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Abstract The high frequency telescope (HFT) for LiteBIRD is designed with refractive and
reflective optics. In order to improve sensitivity, this paper suggests the new optical config-
urations of the HFT which have approximately 7 times larger focal planes than that of the
original design. The sensitivities of both the designs are compared, and the requirement of
anti-reflection (AR) coating on the lens for the refractive option is derived. We also present
the simulation result of a sub-wavelength AR structure on both surfaces of silicon, which
shows a band-averaged reflection of 1.1 —3.2 % at 101 - 448 GHz.

Keywords Cosmic microwave background radiation, Inflation, Satellite, Telescope

1 Introduction

LiteBIRD is a satellite mission to be launched by JAXA in the middle of the 2020s for
verifying the inflation at the beginning of the universe via the B-mode polarization of the
cosmic microwave background (CMB)[1,2]. The precise measurement of the B-mode sig-
nal requires the removal of contaminating polarized emissions, which mainly come from
synchrotron and thermal dust. In order to separate these foreground emissions, LiteBIRD
observes in frequency bands of 34 - 448 GHz with a low frequency telescope (LFT) and
high frequency telescope (HFT). The frequency coverages of the LFT and the HFT were
originally 34 - 270 GHz and 238 - 448 GHz, respectively[3]. The accuracy of the fore-
ground subtraction depends on the sensitivity of the observation band [4], and it strongly
correlates with the number of detectors arranged in the limited focal plane area. To obtain a
sensitivity gain, the focal plane area needs to be expanded by enlarging the size of the HFT.
Expanding the focal plane area gives another advantage that it increases the sensitivity over
an even broader frequency range, from 100 GHz to 448 GHz covering the CMB spectra
over 100 GHz. To realize such a broadband frequency coverage, a broadband AR coating
should be developed on the lens if we choose a refractive design as the original design. The
reason is that the reflection at a lens surface ( for example, silicon causes approximately
30 % reflection ) makes a loss of the observation efficiency. Another option is to adopt re-
flective optics in order to avoid the concern about reflection of lenses. A comparison of the
sensitivities of the options depends on the performance of the lens reflection. Therefore, in
order to achieve a trade-off between these designs, it is necessary to set the requirement of
lens reflection and to find out the AR coating of lens that meets this requirement.
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2 Original Design of HFT

The schematic diagram of the original design of HFT is shown in Fig. 1. The optical de-
sign of the HFT basically follows that of typical refractive telescopes for CMB observations
[5-7]. The HFT consists of a continuous - rotating half wave plate ( HWP ) [8], two silicon
lenses, and feedhorn-coupled focal plane detectors [9]. The diameters of the objective lens
and field lens are 245 mm and 175 mm, respectively, and their central thicknesses are 15.7
mm and 13.6 mm, respectively. In order to suppress thermal emissions from the optical ele-
ments, all the components are cooled down to less than 5 K. The superconducting detectors
at the focal plane are required to operate at 100 mK including the optical loading. A 2 K
aperture stop suppresses thermal loading of the spillover at the entrance pupil. The optical
components are covered by millimeter-wave absorbers, which are pasted on the inner wall
of the optics tube.

||
Cold aperture stop w
2K ™ 7 Hwp
~ 5K
Objective Lens Tx III
5K 1
1
I
|
Optics tube
y 5K
Field L i
ield Lens—_| 1
5K —
Focal plane
detector unit
100mK

Fig. 1 Schematic view of the original design of HFT.

