipated as a whole since emergence events 
have been barely studied in the upper layers [46]. Waves may also play an impor-
tant role for the energy release (see Goal 1.5). The study of other events, such as 
the in-situ disappearance of flux or the unipolar emergence of flux, waves, turbulent 
diffusion, or Ellerman bombs, etc. are also of great interest since their analysis can 
improve our understanding about how energy is released in the solar chromosphere. 
They are probably providing only a small part of the heating, though. These obser-
vations need simultaneous (coordinated with, e.g., DKIST, the German GREGOR 
telescope in the Izaña Atmospheric Observatory or the Swedish Tower Telescope 
in the Observatory of La Palma, to name a few) observations in other spectral lines 
in the visible and the infrared in order to study the appearance of the events in the 
photosphere and their posterior evolution through the different atmospheric layers.

2.4  Goal 1.4: Characterization of solar prominences and spicules

The characterization of the magnetic configuration of solar filaments and promi-
nences (filaments seen against the background sky of the solar limb) is of paramount 
importance for solar and stellar physics. They are prominent plasma structures 
that extend from the solar surface into the hot solar corona. Their characterization 
is crucial for understanding the magnetic coupling between the photosphere, chro-
mosphere, TR, and corona. These structures are anything but static. They show an 
intricate organization into fine-scale threads that are highly dynamic [42]. They also 
show magnetic processes such as the magnetic Rayleigh-Taylor instability, which is 
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still not well understood [8, 27]. Excellent observations taken with the Hinode satel-
lite have revolutionized our knowledge on prominence structure and, particularly, 
on prominence dynamics: plasma oscillations, supersonic downflows, or plasma 
instabilities like the Rayleigh-Taylor instability in prominence bubbles are main 
breakthroughs [9, 10, 13, 49]. Unfortunately, the measurements of magnetic fields 
in prominences are still limited and even unavailable at spatial resolutions compa-
rable to that achieved by the Hinode spacecraft. Indeed, to date, there are no obser-
vational constraints on the magnetic properties of their fine-scale structure [21, 37, 
44]. Hence, it is of paramount importance to observe solar filaments in the chromo-
sphere and TR of the Sun to characterize in quantitative detail their magnetic struc-
ture, to follow their evolution, to investigate their influence in the magnetic coupling 
between the different solar layers, and finally, to determine the possible triggering 
mechanisms behind the prominence and filaments destabilization and the posterior 
formation of coronal mass ejections. With the application of inversion codes to the 
proposed observations using the target spectral lines, it will be possible to infer, for 
the first time, the local 3D magnetic configuration in solar filaments.

Likewise, most of the chromospheric material in the upper layers of the solar 
chromosphere and TR is in the form of spicules. Associated with the bounda-
ries of network regions [51, 52], the role of magnetic fields in the formation 
and development of spicules is still under debate [16]. The main reason is that 
the magnetic properties of spicules are not well constrained yet. As in promi-
nences, solar ground-based and space-borne observatories have significantly 
contributed to the understanding of the spicule dynamics [18, 47, 48, 54], but 
the characterization of their vector magnetic field remains very challenging. 
We know that the fields in spicules are weak and slightly tilted with respect to 
the limb [12, 45] but still the information is very limited. A comparison of cur-
rent spicular models with the observations is needed [39]. Spectropolarimetric 
measurements are necessary at high spatial resolutions in chromospheric and 
TR UV lines to characterize the vector magnetic field of solar spicules and to 
carry out a statistical analysis of their dynamic and magnetic properties at dif-
ferent latitudes and different heights above the visible limb.

2.5  Goal 1.5: Characterization of chromospheric and TR waves

It is of vital importance to observe and understand the propagation of waves and 
plasma turbulent motions. Waves may dissipate or absorb substantial amounts of 
energy but the direct detection of such processes remains elusive to solar observa-
tions [5, 43]. Observing and determining the energy these waves carry as a function 
of height in the solar chromosphere and TR regions can help improve current, yet 
barely constrained, wave models. Moreover, the study of waves and their relation 
with the magnetic field is a key ingredient to properly model chromospheric and TR 
flux tubes. Waves are also present in solar prominences. One of the CASPER objec-
tives is to detect waves at different heights, at the foot points of coronal loops and in 
network flux tubes. Magnetic flux tubes can behave as channels that transmit energy 
from the deeper layers upwards through the propagation of waves. These waves, 

265Experimental Astronomy (2022) 54:257–276



1 3

once in the chromosphere and TR, produce shocks and release energy. CASPER 
observations will help determine the frequency and energy density of waves. The 
observations require time-series of around 10 seconds cadence in relatively narrow 
(minimum) FoVs of 10′′ wide. Inevitably, the polarimetric sensitivity needs to be 
reduced although the data can always be averaged to provide mean values with less 
temporal cadence.

