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ABSTRACT

Much progress has been made during the last years in obtaining polarimetric observations of the Sun close to the
diffraction limit. Here I summarize the problems one encounters when observing close to the diffraction limit of a large
solar telescope, review techniques, present examples of recent observations, and discuss the need for further
developments of instruments and image reconstruction techniques.
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1. INTRODUCTION

Spatial structures in the solar photosphere associated with purely hydrostatic phenomena are likely to be seen down to
scales of the order of the pressure scale height and the photon mean free path, which are about 70 km (=0.1 arcsec at disk
center) in the lower photosphere. Dynamic structures and magnetic fields, however, will be visible at even smaller
scales. Existing solar telescopes have diameters of less than 1.5 m. Hence, even in the visible part of the spectrum, the
scales of solar structures extend out to the diffraction limit of current solar telescopes. Based on numerical magneto-
hydrodynamic simulations', future solar telescopes such as the Advanced Technology Solar Telescope (ATST) with its
4-m aperture are expected to see magnetic structures down to their diffraction limit even at visible wavelengths.

The best diagnostic for magnetic fields on the Sun is the polarization of spectral lines. In the presence of a magnetic
field, the Zeeman effect leads to a splitting of spectral lines into several components. These components are circularly
polarized in the case of the magnetic field vector being parallel to the line of sight, and linearly polarized in the case of a
field perpendicular to the line of sight. The splitting of spectral lines in the visible is most prominent in the large, strong
fields of sunspots and pores. In the much smaller magnetic elements, whose size is close to the diffraction limit of
current solar telescopes, the splitting is not easily detected in intensity profiles since these tiny features are mostly
unresolved. However, the polarization signature in spectral lines is easily measured since the non-magnetic part of the
solar atmosphere does not contribute to the polarization signal (with the exception of linear scattering polarization very
close to the solar limb).

The achievable spatial resolution has typically been limited by the turbulence in the Earth's atmosphere (seeing). To
overcome this resolution limit, various techniques have been developed to achieve diffraction-limited resolution even for
polarimetric observations that require long effective exposure times. While solar adaptive optics has made rapid progress
in the last few years™, post-facto image reconstruction techniques are still required to remove the influence of
aberrations that have not been fully compensated by the adaptive optics system. This is particularly important for fields
of view larger than a few arcsec because even a perfect AO system can only fully correct the aberrations over a small
field of view whose diameter is given by the isoplanatic angle. Since many solar features and phenomena need to be
studied over larger fields of view than the isoplanatic patch would provide, adaptive optics needs to be combined with
post-facto reconstruction techniques to reach the diffraction limit over the required field of view. Only solar multi-
conjugate adaptive optics (MCAO) might render image-reconstruction techniques superfluous.

Section 2 summarizes the general problem of polarimetric observations close to the diffraction limit of a large solar
telescope. Large in this context is defined as a telescope whose spatial resolution without an adaptive optics system is
limited by seeing and not by diffraction. Sections 3 to 6 introduce some of the post-facto reconstruction techniques used
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to reach the diffraction limit in magnetic field maps and illustrate this with examples of recent observations. Section 7
discusses instrumental concepts for future diffraction-limited polarimetry. I conclude with a short discussion and
outlook.

2. PHOTON STARVATION CLOSE TO THE DIFFRACTION LIMIT

Even though the Sun is the brightest object in the sky, solar spectroscopic observations with spatial pixel sizes
appropriate for diffraction-limited resolution are photon-noise limited. This is because the time resolution also has a
major influence. The number of photons per wavelength interval, per time interval, and per angular resolution element is
independent of the aperture size at the diffraction limit. Photospheric intensity patterns can move with apparent speeds of
up to 7 km/s. For features 0.1 arcsec or smaller in size, one must collect photons for only a few seconds to avoid spatial
smearing. Thus, the total number of available photons collected with diffraction-limited spatial resolution actually
(linearly) decreases with increasing aperture. To obtain the necessary signal-to-noise ratio at a given spatial resolution,
the required aperture is larger than what is required by diffraction alone. For instance, a diagnostically accurate
measurement of the vector magnetic field at 0.1-arcsec resolution and 5-second maximum integration time requires a 4-
m aperture, despite the fact that a 1.5-m telescope would provide adequate spatial resolution.
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Fig. 1: Maximum possible exposure time at the diffraction limit as a function of effective aperture for a realistic solar telescope. If
the exposure time is longer, smearing due to the evolution of solar features during the exposure will occur. The calculations extend
from a 25-cm effective aperture diameter up to 4 m, currently the largest planned solar telescope aperture.

