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1 Introduction

The James Webb Space Telescope (JWST) will be used for gathering science data of astronomical objects with a spectral range of 0.6 to 27 μm.  JWST is designed to have superb sensitivity with an aperture area of 25 m^2.  As can be imagined, maintaining image quality with such a large aperture calls for a wave front sensing and control capability on orbit.  JWST has an active primary mirror composed of 18 hexagonal segments with 6 degrees of freedom and radius of curvature adjustment.  The secondary mirror also has 6 degrees of freedom, but is a rigid single body mirror.
This synopsis will bring to light the method the authors of the paper used to create a wave front error (WFE) budget for the complex JWST telescope.  WFE budgets are very useful for distributing different types of tolerances among the components and subsystems of optical telescopes.  While the JWST is a complex active system, the same model of WFE budgets can be applied to all telescopes.

2 Application to Opto-mechanics
The role of opto-mechanics in the creation of WFE budget is to understand requirements levied by optical designers to the telescope system.  Opto-mechanical engineers are tasked with distilling reality to manufacturing, alignment, stability, thermal, and other mechanical tolerances.  The process of creating a WFE budget hands down requirements to all engineering disciplines during the optical system program.
3 JWST Image Quality Requirements

A highly complicated process such as image quality can seldom be explained by one metric.  JWST uses 4 metrics to establish the image quality requirement:
· Strehl Ratio > 0.8 at a wavelength of 2 μm

· Encircled Energy > 0.74 at a wavelength of 1 μm

· Strehl Ratio > 0.8 at a wavelength of 5.6 μm

· Effective Anisotropy < 1% at a wavelength of 2 μm

· Stability: Encircled Energy Fraction < 2%

The Strehl ratio is directly related to the WFE:
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where σopd is the rms wavefront error in units of optical path difference.  So for example the Strehl ratio requirement of 0.8 at 2 μm corresponds to a total WFE requirement of σopd = 150 nm.  
The encircled energy fraction requirement (EEF) controls the contribution to the WFE budget from mid and high spatial frequency errors.  The motivation for an EEF requirement is to limit the amount of scattering/diffraction into the region of the PSF just beyond the central core.  The WFE error budget is then parsed into low, mid, and high spatial frequency errors.  WFE errors at low spatial frequencies do not affect the EEF metric, but do affect the Strehl ratio.  This brings to light the importance of budgeting the WFE error into frequency bins as described in Figure 1 below.
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Figure 1. The spatial frequency contributions to the OPD.
4 JWST –Instrument Level WFE Budget
The top-level allocation of WFE begins at the instrument level, JWST has many instruments but NIRCam is used for the authors work.  It is important to note that a similar WFE budget as presented here must exist for all instruments on the JWST.  Figure 2 describes the allocation of WFE to sub-systems.  The subsystems to NIRCam are the optical telescope element (OTE), the integrated structure (ISIM) that holds the instrument to the OTE, and the WFS&C system bias, or in other words the errors that exist in the WFS&C process.  There is also an allocated reserve.

Note that the metric used is RMS OPD in units of nm.  The total allowed to the NIRCam instrument is 150 nm to comply with the Strehl Ratio requirement of 0.8.  The low, mid, and high frequency errors are RSS’d together to produce the total RMS WFE column.  The total RMS WFE is used for the Strehl ratio requirement and only the mid and high spatial frequency errors are used to compute the requirement for EEF.  This is described in the top section of the figure.
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Figure 2.  System allocation of WFE for the NIRCam instrument.
The WFE total for NIRCam is computed by the RSS of the OTE, ISIM, and WFS&C errors.  Each of these subsystems have budgeted their allowable WFE to their respective individual components.  For example a portion of the OTE allocation of 131 nm rms is allocated to design residual, alignment, and figure errors that are shown in Figure 3.   

The design residual are the errors that exist within the optimized design prescription, even if the system was built perfectly.  The alignment errors are due to the allocation of tolerances necessary because of the inability to achieve perfect alignment.  Notice that most of the error is given to figure.  Figure error allocation is for the tolerances in the inability to produce the prescribed figure for each of the optical elements perfectly.  This requirement is placed not only upon the mirror manufacturers, but also the WFS&C system.  JWST has a unique primary mirror in that each of the 18 primary mirror segments are individually positioned by multiple actuators that control six degrees of freedom and the ROC.
Figure 4 shows the unique structure for the PM figure WFE budget.  The budget accounts for active position of the segments to the global parent surface and the separate figure allocations for the individual segments.  It is interesting to note that the uncorrectable figure is allocated 47 nm of the allowed 49 nm for the post corrected segment figure.  The active control of the mirror are going to be designed to correct for most of the low order aberrations such as ROC, astigmatism, and induced distortion.
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Figure 3. OTE WFE organized by design residual, alignment, and figure.
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Figure 4.  The primary mirror figure budget.
5 Summary and Conclusion

Large space telescopes offer increased resolution and sensitivity.  These large sizes require active alignment not only after launch but throughout mission lifetime.  

Creating a WFE budget for a system as complex as JWST can appear confusing because of the many degrees of freedom.  However, the WFE budget can be created by sound opto-mechanical engineering practices.  Each subsystem must be understood.  This synopsis has demonstrated the WFE budget for the JWST NIRCam instrument and how the OTE and primary mirror errors are budgeted.
