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Summary: This memo examines the effects of afocus error at the NICI /36 (detector)
focd plane. Image quaity arguments suggest afocus requirement if + 2mm with agod

of + 1mm of detector motion. Analyss of various imaging scenarios shows that keeping

detector motion within these bounds does not impact coronagraph performance and foca
plane differencing.

1. Introduction.

NICI’s multiple focal and pupil planes giverise to severd different kinds of focus
requirements. The top-level externa condraints on system focus are:

a NICI must be in focus when the location of the telescope focusis
congtrained to be within +/- 1 mm absolute relative to a telescope
fiducid. 200mm beow ISS mounting Plate

b. NICI must be, minimdly, a high qudity, high-resolution camera.

C. For aneutra split, NICI’stwo foca planes must be differenced to
better than one part in a hundred.

d. NICI instrument focus must be within the basdine focus limits of
the AO system

e. NICI coronagraphic performance must be limited by the telescope +
atmosphere.

This memo examines consequences of focus errors within the instrument itself.
Possible focus errors within NICI can arise between the firgt focus and the pupil image,
and between the pupil and each of the two imaging channd detectors. The latter effect is
the subject of this memo, which addresses the need for a focus mechanism on one or both
of the detectors.
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2. Analyss

Looking at the top level imaging requirements above it is clear that focus errors at
the two detector channedl's can impact more than one of them. Focus errors can:

a. Degradeimage qudity.
b. Degrade coronagraphic performance
c. Limit our &bility to difference the two foca planes.

a. Imagequality.

The mogt meaningful image qudity metric for our application is Strehl, which
measures the degradation of the image peek intengity relative to the diffraction-limited
case. Inthe Appendix the wave-front error and rms spot size resulting from a focus shift
are given. These results can be found in many texts but the resultsin the Appendix
include the effects of arbitrary inner and outer Lyot stops.

For afocus shift of dF , the resulting rms wave-front error is (Eq. A.6):

_dF r%-¢°
8t 12

where f,, isthefocd ratioand r | and e, are the normaized outer and inner radii for any
Lyot stop that may be present . From the quadratic dependence on focd ratio, it isclear
that our focus tolerance is Sgnificantly better at the f/36 detector focusthan it is a the
f/16 telescope focus. Thisis particularly true when one takes into account the quadratic
dependence of scatter on wave front error.

In most Situations, the effect of atelescope obscuration issmall but in a
coronagraph the effect of the Lyot stop can be sgnificant because it limits the radia
domain over which an aberration can vary, thus significantly reducing the rms wave-front

error. In the absence of a Lyot stop, the factor (r - eLz) is (1- 0.162) =0.97 but for a

typical Lyot stop iswould be (0.92 - 0.262) =0.74, or only %40f itsorigind value. Since

scatter varies quadraticly with wave front rms the Strehl 1osses can be half of their pre-
Lyot stop vaues.

Since we are interested in this section in NICI solely as a camera, we consider the
more demanding case of no Lyot stop at dl. Appendix B showstwo MathCAD
worksheets that evaluate focus error and other system parameters at both the /16 and /36
focal planes. Summarizing these results, 0.062 waves (@1 = 2.2mm) of rms defocus
wave-front error result from 1mm of defocus at the f/16 telescope focus and 0.012
waves/mm at the f/36 focus. The corresponding Strehl loss factors are dso plotted as a
function of defocus.
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The system was modeed using input wave fronts generated by Macolm
Northcott in order to evaluate the effects of defocus with a more redistic wave front.
These wave front maps smulate output from an 85-element curvature system assuming a
bright guide star and infinite outer scale. These wave fronts also assume pesk
atmospheric conditionsof r, =30 cminthevisble. Theresults of five different cases are
summarized in Table 1 below and the image core sructures are plotted in Figure 1. All
casesassume awavelength | = 2.2mm . In order to better judge the effects of defocus,
oscillaions in the point soread functions are smoothed in away that mimics broad
bandingwithadl /I =0.1 The cases are:

AwWNPE

focus.

o

focus.

An ided wave front with no phase errors
An ided wave front with the detector shifted by 4 mm.

An average of four wave front error maps with no defocus

An average of four error maps with the detector shifted 4mm beyond

An average of four error maps with the detector shifted 4mm inside

Case Number

df (mm)

s(Waves)

Strehl

Notes

1

0.0

0.0

1.0

Ideal Case

+4.0

0.05

0.91

Pure Defocus

0.0

0.093

0.75

4 Map Average

+4.0

0.103

0.70

4 Map Average

2
3
4
5

-4.0

0.108

0.66

4 Map Average

Table 1. Summary of wave-front error and measured Strehl due to detector defocus.