2.6  Goal 1.6: Flares and nano‑flares energetics

Magnetic reconnection is a physical process where the involved magnetic fields can 
change their topology dramatically (fast reconnection) or in a more continuous way 
(slow reconnection). During the rearrangement, magnetic energy is mainly con-
verted into kinetic (through acceleration of the particles or gas) and thermal (heat-
ing) energy. It is a fundamental physical process but its detailed characterization in 
nature has been elusive to researchers [58]. Reconnection events are hard to predict 
in the solar atmosphere and observations are very scarce. Several high spatial reso-
lution observations (below 0.3′′ ) have shown clear evidence of reconnection events 
in high temperature plasmas, e.g., braiding structures [14]. But a detailed characteri-
zation of the involved energetics is still missing. Observations of the UV at a resolu-
tion of 0.3′′ and at temporal scales of 1 to 10 seconds can provide valuable infor-
mation to understand the energy balance during small-scale reconnection events. 
High temporal and high sensitivity measurements will help detecting line asym-
metries and high speed plasma flows as direct consequences of magnetic reconnec-
tion. Moreover, polarimetry can provide information about how the magnetic field 
lines reorganize after they reconnect, which will bring unprecedented scientific pro-
gress to the understanding of reconnection processes in the solar chromosphere and 
TR. From active regions to small scale emergence events, the measurements shall 
be precise enough to allow the determination of flows, temperatures, densities, and 
magnetic fields during and after reconnection events. Flows and heat resulting from 
reconnection events have not been quantitatively measured to date. The observations 
will help clarify fundamental open problems concerning magnetic reconnection.

3  Mission configuration

3.1  Mission profile

The preferred orbit is a low-Earth (LEO), Sun-synchronous orbit (SSO) such as in 
Hinode, IRIS, or the PROBA missions at an altitude between 600 km and 800 km. 
In an SSO orbit the spacecraft will point continuously to the Sun for about eight 
months without any eclipse periods. In this constant thermal environment the num-
ber of instrument calibrations can be reduced significantly. In this orbit and with a 
number of ground stations the data telemetry can be above 50 gigabits/day.
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3.2  Payload

3.2.1  Baseline science instrument

While most of the scientific targets require high-spatial resolution for distinguishing 
elementary magnetic structures (250 km or 0.3′′ ), they also need information about 
the vector magnetic field which sets stringent conditions about the polarimetric sen-
sitivity of the instrument and hence limits the spatial resolution. Since the discovery 
space is much larger for polarimetry, a limit resolution of about 0.4′′ in the Ly-alpha 
line at 121.567 nm and about 0.3′′ for the Mg II h&k seems to us to be a good com-
promise2 (see Table 2). This sets the main telescope diameter and limits the number 
of intermediate optics to optimize the photon flux budget. The proposed CASPER 
mission instrument consists of an F/15 on-axis, axially symmetric, 30 cm primary 
mirror M1 Ritchey-Chrétien telescope, which feeds a conventional spectropolarim-
eter. The telescope forms an image of the Sun onto the entrance slit of the spectropo-
larimeter with a plate scale of 45′′/mm and provides a diffraction limited3 spatial 

Fig. 2  Instrument layout of CASPER mission payload

2 Achievable by pixel binning to reach the desired polarization sensitivity and by carefully selecting the 
spectrograph slit width, the grating grooves and incident angles.
3 Using the Rayleigh criterion.
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resolution of about 0.10′′ at 121 nm and 0.23′′ at 280 nm. The instrument optical 
design is depicted in Fig. 2. After M1, the beam reaches an active secondary, 4 cm 
mirror M2 with focus capabilities. The field stop is placed near M2 and limits the 
maximum FoV to 400�� × 400�� in the slit-jaw channel and along the slit direction in 
the science focal planes. The beam hits later a flat mirror M3 which acts as the scan 
mirror mechanism for the spectrograph and as an active tip-tilt mirror for image sta-
bilization [IS-SMM] (see Section 3.3.1). Then, the image is formed over the slit F1. 
The slit is integrated into an MS mirror that bounces back the light beam and forms 
(after the L1 doublet and a narrow-band pass filter) an image of the scene around 
the slit into the slit-jaw camera system. In order to minimize the number of optical 
components and cameras, the slit-jaw camera is also part of the image stabilization 
system [ISS] (Section 3.3.1).

