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ABSTRACT.
At short wavelengths optical systems can be designed such that a single aperture defines the beam that is used (system
light gathering power), and ancther (the system field stop) defines the field-of-view (FOV). These components define the
beam envelope and all other components are oversized so that they do not ‘clip’ or vignette this envelope.

At longer wavelengths the diffraction caused by such clipping can seriously degrade the FOV response function and caus
an increase in stray-light background. It is thus even more desirable to avoid clipping the beam as it passes through a
instrument by oversizing all the optical elements. In space borne instruments, however, accommodation constraints cal
turn such oversizing into an unaffordable luxury. Instrument design must therefore consider the impact of multiple beam
clipping and in particular any degradation in the FOV function.

In this paper we describe such an analysis, based on advanced ray-tracing software, and give results for its application f
two instruments:

1. The infra-red space observatory Long Wavelength Spectrometer (ISO-LWS, wavelength rang@uad-18&re the
FOV response is modeled for use with on-board calibration and data retrieval.

2. The imaging photometer in the Far Infra-Red Space Telescope SPIRE instrument (Spectral & Photometric Imaging
Receiver, wavelength rangg00-650um), where the analysis is needed for (a) Trade-off studies between instrument
sensitivity (aperture size) arfdOV degradtion by clipping (b) Predicting thEOV performance of the final proposed
design.
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1. BEAM CLIPPING IN SHORT-WAVELENGTH OPTICS.
Figure 1 shows a schematic of the beam clipping which occurs in a conventional optical system. For simplicity a system
consisting of 1 optic is shown, with the minimum 2 stops present; a system aperture stop to define the beam collection
aperture (F-number), and a system fidld stop to define the fied-of-view (FOV). These stops define the geometric beam
envelope, i.e. the A-Q of the system. If we wish that the response is set by beam clipping at only these stops, al of the
other components, e.g. the lens shown, are oversized with respect to this beam envelope.

Assuming for now that the detector is a fully incoherent type, the FOV response is the rative amount of energy arriving
at the detector as the source incident angle 3 is varied. This energy is given by the integral of the image plane intensity
distribution (the system point source transmittance function PST *) over the detector active area (given by the normalised
detector spatia response function R) . This gives

FOV(f) = [PST(B.AR(B).dB" (1)

where ' is the lateral position co-ordinate at the detector plane (in two-dimensions), expressed in terms of equivalent
angle in object space (in this angular co-ordinate system R may be termed the ‘geometric footprint’ of the system on the
object).

If the PST shows negligible variation with beam arfyjlever the range of interest, we may use just the PST response of
the on-axis beam, i.e. P¥(B=0). Writing this as a function of one variable:

PSI,(£) = PST(£.0) (1)

The FOV equation becomes a simple convolution:

FOV(f) = [PSTo(B-AR(B).dF (10)

The range required is usually that up to the point wher&®é drops to a level below the noise floor of the instrument.
This form for FOV is then valid providing that, over tisrange:

1. The aberrations don't change significantly.
2. The components can be oversized adequately to ensure that they add no extra clipping.
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Fig. 1a. Beam clipping, short-wavelength case.



2. LONGER WAVELENGTH SYSTEMS.

Figure 1b. shows the picture of fig.1la modified for the case of a longer wavelength system. Here we assume the only
dimension which is changed is that of the wavelength (this occursin practice in a space instrument when accommodation
constraints prevent the instrument apertures and focal length being scaled with wavelength). The main difference to fig.1la
isthe increased width of the beam in both the near-field (e.g. increased size at the lens with respect to the geometric beam)
and in the far-fidd (width of the PSF). The central maximum has a radius which in angular terms in object space (as
shown in the figure) is given by 3, = A/D.
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Fig.1b. Beam clipping, long wavelength case.
The figure illustrates the difficulty of maintaining the ‘oversize’ criteria at longer wavelengths. Two effects can be noted:

1. The used beam as defined by the system aperture stop has significant diffractive spreading, so that at componen
remote from a pupil plane (e.g. the lens in fig.1b) it is now significantly wider than the geometric beam envelope. The
effect could lead to clipping even at a small off-axis afigleor example, the instruments described here have D~50mm,
A~0.2mm and component separations L~200mm. The fractional increase in beam width due to diffraction is then ~
2AL/D? = 3 %.

2. The PST function is now wider, with its ‘wings’ extending farther across the image plane. This means that the FOV
response may remain at a significant level (compared to the system noise), to much larger Bahes of the shork-
case.

