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ABSTRACT

The ESA/NASA Solar Orbiter space mission has been successfully launched in February 2020. Onboard is the
Polarimetric and Helioseismic Imager (SO/PHI), which has two telescopes, a High Resolution Telescope (HRT)
and the Full Disc Telescope (FDT). The instrument is designed to infer the photospheric magnetic field and
line-of-sight velocity through differential imaging of the polarised light emitted by the Sun. It calculates the
full Stokes vector at 6 wavelength positions at the Fe I 617.3 nm absorption line. Due to telemetry constraints,
the instrument nominally processes these Stokes profiles onboard, however when telemetry is available, the raw
images are downlinked and reduced on ground. Here the architecture of the on-ground pipeline for HRT is
presented, which also offers additional corrections not currently available on board the instrument. The pipeline
can reduce raw images to the full Stokes vector with a polarimetric sensitivity of 1072 - I.. or better.
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1. INTRODUCTION

The Solar Orbiter (SO) is the first selected medium-class mission from ESA’s Cosmic Vision 2015-2025 Program.
It is a collaborative effort with NASA, and the spacecraft was launched on February 10th 2020.' Its primary
goal is to study the Sun and the inner heliosphere. To achieve this, the spacecraft carries a scientific payload
of 10 instruments, 6 remote sensing and 4 in-situ. The Polarimetric and Helioseismic Imager (PHI) is one of
the remote sensing instruments and it retrieves the continuum intensity, the vector magnetic field, and the
line-of-sight velocity, both in the Sun’s photosphere.? It does this by sampling four linear combinations of the
four Stokes parameters of the magnetically sensitive Fe I absorption line at 617.3nm at 6 wavelength positions.
These samples are later transformed to the aforementioned physical quantities by inverting the radiative transfer
equation for polarized light in the presence of a magnetic field.

The instrument has two telescopes: the Full Disc Telescope (FDT) and the High Resolution Telescope (HRT).?
The FDT can capture the full solar disc, while the HRT is designed to capture photospheric features in more
spatial detail. During normal operations to conserve telemetry, the raw images from the two telescopes are
reduced onboard using field-programmable gate array (FPGA) computers, producing the data products which
are downlinked to Earth.*?

However there are occasions during the nominal and extended mission phases when telemetry rates will be
favourable such that raw images can be downloaded and reduced on-ground. The ability to reduce data on-ground
provides more opportunities for fine-tuning the data reduction process, and therefore for producing higher quality
data products. Furthermore it allows for the additional processing when the HRT’s Image Stabilisation System
is switched off. Since launch the spacecraft has been in its Cruise Phase until 27th November 2021, when the
Nominal Mission Phase began.® During the cruise phase, predominantly raw images from HRT were downloaded
and reduced on-ground, to allow for in-flight testing and investigate the instrument’s performance. This paper
outlines the current state of the on-ground pipeline for the HRT (V1.4 June 2022), written in Python3, which is
used to reduce and calibrate these raw images. Finally early in-flight data reduced with this pipeline is presented
and the telescope’s high polarimetric sensitivity is shown.

2. SO/PHI-HRT
2.1 The Instrument

A simplified description of the key optical components of the HRT is presented, following the optical path
shown in Fig. 1.»3 The HRT is a Ritchey-Chrétien telescope with a decentred pupil. The HRT has a Heat
Rejection Entrance Window (HREW) that allows in only 4 % of the incoming solar light power. The HRT uses
its own Polarisation Modulation Package (PMP), consisting of Liquid Crystal Variable Retarders (LCVR) and
a polariser to modulate the light in order to obtain the polarisation characteristics of the incoming light.” Once
modulated, the light is split and a portion enters the Correlation Tracker Camera (CTC). The CTC is part of
the Image Stabilisation System (ISS) which works to track a specific feature on the solar surface, calculating
from the CTC images the steering signal for the M2 (tip-tilt) mirror, to accurately track the desired feature.®?
The ISS is also used to compensate for effects such as spacecraft jitter. After the beam splitter the light goes
through the HRT Refocus Mechanism (HRM) and passes through the Feed Select Mechanism (FSM), which is
used to switch between FDT and HRT, and towards the Filtergraph (FG). The FG contains two pre-filters and
a tunable LiNbO3 Fabry-Perot etalon, an interferometer, which together allow for a transmission window with a
mean full-width-half-maximum (FWHM) of (106+5) mA and free spectral range of 3.0 A.3 10 The resultant light
then illuminates an Active Pixel Sensor (APS) which reads out images with 2048 x 2048 pixels. The re-imaging
optics in the Focal Plane Assembly (FPA) provides a plate scale on the sensor of 0.5” per pixel which corresponds
to 102km at 0.28 AU distance.
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Figure 1. Schematic of the optics unit of SO/PHI-HRT. SO/PHI-FDT is located in the same optics unit but is not shown
for clarity.

