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1 Abstract 
Coronagraphic observations for high contrast imaging require a target acquisition (TA) to 
align the target precisely behind the coronagraphic mask. The MIRI four quadrant phase 
masks (FQPM) are the most sensitive to the star alignment with respect to the FQPM 
center, and are therefore more challenging for target acquisition. Several TA scenarios 
have been considered to achieve the best performance with MIRI FQPMs. The tolerances 
for MIRI FQPM acquisition are so tight that the baseline algorithm cannot meet the 
requirements with current pointing accuracy. The possibility of small slews while 
remaining under fine guidance would make a significant contribution towards addressing 
that problem.  Moreover, they would provide an efficient way to implement sub-pixel 
dithering of the reference PSF star, which potentially can improve the ability to suppress 
starlight by factors of up to 10x using new post-processing algorithms. This report 
describes two applications where the ability to perform very small slews under fine 
guidance would be useful for coronagraphic observations. The first application is to 
improve the efficiency and accuracy of iterative target acquisition (TA) scenarios; the 
second application is to use sub-pixel dithers to enhance the coronagraphic performance 
using a new processing algorithm.   
2 Introduction 
The MIRI instrument includes four coronagraphs, three FQPM masks optimized to work 
in narrow bands (10.65,11.40 and 15.50 µm), and a classical Lyot coronagraph to work in 
a broad band around 23 µm. FQPM coronagraphs have the advantage to enable the 
detection of a companion very close to their parent star (small inner working angle), 
which in turn make them very sensitive to alignment.  
Target acquisition (TA) is required for the MIRI coronagraphs, and consists of acquiring 
images at some offset position from the center of the mask. Centroid measurements are 
then used to determine the appropriate slew to place the target precisely at the center of 
the mask. TA with MIRI FQPMs is performed using a neutral density (ND) filter (or 
possibly other broad band filters) instead of their dedicated science narrow-band filter. 
The purpose of the ND filter is to minimize the effect of the coronagraph on the shape of 
the PSF and also to avoid saturation.  Soummer et al. (2012) and Lajoie et al. (2012) have 
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recently explored in depth various scenarios and effects that affect TA with MIRI 
FQPMs. 
A typical coronagraphic observation includes an occulted target image, and an occulted 
reference star image. The subtraction of the reference star from the target reduces further 
the residual starlight not removed by the coronagraph.  
The alignment accuracy requirements for the FQPM are 10 mas for the science target, 
and 5 mas between the reference target and the science target. These requirements are 
challenging for a number of reasons: 

- 5mas corresponds to about 1/20th of a pixel (110 mas/pixel) 
- The slew accuracy depends on the slew distance, with a requirement of 5mas 

(one-σ per axis) for slews smaller than 0.5 arcsec, and 10mas (one-σ per axis) for 
slews of about 1 arcsec. An initial slew from a large distance (10 arcsec) is 
affected by a 20mas accuracy (one-σ per axis) 

- Jitter is also of the same order of magnitude with a requirement value of 7mas 
(one-σ per axis) with the goal of reaching 7mas radial.  

3 Small slews under fine guidance for iterative Target Acquisition scenarios 
An iterative TA scenario was proposed by Cavarroc et al. (2008). In this scenario, the star 
is initially placed 10 arcsec from the center of the FQPM, the detector is read out, and the 
star's centroid is measured to avoid any effect from the mask. A slew brings the star 
directly within one pixel of the center, with an accuracy of 20 mas (one-σ per axis). 
Several iterations including centroid measurement followed by small slew are performed 
until the alignment requirement is reached. This iterative scenario can be combined with 
a first intermediate position within 0.5 to 1 arcsec from the center (Gordon & Meixner 
2008), or with a pair of symmetric positions on both sides of the FQPM (twin-TA). Based 
on numerical simulations we find that the accuracy of the small slews (5mas one-σ per 
axis) impact the convergence of these iterations at the center and that this approach does 
not meet the requirement (see also Figure 1 for an associated error budget). The slews 
involved in this iterative phase of the TA process are typically smaller than 25 mas and 
therefore could be implemented under fine guidance, for example using FSM. 
Enabling very small slews under fine guidance would improve both the efficiency of 
iterative TA and its accuracy as illustrated in the error budgets in Figure 1 and Figure 2. 
Indeed, in the current implementation each small angle slew introduces an error of 5 mas 
1 sigma per axis (7.1 mas radial, 1 sigma), which is a significant contribution compared 
to the FQPM alignment requirements (see above in Section 2.0).  
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Figure 1: Error budget for MIRI TA corresponding to the iterative TA scenario (Cavarroc et al.). 
Small FSM slews under fine guidance would make box #3 equal to zero. The total accuracy error is 
significantly larger than the requirement for FQPM TA.  