A few simple calculations illustrate this issue in more detail. Let us assume that we have:
*  Anunobscured aperture;
*  10% overall efficiency (including detectors), which is high for typical solar telescopes and instruments;
* A maximum horizontal motion of solar features of 5 km/s, which is close to the sound speed in the lower
photosphere;



* An effective integration time given by the requirement that the solar image does not evolve more than half a
pixel during the integration time;

* A spectral resolution of 150,000;

*  Nyquist sampling in space (diffraction-limited) and spectrum.
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Fig. 2: Maximum signal-to-noise ratio (SNR) at the diffraction limit as a function of telescope aperture. The maximum SNR is
determined by the number of photons that can be collected during the maximum exposure time given in Fig. 1.

Figures 1 and 2 show the maximum exposure time and the maximum possible SNR as a function of telescope diameter
for three different wavelengths. For a 4-m aperture telescope such as the ATST and in the visible, a maximum exposure
time of about 1 second is possible, which leads to a maximum SNR of about 1000. For polarimetry, the maximum
possible SNR needs to be reduced by about a factor of 2 because of the added complexity involved in measuring
polarization. Typical polarimetric signal levels from solar features are only a few percent, and many interesting magnetic
field diagnostics require high SNR measurements of these small polarization signals. It is therefore challenging to carry
out polarimetry close to the diffraction limit of a solar telescope, and it gets more and more challenging with increasing
aperture.

3. SPECKLE IMAGING

Polarimetric observations with spatial pixel sizes appropriate for diffraction-limited resolution and spectral pixel sizes
adequate to resolve polarized spectral line profiles require exposure times of at least 1 second to achieve a useful SNR.
Atmospheric seeing therefore always degrades the spatial resolution of ground-based, polarimetric solar observations.
Hence a variety of techniques have been developed to minimize the degrading influence of seeing. As already mentioned
in the introduction, current solar adaptive optics systems do not fully compensate atmospheric aberrations. To reach the
ultimate spatial resolution, it is therefore still necessary to use post-facto reconstruction techniques even when using
adaptive optics. The reconstruction techniques typically operate on images and not on spectrograms. Therefore, high
spatial resolution polarimetric observations have typically been obtained with narrow-band tunable filters.



Speckle imaging relies on a number of short exposure measurements (about 10 ms exposure time in the visible part of
the spectrum) that are combined in such a way as to preserve the diffraction limited information that is present in the
individual exposures, but which is absent in the arithmetically averaged data corresponding to a long-exposure
measurement. Speckle imaging assumes that the structure of the observed object does not change during the collection of
the short-exposure images. Detailed reviews of solar speckle imaging can be found elsewhere 6,

To understand some of the issues faced when reconstructing polarimetric solar images, it is helpful to briefly review
speckle imaging as applied to solar observations. Image formation through the turbulent atmosphere of the Earth can be
described by the incoherent, space-invariant imaging equation. The observed images / in the Fourier domain are given
by
1=08S.

O describes the Sun outside of the Earth’s atmosphere and is assumed to be time-independent. S is the optical transfer
function (OTF), which varies with time since it includes the influence of seeing. Aberrations due to the atmosphere
strongly depend on the location of a given source at one moment in time because the telescope beam corresponding to
different sources traverses different parts of the atmosphere. However, if we select a small enough angular extent, the
isoplanatic patch, we may assume that the aberrations are the same for all points in this patch. Therefore, the formulation
above is only correct within an angular area of the size of the isoplanatic patch, which is typically a few seconds of arc
for day-time seeing conditions.