The imaging cadence is controlled by the modulation accumulation scheme in the PMP. While the HRT has
the operational capability of a 60 second cadence, during the cruise phase a 96 second cadence was used. This
was done using a PMP scheme of [4,5]. At each wavelength position, 4 frames are taken for each modulation
state, and this is cycled through each modulation state 5 times, resulting in 20 total frames for each modulation
state at each wavelength position. The minimum number of frames to achieve the desired signal to noise ratio
of 102 is 16.2

2.2 Flat-Field Acquisition

A critical reduction process of the science data requires a flat-field. The flat-field contains the difference in gain
of a given pixel with respect to the others, as well as information of other imperfections such as dust grains in
the field of view (FOV). The HRT flat-fields are not acquired using off-pointing of the spacecraft.!! Instead,
the solar surface evolution, is used to introduce differences between subsequent images, such that localised
solar features are averaged out with enough acquisitions. Over a period of approximately 8 hours, 1500 images
are accumulated at each polarisation state and wavelength. These flat-fields are acquired during every major
campaign, to ensure the science data can be properly calibrated. However polarimetric structures remain in
the flat-field that are smeared horizontally due to the solar rotation. This horizontal smearing leaves unwanted
artefacts when applying the flat-field correction to the scientific data. Therefore an additional flat-field processing
procedure was implemented as part of the pipeline: unsharp masking, which is described in Sec. 3.2.

3. SO/PHI-HRT ON GROUND PIPELINE

3.1 Pipeline Overview

The on-ground pipeline is developed in Python3 and reduces the raw data received from the SO/PHI-HRT
instrument. The raw files downloaded from the instrument are classed Level 0 (LO) data. They become Level
1 (L1) data once necessary metadata are added, the data are scaled to the correct units (to account for the
compression scheme used) and reflected in the Y axis to match the solar orientation convention. This on-ground
pipeline converts the L1 data, into L2 data. This process is described in Fig. 2.

Proc. of SPIE Vol. 12189 121891J-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 Apr 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



L1 L1 Polcal
Science Data Flat Fields Data

y Ly

¥

A
Prefllt(_er - Preﬁltt_ar Prefilter
Correction I Correction

I

A
)
Unsharp ]
Demoction 1o
Flats | Mamx )

y
h
y
[=
y

A
Flat Field
Correction
N A
i o
Mo_dulatlon 1SS on?
Alignment
Yes
y

A
A 4
Limb
Detection

v

Normalisation
and | - Q,U,vV
Cross Talk

V->Q,uU
Cross Talk

Yes
N

1 P 1
Wavelength i - | RTE
. Stokes X

Alignment ! . ] Inversion
i Filtergrams |
i L2 :
: Physical Eq—
| Quantities |

Figure 2. Flowchart of the on-ground pipeline, reducing Level 1 data to the Level 2 physical quantities. The dark field
correction and field stop application has been omitted for brevity. ‘Polcal’ refers to the on-ground polarisation calibration
campaign prior to launch.
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The inputs to the pipeline are the science data, raw flat-fields, and demodulation matrices (for each operating
PMP temperature) from the polarisation calibration campaign performed prior to launch. The science data and
flat-fields are first dark-corrected to remove the dark current (not shown in Fig. 2 for brevity). A key capability
of the pipeline is the option to unsharp mask the flat-fields (see Sec. 3.2), however the width of the Gaussian
distribution to be used must be known beforehand. The pipeline has the functionality to reduce multiple datasets
at once, with the same flat-field, provided the image dimensions, PMP temperature and continuum position of
all datasets agree. The pipeline is built to work with any cropped dataset provided the input is square. The
pipeline can also reduce images when the ISS is locked to track the solar limb, using an automatic limb detection
algorithm to account for limb darkening effects when normalising the Stokes parameter and applying the cross-
talk correction. Furthermore additional steps are implemented to account for the case when the ISS is not
operating. The output quantities are indicated with the dotted outlines in Fig. 2.

