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CMB-S4, the next-generation ground-based cosmic microwave background (CMB) observatory, will provide
detailed maps of the CMB at millimeter wavelengths to dramatically advance our understanding of the origin and
evolution of the universe. CMB-S4 will deploy large- and small-aperture telescopes with hundreds of thousands of
detectors to observe the CMB at arcminute and degree resolutions at millimeter wavelengths. Inflationary science
benefits from a deep delensing survey at arcminute resolutions capable of observing a large field of view at mil-
limeter wavelengths. This kind of survey acts as a complement to a degree angular resolution survey. The delensing
survey requires a nearly uniform distribution of cameras per frequency band across the focal plane. We present a
large-throughput (9.4� field of view), large-aperture (5-m diameter) freeform three-mirror anastigmatic telescope
and an array of 85 cameras for CMB observations at arcminute resolutions, which meets the needs of the delensing
survey of CMB-S4. A detailed prescription of this three-mirror telescope and cameras is provided, with a series
of numerical calculations that indicates expected optical performance and mechanical tolerance. © 2024 Optica
PublishingGroup

https://doi.org/10.1364/AO.501744

1. INTRODUCTION

Advances in sensitivity of cosmic microwave background
(CMB) observatories in the last decades and the rich science that
benefits from these observations have motivated the need for a
large-scale CMB survey capable of delivering low-noise maps
of the cosmic microwave background at arcminute and degree
angular scales, such as CMB-S4. The CMB-S4 science goals are

broad; they include the search for primordial gravitational waves
(a signature of early inflation), constraining dark energy, deter-
mining the role of light relic particles in the structure and history
of the universe, tests of gravity at very large scales, measurements
of the emergence of clusters of galaxies, time-domain obser-
vations of transients at millimeter-wavelengths and even the
exploration of our Solar System. The non-inflationary science
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goals of CMB-S4 drive the need for wide, arcminute-resolution
observations of the millimeter-wave sky, while the inflation-
ary science goal drives the need for a deep, degree-resolution
survey. The inflation science goal also benefits from arcminute
observations, which enable corrections of the B-mode signal in
a processing step often referred to as delensing. Furthermore,
the deep delensing survey benefits from a wide field of view with
hundreds of thousands of detectors giving uniform frequency
coverage on overlapping patches of sky [1,2].

Diffraction-limited large-aperture (6-m class) telescopes are
able to achieve arcminute angular resolution observations of
the CMB at millimeter wavelengths. Next-generation high-
sensitivity CMB observations require a large field of view to
accommodate hundreds of thousands of detectors with mini-
mal systematics. Unobstructed optical configurations provide
low optical systematics, for which off-axis configurations have
been used in many large-aperture CMB telescopes. In the past,
off-axis Gregorian telescopes (where light focuses between the
primary and secondary mirrors) [3,4] provided fields of view
large enough to accommodate multiple cameras. Later the
crossed Dragone configuration has been used [5] to accom-
modate a larger focal plane with minimal cross polarization,
satisfying the Mizuguchi–Dragone condition [6,7], and the use
of small corrections to the mirror shapes to minimize aberra-
tions as outlined in [8]. Advances in technology have enabled
the construction of receivers containing increasing numbers
of detectors, which are currently accommodated in crossed
Dragone telescopes. The crossed Dragone configuration how-
ever produces rapidly changing astigmatism, which is hard to
correct even with high-order aspheric terms.

In the past, 6-m class telescope mirrors have been manufac-
tured by machining aluminum panels and carefully aligning
them to form a large dish. Even with careful alignment, this
approach leads to complex diffraction patterns from the small
gaps between panels that spill power to large angular scales on
the sky. These characteristics (astigmatism-related field of view
limitations at 1.1 mm and panel gap diffraction) motivate the
exploration of new technological solutions such as the incor-
poration of a third mirror, the use of freeform surfaces and the
implementation of seamless mirrors to improve performance
in order to achieve the levels of sensitivity, wide field of view,
uniform band coverage and low-diffraction sidelobes required
in the next generation of CMB experiments (see Fig. 1).

