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1 Introduction

The DESI Commissioning phase is the project’s first opportunity to evaluate the optical
distortion of the prime focus corrector. Internal distortion is the mapping of the focal plane
onto the Fiber Viewing Camera (FVC). External distortion is the mapping of the focal
plane onto the sky. To these ends the Commissioning Instrument team will provide 22
fiducial light sources located on the focal surface to serve as accurately known field reference
points. Requirement IN-CI-91012 stipulates that their relative locations be known with
errors not exceeding 10 microns RMS in X and Y. Indeed, this determination is now part of
the Commissioning Plan, as requirement C2.16 of DESI-1875. The Ross report (Dec 2017)
shows that this metrology will be met.
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To what extent can the CI deliver accurate estimates of the optical distortion? Optical dis-
tortions are exceedingly smooth, needing only eight polynomials plus Xtranslation, Ytrans-
lation, and Roll to achieve mapping errors of a few microns across the entire DESI focal
plane, as shown in my DESI-3105 and -3798 analyses. Those distortion studies were based
on using the full complement of ten petals and 120 fiducials, so that the mathematical system
was very highly overconstrained: 240 constraints on 8+3=11 parameters, or on 8+30=38
parameters if the ten petals each contribute three degrees of freedom.

For the CI we shall have 22 fiducials therefore 44 constraints on eleven adjustable polynomial
coefficients, a 4:1 overdetermination. If the fiducials are well spaced (to sample the principal
distortion modes) and if the polynomials are orthogonal (to eliminate nearly singular solu-
tions), and if the metrology errors are statistically independent, we may sensibly expect to
have distortion fit errors about 1/

√
4 of the fiducial location errors (about five microns RMS

in X and Y). If the metrology error pattern resembles any of our smooth fitting polynomi-
als, the distortion determination errors rise, but still will be no worse than the metrology
errors.

The pupil of the FVC is not located at the vertex of the primary mirror, and the measured
FVC chief rays are not the same as the Mayall telescope chief rays from the sky. Therefore
the internal and external distortions differ. The first order of business, then, is to find the
relationship between the internal map of the FP as seen by the FVC, and the external map
of the FP as seen by the sky. This issue is more general than the Commissioning Phase: such
a map will be needed throughout the entire program. Here I detail the ray tracing model
results, with the understanding that these models use smooth optics and that individual
optical surface defects — known, such as the bird dimple on C3 front, and unknown — are
not part of this study.

2 Comment on the FVC View of the Focal Surface

Because the corrector is an overall negative power optic (it extends the focal length, just as
a Barlow lens does), objects seen through it appear smaller and nearer than the actually
are. Viewing through our DESI corrector, focal plane items appear to be 75% of their actual
sizes, and appear to be 456mm closer than they are.
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3 FVC Mapping vs Sky Mapping

I address this question with a simple ray-trace comparison of the chief ray angles that arrive
at the FVC, where they are measured with excellent accuracy, and the slightly different chief
ray angles that arrive at the vertex of the Mayall telescope primary mirror where they would
be reflected and become the chief rays of the sky beam. In Figure 1 below I illustrate this
comparison.

Reverse	ray	
trace	
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ADC=0,	45,	90	
fab	errors	

Full	Field	Grid	
		1260	locations	

spanning	entire	focal	plane	

code:		BEAM	FOUR	

Chief	rays	to	PM	vertex	
at	Z=11124mm	

Sky	View	of	FP	grid	

Tadpole	and	Regression	plots	
UVregression.py
UVtadpoles.py	

Chief	rays	to	FVC	pupil	
at	Z=12636mm	
FVC	view	of	FP	grid	

Figure 1: I construct a dense grid of 1260 locations on the focal surface that sample the
optical distortions of the corrector. Two ray targets are defined, one at the PM vertex
location, the other at the FVC entrance pupil. Six optical systems are studied: the nominal
corrector, without errors, but with ADC=0, 45, and 90 degrees, and a seriously mangled
corrector, smooth errors everywhere (see DESI-3798 chart 5), also with ADC=0, 45, and 90
degrees.