3 Large-Broadband HFT Designs
3.1 Optical Design

Figure 2 shows the candidates of the large HFT with refractive optics and reflective optics.
The optical elements of the refractive design are similar to those of the original design [3].
The diameters of the objective lens and field lens are 324 mm and 402 mm, respectively, and
the central thicknesses are 19.8 mm and 26.4 mm, respectively. The reflective option with the
Cross-Dragonian optical design [10] consists of a 675 mm x 585 mm primary mirror and a
656 mm x 600 mm secondary mirror. The optical parameters of each design are summarized
in Table 2. The focal plane areas of the original, large refractive, and reflective designs are
81.7 cm?, 616 cm?, and 681 cm?, respectively. Figure 3 shows the focal plane area of each
design and the wafer arrangements on the assumption that the circumdiameter of the wafer is
100 mm. The Strehl ratios ( the ratio of peak diffraction intensities of an aberrated wavefront
to an ideal one ) of the original and large refractive designs were evaluated as shown in Fig.
4, and they were found to be more than 0.98 and 0.94, respectively.
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Focal plane

X/
X

7
XSRNT
RKK /

Secondary Mirror

Objective Lens Field Lens

Fig. 2 (Left) Optical design of the large refractive HFT. (Right) Optical design of the reflective design. (Color
figure online.)

Table 1 Optical parameters of the HFT designs. F /# represents the ratio of the effective focal length to the
aperture diameter of an optical system.

Model Aperture Diameter | F/# | Field of view | Focal plane area
[mm] [deg’ ] [ mm’ ]
Original design 200 22 ¢ 13 ¢ 102
Large refractive design 300 22 ¢ 24 ¢ 280
Reflective design 300 3.5 20 x 10 370 x 184

Fig. 3 Focal plane areas of the original (Left), the large refractive (Center), and the reflective (Right) de-
signs and their wafer arrangements. The circular and rectangle geometries of the focal planes depend on the
geometrical acceptances of the lenses and mirrors, respectively. (Color figure online.).

13 deg. X 13 deg. 24 deg. X 24 deg.

Fig. 4 Strehl ratios of the original (Left) and the large refractive designs (Right) at 450 GHz. (Color figure
online.)

3.2 Sensitivity Estimation

We assume that the frequency coverage of the broadband HFT is 101 - 448 GHz, and it
is divided into 6 observation bands. The center frequencies and bandwidths of these bands
are given in Table 3. To compare the available sensitivity for the broadband refractive and
reflective options, the optimized pixel sizes of the detectors [11] in each band is evaluated
for both cases under the assumption that the circular pixels are close-packed in a hexagonal
area having a circumdaimeter of 94 mm with a spacing of 1.0 mm between the edges of each
pixel, and with a single band feed-horn coupled to the detector. We note that, with a more



Concept Study of Optical Configurations for High Frequency Telescope for LiteBIRD 7

practical arrangement, a multi-chroic lens is applicable to the bands of 119, 166, and 235
GHz, as is the case with the detectors for the LFT [12]. In this calculation, the detector noise
consists of optical power loading, thermal carrier noise of the bolometer, and readout noise.
The optical noise is calculated on the assumption that the CMB passes through a sapphire
HWP and a couple of mirrors or silicon lenses, and is absorbed by a detector, which has a
detection efficiency of 70 % (The coupling between the antenna and the transmission line,
the loss of the microstrip line, and the efficiency of the band pass filter are considered ).
The temperatures of the HWP, the mirrors, and the lenses are 5 K. The scattering of the mir-
rors and the reflections of the HWP and the lenses are terminated by the 5K absorbers. The

spillover at the aperture stop is terminated at 2 K. The spillover efficiency at the aperture 1,

is given by 14y = 1 —exp(— %Z(Rw%)z) [13], where D is the pixel diameter, R,, is the ratio

of D to the beam waist size, and A is the wavelength. Here we assume that R,, = 3.1 [14].
The equation of 7, allows us to calculate the noise equivalent power (NEP) comes from
the optical loading NEP, as a function of the pixel diameter. The NEP originating from
the thermal carrier noise of the bolometer NEP, is estimated as NEP; =7.31 x 10712 Popt
[13], where P, is the optical power loading. We assume that the NEP of the readout com-
ponent NEP .4 is 4.0 aW/ v/Hz in all the bands [15]. The total NEP of the single detector

NEP, is expressed as NEP, = \/ NEP%pt +NEP§ +NEP2_ . The optimized pixel size is

read”

determined by the minimum value of the noise equivalent temperature (NET) on the CMB

(NETemp), which is given by NETemp = % [16]. The NET of each band NET,

is defined as NETay = NETmp/+/Naet, Wwhere Ny is the number of detectors on a single
hexagonal wafer, and it is twice as many as the number of pixels, because a single pixel has
2 polarimeters.

