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ABSTRACT

CMB-S4, the next-generation CMB observatory, will deploy hundreds of thousands of detectors to enable mapping
the millimeter-wavelength sky with unprecedented speed. The large aperture telescopes for CMB-S4 consist of
six-meter diameter crossed Dragone designs and a five-meter diameter three-mirror anastigmat. The two-mirror
crossed Dragone design requires astigmatism corrections in the refractive optics to achieve di!raction-limited
performance. We present biconic lens corrections for the CMB-S4 crossed Dragone camera optics and compare
these designs to the camera optics for the three mirror anastigmat, as the optical designs of the cameras for these
telescopes are being prototyped.
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1. INTRODUCTION

CMB-S4, the next-generation cosmic microwave background (CMB) experiment, is designed to significantly
advance the sensitivity of millimeter-wave maps of the sky, enhancing our understanding of the origin and
evolution of the universe. CMB-S4 will observe the millimeter-wave sky with two surveys, using a combination
of small and large aperture telescopes, which will target inflationary science, the fundamental physics of the dark
universe, the spatial distribution of matter, and the time-variable millimeter-wave sky.1,2

The scientific targets of CMB-S4 will be met with two surveys, to be carried out using small and large
aperture telescopes. One survey (called deep), which covers → 3% of the sky, targets primordial gravitational
waves and inflation, while a second survey (called wide), covers → 70% of the sky and targets: the dark universe,
mapping matter in the cosmos and the time-variable sky.2–4 The deep survey will be carried out with degree-
resolution small aperture telescopes, in combination with a complementary 5-meter large aperture telescope
with arcminute resolution, which will be used to remove contamination of the degree-scale B-modes caused by
gravitational lensing of E-mode polarization, a process referred to as delensing. The wide survey will be observed
with two 6-meter telescopes with arcminute resolution. The sizes of the patches of sky for these two surveys,
mapping speed considerations and distribution of detectors at di!erent frequencies in the focal plane motivate
dedicated designs for the large aperture telescopes.

Ground-based and Airborne Telescopes X, edited by Heather K. Marshall,
Jason Spyromilio, Tomonori Usuda, Proc. of SPIE Vol. 13094, 130942F

© 2024 SPIE · 0277-786X · doi: 10.1117/12.3020608

Proc. of SPIE Vol. 13094  130942F-1



The small field to be observed by the high-resolution deep delensing survey requires a uniform focal plane
sampling at the highest frequencies of the survey (1.1 mm), while the field to be observed by the wide-area survey
allows for a more non-uniform camera distribution. The spatial uniformity needed by the delensing survey can
be achieved with a five-meter three-mirror anastigmatic telescope5 composed of gap-free mirrors,6 while the
higher resolution of the wide survey will be carried out with a six-meter crossed Dragone telescope7 composed
of segmented panels. These two telescope designs are to be fielded with arrays of 85 optics tubes in order to
populate the focal planes with O(105) detectors.

This document gives an overview and status of the optical design of the CMB-S4 telescopes and cameras
building on previously presented material,5,8 with emphasis on ongoing optimization of the crossed Dragone
camera designs using biconic surfaces. Section 2 summarizes the telescope optics and gives a brief description
of their optical performance. Section 3 discusses the optical arrangement of the cameras in the two telescope
systems. Section 4 discusses the current status and future work.

2. LARGE APERTURE TELESCOPES FOR CMB-S4

Arcminute observations of the cosmic microwave background benefit of the clean beams provided by the unob-
structed, o!-axis, reflective telescope configuarion. Large aperture CMB telescopes, with a primary mirror larger
than 5 meters, like ACT and SPT, have made use of a two-mirror system in a Gregorian configuration, where the
focal point of the primary is located between the two mirrors.9,10 This configuration allows the use of multiple
cameras with several thousands of detectors. However, current scientific targets demand wide, high fidelity maps
of the CMB, which require larger focal planes in order to accommodate up to hundreds of thousands of detectors.
The crossed Dragone configuration, in use in CCAT and the Simons Observatory7 allows for observations with
multiple cameras over a field of view of 7.8 degrees with an aperture of 6 meters in diameter made of segmented
panels. The three-mirror anastigmatic telescope enables observations of a 9-degree field with a gap-less five-meter
diameter aperture with increased optical quality in the millimeter band. Currently under-construction crossed
Dragone telescopes populate the focal plane with optics tubes including large-format 40 cm lenses,11 which are
able to illuminate 39 detector wafers with → 60k detectors,12 while the proposed design of CMB-S4 makes use
of smaller 20 cm lenses, illuminating 85 similar detector wafers with → 130k detectors per telescope.

The two surveys of CMB-S4 (delensing and wide) are planned with unique angular sizes and depths, matched
to their scientific targets. The delensing survey will observe a small region constituting only of 3% of the sky.
Simultaneously, this region will be observed with several small aperture telescopes targeting inflationary science.
The wide survey will observe 70% of the sky. The di!erences in survey size, possible focal plane band layouts and
mapping speed considerations mean that these two surveys are better performed with dedicated large aperture
telescope designs, a crossed Dragone for the wide survey and a three mirror anastigmat for the deep survey. This
section describes the two optical configurations of the two large aperture telescope configurations.