Because of the differing distances to the axis, we can expect that the main difference between
these two maps is a simple magnification scaling factor. This is borne out in the pair of
regression plots that show Ufvc vs Usky, and Vfvc vs Vsky shown in Figure 2. These are
plotted for Z5 distances of 11124mm for the PM and 12636mm for the FVC, as per an early
draft of DESI-4172. The optics files are included in the accompanying file package.
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Figure 2: Regression of Ufvc against Usky, and Vfvc against Vsky. Here, the U angles are
azimuthal and V angles are in elevation; the atmospheric dispersion corrector modifies only
this V angle. Here I show the on-axis case with PM vertex at (X5,Y5,Z5)=(0, 0, 11124mm)
and FVC pupil at (0, 0, 12636mm). These regressions show a common slope of 0.8758548
over the entire working field with rms deviations of about 25 nanoradians. The case shown
here is for mangled optics and ADC=45 deg; the other five cases studied are not shown but
look just like this one and have similarly small errors.
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Figure 3: Tadpole diagram comparing sky corrector distortion against the FVC corrector
distortion. Tadpole=200000. Allowing for their differences in magnification, and mapping
each onto its unit radius circle, gives differences below the one part per million level. Again
this optical case is mangled optics and ADC=45 deg; the other five cases studied are not
shown but look just like this one and have similarly small errors.

Because the FVC pupil cannot be perfectly located on the DESI optical axis, it is of interest
to see how much distortion is introduced by a lateral displacement of that pupil. As an
example, I took the mangled 45deg system and moved the FVC pupil off axis, to (X5,Y5,Z5)
= (+10, 0, 12636mm), and repeated the calculation for regression (Figure 4) and tadpole
(Figure 5).
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Figure 4: Regression of Ufvc against Usky, and Vfvc against Vsky for the FVC off-axis case.
The slopes remain in good agreement, but a large Uintercept appears as a result of the image
translation in X, and the RMS errors in the regression fit rise to 176 nanoradians: still small
but far exceeding Yrms owing to a new distortion arising from the prespective view of the
focal surface from off axis.

6



1.0 0.5 0.0 0.5 1.0
Ufinal sky, Ufinal fvc

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00
Vf

in
al

 sk
y,

 V
fin

al
 fv

c
Sky angle=0.028200000
FVC angle=0.024699105
FVC factor=0.875854795
Tadpole=20000

UVtadpoles.py

Uave,ppm= -0.0
Vave,ppm= -0.0
Urms,ppm=  3.7
Vrms,ppm=  0.5

Uoff,urad=  821
Voff,urad=    0

CIManFFSky45.RAY/skyAngle__vs__CIManFFoff45.RAY/fvcAngle

Figure 5: Tadpole diagram comparing sky corrector distortion against the FVC distortion
for the off axis case studied here. Tadpole = 20000. Here, to eliminate the principal offset in
U, I have added an image offset of 821 microradians, as inferred from scaling the regression
intercept. With this uniform field translations, distortions in the U direction are significantly
larger than the on-axis case: nearly 4ppm (1.6 microns on our 410mm radius focal surface).

The take-away message from this section is that — however the optical corrector may distort
its images — the sky and FVC images will differ principally by an overall magnification factor.
That factor of course depends on the Zpm and Zfvc distances which are not well known. On
the mountain, we shall codetermine the FVC image span from its calibrated pixels, and the
sky image span from stars seen in our guiders. Together those fix the relationship between
FVC and sky scale factors on the mountain. Our optical distortions are almost entirely
stretch-to-fit.
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4 Commissioning Situation on the Mountain
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Figure 6: During commissioning, we will be gathering FVC images of our fiducials as seen
through the optical corrector under various working conditions. The relative positions of
these image spots, when compared to the relative physical locations of the fiducials, allow
the corrector distortion to be determined. Issue: how complete, and how accurate, are these
distortion maps?

