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Abstract. The design of Lyot-stop systems in earth limb viewing radi-
ometers is first reviewed, with particular reference to the stray-light
analysis methods used for instrument design and performance evalua-
tion. These methods are given in order of increasing sophistication, up to
the most powerful technique for diffraction analysis, that of generalized
beam propagation analysis. The typical design features of radiometers
for the limb-viewing application are discussed to summarize the impor-
tant stray-light issues, including scatter, ghosting, and diffraction effects.
How for multichannel instruments based on arrays of detectors, the in-
terplay of these issues affects the Lyot-stop system is shown, pushing
the design toward nonstandard geometries for which the generalized
analysis method becomes essential. An example is given of the use of
the technique in a system requiring a nonstandard Lyot-stop geometry,
including the computation of the full diffracted energy patterns at each
stage of the Lyot-stop system, illustrating the physics of the diffraction
suppression, and giving insight into the design trade-offs; in particular,
that between signal throughput and diffraction rejection. For one choice
of this trade-off, the net diffraction response is calculated. This quantity is
an important input to the ground characterization of the predicted perfor-
mance. ® 1997 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Many challenging optical engineering problems involve the
detection of a faint object in close proximity to a much
brighter object. Examples include the imaging of the sun’s
corona,! and more recently, the detection of extra-solar-
system planets around stars,? and the detection from space
of the earth atmosphere radiance close to the earth’s limb.?

In such systems, although the brighter object is outside
of the telescope field of view, energy from it is diffracted at
the entrance aperture, through sufficient angle to enable it
to enter the field of view. Because the off-axis object is
much brighter than the object being viewed, its diffracted
energy may obscure the wanted faint object signal.

The Lyot stop was invented to overcome this problem in
the case of viewing of the sun’s corona.' It is a stop placed
at the image of the diffracting entrance aperture, where the
diffracted rays are refocused near the image of the entrance
aperture edge. A small undersizing of the Lyot stop with
respect to the entrance aperture’s image can then efficiently
block the brighter diffracted rays, removing much of the
unwanted light. A description of the Lyot-stop process is
given in Sec. 2.

The Lyot stop has become an important design feature
of radiometers that view the earth’s limb from space.™®
Here the wanted faint signal is typically a narrow-band IR
thermal emission from trace gases in the atmosphere, and
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the unwanted bright off-axis source is the broadband ther-
mally radiating earth, with the earth’s horizon typically ly-
ing very close (<1 deg) to the edge of the field of view. In
such cases, the diffraction and scatter lead to the earth pro-
ducing an unwanted background signal on the radiometer
detectors, and this is termed the nonrejected earth radiance’
(NRER). This parameter is often the largest background,
which limits the measurement accuracy, and so it is a major
driver in instrument design. To meet the measurement re-
quirements, modern IR telescopes are designed as high
stray-light-rejection systems,® whose key features can in-
clude

1. multiple Lyot-stop stages

2. all-reflective, off-axis mirror systems with unob-
scured aperture, to minimize diffraction

3. high-quality mirrors, of the best achievable cleanli-
ness, to minimize incoherent scatter.

Even with these precautions, the fundamental limits on
diffraction and optical component quality mean that the
NRER remains a significant quantity, which must be pre-
dicted and confirmed prior to launch® to ensure maximum
sensitivity in the science mission.

Here, we first give a physical description of the Lyot-
stop operation (Sec. 2), and this is used to review the pre-
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Fig. 1 Schematic of Lyot-stop optical system consisting of diffract-
ing entrance aperture, primary optic, field stop, secondary optic, and
Lyot stop at the entrance aperture (EA) image. Incoming off-axis
rays and diffracted rays are shown.

vious analysis methods as applied to various instruments of
this type. The review illustrates the increasing complexity
of both the sensor hardware, and the stray-light-analysis
tools used for design and characterization.

In Sec. 3, we review the typical design features of limb-
viewing instruments, in which the diffracted stray-light is-
sue and its defense become especially important for the
following reasons:

1. Relatively long wavelengths (up to 17 um) and low
viewing altitudes (0.2 deg from the earth disk) are
involved.

2. The use of aperture sharing in instruments with mul-
tiple detection paths and/or multiple wavelength
channels complicates the stray-light design, introduc-
ing the possibility for channel crosstalk via ghost and
scatter effects. The presence of apertures to suppress
these complicates the design for diffraction defense,
leading to nonstandard Lyot-stop systems.

3. High spatial resolution is required in the vertical di-
rection (altitude) as a main science goal. To achieve
this, the stray-light-limited response function of the
instrument must be optimized and accurately known.

After explaining how these features lead to the requirement
for a generalized diffraction analysis, in Sec. 4 we demon-
strate the application of the Gaussian beam superposition
method to an example system. This shows how the tech-
nique, implemented in a ray-trace program, is able to accu-
rately compute the optical diffracted energy pattemns
throughout the system, as required for the design trade-off
and performance studies.

2 Review of Lyot-Stop Diffraction Analyses

2.1 Physical Description

The Lyot-stop process is described using Figs. 1 to 4,
which are for a generalized optical system. In Fig. 1, light
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from a distant point source is incident on the system as a
plane wavefront at an off-axis angle of §. Here by stray
light we mean light from off-axis angles that are outside of
the instrument field of view, and this is referred to here as
“out-of-field’” light. The out-of-field light at angle 8 is fo-
cused to a point on the first image plane, where it is
blocked by the first field stop. It is also diffracted at the
circular EA, producing an Airy ring pattern that extends
across the field stop, so that some diffracted light is trans-
mitted through the stop. In the boundary-wave
formulation,'®"" this diffracted energy is represented by
rays emanating from the aperture rim, as shown by the
dashed lines in the figure. At the subsequent pupil plane
(the image of the EA), the diffracted rays are refocused to
produce a bright ring in a position corresponding to the
geometrical image of the EA edge. The Lyot stop is posi-
tioned at this image and is made smaller than the geometri-
cal image of the aperture so that the bright ring is blocked,
as shown in the diagram, and most of the diffracted light 1s
thereby eliminated.

In imaging the diffracted rays through the field stop, the
width of the bright ring (dimension b in the insert to Fig. 1)
is determined by the size of the field stop, as this limits the
angular range of the diffracted rays that are imaged. In the
diffraction-limited case, the width b of the ring is given by
the f-number F of the cone of diffracted rays at the Lyot
stop. For circular stops, the relation is that of the Airy disk

diameter'?:
e

b=244\F. N
However much of the diffraction pattern is blocked by the
undersizing of the Lyot stop, part of it corresponding to
higher diffraction angles will always leak past the stop, as
shown in the insert in Fig. 1. The degree of blocking actu-
ally achieved by the Lyot-stop system is described in terms
of the diffraction reduction ratio R, and this is defined as
the ratio of the diffracted energy that reaches the detector,
with the stop present, to that without the stop.!® Note that R
is a function mainly of the diffraction image width b and
the undersize dimension of the stop relative to the bright

ringima Womally both a and

b are small relative to the Lyot-stop radius », and efficient
; blocking to R<1% can be obtained for a small undersize
i factor a/r<<5%. Such an arrangement, where the main
| bright diffraction ring is efficiently blocked, is a defining
‘\ feature of systems described as ““well baffled”” in the stray-
\Jight literatl.lrg:‘j1 ;
“—For The stray light leaked past the Lyot stop, the subse-
quent imaging to the detector plane is also important, and
this part of the analysis is shown in Fig. 2(a). In the absence
of the Lyot stop, the pattern at the detector plane would be
simply the image of that at the first image plane. When the
Lyot stop is present, the manner in which it blocks the main
diffraction ring can be thought of as a spatial filtering ac-
tion. The residual light, when propagated on to the second
field stop, is found to be concentrated around the image of
the first field stop edge, and in the boundary wave formu-
lation, it can be attributed to diffracted rays from the first
field stop edge, drawn as dotted lines in Fig. 2(a). Thus, for
a well-baffled Lyot-stop system, the residual light at the
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Fig. 2 Optical system of Fig. 1 showing rays diffracted from subse-
quent apertures.