The spectrograph is based in the common Czerny-Turner design, i.e., after the slit, 
the beam reaches a collimator mirror M4. The collimated light is diffracted by the 
grating onto the camera mirrors M5 that focus the two beams on two science focal 
planes, for both, the Mg II h&k and the Ly-alpha lines at 280.270 nm and 121.567 nm. 
The spectrograph spectral bandwidth should be of, at least, 6  nm centered at the 
121 nm and 280 nm reference wavelengths. The spatial sampling is limited to 0.22′′/
pixel at the 121 nm channel and to 0.15′′/pixel at 280 nm to increase the throughput of 
the instrument and the slit FoV to about 400′′ and 450′′ for the two channels. The spec-
tral sampling is 3.3 pm/px to deliver a final spectral resolution of around 10 pm in both 
channels with a grating of 2400 lines/mm working in order between 1 (Mg  II  h&k 
channel) and 2 (Ly-alpha channel). The spectrograph is outlined in Fig. 2, where the 
main difference of the two channels is that each uses a dedicated camera mirror.

The two science detectors consist of 2k x 2k thinned, back-illuminated 
sCMOS sensors with high quantum efficiency in the near-ultraviolet and a pixel 
pitch of 11 micron which over-samples the spectral resolution by a factor three. 
The camera frame rate should be, at least, 32 fps, for fulfilling the jitter and 
polarization sensitivity requirements. As an option, a third channel is devised, 
in this case centered in the 390  nm spectral region. This channel would need 
just a third camera mirror and camera system plus the polarization analyzer.

Polarimetry will be done by placing a rotating wave-plate (polarization mod-
ulation unit; PMU) before the scan mirror mechanism in an F/15 beam which 
reduces the angle deviations of the beam when going through the PMU. Two 
analyzer devices (e.g., Wollaston) will be located in front of the two science 
detectors and mounted in mechanisms to allow beam-exchange polarization 
(BEM), i.e., to alternatively measure the two orthogonal linear polarization 
components of the light beam in the same sensor area. Finally, the image stabi-
lization system consists of a slit-jaw camera working as a sensing camera (i.e., 
to evaluate the jitter) and an active tip-tilt mirror using the spectrograph scan 
mirror mechanism [IS-SSM]. The ISS will be firmware based (Section 3.3.1).

The system has a total of five moving parts, i.e., the M2 focus system, the PMU, 
the IS-SMM, and two BEMs, three cameras, seven reflective surfaces, and two 
transmissive elements.
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3.2.2  Instrument electronics

The mission electronics includes: a Data Processing Unit (DPU), an Analog, Motor 
and Heater Drivers board (AMHD), and a Power Converter Module (PCM). The 
DPU is the core of the instrument and has to be tailored such that it can perform data 
acquisition and accumulation, perform image stabilization tasks, image registering, 
demodulation and compression with a bitstream of around 2 GB/s, corresponding to 
the science detectors and the slit-jaw camera. The AMHD will be in charge of syn-
chronizing the PMU and the BEM as well as taking care of the thermal stabilization 
of the more critical elements, among other analog tasks. The PCM is the direct inter-
face to the platform and should hence fulfill the necessary requirements.

3.3  Mission viability

One, if not the most important, goal of the instrument is to reach a polarization sen-
sitivity of the order of 3 × 10−4 in the UV. Classical polarimetric implementations 
suffer from systematic effects that limit the final polarimetric precision. Among them, 
the most important ones are: changes in the scenes during the temporal modulation, 
smearing due to platform residual jitter, the different transmission and optical aber-
rations of the two orthogonal polarizations (in the case of dual-beam) and finally, the 
gain calibration of the cameras which is often limited to 10−3 . Polarization cross-talk 
is likely to appear due to any of these systematic effects, spoiling the targeted polari-
zation sensitivity of the instrument.