Three-mirror telescopes are able to cancel all first-order aber-
rations (including astigmatism), achieving a large field of view
with diffraction-limited performance. Notable three-mirror
telescopes include JWST, the Gaia satellite and future astro-
nomical observatories such as the Vera C. Rubin Observatory
or the E-ELT [9–12]. Most optical and infrared telescopes
are obstructed by their secondary mirror and its supporting
structure, which introduces beam asymmetries. An unob-
structed off-axis three-mirror telescope design concept for CMB
observations has been proposed [13] with standard surfaces
(described by a radius of curvature, and a conic constant). This
telescope concept has been designed to be manufacturable
with 5-m monolithic mirrors. Monolithic mirrors provide an
attractive balance between manufacturability and a low level of
large-angle diffraction. In this paper we explore such a three-
mirror telescope and provide an updated design. This telescope

Fig. 1. Rendering of the three-mirror anastigmatic concept for the
South Pole CMB-S4 large-aperture telescope.

design has 9.4� of field of view with excellent image quality
at � = 1.1 mm and a lower f-number, which allows the same
camera concept to be used as for the crossed Dragone design.
This facilitates the cryomechanical design and minimizes devel-
opment complexity. We provide an updated design for a set of
85 cameras (following up on previous work [14]) that populate
the focal plane and show expected performance.

This paper is part of a series of development studies to evalu-
ate performance for the South Pole three-mirror large-aperture
telescope for CMB-S4 including sidelobes performance [15]
and seamless mirror manufacture [16]. This work presents a
three-mirror polynomially defined freeform large-aperture
(5-m) telescope and 85 three-lens cameras for CMB obser-
vations (see Fig. 1). This telescope design evolved from the
three-mirror system presented in Padin [13] (herein P18) with a
lower f-number ( f /2.6 versus f /3.7) and it was optimized tak-
ing into account manufacturability constraints. The three-lens
camera design is based on heritage technology from previous
CMB experiments [4,17–25], which minimizes engineering
risks. The array of 85 cameras can be built using only two optical
prescriptions for three silicon lenses as it was briefly described
in [14]. This telescope design concept and its array of cameras
is intended to be deployed as the South Pole large-aperture
telescope for CMB-S4, a large-scale CMB observatory, which
will provide maps of the cosmic microwave background with
unprecedented levels of sensitivity and wide area coverage.
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This paper is structured as follows: Section 1 gives a sum-
mary of the state of the art in large-aperture telescopes for
CMB bands and summarizes the aim of this study. In Section 2
we give a detailed description of the optics of the updated
three-mirror anastigmatic telescope. Section 3 presents the
nominal performance for the three-mirror system. Section 4
shows a tolerance analysis of this three-mirror system. Section 5
describes the design of the array of cameras for the telescope.
Section 6 describes the performance of the camera system in
conjunction with the three-mirror telescope optics. Section 7
contains a tolerancing analysis for one single camera of the array,
in conjunction with the three-mirror system. We conclude in
Section 8.

2. TELESCOPE DESIGN DESCRIPTION

A previous optical design of a three-mirror telescope for CMB
observations proposed an off-axis configuration where the
tertiary is approximately the same size as the primary. The
size of the tertiary is driven by the cancellation of astigmatism
over a wide field of view, which can be as large as 9� at 1.1 mm
in this configuration. A system with these characteristics has
been demonstrated in P18, which follows work in three-mirror
telescopes for on-axis configurations [26].

The design presented in P18 used a concave primary mirror, a
convex secondary and a concave tertiary. In the updated design,
we maintain this optical configuration to allow compatibility
with existing mechanical engineering development, and we
modify the design to yield a lower f-number ( f /2.6 versus
f /3.7), which enables a smaller and lighter instrument, illumi-
nated with high Strehl ratios at wavelengths as short as 1.1 mm.
This lower f-number is well-matched to the existing crossed
Dragone design to be used in the CMB-S4 large-aperture tele-
scopes planned to be deployed in Chile, which are also f /2.6
systems [5]. This lower f-number results in a tertiary mirror that
is closer to the focal plane. In this design the primary and tertiary
mirrors are of comparable size and within manufacturability
constraints given by mechanical engineering considerations.
Figure 2 (top) shows the optical layout of this updated design.

