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1. Introduction 

The tolerance analysis for the MCAO AO Module is an involved problem with many variables 
and dimensions. To begin with, there are at least three types of error budgets to consider: (i) 
wave front errors and tip/tilt errors; (ii) pupil alignment and distortion errors; and (iii) dynamic 
range allocations for sensors and correctors. Secondly, there are three optical paths with some 
optical elements shared and some not. There are multiple sensors for detecting the errors and 
multiple active elements for correcting them, with different combinations used for initial 
alignment in the lab and closed-loop AO operation on the telescope.  There are numerous sources 
of errors, some can be considered random and can be statistically averaged while others are not 
random and must be directly summed. Any of the budgets that involve flexure as a source of 
error must be evaluated at different gravity orientations as the telescope moves. 

2. The Error Budgets 

2.1 Wave Front Errors and Tip/Tilt Errors 

These must be evaluated in all three optical paths. They are presented in the results summary, 
Table 1, on lines 1 through 15. 

Table 1: Error budget results summary 

 

For the science path, the RMS tilt-removed wave front error averaged over the 1 arc minute 
radius field of view is a direct input to calculating the MCAO Strehl ratio.  Tip/tilt variations 
over the field are a potential source of distortion that must be calibrated accurately. 

For the NGS WFS path, tilt-removed wave front errors will degrade tip/tilt measurement 
accuracy by increasing the size of the star image.  This will reduce the NGS WFS magnitude 
limit and degrade sky coverage.  Detailed adaptive optics simulations are the most accurate way 

Error budget study results summary 20-Apr-01
Line Error Optical Zenith Error Source Overall
No. Category Path Description Angle Dsgn res. Fabric. Init. Align Flex/therm Rad/index (RSS) units

1 Wave front error Science Tilt removed 0 1.294E+01 4.150E+01 7.700E-03 4.050E+01 1.210E-01 5.941E+01 nm
2 " " " 45 1.294E+01 4.150E+01 7.700E-03 7.960E+01 1.210E-01 9.070E+01 "
3 " " " 60 1.294E+01 4.150E+01 7.700E-03 8.560E+01 1.210E-01 9.601E+01 "
4 " " RMS 2-axis tip/tilt 0 Calibrated Calibrated Calibrated 1.160E-02 1.309E-05 1.160E-02 arc sec
5 " " " 45 Calibrated Calibrated Calibrated 3.500E-02 1.309E-05 3.500E-02 "
6 " " " 60 Calibrated Calibrated Calibrated 3.800E-02 1.309E-05 3.800E-02 "
7 " Laser GS Tilt removed 0 3.528E+01 5.840E+01 7.540E+01 4.410E-01 3.430E-05 1.017E+02 nm
8 " " " 45 3.528E+01 5.840E+01 7.540E+01 1.290E+00 3.430E-05 1.017E+02 "
9 " " " 60 3.528E+01 5.840E+01 7.540E+01 1.440E+00 3.430E-05 1.017E+02 "

10 " " RMS 2-axis tip/tilt 0 Calibrated Calibrated Calibrated 5.040E-01 4.580E-04 5.040E-01 arc sec
11 " " " 45 Calibrated Calibrated Calibrated 9.030E-01 4.580E-04 9.030E-01 "
12 " " " 60 Calibrated Calibrated Calibrated 1.015E+00 4.580E-04 1.015E+00 "
13 " Natural GS Tilt removed 0 4.558E+01 4.810E+01 6.540E+01 5.380E+01 5.800E-02 1.075E+02 nm
14 " " " 45 4.558E+01 4.810E+01 6.540E+01 7.590E+01 5.800E-02 1.201E+02 "
15 " " " 60 4.558E+01 4.810E+01 6.540E+01 8.400E+01 5.800E-02 1.254E+02 "
16
17 Pupil Variables Science Pupil Motion 45 8.600E-03 2.000E-02 1.090E-03 4.110E-04 8.740E-04 2.182E-02 beam diam
18 " " Pupil Mag 45 1.600E-02 2.000E-02 1.680E-02 4.460E-03 2.140E-05 3.095E-02 "
19 " Laser GS RMS 2-axis Pupil Motion 45 1.130E-04 0.000E+00 0.000E+00 3.500E-02 3.110E-05 3.500E-02 "
20 " " Induced LGS motion 45 1.164E-03 0.000E+00 0.000E+00 3.605E-01 3.203E-04 3.605E-01 arc sec
21 " " RMS Pupil distortion 45 1.722E-03 2.600E-03 2.260E-03 1.180E-03 3.050E-06 4.028E-03 beam diam
22
23 DM adjustments DM0 45 2.760E+01 1.200E+02 3.500E+01 1.780E+01 4.434E+00 1.293E+02 nm OPD
24 DM4.5 45 3.840E+01 1.200E+02 5.670E+00 2.630E+01 4.434E+00 1.289E+02 "
25 DM9.0 45 2.920E+01 1.200E+02 1.330E+01 6.150E+01 4.434E+00 1.387E+02 "

