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Fabrication of a monolithic 5 m aluminum
reflector for millimeter-wavelength observations
of the cosmic microwave background
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We have demonstrated the fabrication of a monolithic, 5 m diameter, aluminum reflector with 17.4 um root-
mean-square surface error. The reflector was designed to avoid the problem of pickup due to scattering from panel

gaps in a large, millimeter-wavelength telescope that will be used for measurements of the cosmic microwave

background. ©2023 Optica Publishing Group

https://doi.org/10.1364/A0.488901

1. INTRODUCTION

Large-aperture telescopes for millimeter-wave measurements
of the cosmic microwave background (CMB) have historically
used reflectors made of close-packed 1 m scale panels [1-3]. The
gaps between these panels scatter light and create sharp features
in the sidelobes of the telescope beam at large angular scales [4].
Using a monolithic reflector will reduce the scattering in the
beam by eliminating the gaps between panels.

We use the term “monolithic reflector” to indicate a reflector
that has no gaps after machining but is not necessarily made
from a single piece of metal. This terminology is an analog to
monolithic glass reflectors that are made of multiple fused cells
but formed into a single reflector [5]. Until now the surface error
of a monolithic aluminum reflector viable at millimeter wave-
lengths for a large-aperture telescope was unknown and believed
to be too large for millimeter-wavelength CMB measurements.

Here, we demonstrate that a monolithic, 5 m aluminum
reflector can be manufactured with a large scale root-

mean-square (RMS) error of 17.4 pum.
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2. REFLECTOR DESIGN

The 5 m reflector described in this paper is a prototype primary
for the three-mirror anastigmat (TMA) telescope, as shown
in Fig. 1 and discussed in [6,7]. We will outline the telescope
design briefly here, but refer to [6] for more details concerning
telescope design and a detailed discussion of the benefits of using
monolithic reflectors in CMB telescopes.

TMA telescope designs are able to achieve generous fields
of view by correcting for all the major Seidel aberrations. The
mapping speeds of current CMB experiments are primarily set
by the number of detectors with unique sky positions making
simultaneous observations. The field of view for the TMA
telescope design as currently planned is 9 deg in diameter at a
wavelength of 1.1 mm [7].

The surface equation for the 5 m monolithic reflector

discussed in this paper is shown in Eq. (1).
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Fig. 1.  (a) Intended three-mirror anastigmat telescope that will
house the reflector discussed in this paper. In the orientation shown,
the telescope would be observing near the horizon. The reflector
fabricated is the primary reflector and is shown at the top of the model.
The carbon-fiber space-frame is shown in black, and the semitrans-
parent panels between the carbon-fiber struts will be opaque baffling
to block stray light from entering the receiver seen on the lower left of
the tipping structure. Note the 1.8 m human figure with a red shirt
halfway up the structure for a size reference. (b) Optics design of the
three-mirror anastigmat telescope. The primary and tertiary reflectors
(upper and lower reflectors) are concave and the secondary reflector is
convex.
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Fig. 2. Model of the back of the fabricated reflector with its space-
frame support cone shown in green. The human figure for scale is
1.8 mtall.

In Eq. (1), R is a normalization factor, and each of the eight
Cxxy+ are constants describing the desired prescription. The
x and y axes are the minor and major axes of the reflector with
the origin located at the center of the reflector on the surface
with —z pointing away from the reflective surface. This surface
equation is an even function about the symmetry plane of the
TMA, which is why it does not have every powered term of x
and y and has sufficient terms to describe a 5 m reflector that
operates well at a wavelength of 1 mm. For information on how
the prescription was chosen and a more in-depth discussion of
the optics design, see [8].

When installed in the telescope, the reflector will be sup-
ported by a spaceframe cone at six equally spaced radially
compliant support points on the back of the reflector, as shown
in Fig. 2. This spaceframe cone will provide stiff support for the
reflector and will be made of aluminum (like the reflector), so
that it will have the same coefficient of thermal expansion as
the reflector. While being machined, the reflector was bolted
to the machine bed at the six cone support points. The same
interface loads experienced at each of the six support points
during the final surface measurements will be reproduced when
the reflector is installed in the telescope.