The three reflective surfaces of the updated three-mirror
telescope design are defined with two-dimensional freeform
polynomial surfaces in rectangular coordinates. For each mirror,
a local coordinate system is defined by translating the origin
and rotating the coordinate system around the x-axis. The
polynomially defined surface for each mirror is given by

z(x , y ) =
i, j20.5X

i, j

Ai, j (x/R)i (y/R) j , (1)

where Ai, j is the coefficient for the term x i y j and R is a nor-
malization radius (equal to 2500 mm). This parametrization
has the property of normalizing the x and y coordinates, such
that the coefficient Ai, j is the magnitude of the sag (the devi-
ation from flat) of the x i y j polynomial term. Table 1 shows
the coefficients that describe the mirror surfaces for the three
mirrors, which depart 15, 47 and 136 mm from a symmetric
best-fit conic surface for mirrors M1, M2 and M3, respectively.
Rotation angles and locations for the local coordinate systems
are shown in Table 2. This telescope design yields a moderately

Fig. 2. Top: optical layout of the three-mirror anastigmatic
telescope (TMA). Colored rays show extreme fields 4.7� from the
boresight. Bottom: unvignetted Strehl ratios at 1.1 mm for a focal
plane of 1.1 m in radius and a field of view of 4.7� in semi-diameter.
The field of view in this system is limited by vignetting given by the size
of the tertiary. Contours and solid angle are shown for Strehls of 0.99,
0.98 and 0.95.

curved focal plane that departs from a plane a maximum of
55 mm (20 mm) over 1.1 m in the x (y ) direction. This field
curvature can be corrected using alumina wedges, which flatten
the field and allow the illumination of an array of cameras with
parallel optical axes as described in Section 5.
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Table 1. Polynomial Coefficients (Ai,j) Describing the Three Freeform Mirrors (M1, M2, M3 for Primary, Secondary
and Tertiary) Surfaces in Their Local Coordinate System, which Is Centered on Each Mirror (See Table 2)a

A0,1 A2,0 A0,2 A2,1 A0,3 A4,0 A2,2 A0,4 A4,1 A2,3 A0,5

M1 �4.9656 �140.8171 �116.1019 5.6312 4.1057 0.2358 0.0935 �0.1069 — — —
M2 �17.6056 �403.0607 �230.5055 61.6645 25.4229 11.6971 �2.4272 �3.5109 — — —
M3 �22.1905 �330.6599 �280.4026 28.1685 17.4860 �2.1208 �10.8356 �5.7779 0.8436 1.9139 0.6830

aThese coefficients are used with Eq. (1) to fully describe the telescope mirror surfaces. Units are mm; coefficients shown with a dash are zero.

Table 2. Positions and Rotation Angles Describing
the Local Coordinate Systems of the Three Mirror
Surfaces (M1, M2 and M3) and the Focal Plane (FP)a

Surface X [mm] Y [mm] Z [mm] ↵ [deg]

M1 0.0 0.0 0.0 155.40
M2 0.0 5615.0 4898.0 171.16
M3 0.0 8367.0 445.0 �170.88
FP 0.0 9575.8 5024.4 168.93

aOrigin of coordinates lies at the center of the primary mirror M1, z-axis
points towards the boresight and the x-axis points into the page. Rotations
shown are with respect to the x-axis and follow the right-hand convention
(clockwise is positive).

3. TELESCOPE NOMINAL PERFORMANCE

Image quality for the three-mirror telescope was quantified
using Zemax OpticStudio at � = 1.1 mm in the time-forward
direction (sky ! mirrors ! focal plane) using a circular aper-
ture of 5 m perpendicular to the boresight. The telescope yields
Strehl ratios above 0.94 over 1.1 m or 4.7� in semi-diameter.
Figure 2 (bottom) shows Strehl ratios over the unvignetted field
of view. Figure 3 shows simulated Huygens diffraction beams
and spot diagrams for this system.

We quantify f-numbers by tracing rays in the time-forward
direction and computing the angle formed by the chief ray and
the marginal ray in four directions at the focal plane. We com-
pute the f-number according to f /# = 1/2 tan(✓). Figure 4

Fig. 3. Three-mirror telescope beam shapes and spot diagrams in
sky coordinates (units are arcminutes). Top: monochromatic beam
shapes at � = 1.1 mm computed with a Huygens diffraction model
(Zemax) using uniform illumination of the stop and an aperture of 5 m
in the time-forward direction. Bottom: corresponding spot diagram
for the center and two extreme field positions 4.7� from the boresight.
Field positions in the focal plane are (from left to right) (0, 0) mm, (0,
1100) mm and (1100, 0) mm. All rays lie within an Airy disk radius
given by 1.22 �

D for a wavelength of 1.1 mm and a diameter of 5 m.
Strehl ratios for these three fields are 0.99, 0.97 and 0.95.