3.2 Unsharp Masking

Due to the method of flat-field acquisition as described in Sec. 2.2, horizontal polarisation elements exist in
the flat-fields, which would contaminate the data. To remove this contamination unsharp masking is performed
on the flat-fields. This is achieved by convolving the demodulated flat-fields with a 2D Gaussian distribution.
The width of the Gaussian distribution was optimised such that the horizontal stripes were removed, but that
any larger scale information was retained. The width of the Gaussian is a function of Solar distance and PMP
temperature. For example, at a distance of 0.526 AU, a width of 59 pixels was used, while at 0.801 AU, 49 pixels
was the appropriate width to be used. An example of the unsharp masking process is shown in Fig. 3.

2000 V/<lc> o.00 o V/<i_c> 0.010
1750 1750
1500 0.005 ;540 0.005
1250 1250
1000 8 0.000 3900 4 0.000
750 750
500 -0.005 500 -0.005
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®5 250 500 750 1000 1250 1500 1750 2000 —0-010 i) 500 750 1000 1250 1500 1750 2000 -o.o10

Figure 3. A Stokes V image in the line wing on 23 February 2021 17:00 UTC, taken at a Sun-spacecraft distance of
0.526 AU: a) result when using a flat-field without unsharp masking, b) result when unsharp masking is applied. The
region outside the field stop is set to black for clarity.

3.3 Flat-Field Correction

From in-flight testing it was determined that a polarisation state dependent, and wavelength dependent flat-field
must be applied to the science data. This is done in order to remove a polarimetric ghost that was detected,
likely to originate from a reflection between the inner panel of the HREW and the highly reflective etalon. With
an optical path of this nature, with many parallel optical surfaces, several measures were taken to suppress
ghosts; however it was not possible to eliminate all of them. In particular those produced by the HREW, which
is not mounted on the instrument but instead is a component of the heat shield of the spacecraft is prone to
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have large margins in the mechanical alignment. Nevertheless, with the proper treatment of the flat-fields, we
are capable of removing the contribution from the detected ghost to below the noise requirement level. Finally,
to correct for the cavities within the etalon, the flat-field must be normalised over the wavelength range, so that
the spectral line profile is removed. This also has the effect of removing the solar rotation to at least first order.
Thus the flat-fielded data, Isy, is calculated as follows:

Ly (z,y,8,A) (1)

I A) =
ff(x’y,s’ ) Iflat(xay)s7>‘)’

where Iy is the dark-corrected data, z and y are the spatial dimensions in the FOV, s is the polarization state
and A denotes the wavelength.

3.4 Demodulation

The raw images must be demodulated to remove the modulation applied by the PMP in the image acquisition
process. This is obtained with the demodulation matrix: di;_44, for a given pixel:

di1y ... dia Iff1(33,y,s,)\) I
S Iypa(z,y,s,A) | _ | @ @)
! ’ Iffg(l’,y,s,)\) Uul’

d41 d44 Iff4(1'7y,8,)\) Vv

where I¢fq. 4 are the four flat-fielded intensities and I, @, U, V' are the Stokes parameters. The demodulation
matrices acquired during the on-ground testing before launch, resulted in large gradients across the field of view
in the Stokes parameters, an example of which are portrayed in Fig. 4. Averaging the central 1024 x 1024 region
of the demodulation matrix results in a demodulation matrix that removes the large scale FOV variations that
were introduced using the matrix measured during the on-ground polarisation campaign.
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Figure 4. A Stokes V' image in the ling wing on 23rd February 2021 17:00 UTC, with a distance of 0.526 AU and PMP
temperature of 50 °C: a) result when using the original demodulation matrix; b) result after using an averaged matrix.

