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ABSTRACT

The Full Disk Telescope is part of the Polarimett@ioseismic Instrument on board the future SQ#dviter
ESA/NASA mission. The Full Disk Telescope will pide for full-disk measurements of the photospheric
vector magnetic field and line-of-sight velocity, well as the continuum intensity in the visiblevet@ngth
range. Along this mission, it is expected that edrdrifts will induce image focus displacements.
Consequently, providing an autofocus system is ratamy to prevent image degradation. The refocusing
system is based on an autonomous image qualitysieand it allows for a lens displacement in ortddocate
the best focus position. In this document the systad the figure of merit chosen for the image igpal
evaluation is presented. The algorithm is a gradiesed contrast and it is adapted to the objattrfes.
Moreover, the telescope is not equipped with ingtgbilization system and therefore attitude stighitiust be
assessed. Jitter is modelled as a circular norisaildition of the pointing direction. A stabilitf 0.5 arcsec
(op) during frame accumulation is simulated and itpact on image contrast evaluated. Consideringittes,
image contrast is only reduced to 99.8% the contfaan unaffected image. Finally, to estimatedffect in
the process performance, the mechanical uncedaiatipected for the linear actuator were addelktal¢focus
due to the lens excursion. The results show tleaptbposed refocusing system is sufficiently rolagstinst the
expected image shifts and mechanical instabilities.

I. INTRODUCTION

The future Solar Orbiter (SolO) ESA/NASA mission ilgended to perform measurements of the inner
heliosphere, nascent solar wind, and close obsengbf the polar regions of the Sun [1]. It wi#ach a
perihelion of 0.28 astronomical units (AU) and onbp to 34° out of the ecliptic. The spacecrafaiSun-
pointed, 3-axis stabilized platform, with a dedézhheat shield to provide protection from the Highels of
solar flux near perihelion. Its payload suit condsinremote sensing with in-situ analysis instrunteria
Suitable fields-of-view to the Sun are provided tlee remote-sensing instruments by means of fesuigiis in
the heat shield.

The Polarimetric and Helioseismic Imager (PHI) e @f the remote sensing instruments on board ¢h@.S
PHI is a high resolution spectrometer, a high seespolarimeter and a diffracion-limitted imagérat will
perform polarimetric measurements of the solarasarf It is an instrument with complex subsystemghiw
PHI, two telescopes work sequentially: The FullkDielescope (FDT) and the High Resolution Telescope
(HRT). Both telescopes rely on an autofocus cajhlib precisely focus on the Sun, and compensate f
thermal/vacuum environment defocusing effects ¢batd be encountered during the mission.

In particular, the FDT Re-focussing Mechanism (FRIM)designed to adjust the optics of the FDT ttaiob
focused images at the scientific focal plane. Tagsany mechanism, will suffer from position unagrties due
to wearing and backlash, and its precision wilkeffthe performance of the refocusing process. milai
arrangement has been successfully employed in &aethvironment conditions [2]. These conditions\aey
different from interplanetary vacuum conditions,wewer some requirements are typical, such as strong
restrictions on mass and power consumption, rolkagstretc... Moreover, PHI is expected to suffamfjitter in
the spacecraft. Images from HRT are compensateal diyrelation tracker mechanism and a closed leap r
time image motion compensation by a tip/tilt mirrdhat provides for an image stabilization systelowever,
the FDT, with comparatively relaxed requiremerdasks this system and the jitter influence mustuauated.