Fig. 4. Chief ray-relative average f-number for the three-mirror
telescope across the x-y directions. Label denotes the median f-number
with 95% limits across all fields in the sky.

shows a histogram of the chief ray-relative f-number, which has
a median value of 2.63. As shown in Fig. 2 (top) and discussed
in Section 2, the focal surface is moderately curved. The angle
between the chief ray and the focal surface in this design stays
between zero and 8�. This level of field curvature can be cor-
rected using a wedge (with a unique tilt and clocking for each
camera) as discussed in Section 5. The cone of light reaching the
focal plane (for a circular stop in front of the primary mirror)
is circular (to within 1%) at the center of the field of view and
has a varying ellipticity across the focal plane, with a maximum
ellipticity of 9% at the bottom.

4. TELESCOPE TOLERANCES

Tolerance analysis of a freeform system is complex due to the
many non-orthogonal parameters that define the optical sur-
faces and the correlations among them. In addition, the presence
of gravitational and thermal deformations further complicates
the analysis. To simplify the tolerance analysis of the three-
mirror telescope, we split it as follows: (1) first we compute a
classical tolerance analysis, where we vary the positions and tilts
for the three mirrors in the system one by one and jointly in a
Monte Carlo simulation (with and without refocusing) and (2)
we implement gravitational and thermal deformations obtained
from a computational finite element analysis model to estimate
the degradation in image quality due to the deformation of the
mirrors.

A. Tolerancing in Mirror Placement and Tilts

We use a three-mirror telescope time-forward model, where we
vary the distances between mirrors (three variables), tilts (six
variables) and mirror decenterings (six variables). We define a
merit function as the minimum Strehl ratio at eight positions
located 4.7� from the boresight. The minimum Strehl ratio is
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Table 3. Tolerances for the LAT Telescope without
Camerasa

Parameter Tol. Tol. MC Tol. Ref. Tol. Ref. MC

Mirror dist. [mm] 5 2 14 6
Decenter [mm] 5 2 5 2
Tilt [deg] 0.09 0.03 0.09 0.03

aTolerances for single parameter variations produce a degradation in Strehl
of 5%. Single parameter tolerances are shown without refocusing (column Tol.)
and with refocusing (column Tol. Ref.). Tighter parameters are obtained with a
joint Monte Carlo model, where all parameters are randomly varied following a
normal distribution. Monte Carlo runs are shown without refocusing and with
refocusing (Tol. MC and Tol. Ref. MC, respectively). Note that a 0.03� tilt in a
5-m mirror yields a 2.7-mm peak-to-peak surface error.

used to avoid averaging over a large area with a uniform Strehl
ratio, which biases the average high. This metric is more strin-
gent than simply taking the average Strehl ratio. We find values
for these 15 variables that degrade this merit function by 0.05.
This degradation is found by varying these 15 parameters one at
a time, while keeping the rest of the parameters in their nominal
values. We find that for this criterion, an inter-mirror distance
variation of ±5 mm, a mirror decentering of ±5 mm and
±0.09� of tilt results in a 5% degradation without refocusing
compensation. Refocusing compensation allows a relaxation in
the tolerance for mirror placement to ±14 mm while keeping
the tolerances in decentering and tilts unmodified. These values
are summarized in Table 3, where columns labeled Tol. and
Tol. Ref. show the single variable tolerances without and with
refocusing compensation, respectively.

In a Monte Carlo simulation we jointly vary the 15 variables
reducing the maximum allowable variation found in the previ-
ous paragraph. The maximum allowable variation is obtained by
scaling the individual variation by a factor of 1/2.4. This keeps
the Strehl ratio degradation approximately in the same scale as
our 5% limit under assumption of uncorrelated random varia-
tions (assuming independence and linearity, the merit function
scales approximately with 1/

p
15). We find that a degradation

of less than 5% in the merit function happens 99% of the time
for tolerances better than 2 mm in inter-mirror distances, 2 mm
in decenters and 0.03� in mirror tilts. Refocusing improves the
tolerance in mirror distances to 6 mm, while keeping the decen-
ter and tilt tolerances unmodified. The result of this Monte
Carlo simulation can be interpreted as the worst case due to the
unexplored correlations among variables, which are expected
to reduce independence among the random variables in the
simulation.

B. Gravitational Deformation

Gravitational deformations are predicted using a finite ele-
ment analysis model of the primary and tertiary mirrors. This
mechanical model includes the mirror’s backing structure with
the appropriate support mounting points. The deformation for
this surface shows a peak next to a valley in the y direction with
a root-mean-square (RMS) value of 10 µm for the primary and
20 µm for the tertiary. We model the secondary with a scaled
down version of the deformations of the primary in the opposite
direction because the secondary is convex.