To address this question I have substituted our mountain reality with a set of six alternative
optical correctors, whose ray traces give an accurate picture of these six alternatives. My
intent is that these six span the range of likely corrector realities, ranging from ideal optics to
fully mangled and from ADC=0 to ADC=90deg. Then I evaluate how well simple parametric
fits to noisy variants of these images perform, in the section following. The six optics files
and associated ray trace results are posted in the accompanying files package.
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5 Preview of our Distortion Error Distribution

The key ingredient in quantifying distortion estimate accuracy is comparing the true dis-
tortion with the best-fit polynomial modeled distortion. We cannot get the true full field
distortion map from the from the Commissioning Instrument mountain data alone. However,
we can estimate it from a comprehensive detailed optical model, using ray tracing methods.
In the figure below, I show the mountain optics being replaced with such a detailed optical
model, capable of exercising the hexapod, the ADC, and just about everything else.
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Figure 7: To estimate the capabilities of the commissioning plan, I replace the actual on-
mountain optical corrector with six fully qualified math models of the Echo-22 design, in-
cluding hexapod and ADC. From these distortions, we can create a set of noisy FVC images,
fit a simple model to each of these, and then quantify the errors in the maps. On the left
side the noiseless distortion truth is generated. On the right side random errors in U and V
are introduced for each fit, with 1, 10, or 25 ppm RMS corresponding to 0.4µm, 4µm, and
10µm RMSlocation errors on the focal plane. To gather statistics, I use 1000 sucessive fits
with fresh errors. The fitting routine is the Levenberg-Marquardt nonlinear least squares
fitter curve_fit() in SciPy.optimize.
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In this study, I concentrate on three situations: ADC=0deg (prisms opposed horizontally for
zenith viewing and no correction), 45deg (prisms rotated and counter-rotated 45 deg for mid-
elevation targets), and 90 deg (both prisms set with thick edges upward for lowest elevation
targets and maximum correction). In this release, I also contrast two extreme opposite
conditions of optical correctors: the "N" (nominal) files and analyses that an idealized
nominal Echo-22 prescription, and the "M" (mangled) files introduced in DESI-3798v9 chart
5 where each corrector surface has been decentered and tilted in every combination of x, y,
tilt, and pitch, the hexapod has been seriously maladjusted, and the focal plane has been
rotated 1 degree. The files provided in the associated .zip package are RevNom00.OPT,
RevNom45.OPT, RevNom9.OPT for nominal optics and RevMan00.OPT, RevMan45.OPT
and RevMan90.OPT for the mangled optics.

One sanity check effort is to show that the C.I. fiducial pattern can be accurately modeled by
a simple set of orthogonal distortion polynomials. My adopted distortion model is explained
in Section 5 below The fiducial sanity check is conducted in Section 6. There, I show 2D
tadpole distortions and I list the values of the eleven parameters and their uncertainties
given our adopted metrology errors. These parameter values are obtained from the C.I.
fiducial images. Of course, the actual distortion picture on the mountain is totally unlikely
to agree with any of my six alternative optics, but the parameter errors from the mountain
will closely track the C.I. metrology errors found here: for 10 microns RMS in X and Y
metrology, the parameters are all about 6 ppm.

Of course, the optical distortion over the entire field is the main objective, not just the
mapping errors at the locations of the 22 fiducials of the Commissioning Instrument. For
this reason, it is important to perform a full-field study, in which a large set of field locations
are chosen that uniformly populate the field to compare their FVC truth images against the
predictions from the fits to the noisy fiducial images. I present my results in Section 8 "Full
Field" below.
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6 Distortion Model

It is impractical to perform fits to an image using the hundred-plus optical design constants
in our ray tracers: many subsets of these have virtually the same effects on an image and
would offer only nearly-singular (therefore highly unstable) solutions; worse, they would be
undetermined by a limited number of fiducial measurement points, and would not allow
any solution whatsoever. For this reason, optical distortions are traditionally modelled
using a small orthonormal set of 2D vector polynomials. Steve Kent has introduced spin-
weighted polynomials for this purpose1. I have adopted the closely related Zhao-Burge
polynomials2.

For the DESI corrector, the eleven most useful ZB polynomials are listed in Table 1, and their
individual distortion patterns are shown in Figure 1 below. The Z’s are Zernike polynomials
identified by their Noll numbers3, and are listed in Table 2 below, along coefficients that
normalize them over the unit circle to make

∫
ZiZjdArea = πδ(i, j). Also shown in Table 2

are the Born & Wolf radial and azimuthal numbers n and m for Zernike polynomials4.