second field stop is mainly due to diffraction t
field stop edge, argjn/@‘f? of conjugate planes formed

By the field stops has a similar diffraction relationship to
ithat between the entrance aperture and the Lyot stog THe
diffracted stray light can theréfore be further tedticed by
undersizing the second field stop with respect to the first, as
shown in the figure, and a typical Lyot-stop system in-
volves undersizing of both the pupil-plane and the image-
plane stops with respect to the images of the preceding
stops. In systems with multiple imaging stages, a number of
Lyot-stop stages can be implemented, and the repeated un-
dersizing of the stops in such cases has been referred to® as
a ‘‘cascaded stop design.”’

In the field stop diffraction, as in the EA diffraction,
there is finite resolution in the imaging of the diffraction
pattern. Consequently some of the diffracted energy ex-
tends across the undersized second field stop [Fig. 2(a)],
and if the detector is positioned at this plane, this consti-
tutes the residual level of diffracted stray light, which is
finally measured. If there were subsequent onward imaging,
an analysis at the next pupil plane would reveal that this
detected energy originated mainly by diffraction from the
Lyot-stop edge, and the corresponding diffracted rays are
shown in Fig. 2(b).

The diffracted ray picture of Figs. 1 and 2 can be com-
bined, as shown in Fig. 3, to describe the whole Lyot-stop
process in terms of multiple diffractions, where the follow-
ing nomenclature is used:
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Fig. 3 Three levels of diffraction in the Lyot-stop system (summary
of Figs. 1 and 2).
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Fig. 4 Schematic showing apertures and diffraction patterns of
Figs. 1 and 2 in two dimensions.

1. For the out-of-field incident beam, the ‘‘undif-
fracted”’ rays are blocked at the first field stop.

2. Out-of-field rays undergo “‘single diffraction’ (at the
EA only) but are blocked at the Lyot stop.

3. Out-of-field rays undergo ‘‘double diffraction” (at
the EA and the field stop) but are blocked at the
second field stop.

4. Out-of-field rays undergo “‘triple diffraction’” (at the
EA, the field stop, and the Lyot stop) and reach the
detector.

" vrleéidual energy at the detector in a wewli?\n
system has been called the triple- /*"

T e e o

Figure 4 illustrates how the energy patterns drawn in
section in Figs. 1 and 2, would appear in two dimensions.
In the imaging system described, where all planes of inter-
est are either pupil or image planes and where illumination
from a single point source is to be considered, the tech-
niques of Fourier optics can be applied'® and can be used to
determine the optical signal at the consecutive stop planes.
The diffraction pattern at the first field stop is then the
Fourter transform (FT) of the entrance pupil energy, and for
an ideal, circularly symmetric system illuminated by a
plane wavefront, this gives the off-axis Airy-ring pattern
shown. (More generally, the pattern is the point spread
function of the system). This pattern is then spatially fil-
tered by the first field stop and Fourier transformed to pro-
duce the pattern at the Lyot stop. In Fig. 4, because the
source is off axis in the vertical direction, the Airy rings
produce largely horizontal fringes within the field stop.
Consequently, at the Lyot stop, the energy pattern is domi-
nated by lobes at the upper and lower sides of the stop, as
shown. *

In the absence of blocking by a Lyot stop, the light
would propagate on to the second field stop to produce a
straightforward image of the pattern at the first field stop.
With Lyot-stop blocking, however, the spatial filtering of
the two-lobed pattern produces a pattern at the second field

*In the classical Lyot stop for solar observation, the unwanted source is at
the center of the field of view, and the field stop in this case is in the form
of a central obscuration. The stray light is circularly symmetric, made up
of equal components in all directions, and so the two-lobed pattem of
Fig. 4 would “fill out”” to become a complete, axially symmetric ring.
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stop that is dominated by a bright line, this being an image
formed by light diffracting from the edge of the first field
stop, as explained earlter.

2.2 Review of Analysis Methods

The aim of most analyses is to find, for a given geometry
and illumination, the amount of energy from the bright off-
axis source that, by diffraction, eventually reaches the de-
tector, thereby contributing to the overall stray-light level.

2.21 Numerical Fourier analysis

The Fourier optics property suggests a numerical analysis,
involving conceptually simple image processing tech-
niques. The diffraction image at each plane is described
using an array of pixels, applying a numerical Fourier
transform to compute the energy at the next plane. For the
first field stop this method is similar to that used to compute
the point spread function (PSF) of a system, as the FT of
the complex amplitude at the exit pupil.!” For a circular
aperture, neglecting aberrations, the normalized PSF is
given by the Airy formula'®:
2J,(kDBI12)]?
kDBR) | @)

where

k=2m/\, pB=smn 0,

D is the diameter of the entrance aperture, and J, i3 the
first-order Bessel function. The airy disk angular radius is
given by

_ A

In the stray-light case, because the source is off axis, the
important range is usually 8> f3,; ie., only the more out-
lying ““wing’” of the PSF must be computed. The intensity
of the PSF in this region is typically many orders of mag-
nitude lower than the central PSF peak, and so a large
dynamic range is required in the FT computation. Also, the
Airy-ring pattern is highly oscillatory; the part that is
passed by the field stop gives a fringelike pattern, with
period approximately equal to ¢, and the field stop may
contain hundreds of fringes. For example, in a limb-
viewing radiometer with typical values of A =10 um, D
=(.2 m, and a field stop size of 1 deg, over 300 fringes are
present within the field stop.

The numerical analysis required to accurately model
such brightness ranges and fine structure is large. Also, the
described analysis is for one out-of-field angle only, and it
must be repeated for many angles over the range of the
off-axis source. These considerations can make the method
impractical in terms of the computation time required. Fi-
nally, the result from the numerical FT analysis is less ame-
nable to physical insight than are parametric equations,
which can, at least for simplified systems, be derived by
analytic methods.
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2.2.2 Analytic methods

Important analytic solutions to the Lyot-stop problem are
due to Noll'? and later Johnson.'” To discuss these, we first
consider the diffraction signal in the absence of a Lyot stop.
In this case, the energy passed by the first field stop is all
imaged on to the detector, and so it is sufficient to perform
an energy analysis at the first image plane only, involving
just the single-diffraction rays of Fig. 3. The instrument’s
susceptibility to stray light from an off-axis angle 3 is de-
scribed by the point source transmittance (PST) function,'’
which is closely related to the diffraction PSF already de-
fined. The function PST(B) is defined as the irradiance pro-
duced at the detector by a distant source at off-axis position
B3, divided by the irradiance incident on the instrument from
that source. The PST is related to the PSF [Eq. (2)] by!?