We fit a polynomial f (x , y ) to the deformation surface in
the same format as Eq. (1). This polynomial form is convenient

for optical modeling as the perturbed mirror shape can be found
by straightforward addition. We find that a polynomial of fifth
degree adequately fits this surface with a residual RMS lower
than 3 µm for the primary mirror. This three-mirror deforma-
tion results in a displacement of the telescope focal point by
1.4 mm away from the tertiary mirror, decreasing the lowest
Strehl ratio (which corresponds to the top side of the focal plane)
by 2%, i.e., to 0.94.

C. Thermal Deformation

A thermal model of the primary mirror is used to estimate the
cupping due to the differential thermal contraction between the
mirror backing structure and the optical side of the mirror. We
obtain a sag of 60µm for the primary mirror. We scale the sag of
the primary mirror with the diameter of the secondary and ter-
tiary mirrors to estimate their sag assuming a linear relation with
mirror diameter to obtain sags of 39 and 60 µm, respectively.
We convert the sag of the perturbation to a radius of curvature
using the equation

R = r 2 + �z2

2�z
, (2)

where R is the radius of curvature of the perturbing surface, r is
the radius of the mirror aperture and �z is the sag of the pertur-
bation obtaining radii of curvature of 5.33 ⇥ 107 mm for the
primary and tertiary and 3.50 ⇥ 107 mm for the secondary mir-
ror. This deformation moves the focal plane forward (towards
the tertiary) 9.7 mm, which can be refocused obtaining similar
performance to the unperturbed case.

D. Thermal + Gravitational Deformation

We combine the thermal and gravitational deformation men-
tioned above and refocus the system. The new focal point is
located 10.24 mm away from the unperturbed focal surface;
we find that the minimum Strehl for this configuration is 0.92,
while the maximum Strehl ratio stays at 0.99, showing that the
combined deformation only degrades the minimum Strehl ratio
by roughly 4% if refocusing is allowed. Table 4 shows a summary
of the nominal, thermal and gravitational deformation Strehl
ratios and their refocus amplitude.

5. CAMERA DESIGN

The receiver consists of an array of 85 three-lens cameras
arranged in a hexagonal lattice following center positions (x , y )
given by

Table 4. Telescope Strehl Ratio Variations Due to
Mirror Deformationsa

Deformation Min Strehl [-] Max Strehl [-] Defocus [mm]

Nominal 0.96 0.99 0
Thermal 0.96 0.99 �9.69
Gravity 0.94 0.99 �1.36
Thermal + Grav. 0.92 0.99 �10.24

aThe image quality at the center field stays without variation, while the
mirror shape distortions degrade the top field image quality by 4%.
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Fig. 5. Top left: optical layout for one of the 85 cameras (camera labeled 1) in the array, three silicon lenses named L1, L2, L3 (from top to bottom)
and a Lyot stop are shown. An alumna wedge is placed in front of L1. Top center: side view of the 85 cameras and their wedges. Top right: side view
of the three-mirror telescope with its 85 cameras. Bottom left: 85 camera array layout. Bottom right: camera arrangement and numbering convention
used in this design. Cameras 8 and 39 have been optimized with the procedure described in Section 5. Circle has a radius of 1100 mm.


x
y

�
= s

"p
3

p
3

2

0 3
2

# 
a
b

�
, (3)

where s = 219/
p

3 mm is a scale parameter and a , b are integer
indices. Lenses in each camera are named L1, L2, L3 (ordered

from telescope focal plane towards camera focal plane). A Lyot
stop is placed between L2 and L3, which defines the primary
mirror illumination. Cameras have parallel axes and the first lens
of all cameras (L1) is placed with its vertex located in the same
plane.
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Fig. 6. Top left: median, minimum and maximum Strehl ratios for each of the 85 cameras at � = 1.1 mm. Top right: f-number distribution across
85 cameras. Superscript (subscript) denotes the maximum (minimum) f-number value in a particular camera. Bottom left: histogram showing the
average f-number distribution for all 85 cameras. Bottom right: alumina wedge clocking for all cameras. Cross is shown as a comparison against the
un-rotated x-y axes. Tilt angle and rotation were found optimizing to keep the footprint on the primary within a constant 150 mm from the edge of
the mirror.