Table 1: Eleven Zhao-Burge Distortion Field Terms

item ZB name Common name ∆X ∆Y
0 S2 Xtranslate Z1 0
1 S3 Ytranslate 0 Z1
2 S4 Magnify

√
1/2 Z2

√
1/2 Z3

3 S7 Up-Down-Up 1/2 Z5
√

1/2 Z4 - 1/2 Z6
4 S8 Right-Left-Right

√
1/2 Z4 + 1/2 Z6 1/2 Z5

5 S11 In-Out
√

1/2 Z8
√

1/2 Z7
6 S22 Out-In-Out

√
1/2 Z16

√
1/2 Z17

7 T4 Roll
√

1/2 Z3 -
√

1/2 Z2
8 T7 Left-Right-Curl

√
1/2 Z4 - 1/2 Z6 - 1/2 Z5

9 T8 Up-Down-Curl 1/2 Z5 -
√

1/2 Z4 - 1/2 Z6
10 T11 Roll-AntiRoll

√
1/2 Z7 -

√
1/2 Z8

1Kent, S., Spin-Weighted Zernike Polynomials, PASP v130, 2018
2Zhao, C., and Burge, J.H., Part 1: Optics Express v.15 no26 2007; Part 2, v.16 no.8, 2008
3Noll, R. J., Zernike Polynomials, JOSA v.66, pp.207-211, 1976.
4Born, M., and Wolf, E., Principles of Optics, 7th edition Cambridge 1999.
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0 S2 = X translate 1 S3 = Y translate 2 S4 = Magnify

3 S7 = UpDownUp 4 S8 = RightLeftRight 5 S11 = InOut

6 S22 = OutInOut 7 T4 = Roll 8 T7 = LeftrightCurl

9 T8 = UpDownCurl 10 T11 = Roll-AntiRoll

Black: Laplacian

Blue: zero curl

Red: zero div

Figure 8: The eleven distortion polynomials used here. Black border: Laplacian functions.
Blue borders: curl-free polynomials. Red borders: divergence-free polynomials.
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Table 2 The First 21 Zernike Polynomials
Noll B-W n B-W m Coef Formula
1 0 0 1 1
2 1 1 1/2 r ∗ cos(t)
3 1 -1 1/2 r ∗ sin(t)

4 2 0 1/
√

3 2r2 − 1

5 2 -2 1/
√

6 r2 ∗ sin(2t)

6 2 2 1/
√

6 r2 ∗ cos(2t)
7 3 -1 1/

√
8 (3r3 − 2r) ∗ sin(t)

8 3 1 1/
√

8 (3r3 − 2r) ∗ cos(t)
9 3 -3 1/

√
8 r3 ∗ sin(3t)

10 3 3 1/
√

8 r3 ∗ cos(3t)
11 4 0 1/

√
5 6r4 − 6r2 + 1

12 4 2 1/
√

10 (4r4 − 3r2) ∗ cos(2t)
13 4 -2 1/

√
10 (4r4 − 3r2) ∗ sin(2t)

14 4 4 1/
√

10 r4 ∗ cos(4t)
15 4 -4 1/

√
10 r4 ∗ sin(4t)

16 5 1 1/
√

12 (10r5 − 12r3 + 3r) ∗ cos(t)
17 5 -1 1/

√
12 (10r5 − 12r3 + 3r) ∗ sin(t)

18 5 3 1/
√

12 (5r5 − 4r3) ∗ cos(3t)
19 5 -3 1/

√
12 (5r5 − 4r3) ∗ sin(3t)

20 5 5 1/
√

12 r5 ∗ cos(5t)
21 5 -5 1/

√
12 r5 ∗ sin(5t)

7 Results for Fiducials

The second order of business is to find out how well the fiducial locations themselves are
modeled. In Figure 8 below I show tadpole diagrams of model errors for the mangled-optics
situation ADC=45, RMS=1ppm. Such a tiny random error is utterly unrealistic but I include
it to reveal the systematic map errors: an eleven term polynomial cannot exactly model a
real corrector optic such as our Echo-22. In DESI-3798 I showed that systematics remain
at the 1 to 2 µm level. We see this clearly in Figure 9. In Figure 10, we see the same
tadpole display for the mangled optics situation. Again the systematics dominate but again
the distortions are smooth, and the polynomial fits give errors at the 1 to 2 µm level. Figure
11 is similar but addresses realistic fiducial metrology errors.