The reconstruction of O is typically performed separately for its amplitudes and phases. The amplitudes of O, are
reconstructed with the Labeyrie’ technique by calculating the average power spectrum of the image series. Applying the
same technique to a narrow-band channel is possible in principle, but the much-reduced SNR in narrow spectral bands
renders this unpractical. The average power spectrum is the product of the OTF modulus squared and the so-called
speckle transfer function (STF). Since the power spectrum of a point source is constant with spatial frequency, the
average power spectrum of a point source is the STF. In the absence of a point source on the Sun, the STF is determined
from model calculations of the Earth's atmosphere. The phases of O can be restored with a variety of techniques®'2.
After combination of the separately reconstructed amplitudes and phases of the Fourier transform of the object, the true
object is obtained via inverse Fourier transformation. The reconstructions are performed in small, overlapping segments
to account for anisoplanatism. After the restoration process the segments are recombined to cover the full field of view.

The major problem in speckle imaging of solar features is the absence of point sources to calibrate the Fourier
amplitudes of the object. Although models of the atmospheric turbulence have been used with good success, it might not
always be a sufficiently good approximation of reality. It is even more difficult to model the STF for images taken
behind an adaptive optics system. While such corrections have been made', they have to make many simplifying
assumptions about the actual AO system. Hence the amplitudes of the speckle reconstruction are limited in accuracy by
the restricted reliability of the model of the turbulent atmosphere and, if applicable, of the performance of the AO
system. Yet another problem is due to telescope aberrations. Their influence is not taken into account when calibrating
the Fourier amplitudes of the object, and the phase reconstruction is also affected. Fortunately, the influence of telescope
aberrations on the restoration is not significant as long as they are much smaller than the distortions induced by the
atmosphere, which is often the case.

4. PHASE DIVERSE SPECKLE IMAGING

A wavefront sensor that directly measures the combined wavefront aberrations due to the atmosphere, the telescope, and
the instrument circumvents both the model-dependent amplitude calibration and the influence of unknown fixed
telescope and instrument aberrations. In principle, one could use a Shack-Hartmann wavefront sensor as is used for
solar adaptive optics. An example of such a reconstruction is shown in Fig. 4. However, like adaptive optics, such an
approach also suffers from anisoplanatism, i.e. it only works over a very limited field of view.
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Fig. 3: The three pictures were derived from 100 simultaneous short-exposure images of a small sunspot at 1000 nm and the
corresponding wavefront sensor data obtained with the 1.5-m McMath-Pierce solar telescope. The left image corresponds to the
average of all 100 images, the center image represents the average after correcting for image motion (which simulates the effect of a
correlation tracker), and the right image shows the deconvolved image using the first 54 Zernike components of the measured
wavefront aberrations.

A much better suited type of wavefront sensor is provided by phase diversity, which, in its simplest form, uses a focused
image and a deliberately, simultaneously collected, defocused image. Object and wavefront estimates can be obtained
from a single image pair'* or from a series of pairs for a more reliable estimate'>'®. The latter is also called phase-diverse
speckle imaging because it uses a series of pairs. A detailed description of phase diversity and a comparison of the two
most common implementations with speckle imaging has been prepared by Paxman et al.”.

As is done with speckle imaging, phase diversity also reconstructs images in small, overlapping segments the size of an
isoplanatic patch that are combined to deliver diffraction-limited images over a large field of view. Since phase-diversity
also provides estimates of the instantaneous wavefront aberration as a function of field position, it is very useful in
assessing the performance of an AO system.

5. SPECKLE DECONVOLUTION

Attempts to use conventional speckle imaging with narrow-band spectro-polarimetric observations have failed'®. As seen
in Section 2, a narrow spectral band contains a limited number of photons. While thousands of images may be collected
over periods of hours to achieve a useful SNR in nighttime applications, this is not applicable to observations of rapidly
changing solar structures. Furthermore, most nighttime applications of speckle imaging involve the restoration of a set of
point sources whose power spectrum is independent of the spatial frequency (when neglecting diffraction at the
telescope aperture). In contrast, the power spectrum of typical solar structures shows an exponential decrease with
increasing spatial frequency. Therefore, solar speckle imaging needs a SNR in the short-exposure images that is orders
of magnitudes higher than for typical nighttime applications, and this is why spectro-polarimetric images are almost
impossible to reconstruct directly.
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Fig. 4: Schematic diagrams showing the optical setup (left) and the data reduction flow (right) for speckle imaging, speckle
deconvolution, and speckle polarimetry as used at the Dunn Solar Telescope of the National Solar Observatory in Sunspot, New
Mexico.