All lenses are radially symmetric plano–convex, with the

shape of the curved side given by

z = c r 2

1 +
p

1 � (1 + k)c 2r 2
, (4)

where c is the inverse of the radius of curvature R , k is the conic

constant and linear units are mm. Field curvature from the tele-

scope is corrected by an alumina wedge with a tilt and clocking

that is found numerically in the time-reverse sense to center the

footprint envelope for each camera on the primary mirror and to
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leave a clearance of 150 mm from the primary rim, which helps
shield against spillover.

Optimization of the cameras is performed in the time-reverse
sense, with light rays starting at the focal plane of detectors
(which has a diameter of 130 mm) passing through the three
lenses and mirrors towards the sky. This time-reversed model
allows a simple pupil definition, which directly controls illu-
mination of the primary mirror. Optimization is started with
approximate shapes for the three lenses (see [14] for more detail
on the initial parameters) and the alumina wedge (which can
be approximately obtained by pointing the chief ray towards
the center of the primary), while keeping a fixed diameter for
the Lyot stop of 43 mm, which was found to provide a camera
length of about 600 mm and provides reasonable lens curvature.
A merit function is defined such that it minimizes the RMS
spot-diameter size on the sky for fields distributed across the
camera focal plane (see [14] for more details). We also include
constraints that keep all rays within the diameter of the lenses
and constraints that make a circular stop fully illuminated. The
primary illumination is controlled approximately by sampling
the marginal rays in the x direction to roughly fill the primary.
We optimize cameras over 10 variables (six variables controlling
the shapes of the lenses according to Eq. (4) and four variables
controlling their spacings). We optimize all 85 cameras indi-
vidually and evaluate each camera to find if a solution can be
successfully replicated to minimize manufacturing complexity.
We find that two solutions for the shapes and distances of the
lenses are enough to give an acceptable Strehl ratio across the
field of view of the telescope. These two solutions cover: (1)
the center region (61 cameras) of the array of cameras and (2) the
two areas at the sides of the array (composed of 24 cameras) as
shown in Fig. 5 (bottom right), where blue and orange denote
the two blocks of cameras sharing the same prescription. Values
for these two groups of cameras are shown in Table 5.

After finding the optimum values for the lens shapes and
distances, the stop size is adjusted for each camera by tracing a
ring of marginal rays onto the primary mirror and calculating
the distance between this ring of rays and the mirror rim. The
stop size is found by making this distance equal to 150 mm
(which effectively uses part of the primary to control spilled
power) while keeping the center of mass for this ring of rays
centered at the primary origin. We do this for a circular stop over
three variables (the stop size, camera wedge tilt and clocking
angle), and an elliptical stop over five variables (stop semiaxes
and clocking, camera wedge tilt and wedge clocking angle). We
evaluate the f-number as described in Section 6 and conclude
that between these two candidate designs the elliptical stop gives
better primary mirror illumination and lower f-numbers as
shown in Fig. 6 (bottom left).

Table 5. Parameters Found with the Optimization
Procedure Described in Section 5a

R1 R2 R3 k1 k2 k3 th1 th2 th3 th4

�432.8 467.4 �899.4 �9.9 �7.9 �10.7 120.0 143.4 67.3 236.4
�422.9 458.3 �923.6 �10.3 �8.0 �9.9 120.6 139.3 66.4 246.0

aDistances between L1-L2, L2-Stop, Stop-L3 and L3-FP are denoted with
th1, th2, th3, th4. All distances and radii of curvature R j have units of mm.

6. CAMERA PERFORMANCE

Strehl ratios for all 85 cameras are evaluated using the nominal
design found in the previous section. Figure 7 (top) shows Strehl
ratios for cameras 1, 31 and 83. Figure 6 (top left) shows that 81
cameras are completely diffraction-limited (Strehl ratio greater
than 0.8 across the full array) at � = 1.1 mm. At � = 2 mm, all
85 cameras reach the diffraction limit.

We evaluate f-numbers at the focal plane for the full system
consisting of the 85 cameras with their elliptical stops. The
f-number is computed in the time-reverse sense by tracing a
cone of marginal rays from the detector focal plane onto L3, to
the stop and finally to a screen that is placed at a large distance
from the stop. The solid angle covered by the marginal ray
cone is computed fitting an ellipse to the curve drawn by the
marginal rays at this far screen. The f-number is computed as
f /# = 1

2 tan ✓
, where ✓ is obtained as the geometric mean of the

semiaxes of this best-fit angular ellipse (the geometric mean
preserves the solid angle of the cone as � = ⇡(

p
ab)2 = ⇡✓2).