In this paper the FRM is presented. This is anmptthanical assembly designed to hold two lensas,the
entrance diaphragm of the FDT system. One of tha®ses, mounts on a motorized platform, which legittat
the exact point to perform the correct focusingtted system at any situation. Image quality degradas
simulated and the influence of mechanical effestgh as the jitter and the mechanical uncertaintes
modelled and evaluated. Then, a number of imagésted to the lens position are generated. Theusfing
process is finally simulated, applying a figurenodrit to estimate the contrast of these imagesfiaddhe best
focus position.
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II. THE POLARIMETRIC AND HELIOSEISMIC IMAGER

Fig. 1 shows a CAD model of PHI. Some parts of T are not shown so that the FDT path can be seen
clearly. The location of the FRM is also indicatdthe FDT optical subsystem between the FRM and $15 i
mounted in a rigid tube, with M5 as an alignmentrari The FDT tube is mounted fixed in positionoirthe
back structural element of the PHI optical unit (Qdructure, while the front end of the tube iwaid to
expand in axial direction (to allow for differentithermal expansion of the aluminium tube and tudaon fiber
struts of the structure). This is achieved via aligimounted flex blades between the front enchefEDT tube
and the front structural block. The instrument f&&t connected to the blocks.

SUN DIRECTION

FDT
M5 FOLDING

MIRROR

HRT MAIN
BAFFLE

M4 FOLDING OU STRUCTURE

MIRROR

Fig. 1. CAD model of the PHI optical unit. Some sectiofshe HRT are not shown so that the FDT can be
seen clearly. The FRM is one section of the FDEmbdy.

The FDT is connected to the common branch of PHItke folding mirror M5 and by action of the feed
selection mechanism (FSM). Thus, the two telescopaswork sequentially and their selection is miagehe
FSM, which feeds one filtergraph (FG), the cameatice and one focal plane array (FPA). The FG mresifor
a very narrow passband filter centered at a wagéheof \=617 nm. The polarimetric analysis is performed by
one polarization modulation package (PMP) [3] inteaf the telescopes. The modulation scheme isghee as
the one used in the IMaX instrument of the Sunmngssion [4]. Both telescopes apertures are praiebte
intense solar flux by special heat rejecting erteawindows, which are part of the heat-shield asbeif,6].
The FDT is designed as a refractive telescope anids name suggests, it will yield full disk image the Sun
with £1° FOV of circular aperture and 17.5 mm diaeneThe detector is a 2048x2048 pixel CMOS arré w
a 10 um pixel size. An effective focal length oP5Tm yields to a ~3.5 arcsec per pixel of angwgaplution,
and a depth of focus of +1.35 mm at the FPA.

lll. FDT REFOCUS MECHANISM

The mechanical parts of the FRM are shown in F&). Bovement is originated on a two-phase stepper
motor (Phytron VSS26), designed for extreme envirental applications and coupled to a 7:1 reducjesr.
The output shaft is finally connected to a leadsegew with a lead pitch of 1 mm clamped to the nbwva
platform. Linear displacement is ensured by a neopiate guided by miniature railways with 45° ceaks
rollers. Two end of travel limit switches are usedet the scanning range. They are also used theseero at
the longitudinal axis, and as a reference in ctege @unt is lost by electronics. Moreover, thegvent damage
from accidental over travel.

The optical components are shown in the FRM crestian illustrated in Fig. 2b). These are the ertea
pupil, and the lenses L1 and L2. The lens L1 isdiat the structure of the mechanism; while thegaides
support L2, with its mechanical mount. As a consege, L2 is moved along the optical axis, changey
optical path of the incoming Sun light, and compimg) for defocus effects due to, e.g., manufaotyri
tolerances and temperature changes. Focus is thégvad by moving L2 with high accuracy and repleiity
over a ~4 mm travel range, and in the applicabhgeaof temperatures. An L2 shift of 80 um can comspée
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for 1 mm of focus displacement at the FPA. Themftihe system is able to compensate for strongcdeéal
situations.

An L2 displacement of £110 um covers the FDT dejtfocus. Then, since the whole travel range ofiéins
is 4 mm, we have chosen to cover this range byrsegrit in steps ofAz = 110 um (hence 37 steps). The
method proposed for the refocusing process is baseatquiring a sequence of images during the et&aR
along the optical axis. Processing of the imagepeisormed and L2 is located where image contrast w
measured higher. For the mechanism, a £10 pm wiesrposition is defined.