Legend
Allocation
Includes 20 nm allocation for LGS WFS spot relay lens   
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to quantify this effect, and such simulations are planned for the detailed design phase.  At this 
point, we are simply monitoring this budget to verify that the RMS wave front error remains 
small compared with the residual atmospheric phase distortions left uncorrected by closed-loop 
AO. 

Uncalibrated tip/tilt errors in the NGS WFS path are a type of “non-common path” wave front 
error that can induce errors in the science path by the action of the MCAO control loops.  Any 
static deviations from the nominal design due to mirror fabrication errors or initial alignment 
errors can be calibrated, but uncalibrated drifts due to flexure or thermal variations will be 
indistinguishable from true tip/tilt errors and will be nulled by the control system.  This will 
introduce errors in the science path that have been included in the tolerance analysis. 

Tilt-removed wave front errors in the LGS WFS path are a second type of non-common path 
error for MCAO.  These errors can also be divided into fixed and time-varying components. 

Fixed non-common path tilt-removed wave front errors due to mirror fabrication and static 
misalignments can be calibrated, but only at the expense of forcing the LGS WFS to operate off-
null.  This will degrade AO system performance in two ways.  Any error in the estimated value 
of the LGS WFS centroid gain (e.g., the reciprocal of the width of the Shack-Hartmann spots) 
will cause the non-common path error to be over- or under-compensated by a proportional 
amount, effectively transporting a fraction of this error from the LGS WFS path to the science 
path.  Sufficiently large non-common path errors will also exceed the linear dynamic range of the 
LGS WFS, thereby introducing nonlinearities in the AO control loop and degrading 
performance.  At this point, we have quantified the first effect, and we will evaluate the second 
effect during the detailed design phase by including sample non-common path errors in AO 
simulation runs. 

Time-varying, tilt-removed, non-common path errors in the LGS WFS path due to flexure and 
thermal effects will be erroneously nulled by the AO control loop, and the “corrections” will 
induce wave front errors in the science path that have been included in the tolerance analysis. 

Tip/tilt errors in the LGS WFS path are the final class of wave front error that must be 
considered.   As with the NGS WFS path, static errors due to mirror fabrication and initial 
misalignments may be calibrated.  Time-varying errors will be compensated by tilting the LGS 
pointing mirrors in the Beam Transfer Optics, but large translations will bias the location of the 
guide star on the sky and alter the DM-to-WFS influence matrix for the DM’s conjugate to 4.5 
and 9.0 km.  We have begun investigating this effect by including sample LGS pointing biases of 
the estimated magnitude in AO simulation runs. 

2.2 Pupil Alignment and Distortion 

This class of error is important primarily for the science and LGS WFS paths.  These results are 
found on the results summary, Table 1, on lines 17 through 21. 

For the science path, there is a science requirement that the center and diameter of the exit pupil 
not vary by more than 3 per cent of the nominal exit pupil diameter for the combined effect of all 
error sources. 

Static pupil alignment shifts in the LGS WFS path will be nulled during the initial WFS 
alignment process.  Time-varying errors due to flexure and thermal effects will be compensated 
using the pupil steering mirror in each LGS WFS, but this mirror is at a modest distance from the 
pupil and these adjustments will shift the LGS WFS line-of-sight.  This side effect must be 



MCAO PDR 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS  PAGE 4 OF 9 
PRELIMINARY DESIGN REVIEW DOCUMENTATION 

compensated by biasing the LGS pointing mirrors in the Beam Transfer Optics, which will move 
the LGS on the sky and alter the DM-to-WFS influence matrix as above.  Once again, we have 
included representative LGS pointing biases in AO simulations to begin studying this effect. 