Figure 7 (bottom) shows f-numbers for cameras 1, 31 and 83.
The f-numbers evaluated over the 85 cameras are shown in
Fig. 6 (top right). Figure 6 (bottom left) shows histograms of
f-numbers for a circular stop, demonstrating that elliptical stops
achieve a lower f-number than circular stops. Optomechanical
design work is under way to determine filter placement from
a cryogenical perspective; we leave its impact on f-number as
future work.

Figure 8 shows beams and ellipticities for three cameras: 1,
31 and 83, with histograms for ellipticities obtained from a
Huygens diffraction point spread function model. We evaluate
the field of view of each camera by tracing the chief ray from
the focal plane to the sky for two extreme focal plane positions
in the y direction (�61 mm and +61 mm) corresponding to
opposite tips of the hexagon. We compute the dot product of
the direction vectors for these two rays. We obtain a per-camera
median full field of view of 0.68�, a maximum of 0.71� and a
minimum of 0.64� across all cameras.

Telecentricity is evaluated by tracing the chief ray through the
system and measuring the angle from the normal for all points in
the focal plane. With this procedure we confirm all telecentric
angles are lower than 2.5�, which is imposed as a hard limit
during optimization.

Cross polarization is evaluated for the camera and telescope
by inserting orthogonal polarizing grids at the detectors and in

Fig. 7. Strehl ratios at � = 1.1 mm (top) and f-numbers (bottom)
for cameras 1, 31 and 83 (from left to right). Axes show positions at the
detector focal plane.
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Fig. 8. Upper left, upper right and bottom left: simulated Huygens
diffraction beams for cameras 1, 31 and 83, respectively, for an extreme
field located 61 mm from the center of the focal plane in the vertical
direction. Bottom right: histograms showing the mean, minimum and
maximum ellipticity for all 85 cameras.

Fig. 9. Cross-polarization across the focal plane for the 85 cameras.

the far field of the telescope. This is evaluated in 11 fields for the
85 cameras, and results are shown in the histogram in Fig. 9.
We obtain cross-polarization lower than �29.4 dB in the ray
tracing limit.

The point spread function (PSF) is calculated using an
electromagnetic simulation software provided by Ticra-Tools
(formerly GRASP), in which surface currents on a reflector are
computed when the reflector is both being illuminated by a field
and radiating in the surrounding space. We use a combination
of vector Physical Optics calculations to compute the fields pro-
duced by the mirrors and Method of Moments to compute fields
produced by the camera. Physical Optics is a sequential simu-
lation that allows computation of incident and reflected fields
on a reflector using an appropriate discretization of the reflector
surface and its boundary conditions. Method of Moments
(MoM) is a full-wave solution of Maxwell equations, which
includes internal reflection effects and allows for the application
of anti-reflective coatings on refractive surfaces. MoM is used
to simulate the three lenses and the wedge within one camera.
In this simulation the field is propagated in the time-reverse
direction starting from one pixel of the camera 1 focal plane; we

Fig. 10. Monochromatic far-field beam shape at 90 GHz obtained
with Ticra-Tools (formerly GRASP) by a combination of Physical
Optics (for mirrors and stop) and full-wave Method of Moments (for
lenses and wedges) in time-reverse direction. Illumination is set with
a Gaussian beam taper of �3 dB at 18�. Left panel shows one pixel
45 mm from the center of the detector focal plane, and the right panel
shows the central pixel.

simulate the central pixel and an off-axis pixel located 45 mm
off-center. The beam pattern of one horn at the detector focal
plane is simulated with a Gaussian profile, tapered 3 dB down
the peak at 18.1� from its boresight, as indicated by an early
horn beam model. An additional stop is placed at the exit of lens
1 (L1) to model radiation absorbed and scattered by the interior
of the cryostat (not included in this sequential analysis). The
field at the window towards the tertiary mirror is normalized
to have a total irradiated power of 4⇡Watts, which gives the
beam gain in dBi units. Nominal power spilling past the primary
mirror is calculated under 0.5% for a wedge reflectance of 20 dB
for the central pixel. A cross polarization lower than 45 dB is
obtained relative to the copolar component. The far field beam
shapes at 90 GHz for the 45-mm off-axis pixel (left) and center
pixel (right) are shown in Fig. 10.

