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Mask errors allow aberrations to leak through the image plane and Lyot stop, and can destroy the aberration 
rejection properties of the band-limited designs. Even with the amplitude transmission error set to 5 × 10-4 at 4 
λ/D (an intensity leakage of 1 part in 1000), mask errors combined with aberrations account for 11% of the TPF-
C contrast error budget.20  

Our models have shown that aberration sensitivity increases by an order of magnitude at 3 λ/D compared to 4 
λ/D, while 2 λ/D is another 10× worse. Additionally, to achieve these small working angles, the Lyot stop 
diameter (or for the visible nuller, the transmitted pupil) decreases, which in turn decreases throughput and 
increases integration times. Thus wave front control system requirements become extraordinarily difficult due to 
the increased stability time frame and reduced flux. We see 3 λ/D as a practical wall for these coronagraph 
approaches, and have chosen to work at 4 λ/D where we find that our thermal and vibration isolation systems 
meet the requirements without requiring major new technological breakthroughs. 

Beam walk is another important factor that limits coronagraph performance.25 Beam walk is the shearing of the 
optical beam across the optics as a result of pointing errors or optical misalignments. Shear across imperfect 
optics changes the beam’s spatial frequency content, resulting in changes to the speckle amplitudes and phases in 
the coronagraph dark hole. The assumed PSD of the optics20 (which is substantially worse than the state of the 
art but high quality nonetheless) limits motions to a few nano-radians and a few nm, depending on the location in 
the optical train. Figure 8 shows the key stability requirements imposed by the dynamics error budget. 

 

Figure 8. We identify the major engineering requirements to
meet the dynamic error budget. Thermally induced
translations lead to beam walk that is partially compensated
by the secondary mirror. Jitter is partially compensated by
the fine guiding mirror. 
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If the secondary mirror is not actively pointed, beam walk is driven by rigid body motions of the telescope. This 
places sub-milli-arcsecond (mas) requirements on the rigid body pointing. If the secondary mirror is used to 
compensate the pointing error (so that after the secondary mirror the beam is traveling parallel to the optical 
axis), then beam walk occurs only at the primary mirror where a large motion can be tolerated. With this 
architecture, the rigid-body pointing stability and offset requirement are ~ 4 mas (comparable to HST).  

This approach does not work with 4th-order masks, however. This is because tip-tilt compensation using the 
secondary mirror introduces wavefront aberrations that leak past the 4th-order mask. With a steerable secondary, 
we are faced with sub-mas rigid body control and the additional requirement of sub-nm metrology between the 
primary and secondary. The same thing happens using 8th-order mask working at 2 λ/D.  

Finally we come to lesson 4: working at 2 or 3 λ/D is much, much harder than 4 λ/D. Breakthroughs in wave 
front control, optical surface stability, and a change in observing paradigm are needed. If an 8th-order mask is not 
used (to achieve higher throughput, for example) then optical surface stability requirements move into the single-
digit picometer regime for low-order aberrations and the sub-pm regime for spherical aberration and higher order 
terms. Rigid body pointing becomes extremely tight, and faster, more accurate wave front control is needed.  

VI. Summary 
The design reference mission modeling provides the flow down of science requirements to engineering 
requirements. To date, the DRM focus has been on observational completeness; requirements for orbit 
determination, disambiguation, and characterization have not been analyzed are not yet driving the engineering 
requirements. Things won’t get easier! On the other hand, we have carried margin throughout the error 
budgeting process so it is possible that the new requirements can be absorbed by the margin. 

We have a good handle on the surface height and reflectivity requirements through the system. We can now 
relate the requirements to optical bandwidth and several control options. We note that correction beyond ~ 25 
cycles/aperture does is feasible at the 10-10 – 10-11 level in our current design because optical requirements 
exceed the performance of state-of-the art (< 0.3 nm rms) optics (see Fig. 3). The outer working angle grows 
with reduced optical bandpass, and may grow with improved designs that move optics away from intermediate 
image planes.  

We also have a good handle on image plane mask requirements. These masks require superpolished surfaces 
(< 1 Å rms) over areas of a few hundred square microns. While this looks feasible, it has yet to be demonstrated. 
We also require the transmission to be good to a part in 1000 in the transition region from 3–5 λ/D.  

Stability requirements have been studied in great detail and have been shown to meet requirements.8,26 The 
requirements are met because our baseline approach is to work at angles >= 4 λ/D. It is tempting to design a 
more aggressive coronagraph, one that has higher resolving power to see planets closer to their stars, and planets 
around more distant stars. Indeed we are constantly looking for ways to do this. But our analysis clearly points to 
the virtual wall at smaller angles—scattered light increases dramatically at smaller working angles in large part 
because the wings of the Airy pattern are signficant in this region, and the Airy pattern itself grows when the 
Lyot stop is sized for small working angles. At smaller angles, the system architecture changes to one in which 
rigid body pointing is required with sub-mas precision.  

Breakthroughs in wave front sensing and control could change these conclusions and change the observing 
paradigm. For example, the ability to measure speckles to 2 × 10-11 (while not confusing them with the planet) 
while controlling them to ~ 10-10 would relax the stability time frame requirement from many hours to the few 
minutes needed to collect the light at SNR = 1 and contrast = 10-10. To date, model performance is a few orders 
of magnitude from predicting the speckle content at 10-11; we will forge ahead with our set-and-forget observing 
paradigm while improving our modeling capabilities and searching for more optimal ways to perform planet 
detection. 
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