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ABSTRACT

We present designs and fabrications of sub-wavelength anti-reflection structures on alumina for infrared filters at
three observational frequency bands near 30, 125, and 250 GHz, which are widely used for instruments measuring
cosmic microwave background (CMB) radiation from the ground. The three observational windows contain the
two observational bands in each receiver, and the corresponding fractional bandwidth is about 60%. We used
laser ablation to directly machine on alumina substrate. This technology is robust against the use of an optical
element at the cryogenic temperature with which all the CMB telescope receivers have to comply. Based on
the fabricated 9 (3 x 3) pyramidal structures, we computed the expected averaged transmittance of above 0.97
for each of the three filter designs including anticipated absorptive loss, the loss tangent of 4 x 107%, and the
incident angle up to 20 degrees. The band averaged instrumental polarization, the fractional difference between
the p and s-state incident polarization states, is computed and they are less than 44 x 1073 for the bands and
incident angles.

Keywords: IR absorption filter, anti-reflection coating, sub-wavelength structures, laser machining, cosmic
microwave background

1. INTRODUCTION

Cosmic inflation provides solutions to several otherwise unresolved questions in modern cosmology. If inflation
exists, it leaves a B-mode pattern in the cosmic microwave background polarization."? The level of the B-
mode amplitude can be related to the energy scale of inflation with the parameter, the tensor-to-scalar ratio r,
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Figure 1. The atmospheric transmission at Atacama, Chile. The figure is taken from Errard et al.?

and many CMB polarization experiments aim to constrain this signal at levels » ~ 1073 in a coming decade.
To achieve the required sensitivity, an observational cryogenic receiver has to be facilitated to achieve large
throughput with ~ 10°~6 superconducting detector arrays maintained at 0.1 ~ 0.3 K.

As the desired sensitivity becomes higher, the experimental challenges associated with cryogenics become
stringent.®> One of the key challenges is to increase the throughput of a cryogenic receiver for millimeter-wave
while we ensure to block infrared (IR) radiation through the cryostat window in order to minimize heat input.
As a result, any CMB receivers employ an IR blocking filter, e.g. metal-mesh based infrared reflective filter.* A
large throughput receiver leads to a large diameter optical element, and the optical elements made of any low
thermally conductive material, e.g. plastic, add the challenge to cool the central portion of the optical element
with respect to the thermally sunk edge, or otherwise the optical element itself becomes a source of the thermal
emission.

Alumina, aluminum oxide, is a dielectric material that has the thermal conductivity of ~ 10> W/m-K at
100 K,® the loss-tangent of ~ 10™%, and the index of refraction of about 3. Alumina is proposed to be the base
material of the IR absorptive filter.”® Despite the attractive material properties in alumina, the anti-reflection
coating has to be applied robustly for use at cryogenic temperatures. Takaku et al. demonstrated the fabrication
of the IR absorptive filter using the sub-wavelength structure (SWS) based anti-reflection (AR) using the laser
ablation on both surfaces.® This was focused on the bandwidth between 75 and 105 GHz, and became the
first on-sky optical elements using the laser-machined AR-SWS for the MUSTANG-2 receiver on Green Bank
Telescope.

The successful implementation of the AR SWS using the laser together with the development heritage brings
to the next step, a broader bandwidth on a polarization-sensitive telescope.’!” Due to water and oxygen lines
of the atmosphere, the typical CMB polarization telescopes have an atmospheric window of around 30, 125, and
250 GHz (see Fig. 1.) In this paper, we design the AR coating using SWS for IR filters optimized for three
typical atmospheric windows of a ground-based millimeter-wave telescope, specifically for the CMB polarization
experiments.'® 24 The paper is structured as IR filter design (Section 2), prototype fabrication of the AR-
SWS (Section 3), estimated transmittance of the prototype (Section 4), and forecast of the optical performance
(Section 5).

2. DESIGN

We designed three types of alumina filters matching the frequency bands of the typical CMB ground telescopes
as summarized in Table 1. In this paper, we chose the observational bands for SO-SAT as a case study, but the
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Table 1. The list of the ongoing and upcoming ground-based CMB polarization experiments and their observational bands.
Three types of telescope receivers, labeled as Low Frequency (LF), Middle Frequency (MF), and High Frequency (HF),
have two observational bands in each telescope. Each experiment has a telescope that covers two observational The first
row of each experiment is the center frequency (unit: GHz), and the second row is the fractional bandwidth.