PST—Tr DZPSF 4
=7 \xF) P @

where F is the F-number of the beam at the first field stop.

The diffraction PST function is often compared to the
analogous functions that describe scattered stray light. In
particular, incoherent surface scatter is usually described
using the bidirectional scatter distribution function (BSDF),
and for ease of comparison the diffraction PST is cast into
an equivalent function, known as the bidirectional diffrac-
tion distribution function'® (BDDF). This is given by

4F?
BDDF = — PST, 5)

with units of inverse steradians.

For stray-light analysis, Eqs. (2) to (5) can be simplified.
Since the off-axis angles of interest are large (8> By), the
Bessel function is approximated accordingly, and since the
typical detector size is much larger than the spacing be-
tween consecutive Airy rings, the function is also averaged
over the rings.!® This simplifies the PST to

A
PST(B) = ;1%5 p sy for B> B,. (6)

Here the inverse cube dependence on 3 represents the en-
velope of the diffraction pattern *‘wings,” and thus the
diffracted light dependence on off-axis angle. In a typical
stray-light analysis, the preceding functions are used to ini-
tially estimate the size of the diffraction threat.

Noll'? derives the corresponding analytic equations for
the case with the Lyot stop present. Noll finds solutions for
the diffraction patterns at each plane in the system, using
the Fresnel-K irchhoff integral, with approximations that are
valid for circular apertures and for off-axis angles >4,
where & is the sine of the field stop half-angle. This gives
an expression for the residual diffracted energy at the cen-
ter of the detector in terms of the Lyot-stop size. The result
is expressed in terms of the Lyot-stop-blocking ratio R (de-
fined previously in Sec. 1). This relates the diffraction re-
sponse of the defended system, denoted PST,, to that of
the undefended system, denoted PST,, as

PST,=RPST,, (7
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where

R= 2 8

[ mkra(l = a2 (82)
a

a=1--—, (8b)
r

and the range of validity is
a
p>5 and —<1. (8¢)

Here the Lyot-stop dimensions a and » are the stop radius
and undersize, as given in Fig. 1. The ratio a/r is termed
the radius undersize factor, and it is the main design param-
eter for the Lyot stop, having a typical value in the range
a/r<<5%. Ratio R is seen to also depend on the field stop
size &, it decreases with decreasing &, due to loss of reso-
lution in the imaging of the energy rings at the Lyot stop
(Fig. 4), ie., the increased width & of the energy lobe of
Fig. 1.

Noll’s equation is adequate for systems in which the first

field stop size &is relatively small compared to the off-axis
angles of the bright source. In such cases, the variation of
diffracted energy across the first field stop is negligible, and
R is found to be independent of 8.
In current limb-viewing instruments, there is often a re-
quirement to view as close as possible to the earth horizon.
Also, for multiple channels, such instruments may utilize
an array of detectors, such that the first field stop covers a
““‘composite’ field of view, with the separate channel fields
being defined by an array of apertures at the second field
stop (Sec. 3). This means the first field stop must be large
compared to the field of view of a single detector, and it
leads to a typical 6~1 deg. These requirements result in
increased importance for the smaller off-axis angles where
B~ 8. Also, the variation of the diffracted light level with
position across the focal plane becomes important, since
the stray light must be calculated at the positions of each
detector in the array. Johnson'® has extended the analysis to
include the greceding conditions.

Johnson'” derives the analytic equations for diffracted
energy at each stop and includes the variations with posi-
tion across the field stop, although in one dimension only,
that in the plane of incidence. The restriction to circular
stops still applies. The blocking ratio R is derived for the
regime (= ¢, giving its variation with 8 and with position
on the second field stop (e.g., detector location in the ar-
ray). For example, at the center of the second field stop, R
is given by

ap? 1

1
R s =P [(B=0) " (BT o)

for g=>4.
)

The asymptotic increase in R as 8— & reflects the increas-
ing amount of energy that penetrates the first field stop as
the center of the PSF approaches the edge of the field stop.

Johnson’s equations are included in the program
SOAR® (Ref. 15), used for stray-light analysis of instru-
ments of this type.*°

2.2.3 Program for the analysis of diffracted energy

The main limitation of the analytic methods is the restric-
tion to circularly symmetric systems. For detailed analysis,
the full system geometry must be modeled, and for limb-
viewing instruments this typically includes the off-axis *‘z
folded™’ telescope, a field stop that has a rectangular shape
to match the earth horizon, and an array format for the
detection channels. Diffraction in such complex geometries
cannot be described analytically. A numerical method,
based on the boundary wave formulation combined with
ray tracing, was developed by Greynolds® to model dif-
fraction from stop and baffle edges in optical systems of
arbitrary complexity.

Here the computational size problem of the Fourier op-
tics method is reduced as follows. First, the problem is cast
into the boundary wave formulation, reducing the normal
2-D aperture integral to a 1-D integral around the aperture
edge. Second, the stationary phase (SP) approximation is
used to show that for well-baffled conditions, the diffrac-
tion patterns are dominated by a small number of diffracted
ray paths. Tracing of diffracted rays from only these SP
points can then adequately describe the diffraction pattern.

The method is implemented in the program for analysis
of diffracted energy®' (PADE). In this program, a full geo-
metric model of the optical system is constructed, and the
stray light is calculated in terms of energy transfer between
surfaces and edges, by both scatter and diffraction. For the
diffraction analysis, this involves finding the SP paths be-
tween successive planes, beginning at the first diffracting
aperture and ending at the detector. For a Lyot-stop system
the resulting SP paths are a subset of the triple-diffraction
paths of Fig. 3. These SP paths are ray traced, and at each
diffraction stage, a BDDF value is calculated to represent
the energy in the diffracted ray. Therefore in the case of
triple diffraction there are three BDDFs involved, and these
are multiplied together to find the residual energy at the
detector. This reduction of the problem to only SP rays
greatly reduces the computation required, and this becomes
crucial to analysis of systems that are complex or which
require a wide range of off-axis angles to be analyzed.

As well as enabling real geometries to be included, the
PADE program also enables aberration effects to be incor-
porated, via numerical ray tracing as in standard optical
design software. In addition, the BDDF can be calculated
for near-field (Fresnel) as well as far-field (Fraunhoffer)
diffraction, and this means that stops that are not at pupil or
image planes could also be analyzed.

For the application to be presented here, the main re-
striction of the method is that the far-field BDDF is valid
only for diffraction angles greater than the Airy disk radius,

" as in Eq. (6). This means the method cannot be used to

compute the main lobes of the diffraction pattern at each
stop, and so as in the analytic techniques, it is restricted to
well-baffled systems in which these lobes are all efficiently
blocked by the stops (e.g., Fig. 3). This restriction is ac-
ceptable for instruments where a high degree of Lyot-stop
rejection is implemented, and the cryogenic limb array éta-
lon spectrometer (CLAES) instrument is an example where
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PADE has been used to analyze a well-baffied system with
two Lyot-stop stages.’