Pupil distortion (i.e., distortion in the imaging between DM’s and the WFS Shack-Hartmann 
arrays) will also alter the DM-to-WFS influence matrix.  Static errors are in principal calibrated 
by measuring the influence matrix with the LGS source simulators, but real-world AO systems 
seem to work best when these distortions are no larger than about 5 per cent of a subaperture 
width (peak).  Time-varying errors due to flexure and thermal variations will be much more 
difficult to calibrate.  We have begun studying this effect by including sample errors of the 
predicted magnitude in AO simulations. 

2.3 DM Dynamic Range  

The deformable mirrors are capable of correcting for some of imperfections in the MCAO 
systems itself.  Certain static errors will be nulled during initial calibration, and the AO control 
loop will respond to the time-varying errors due to flexure and thermal effects.  However, only a 
fraction of the DM stroke may be allocated to compensation for optical system errors, since most 
of it is needed to correct for turbulence. These results are found on the results summary, Table 1, 
on lines 23, 24, and 25. 

3. Initial Alignment/Calibration and Closed-Loop AO 

We have modeled the AO Module alignment process as consisting of two steps for the purpose 
of developing these error budgets.  This first step is final alignment in the lab, which is meant 
to approximate the optimization of science path wave front quality in the lab by fine adjustments 
to the nominal DM actuators commands, made to minimize the wave front errors as measured by 
the diagnostic WFS.  Figure 1 illustrates our simulation of this process.  Diagnostic WFS 
measurements are modeled as Zernike polynomial fits (2nd-7th order) to wave fronts at 9 field 
points distributed across the full 1 arc minute radius science field-of-view.  DM adjustments are 
modeled as Zernike polynomial modes (orders 2nd to 7th order) on the three deformable mirrors, 
and the fast tip/tilt mirror is used to compensate line-of-sight.  For each alignment and figure 
error included in the tolerance analysis, these compensators are used to minimize the field-
averaged, tilt-removed WFS error in the science path using a standard least-squares fit.  The 
residual aberrations remaining after this correction (in the science, NGS WFS, and LGS WFS 
paths) become the sensitivities used to evaluate the effects of static fabrication and alignment 
errors.   
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Note that the 
deformable mirrors 
are used to minimize 
the tilt-removed 
wave front errors in 
the science path.  
Overall line-of-sight 
errors are corrected 
by the fast tip/tilt 
mirror, but no effort 
is made to maintain a 
fixed plate scale or 
minimize distortion 
effects.  These line-
of-sight terms must 
be calibrated using 
the NGS source 
simulator array. 

We have modeled 
the fine alignment of 
the NGS and LGS 

WFS path by nulling the tip/tilt, focus, and pupil alignment errors for each WFS to the tolerances 
listed in the error budgets.  Positioning errors for the source simulator and diagnostic WFS have 
been neglected, since these will simply introduce small tip/tilt and focus errors in the science 
path that will be sensed and corrected by the on-instrument WFS. 

Figure 2 illustrates the simulation of closed-loop MCAO operation used to compute a 
compensated sensitivity matrix for time-varying flexure and thermal errors.  In this case, the 
sensors consist of: (i) on-axis tip/tilt/focus measurements (represented as Zernike modes) from 
the on-instrument wave front sensor (OIWFS) in the science path (ii) tip/tilt Zernike modes from  

Figure 1:  Sensors and Compensators for Final Alignment in the Lab  

Source simulators

LGS WFS’s

Diagnostic
WFS

DM’s

NGS WFS’s

Science
Instrument

•Tip/tilt/focus adjustments
• Pupil alignment

Non-common path calibration
Influence function measurements

Tip/tilt/Focus
adjustments

Mean tip/tilt and
higher order correction

(3 by 35 Zernikes)