2.1 Crossed Dragone

The crossed Dragone telescope has a six-meter aperture, is composed of paneled reflectors, and the secondary
mirror is of similar size to the primary, which allows to achieve large fields of view. This telescope design consists
of two o!-axis mirrors, which have a maximum field of view of 7.8 degrees. The di!raction-limited field of view
for this optical configuration is a function of frequency at the bands of interest.7,8 The highest image quality
is achieved at the center of the field, where the highest frequency cameras, operating at 1.1 mm can be located.
The dominant optical aberration for the o!-axis fields in the crossed Dragone design is astigmatism, which can
be corrected in the camera system. A diagram of the crossed Dragone telescope with cameras is shown in Figure
1 (top left). It has been shown that for this telescope, a three camera system where the second lens is a biconic
lens yields di!raction-limited performance at a wavelength of 2 millimeters over nearly the full field of view using
individually optimized cameras.8 A system like this, where cameras can belong to two groups that define the
lens parameters to simplify the design, is discussed in Section 3.
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Figure 1: Top: Optical layout of the two large aperture telescopes and camera concepts for CMB-S4. Top Left:

The crossed Dragone (CD) design, which consists of two o!-axis six-meter mirrors and is able to illuminate a
7.8 degree focal plane. Top Right: The three-mirror anastigmatic (TMA) large aperture telescope. The TMA
consists of three o!-axis free-form mirrors, with a five-meter diameter primary and is able to observe a field of
view of 9 degrees in diameter. Bottom: The CMB-S4 crossed Dragone biconic camera concept. From left to
right: focal plane, lens 3 (L3), Lyot stop, biconic lens 2 (L2), lens 1 (L1), prism, spacing for filters and window
(hexagonal apertures on the right). Note the rotation of L2 which is indicated by the cross across the diameter
of the lens relative to L3. The rotation angle of L2 is the same angle as the prism and is chosen such that the
x-axis of the lens points towards the center of the telescope focal plane. Image shows camera 22 (see diagram in
Figure 2). The direction of travel of light is from right to left. The CMB-S4 camera concept for the three-mirror
anastigmat is also a three lens system (not shown). These two camera concepts di!er in the shape of lens 2 (L2)
which is biconic in the crossed Dragone camera, but is radially symmetric in the TMA design.
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2.2 Three Mirror Anastigmat

The delensing survey benefits of a spatially uniform distribution of high frequency cameras over the vignetting-
limited, field of view of 9 degrees. The ability to maintain high Strehl ratios over a wide field is a characteristic
of the three-mirror anastigmatic design. This design is able to cancel the dominant astigmatism of a two-mirror
system by introducing a third active optical element. A system like this has been demonstrated previously,13

and optimized to match the f-number of the crossed Dragone.5 The three-mirror anastigmatic telescope consists
of a gap-free 5-meter o!-axis primary mirror, which illuminates a smaller secondary, which in turn illuminates a
tertiary of roughly the same size as the primary mirror. A diagram of the three mirror anastigmat with cameras
is shown in Figure 1 (top right). This telescope achieves a di!raction-limited field of view of 9 degrees at the
shortest wavelength (ω = 1.1 mm) of the survey.

3. CAMERA OPTICS

The camera concept for the large aperture telescopes of CMB-S4 consists of an array of 85 cameras arranged
in a hexagonal tiling. This arrangement e”ciently populates the focal plane, which allows us to maximize the
number of on-sky detectors. The two large aperture telescope concepts have been designed with an identical
target f-number, which enables the use of a shared camera concept.

All 85 cameras consist of three lenses, a Lyot stop and an alumina prism. Radially symmetric lenses (used in
the three mirror anastigmat’s camera and in lens 1 and 3 in the crossed Dragone camera) have a curved shape
given by

z(r) =
r2/R

1 +
√

1 ↑ (1 + k)(r/R)2
, (1)

where the free parameters R and k are the radius of curvature and the conic constant of the surface. The
asymmetric lens shape used in the second lens in the crossed Dragone camera is presented in Section 3.1. Cryo-
engineering considerations dictate the maximum allowable lens diameters for a given camera pitch (distance
from one camera to the next), which are kept identical among the two telescope cameras. Also, because the
two telescope concepts for CMB-S4 have di!erent optical aberrations, the optical prescription and positions
of the lenses are di!erent between the crossed Dragone telescope and the three mirror anastigmat, in addition,
because the optical aberrations change across the focal plane of each large aperture telescope, the optimal optical
prescription varies across the telescope focal plane. The result, from a fabrication point of view, is that it is
desirable to break down the design of the 85 cameras into smaller groups with identical optical prescriptions.
This choice simplifies fabrication and allows a small degree of asymmetry in the crossed Dragone camera concept
in order to target astigmatism corrections. A more detailed description of these two camera concepts is given
below.