Wave-front Strehl was caculated exactly from its definition as:

S=

(ereal )2 + (Wcompla

:

(Areapupil )2

where the W s areintegrals over the real and complex parts of the wave front. As shown
in Table 1, thereisadight difference in the Strehl factors between cases 4 and 5 above
because the AO wave fronts have someintrinsc resdud focus. If welook at the average
of these two cases, however, and compare it to the Strehl of the error maps with no
defocus, we get 0.68/0.75=0.91. Thisisidentica to the effects of defocus on the idedl
wave front. That is, on average, the effect of defocusis smply amultiplier on wave front
Strehl and we can separate the effects of defocus from those of wave-front errors. Thisis

expected from the approximation of wave front Strehl by S=e @' and is confirmed
inthis case. Note that even though the defocus error is congstent with this equation, the
AO wave frontsare not. For Case 3 above, for example, the wave front rms of 0.093
esimates a Strehl of 0.71 but exact cdculaion give 0.75. Each of the four individua
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maps averaged to produce Table 1 gave lower estimates than the exact caculation
showed.

The Strehl effects of defocus can be treated as amultiplier that iswell predicted
by the estimation formula used in the attached MathCAD spreadsheets. Looking at the
energy loss plots for the f/36 focus, the Strehl factor improvesto 97.5% for a2mm
defocus and is better than 99% for a 1mm defocus. A compromise between physicaly
achievable placements of optica dements and the steep dependence of Strehl on rms
error areasonable defocus requirement would be + 2mm (0.024 ?) with agod of + Imm
(0.0127). Thiswill be taken as aworking requirement for the instrument and in what
follows.

b. Coronagraphic Performance and Frame Differencing

These two issues are rdlated in that if the frame differencing of the two foca
planesis unaffected by defocus then so is coronagraphic performance a any one of them.
One differenceis that coronagraphic performance is affected by absolute defocus
whereas frame differencing depends on the relative defocus between the two foca planes.
In order to accommodate both cases we will continue to work with arelative defocus of 4
mm. Because of the symmetry of the effects of defocus, thisis amore demanding case
than each focd plane being out of focus by 2mm with opposite sense.

The NICI coronagraph design assures that telescope and residua atmaospheric
phase errors limit the intensity at the second focus.  Aberrations within the ingrument,
like defocus, could limit the performance of the ingrument. Thisis unlikely for the smdll
focus error of 0.024 waves generated by the alowed focus error of 2mm at the detector.
Speckles, rather than diffraction, will dominate the image at the find focus. Mation of
the detector asmply produces defocused speckle images that are smoothed naturdly by
atmospheric turbulence.

Fgures 2 and 3 illugrate the minimd effects of defocus on the Structure of the
image a the detector. Figure 2 showsthe rétio of the intensties at the fina focus with
and without afocus error. The two cases shown are: one detector perfectly positioned
and the other displaced by 4mm, and each detector displaced by 2mm in opposite
directions. Plotted are azimuthally averaged intengties using only one amospheric phase
map. In both cases, the differenceis just afew percent over most of the focal plane. The
ratio of the intengities at the first to the second NICI focusis essentidly the
coronagraphic gain. Figure 3 showsthe log of this gain factor for re-imaged focal planes
with (3a) and without (3b) 4mm of defocus, again using just one smulation. Thereis
little difference in the Structure of the foca plane intensity. These smulations used a
basi ¢ coronagraph design with a Gaussian occulting mask (half power point of 0.45
arcsec and a Lyot stiop with transmission from 0.26 to 0.9 of the pupil radius).
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Figure 1. Representative image core structures for various defocus scenarios. The plotted
curves correspond to Cases 1, 2, 3 and 5 summarized in Table 1.
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Figure2. Logratio of thefind focd plane intengties with and without 4mm of rleive
defocus didtributed in two different ways.
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Figure 3 The coronagraphic gain with no focus error (a, top) and with 4mm of defocus (b,
bottom). The plotted region is about 5 arc seconds across.
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Appendix A: Treatment of Focus Errors.

