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ABSTRACT

The combined effects on performance of shear between the two arms, defocus of the detector, and ditference in wavefront
between the two arms of a Fourier transform spectrometer using cube corner retroretlectors were investigated. Performance
was characterized by the amplitude of the fringe signals coming from a detector as the path-length difference was scanned. A
closed-form expression was found for the combined etfects of shear and defocus, and it was found that defocus had no effect in
the absence of shear. The effect of wavefront error was modeled numerically and assumed to be independent of shear and
defocus. Results were compared with measurements made on the breadboard and engineering model of the Composite Infrared
Spectrometer for the Cassini mission to Satumn, and good agreement was found.
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1. INTRODUCTION

The Composite Infrared Spectrometer'? (CIRS) for the Cassini mission to Saturn is a Fourier transform infrared spectrometer
that contains three Michelson-type interferometers. One is used for spectral measurements in the mid-infrared (MIR) band of
7 to 17 pm; another is used in the far-infrared (FIR) band of 17 to 1000 pm. The moving elements of these two
interferometers are mounted on a common scan mechanism®. The third is a reference interferometer’ that measures the
position of the scan mechanism.

During the development of the MIR interferometer, it became necessary 10 determine the theoretical performance of the real,
as opposed to ideal, interfeometer. Eftects of all known departures from ideal were to be calculated and compared with the
measured performance of the actual hardware. Effects that were included in the calculations were reflectances of all surfaces in
the beamsplitter/compensator stack, wavefront aberrations due to the figures of these surfaces and the retroreflectors, and two
forms of misalignment: shear and defocus. Performance of the interferometer was measured in terms of the observed
modulation of the output signal.

2. CONCEPTS AND DEFINITIONS

A conceptual sketch of the MIR interferometer is shown in Figure 1. A source is nominally located at the focal plane of the
input lens. An image is formed, nominally at the focul plane of the output lens. A detector, the area of which defines the
field of view, is also located nominally at the output tocal plane. In the subseguent analysis, defocus will refer to axial
displacement of the source or detector from the input or output focal plane.

At the center of the interferometer is a beamsplitter/compensator pair. The substrate material is potassium bromide (KBr).
The beamsplitter coating, which is deposited on the second surtace ot the bensplitier, is nominally 50% retlective and 50%
transmissive for both polarizations across the spectrad bandwidth of interest.
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The beamns transmitted and retlected trom the bewnsplitter surface propagate 1o a padr ot cube-cormer retroretlectors. These
retroretlectors terminate the anns of the Michelson interterometer. The beams that return trom the reroretlectors are
recombined at the beamsplitter, then focused by the output lens onto the detector. As the moving retroretlector ranslates
along the optical axis, the path length ditterence between the two arms changes. This gives rise to a varying signal recorded
by the detector. This signal can be characterized by ils modulation, given by

S — S,
M = —==— S , (1)
S t S,

max

where § is the signal recorded by the detector.

fixed The actud retlectance of the beamsplitter
ret ro surtace deviates tfrom idead performance.
//\\ Also, there is no antiretlection coating on
the first surface of the beansplitter or either
surtuce of the compensator. The reflectance
) of uncoated KBr at the relevant angle of
inp ut incidence (37°) is high enough that a
'er s significant amount of light goes into stray
input ' 1 [y, compensator . beuns that are reflected at surfaces other than
focal pd ) moviNgl  the nominal beamsplitter surface. These
plane 4 retro | curfaces are slightly tilted with respect to the
' y beamsplitter “ 4 bewmsplitter surface, so the stray beams do
not contribute to the modulation of the
< > output interferogriun recorded at the detector.
lens However, they do contribute an offset term,

Nominally, the apexes of the cube corners
- - - are located on the optical axis, which is
Figure 1. Conceptual sketch of the MIR interferometer. defined by the focal point and center of the
input lens. In this case, rays in the fixed and moving arms that come from a single ray incident on the beamsplitter meet
again when the beams are recombined.

. —J— outpuwt focai plane

If one or both of the cube comers is displaced laterally from its nominal position, the rays returning from the two arms are
displaced. This displacement of the two retuming beams is called sheur. Alone, and in combination with detocus, it atfects
the modulation of the detected signal.

Errors in the surface figures of the beamsplitter, compensator, and retroreflectors cause a variation ot phase ditference across
the aperture of the interferometer. This also contributes to a loss of modulation.

Except for shear and defocus, these effects are, to a good approximation, independent of cach other. Consequently, they can be
treated separately and then combined to yield a tinad result.