CMB exp. Low Frequency ‘ Middle Frequency High Frequency
BICEP /Keck'™® 30, 40 95, 150 220, 270
0.25, 0.25 0.25, 0.25 0.25, 0.25
SPTpol"? - 90, 150 -
Ali-CPT?Y - 91.4, 145 -
- 0.4,0.3 -
SimonsArray/POLARBAER-2%! - 89.5, 147.5 220, 280
- 0.324, 0.260
SO (SAT)?? 27,39 93, 145 225, 280
0.3, 0.3 0.3, 0.3 0.3, 0.3
SO (LAT)? 27, 39 93, 145 225, 280
CMB-54 (SAT)* 26, 39 85, 145 (MF1) / 95, 155 (MF2) 227, 286
0.33, 0.45 0.24, 0.22 / 0.24, 0.22 0.26, 0.21
CMB-S4 (LAT)?3 20 (ULF) / 26, 39 (LF) 92, 149 227, 286
0.25 / 0.33, 0.45 0.32, 0.28 0.26, 0.21

results do not strongly depend on this choice due to the proximity of the specifications. The key construction
parameters are the AR-SWS shape (see Figure 2), the thickness of the filter itself, and the material properties
of alumina: the index of refraction and the loss-tangent. We used the index of alumina to be n = 3.12 and
tand = 4 x 10748 The thickness of the alumina without accounting for the thickness of SWS-AR is chosen
to be 2.4 mm. This is the same as the thickness chosen in MUSTANG-2 alumina filter. We are aware of the
tradeoff in the choice of this thickness for the absorption in the millimeter-wave observational band and in the
THz and IR bands. Also, this plate needs to be rigid enough for machining, handling, and potential stress due to
thermal contraction. The optimal choice in this tradeoff may be different depending on the target experiment.
Therefore, we leave this optimization as a future study for specific applications and employ the thickness from
the successful implementation in MUSTANG-2 in this paper.

The optimization step is the following. Each telescope has two central observational frequencies, v, and
Veh, with the fractional bandwidth of Av/v, and Av/v.,. We take the highest observational band edge in the

p

Figure 2. The definition of geometric parameters of motheye structure that are changeable in the process of design
optimization. Note that while I',, is not a implicit geometric parameter in the structure, varying I',,, gives minor changes
of both geometric structure of motheyes including the curvature of taper and width of the top of structures.
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Table 2. The averaged transmittance at each band is calculated by using two methods: second-order EMT and RCWA
assuming a top-hat band shape with taking into account the loss being tan § = 4 x 10~

(tand = 4 x 107%) LF MF HF
Frequency band [GHz] | 27 | 39 93 | 145 [ 225 [ 280
EMT 0.970 [ 0.988  0.971 [ 0.980 [ 0.971 [ 0.970
RCWA 0.982 | 0.987 | 0.977 | 0.983 | 0.967 | 0.974

Table 3. The parameters used for the laser machining.

Model: Carbide CB3

Maximum power 40 W
Wavelength 1030 nm
Repetition rate 100 kHz
Pulse duration 4 ps
Spot diameter (1/€?) | 30 pum

telescope, vp, = vep (1 + 0.5Av/vp). The pitch of the AR SWS, p, (see Figure 2) is determined by

c/vp,
ng +siné;’

p< (1)
where c is the speed of light, n, is the index of alumina, and 6; is the incident angle of the incoming radiation
with respect to the alumina filter based on the field-of-view. We assumed 6; = 17.5 degrees, which we refer to
the SO field-of-view for a case study.?® As a result, we computed the pitch to be 1.95, 0.52, and 0.27 mm for
Low Frequency band (LF), Middle Frequency band (MF), and High Frequency band (HF), respectively.