These effects are indicative of the increasing importance of coherence properties at longer wavelengths, and as a rest
such systems may be designed using quasi-optics métHiis involves to a description of the overall beam shape as the
superposition of a set of beam-modes, which can then be propagated separately using the ABCD formalism. It is mos
suitable for coherent systems (characterised @) ) where the pattern can be described using relatively few modes.
Since a coherent detector behaves as a point source, in this case the response fundijois §Odtf by the PST alone,

and the convolution of equation (1c) is not required.



The systems considered here have low coherence, and the number of modes needed to describe the beam at a single source
angle B is consequently relatively very large. In these circumstances a ray-trace based modd for beam propagation
(described later) is amore efficient method of analysis than the beam-mode method.

It can be seen from figure 1b that a system designed using ray-tracing (or quasi-optics) may produce significant beam
clipping at components other than those which are intended to define the beam. In such cases the above assumptions and
equations for FOV (which are only valid up to angles where beam clipping becomes significant) no longer apply. Such is
the case in the instruments of interest here.

3. CASEWITH MULTIPLE BEAM-CLIPPING (MBC).
In the instruments considered here beam clipping becomes important in the design because the optics accommodation
constraints make it impossible to provide the component oversizes required at long wave engths, without a serious |oss of
collection aperture, at al wavelengths. The instrument design, especially in cases with large wavelength coverage, then
involves a trade-off between the loss of throughput and the long-wavel ength stray light problems introduced by MBC.

Other relevant features of these instruments are:

« At long wavelengths the on-board stray light is dominated by edge-diffraction rather than the incoherent surface scatter
(e.g. from micro-roughness or particle contamination) which dominates at shorter wavelengths.

e The typical strategy to defend against on-board thermal emission is to have the optics enclosed in boxes of
progressively lower temperature at each stage of imaging, with stray light blocking implemented by apertures & filters,
and the detector in the smallest, coldest box.

The MBC gives two main degradations to instrument performance:

1. The FOV response will be broadened, possibly with added side-lobes due to the added diffraction from optical
components.

2. Where the beam is ‘clipped’ the portion not transmitted by the component will be incident on or subsequently reflected
to some internal baffle surface. Where this is in the relatively hot outer structure it can contribute significant unwanted
background radiance to the detector.

In the cases of figs. 1 & 2 above, if either the rang@ adnsidered is extended, or if component oversize is reduced, we
eventually find clipping at other apertures, for example in the incident beam shown by the dashed lines in fig.1a,
significant clipping is occurring at the optical element. At this point the beam aperture begins to be reduced and so the
PST (or antenna pattern) widens. The assumption that it is indepengkeisttbfen no longer valid, and we must return

to the general form of FOV in egtion 1. The computation then requires a propagation analysis repeated over all relevant
incident angles, leading to a much larger calculation than in the cases without MBC, where a single propagation analysi:
was used. There may be computational efficiency advantages to be gained by propagating the beam in the forward o©
reverse direction, and in the instruments analysed here both types of model are used. Usually the propagation is firs
analysed for just the on-axis & the maximfiaange cases, in order to assess how much the PST is being changed by the
MBC effect

4. BEAM PROPAGATION METHOD & NUMERICAL RESTRICTIONS.
The method used is that of ‘decomposition’ of the beam pattern into a set df wdyysh can then be ray-traced within a
conventional optical design prograhto a subsequent plane where the beam pattern is reconstructed from the ray set. In
order to describe diffraction effects in a complex-amplitude optical field, the ray set must include extra rays in addition to
those used to describe incoherent geometric effects in standard ray-trace packages. The resulting ray set is related to t
‘Gabor representation’ of a coherent fiéld

For our purposes the beam must be ‘decomposed’ at each component at which clipping occurs, and the decompositio
algorithms currently available are of 2 types:



1. For far-field regions, where the beam diameter is many wavelengths. Here the ray set used is a spatial array of rays, with
directions each parallel to the local Poynting vector of the beam (fig.3).

2. For near-field regions, where the beam diameter is a few wavelengths or less (focused beam). Here the ray set is an
angular array of rays generated at a single point at the beam centre (a ‘cone’ of rays emanating from the focal point).