 

 
Figure 2: Error budget for MIRI TA corresponding to the iterative TA scenario (Cavarroc et al.). 
This assumes the optimistic case where image motion transients are zero (either from a fast enough 
motion averaged during TA exposure, and/or implementation of improved control laws), and 
assuming that slew execution is performed with FSM under fine guiding, so that it does not introduce 
any error.  

Cavarroc Scenario 

MIRI Pointing Error Budget 
Coronagraph TA option 3a 

 

All values in mas, 1 sigma, radial 1 

Not including errors from centroid with FQPM Total 

Accuracy 

15.9 

| 

| 

2 3 | 4 5 

image motion 
(FSM/Roll) 
Transient 

On TA position 
 
 

Slew 
Execution 

(less than 0.5”) 
 
 
 

| image motion 
(FSM/Roll) 
Transient 
at final 
position 

 

Coronagraphic 

--------------- -------|------- ---------------- Geom/Opt Dist 

9.9 7.1 | 9.9 2.0 

| 

| 

| 

6        | Observatory Resposibility 

Calculated 

Target Offset MIRI Responsibility 

1.4 

| Calculated Value 

7 | 8 

Filter Wheel | Centroid 

Reproducibility ---------------- Accuracy 

1.0 1.0 

Cavarroc Scenario 

MIRI Pointing Error Budget 
Coronagraph TA option 3c 

 

Optimistic case: box 2 is zero 
(motion is fast enough to average, 
or very slow compared to TA, or 

improvements in control laws or 
multiple exposures during TA) 

 
And small iterations slews done with 
“FSM slews”: box 3 is zero (this is 

not implemented) 

All values in mas, 1 sigma, radial 1 

Not including errors from centroid with FQPM Total 

Accuracy 

10.2 

| 

| 

2 3 | 4 5 

image motion 
(FSM/Roll) 
Transient 

On TA position 
 
 

Slew 
Execution 

(less than 0.5”) 
 
 
 

| image motion 
(FSM/Roll) 
Transient 
at final 
position 

 

Coronagraphic 

--------------- -------|------- ---------------- Geom/Opt Dist 

0 0 | 9.9 2.0 

| 

| 

| 

6        | Observatory Resposibility 

Calculated 

Target Offset MIRI Responsibility 

1.4 

| Calculated Value 

7 | 8 

Filter Wheel | Centroid 

Reproducibility ---------------- Accuracy 

1.0 1.0 



JWST-STScI-003064 
SM-12 

 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

 - 4 - 

4 Using small dithers to improve coronagraphic performance 
Point spread function (PSF) subtraction between the target image and the reference can 
be greatly improved by the use of the LOCI algorithm (Lafrenière et al. 2007). Instead of 
performing a simple PSF subtraction between a target and a unique reference image, this 
algorithm uses a library of reference PSFs. It builds the reference PSF as a linear 
combination of the PSFs from the library, by optimizing the subtraction residuals in the 
least-squares sense. A remarkable feature of this algorithm is that the reference is built 
locally in small sections of the image and then pieced together. This ensures a much 
better subtraction since speckle correlation between different PSFs depends on the 
speckle position within an image. This algorithm has been successfully used on the 
ground to discover planets in the HR8799 system (Marois et al. 2008) and with HST 
NICMOS data from 1998 (Soummer et al. 2011). For example with the NICMOS data, 
the LOCI algorithm improves the final sensitivity by an order of magnitude compared to 
the classical one-to-one PSF subtraction.  
Since the accuracy of the TA is one of the main limiting factors on the final 
coronagraphic performance, it would be possible to take advantage of very small dithers 
(5-10 mas each) around the TA position for the reference star to assemble a small library 
of references images. This “dither-LOCI” approach uses the small changes in the PSF 
shape as a function of the alignment to generate an optimal PSF by fitting an optimal 
synthetic reference PSF from the library of references. In this approach a single image of 
the target is used, and the reference image is split into a few dithered images. An example 
of dithered positions assuming a small grid of randomized dithers is shown in Figure 3.   
 