The optimal index profile for broadband frequency coverage has been investigated by Klopfenstein.?” We
parameterize the index profile with two parameters, the height h and the profile parameter I',,. We then use
the second-order effective medium theory (EMT) to relate the linear fill fraction to the effective index at a given
height. In this way, we can compute the effective indices as a function of height with the resolution of 200 layers,
and further compute the transmittance from the SWS shape by replacing the stack of multilayer films using the
transfer matrix method (TMM).?8 We repeat this calculation for the given h and T',,. The first row of Figure 3
shows the band averaged transmittance, T; and T},, for two sub-bands in each frequency band. Note that this
transmittance takes into account the loss as tan § = 4 x 10~4. Then, we picked up the minimum value of h which
satisfies both Tj and T}, being greater than 0.97 simultaneously. The averaged transmittance 0.97 is set as a
threshold value for design guidance in each frequency band. This threshold can be set higher or lower depending
on the application, and this choice is not limited by this optimization method. After fixing the value of h, we
extracted corresponding I',,, where both Tj and T}, are greater than 0.97 again.

The second row of Figure 3 shows the resultant SWS profile for LF, MF, and HF on the left panel, and
the index profile on the right panel. Finally, the third row shows the transmittance of the optimized geometry
computed by the second order EMT and TMM and also Rigorous Coupled Wave Analysis (RCWA) based com-
mercial software™ We specifically use the combination of the second-order EMT and TMM for this optimization
due to the advantage of the computational speed as compared to the RCWA even though the second-order EMT
is based on an approximated method. Because of this reason, we computed the transmittance of the selected
geometry using RCWA to ensure that the performance is high enough. The averaged transmittance after the
optimization is summarized in Table 2. Note that the exact averaged transmittance depends on the detailed
shape of the fringe pattern, which is affected by both the SWS shape and the thickness of the native sample,
2.4 mm in our case study. Thus, we should keep in mind this extra parameter space for further optimization.

3. FABRICATION

The 3 x 3 SWS array is fabricated on an alumina plate’ following the designed shape using laser machining. The
detailed laser parameters are listed in Table 3.

*diffractMOD by Synopsys, Inc.
199.5LD, CERATEC CO., LTD.
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Figure 3. The averaged transmittances as a function of height (h) and I'y, in the first row. The SWS profile of the
calculation under specific h and I';,, extracted from the calculations in the first row is on the left of the second row and the
index profile is on the right. Extracted values of h and I'y, are shown in the legend box of the figure for the SWS profile
and the one for the index profile, respectively. The transmittance spectrum from which we obtained the band average
transmittance as the design for each frequency band is shown in the third row. The three columns are for LF, MF, and
HF, respectively. We show the ones calculated by two types of calculation methods: the second-order EMT (red) and the
RCWA-based calculation (green).

The left side of Figure 4 shows 3D plots of the surface of the fabricated structures measured by the confocal
microscopet. On the right panel, the orientations along which each definition of depth is measured is given as
dashed arrows. Only the structure for LF is shown as an example to indicate what fabricated structures look like.
Figure 6 shows the cross-sectional view of the fabricated shape and the designed shape. Also, the derived index
profile from the fabricated structure using the second-order EMT is shown in Figure 7. We further characterized
the shape parameters as summarized in Table 4.

4. RESULTS

We have computed the prospective performance in transmittance by constructing the IR filter model. The IR
model consists of the pyramidal structure applied on both sides of the base alumina. As shown in Figure 6, the
pyramidal shapes are not identical in  and y directions. When the two pyramids are placed on both sides of
the alumina, we rotates one side of the pyramid by 90 degrees with respect to the other side of the pyramid to
symmetrize, as we have demonstrated its effectiveness in Takaku et al.® The pyramid is taken from the center

fKEYENCE, VK-X1000
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Figure 4. Left: 3D image of 3 x 3 SWS for LF fabricated by the laser machining. The structures are scanned by the
confocal microscope. Right: The orientations along which each definition of depth is measured are shown as dashed

arrows.

Table 4. The averaged shape parameters from the nine pyramids are listed for each frequency band. Errors in each row
is the standard deviation of parameters of nine motheyes on each sample.