Along the SolO science mission orbital period pha$d 68 days, the FRM is expected to reach tentpers
between -17°C and +63°C. From this it can be estatpd a temperature change of ~1°C per day. Neleds,
once the system is focused it withstands a variatibsome tens of degrees with no need to refoasighe
displacement is kept within the depth of focus. HRM is designed to perform 1020 autofocus seqigence
during its lifetime.

a) Leadscrew

Motor and

Sun
direction gear box
b)
Entrance B i '
pupll )
i [ 18! 1]l
T b o
; Optical
l L ZJ o B " axis
= == - |

L1 L2 D]EF

Fig. 2. FRM. a) Lateral view of the mechanism CAD modekwehthe main parts are shown. Only one switch
can be seen from the side. b) Cross section expdstoptical components.

IV. EVALUATION OF IMAGE QUALITY

To evaluate the loss of contrast in a monochronsgeran algorithm based in the image gradient id. URee
figure of merit employed will be the square of tjradient, which is proportional to the edge strenge. the
contrast [7]. Moreover, to reduce computation tamel improve performance a ring-shaped mask is eghjh
the computation. This mask is calculated to matghimage and exposes only the solar limb, as it el
explained later.

Since the algorithm is adapted to the image feafune= will first describe the test image used im ou
numerical experiments. The image shown in Fig.edt)(lwas obtained by the Helioseismic and Magnetic
Imager (HMI) on board the Solar Dynamic Observaiarfzarth orbit [8]. The solar limb is clearly seagainst
the dark outer space and large sunspots can beirs¢le@ solar surface. The Sun nearly fills the 8096
pixel continuum intensity image. Thus, to match fiél detector resolution and produce a referenagefor
our simulations, a rebinned by 2 version of thiag®a will be used.

In our simulations, we assume a linear incohemaiging system. Where the optical transfer func(iomF)
is found by autocorrelation of the generalized pug(ir)exp(i$), with P(r) the binary aperture function apdhe
phase aberration [9, 10]. The reference image teestdm the multiplication of this OTF with no abation
terms, by the Fourier transform of the HMI image.(bnly diffraction is considered). In this caktibn, and in
order to ensure the equivalence of the image résn|uthe different orbiting distances of the HMI AU) and
FDT (0.28 AU) have to be taken into account. Consetjy, the aperture and effective focal lengthhef FDT
have to be scaled by a factor 0228 he image can be then considered to be obtaiped BEDT equivalent in
Earth orbit.

The algorithm employed for the contrast evaluati@s the square of the gradient. This is a typipar@ach
for edge detection, and it is based on enhancingpalshanges of intensity [7]. Thus the figure adrinused to
evaluate the contrast ofNxN pixels imagd is
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wherei andj, the pixel coordinates in the image, are integers fromN) snd the derivatives are computed by
finite differencesM is a binary mask dfixN pixels. The mask anfl the mean value of the image, are dividing
the masked-gradient term in order to normalise the final figure of merit.

Since the gradient is higher at the solar limb, in our study we pay special attention to this area. We thus ap
the binary mask that cancels the entire image but the solar limb area. This mask is obtained by thresholdi
based or, and reduces the influence of changing solar prominences or sunspots on the computation. It has
shape of a ring with value 1, in the region of the limb, or where the gradiéns digh, and O elsewhere. At
Fig. 3 (right), a) and b) show sections of the image, the solar limb, in focus and its corresponding mask. Tl
width of the ring is small due to the small high contrast region. On the contrary, for a severely defocused imac
like the one shown in c), a wider ring mask, illustrated in d), must be employed.

©)

Fig. 3. Left: Sun image used as a reference for the numerical experiments. A closa group of sunspo
are shown in the inset. Right: A section of the Sun limb in and out of focus in a) and c). Their associated masl|
are shown in b) and respectivel.