13



1.0 0.5 0.0 0.5 1.0
U

1.00

0.75

0.50

0.25

0.00

0.25

0.50

0.75

1.00

V

Tadpole = 50000
RMS ppm = 1

TadpoleV5.py

Uave,ppb = 57
Vave,ppb = -13
Urms,ppb = 4611
Vrms,ppb = 3691

Tadpoles_M4501

Figure 9: Tadpole diagram for mangled and ADC=45 deg adding RMS=1ppm, showing 100
iterations of (noise + fit). The (U,V) coordinates are the focal surface (X5,Y5) coordinates
distorted and reduced to unit circle size. Tadpole heads are the noiseless truth rays (lower
left of Figure 2) and tadpole tails are their best fit approximations to the noisy FVC images
(lower right of Figure 2). Tadpole magnification factor here is 50000. The successive iteration
mapping errors are all virtually identical since the systematic mapping error dominates the
random fit errors. The mean X and Y errors are a few parts per billion. The RMS deviations –
almost entirely systematic – are 4 ppm, or 2 µm on the focal surface. The cases of ADC=0deg
and ADC=90 deg and the three nominal optics cases are not shown since they are virtually
the same as this one. The yellow dot in the lower right is the oddball fiducial.
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When 10 ppm RMS random errors (4 µm on the focal plane) are introduced and fitted,
the tadpole diagrams reveal that systematic errors are now overwhelmed by these random
deviations. Tadpole magnification here is 10000. This rms level is characteristic of the FVC’s
own centroid measurement errors, making no allowance whatever for the Commissioning
Instrument metrology. As such it represents an extreme lower limit on distortion model
errors.
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Figure 10: Tadpole diagram for mangled optics, with ADC=45 deg and added measurement
errors =10ppm RMS. 100 iterations of (noise + fit). Mean errors are a few parts per billion.
The RMS deviations – largely systematic – are 6 to 7 ppm, or 3 µm RMS on the focal plane.
The other optics cases are not shown since they are virtually the same as this one.
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Finally I show a realistic 25 ppm (10 µm) metrology case which is more in line with the
expectations from combining the anticipated CI metrology errors with the FVC centroid
measurement errors.
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Figure 11: Like the previous figures but with a more realistic 25 ppm (10 µm) RMS in U
and V, also with 100 noise + fit errors. Here we see that the rms fit deviations are about 13
ppm (5 µm) RMS, close to the factor of two reduction expected from 4:1 overdetermination.
Again the other optics cases are not included because they look just like this figure and have
about the same errors.
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The eleven parameters themselves have error distributions, like the image fit statistics, that
reveal individual terms in the fitting process. In an earlier version of this document I pre-
sented graphical histograms of the eleven parameters, using 1000 successive fits with 25ppm
noise driving the fit process. All parameter distributions were sensibly Gaussian and there-
fore completely characterized by their means and standard deviations. Indeed, owing to the
mutual orthonormalization of the ZB polynomials, all their standard deviations were about
the same: 6ppm RMS for random centroid map errors of 25ppm RMS. Here, I tabulate these
fits for the sky map distortion. The parameters numbers are defined in Section 4. Notice
how steeply the parm[1] fit increases with ADC angle: this is the expected shift in image
location mappings with increasing ADC correction. Table 4 lists the result for fitting the sky
field distortion, and Table 5 lists the results for the FVC field distortion. Each is normalized
to its unit field radius: Usky = 0.0282 and Ufvc=0.0247.