The method has certain sampling limitations similar to those arising in Fourier Arfal@@insider a beam pattern
calculated over an analysis window (perpendicular to the beam) of half-aperture W, in N x N pixels. The spatial resolution
to which the diffracting edge is defined is thten = 2W/N. For a physically representative analysis of a sharp diffracting
edge we should increase N to decrea®e However, the diffraction angle range required to describe the pattern to
resolutionAx is A8 = AM/AX, so as we approadix < A the angular range of the ray-set required becomes iaigereover

the synthesis of such a set often requires a more general model than those currently available (this case is intermedia
between the far- & near-field analyses cases, & the required ray-set is closer to the Gabor repré3einiatiddition a

very large analysis window is needed at the next optic, to collect the rays. Lastly, the diffraction theory on which the
method is based gives only a limited description of electromagnetic effects on thfs Bealthese reasons the analyses to

date are limited and cannot describe clipping to arbitrarily fine resoldtion< A.

Added to this is the issue of computation time, which can be excessive given that the typical ray-set required has NxN
rays, each contributing to NxN pixels in the pattern at the next optic (so the calculation time scalpsTassNoroblem

of modeling larger diffraction angles (higher spatial resolution) arises similarly in Fourier Optics and in numerical
diffraction integral methods used in mm-wa¥és

In our instruments beam clipping is more common at components of the far-field type; components near foci regions are
normally easily oversized with respect to the detector (system field stop) to avoid clipping , whereas for the larger far-field
components sufficient oversize is much more difficult to accommodate.

4.1. FAR-FIELD CASE.

Here the clipping is described as shown in fig.3. To correctly describe the clipping the incoming beam (in this case a full
gaussian) is decomposed at the plane containing the component’s edge (the clipping component is usually either a plan:
stop or a curved mirror). Of the new set of rays, those lying outside of the component edge then fail to be traced onwards
and the remainder describe the clipped beam (part-truncated gaussian).
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Fig.3. Process of beam decomposition used to describe far-field beam clipping.
For beam analysisin far-field regions there are currently two numerical limitations.

Firstly, the limitations notedteve put a restriction on the ‘sharpness’ of the edge that can be analysed at any particular
wavelength; the best spatial resolution availablaxiss A. For example at the longest wavelength of 0.5mm considered
here, the analysis is limited to that for a ‘soft’ edge whose transmission profile is blurred over approximately this
dimension. The corresponding maximum allowed pixel number is givenfy= RW/A.

Secondly, there is a requirement that the pixel size is small enough that the phase change of the wavefront across tt
aperture can be described without numerical aliasing. This requires that the pixel spacing is always less than the width ¢
the Fresnel zone in which it lies. For a spherical wavefront with ROC = R, the limiting case occurs at the edge of the
aperture (the narrowest zone) and it leads to a minimum pixel number needed of

Niir> W/(2FV).

For many reflective components the clipping edge is tilted with respect to the incident beam, since the components are off
axis conic-section mirrors used at e.g. 10 to 30 degrees angle of incidence. In these cases the tilted window leads t
modification of the above equations.

In our instruments, where typically W=2cm and minimum f-number of the beam is F=R/2W = 3, the above equations give
72 <N< 869 for the shortest wavelength usedu(dp
7 <N< 87 forthe longest wavelength (0.5mm)

The maximum allowed N is the one used for accurate computations, while lower N is used for initial analyses.

4.2 NEAR-FIELD CASE.



For beam-clipping in the near field, the decomposition is performed in terms of the angular spectrum of the beam. Here

the clipping has to be applied to the optical field before the new ray-set is generated. In this case edges can be described to

finer detail of Ax < A, but the above diffraction considerations still impose a limit , due to the finite angular range
allowable for the new ray-set (i.e. less than a hemisphere”). In our models, Ax is automatically chosen such that the ray-set

angular range is some ‘oversize’ factor (of typically x2 to x4) times the geometric beam divergence. This is usually
sufficient to describe the ‘wings’ of the beam pattern down to sufficient levels of energy.

5. LONG-WAVE-SPECTROMETER (LWS) INSTRUMENT ON INFRA-RED SPACE
OBSERVATORY (1S0).

The LWS instrument is a grating spectrometer currently operating on board ESA’s ISO mission, and it is shown in fig.4.
LWS is of particular interest here because the PST measured in flight has a FWHM of 90 arcminutes, approx. 13%
narrower than that predictédimplying that some unexpected beam-clipping is occurring. Moreover the spectral response
, when plotted versus wavenumber, shows an unexpected periodic variation, implying that some multiple-reflection Fabry-
Perot effect is occurring. The frequency period of this corresponded to a free-space path length difference of 1.3mm, an
this dimension was then traced to the height of the field mirror ( M2 near the top centre in figure 4) above its mounting
surface. The conclusions were that:

1. This focal-plane mirror was clipping the beam (whereas the design was for the field-stop formed by the edge of the
mirror to be oversized with respect to that formed by the detector).