3.3.1  Dedicated jitter control

Image jitter during frame acquisition and polarization modulation can easily intro-
duce polarization cross-talk signals in the demodulated data. In addition, any jitter 
also blurs the scene and decreases the amplitude of the polarization signals. The mis-
sion should carry dedicated instrumentation to mitigate the jitter effects. It should 
implement an attitude control system (ACS) to stabilize the image in the directions 
along the focal plane and in the angular direction. The ACS system will be used for 
pointing as well. The platform should also include star-trackers, solar limb sensors, 
and a dedicated guiding telescope for proper position, attitude, and maneuver deter-
mination. The residual jitter will be corrected with an image stabilization system 
which uses the slit-jaw camera and the spectrograph scan mirror mechanism as the 
sensing and corrector devices. The image cross-correlation will be done in the sys-
tem DPU. To reduce the jitter further, the science frames will be realigned before 
accumulation and before demodulation. This requires, among other things, to correct 
for dark current and flat-field on board, in order to properly shift the frames.

3.3.2  Polarization cross‑talk control

The polarimetry is carried out using a rotating wave-plate and a polarizing beam-
splitter that simultaneously sends two orthogonal polarization states (different 
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linear combinations of the Stokes parameters) to the camera. This strategy, known 
as dual-beam polarimetry, is very efficient for removing the cross-talk signals gen-
erated by the temporal evolution of the scene and by the residual jitter. However, 
differential aberrations and transmission variations in the optics between the two 
beams can introduce further spurious polarization signals. Moreover, the camera 
gain strongly limits the achievable signal-to-noise ratio (S/N) in polarization. A 
powerful way to overcome such limitations consists of combining temporal and 
spatial polarization measurements, that is, the system sends first the two orthogo-
nal polarization states to different areas of the detector and then exchanges the two 
beams and records them again. Of course, these operations should be synchronized 
with the modulator in order to have the same orientations of the retarder. This 
technique, known as “beam-exchange” polarimetry, is very powerful and provides 
enough information to reach, photon noise permitting, polarimetric sensitivities 
down to 10−5 [15, 22, 38]. Finally, this technique allows us to combine many expo-
sures to increase the S/N further. The only limitation is that the frames need to be 
carefully aligned in order not to introduce additional spurious signals.

Table 1  Average transmission factors corresponding to main optical elements

a) The slit-jaw camera includes a 1 nm transmission pass-band filter
b) The transmission depends on the final crystal thickness

M1 M2 M3 MS L1 Grating PMPb and Total
 30  6 [IS-SMM] (flat) [SJS]a +M4+M5 BEM

T. [%] ≈ 50 > 75 > 75 >75 ≈ 15 > 75 ≈ 30 ≈ 1%
120nm
T. [%] > 90 > 75 > 75 > 75 >75 ≈ 90 ≈ 6%
290nm
Coating Cold Al + Al + Al + MgF

2
Al + MgF

2
/

mirror MgF
2

MgF
2

MgF
2

MgF
2

CaF
2

Table 2  Estimated photon budget

The last two columns provide expected integration time needed for achieving two different polarization 
sensitivities for the beam-exchange channels. The numbers can vary significantly depending on the final 
coatings, number of optical elements, and polarization efficiency
a) Units are [ph/cm2/s/Å/str]
b) Units are [ph/s/′′2]

Photon Input Slit Science Sampling S/N Int. time Int. time
budget Fluxa) planea) planeb) spatial/spectral 10−3 3×10−4

120 nm 7.3e15 2e15 4.1e3 0.44′′2/px 30 ≈ 30 sec ≈ 9 min
3 pm/px

280 nm 1.7e16 8.5e15 2.4e4 0.3′′2/px 140 <3 sec ≈ 25 sec
3 pm/px
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3.3.3  Dedicated flat‑fielding strategy

Flat-field uncertainties (due to, e.g., camera gain) introduce spurious polarization 
signals, particularly in sCMOS detectors. To mitigate this problem we propose to 
calculate the flat-fields in two different ways: using the solar disc center and by 
averaging frames through the technique developed in [35], i.e., moving the spectral 
images of the scientific cameras along the spatial direction (corresponding to the 
slit direction) using the scan-mirror mechanism and processing the data afterwards. 
This way, flat-fields can be taken at the same position of the observed solar scene, 
which will minimize the impact of a different illumination into the science cameras 
in the data post-processing and in the polarization calibration.

3.3.4  Photon budget

All elements in the present design need to be made of special materials, for the case 
of transmissive optics, and coatings, for reflective surfaces, to ensure high throughput. 
There are not many coatings and transmission crystals with high throughput in the 
UV. Most of them are based on fluoride composites such as MgF

2
 or CaF

2
 birefrin-

gent materials. Table 1 lists the total transmission of the instrument with the respective 
baseline coatings or glass materials.

