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Summary of thesis contents

Advances of the last century revealed that the atmosphere of our closest star is
highly stratified and complex, with an unexplained rise in temperature by more than
two orders of magnitude from the photospheric surface to the corona in the
high-atmosphere.

In between the photosphere and the corona lie teo layers: the chromosphere, the
most dynamic layer of the solar atmosphere as unveiled by recent high-resolution
space observation, and the transition region, where the temperature rapidly rises
from 10,000K to more than a million degrees in the corona.

Filamentary structures seen in these two regions implies that the dynamic is
dominated by the magnetic field: low plasma-beta (gas/magnetic pressure ratio) holds
there. This indicates that the magnetic field might be a key component of the heating
mechanism in the upper solar atmosphere. However, direct measurements of the
weak chromospheric and transition region magnetic fields are extremely difficult, as
the Zeeman effect is usually unobservable due to the Doppler width of the line being
larger than the Zeeman splitting. Yet, the less-explored Hanle effect can be used, as
it changes the polarization emitted from scattering processes in the presence of
magnetic field regardless of the line Doppler width. Recent progress in the theoretical
field and numerical simulations enabled possible diagnosis of the weak magnetic field
via the polarization from the Hanle effect, therefore pushing the need for new

instrumentation.

The Chromospheric Lyman-Alpha SpectroPolarimeter (CLASP) was proposed as a
sounding rocket experiment designed to measure the linear polarization of the
hydrogen Lyman-alpha line (121.6nm). The line is emitted in the upper-chromosphere
and transition region, and the Hanle effect is expected to operate in the core of this
spectral line for magnetic field between 10 to 250 Gauss. Detecting its polarization
signature requires an instrumentation with an unprecedented polarization sensitivity
of 0.1% in the vacuum ultraviolet (VUV) range. A dedicated design of the instrument
and its experimental verification was crucial to ensure the scientific success of the
mission. However, developing a space instrument for VUV also comes with a lot of
technical difficulties: tests and calibrations under vacuum condition, molecular
contamination requiring careful baking of the instrumental parts to avoid outgasing
under vacuum, robust optics able to survive launch vibration, etc. For these reasons,

the development of CLASP was unique and very challenging.

The novel experimental solutions developed to ensure the optical and polarimetric
performances of the instrument are presented in this work:
-Telescope optical alignment : The telescope is a classical two-mirror Cassegrain

design, and adjusting the tilt of the secondary mirror with respect to the primary is
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crucial to ensure the image quality. To avoid experiment under vacuum, the telescope
was aligned by measuring its wavefront error using a visible-light laser
interferometer. The secondary mirror tilt was adjusted by shimming to remove coma
and defocus aberration at the center of the field of view. The alignment was
successfully performed, reaching better than the required spatial resolution.

-Spectro-polarimeter optical alignment : The spectro-polarimeter is a inverse-
Wadsworth mounting design, where a reflecting diffraction grating separates the
light from the slit into two channels, for each a camera mirror re-image the slit onto
a CCD detector. Adjusting the grating and camera mirrors tilts is required to meet
the spatial and spectral resolution requirement. A unique alignment procedure was
developed for spectro-polarimeter optical alignment to minimize the experiment
under vacuum. The camera mirrors were aligned in He-Ne (632.8nm) by using a
custom-made grating of same diffraction angle as the flight Lyman-alpha grating by
tuning its ruling density for the He-Ne wavelength. The camera mirrors were
successfully aligned by diagnosing the observed spot shape on the CCD with optical
simulation performed prior to the alignment experiment. The visible light grating
was then replaced by the Lyman-alpha grating. Then, the Lyman-$\alpha$ grating
tilts and CCD focus position were adjusted under vacuum by injecting VUV lights
from a Deuterium lamp. Optical simulations were used to provide quantitative
comparison for the alignment under vacuum, and the spectro-polarimeter was
successfully aligned within the required spatial and spectral resolution.