3.5 Limb Detection and Normalisation

For datasets where the limb is in the FOV, such as when the spacecraft is off-pointing to the poles, certain
additional steps are needed. From the World Coordinate System (WCS) information in the fits header, the
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pointing (North, South, East, West) is determined, such that a limb fitting algorithm can accurately detect the
limb. First a mask is created, ensuring that all pixels outside the solar disc are set to 0 in the final data products.
To prevent limb darkening from affecting the normalisation, the edge and radius of the limb are calculated. For
limb images, the average of Stokes I at the continuum wavelength position is used as the Stokes normalisation
factor, making sure to only include pixels which are less than 80 % of the solar radius in distance from disc
centre. Under disc centre pointing, the average from the central 1024 x 1024 region is found and used as I..

3.6 Cross-Talk Correction

Cross-talk between the Stokes parameters arises from three main sources: spacecraft jitter, imperfect instrument
calibration, and modulation from the LCVRs. The strongest cross-talk, is that from Stokes I to the other Stokes
parameters, as the absolute value of Stokes I is much greater than that of Q, U, V.'2 Due to cross-talk from
sources described earlier, an ad-hoc correction is applied to the data.'®14 A linear fit of Q, U, V against I is
performed separately, on the continuum wavelength image, to find the gradient and offset parameters of the
cross-talk from I to @, U, V. When applying the cross-talk correction at each of the 6 different wavelength
positions, the parameters are weighted by the respective averaged Stokes I value, relative to the continuum
value. The cross-talk parameters from in-flight data are of the order of 1% or lower, indicating that the ISS
ensures there are no major contributions from the spacecraft jitter, the instrument calibration is accurate and
that the demodulation matrices used are effective. After this step, provided the ISS is operational, the pipeline
produces the L2 ‘Stokes’ filtergrams.

3.7 Special Case: ISS Off

The ISS of the instrument, as explained in Sec. 2.1, tracks features on the Sun and compensates for the spacecraft
jitter. The latter is important for two reasons: it removes the cross-talks induced by the jitter and keep the 24
raw frames aligned between each other during the acquisition. In some occasions the ISS has to be turned off
and three procedures have been implemented to compensate for the absence of this subsystem.

3.7.1 Modulation Alignment

The first procedure is the modulation alignment just before the demodulation of the data (see Fig. 2). For
each wavelength we consider the first polarimetric modulation as a reference; the remaining three polarimetric
modulations are then aligned to the chosen reference. This is performed by computing the gradient of the images,
selecting a sub-region of 512 x 512 pixels, and evaluating the cross correlation between them with sub-pixel
accuracy.'® This registration has to be performed before the demodulation in order to avoid the combination
of pixels from different regions on the Sun. Figure 5 shows the effect of the spacecraft jitter on the data and
the removal of the noise pattern with the modulation alignment step. The Stokes V noise level decreases from
2.4 x 1073 to 1.4 x 1073.

3.7.2 V to Q,U Cross-Talk Correction

The spacecraft jitter is responsible for increasing the cross-talk both from I to @, U, V' and from V to Q, U.
Similar to the correction of cross-talk from Stokes I (Sec. 3.6), this procedure performs a linear fit of Stokes
Q@ and U against Stokes V' immediately after the cross-talk correction from Sec. 3.6 is applied. The difference
between the two methods is that here we consider points from all the wavelengths while computing the linear
fit, so the parameters are not weighted by the continuum value. Despite the cross-talk parameters from I to
Q, U, V being of the order of 1%, the parameters from V to Q, U can be up to 7%.
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Figure 5. A Stokes V image in the line wing on 7 March 2022 00:00 UTC, at a Sun-spacecraft distance of 0.501 AU and
PMP temperature of 50 °C: a) result when using the standard pipeline procedure with ISS switched off, b) result when
using the modulation alignment step.

3.7.3 Wavelength Alignment

The last step before producing the L2 ‘Stokes’ filtergrams is the alignment of the frames at different wavelengths.
Similar to that described in Sec. 3.7.1, we use the continuum Stokes I image as a reference, and after computing
the gradient, we align the other frames to this reference. The only exception is for the line core wavelength image,
for which a line wing image is used as a reference. This alignment has to be performed before the Radiative
Transfer Equation is inverted to create cohesive Stokes profiles, where the different wavelength samples in a
particular Stokes profile, come from the same spatial location on the Sun.