7. TELESCOPE–CAMERA TOLERANCES

A. Camera

Camera tolerances are obtained with the telescope at its nominal
configuration and perturbing the distances between lenses
and Lyot stop (four variables), the lens centering (three vari-
ables) and lens tilts (six variables). We define a merit function
in camera number 8, which computes the average Sterhl ratio
in 25 fields. We perturb each variable while keeping the rest
at their nominal value, and we search for a 5% degradation
in average Strehl. Figure 13 (two top rows) shows the average
Strehl metric as a function of a single variable perturbation in
the nominal design. Single variable tolerances are in the 5-mm
range and allowable tilts are in the 4� range using this criterion.
Multivariable Monte Carlo analysis returns a joint allowable
tolerance of 1.5 mm in lens distances and 3.5 mm in lens
decenterings, with a 1.5� tolerance in lens tilt. Table 6 shows a
summary of this tolerancing analysis and Fig. 13 (bottom panel)
shows a histogram of average Strehl ratios for independent and
uncorrelated Monte Carlo realizations using these values.
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Table 6. Tolerancing for Camera 8a

Tolerance Type Single Par. Joint MC

Distance [mm] 5 1.5
Decenter [mm] 6 3.5
Tilt [deg] 4 1.5

aSingle parameter values (column single par.) obtained for a degradation of
0.05 in average Strehl ratio across the 120-mm focal plane. Joint Monte Carlo
results in the same degradation varying all variables independently.

B. Telescope–Camera tolerance

We extend the model presented above to include variations to
the three mirrors and the camera refractive optical elements.
Random and independent realizations of this system with
amplitudes of 1.5 mm for the distances between optical ele-
ments, 1.0 mm for the de-centering of all optical elements, tilts
of 0.5� for all lenses plus alumina wedge and 0.03� for the three
mirrors result in that more than 90% of realizations introduce
a degradation in the minimum Strehl ratio in the detector focal
plane of less than 0.04. Refocusing will relax these tolerances.
We leave a more detailed tolerancing study, including FEA
deformations, for future studies.

C. Deformed mirrors

We evaluate Strehl ratios with the three deformed mirrors.
We include thermal warping and gravitational deformations
as described in Section 3.A; we also allow the camera to vary
position to refocus. We obtain acceptable image quality as

characterized by Strehl ratio coverage. In particular, we find
that 81 cameras have diffraction-limited image quality (Strehl
ratio > 0.8) at � = 1.1 mm as shown in Fig. 11 (left), and at
� = 2 mm we find that diffraction-limited performance is
achieved in all 85 cameras as shown in Fig. 11 (right).

8. CONCLUSION

We have presented a freeform three-mirror anastigmatic large-
aperture telescope, capable of observing a wide 9.4� field of
view at � = 1.1 mm. A detailed description of this design is
given accompanied by a suite of metrics that indicate excellent
performance. We have also presented a detailed description
of an array of 85 cameras that can observe up to � = 1.1 mm
in wavelength with diffraction-limited performance in 81 of
85 cameras and with all 85 cameras at 2 mm. We have shown
expected performance and tolerancing. We continue to iterate
on the opto-mechanical design of the telescope and cameras,
including detailed thermal and mechanical effects in order to
prepare this design for manufacture.

APPENDIX A: TELESCOPE AND CAMERA
TOLERANCING

In Sections 4 and 7 we describe the merit function used to
compute tolerancing metrics. Figures 12 and 13 show the merit
function variation under single camera variations for displace-
ment variables (top panel), angular tilt variables (center panel)
and a histogram of Monte Carlo realizations for the case of the
telescope alone (Fig. 12) and the three-mirror telescope system
with camera 8 (Fig. 13).

Fig. 11. Left: Strehl ratios at � = 1.1 mm for the 85-camera design presented in Section 4.A with mirror gravitational and thermal deformations
described in Section 5.A. Right: the same system evaluated at 2 mm shows that all cameras show diffraction-limited performance (above 0.8).
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Fig. 12. Tolerancing of the telescope three-mirror system without
reimaging camera optics. Top: single parameter variations in the mini-
mum Strehl ratio evaluated at the edge of the focal plane 4.6� from the
boresight. Center: single parameter variations for the tilt parameters of
the minimum Strehl ratio. Bottom: Monte Carlo tolerancing simula-
tion of the three-mirror telescope presented in this work. Histogram
describes the Strehl ratio variation, during random changes to mirror
misplacement and tilts as described in Section 4.A and for parameters
shown in Table 3.
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