A method to overcome the resolution limit of narrow-band filter images was developed by Keller and von der Liihe"’.
This speckle deconvolution technique provides near-diffraction-limited filtergrams by combining short-exposure images
from a narrow-band and a broad-band channel. When speckle deconvolution is applied to polarization measurements in
the wings of a Zeeman sensitive line, the technique is called speckle polarimetry. Various results have been reported™>.

The basic idea of speckle deconvolution consists in realizing that narrow spectral bands are not required for speckle
imaging and that speckle imaging methods are not required for narrow-band imaging. The broad-band channel (about
10 nm wide) is used to determine the instantaneous point spread function (PSF). The simultaneous narrow-band images
(about 0.01 nm wide) are deconvolved with this PSF. The image formation in the Fourier domain can again be written as

1,=0,S, I,=0.8,
where the subscripts » and n denote the simultaneously observed broad and narrow-band channels, respectively. If the
two pass-bands are sufficiently close, we may assume that both channels are subject to the same OTF. Conventional

speckle imaging or phase-diverse speckle imaging is used to obtain an estimate of the true solar scene in the broad-band
channel, O, (in Fourier space). The best estimate for the narrow-band scene is the given by

(.1,
0,=0,——~L.
(1,15
Direct deconvolution is not possible because of discrete zeroes in the OTF, S. However, by taking a weighted ensemble
average, indicated with brackets, the sum of noisy quotients can be replaced by a single, less noisy quotient. It is easy to
show that the approximation as calculated with the weighted average is indeed identical to the true object in the narrow-

band channel. A detailed description of speckle deconvolution and further discussions of the influence of noise may be
found in Keller and von der Liihe'’.

The SNR of the reconstructed narrow-band channel is approximately given by the geometric mean of the SNR in the two
channels®. This explains the major improvement of speckle deconvolution over direct speckle imaging in the narrow-
band channel. The SNR in the broad-band channel may easily be a factor of 100 larger than in the narrow-band channel.



Then the speckle deconvolution reconstruction has a factor of 10 better SNR than the direct speckle imaging approach.
Figure 5 shows an example of data sets obtain with this approach. The sampling pixel size of those observations does not
allow us to reach the diffraction limit of the telescope, but it is an optimum size to achieve the high signal-to-noise ratio
required for speckle polarimetric observations of network magnetic fields. Keller and Wilton** show more results.
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Fig. 5: An example of a high-resolution observation of network magnetic fields close to disk center using speckle polarimetry. The
lower three images are the same as the upper two except for a different gray-scale and the absence of contour lines that indicate the
location of concentrated magnetic fields.

6. COMBINED ADAPTIVE OPTICS AND PHASE DIVERSE SPECKLE IMAGING

As mentioned above, phase-diverse speckle imaging is particularly well suited to be combined with adaptive optics.
Together with Rick Paxman, John Seldin, Dave Carrara, and Thomas Rimmele, I have combined the low-order adaptive
optics system at the Dunn Solar Telescope with a versatile polarimeter (ZIMPOL I, see below) and used phase-diverse
speckle imaging and speckle deconvolution to obtain diffraction-limited time sequences of magnetic fields**. The
adaptive optics™ was correcting the low-order aberrations (24 subapertures over the 76-cm telescope aperture) with an
update rate of about 1.5 kHz. A narrow-band channel with the Universal Birefringent Filter in the wing of the Cal 610.3
nm line and two white-light channels were used to obtain simultaneous in-focus and out-of-focus images for the phase-
diversity processing as well as circular polarization measurements in the narrow-band channel. All three channels were
equipped with a ZIMPOL I camera running simultaneously at 5 frames per second. Figure 6 provides an overview of the
optics as well as the data processing approach.
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Fig. 6: Schematic diagrams showing the optical setup (left) and the data reduction flow (right) for combined adaptive optics and
phase-diverse speckle polarimetry.