2.2.4 Beam propagation methods

These methods are related to those of Sec. 2.2.1, where the
image plane diffraction pattern was given by the PSF, cal-
culated as the FT of the exit pupil wavefront. To include
aberrations, the wavefront is mapped by a grid of rays,
which are traced through the system.

In beam-propagation methods, the FT description is ex-
tended to deal with more general diffraction analyses, in
particular those at nonimage planes where the FT method
cannot be applied. At any chosen plane in the system, the
wavefront is described in terms of a numerical 2-D distri-
bution of complex amplitude. This distribution gives suffi-
cient information to determine how the energy propagates
on to the next analysis plane. Two methods are used in
optical design software:

1. Analysis of the distribution into an angular spectrum,
i.e., representing the field as a superposition of plane
waves. This is incorporated in the software package 2
GLAD™ (generalized laser analysis & design).

2. A ““decomposition’” of the distribution into an array
of beams (typically Hermite Gaussian modes®),
equivalent to the so called *‘Gabor representation’” of
the field.** This type of analysis is incorporated in the
software package?>?® ASAP® (Advanced Systems
Analysis Program).

In each case, the resulting wave or beam modes form a
coherent set such that when they are superimposed, they
reconstruct the wavefront. The onward propagation of the
individual modes, to a chosen plane, can then be calculated,
and so the wavefront can be reconstructed at that plane. In
this way, the beam-propagation methods enable diffraction
analysis to be made throughout the system by analyzing the
wavefront at certain key points, for example, where the
wavefront is “‘clipped’” by apertures, where it is trans-
formed by components, and finally at the plane where it is
detected.

The result is a quite general and powerful tool for analy-
sis of optical energy at any point in a complex system, in
the presence of real aberrations. This finds use in, for ex-
ample, laser beam propagation, nonimaging optics, and
spatial filtering problems.

As well as being able to describe pupil-plane diffraction,
as in the normal PSF computation, the beam propagation
technique can describe diffraction occurring near an image
plane (as, for example, at the field stop in the Lyot-stop
problem). This type of diffraction has been analyzed using
the beam-mode method of the ASAP program, in the con-
text of diffraction effects from a spectrometer —slit
aperture.”” In this program, the propagation algorithm is
incorporated into a ray-trace program and this makes it
readily applicable to real systems of complex geometry.

The beam-mode method is also used here for a full
analysis of the Lyot-stop system. The incoming wave at the
entrance aperture is decomposed to Gaussian beams, which
are traced to the first image plane. From these beams, the
optical energy over the field stop region is calculated. The
resulting diffraction pattern, as spatially filtered by the field
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stop, is then decomposed into a new set of rays, and these
are traced onward to the Lyot stop. This Gaussian beam
decomposition and tracing is repeated, to describe the full
diffraction patterns at each plane through the system, and
examples of such an analysis are given in Sec. 4.

2.2.5 Comparison of the PADE and
beam-propagation techniques

In comparison to the PADE method, the main advantage of
beam propagation is that the full diffraction patterns can be
calculated, including the central energy lobe. This also has
the advantage of leading to greater physical insight, which
is important in cases where aberrations or complex geom-
etry are important, for example, where the stops cannot be
placed at the ideal positions in the system, or where the
design cannot be made to be well baffled.

The beam-propagation method enables great scope for
detailed description of the diffraction processes in a Lyot-
stop system, and the price paid for this is that often consid-
erable computation is required. This is so for the same rea-
son as in the FT method; the diffraction pattern at large
off-axis angles involves high spatial frequencies (the wings
of the PSF), and to describe these a corresponding fine grid
resolution is required in the wave decomposition, leading to
very large numbers of rays and points to be analyzed. In the
Lyot-stop problem, the size of the computation is further
increased, because the analysis must be repeated at multiple
planes, and because in the ray trace, the number of quanti-
ties calculated for each ray is larger than in simpler pro-
grams. However, these considerations are becoming less
important due to the continuing increases in readily avail-
able computer power.

For analysis of well-baffled Lyot-stop systems the beam-
propagation technique is unattractive in relation to the
PADE technique because, for this case, a full diffraction
computation is relatively wasteful, since most of the dif-
fraction pattern is not important, being blocked by the
stops. The PADE technique is more efficient in this case
since it selects only the ray paths that are not blocked, but
that dominate the residual diffraction level at the detector.

The preceding differences between PADE and the beam-
propagation methods mean that they find application in dif-
ferent aspects of diffracted-stray-light analysis for a typical
instrument. For example, the PADE program is the choice
for large-angle effects, as occur at the front end of the
instrument where the range of off-axis source angles is
large. Here the stray-light characterization involves repeat-
ing the computation over the full range of off-axis source
angles (in limb viewing, for example, over the relevant part
of the earth’s disk). In this case, the beam-propagation
computation would probably be impractically large, al-
though it is useful for ““spot checks’” of energy patterns at
particular angles of interest.

For narrower angle effects, as occur in later imaging
stages of limb-viewing radiometers, the beam-propagation
method becomes the more suitable choice. This is because,
as we see in the next section, very small off-axis angles
(<0.2 deg) become important, as do more of the fine detail
of the optics, such as aberrations and resolution effects.
There is the need to place stops at nonideal positions, and
yet to defend against diffraction in the presence of pupil
aberrations and over large wavelength ranges. We next de-
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Fig. 5 Earth limb viewing radiometer, example optical design (HIRDLS instrument®).

scribe these issues with reference to current systems and
show how they can result in the need for nonstandard Lyot-
stop designs, which can be analyzed only using beam-
propagation methods.

3 Applications in Design of Limb-Viewing
Radiometers

Here we consider the typical design features of IR limb-
viewing radiometers, with particular regard to the issues
involved in aperture design for stray-light rejection. The
signals to be detected are typically emission spectra,*® in
the wavelength region of approximately 6 to 17 um, from
thermally excited molecular vibration transitions in various
spectes of trace gases in the atmosphere. A common feature
in such instruments is the need to maintain high spatial
resolution in the vertical direction (of the order of a few
kilometers) to study small-vertical-scale chemistry of the
atmosphere.

For a low-earth-orbit instrument, the distance to the
earth limb is approximately L= 3000 km. The instrument
aperture size is limited to typically D =200 mm, and for
this combination the diffraction limited Airy disk diameter
d, using Eq. (3), is given as

d*244)\ L
- . D .

At the longer wavelength region of A~15 um, this
gives d=0.55 km. Therefore to obtain spatial resolution of
7 the order of a few kilometers at the longer wavelengths of

operation, this parameter can be only a few times larger
than that in the diffraction-limited case.

3.1 Telescope Design and Diffraction Control

An example limb-viewing radiometer optical system is
shown in Fig. 5, and this is the design for an instrument
known as the High Resolution Dynamics Limb Sounder®
(HIRDLS). A scan mirror steers the field of view such that
the atmosphere is scanned vertically, from typically 10- to
100-km altitude, and also horizontally, over a larger range.
The scan may also include views into a blackbody refer-
ence source, and/or cold space, to enable in-flight calibra-
tion of the detectors.