Equation (1) will be the figure of merit used to evaluate contrast as a function of different image degradatic
factors. Its performance will be also compared to other methods in the last section.

V. JITTER SIMULATION

Random jitter in the spacecraft can lead to a loss of sharpness in the images captured, thus degrading
whole instrument performance. These random vibrations are not completely random. Their magnitude throu
the frequency domain is expressed in terms of power spectral density. However, expected vibrations in t
platform are difficult to model or simply unknown. Sometimes, data from previous missions is employed [11]
but this is not always suitable. In practice imaging stabilization systems are equipped inside telescopes wr
high resolution observations are required.

The FDT, on the contrary, observes the solar disk at low spatial resolution, and no ISS is included in i
design. Moreover, at the spacecraft level, expected values for the jitter reported by ESA grE=RBI&(csec
within 10 s. Since the refocus process relies on image sharpness, an evaluation of the jitter influence
compulsory.

In our simulations, jitter is modelled as attitude misalignment for different captured frames: An optical bean
is steered in a propagation simulation by applying a tilt to the wavefront [10]. As illustrated in Fig. 4, a tilt of
angleox in thex-z plane andyy in they-z plane, where the-axis is the Sun direction, will result in an off-
pointing direction of the wavefront. The phase function for producing this tilt is

9= Kxtan(a,)+ ytanla, ). @)
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wherek is the wavenumber. Considering the formulationNmfl [12], this phase can be expressed as a linear
combination of the two Zernike polynomials that@aat for a tilt aberration, 2Zand 2, with coefficientsc; = %
tan () andcs = %2 tan §y).

Pointing errors in the spacecraft are simulatedibglacementg (see left diagram of Fig. 4). They follow a
circular normal distribution with given RM@Yand equally probable arbitrary directions. If emnsiderp = (x?
+yA)12 wherex andy follow normal distributions with equal standardvidionsc, the standard deviation of a
circular normal distribution is, = %26 (2-n/2) [13].

| 2 T
nep V| + n
WAVEFRONT A _ POINTING 5 1 +
OBSERVATION | " PIREETION a =
POINT oy ! § o ERi
s + T
|
0 WP T al et ¢
+ o+
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Fig. 4. Left: The pointing direction of the wavefront molgel is tilted wih respect to Sun orientation. Rig
Angular deviations of line of sight during an imagmumulation of 24 frames following a circular ma
distribution withc,=0.5 arcse!

We will consider a RM$()=0.5 arcsec within 10 s for the jitter and an awualation of 24 frames at 100 ms
frame rate requirement for image acquisition. Hosvewe will assume this RMS during the 2.4 s image
formation in our simulations for an oversize estiora of image degradation by jitter. The right ptdtFig. 4
shows theox and oy angles calculated for producirfg=24 tilted wavefronts following a circular normal
distribution withc,=0.5 arcsec.

The aberration phase, given by each pair of anglassed to build an OTF. The framecorresponding to this
off-pointing direction is produced by multiplyingpe Fourier transform of the reference image by @ig-.
Finally, an accumulated imagg. of F frames, is formed by the average

1 F
Iacc :Ezl jit ()

jit=1

In our simulation we are thus assuming that theimedation ofF jittered frames eventually forms one image.
The contrast of an image as a function of the RMSsitlered in its jitter is plotted in Fig. 5. Aspected, the
image contrast is reduced as the standard deviafitime circular normal distribution increases.plarticular,
for 6,=0.5 the contrast of the accumulated imageis 99.8% the one of the reference image. Thisagaiu of
contrast is considered negligible to complicate FEl design with an image stabilization systemjitiér is
kept within the RMS assumed). However, as seenidn %; the influence of jitter on image quality cha
significant if RMS is further increased.