Assume we have a perfect spherical wave-front converging to the point
(0,0,F) where F isthefocd length. Any point on the wave-front satifies:

r2+(z- F) =F2r2=x2 +y? (A1)
The height of the wave-front, z, isthen:
2
z:F-\/FZ-rZ»Zr—F (A.2)

A defocused wave-front is one that is converging to the point F* and obeys
z'= r* | 2F ' the difference between these two wave-fronts s the focus error:

dz=7- z
IR R (A3
2 F' F
UsngdF =F'- F wege:
r.2
dz=- —dF A4
z 2F? (A4)

The negetive sgn follows from the fact that the wave-front needs to be flaiter than ideal

in order for itsfoca length to increase. The unitsof d zarethoseof dF . If Risthe
overdl radius of the wave-front or optic, the focd ratio, f,,is 2R/ F and the wave-front
error due to defocus can be written:

2 r

8rf sdFr=o (A.5)

#

dz=-

Given the phase error, we can evauate its root mean square value as.
_dF r%-¢°?
8f” V12
where r | isthefractiona radius of the outer Lyot stop and e, isfractiond radius of the

inner Lyot stop. At the first focus or in the absence of aLyot stop, Equation (A.6)
becomes:

(A.6)

_dF 1-¢€?

S =
8f,> V12

where, asusud, e isthelinear obscuration ratio of the entrance pupil.

(A7)
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We can now re-express the wave-front error in terms of itsrms value:

sy12 ,
il

1-e

dz=-

(A.8)

We can aso estimate the broadening effects of defocus. At adistance d F the
height of aray originating at radiusr in the pupil isgiven by:

h=%dF
_dF, A9
2f,

This dlows evduation of the rms spot Sze due to defocus as.

_dF [1+e?
ds=—
2f, 2
As expected, the rms spot Sze increases with increasing obscuration ratio and approaches
Rase ® 1. It gppearsasif the wave-front error has a steeper dependence on focd ratio
than the pot size but if we scale the pot Sze to ameaningful dimension in thefoca

plane like the diffraction scale, 5 =1 f, weget:

(A.10)

ds_ dF |1+ e’
s 22\ 2
which has the same dependenceon f, asthe wave-front error.

(A.11)
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Appendix B. NICI Defocus Worksheets

The following two Mathcad wor ksheets describe the effects of wave-front
errors at thef/16 telescope focus and thef/36 instrument final focus.
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Gemini Defocus Worksheet: Calculates the effects of a focus shift in terms of wavefront
error, image size and Strehl.

User Input:
Telescope Diameter: D = 7.9 meters
Telescope Obscuration: e:=0.16
Operating Wavelength: | =22 microns
Focal Ratio: f o = 16.
Relevant Equations:
Airy :=1-f 1 Airy = 35.2 Ring width in microns
2
1000-dF \1-e
s(dF,f_no,e,l) = —< > S <1,f no,e,|> = 0.062 Waves rms wavefront
8| f n02 JE per mm of defocus.
2

dF |[1+¢€
/ -
S gy (0F ,f g €] 1= 1000— 5

an

RMS spot radius per mm
of defocus (microns)

/ ;
0Spe (1 f o) = 22378

ds g (1,36,€)

= = 0.283 = geometric spot size over diffractive spot size (dF=1mm).
iry

__ o 2 o _(-1 _ /
S(dF,f_no,e, 1) := exp[—(z p-s(dF,f_no,e,l)) ] j=1. 10Cdfj = o0 LJ. =1- S\dfj,f no,e,|>

015 Fractional Energy L oss Due to Defocus

0.12

0.09

0.06

Fraction of Energy Lost

0.03

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
dfj
Defocus (mm)



Telescope Diameter: D := 7.9 meters

Telescope Obscuration: e:=0.16

Operating Wavelength: | =22 microns
User Input: 1
Focal Ratio: f o 1= 36. 36:2.2=79.2 - = 0.014
Relevant Equations: 126:80= 10.08
Airy = 1-f o Airy = 79.2 Airy Ring width in microns
2
1000-dF \1-
s(dF,f_no,e,l) = < ¢ > s(1f el)=0012 Waves rms wavefront
81 f o2 JE < Tno & > e per mm of defocus.
2
aF [1+e RMS spot radius per mm

0 rgy (OF, g ) 1= 1000—

( -
f 0Sret(1f g €) = 9.946
no

of defocus (microns)

ds g (1,36,€)

ATy = 0.126 = geometric spot size over diffractive spot size (dF=1mm).

_ . 2 o (-1 _ (
S(dF,f_no,e,l) := exp[—(z p-s(dF,f_no,e 1)) ] ji=1. 10Cdfj ST Li =1- S\dfj,f n0,e,|>

Fractional Energy L oss Due to Defocus

10

i /

100-Lj

Fraction of Energy Lost (%)

//

/,

_—

0 02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4
dfj
Defocus (mm)
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