The telescope typically has a first imaging stage that is
all-reflective. This helps to minimize scatter, and an off-
axis unobscured design serves to minimize diffraction. At
the first image plane, a field stop is used to block the out-
of-field radiances at the earliest opportunity. The example
system in Fig. 5 is a Gregorian design in a z configuration,
providing an accessible image plane between the primary
and secondary mirrors. The first field stop is placed here,
and as shown, this is rectangular, with the bright image of
the earth horizon lying along one edge of the rectangle.
This arrangement enables the earth to be blocked by posi-
tioning it just outside of the field of view, while viewing the
wanted radiance from the atmosphere. In this way, the at-
mosphere can be viewed to low altitude without corruption
of the signals by earth light. This feature is so important
that in one instrument the aberration of the telescope is
optimized for this imaging of the earth near the edge of the
field of view, rather than for the signal near the center of
the field, and this is so as to provide maximum blocking of
the earth radiance.’

For the implementation of a Lyot-stop system in the
telescope, there are usually several possible arrangements
for the stop positions, with the exact choice being con-
strained by the particular beam folding of the off-axis de-
sign. In the example of Fig. 5 with Gregorian design plus
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scan mirror, an EA can be accommodated between the scan
and primary mirrors, such that it is imaged by the telescope
to a position after the secondary, where there is space for a
Lyot stop to be placed. The EA is positioned perpendicular
to the optical axis, and with the off-axis pupil imaging, the
subsequent image of the EA is then not perpendicular to the
local optical axis, but is tilted, as shown. For reasons of
accommodation, however, and for subsequent stop imag-
ing, it is desirable to place the Lyot stop not in this ideal
image plane, but instead in a plane perpendicular to the
optical axis. To gain insight into the design trade-offs and
performance of such a Lyot stop, detailed knowledge of the
diffraction energy patterns in this region is required. For
this, a method of generalized diffraction analysis at nonim-
age planes is needed.

The first Lyot-stop stage needs to block light that has
been diffracted from outside of the telescope field of view,
and this is made up of radiance from the earth disk and
from the instrument’s internal baffle structure. Without the
Lyot stop, this diffraction can exceed the level of the re-
quired signal by several orders of magnitude; to eliminate
this, the Lyot stop is required to have a similarly high
blocking ratio R. It is found that even for a nonstandard
Lyot-stop implementation, as in Fig. 5, such a requirement
can typically be met within an acceptable range of Lyot-
stop undersize factor of a/r<5%.

With blocking to such high levels, the first-stage Lyot-
stop system can then be considered as well baffled. Another
criterion to ensure this condition is that all front-end aper-
tures ahead of the EA, for example, on the scan mirror and
the instrument sun shade, are oversized sufficiently to en-
sure that their contribution to the diffracted stray light is
negligible.

With such a well-baffled telescope system for the final
diffraction performance characterization, the technique of
the PADE program is appropriate, as explained in Sec.
2.2.5.

3.2 Reimaging Systems

Typically the first imaging stage is followed by reimaging
or relay optics to accommodate the required detection sys-
tems. Examples include systems for radiometry and spec-
trometry, using grating, interferometer or dichroic filter
devices,*®%%?” and these can be of more than one type
within the same instrument.>?* Such systems may share the
instrument field of view, by this being subdivided, for ex-
ample, usin§ a second field stop, which has multiple
apertures >7%

In addition, each detection system may have multiple
channels, typically to detect different atmosphere gas spe-
cies by use of appropriate spectral range and resolution.
The spectral requirements determine the type of spectrom-
eter systems and the grouping of channels within each sys-
tem. The division into spectral channels can be made by
using mechanical interchange of spectral elements,® fixed
dichroic beamsplitters,® or detector arrays with spectral fil-
ters such that each detector is assigned to one wavelength
channel.*® The array format may also be needed to obtain
the required radiometric data; for example, to achieve the
field coverage at an acceptable sampling rate and scanner
speed. For the array format within one detection system,
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Fig. 6 Oblique view of reimaging system of Fig. 5, showing stop
geometry and an example ray trace of an off-axis beam.

the division into channels leads to a further subaperturing
of the field of view.

A feature that the preceding types of instrument have in
common is that the first field defines a ‘‘composite”” field
of view, made up of the individual fields of view of the
subsequent systems and/or channels of the instrument. The
required subdivision of the field of view is made at subse-
quent field stops in the reimaging stages, and here detailed
design of the apertures is needed to give the required stray-
light defense within the constraints on system format and
accommodation.

In the reimaging stages of an instrument, the required
amount of stray-light rejection is less than in the first im-
aging stage, because the angular range of unwanted radi-
ance is more restricted, thanks to the first field stop. Also,
the sources of contamination are restricted by this stop and
its surrounding enclosure. This means there is greater free-
dom in the use of component and material types. Typically
a number of refractive optics and fold mirrors are used to
give the required beam manipulation and accommodation
of spectral components, while maintaining the image qual-
ity to be nearly diffraction limited, and with sufficiently
low levels of stray light.

The example in Fig. 5 shows the case of field segment-
ing into a rectangular array of channels, which all pass
through the same lens reimaging system in parallel for use
with a detector array.>* Figure 6 shows an isometric view
of the reimaging system, where, at the second field stop, the
field of view is split by a rectangular array of subapertures,
and the subsequent reimaging is onto a corresponding array
of detectors.>

Regarding stray-light control, the splitting of the field of
view into subapertures is generally best made at the earliest
opportunity, i.e., at the image plane after the telescope, to
minimize scatter, ghost reflections, and diffraction effects.
This is for similar reasons as in the telescope; by blocking
the out-of-field radiances at the earliest opportunity, its
scatter, or ghost reflection, in the subsequent optics is mini-
mized. The image and field stop geometry of the system in
Fig. 5 is shown in detail in Fig. 7 in terms of object space,
i.e., equivalent dimensions at the earth’s limb and neglect-
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Fig. 7 Detector array and field stop configuration projected onto the
earth limb (neglecting aberrations); 1 km is equivalent to 0.02 deg.

ing system aberrations. The first field stop defines a single
rectangular region, this being the composite field of view.
At the second field stop, an array of rectangular apertures
define each channel field of view within the composite
field. The final field stop is at the detectors, and this is a
mask defining the detector fields of view as the rectangular
strips of atmosphere to be sensed. As shown, these are un-
dersized with respect to the second field stop. The relative
sizing of the consecutive field stops is to progressively cut
down the out-of-field region and to minimize the effect of
stray light generated at aperture edges, as explained later in
Sec. 3.2.1.

In Fig. 7, the out-of-field radiances are those coming
from the parts of the composite field other than that of the
channel being considered, and the stray light in this case
would appear as crosstalk between channels. To remove the
crosstalk effect, the subdivision of the field of view must
often be not just spatial (i.e., by means of the mask type
aperture) but also spectral (i.e., the subapertures at the sec-
ond field stop should each include a spectrally selective
filter) so that the radiometric path to the channel detector is
uniquely defined at the earliest possible point.