1

T~

0.99 ™

0.98 \\
0.97 \
0.96
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Fig. 5. Image contrast versus jitter as a function of theutar normal standard deviatic
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VI. REFOCUS PROCESS SIMULATION

In this section a complete refocus process is simulated. As explained in Section 1V, the figure of mer
evaluates the image contrast, and this information will be used by the system to locate the best focus positi
To evaluate the robustness of this method a relation between L2 displacements and pure defocusing v
derived. Then a sequence of defocused images as a function of this excursion were generated.

The number of waves of defocuy @t the edge of the pupil is related to the defocus distante=&& 5 (F#)?,
whereF# is thef-number of the optical system ahdhe wavelength [14]. This relation can be compared to the
expression of the fourth Zernike polynomial, the one that accounts for defocus, and the following expressic

can be derived
Az= —@A(F#)ZQ )
Vi

wherec;, is the fourth Zernike coefficient. Thus, pure defocus by a lens displacamean be modelled as a
wavefront error proportional to the Zernike polynomial Zhis polynomial is included in the aberration phase.
Thus, the OTF computed includes the defocus aberration, via thayhomial, and the jitter contribution, as
described in Section V. Moreover, the accuracy of the L2 position set by the mechanism is +10um an
consequently, this position uncertainty may affect the performance of the refocusing process. This is al:
provided in the OTF by adding an uncertainty to the lens displacemanrid®um, at any position of L2, with
a square probability density function.

Following this procedure, a sequence of 37 OTFs were generated. They correspond to defocus distances in
range of £2 mm in 110 um steps. They also included jitter and position uncertainty in the computation &
explained. When these transfer functions are multiplied by the Fourier transform of the reference image, a set
images result. They correspond to a simulation of the image degradation, as a function of the lens displacem:
i.e. during the refocusing process. Fig. 3a) and c) are a close up of the images genetated] fondAz=1.76
mm (plus uncertainties), respectively.

Finally, the masked-gradient based algorithm was applied to this set of images and its normalized values
shown in Fig. 6 as a function of the lens position. The curve, plotted as a solid line, covers the dynamic range
a smooth way, even in the presence of ‘noise’ given by the mechanical uncertainties. Within the focal dep
range the contrast variation is quite significant and thus easy to detect. This implies a wide margin of err
against mechanical instabilities in L2 or lack of precision in the position of the maximum contrast. Nevertheles
in practice, it is expected that the excursion of the lens will induced more aberrations than pure defocus a
indeed the presence of other aberrations can destroy the symmetry of this curve. However their contribution
small against the induced defocus and we have neglected them in our study. Thus, the refocusing system lo
for the image plane with the sharpest image (i.e. highest contrast or best focus) rather than for the position w
the minimum defocus aberration.

1.......0. L B A --...T........'
()
1
0.9 i + RMS |
/ H '.\ Masked-gradient based
08 R W Gradiend based |

o /N

B / P \
E=] 1 1
c I 1
3 06 1
= 1 [
] ! 1
T 05 / ! ! \
o / Pl ™~
0.4 7 N N
/\/ ’f \\\
03 t” \\\
g AN
0.2 rad R
-1.5 -1 -0.5 0 0.5 1 1.5

Lens position [mm]

Fig. 6. Contrast computefrom a sequence of imac using different figures of me. The images are obtain

numerically and correspond to the L2 excursion along the scanning range of the FRM, where defocus, jitter ar

mechanical instabilities are simulated. The image RMS is plotted as a dotted curve, the gradient based contre
as a dash line and the mas-gradient based contrast as a solid
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For comparison purposes, other figures of meritilrstrated in Fig. 6. The image RMS is plottedaadotted
line. It is also a common figure of merit used teasure image contrast but, as it is illustrategravides very
low sensitivity to contrast variation in our systedlternatively, the gradient-based contrast withdle

cancelling mask, and plotted as a dashed linejges\good sensitivity for small defocused stateswélver, the
curve has long flat wings within the scanning rgngkich can compromise the refocusing process. Mae

since the mask is not applied, the contrast cambee sensitive to solar features such as promisence
filaments.