Table  2 summarizes the photon budget calculation for the instrument and the 
achieved S/N ratios in polarization and the necessary effective integration times. 

Table 3  Payload phases for a 
total of 7.5 years of development 
plus mission exploitation

Phase Time (months)

Payload kick-off T0 - 6
Phase 0 study T0
Phases A/B T0 + 24
Phases C (up to CDR) T0 + 42
Phases D (up to delivery) T0 + 72
Phases D (up to launch) T0 + 90
Phases E (3 yr of nominal duration) T0 + 140
+ 2 yr of mission extension)

Table 4  Mission phases for a 
total of 7.5 years of development 
plus mission exploitation

Phase Time (months)

Payload kick-off T0
Phase 0 study T0 + 6
Phases A/B industrial T0 + 32
Phases C (up to CDR) T0 + 51
Phases D (up to launch) T0 + 90
Phases E (3 yr of nominal duration) T0 + 140
+ 2 yr of mission extension)
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The camera quantum efficiency (QE) varies very sharply in the UV. Current sCMOS 
sensors range from 30% QE in 120 nm to > 45% in 290 nm, depending on the sensor 
coatings. With this configuration, the estimated integration time for achieving 10−3 
and 3 × 10−4 polarization sensitivities goes from 45 seconds to 9 minutes, in the 
120 nm range, to about 3 seconds and 25 seconds at 290 nm. The expected integra-
tion times that fulfill the main scientific requirements are also presented in Table 2.

4  Management structure

Payload and mission phases are identified in Tables  3 and 4. The timescale for 
total development is around 7.5 years from kick-off to launch plus a nominal mis-
sion duration of three years and two years of mission extension. The telescope and 
the instrument rely on existing technologies which have already flown in space or 
in rocket- and balloon-borne flights. Table  5 summarizes the Technology Read-
iness Level for mission key parts and main technology leading countries. Most 
technology has already been put in orbit (Hinode, PHI and METIS instruments 
onboard the Solar Orbiter mission, and CLASP I and II experiments) or has flown 
(or plans to do so before 2022) in the Sunrise Balloon based observatory. The new 
ISS firmware-based system that uses the slit-jaw camera as the sensing device and 
further realignment of images using the science camera is a proof-of-concept for 
the ESA Lagrange mission Remote Sensing Instruments Phase A/B1 Study and 
Pre-developments. Verification of technologies for this mission can be done within 
2-3 years.

Table 5  Technology Readiness Level (TRL) of subsystems, heritage, and leading country

Instrument / key parts Mission/instrument heritage TRL now Country of heritage

30 cm telescope CLASP and Hinode PHI/
Sunrise

7 Germany, Spain, 
and Japan

UV spectrograph Sunrise-III and CLASP 7 Germany and Japan
E-Unit Sunrise and PHI 9 Spain
Cameras Sunrise-III 8 Spain
UV materials and coatings Sunrise, CLASP, and METIS 8 Spain, Japan, and 

Italy
Mirrors Sunrise 9 France
ISS firmware system Lagrange 3 Spain
PMU [28, 34] Sunrise, CLASP, and Hinode 9 Japan
Scan mirror [41] Sunrise III 7 Japan
Thermal engineering and HW Sunrise/PHI 9 Spain
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5  Science operations

The mission includes the development of all on-ground data processing pipeline tools 
including data calibration and corrections as well as to yield Level 1 and Level 2 
(“scientific units”) data products to the scientific community. Obtaining Level 2 data 
requires the interpretation of the observed polarization signals with complex radiative 
transfer tools and the interpretation of atomic level polarization and the Zeeman and 
Hanle effects. The CLASP I and II rocket experiments have provided enough data to 
make these inference tools available to the solar community in due time.

6  Preliminary costs

A preliminary mission cost estimate has been evaluated using the heritage of previ-
ous missions such as Sunrise, PHI in Solar Orbiter and Lagrange. The estimated 
costs, which include the S/C development and the mission’s nominal operations, 
could be implemented within the cost ceiling of an ESA ‘Fast” F mission. The esti-
mated cost excludes the member state contributions which will be responsible for 
the scientific payload and for the development of the data analysis tools necessary to 
yield Level 2 data to the community.
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