Shape parameters [mm] | LF | MF | HF
Saddle depth z (d) 3.22 £ 0.01 | 0.89 & 0.003 | 0.45 + 0.02
Saddle depth y (dy) 3.20 £ 0.04 | 0.92 +£0.02 | 0.39 £+ 0.01
Total depth (d;) 4.13 +£ 0.07 | 1.33 +0.01 0.66 + 0.01
Top width z (w,,) 0.43 £ 0.03 | 0.14 £ 0.01 | 0.06 £ 0.004
Top width y (wy) 0.42 £ 0.03 | 0.15 £0.01 | 0.05 £ 0.003
LF MF HF
g 1.00 1.000 1.00
= 5 deg. | \
g 0.951 —— 10 deg. 0.950 0.954
E —— 15 deg. 0.925 1
= —— 20 deg.
0.90 y ; 0.900 T " " T T 0.90 T T T
20 30 40 50 75 100 125 150 175 200 250 300
Frequency [GHz] Frequency [GHz] Frequency [GHz]
0.010
0.010 0.010
0.005 0.0051 0.005 1
a  0.000 0.0001 0.000
—0.005 —0.005 —0.005
~0-01%% 30 40 5o OO0 60 s w0 15 00 260 250 300

Frequency [GHZz]

Frequency [GHz]

Frequency [GHZz]

Figure 5. Predicted transmittance of incident light of p-polarized state and s-polarized state using RCWA and subsequently
calculated IP for each frequency band varying incident angle 0°, 5°, 10°, 15°, 20°. The calculations are made under the
assumption that SWS is fabricated on both sides of the alumina plate and one is rotated by 90° about the vertical axis,
and the thickness of the substrate between two coating layers is 2.4 mm.
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Figure 6. Overlap of cross-sectional view of the fabricated shape (solid line) for each direction; x direction, y direction,

and diagonal direction over the designed shape (dashed line). Cross-sectional view of the fabricated shape is average of
cross-sectional data of all nine pyramids.
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Figure 7. Overlap of index profile of the fabricated shape (solid line) and Klopfenstein-based design (dashed line) for each
three frequency band.

Table 5. List of the averaged transmittance and the instrumental polarization for each incident angle.

Frequency band [GHz|
LF MF HF

Incident angle [ 27 | 39 93 | 145 | 225 | 280

0, =0° 0.976 | 0.989 | 0.980 | 0.973 | 0.973 | 0.963

0; = 5° 0.976 | 0.989 | 0.980 | 0.973 | 0.973 | 0.963

T 0; = 10° 0.975 | 0.989 | 0.980 | 0.973 | 0.973 | 0.963
0; = 15° 0.973 | 0.989 | 0.979 | 0.973 | 0.972 | 0.964

6; = 20° 0.970 | 0.989 | 0.978 | 0.973 | 0.972 | 0.965

0; = 0° 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

0; = 5° 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

IP 6; = 10° 0.000 | 0.000 | 0.000 | -0.001 | 0.001 | 0.001
0; = 15° 0.000 | 0.000 | 0.001 | -0.002 | 0.001 | 0.002

0; = 20° 0.001 | -0.001 | 0.003 | -0.003 | 0.003 | 0.004
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SWS

Figure 8. The schematic image of incident angle and polarization.?® ¢ is the rotational angle of incident light about z

axis of SWS. 6; is the incident angle, and translucent red areas on xz plane and yz plane indicate the incident planes at
each ¢.

of the 3 x 3 SWS array as a representative SWS. The base alumina thickness is chosen to be 2.4 mm. This is
one of the optimization parameters when an IR filter designer optimizes for specific applications.

Figure 5 shows the RCWA based predicted transmittance spectrum for five different incident angles over the
relevant frequency range using the diffractMOD. We also compute the instrument parameter called ”instrumental
polarization (I P)”, the measure of the conversion fraction from the unpolarized light to the polarized light as

_ Ts(v) =Tp(v)

TP0) = 250y + Tr ()

(2)
where Tp and T are transmittance of p-polarized and s-polarized incident light, respectively. The polarization
direction of p-polarized state and s-polarized state are defined in Figure 8. Predicted optical performance in

band average transmittance and band average of I P for each of two sub-band in each frequency band is shown
in Table 5.