VII. CONCLUSION

The proposed autofocus system is sufficiently rolagainst mechanical uncertainties and expectedtalat
image shifts. The masked gradient-based contrgstiiim, which performs a contrast evaluation ietd to
the solar limb, has proved to be the most convemigteria for the autofocus system of the FDT.

ACKNOWLEDGEMENTS

The authors would like to thank the Spanish govemmnfor the support of this research via the grants
AYA2012-39636-C06-01, “Disefio detallado, fabricatié integracion de SO/PHI” and ESP2013-47349-C6-
2R, “Fabricacién e integracion de SO/PHI".

REFERENCES

[1] A. Gandorfer, S.K. Solanki, J. Woch, V. Martineillet, A. Alvarez Herrero and T. Appourchauxhé’
Solar Orbiter Mission and its Polarimetric and lds&ismic Imager (SO/PHI),” Journal of Physics:
Conference Series 271 (2011), 012086.

[2] Y. Michel, E. Conde, D. Kouach, M. Simpfendfsgr Y. Parot, G.R. Orttner, M. Saccoccvio and S.
Maurice, “Chemcam screwnut autofocus mechanismifogpadion data and guidelines for space-use of
ground equipments,” Proc. 13th European Space Meésma and Tribology Symposium- (ESMATS
2009).

[3] A. Alvarez-Herrero, “The polarization modulasdpased on liquid crystal variable retarders ferRll
and METIS instruments for the Solar Orbiter mis§jgmoceeding 66598 at International Conference on
Space Optics (ICSO 2014).

[4] V. Martinez-Pillet, J.C. del Toro-Iniesta, Alvarez-Herrero, et al., “The Imaging Magnetograph
eXperiment (IMAX) for the Sunrise Balloon-Borne 8oDbservatory,” Solar Phys, 2011, 268, pp. 57-
102.

[5] D. Garranzo, “Optical performance of the SO/HHIl Disk Telescope due to temperature gradicieces
on the Heat Rejection Entrance Windows”, procee@®i269 at International Conference on Space Optics
(ICSO 2014).

[6] J.Barandiaran, “Solar Orbiter/ PHI Full Dislkel€scope Entrance Window mechanical mount”, praoged
66273 at International Conference on Space OpttS@ 2014).

[71 R.C. Gonzalez, R.E. Woods, S.L. EddiDgyital image processing using Matlabata McGraw Hill,

2010.

[8] P.H. Scherrer, J. Schou, R.l. Bush, A.G. Kasbev, R. S. Bogart, J. T. Hoeksema, Y. Liu, TDuvall
Jr., J. Zhao, A. M. Title, C. J. Schrijver, T. Darbell and S. Tomczyk, “The Helioseismic and Magnet
Imager (HMI) investigation for the Solar Dynamiobservatory (SDO),” Solar Phys, 2012, pp. 207-227.

[9] J.W. Goodmanintroduction to Fourier opticsMcGraw-Hill International Editions, 1996.

[10] D. Voelz,Computational Fourier optics: a Matlab tutorigbPIE Press 2011.

[11] Y. Katsukawa, Y. Masada, T. Shimizu, S. Sakad K. Ichimoto, “Pointing stability of Hinode and
requirements for the next solar mission Solar-@gcpeding at International Conference on Spacec®pti
(ICSO 2010).

[12] R.J. Noll, “Zernike polynomials and atmosgheurbulence,” J. Opt. Soc. vol. 66, 1976, pp.-2Q1.

[13] P. Mathews and M. Malnar and Bailey, Inc. &Ttircular normal distribution,” unpublished.

[14] R.G. Paxman and J. R. Fienup, “Optical mggailnent and image reconstruction using phase diygrsi
Opt. Soc. Am. A, vol. 5, pp. 914-923.

Proc. of SPIE Vol. 10563 1056360-8