The achievable sensitivity of the broadband refractive and reflective designs are shown
in the left part of Fig. 5. They are evaluated in such a way that each band takes the best sensi-
tivity by choosing the optimized pixel diameter. If there are no constraints on the number of
detectors and it is limited only by the focal plane area as shown in Fig. 3, the refractive op-
tion shows better sensitivity in all the bands compared to that of the reflective option, when
the reflection of lenses (Ry.,;) are suppressed to less than 2 %. However, the total number of
detectors is an important evaluation criteria, since a higher number of detectors necessitates
a higher number of readout systems and greater cooling power. As shown in the right part
of Fig. 5, when Ny is limited to that for the reflective option, the NET,,, of the refractive
option is 10 % higher than that of the reflective option at the highest frequency band, when
Riens = 0.02. The NET,,; at the lowest frequency band contrastively shows a 20 % advan-
tage. Therefore, the reasonable requirement for lens reflection should be R, < 0.02. The
pixel size and the number of pixels per wafer for both situations of the refractive option are
given in Table 3.

4 Anti-Reflection Coating of Silicon Lens

From the above discussion, it is seen that the AR coating of the silicon lens for the broad-
band refractive HFT requires less than 2 % reflection. To achieve uniform AR performance
in the broadband range, the Chebyshev transformer [18] is used for the AR coating of the
lens. The AR performance of multi-layer dielectric thin films is simulated by using ANSYS
HFSS [17]. At least 4 layers of coatings are necessary on both surfaces to meet the require-
ments of AR coating for the broadband HFT. The reflective index n; and the thickness ¢#; of
the i-th layer are designed as listed in Table 4. Applying a sub-wavelength structure (SWS)
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Table 2 Parameters for sensitivity calculation

[ Parameter [ Refractive | Reflective |
Fr# 2.2 3.5
Thickness of HWP 27 mm 27 mm
Refractive index of HWP 3.24 3.24
Loss tangent of HWP 5.0x 1073 5.0%x1073
Reflection of HWP 0.02 0.02
Resistivity of mirror 1.39x 1073Q
Surface roughness of mirror 2.0 um
Thickness of lens 23 mm
Refractive index of lens 342
Loss tangent of lens 5.0x 1073
¥ 10 —e— Reflective ¥ 10 —e— Reflective
= 9 —=— Refractive, R__=0.05 = 9 —=— Refractive, R__=0.05
X 8 —a— Refractive, R‘ens =0.02 X 8 —=— Refractive, R_ = 0.02 i
= 7 Refractive, R‘ens =0.01 = 7 Refractive, R__=0.01
= 6 = 6
25 Zs
4 S~ /c// 4 S
— ~— %" "\\'\ [
3 — 3
2 i 2
ol4 ol4
£1.2 i =12 .
o 1 — e - i -
0.8 === 0.8 =
0600180 200 250 3 06900150 200 250 3

350 400 350 400
FF‘equency [GHz] FF‘equency [GHz]

Fig. 5 (Left) Achievable sensitivities limited by the focal plane area. (Right) Sensitivities limited by the same
number of detectors as the reflective option in each band. The bottom panels in both figures show the NET
ratio of the refractive of corresponding colors to the reflective. The data points in both upper panels represent
the NET,,, per single wafer. (Color figure online.)

Table 3 Pixel size and the number of pixels per wafer in each band of the refractive option.