3.8 Radiative Transfer Equation Inversion

To infer the physical quantities from the Stokes maps, a Radiative Transfer Equation (RTE) inversion is per-
formed. Similar to the inversion code used by the HMI vector magnetic field pipeline,'®'7 a code assuming a
Milne-Eddington (ME) atmosphere is used.!?18 A ME model assumes that the physical properties of the atmo-
sphere remain constant with geometrical height, while the source function scales linearly with optical depth.

This pipeline uses the CMILOS code written in C, which utilises analytical response functions.'® This code
is the same as that used by the FPGA devices onboard?’ and it works by minimizing the difference between the
observed and synthetic profiles it produces, iterating the atmosphere’s parameters until convergence of the two
profiles is achieved. The CMILOS code has three operating modes:

e RTE with default starting conditions
e RTE with Classical Estimates as starting conditions

e Classical Estimates only

With Classical Estimates (CE) enabled, either in CE only mode, or together with RTE, it estimates the line-
of-sight magnetic field and velocity using the centre of gravity method.?!:22 The transverse component of the
magnetic field is estimated using the weak-field approximation.'® The CMILOS inversion code produces the
following L2 data products: full magnetic vector, Dopplergram and continuum intensity. The azimuth is defined
as the counter-clockwise rotation from the positive direction of the detector y axis. However, the intrinsic 180°
ambiguity of the Zeeman effect is not removed at this stage.

Proc. of SPIE Vol. 12189 121891J-8

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 19 Apr 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



4. EARLY IN-FLIGHT DATA
4.1 February 2021

We first introduce reduced data from 23 February 2021 17:00 UTC. This data captured the quiet Sun at disk
centre, allowing us to characterise the noise level well, given the lack of strong magnetic field signals. The
distance of the spacecraft to the Sun was 0.526 AU, the PMP temperature was set to 50°C and the ISS was
active. At this distance, the (two-pixel) spatial resolution is 382 km.
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Figure 6. Stokes filtergram in the red line wing on 23 February 2021 17:00 UTC: a) Stokes I/I., b) Stokes Q/I., c)
Stokes U/I., d) Stokes V/I..

The Stokes filtergrams in Fig. 6 display high uniformity and low linear polarimetric signal as expected for a
quiet Sun. This demonstrates the high effectiveness of the flat-field correction and additional cross-talk removal.
The photospheric magnetic field network appears clearly in the Stokes V/I. image. In Stokes U/I. the remnants
of a polarimetric ghost edge is present in the lower right corner. This ghost is most likely due to a reflection off
the HREW (see Sec. 3.3). The flat-field correction removes the ghost to a large extent but the edge remains.
From analysis of histograms of the four quadrants, the difference of the lower right corner distribution from the
others is below the 1073 - I, noise level. Figure 7 displays the derived quantities from these Stokes filtergrams.
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Figure 7. Derived physical quantities from data of 23 February 2021 17:00 UTC: a) continuum intensity, b) magnetic field
strength, ¢) inclination relative to line-of-sight, d) azimuth relative to direction of rotation, ¢) Dopplergram, f) line-of-sight
magnetogram. The region outside the field stop is set to black for clarity.
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As expected by the uniformity of the filtergrams, the physical quantities in Fig. 7 display equal uniformity
and low magnetic field strengths due to the quiet Sun being void of active regions. The edge of a polarimetric
ghost is visible in the lower right corner of the azimuth due to the absence of signal. The continuum intensity
map exhibits the granular structure of the photosphere. The inclination is centred on 90 degrees, and due to the
very low linear polarisation signal, the azimuth contains mainly noise.