The overall reflector shape is approximately oval with minor
and major axis diameters of 5 and 5.54 m, respectively. The
reflector diameter of ~5 m was chosen to maintain a Strehl
ratio > 80% at 1 mm wavelengths given reasonable assump-
tions about thermal deformations [6]. The reflector is only a
half meter thick with a light-weighted back and a surface skin
thickness of 8 mm to yield small gravitational deformations.

Small scale (SA) scattering, on the order of the wavelength,
off a reflector’s surface can lead to excess detector loading, as the
wide-angle scattered light can be incident on hotter components

2(x,y) = CXOYl% + szyo(%>2 + Cxoyz(%)z + Cxar1 (%)2 (%)
+ CXOYa(%)3 + CX4YO(%>4 + szyz(%f(%)z + Cxoy4<%>4. (1)
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than the effective sky temperature. To keep the small-scale scat-
tering across all three reflectors of the TMA result in less than
a 1% Strehl degradation, each individual mirror must have a
small-scale surface error of less than 4 pum. Large-scale scattering
off the surface of a reflector will distort the beam pattern but
should not lead to excess detector loading, so there is a less strin-
gent requirement on large-scale surface errors. For the TMA
telescope to be diffraction-limited at a wavelength of 1 mm
and to keep the Strehl ratio above 80% for the entire TMA, the
large-scale surface error of any individual reflector needs to be
below 21 pm.

3. CONCAD MANUFACTURING FACILITY

The reflector fabrication was engineered and managed by
mtex antenna technology (https://www.mtex-at.com) based
in Wiesbaden, Germany. The production of the reflector was
performed at CONCAD (https://www.concad-gmbh.de), a
fabrication shop located in Wallduern, Germany.

Thermal gradients through the reflector need to be kept to
less than a few-tenths of a kelvin during cutting and metrol-
ogy to keep thermal deformations in the reflector under the
target surface accuracy. This was ensured by the ambient tem-
perature within the CONCAD machining hall being stable
to +/ —0.4°C over the three days, wherein all but one of the
surface measurements occurred.

The five-axis milling machine used to cut the reflector from
the raw blocks of aluminum was a Starrag FOGS HD 50 150
R75 C with computer numerical control from a SIEMENS
Sinumerik 840D sl. This mill has an active cutting area that
is 5 m wide, 15 m long, and 2 m high. This milling machine
can be used as a coordinate measuring machine (CMM) by
replacing the cutting bit on the machine head with a Hexagon
20.50-G-HPP touch probe.

To improve the accuracy of the milling machine/CMM,
careful calibration of the machine was independently performed
by AfM Technology GmbH (https://www.afm-tec.info) in
Aalen, Germany per ISO 10360-2:2009 [9]. This calibration
procedure used a laser interferometer system and achieved an
RMS calibration error of 4 pm over the milling machine/ CMM
region occupied by the reflector during machining and surface
metrology.

4. REFLECTOR FABRICATION

The reflector was fabricated out of two blanks of 5083 alu-
minum alloy, each measuring 2.53 m x 5.45 m x 0.54 m and
weighing ~19,800 kg. 5083 aluminum was chosen for its light
weight, good tensile strength, and availability in large enough
blanks, as it is a castable aluminum. Using cast-aluminum
blanks also produces less internal stresses in the final reflec-
tor than if an extruded aluminum was used. The expected
variation in the coefficient of thermal expansion (CTE) across
the aluminum blanks will be on the order of 1% according to
measurements in [10]. The variation in CTE is a concern, as
it would lead to peak-to-peak deformations of 10 pm over the
100 K temperature changes experienced annually at the South
Pole, but these deformations are not large enough to spoil the
reflector’s performance.

Vol. 62, No. 18/ 20 June 2023 / Applied Optics 4749

~w,

e, 4
i~~~

Fig. 3. Two separate reflector halves after rough machining and
before they were bolted together. The surface of the reflector is pointed
downward, and you can see large aluminum pillars on the surface of the
reflector that still need to be removed.

The aluminum blanks were each rough-machined separately
into one-half of the final reflector, as shown in Fig. 3. After rough
machining, the two reflector halves were bolted together along
the center line of the reflector using 200 aluminum M8 bolts
and 16 slotted keys for alignment. After being bolted together,
the two reflector halves will not be separated, and the reflector is
treated as one solid object.