Out of every 100 image triplets, the 20 sharpest white-light in and out-of-focus images were selected to determine the
true solar image and the corresponding wavefront aberrations. Then we used 100 in-focus white light images and the
phase-diverse speckle reconstruction to determine 100 spatially varying point spread functions, with which the
simultaneous Stokes I and V images were deconvolved. The reconstructed white-light, narrow-band line wing, and
magnetogram time sequences were destretched to remove spatially varying image motion. Finally, a subsonic filter was
applied to limit apparent pattern speeds to less than 5 km/s, which reduces the noise considerably without removing any
true solar feature. Figure 7 shows a single time step out of this 19-minute time series.
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Fig. 7: The distance between the two clearly separated magnetic elements in the center of the field of view is only 0.3 arcsec showing
the excellent spatial resolution (the diffraction-limit of the telescope at 610 nm is 0.16 arcsec). The gray-scale bar on the far right
indicates the scaling used for Stokes V, which was normalized with the average line wing intensity. Since all magnetic fields in this
area had the same polarity, there is no negative flux, and therefore black corresponds to no magnetic flux.



7. INSTRUMENTAL DEVELOPMENTS

It is clear from Section 2 that diffraction-limited polarimetry at large-aperture solar telescopes must pay careful attention
to several issues. Optics and detectors must be highly efficient, i.e. light losses in polarization modulators must be
minimized; multilayer coatings on optical elements are required; and high-speed array detectors with quantum
efficiencies close to unity are urgently needed. High-speed array detectors are needed to make use of all the photons that
hit the detector within the maximum possible integration time (a few seconds at most, see Section 2). Since array
detectors have rather limited full-well capacities (typically a few 100,000 electrons per exposure), an array detector
needs to be read out often and quickly. A realistic goal is to achieve an overall efficiency of the combined telescope and
instrument of 30%. Furthermore, there is no time for scanning in space or wavelength, which makes the use of integral
field units such as fiber fed spectrographs, image slicers, lenslet arrays etc. a necessity. Nevertheless, most polarimetry
will not be carried out at the diffraction limit, at least in the visible part of the spectrum, because of the photon starvation
at the diffraction limit (see Section 2).

The most crucial ingredient in any future polarimeter that operates close to the diffraction limit of a large solar telescope
is a high-speed, high-sensitivity array detector that is suitable for polarimetry. The Zurich Imaging POLarimeter
(ZIMPOL) I and II represent the first detector concepts that were specifically designed for solar polarimetry. The
polarization modulation is best done at frequencies much faster than the seeing and the update rate of AO systems, i.e.
above 1 kHz. However, this is incompatible with the read-out rate of large, sensitive array detectors. A new instrument
concept developed by Povel et al*® reconciled the incompatibility by using a CCD directly as a part of the demodulator.
The array is alternately divided into photosensitive rows and storage rows that are shielded from light by an opaque
mask. The photo charges generated in the photosensitive rows during the first modulation half-cycle are shifted into the
adjacent storage row at the transition to the second modulation half-cycle. The photo charges generated during the
second modulation half-cycle are shifted into the opposite, adjacent storage row at the transition to the first modulation
half-cycle. This procedure is repeated over many modulation cycles until the desired amount of charges have been
accumulated. Then the CCD array is read out. Pixel-to-pixel gain variations do not affect the measured fractional
polarization. To avoid a reduction of the measured modulation amplitude due to the finite transfer time, charges must be
shifted about a factor of 100 faster than the modulation frequency. Furthermore, the charge transfer efficiency in both
directions needs to be very high.