The Gaussian fit to the Stokes V histogram in Fig. 8 a) indicates that a polarimetric accuracy of < 1073 - I,
is achieved,?? illustrating the high performance of the HRT instrument. It is also important to note that due
to the tight telemetry budget, raw images from SO/PHI are compressed before download. The compression
procedure, in this case to 6 bits/pixel (down from 32), increases the noise of the filtergrams: for example, data
from the commissioning phase, which was downloaded without compression, had a Stokes noise level of 8.5x 1074,
Furthermore, using the same method as Liu et al. (2012),2* the line-of-sight magnetogram has an estimated
noise level of 6.6 G, very similar to the noise level of the 720 second magnetogram images from HMI, but with
almost eight times the cadence: 96 seconds.
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Figure 8. Histograms from data on 23 February 2021 1700 UTC: a) Stokes V/I. at the continuum wavelength position,
with a Gaussian fit (dashed red curve), b) the line-of-sight magnetogram, with a Gaussian fit.

4.2 November 2021

We present a reduced dataset of a sunspot captured by HRT, taken during the inferior conjunction in November
2021. The spacecraft was flying close to Earth, with a distance to the Sun of 0.858 AU, a PMP temperature set
to 40 °C and was pointing to disc centre. At this distance the (two-pixel) spatial resolution is 624 km, and almost
half the solar disk is within the FOV. As shown in Fig. 9 there are clear signals in Stokes /I, and U/I. that
capture the linear polarisation from the sunspot, which highlights the instrument’s sensitivity. The 45 degree
offset in the signal pattern between Stokes QQ/I. and U/I, is also finely highlighted.

Figure 10 displays the physical quantities computed from the Stokes filtergrams plotted in Fig. 9. Selecting
the umbra region with a continuum upper threshold of 0.6, the mean magnetic field strength in the umbra is
1420 G. This is somewhat low for an umbra and may reflect straylight, or that the large Zeeman splitting within
the umbra is not caught that well by the placement of the wavelength points in PHI. The azimuth is of particular
interest with a strong signal. The line-of-sight velocity displays the expected redshift on the limb side of the
spot, with the corresponding blueshift towards disc centre (Evershed flow).?®
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Figure 9. Stokes filtergram in the red line wing on 5 November 2021 20:21 UTC: a) Stokes I/I. b) Stokes Q/I. c¢) Stokes
U/I. d) Stokes V/I..
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Figure 10. Derived physical quantities from data of 5 November 2021 20:21 UTC : a) continuum intensity, b) magnetic
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4.3 Magnetogram Noise

Several datasets with different modulation schemes were acquired during a campaign in early November 2021
to test the cadence of the schemes. The noise from the line-of-sight magnetograms of these datasets at different
cadences is presented in Fig. 11. The total number of frames per image is found from the multiplication of the
two numbers in the accumulation scheme. A clear trend is visible: as the accumulation scheme changes from
[4,5] to [16,1], less frames are being accumulated for each image, and therefore as expected the magnetogram
noise increases from 6.8 G to 8.3 G. The last grouping, was the fastest the [4, 5] scheme could be executed by the
instrument, with a cadence of 96 seconds. It is also clear that the higher the cycles of the modulation states (the
second value in the accumulation scheme), the lower the magnetogram noise. It must also be noted that like the
data from February 2021, the compression acts as the main driver of the noise.
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Figure 11. Noise from the central region of the magnetogram plotted against time. The different combinations of ‘cad’
(cadence) and ‘accu’ (PMP modulation accumulation scheme, see Sec. 2.1) are denoted by their marker colours. The
vertical dashed line signifies the change in time from November 6th to November 8th.

5. CONCLUSION

An on-ground pipeline has been developed to reduce raw data from the HRT instrument to produce high quality
data with a polarimetric accuracy 1073 - I, and infer physical parameters from the polarised light. The 96
second cadence line-of-sight magnetograms are shown to have an excellent low level of noise, only 6.6 G, similar
to the noise level of the HMI 720 second magnetograms. This was achieved by calibrating the flat-fields to
remove unwanted artefacts from the acquisition process by use of unsharp masking. As a a result of the analysis
presented here, the unsharp masking procedure will be implemented onboard the spacecraft, such that the in-
flight data will also produce data of the highest quality. The absence of the ISS has also been taken care by three
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more steps. Despite the increase in data quality, as shown in Fig. 5, noise levels remain slightly higher than in
the standard configuration because of the spacecraft jitter. This pipeline will be embedded into a software tool
which will automatically process all the SO/PHI science data that will arrive on ground and store them on the
appropriate databases.
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