Table 4 Best-Fit Distortion Parameters, Sky Field, Unit Circle
Parm N0025 N4525 N9025 M0025 M4525 M9025
0 ave -0.00002334 -0.00001660 0.00000104 0.00407794 0.00381953 0.00371128
rms 0.00000573 0.00000583 0.00000570 0.00000553 0.00000587 0.00000564
1 ave -0.00000046 0.00902824 0.01276778 -0.00213782 0.00703922 0.01079810
rms 0.00000554 0.00000562 0.00000554 0.00000575 0.00000539 0.00000569
2 ave 0.00928662 0.00928540 0.00928424 0.00917751 0.00917612 0.00917497
rms 0.00000586 0.00000587 0.00000589 0.00000591 0.00000584 0.00000574
3 ave 0.00000027 -0.00006511 -0.00009219 -0.00001652 -0.00008190 -0.00010899
rms 0.00000474 0.00000469 0.00000469 0.00000463 0.00000469 0.00000473
4 ave -0.00000598 -0.00000450 -0.00000071 -0.00003708 -0.00003686 -0.00003397
rms 0.00000483 0.00000484 0.00000491 0.00000462 0.00000460 0.00000515
5 ave -0.00731080 -0.00731121 -0.00731086 -0.00730990 -0.00730994 -0.00731022
rms 0.00000488 0.00000475 0.00000483 0.00000490 0.00000477 0.00000487
6 ave 0.00016731 0.00016755 0.00016768 0.00016774 0.00016728 0.00016758
rms 0.00000580 0.00000587 0.00000581 0.00000566 0.00000581 0.00000601
7 ave -0.00000003 -0.00000137 0.00000012 -0.01250414 -0.01250529 -0.01250409
rms 0.00000518 0.00000526 0.00000512 0.00000537 0.00000548 0.00000528
8 ave 0.00000062 0.00000032 -0.00000078 0.00000567 0.00000522 0.00000403
rms 0.00000477 0.00000479 0.00000468 0.00000464 0.00000477 0.00000464
9 ave 0.00000006 -0.00008187 -0.00011577 -0.00000325 -0.00008653 -0.00012038
rms 0.00000491 0.00000475 0.00000491 0.00000491 0.00000476 0.00000482

10 ave -0.00000010 -0.00000007 0.00000004 0.00012679 0.00012667 0.00012650
rms 0.00000444 0.00000459 0.00000453 0.00000464 0.00000472 0.00000463
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Table 5 Best-Fit Distortion Parameters, FVC Field, Unit Circle
Parm N0025 N4525 N9025 M0025 M4525 M9025
0 ave -0.00002362 -0.00001628 0.00000125 0.00407839 0.00381930 0.00371137
rms 0.00000578 0.00000558 0.00000564 0.00000581 0.00000566 0.00000584
1 ave -0.00000013 0.00902815 0.01276756 -0.00213759 0.00703932 0.01079824
rms 0.00000561 0.00000559 0.00000568 0.00000561 0.00000570 0.00000543
2 ave 0.00928628 0.00928563 0.00928447 0.00917703 0.00917627 0.00917486
rms 0.00000586 0.00000573 0.00000575 0.00000554 0.00000585 0.00000560
3 ave -0.00000008 -0.00006504 -0.00009221 -0.00001687 -0.00008162 -0.00010894
rms 0.00000467 0.00000461 0.00000477 0.00000456 0.00000474 0.00000437
4 ave -0.00000613 -0.00000460 -0.00000053 -0.00003704 -0.00003642 -0.00003374
rms 0.00000480 0.00000472 0.00000481 0.00000493 0.00000489 0.00000479
5 ave -0.00731017 -0.00731032 -0.00731036 -0.00730917 -0.00730934 -0.00730913
rms 0.00000506 0.00000495 0.00000511 0.00000490 0.00000489 0.00000481
6 ave 0.00016761 0.00016700 0.00016737 0.00016753 0.00016727 0.00016773
rms 0.00000604 0.00000582 0.00000593 0.00000567 0.00000592 0.00000539
7 ave 0.00000002 -0.00000167 -0.00000013 -0.01250397 -0.01250574 -0.01250405
rms 0.00000530 0.00000541 0.00000512 0.00000530 0.00000534 0.00000533
8 ave 0.00000076 0.00000023 -0.00000087 0.00000602 0.00000546 0.00000434
rms 0.00000465 0.00000451 0.00000463 0.00000474 0.00000472 0.00000446
9 ave -0.00000011 -0.00008171 -0.00011584 -0.00000327 -0.00008661 -0.00012051
rms 0.00000490 0.00000485 0.00000474 0.00000486 0.00000479 0.00000492