2. For the part of the beam lying outside the edge of the mirror, the reflectivity of the surround was none-zero, allowing
this part of the beam to reflect back along the optical path & so re-join the main beam, to produce the Fabry-Perot
fringing seen in the spectral response.

The conclusion 1. is also consistent with the feature that the measured PSF is narrower than that expected.

Here we look at the consequences of 1. for the instrument PSF, by makittipéerhaam-clipping analysis on the system
geometry. The ray-trace model is shown in fig.4b, in the same orientation as fig.4a, with the ISO telescope included. The
degree of by which the PST is narrowed was found to vary with wavelength, and it is significant even at the shortest
wavelength (4gm), i.e. that at which MBC should be least significant. This is the wavelength modeled here.

The field mirror M2 is at a focal plane. In this instrument detectors with low spatial coherence are used, and so the bean
pattern is that from a point source incident from infinity at afiglelipped by the system pupil (located at the telescope
secondary). The propagation analysiscpsals in the forward direction, and figure 5 shows a cross-section of the beam
pattern at the telescope primary mirror. Here the intensity distribution is approximately a ‘top-hat’, with a central
obscuration due to the secondary, but the effect of the telescope spider is not included. The pattern at M2 is shown in fig
6a, in contour plot, and as this is a focal plane the beam shape is close to that of the Airy pattern.

Fig. 6b is the same pattern for the case where the incident angle is changed to be equal to the angular radius of M2, i.e. :
that the beam is focused onto the edge of M2. The plot shows how clipping by M2 then effectively cuts the beam in half. In
the present model where the surround is fully absorbing, only the part of the beam shown is propagated onwards. The cas
shown corresponds to approximately 50% clipping, i.e. it is an angle close to the 50% point of the instrument PSF
response.

Figures 7 a & b show the beam patterns at the instrument pupil stop, for the same cases as in fig.6 a & b, and in this mod
clipping by the intervening components between M2 and the stop is assumed to be absent. In fig. 7a the beam has similz
form to the centrally-obscured beam of fig.5, but with some blurring of the edges due limited of spatial resolution in the

numerical analysis. Fig.7b shows the same pattern for the off-axis case, and here it can be seen that the clipping of fig.6
results in a spreading of the beam pattern in the direction perpendicular to the clipping edge (the Y-direction in both
plots), as is as expected from spatial filtering considerations.

At the stop the beam is again clipped, by the finite size of the pupil stop aperture, and the beam patterns after clipping (i.e
in the plane just after the stop) are shown in figures 8 a & b. The spreading of the beam shape means that the clipping ¢
the beam by the instrument pupil stop is more severe in case (b) than in (a). Thus there is a knock-on effect whereby beam
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clipping at one component (M2) leads to increased clipping at another (the pupil stop), so that the net transmission is less
than the 50 % expected. This would correspond to a reduction in the FWHM of the PSF, i.e. a narrowing, as observed
experimentally.

To test this, the full PSF response is simulated by re-running the above beam propagation over a range of off-axis angles.
For each angle the energy which passes the pupil-stop, i.e. that contained in the patterns of fig.8, is recorded as that
detected (i.e. we assume the subsequent has 100% detection efficiency). The resulting PSF is plotted in fig.9, along with
that obtained when it is assumed that clipping by M2 alone determines the PSF (i.e. assuming that the energy collected by
M2 is all detected). The figure shows that the reduction in FWHM of the PSF is by approximately 5% in this model.

The narrowing seen in the actual experiment is 13%, and the remaining discrepancy between model & experiment is
attributed to the fact that the model includes clipping by only 2 components, whereasiit is probable that clipping by other
componentsis also playing a part. A full quantitative model of the PSF (needed for calibration purposes) will therefore
reguire a careful re-assessment of al component sizes in the instrument & inclusion of their clippings in the model.
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CGLS1010 ENE 1134,157.3
QGLS1010 1144,142.6

)

/)

N 4
\/// 1500. 624 479.3409
1358. 662 431, 4068
1056. 737 335.5386

z z
150. 962 47.9341
-Y -Y

1072, 241. 6,34. 76 ® AP vs1 1-15-1998 16: 40 1062, 254. 2, 34. 77 ® rswpvs1 1-15-1998 16: 34

Fig.8 Beam pattern at pupil stop, after clipping (a) (Ieft) on-axis (b)(right) off-axis. The non-circular beam edge is dueto
pixellation effects.