3. SURFACE REFLECTANCE

It is well known® that, for an ideal Michelson interferometer, the modulation is given by

M = 4RT 2
where R is the reflectance and T is the transmittnee of tie beamsplitter. When there we additional reflective surfuces
associated with the beamsplitter, additional stray bewns we created that contribute to the totid power received by the detector
but not to the interferogram.

The zero order beam of the interferometer consists of rays that split and recombine at the beaunspliver surfaces, wnd do not
reflect at any other beamsplitter or compensator surtace. The zero order power thut reaches the detector (the main beam) from
the moving and fixed arms is given by
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where P, is the input power; the subscripts “¢” and “u” mean “coated” and “uncoated”™ with the beamsplitter coating; and "

and *“e” mean internal and externad retlection. Then the aumplitude of the {ringes is

A=2P P =2{TT'RIRT, . @

A similar expression can be found for zero order power that is retumed to the source. In the MIR interferometer, the fraction
of the input power that reaches the detector in a zero-order beam varies between 11% and 37%, depending on wavelength and
polarization. This leads to modulation of the main beam that varies between 89% and 97%. The complementary main beam,

which returns to the source, accounts for another 32% to 78% of the input power.

Stray beams can be classified as first order, second order, etc., based on the number of reflections made at the front
beamsplitter surface and the compensator surfaces. Together, these higher-order beams account for 10% to 35% of the input
power. If we (very roughly) approximate that the higher-order power is split between the detector and the source according to

the same ratio as for the zero-order power, and calculate modulation as

A
M=— (5
P,
where P, is the mean power reaching the detector from all beams, we obtain the results shown in Figure 2.
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Figure 2. Modulation of the output light due to beamsplitter and
compensator surface reflectance, averaged between s and p polanizations.

4. WAVEFRONT ERROR

The electric field at a point (x,y) in the aperture, assuming equal powers in the two arms, is
1 it (x,y) (9, (x,y)+kz+40,(x.y))
E(x,y) = EEO[C’""’ + e """ g ] (6)

where ¢, is the phase at (x,y) from one interferometer wn in radians, A(,/)vis the phase difference between the two arms due

to wavefront errors , and z is the mean path length ditference.

The power at the interterence plane is



P(x,y) = E(x, y)E'(x, y)

- % E,}[1 + cos(kz + Ag,(x, y))]

= P,[1 + cos(kz + Ag,(x, y))] M
0.9}
[
9 0.8¢F
,/,ll @ 0.7
) 3 o.sf
o~ ANieess S o5}
-0.2 SN \\\\\\‘.:- £ 0.5}
—0.4 \\ §E 0.af

I s 10 15 20 25

wavelength (um)

Figure 4. Modulation of the CIRS MIR interferometer due
Figure 3. Phase difference in waves (at 9.1 jun) between o the wavetront difference shown in Figure 3.

the fixed and moving arms of the CIRS MIR interferometer

due to surface figures. Horizontal units are fractions of

pupil radius.

The interferogram is produced by tocusing the total power
in the aperture to a spot, then capturing the spot on a detector:

I(z) = J‘P,,[l‘ + cos(kz + A¢.(x, y))]dxdy
= P,A + P,[ cos(kz + A¢,(x, y))dxdy
A,
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Then
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where tan © = -,— Then the mean of the interterogriun is APy and the modultion is
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For some wavefront shapes, H, and H, could be calculated anadytically. In practice, it is necessary o compute them
numerically from measured data. To model the CIRS MIR interterometer, surtace figures or wavetroat distortions were
measured for each component using a Zygo interferometer. Wavetronts from the tixed and moving arms, and wavetront
difference, were computed using these measured data. Figure 3 is a plot of computed wavetront ditference at 7.1 pm
wavelength, and Figure 4 is a plot of the resulting modulation as a function of wavenumber.

5. SHEAR AND DEFOCUS

A treatment of the effect of shear in a cube-corner Michelson interferometer has been published by Murty®. For a cube-comer
Michelson interferometer with a circular field of view, no defocus, at zero path ditference, the modulation is given by

y = J12osmQ) |
osJ

where ¢ is the wavenumber, s is the wavefront shear (twice the cube corner displacement), and € is the solid angle
subtended by the field of view. Kauppinen and Saarinen’ have extended this theory to predict line shape distortions in the
spectral domain.

(12)

Saarinen and Kauppinen® have examined the effect of a

im output lens
age detector P defocused point source on the interferogram and in the

plane plane rear principal plane spectral domain, expanding on work by Guelachvili®.
/ Kunz and Goorvitch'® have exanined the combined effects
of source defocus and mirror misalignment in a Michelson

interferometer that uses plane mirrors. Here we present a
treatment of the combined effects of defocus and shear on

< the modulation at ZPD of a cube-comer Michelson
\ interterometer looking at an object that fills a small but
\ nonzero tield of view.