ZIMPOL 1 is based on 42-kHz polarization modulation with piezo-elastic modulators and custom 393 by 284 pixel CCD
sensors®’. It can operate up to four cameras simultaneously at a rate of up to 10 frames per second. This enables precise
polarization measurements even with the short exposure times required for speckle imaging. Drawbacks include the low
efficiency due to the mask (a factor of 2) and the restriction of a single CCD demodulator to one frequency (a factor of 3
for vector-polarimetry). This total efficiency loss of a factor of 6 is overcome by ZIMPOL II**?. Four sampling intervals
in one modulation cycle are needed to record all four modulation states. The light is focused on the CCD with a micro-
lens array such that out of four pixels in one column only one is used for light detection while the remaining three are
used for temporary charge storage. In this way all four Stokes parameters may be measured with a single CCD sensor.
While possible, it proved hard to accurately align the micro-lenses on the CCD™. Furthermore, stray-light within the
micro-lens-CCD assembly led to significant problems during the data reduction. Finally, it has not been possible to adapt
the scheme to a backside-illuminated CCD that would have provided the desired high quantum efficiency nor to adapt it
to infrared detectors.

New developments in hybrid detector arrays have opened the possibility to build the perfect array detector for
polarimetry as envisioned by Lites®’. The HyViSI hybrid CMOS silicon arrays by Rockwell Scientific provide the
advantages of a backside-illuminated CCD with the flexibility, speed, and cost-efficiency of a CMOS imager. The
HyViSI arrays are based on the same CMOS hybrid technology as the well-known Rockwell infrared arrays. Silicon is
used instead of HgCdTe, which makes the arrays sensitive to visible and ultraviolet light. The same read-out multiplexer
can be used for either infrared or HyViSI arrays. 1024 by 1024 pixel HyViSi cameras are available as a commercial
product. 2048 by 2048 arrays are in the engineering phase.

A typical CMOS multiplexer contains two capacities, one of which is used for integrating the charges of the current
exposure, while the other holds the charges from the previous exposure that is concurrently read out. Instead of only 2



capacities, one could imagine 8 capacities within every pixel. Figure 8 shows an outline of one pixel of such a device.
Since an 18-um pixel can hold about 6,000,000 electrons, a full-well depth of more than 500,000 would still be possible
for every 18-um pixel and every polarization modulation state. Larger pixel sizes would offer even larger full-well
depths. The charges from the silicon would then be sent to one of four capacities in synchrony with the polarization
modulation. Before the next image is exposed, the four integrating capacities would transfer their charges to the four
read-out capacities. The cost for the design of such a new CMOS multiplexer is on the order of $500,000. Such a
multiplexer could then be hybridized with either silicon to cover the 300 nm to 1100 nm wavelength range, or with
HgCdTe to cover the 1000 nm to 5000 nm infrared wavelength range.

photons

Si, HgCdTe

CMOS Multiplexer

integrating capacities

read-out capacities

Fig. 8: Schematic layout of a single pixel of a new CMOS hybrid array detector that is capable of measuring all four Stokes
parameters. It has a 100% geometric fill factor and very high quantum efficiency. The photosensitive layer can be chosen such as to
cover the 300-1100 nm or the 1000-5000 nm wavelength ranges.

8. CONCLUSIONS

The combination of adaptive optics and post-facto image reconstruction provides the basic tool to obtain diffraction-
limited polarimetric time sequences over a substantial field of view with current and future solar telescopes. Until the
advent of reliable MCAO, this will remain the technique of choice for polarimetry close to the diffraction limit over a
substantial field of view. Still, improvements in telescopes, instruments, and image reconstruction techniques are needed
to make further progress. Since the diffraction limit of current solar telescopes can be reached, it is crucial to build larger
solar telescopes such as the 4-m ATST?. Such telescopes should be as free of instrumental polarization as possible.
Future instruments need to have higher throughput and efficiency than current instruments, and polarimeters need to
measure the polarization accurately even within the short exposure times required for post-facto image reconstruction.
New detector concepts such as the one introduced in the previous section might be crucial to achieve this.

Image reconstruction techniques need to be improved too. In particular, an open-source version of the highly successful
phase-diverse speckle code developed by Paxman and colleagues'>'® is needed. Furthermore, the reconstruction



approaches must be extended to long-slit spectrograph observations. While a general approach has been successfully
worked out *2, it has so far only been applied to intensity measurements.
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