PSF2 detected energy versus of f-axis angl e doughnut mrror

MAXEN
1.20 T T T T T T T T

1.00¢

.80F

.60

.40+

.201

.00 . . . . . Pa— — YAN
0 10 20 30 40 50 60 70 80 90
of f-axis angle in arcsecs
substrate: bl ack
wavel engths: 1= 46. 55um

& AP v51

e

19-1998 9:06

Fig.9. Predicted PSF curves at 46um wavelength, normalised. Dotted line: no stop clipping, solid line: with stop clipping.



6. SPIRE INSTRUMENT ON FAR-INFRA-RED SPACE TELESCOPE (FIRST).
This instrument, shown in figure 10, is currently in the design phase. It is an imaging photometer system utilising 3 arrays
of detectors to obtain filter-defined wavel ength bands centred on 250, 350 & 500 pum.
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Figure 10. FIRST-SPIRE instrument. Upper plot shows relation to FIRST telescope, lower plot is expanded view to show
photometer design.

Here the beam propagation analysis is needed to determine the component oversizes required in order to avoid beam-
clipping problems such as those described above. The analysis proceeds in the reverse direction beginning at the detector.
The type of detector (and therefore the beam shape) is not yet finalised for this instrument, but one possible choice is a



‘bare’ bolometer (low spatial coherence), for which the beam pattern corresponds to a point source at the centre of the
detector. After clipping by the cold stop (assuming intervening optics are oversized with respect to this) the beam has a toj
hat profile as shown in figure 11.a. Here the pattern is calculated at both the longest SPIRE wavelength (0.5mm) and at
shorter wavelength (26n) to show the shape of the geometric beam. The more sloping edge in the long wavelength plot is
due to the spatial resolution limitation outlined in section 4.

This beam is propagated outwards through the system, and its profile is calculated at each component to determine
oversizes required for stray light control. Of particular importance is the pattern in the telescope, since this is relatively
hot. For example, the telescope secondary mirror is also at a pupil plane, and using imaging theory it is expected that at
this component the edge of the beam pattern will be blurred due to diffraction, to a blur diameter ofAB-\2hte F is

the f-number of the ray bundle which connects the pupils at the instrument cold stop and the telescope. This is determined
by the size of the intervening field stop, and at the telescope M2 it has a value of F= 60, giving b=70 mm.

Figure 11.b shows the beam pattern at M2. Here the beam diameter is 270mm, and the expected diffractive blurring of th
long wavelength pattern is clearly evident.
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Figure 11 Beam profiles (a) (left) at cold stop, (b) (right) at telescope pupil M2. Horizontal scale is in mm. Dotted line is
geometric beam, and solid line is beamab.5mm.

This diffractive spreading of the beam is problematic, because it means that the detector will ‘see’ the surround outside the
edges of M2 , and this is relatively very hot and may have high emissivity. The solution would be to undersize the

instrument pupil with respect to that of the telescope (so that more of the instrument’'s beam pattern falls within M2), and
this is equivalent to the Lyot stop in a forwards-propagation model.

However, this undersize leads directly to a loss of system throughput, since then not all of the telescope’s collecting powel
is used. Furthermore the throughput loss is at all wavelengths, whereas the stray light problem is worst at the longes
wavelength (e.g. 0.5mm here). In systems with such wide wavelength coverage it is therefore not acceptable to design fo
avoidance of beam clipping at the longest wavelength, as this gives poor overall throughput. Rather, there is a trade-of
between loss of performance at the long wavelength end, and overall throughput. As a consequence of this the of multipl
beam-clipping phenomena becomes an important aspect of design.

7. CONCLUSION.
We have considered the importance of MBC effects in IR instruments in redidqum, for FOV response and stray light
control. A beam propagation analysis which can efficiently include such effects has been described and its current
limitations explained. Examples were then given of two analyses cases for real instruments, one part of a post-launct
diagnosis and the other part of a design study. These examples show the practical importance of the MBC effect, and it i
expected that this type of analysis will be needed in other forthcoming IR instruments. The software model described here



will be developed to alow cases intermediate between the current far field/near-field cases, and to improve the spatial
resolution with which edge-clipping is described.
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