 
Figure 3: Illustration of four realizations of the “dither-LOCI” approach. The black dot represents 
the location of the science target after TA. Instead of a single reference star image, “dither-LOCI” 
uses a few dithered iamges around the reference TA position. In this example the dithers are 
commanded to a regular grid of  30 mas square with 9 positions.  The positions appear randomized 
due to the current small slew accuracy (5mas one sigma per axis). The “dither-LOCI” algorithm 
creates a synthetic reference PSF from this “library” of small dithered reference images.  Note that 
these small slews are well within one pixel at the FQPM center and could be achieved with -dithers 
under fine guidance without loss of efficiency. 

Each of the reference dithers is well within one pixel around the FQPM center. This is 
necessary to explore small variations of the PSF shape for different offsets from the 
center of the mask. Dither-LOCI takes advantage of the very high alignment sensitivity of 
the FQPM coronagraph to introduce PSF-shape diversity for the reference library. A few 
examples of these dithered PSFs are shown in Figure 4.  
The results of a preliminary simulation using dither-LOCI are shown in Figure 5. In this 
simulation we find a significant improvement of the coronagraphic performance (about 
one order of magnitude). This is a preliminary simulation, which does not include 
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realistic detector effects likely to reduce the performance. Based on experience with the 
LOCI algorithm in the published literature, the contrast improvement is typically between 
a factor of several and a factor ten with real data (Lafrenière et al. 2007, Marois et al. 
2008, Soummer et al. 2011).  
Dither-LOCI is a very promising approach to enhance coronagraphic performance with 
MIRI FQPMs for the most challenging targets. Dither-LOCI would probably be 
prohibitive in terms of overheads with the current slew implementation. However, this 
approach could be developed further and implemented as an option for coronagraphic 
observations with little overhead using small slews under fine guide. The order of 
magnitude of these slews would be 5-20 mas.  
 

 
Figure 4: a few examples of reference coronagraphic PSFs for very small dithers of the order of 10 
mas between each image. Because of the high sensitivity of the FQPM with pointing these dithers 
introduce very small changes in the shape of the PSF close to the center. Because the LOCI algorithm 
builds a synthetic reference by optimizing a combination of PSFs from the library it takes advantage 
of the shape diversity introduced by the small dithers. LOCI is equivalent to an optimal fit of the PSF 
shape from the reference library. The knowledge of the actual position for each reference dither is 
not needed in the algorithm. 

  

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64



JWST-STScI-003064 
SM-12 

 
Check with the JWST SOCCER Database at: https://soccer.stsci.edu 

To verify that this is the current version. 
 

 - 6 - 

 

 
Figure 5: Preliminary simulation of the “dither-LOCI” approach corresponding to the positions in 
the first panel of Figure 3. Left: final image after simple one-to-one PSF subtraction with one target 
and one reference assuming MIRI FQPM TA requirements (10 mas accuracy for the target, and 5 
mas between target and reference). Right: final image after “dither-LOCI” to reconstuct an optimal 
reference from the 9 dithered references. The three dots in the right image are simulated planets, 
which are not detectable in the left image with magnitude difference 11, 12, and 13 from the star. The 
simulation includes jitter and realistic FQPM shape derived from a micrograph of the FQPM. In this 
preliminary simulation the gain in contrast is about a factor 10 compared to a classical PSF 
subraction. However, this simulation does not include detector noise or latencies and this contrast 
gain is therefore an upper limit.  

 
5 References 
Cavarroc, C., Boccaletti, A., Baudoz, P., Amiaux, J., Regan, M. 2008. Target Acquisition 

for MIRI Coronagraphs. PASP 120, 1016-1027.  
Gordon K. Meixner, M. 2008 Mid-InfraRed Instrument (MIRI) Target Acquisition 

Strategies and Use Cases STScI Technical Report, JWST-STScI-001407 
Lafrenière, D. , Marois, C., Doyon, R., Nadea, D., Artigau, E. (2007) The Astrophysical 

Journal, 660, 770, “A New Algorithm for Point Spread Function Subtraction in 
High-Contrast Imaging” 

Lajoie, C.-P., Soummer, R., & Hines, D.C. 2012, JWST-STScI submitted 
Soummer, R.,  Hines, D.C., & Perrin, M. 2012, JWST-STScI submitted 
Soummer, R., Brendan Hagan, J., Pueyo, L., Thormann, A., Rajan, A., and Marois, C. 

(2011), The Astrophysical Journal 741, 55 "Orbital Motion of HR 8799 b, c, d 
Using Hubble Space Telescope Data from 1998: Constraints on Inclination, 
Eccentricity, and Stability" 

 

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64

1 20 40 64

1

20

40

64