This issue of crosstalk within a composite field of view
is important in this type of instrument because the compos-
ite field of view may need to cover a large vertical portion
of the atmosphere, of size>® typically >50km, and over
such an altitude range the brightness of the earth’s atmo-
sphere can vary by approximately two orders of magnitude,
due to the decrease in temperature and concentration of
gases with increasing altitude. The result is that measure-
ments of very faint radiances near the top of the atmosphere
may be corrupted by the bright radiances near the bottom of
the atmosphere, arriving via the stray-light mechanisms de-
scribed. Also, in some measurements where the channels
near the top of the array in Fig. 7 are to view the lower
altitudes of the atmosphere, part of the composite field of
view lies on the earth disk such that the bright earth radi-
ance actually penetrates the first field stop, and this presents
a particularly severe stray-light problem.

The preceding discussion is to highlight the areas of
instrument design that are sensitive to stray-light effects.
We next consider the stray-light effects themselves and the

measures that can be taken for their reduction when design-
ing aperture systems,

3.2.1 Scatter

The scattered stray light in the reimaging stages arises
when light from one part of the composite field of view is
scattered by surface or edge imperfections in the compo-
nents into another part of the field of view, occupied by a
different channel. Surface imperfections are due to

1. residual roughness left after manufacture of the
lenses and filters, which affects the choice of materi-
als and fabrication techniques

2. particulate contamination, occurring during instru-
ment building and testing, and during flight.

Since scattered intensity is smaller at larger scatter angles,
the effect can be reduced by having the channel fields of
view well separated within the composite field of view.

Stray light generated at the edges of the field stop aper-
tures by edge scatter and diffraction'® can also be reduced
by separating the fields of view. This gives room for the
detectors to be undersized with respect to the previous field
stop apertures (as in Fig. 7). The edge-generated stray light
imaged from the edge of the field stop to the detector plane
is focused there to produce a bright line at the image of the
field stop edge. With the undersizing, this imaged stray
light falls outside the detector area and it is not detected.

These scatter considerations imply channel fields of
view well separated in the composite field, but the disad-
vantage is that this creates more unused ‘‘dead space’’ in
the field coverage. This may, however, be filled by the
scanning function of the instrument.

3.2.2 Ghost reflections

Lens-based imaging leads to ghost reflection effects, par-
ticularly for instruments in which each channel in the com-
posite field of view is for a different wavelength of signal.
In the array detector re-imaging system of Fig. 6, for ex-
ample, light from one position within the composite field of
view is incident on the detector filter of channel 4 and is
spectrally out of band. It is therefore reflected back into the
lens system, where it is partially rereflected at the lens sur-
faces and returned to the detector array (as a defocused
beam). If it were then incident on the filter of a different
channel B, for which it is spectrally in band, it would pro-
duce a ghost signal, originating from the wrong field posi-
tion, that of channel 4. The ghosting thereby produces spu-
rious crosstalk between channels. Unlike the scatter case,
the size of the ghost levels does not always decrease with
increasing angular separation of channels within the com-
posite field of view. The ghost levels depend on the lens
system design, and they can be calculated by means of
ray-trace analysis. The problem is significant in this type of
instrument because the systems are often required to cover
a wide wavelength range (the wavelength variation be-
tween channels can be’*3° by a factor of greater than 3),
and this limits the efficiency that can be obtained in the
antireflection coatings on the lens surfaces.

The main method for reducing this problem is the place-
ment of spectral filters at the point where the composite
field of view is first divided into channels. In the example
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Fig. 8 Second Lyot-stop stage of Fig. 5 expanded vertically to show
ray-trace detail. Traced rays are for an off-axis beam, blocked at the
second field stop, and for the resulting diffraction from the first Lyot-
stop edge, blocked at the second Lyot stop. For clarity, not all of the
traced rays are plotted.

of Fig. 5, this involves an array of filters at the second field
stop, i.e., in front of the lens reimaging stage, restricting the
out-of-band light incident on the lenses.”™ In another ex-
ample, mechanically interchangeable filters are placed
ahead of the lenses so that only one wavelength at a time is
permitted through the lens system.

3.2.3 Diffraction

In the reimaging stage, the same diffraction design prin-
ciples apply as in the telescope stage, and it is usually pos-
sible for a second stage of Lyot stop to be implemented.
For the example system, the reimaging stage with Lyot stop
is shown in Fig. 8. The source of diffraction for this second
stage is the aperture of the first Lyot stop, since by virtue of
its undersizing, this becomes the new beam-defining aper-
ture for the reimaging stage, and it thereby generates a new
set of diffracted rays, shown in the figure. The first lens
images the first Lyot stop to a position in front of the final
focusing lens, and here a second Lyot stop is introduced.
The second Lyot stop is undersized with respect to the first,
and since it is also the last stop in the system, it becomes
the system aperture stop. The main difference from the dif-
fraction at the entrance aperture is that, as for scatter, the
range of out-of-field angles is in this case much smaller,
being restricted to the field of view defined by the first field
stop.

In instruments where no subaperturing of the field of
view is made prior to the reimaging stages, the -number
and stop radius of the Lyot stop system are usually not
greatly different from those of the telescope stage, and this
enables high blocking levels to be obtained in the second
Lyot-stop stage similar to those in the first. The resulting
combination of two “‘cascaded’’ stages of efficient Lyot
stops has been used in this case to obtain net diffraction
blocking to very high levels.®

In instruments with subdivision of the field stop, how-
ever, the efficiency of the second Lyot stop stage is reduced
as follows. The field of view for any one channel is reduced

2802 Optical Engineering, Vol. 36 No. 10, October 1997

Detector
line of sight

A .
Dilfraction without defence | ¢ zzcrox
@) response (PST) ades
(instt) with
defence
vertical off-
axis positdon §
Earth anmosphere A
®)  radiance profile 2 zzcr(-)x‘
(in W/m® sr) ades
s
2nd field
stop

Co:mposhe field

Earth
horizon
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by the subaperturing, and for the rays diffracted by the first
Lyot stop, this limits the angular size of the cone of rays
transmitted to the second Lyot stop. The F-number of the
diffracted beams is increased, and therefore so is the width
b of the bright ring of diffracted light [Fig. 1 and Eq. (1)].
That is, the reduced field stop produces a loss of resolution
in the imaging of the diffracted rays from the first to the
second Lyot stops.

This loss of resolution is significant in instruments that
bave many channels. If, for example, the composite field of
view (FOV) size were split into N XN equal subapertures,
with negligible spacing between channels, then b would be
increased by a factor N as compared to the case without
subaperturing. In Fig. 6, for example, N=7 in the vertical
direction, and as a result we no longer have b<<r, and the
diffraction image can then not be blocked effectively with-
out an excessively large loss of throughput. A well-baffled
defense is then no longer possible.

The segmentation of the second field stop into smaller
channel field stops does, however, also provide an oppor-
tunity for defense against narrow-angle diffraction from
within the composite FOV. If we consider a single channel
with the subapertures present at the second field stop, most
of the light from the parts of the object scene not intended
to be recorded by any detector is blocked at the second field
stop, and consequently the diffraction of this light (from the
first Lyot stop) can be defended against using the second
Lyot-stop stage, albeit with the limited efficiency already
described. No such defense is possible in instruments that
do not have this segmented second field stop, since then all
of the composite FOV light is instead transmitted and im-
aged directly on to the detector plane.