5 The geometry is shown in Figure 5. Each point in the
source (not shown) is imaged to a point in the image

S plune (nominally the focal plane of the output lens) at a
< R > distance §; from the rear principal plane of the output lens.
A planar detector is located at some distance § trom the
(a.0) (B polar (p.D image plane. For each point (1,v) in the detector plane
and (/»1) in the pupil, there is a corresponding point (x,y)
(xy) w,v) rectangular (,m) | in the image plane.

The pupil of the optical system is circular, with radius R,.
In general, the source 1s not at the tocal plane of the inpat
lens, so the wavetront incident on the output lens is
spherical with rudivs R,. In this analysis, R, is assumed
to be much greater than the maximum path length ditference between the two anns ot the interferometer, so the wavefronts
from the two arms can be treated as having the siune radius of curvature.,

Figure 5. Geometry for defocus/shear theory, showing
significant planes and polar and rectangular coordinates used
therein.

Consider a point on the y-axis in the image plane. The wavelront that is focused onto it is described paraxially in the pupil
plane as
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Since the image height is much smaller than the image distance, we can eliminate terms of order 2 or higher in y/s;, yielding
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It can be shown that for arbitrary tield points, under the sime conditions, the same result holds. Then
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The power that strikes a point (4,v) on the detector is
oo n
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where (4,v), (e,6), and (p,7) are all collinear. Substituting (17) into (18) and using some geometry to express image plane
coordinates in terms of pupil and detector plane coordinates, we obtain
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which evaluates to
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In the case of a rectangular detector with dimensions Au and 4v, the power integrated across the detector is
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Figure 6. Effect of shear and detocus on modulation of the
CIRS MIR interferometer at 10 m wavelength.
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An interesting feature of this result is that, while shear affects
the modulation by itself, defocus at the output affects
modulation only in the presence of shear. With shear present,
modulation is maximized by placing the detector not at the
focal plane of the output lens, but at the image of the source.
(The image of the source coincides with the focal plane of the
output lens if there is no defocus at the input.)

Figure 6 illustrates the effect of shear and output defocus on
the modulation of the CIRS MIR interferometer. The detector
in this instance is an array of pixels, each of which can be
regarded as a 200 pim square.

6. COMPARISON OF THE COMBINED EFFECTS WITH EXPERIMENT

All of these effects were combined to produce predictions of the pertormance of the CIRS MIR interferometer. The
predictions were compared with measurements made on the engineering and tlight models of the instrument. The details of

the experimental measurements are described in another paper''.

In Figure 7, we show predictions of measured spectra using a S00° C blackbody source under various conditions. The
calculations include the etfects described above and the relative spectrad responsivity of a HgCdTe detector. Figure 8 is an
example of actual data measured under corresponding conditions in a4 CIRS breadboard, using a detector similar but not
identical to the one whose responsivity was used in the calculation.
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Figure 7. Predicted performance of the CIRS MIR interferometer measuring a 773 K blackbody spectrum.
Effects of beamsplitter/compensator reflectance, surface figures, shear, output defocus, and detector
responsivity are included. Each plot shows detector response in arbitrary units as a function of wavenumber
with defocus (from top) 0, £250 pm, £500 tm, and £1000 pwm.
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With no shear, the theoretical plot is simply the blackbody
spectrum multiplied by the relative responsivity of the
detector. In the absence of defocus, the effect of shear is
noticeable but mild, being most pronounced at higher
wavenumbers (shorter wavelengths).

As shear is increased, the eftects of defocus become more and
more pronounced. Large degradations appear first at higher
wavenumbers, then propagate to lower wavenumbers as the
sheuar or detocus increases. Note that there is little difference
between the eftects of positive and negative defocus.

The experimental results agree well with the theory. As
expected, 200 gm of shear with no defocus shows a nearly flat

Figure 8. Spectrum of a 773 K blackbody, measured with
(from top) 200 pm shear and no detocus, 1000 wm of shear
and 0, 200 pm, 300 pm, 400 pm, and 600 pwn of output
defocus.

spectrum. With 1000 fm of shear, the performance at higher
wavenumbers is degraded mirkedly even with no defocus.
Pertormance at the lower wavenumbers is still affected only
slightly. As delocus increases, perfonnance drops quickly at
high wavenumbers and more slowly at low wavenumbers. At

the largest defocus (1000 pm), the performance actually recovers stightly at the highest wavenumbers.,

The theory presented in this paper was used in the diagnosis and characterization ol the CIRS instcument. With this
information, it was possible to determine that wier wigniment of Wl the optics, the instrument performance was as good as

could be obtained with the fubricated hardwiue.
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