5. DISCUSSIONS

The focus of this paper was the demonstration of the design procedure, the design and fabrication feasibility,
and the simulation-based forecast of the transmittance and instrument polarization based on the fabricated
structures. Due to the faster iteration process, we made only the small SWS array as shown in Figure 4. This
may leave a question of the uniformity over the larger surface area, thus we fabricated the AR SWS for MF on
the alumina disk over the diameter of 60 mm, and characterized the variation of the shape parameters within
this area. Note that the eventual goal for this technology is to be applied to even larger diameter, > 0.5 m which
is beyond the scope of this paper, and leave that to future studies.

Figure 9 shows the fabricated area of AR SWS array and the locations where the conformal microscope images
were taken. The five locations, area 1 (center), area 2 (north), area 3 (east), area 4 (south), and area 5 (west),
contain about 1300, 1100, 600, 800, and 500 pyramids, respectively. We extracted the geometrical parameters of
the saddle height in x and y and the total height as average of motheyes in each of five areas shown in Table 6
with standard deviations. Figure 10 shows the histograms of the parameters from all pyramids of five areas.
The distribution is consistent with the normal distribution. We extracted the mean and the sigma by fitting the
Gaussian shape, and the fitted parameters are summarized in Table 7. The 1o variation is within 1-2%.
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Figure 9. Schematic of sample filter for MF band in a diameter of 60 mm. Confocal microscopy measurements were
conducted in five yellow-shaded areas shown on the left. Each measured image is shown on the right.

Table 6. The average of shape parameters of SWS from each five yellow-shaded area in the alumina disk of the diameter
of 60 mm. Errors in each row is standard deviation of parameters of all motheyes in each area.

Shape parameters [mm] | 1. Center | 2. North |

3. East \ 4. South \ 5. West

Saddle depth z (
Saddle depth y (

dy) 0.90 £ 0.02 | 0.90 & 0.02 | 0.90 = 0.02 | 0.90 £ 0.02 | 0.89 % 0.02
dy) 0.92 £0.02 | 0.92 £ 0.02 | 0.94 £ 0.02 | 0.93 £ 0.02 | 0.94 + 0.02

Total depth (d) 1.29 £ 0.02 | 1.28 = 0.02 | 1.30 = 0.02 | 1.31 £ 0.02 | 1.30 £ 0.01
800 A 8007 800 |
700 7007 700
600 | 6007 600 1
w3007 2297 500 1
< S | kS
g 400 S 400 5 4001
300 3001 3001
2001 200 200
100 1 100 4 100 |
0 . . 0- 0 ‘
0.9 1.0 0.9 10 1.2 1.3 1.4
dy [mm] dy [mm] di [mm]

Figure 10. The histograms of extracted geometric parameters from all the selected areas with 4300 pyramids. The means

and standard deviations of each fit are listed in Table 7.

Table 7. Mean values and standard deviations of each geometric parameters in mm obtained by fits of 4300 pyramids’

histograms.
Shape parameters

MF

Saddle depth z (d) [mm]
Saddle depth y (dy) [mm]
Total depth (d;) [mm)]

0.90 £ 0.02
0.92 £ 0.02
1.29 £ 0.02

Table 8. The volume removal rate at each band.

LF

MF | HF

VRR [mm?/min.] | 19.8

134 | 3.2
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6. CONCLUSIONS

The AR SWS on alumina are designed, fabricated, and evaluated for use as an IR absorptive filter of ground-
based CMB polarization experiments. We set the required transmittance of 97% for three typical ground-based
millimeter-wave observational bands, LF, MF, and HF. Based on the design using the second-order EMT, we
fabricated the 3 x3 pyramidal structures and measured their shapes using the confocal microscope. The forecasted
transmittance using the RCWA simulator shows the band-averaged transmittance of 0.97 or above in all the
bands for the range of the normal incident light to 20 degrees. We also computed the fractional difference of
the transmittance between the p-state and the s-state, instrumental polarization, and the band averaged the
instrumental polarization as at most =4 x 1073. The fabrication time, quantified as a Volume removal rate
(VRR), is computed based on the fabrication time of the 3 x 3 structures. The VRR for LF, MF, and HF were
19.8, 13.4, and 3.2 mm? /min, respectively as shown in Table 8. These results make this technology establish the
path forward for the laser-ablated SWS AR for an IR filter in future ground-based CMB polarization experiments.
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