The final machining passes over the reflector’s surface were
done with the reflector halves bolted together and took 20 h.
Each of the passes during the final surface cutting removed
less than 200 pm of aluminum, and the reflector was not pol-
ished after machining. The small-scale surface roughness of the
final reflector was measured with a rugosimeter to be less than
1 um (Ra).

After machining was finished, the reflector’s total weight was
~2,122 kg, indicating ~95% of the material from the original
aluminum blanks was removed to form the reflector. The final
machined surface of the reflector is shown in Fig. 4.

5. REFLECTOR SURFACE METROLOGY

After the reflector fabrication was completed, the same milling
machine responsible for cutting the reflector was adapted into
a CMM, as described in Section 3. The CMM was used to take
measurements over the full surface of the reflector in a grid
pattern. This grid pattern varied in spacing from 5 to 30 cm
with a full grid of measurements over the reflector surface taking
between 12 and 1.5 hours, respectively. Refer to Table 1 for a
summary of the reflector configurations and grid pitches for a
selection of the surface measurements taken.


https://www.mtex-at.com
https://www.concad-gmbh.de
https://www.afm-tec.info

4750 Vol. 62, No. 0 June 2023 / Applied Optics

Research Article

Fig.4. Reflector after final machining. The milling machine has been transformed into a CMM by replacing the cutting bit with a touch probe to

take metrology measurements over the surface of the reflector.

Table 1.  Selection of Reflector Surface Measurements Taken at CONCAD’

Measurement Grid Pitch [mm] Rotation [deg] Notes

A 50 0 Reflector bolted to machine bench.

B 300 0 Removed bolts, reflector now on loadcells.

C 300 0 Repeated B, this is the “control” measurement.

D 300 60 Reflector rotated 60 deg CCW from control orientation.
E 300 180 Reflector rotated 180 deg from control orientation.

“The rotation angle listed is relative to the orientation of the reflector while the final surface was cut.

The initial surface measurement “A” was taken with the
reflector in the same configuration as when it was cut, with the
reflector’s six support points bolted to the machine bed. After
this measurement, the support point bolts were removed. All
subsequent measurements (B-E in Table 1) were made with
loadcells at each of the six support points. Each loadcell was
individually adjusted to provide the same relative heights of the
six support points as during final machining.

In the rest of this section, we describe how the surface metrol-
ogy measurements taken allow us to assign errors to specific
components of the fabrication and metrology process: manufac-
turing error, measurement repeatability, and systematic error.
All reported RMS values for metrology measurements are in the
zdirection of Eq. (1), which is vertical in Fig. 4.

A. Manufacturing Error

There will always be real physical differences between the pre-
scribed surface intended to be produced and the actual reflector
surface cut into the aluminum. We refer to this difference as the
manufacturing error.

To measure the manufacturing error, we performed a surface
measurement with the reflector setup unchanged from when
the final surface of the reflector was cut; this is Measurement
A in Table 1. For this measurement, the reflector was still on
blocks and bolted down to the bed of the milling machine at
the six support points. Figure 5 shows the difference between
Measurement A and the prescribed surface profile. After
removing the best-fit plane from the difference, the RMS is
14.1 pm.

Measurement A - Prescribed Surface Equation  Residual [mm]

20004

1000 1

Y [mm]

—0.0072

_10001 ~0.0144

—0.0216

—2000 1
—0.0288

—0.0360

Fig. 5. Difference between the measured reflector surface
(Measurement A in Table 1) and the prescribed surface equation.
The best-fit plane has been subtracted prior to calculating the RMS
and plotting to remove sensitivity to the tip and tilt changing between
the reflector fabrication and measurement. The RMS of the difference
shown is 14.1 pm.

B. Repeatability

When experiencing stable environmental conditions, as in the
CONCAD machining hall, taking repeated measurements
without changing the physical conditions of the measurement
allows us to probe the measurement repeatability.
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Measurement B-Measurement C Residual [mm]

0.0016

2000 1

1000 1

Y [mm]

—0.0004

—10001 ~0.0008

—0.0012

—2000
—0.0016

[
X [mm]

Fig. 6. Difference between surface measurements B and C from
Table 1 are displayed to show measurement repeatability. No changes
were made to the measurement or reflector setup between these mea-
surements. The RMS of the difference between measurements B and
Cis 0.7 um. The best-fit plane has been removed from the difference
prior to plotting.