Distortion map
Astronomer



MCAO PDR 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS  PAGE 6 OF 9 
PRELIMINARY DESIGN REVIEW DOCUMENTATION 

the three NGS 
WFS, and (iii) 
wave front 

measurements 
(Zernike modes of 
orders 1-7) from 
the five LGS WFS.  
The compensators 
are: (i) higher-
order modes on the 
three DM’s, (ii) 
telescope focus, 
(iii) telescope 
pointing, (iv) a 
common focus 
adjustment for the 
five LGS WFS, (v) 
a common tip/tilt 
adjustment for the 

three NGS WFS, (vi) tip/tilt adjustments to the laser pointing mirrors in the Beam Transfer 
Optics, and (vii) pupil alignment adjustments for each LGS WFS.  Compensators (ii) through 
(vii) model the some of the principal offloads in the MCAO control loop architecture.   

For each alignment and figure error included in the tolerance analysis, these compensators are 
used to minimize sensor errors using a standard least-squares fit.  The residual aberrations 
remaining after this correction (in the science, NGS WFS, and LGS WFS paths) become the 
sensitivities used to evaluate the effects of time-varying flexure and thermal errors.   

4. Classes of Errors 

Each error budget was computed as the root sum square (RSS) of five classes of error, although 
not all classes contributed to each budget as outlined in Section 2 above.  Note that two particular 
errors have not yet been evaluated, and have simply been assigned allocations as indicated in 
Table 1. 

4.1 Design Residuals 

This are the small errors associated with the ideal optical design.  The tilt removed wave front 
errors have been reduced further by DM figure adjustments, and the tip/tilt errors have been 
zeroed via calibration.  The residual errors in the LGS WFS path are the maximum values for 
guide star ranges between 90 and 200 km. 

4.2 Optics Fabrication 

These errors occur because of deviations from the theoretically perfect surfaces. Their effect on 
wave front quality has been estimated as the RSS of very high spatial frequency surface 
roughness errors and RSS of lower order errors.  The latter errors have been scaled by 
approximate “alignment correction factors,” typically in the range from 0.2 to 0.5, conservatively 
derived from the closed-loop AO sensitivity analysis for surface radii errors.  See Table 2 for a 
summary of these values for the science path. 

Figure 2:  Sensors and Compensators for Closed-Loop AO  
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Table 2: Optical Fabrication Budget for the Science Path. 

4.3 Initial Alignment Errors 

Alignment will be accomplished in three phases and thus provides three separate error sources. 
Allowable errors for individual elements must be distributed among the three sources. The 
alignment errors are multiplied by the appropriate sensitivities and, since they are random errors, 
are added in quadrature.  The alignment sensitivities have been computed assuming that the 
deformable mirrors have been adjusted to minimize the residual wave front errors in the science 
path, based upon measurements from the diagnostic WFS. 

4.3.1 Phase 1: Elements within Subassemblies 

Many of the elements are contained in a discreet sub assembly. These include the elements in the 
ADC’s, wave front sensors, and the zoom corrector. There is an alignment error attributable to 
how well the elements are placed into the unit. 

4.3.2 Phase 2: Subassemblies and Individual components to Bench 

The subassemblies assembled and internally aligned in phase one, as well as the other 
independent optical elements are aligned to the optical bench. There is a portion of the alignment 
error budget attributable to this process. 

4.3.3 Phase 3: Bench to Telescope 

The optical bench will be mounted as a unit onto the ISS, which is a part of the telescope. How 
well the bench is aligned to the telescope optics is the final component of the alignment error 
budget. 

4.4 Thermal and Flexure Alignment Errors 

The estimated displacements due to flexure were derived from finite element analysis. Thermal 
motions were calculated directly. These errors are not random for the most part, since gravity 
bends things in the same direction and thermal motions also grow or shrink with the same 
temperature. These effects were directly summed as a worst-case analysis. 

4.5 Thermal Effects on Lens Radii and Refractive Indices 

These deterministic effects were also summed directly. 