Center Limited by Limited by
frequency | Band width the focal plane area the number of detectors
[GHz] (Av/v) Pixel size | Number of pixels | Pixel size | Number of pixels
119 0.30 7.5 91 12.4 37
166 0.30 6.2 127 9.4 61
235 0.30 45 217 6.2 127
280 0.30 39 271 6.2 127
337 0.30 34 331 52 169
402 0.23 3.0 397 4.5 217
Total 1476 738

to realize similar performance as that of multi-layer AR coating is a powerful method in
cryogenics applications, since it is possible to realize a SWS made of the same material as
a lens. Therefore, there are no differences in thermal expansion between the material of the
lens and AR layers. The left part of Fig. 6 shows the model of the discrete 4-layer SWS. The
pitch of the pillars is designed to be 180 um so that the 0" order diffraction appears at 500
GHz. Each layer has the same thickness as that of the thin-film design, and the filling rates
of the structures are designed such that their effective refractive indices are consistent to that
of the thin-film [19]. The reflective indices of the SWS and dielectric thin-film have different
frequency dependencies, therefore, the filling rate of each layer of the SWS is adjusted in
such a way that the refractive indices of the corresponding layers for both cases match at the
center frequency of 275 GHz. The expected performance of the 4-layer SWS simulated by



Concept Study of Optical Configurations for High Frequency Telescope for LiteBIRD 9

the HFSS is shown in the center part of Fig. 6. There is a mismatch in the reflectance above
350 GHz, since each layer shows the inconsistency of the reflectance between the thin-film
and SWS at high frequency as shown in the right part of Fig. 6. The possible reason of it is
the diffraction effect originating from the periodic structure of the SWS. The band-averaged
reflectances of the thin-film and SWS are summarized in Table 5. The thin-film achieves
less than 2 % of reflection in all bands, however, the SWS does not satisfy this requirement
at 166 GHz and 402 GHz. Therefore, further optimization of the structure is needed.

The 2-layer silicon SWS with a dicing saw [20,21] and etching process [22] have al-
ready been performed. In the case of the multi-layer SWS as presented in this paper, etching
process can be one of the solution, due to its high aspect ratio and precise structure comes
from high frequency coverage beyond 400 GHz. A silicon structure which has aspect ratio
more than 1:50 fabricated by deep reactive-ion etching has been reported by [23,24].

Table 4 Parameters of 4-layer thin-film AR coating.

Layer vacuum | Ist | 2nd | 3rd | 4th | substrate

n; 1.00 1.24 1.60 | 2.13 | 2.74 3.42
d; [um] 219 171 128 100
« el 4-layer thin film o ;;w’sﬁ'm
i B e AR
— Hlayer SWS (AT AYATARAYANAvi FAATATA TR IS
E [} MR RIRIBTRIAIRIRIAIR RN
! NISH 3| 1 R
b Ml S 0 B
i nn ! I o1 L% | ;
EIAAFVAA__ANNA s Ll i
00 150 200 250 ~ 300 350 400 450 500 Q00780 200 250 300 350 400 . 450
Frequency [GHz) Frequency [GHZ

Fig. 6 (Left) 4-layer descrete SWS. (Center) Reflectances of the SWS and dielectric thin-film on both surfaces
of silicon. (Right) Comparison of the frequency dependency of the reflectance between the SW'S and dielectric
thin-film of the first layer. (Color figure online.)

Table 5 Expected band-averaged reflection of the thin-film and SWS on both surfaces of silicon.

Center frequency [GHz] 119 166 | 235 | 280 | 337 | 402
Reflection of thin-film [%] 0.7 2.0 0.8 1.6 1.2 14
Reflection of SWS [%] 1.5 32 1.1 1.8 1.1 2.8

5 Conclusion

The conceptual designs of the HFT, including large and broadband refractive and reflective
designs, were discussed. The performance of lens reflection is a key parameter for evaluating
the trade-off between the refractive and the reflective options. The refractive design requires
less than 2 % lens reflection to achieve an equivalent sensitivity to that of the reflective
design with the same number of detectors. The expected performance of the 4-layer SWS
type AR coating is demonstrated, and it shows a band-averaged reflection of 1.1 - 3.2 % at
100 - 450 GHz.

Acknowledgements This work was supported by MEXT KAKENHI Grant Number 17H01115 and 15H05891.
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