Four pairs of full surface measurements were repeated with-
out making deliberate changes to the physical setup or reflector
orientation between each measurement in a pair. Figure 6 shows

Measurement C, Control

Measurement D, Rotated 60°

an example of the difference between one pair of repeated mea-
surements; in this case, the two measurements were taken 2 h
apart.

The RMS of the differences between each of the four pairs of
repeated measurementsis 1.7 pum or lower.

C. Systematic Error

As described in Section 3, the same piece of machinery used to
cut the reflector surface was used to perform the surface metrol-
ogy, the only difference being the machine head insert used.
With this setup, any systematic error in the machine appears in
both surface cutting and measuring movements. If the reflector
is measured in the exact position it was cut in, the measurement
is blind to any systematic machine errors.

To ensure the milling machine and CMM heads trace out
different paths, we made surface measurements with the reflec-
tor in three different rotation orientations: the original control
orientation (same as the cutting orientation), rotated 60 deg
from the control orientation, and rotated 180 deg from the
control orientation. The top row of Fig. 7 shows these three
measurements rotated into the same orientation as the con-
trol measurement. We rotate the surface measurements into
the same frame prior to calculating the differences to subtract
out the physical reflector surface and only probe the measure-
ment systematics. In the bottom plots of Fig. 7, the differences
between the control and each of the other rotations are shown.
Any common features seen in the difference plots indicate

Measurement E, Rotated 180°  Residual [mm]
0.0288

2000

1000

Y [mm]

-1000

—2000

0.0216

0.0144

0.0072

0.0000

—0.0072

-0.0144

—-0.0216

—0.0288

—0.0360

—
—2000 -1000 0 1000 2000 —2000 -1000

X [mm] X [mm]
Measurement C - Measurement D

1000 2000 —2000 -1000 [
X [mm]

Measurement C - Measurement E Residual [mm]

2000

1000

Y [mm]

-1000

—2000

0.012

0.009

0.006

0.003

0.000

-0.003

-0.006

-0.009

-0.012

—2000 -1000

X [mm]

1000 2000 —2000 -1000 [ 1000 2000
X [mm]

Fig.7. Top row of plots show surface measurements with the prescribed surface equation and the best-fit plane subtracted off. The top row of plots
all share the colorbar on right of the top row. The bottom row shows the difference between the control measurement and the measurements done in
rotated orientations with a best-fit plane removed. The orientation of every plot shown has been rotated to match the control measurement orienta-
tion. Points measured during Measurement D (in the center column) do not span the entire reflector and were limited to areas that could be accessed

with the reflector rotated 60 deg.
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Table 2. Summary of the Errors Presented in This
Work®

Type RMS [pm]
Manufacturing error 14.1
Repeatability 1.7
Systematic error 6.0
Calibration error 4.0

Total error 17.4

“Refer to the total surface error section for information on how the total error
was calculated.

systematic errors in the machine. The average RMS of the two
difference plots shown is 6.0 pm.

D. Total Surface Error

The three errors discussed in this section (manufacture, repeata-
bility, and systematic) and the calibration error from Section 3
all need to be combined into a total surface error. See Table 2
for a summary of all error terms. All of these error terms could
be combined in quadrature, which would result in a total
RMS error of just under 16 um. If we had performed surface
measurements with the reflector in many different locations
and orientations on the milling machine bed, we could have
produced a systematic error that also captured the calibration
error. Since we performed a limited number of surface mea-
surements, it is not clear how to combine the calibration error
and the measured systematic error. To be conservative, we add
the calibration and systematic errors linearly before combining
that sum in quadrature with the manufacturing error and mea-
surement repeatability. This yields a total large-scale RMS error
of 17.4 um across the surface of the fabricated 5 m aluminum
reflector.

6. CONCLUSION

We have demonstrated the fabrication of a 5 m, monolithic, alu-
minum reflector with a surface error of 17.4 um RMS. With this
surface error, the reflector is viable for taking CMB observations
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at millimeter wavelengths on a large-aperture CMB telescope.
The ability to fabricate quality monolithic 5 m reflectors will
allow future telescopes to make CMB measurements at larger
spatial scales than existing large-aperture CMB telescopes.
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