10 ave 0.00000011 -0.00000005 0.00000008 0.00012677 0.00012677 0.00012660
rms 0.00000460 0.00000458 0.00000469 0.00000473 0.00000467 0.00000469
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8 Results for Full Field

We must evaluate errors over the full field, not just at the fiducial locations. Our third order
of business, then, is to determine how well these distributed field points are interpolated.
Here I have distributed 1260 field points over our 8 square degree circular field, and gathered
statistics on the total error distribution. The calculation flow chart is Figure 12 below and
results are shown in Figures 13 and 14.

Optical	Distortion		
(11	Zhao-Burge)	

Reverse	ray	
trace	

Scale	to	
unit	circle	
÷	410mm	

Scale	to	
unit	circle	
÷	28.2mrad	

Results	from	from	fits	
to	noisy	FVC	images	

Known	optics:		
ADC=0,	45,	90	

Full	Field	Grid	
		1260	locations	

spanning	entire	focal	plane	

code:		BEAM	FOUR	

True	
distortion	

Tadpole	plots	and	fit	error	
histograms	

code:	
FullFieldComparoV2.py	

Modeled	
distortion	

Figure 12: Proof of the pudding is not how well the fiducials are located, but instead how well
field locations are determined over the full field. The calculation flow shown here illustrates
a full field of focal plane locations being mapped accurately using ray tracing, and being
mapped approximately using the eleven polynomial model determined by best fit to the 22
noisy C.I. fiducials.
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0.5

0.0

0.5

1.0

V

IterParms_M4525_1000.dat
CIFFMan45.RAY
Added rms ppm = 25
Tadpole=10000

FullFieldComparoV3.py

Uave,ppm = -2.3
Vave,ppm = -2.2
Urms,ppm = 11.3
Vrms,ppm = 11.1

 0  0.00381768
 1  0.00692717
 2  0.00913356
 3 -0.00008045
 4 -0.00003456
 5 -0.00728466
 6  0.00015929
 7 -0.01250507
 8  0.00000856
 9 -0.00008619
10  0.00012751

Tadpoles_Case_M4525

Figure 13: One iteration with a realistic 25 ppm (10 µm) RMS in U and V which as before are
unit circle coordinates in FVC image space. Mangled optics, 22 fiducials. Tadpole heads are
the true distortion noiseless rays; tails are the best fit noisy polynominal distortion model.
ADC = 45 deg. Mean location errors are a few ppm, and the rms fit deviations run 10 to
15 ppm (5 µm) RMS. The other 999 iterations (not shown) have comparable error statistics
but each has a unique pattern of swirls and fringes. For error statistics on the full 1000
iterations, see Figure 14 below.
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Histogram_Case_M4525
U
V

Figure 14: Histogram optical distortion correction with 25ppm rms noise from the case in
the figure above. This includes 1260 field points × 1000 iterations. Again the average errors
are small, and the rms errors are around 13 ppm in U and V, as expected.

I conclude that the full field distortion mapping errors are not significantly larger than the
overdetermined fitting errors seen with just the fiducials. Around the periphery of our work-
ing field, the distortion map is actually an extrapolation radially although an interpolation
tangentially, so we might well expect a somewhat increased error at the edges and a some-
what reduced error in the central regions of our field. This is qualitatively borne out in my
full field tadpole diagrams.
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9 Conclusions

I conclude that the Commissioning Instrument, as presently defined with metrology errors of
the order of 25 ppm or 10 µm rms on X and on Y, will deliver internal distortion parameters
good to the 5 to 10ppm level and full field location errors of about 13 ppm or 5 µm, provided
that the provisions of Section 1 are met. This result holds independent of the degree of
mangling of the optical corrector as long as the corrector distortions are smooth.

Although I have assumed a specific location for the FVC entrance pupil, the results found
here (with the exception of the relative magnification factor) apply to any FVC location
that is near the DESI optical axis. This magnification cannot actually be determined by any
internal testing but will result from comparing sky guider star locations against the FVC
grid, which will take place during commissioning.

22