5. The Error Budget Spreadsheets 

5.1 RMS Wave Front Error Spreadsheet 

Only the spreadsheet for the load case of gravity at 45º and for tilt-removed wave front errors is 
presented in this appendix as Table 3. The small scale is difficult to read but is necessary to limit 
the spreadsheet to two pages. The spreadsheet has a total of 5 dimensions. The different elements 
are in the rows and can be identified in the first and last columns (dimension 1). The various 
operations and error sources are in the colored blocks (dimension 2). Each block has several 

Surface type Number Low-order errors Wavefront scaling Wavefront error Total for type Alignment correction Residual nm RMS DM correction Residual Applied to DM
nm RMS nm RMS nm RMS factor factor nm RMS nm RMS

Mirror flats 4 10.761 2 21.522 43.044 0.4 17.2176 0.2 3.44352 16.86973384

Refractive 8 25.32 0.5 12.66 35.8078874 0.33 11.81660284 0.2 2.363320568 11.57785898

DM's 3 10 2 20 34.64101615 1 34.64101615 1 34.64101615 0

OAP's 2 52.75 2 105.5 149.1995308 0.75 111.8996481 0.2 22.37992962 109.6388161

Total 41.45243496 111.5316311
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columns for the various degrees of freedom that were evaluated (dimension 3). Each spreadsheet 
has all three paths (science path, NGS path, and LGS path) shown, one above the other 
(dimension 4). There are three sheets, each with a different load case (zenith, 45°, and 60°). The 
load cases are the fifth dimension, which is not shown. Depending on the situation, some of the 
totals are direct sums and designated as such. This occurs where the errors are not random such 
as with flexure and thermal motions. Other totals that can be considered random use statistical 
averaging (square root of the sum of the squares). 

5.2 LGS Tip/Tilt Error Budget Spreadsheets   

Sample results are given in Table 4. The format is similar to the RMS wave front error 
spreadsheet. 

5.3 Pupil Alignment Error Spreadsheets  

All four spreadsheets for the 45-degree case are presented in tables 5 through 8. The first two 
tables are for the science path and the last two are for the LGS path. Table 5 is science path beam 
motion and table 6 is science path beam magnification.  Table 7 is LGS path beam shear and 
table 8 is LGS beam distortion. 

6. Results 

Table 1 is an overview of the final results for RMS tilt-removed wave front errors, science and 
LGS WFS path tip/tilt errors, science and LGS WFS path pupil alignment, magnification, and 
distortion, and RMS DM figure adjustments.  The calculated RMS wavefront error totals for the 
science path are somewhat greater than we would like. The majority of the error can usually be 
found in just a few places. As an example, examining table 3, in the science path at 45º, the total 
error is about 73 nanometers –over our goal of 60 nanometers. Most of this comes from the 
flexure and thermal effects. A scan of the individual element contributions to the alignment 
budget reveals that 28.9 nanometers comes from OAP1. By examining the sensitivities and 
expected errors, one can determine that special attention must be paid to the motions in the X 
direction. If, by designing stiffer mounts of steel, the deflections could be reduced by one half 
and the thermal motions eliminated, then the overall error drops to under 60 nanometers. This 
sort of optimization should be able to bring all three optical paths to within specified tolerances. 

The total science path tip/tilt error for the 45-degree case is .0035 arc seconds.  This is nearly 
entirely from the flexure and thermal contributions as the design residual, fabrication and 
alignment errors are calibrated out during commissioning and the radius and index contributions 
are negligibly small. For this case, the thermal motion contribution by itself is about 1/3 of the 
total, the rest being static and dynamic flexure. Thermal motions can be reduced by careful 
choice of materials or perhaps passive compensation. Flexure is determined by the stiffness 
which is both a materials and structural design issue. Careful calibration during commissioning 
will be necessary to remove the other error sources. 

The NGS path tilt removed error for the 45–degree case is 120 nanometers. This is appreciably 
smaller than the estimate for the residual turbulence-induced wave front errors of about 325 nm 
RMS.  The corresponding values at 0 degrees zenith angle are 108 and 240 nm RMS. 

The results for the required DM figure adjustments, the science path pupil errors, the LGS pupil 
distortion, the LGS tip/tilt errors, and the LGS WFS path tilt-removed wave front errors are at or 
below our goals.  The magnitudes of the last three errors have been used as inputs to AO 
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simulations to begin assessing their impact upon MCAO performance and the wave front errors 
in the science path. 