-Telescope focus position adjustment : The telescope focus position was adjusted to
the spectro-polarimeter slit using a configuration where white-light was introduced
from the back of the slit and where a flat mirror located in front of the telescope
aperture reflected the light back into the telescope. By inducing a small tilt on the
flat mirror, the image of the reflected slit was observed by the slit-jaw optics and the
width of the slit image provided indication on the focus position of the telescope.
Several measurements for different shim thickness inserted between the telescope
and the spectro-polarimeter parts successfully determined the best focus position of
the telescope onto the slit.

-Optical checks though the tests : Two measurement methods were designed to
confirm the telescope focus position and the spectro-polarimeter optical performances
during the integration of the instrument. Measurements were performed before and
after the various vibration tests performed prior to launch and also after shipments
from the different locations in Japan and US. Results from every measurements
performed showed that changes of the optical performances were within the
requirement, ensuring the healthiness of the instrument until launch.

-Polarization calibration : An unprecedented precise polarization calibration of the
spectro-polarimeter was performed at Lyman-alpha to estimate the artificial
polarization created by cross-talks between the different Stokes parameters and to
achieve the required 0.1% polarization accuracy in VUV for the first time ever. The

experiment was challenging: a Ly-alpha light-source with linear polarizers able to
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provide a known polarized input under vacuum had to be designed. Long exposures
were required to achieve the needed accuracy due to the weak intensity of the
Ly-alpha light-source. Two different methods were used to change the polarization
input to the spectro-polarimeter: the direct method in which the entire light-source
was rotated, and the waveplate method in which a half-waveplate with rotating motor
was installed after the light-source. The interpretation of the polarization measured
was complex, as the multiple effects of CLASP rotating half-waveplate (i.e. drift of
polarization angle over time and non-uniformity during a full rotation), the
Lyman-alpha light-source (i.e. illumination angle creating a polarization gradient
along the slit and off-axis illumination creating a shift of polarization input) and
half-waveplate used for the calibration (i.e. retardance changing the input to the
spectro-polarimeter) had to be quantified and taken into account. By combining both
methods and removing the previously cited artefacts, the response matrix of the
spectro-polarimeter, composed of the spurious polarization, the scale factor and the

azimuth error terms, was successfully determined within the required tolerances.

The integration and tests resulted in CLASP instrument satisfying all of its
scientific requirements, and the payload was successfully launched on September 3rd
2015. The preliminary results from the limb observation confirmed the scattering
polarization in the Lyman-alpha line for the first time and the disc center observation
were analysed to confirm the pre-flight polarization calibration. Polarization signals
created by the local anisotropy of the solar atmosphere were detected even at disc
center. Therefore, a statistical approach was adopted to cancel out the solar
fluctuations by summing pixel spatially along the slit. This method revealed a
spurious polarization level smaller than the measurement from the pre-flight
calibration, determined with a 3-sigma. Further investigations were conducted to
understand the origin of the discrepancy on the spurious polarization estimated
pre-flight and in-flight. As a result, it appeared that the influence of the cross-talks
from the incoming linear polarization to the measured intensity was underestimated
during the pre-flight calibration. These terms of the response matrix were thought to
only imply an additional error on the other matrix elements, but actually produced a
similar effect as of the spurious polarization terms in case of an highly polarized
incoming light such as during the pre-flight calibration. Hence, a new method was
developed to estimate these two additional terms, along with the spurious
polarization, scale factor and azimuth error terms of the response matrix, from the
measurements recorded during the pre-flight polarization calibration. The results
indicated a much smaller spurious polarization level compared to the previous
estimation, which was consistent with the in-flight calibration. However, this new
method could not reach the required accuracy on the spurious polarization terms, due
to the limitation of the pre-flight calibration measurements. The combined results of
the pre-flight polarization calibration response matrix and the spurious polarization

derived during the in-flight polarization calibration provided a complete response
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matrix of the instrument, which ensured its 0.1% polarization accuracy.
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