3.1 Crossed Dragone Camera Optics

As discussed in Section 3, the crossed Dragone camera consists of three lenses; lens 1 and lens 3 are radially
symmetric and follow Equation 1; while the second lens has an asymmetric surface.

Astigmatism in the crossed Dragone telescope can be corrected in the camera optics system using an asym-
metric lens with two orthogonal radii of curvature. This kind of lens, often called a biconic, follows a surface
shape given by

z(x, y) =
x2/Rx + y2/Ry

1 +
√

1 ↑ (1 + kx)(x/Rx)2 ↑ (1 + ky)(y/Ry)2
, (2)

which contains four free parameters: the two radii of curvature (Rx and Ry) and the two conic constants (kx
and ky). An additional degree of freedom can be introduced by rotating this surface around the optical axis at a
given angle. The optimal position to correct for astigmatism in a cryogenic imaging camera system is the Lyot
stop. However, correcting at the Lyot stop surface would introduce a fourth lens, which can introduce systematic
e!ects due to potential manufacturing imperfections and increase manufacturing costs. In order to minimize the
complexity of this system, it has been proposed and demonstrated that the use of the second lens with a biconic
surface can correct for astigmatism down to two millimeters in wavelength across the entire field if every camera
is optimized individually.8
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Figure 2: Camera layouts for the two CMB-S4 telescope camera concepts. Top: Colors indicate groups of
cameras with identical lens prescriptions. Top left shows the crossed Dragone cameras showing the same optical
design prescription. Top right shows the three-mirror anastigmatic telescope cameras. Bottom: Frequency
band distribution across the focal plane for the crossed Dragone (left) and three-mirror anastigmatic (right)
telescope camera arrays. Bands are labeled ULF (20, 15 GHz), LF (26, 39 GHz), MF (92, 149GHz) and HF (227,
286 GHz). The crossed Dragone telescope design yields high Strehl ratios at the center of the field; thus the
central portion of the focal plane can be used at the highest frequencies (1.1 mm). The TMA yields consistently
high Strehl ratios across the focal plane, allowing the highest frequency cameras to be spaced out across the
telescope focal plane, this is beneficial for observing large angular scales on the sky.
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To simplify the complexity of the optical design of the 85 cameras we explored grouping cameras using
identical lens designs. Initially, we performed an extensive optimization of all cameras individually; this initial
optimization searches for the best lens shapes that minimize the wavefront error at the detector focal plane.
This optimization was followed by an evaluation of the entire array of cameras using an identical optical design,
in order to identify which cameras can provide a di!raction-limited performance at the bands of interest. The
result of this optimization procedure is captured in the two groups shown in Figure 2 (top), which shows two
groups of camera lenses that can yield the optical quality map presented in Figure 3. Figure 2 (bottom) shows
the camera band assignments for these telescopes. The image quality shown in Figure 3 shows di!raction limited
performance for the 85 cameras at a wavelength of 2 mm and the 23 high frequency 1.1 mm cameras at the center
of the telescope focal plane.

3.2 Three Mirror Anastigmat Camera Optics

The camera system for the three-mirror anastigmat is composed of three radially symmetric lenses, following a
surface shape given by Equation 1. These lenses form an image of the primary mirror at the Lyot stop. The
beam is redirected at the appropriate angle by the use of an alumina prism with a unique rotation and tilt due
to the symmetry of the system. The three-mirror anastigmatic telescope focal plane requires a unique tilt and
clocking for this optical component. The optimal parameters that define the shape of the prism (rotation and
tilt angle) are found numerically during the optimization in Zemax following methods presented previously.5,8

The three-mirror anastigmat camera optics has been optimized following the procedure outlined in Gallardo
et al. 2024,5 which yields the two groups of cameras shown in Figure 2 (top right). One group shown in blue
covers the centermost cameras, while a second group corrects the cameras at the left and right extremes of the
focal plane. This kind of grouping is expected as the three-mirror anastigmat has a slightly curved focal surface to
the left and right of the central region of the focal surface. This focal curvature would defocus the co-planar side
cameras if left uncorrected. The camera band distribution for the three mirror anastigmatic telescope cameras
is shown in Figure 2 (bottom right).

4. CONCLUSION, STATUS AND FUTURE WORK

We have presented an overview and the current status of the optical design of the large aperture telescopes
and cameras for CMB-S4. This discussion is based on past and ongoing work towards implementing the large
aperture telescopes and camera concepts. We have shown that the CMB-S4 telescope concept consists of two
designs, a six-meter crossed Dragone and a five-meter three-mirror anastigmatic telescope, suited for specific
target surveys and science cases. These two telescopes share a common camera concept consisting of an array
of 85 three-lens cameras. We have shown that the three-mirror anastigmatic telescope can achieve di!raction-
limited performance at the bands of interest using radially symmetric lenses, and the crossed Dragone needs
biconic astigmatism corrections in order to fully populate the telescope field of view with di!raction-limited
cameras. A prototype of the primary mirror of the three-mirror anastimatic telescope has been built,6 while the
CMB-S4 camera optics are currently under further optimization to accommodate cryo-mechanical considerations
needed for prototyping.
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