Figure 9 illustrates this diffraction defense situation.
Figure 9(a) shows the PST response for one detector in the
vertical direction for the cases with and without the second
Lyot stop present. Figure 9(b) shows the typical source
radiance distribution at corresponding altitudes in the
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i earth’s atmosphere. With no second stage Lyot stop, the
PST falls as 1/off-axis position)® [Eq. (6)], but with the
Lyot stop system added, for off-axis positions beyond the
second field stop edge [8> § in Eq. (9], additional defense
is obtained (decreasing the PST). The figure also shows
how, for off-axis positions close to this edge, the PST in-
creases asymptotically toward the edge, as given by Eq. (9)
with 3—+ 8. The appearance of Fig. 9(a) might at first sug-
gest that the PST suppression is due simply to the blocking
action of the second field stop. However, this diffraction
suppression is not obtained by the presence of the field stop
subaperture alone, but requires the presence of both this
aperture and the second Lyot stop, as explained in Sec.
222

The PST plot can be interpreted as a plot of detector
sensitivity to different portions of the scene, although it
should not be mistaken for a plot of actual energy at the
detector plane. The net stray light level By, (described in
terms of equivalent radiance incident on the instrument) is
given by the BDDF multiplied by the scene radiance B,
and integrated. Using Eq. (5) to convert BDDF to PST, this
gives

4F?
Bsn"ay:—;r_ fQBscene(ﬁ)PST(B)dQ~ (10)

The integration is in two dimensions over the solid angle {2
of the composite field of view, and it can be seen that the
integrand is the product of the distributions in Figs. 9(a)
and %(b).

Figure 9 shows how the second Lyot stop stage effec-
tively sharpens the system response function by suppress-
ing the wings of the PST. Although this can help to reduce
the channel crosstalk problem, this effect is not as impor-
tant in the case of diffraction as it is for scatter and ghost-
ing, since for diffraction, the PST fall-off with angle is in
any case relatively rapid, even before the second Lyot-stop
stage 1s applied. A more important effect for diffraction is
that of very narrow angle stray light from regions close to
the channel field of view. In limb-viewing radiometers, the
defense of this region is particularly useful for the follow-
ing reasons:

1. Often all of the channels are required to view to low
altitude (~ 10 km), where the bright earth disk not
only penetrates the first Lyot-stop stage but is also
very close to the channel field of view (~0.2 deg). It
therefore requires the best possible narrow-angle re-
jection by the second Lyot-stop stage.

2. The net instrument response is required to be of best
possible vertical resolution; and at the wavelengths
used, this is limited by diffraction.

Because of the relative inefficiency of the second-stage
Lyot stop, when subapertures are used at the intermediate
field stop, the trade-off between the amount of diffraction
suppression, and the amount of throughput obtained, must
be analyzed in detail. The inefficiency of the blocking and
¥ the narrow diffraction angles involved (system not well
baffled), mean that the most generalized diffraction model,
that of Gaussian beam superposition, must be used, and an

example of such an analysis is presented in the next sec-
tion. While this example shows the application of a power-
ful analysis method to one particular instrument, the tech-
nique is applicable to other optical systems, both limb
viewing and of other types.

4 Design Study for a Nonstandard Lyot Stop

In this section the beam propagation method is applied, to
the radiometer design® of Figs. 5 and 6 using the ASAPO
program. This is to model the second Lyot-stop stage, to
quantify the departure from the ideal case, and illustrate the
design trade-offs. Figure 8 shows the reimaging stage of the
instrument in a vertical section view corresponding to the
oblique view of Fig. 6. Only one channel is to be consid-
ered here;, the on-axis channel, i.e., the central detector in
the array. The center wavelength of this channel is 16.5
pm.
In constructing the beam-propagation analysis it is use-
ful to first compute a test case, to check the accuracy of the
numerical representation. For simplicity we use a 1-D case,
taking all apertures to be rectangular, with dimensions in
the y direction as given in Fig. 8, but with infinite extent in
the plane perpendicular to that of the diagram. Also, the
analysis 1s for a single position of the off-axis point source.
The first Lyot stop then behaves as a slit aperture, and its
diffraction pattern at the second field stop would be given
by a 1-D sinc function in the y direction, rather than the
2-D Airy function of Sec. 2. A further assumption is that
the off-axis angle B is large, such that in the region of the
field stop the sinc function approximates to a sine function.

In the boundary-wave formulation of Sec. 2, this is
equivalent to the pattern being dominated by the diffracted
rays, as shown in Fig. 8, emanating from each side of the
first Lyot stop, with angular range set by one of the aper-
tures of the second field stop. To model this system the two
sets of diffracted rays are simulated as coherent line
sources, and their propagation on to the field stop is mod-
eled. The resulting optical intensity pattern at the field stop
is shown in Fig. 10(a} in vertical section. This has the ex-
pected sinusoidal fringe structure (as in the Young’s slit
experiment™'), since the diffracting edges in Fig. 8 are mod-
eled as two line sources. The pattern has boundaries defined
by the field stop aperture.

To simulate the onward propagation, the fringe pattern is
then decomposed into a new set of beam modes, which are
traced onward to the second Lyot stop. The energy pattern
analyzed at this plane is shown i Fig. 10(b). This has the
form of two energy lobes, and these are found to be cor-
rectly centered at the images of the two edges of the first
Lyot stop. Since the fringe intensity envelope at the field
stop is a 1-D ““top-hat> function [Fig. 10(a}], according to
Fourier optics, the shape of each lobe at the Lyot stop
should be a sinc function, representing the diffraction blur
for the imaging of the first Lyot stop, through the field stop,
onto the second Lyot stop. The width of the main energy
lobes in Fig. 10(b) is found to agree with the predicted blur
diameter b=2.6 mm [Eq. (1)]. This test case was used in
constructing the computer model, to ensure that enough
beam modes are present to model the diffraction patterns
with sufficient numerical accuracy.

Having checked the model against a known result from
Fourier optics, to demonstrate its generality, the energy pat-
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Fig. 10 Computed energy patterns for approximated model
(Young's slit apertures): (a) at second field stop, shown in terms of
electric field amplitude; (b) at second Lyot stop, shown in terms of
energy; and (c) at defocused position, 50 mm behind second Lyot
stop.

tern at an arbitrary plane is computed. Figure 10(c) shows
the pattern at a position 50 mm behind the second Lyot
stop. Comparison with Fig. 10(b) shows how the diffraction
pattern is defocused and widened slightly. (The defocus
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distance chosen here has to be relatively large, to make the
effect evident at the relatively low divergence of the dif-
fracted rays in this case). This type of computation is useful
for Lyot-stop design in situations where the stop cannot be
placed at the ideal image location, but must instead be de-
focused or tilted, e.g., for accommodation reasons.

Next the analysis for the real 2-D apertures of Fig. 6 is
given. Because the first Lyot stop is circular, the pattern at
the second field stop is a 2-D Airy ring pattern rather than
the 1-D sine function of Fig. 10(a). To include the system
optical aberrations, the model generates this pattern using a
ray trace of the off-axis beam cone, as shown in Figs. 6 and
8.

Figure 11(a) is a vertical cross section of the resulting
diffraction pattern at the field stop (with the energy plotted
on a log scale). Here the point at which the energy is a
maximum is the center of the PSF, i.e., the point in Fig. 8
where the off-axis beam is focused. In this example, the
off-axis point is that corresponding to the minimum off-
axis earth distance during viewing, i.e., the minimum mea-
surement altitude, which is 8 km in this case. The figure
also shows the Airy ring intensity falling as 1/(angle)® [Eq.
6] and extending across the field stop aperture of the chan-
nel under consideration, where it is shown as the solid line.
Only this part of the pattern is transmitted by the field stop.
Its onward propagation is analyzed as previously, and the
energy pattern at the second Lyot stop is shown in Fig.
11(b) in vertical section. In comparison to the approxi-
mated case of Fig. 10(b), there is some additional widening
of the energy lobe due to the 1/ (angle)? decay of the dif-
fraction PST in this case, and this further reduces the effi-
ciency of the second Lyot stop.

Figures 12(a) and 12(b) give examples of the full 2-D
diffraction patterns at the same stop positions as in Figs.
11(a) and 11(b), and these patterns are actual computations
of the types of pattern depicted schematically in Fig. 4
earlier. Figure 12(a) is the spatially filtered Airy ring pat-
tern, and Fig. 12(b) shows how this results in a partial
bright ring at the image of the diffracting aperture. This
image has greatest intensity at the top and bottom of the
ring, and this is because the off-axis earth point chosen
[marked in Fig. 12(a)] is off-axis in the vertical direction.
Since the net energy pattern at the second Lyot stop would
be the sum of patterns over all relevant field points, the ring
image will ““fill out” into a more uniform ring, as points
with some horizontal off-axis displacement are included.
Nevertheless, because the main off-axis source is the earth
disk, displaced vertically with respect to the instrument line
of sight (Fig. 6), the net ring pattern will still be at its
brightest in the vertical direction, as in Fig. 12(b). This
feature could lead to the consideration of elliptical Lyot
stops for limb viewing; i.e., one with smaller diameter in
the vertical direction, where most of the diffracted energy
lies. Such a stop would minimize the loss of throughput
involved in implementing a given amount of diffraction
blocking.

For simplicity, in this example, we consider a circular
Lyot stop with an undersize of 6% with respect to the dif-
fraction image, and this is shown in Fig. 12(b). This is one
possible value for the trade-off between diffraction defense
needs and the resulting loss of throughput (the latter scales
as the square of the stop diameter).
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is PST with the second Lyot-stop stage added.

In the diffraction computation, the energy pattemn of Fig.
12(b) is spatially clipped by the Lyot stop, decomposed into
beam modes, traced onward to the image plane, and recon-
structed, to give the final diffraction pattern, shown in Figs.
11(c) and 12(c) in one and two dimensions, respectively.
These patterns retain the Airy ring structure of the pattern
at the previous field stop [Figs. 11(a) and 12(2)). Indeed, in
the absence of the second Lyot stop, the pattern at the im-
age plane replicates the pattern at the previous field stop,
actually being an inverted image of it. Figure 11(c) shows
the vertical energy pattem, on a log scale, both with and
without the Lyot stop present, to illustrate how the Lyot
stop reduces the overall energy level. Also, the residual
energy is greatest around the image of the field stop edge,
and this property is also evident in the 2-D plot of Fig.
12(c). This effect is that discussed previously in Sec. 1 and
Fig. 2, being the double-diffraction energy that, in the
boundary wave formulation, originates by diffraction from
the edge of the first field stop.

The detector aperture is also shown in Fig. 12(c), and
the diffracted energy actually measured is only that part of
the pattern that falls on the detector. This figure illustrates
the importance of the oversizing of the second field stop
with respect to the detector, such that the double-diffraction
image falls well outside the detector. In Fig. 11(c), the de-
tected energy level is marked for the cases both with and
without the Lyot stop present, and the blocking ratio R of
the Lyot stop is calculated as the ratio of these two energy
levels. In the actual computation with finite detector size,
the integral of energy over the detector area is used.

To construct the response function of the system with
the Lyot stop, the preceding simulation and calculation of
R is repeated over a range of off-axis angles. This gives the
diffraction PST, and the results are plotted in Fig. 13 over
the range O to 14 km from line of sight. This figure quan-
tifies the behavior illustrated earlier in Fig. 9(a). The 3-km
point is that equivalent to the second field stop half-
aperture size, and so below this point the diffraction is un-
defended. At increasing off-axis angles >3 km, the Lyot
stop becomes more efficient [R decreasing, as predicted by
Eq. (9)], and R approaches a value of 1072 at >10 km.
This data shows that despite the nonideal geometry of this
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Lyot stop (6% undersize in radius compared to diffraction
ring width of approximately 10%), and despite the narrow
angle range and long wavelength, useful blocking of the
diffracted light from the bright earth disk (present near 10
km) can be obtained.

The preceding analysis gives the response function for
off-axis angles in the vertical direction only, and for a full
analysis the computation would be repeated over the full
2-D range of off-axis angles 3. To find the total amount of
earth light incident on the detector, the net PST response
would then be multiplied by the scene radiance, and inte-
grated. This full analysis is evidently quite large, requiring
many ray-trace and energy calculations. It may also need to
be repeated for different channels and different viewing
directions. Because the diffraction ring width at the second
Lyot stop is proportional to the wavelength, it will vary
between channels. Also, in some of the off-axis channels,
there is significant aberration present in the imaging be-
tween pupil planes. These effects mean that the perfor-
mance of the second Lyot stop will vary significantly be-
tween channels, and so several channels may need to be
analyzed.

In practice, the analytical task can be reduced by iden-
tifying the few ‘‘worst-case’” situations. For example, the
diffraction performance is worst in the long-wavelength
channels (the preceding example is one such channel), and
the worst-case viewing geometries can also be identified.
The results given here are intended as an example to illus-
trate the use of the beam-propagation technique for analysis
of diffraction-dominated effects of this type.

5 Summary

A generalized diffraction analysis technique has been used
to characterize the performance of a nonideal Lyot stop for
suppression of narrow-angle diffraction, as required in an
earth limb viewing radiometer.

The various Lyot stop analysis methods were reviewed
in the context of limb-viewing instruments. The main mod-
em methods for describing full instrument geometries are
the PADE™ technique and the beam-propagation tech-
nique, as implemented in the GLAD™ and ASAP® pro-
grams. The issues involved in aperture design for multi-
channel instruments of this type were explained, and how
these can lead to a requirement for nonstandard Lyot stops
in the reimaging stages was shown. It was found that the
most general and powerful technique, that of beam propa-
gation, was required to adequately describe the diffraction
defense in this type of Lyot-stop system.

Ilustrations were given on how this method, by enabling
full energy computations at any plane in the instrument,
provides good physical insight into the diffraction process
and the associated design trade-offs. An example analysis
of a nonstandard second Lyot-stop stage for an example
instrument design having a detector array format showed
that even with a modest undersize of 6% (12% throughput
loss), a significant amount of narrow angle blocking (R
~107%) was obtained. Thus although the need for subap-
erturing of the field of view prevents the implementation of
an ideal or well-baffled Lyot stop, the nonideal alternative
is shown to be still useful in providing significant narrow-
angle earth disk rejection. It is therefore an important de-
sign feature, contributing to one of the major design aims in
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