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Abstract—Wideband continuum observations at the millimeter
and submillimeter wavelengths are of great importance to the
understanding of the cosmic history of star-formation across the
Hubble time, as well as the thermal and non-thermal aspects
of clusters of galaxies through the Sunyaev-Zel’dovich effect. To
promote such studies, a new TES bolometer camera for the ASTE
telescope has been developed. In this article we present the study
of the optics system that will couple the camera to the telescope’s
Cassegrain optics. Two-color simultaneous observation capability
and 7.5 arcminute diameter FoV are achieved. These two focal
planes are used for the 270 and 350 GHz Bands for Phase I, and
the 350 and 670 GHz Bands for Phase II configurations. The
numbers of pixels are 169, 271, and 919 pixels for 270, 350, and
670 GHz Bands, respectively. The shape of the third ellipsoid
mirror is optimized, and the designed optics is foreseen to be
diffraction limited. The optics is also evaluated via physical optics
calculations, and the diameter of the cold pupil is optimized to
85% of the geometrical design. Without filters and Ruze losses,
the aperture efficiencies of each beam are ∼35%, 35%, and 32%,
and the beam sizes are ∼28, 22, and 12 arcseconds, for the 270,
350, and 670 GHz Bands, respectively.

Index Terms—Submillimeter wave, astronomy, optics

I. INTRODUCTION

IT is of great importance to astronomy and astrophysics

to understand the star-formation history of galaxies from

distant to nearby (from early to recent universe), and the evo-

lution of cosmic large scale structure. The redshift distribution

of (sub)millimeter-bright galaxies (SMGs) is a clue to under-

standing the cosmic star-formation history. Understanding of

the physics of the interstellar media in the Milky Way and

nearby galaxies is also important in revealing the masses or
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density structures of molecular gas in which stars are formed.

Spatial and kinematic structures of galaxy clusters obtained

via high-resolution mapping of the Sunyaev-Zel’dovich (SZ)

effect enable us to probe the dynamic evolutional history of

clusters.

There is a sizable number of studies (e.g., Coppin et al.

2006 [1]) of SMGs, clusters of galaxies, nearby galaxies, and

Milky Way sources using SCUBA on JCMT [2], MAMBO

on IRAM 30-m telescope [3], Bolocam on CSO [4], and

AzTEC on JCMT [5]. The AzTEC instrument mounted on

the ASTE telescope has enabled wide and deep observa-

tions of over 1 deg2 area down to 0.5–1 mJy/beam depth,

and more than 1000 SMGs have been detected at the 1.1

mm wavelength [6]–[14]. Recent developments of the large

formatted submillimeter bolometer arrays, such as SCUBA2

on JCMT [15] and LABOCA on APEX telescope [16], will

open a window to large and deep surveys at submillime-

ter wavelength. The Spitzer Space Telescope [17] and the

Herschel Space Observatory [18] are surveying large areas

from near- to far-infrared wavelengths (≤ 500µm). While

the Atacama Large Millimeter/submillimeter Array (ALMA)

provides the highest angular resolution and sensitivity, its field

of view (FoV) is quite limited. Under such circumstances,

multiband photometry by array receivers at millimeter to

submillimeter wavelengths is critical to defining the spectrum

energy distributions (SEDs) of these objects. Thus, we aim to

develop a new millimeter and submillimeter bolometer camera

for the ASTE telescope.

The Atacama Submillimeter Telescope Experiment (ASTE)

[19], [20] is a 10-m submillimeter telescope located at an

altitude of 4860m at Pampa la Bola in the Atacama Desert

in northern Chile. The Atacama Desert is one of the best

sites for millimeter and submillimeter wave astronomy due

to its high atmospheric transmission [21]. Among the viable

atmospheric windows at the Atacama Desert, we carefully

chose the 270, 350, and 670 GHz atmospheric windows.

These three frequency windows are suitable for detection

and redshift determination of SMGs from SEDs. Furthermore,

the multi-color optics system that is capable of simultaneous

observations of two or three frequency bands will improve

the observing efficiency and calibration capability. Therefore,

it is necessary to design and develop a re-imaging optics to

couple the focal plane bolometers to the Cassegrain optics of

the ASTE telescope.

In this paper, we report the details of the optics design of

the multi-color continuum camera for the ASTE telescope.
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TABLE I
OBSERVING BANDS OF NEW BOLOMETER CAMERA FOR ASTE

Bands Frequency range Band width
(GHz) (GHz)

270 GHz Band 244–294 50
350 GHz Band 330.5–365.5 35
670 GHz Band 630–710 80
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Fig. 1. Normalized observing bands of the new continuum camera for the
ASTE telescope. The solid curve is the atmospheric transmission the Atacama
Desert [21] under best conditions (0.284 mm pwv).

In Section II, considerations and detailed optics design are

described. In Section III, evaluations using physical optics are

described and we discuss the results. We give a brief summary

in Section IV.

II. OPTICS DESIGN

In this section, we describe the requirements for the optics

design, the preliminary design, the detail design, and the

comparison of simulated performance with the requirements.

A. Requirements and Constraints for Optics Design

1) Scientific Requirements: A large FoV is necessary for

both fast mapping speed and the retrieval of weak and ex-

tended astronomical signals. For ground telescopes, signals

from astronomical objects are buried under strong atmospheric

emission. The atmospheric emission is usually removed utiliz-

ing the fact that it is seen over the whole array while the

astronomical object is confined to some extent. Therefore,

a considerable fraction of extended astronomical emissions

whose sizes are comparable to or larger than the FoV are also

removed [22].

The bandwidths are determined to be as wide as possible

while avoiding the water vapor absorptions to achieve good

sensitivities. The frequency bands are summarized in Table I,

and the passbands are shown in Figure 1 with the atmospheric

transmission curve at the ASTE site.

2) Limitations from detectors: The focal plane detectors,

Transition Edge Sensor (TES) bolometer arrays, were designed

based on the South Pole Telescope 150 GHz arrays [23] and

modifications to match higher frequencies were introduced

[24]. The major diameter of a hexagonal wafer is set to 85

TABLE II
HORN DIMENSIONS

Phase I I/II II
Band 270 GHz 350 GHz 670 GHz

Aperture diameter (mm) 3.65 3.65 1.815
Total flare angle (degree) 12.7 12.7 12.7
Flare length (mm) 16.50 16.50 8.205

mm to fit in a 4-inch fabrication process, which imposes the

maximum focal plane size to be 70 mm in diameter when

considering the wiring space. A maximum of 448 and 1152

readout channels are available for Phase I and II, respectively.

We adopt the identical array design for the 270 and 350 GHz

wafers to save design cost and time, hence the same pixel

separation. In this case, the numbers of pixels of hexagonal

arrays are 271, 271, and 919 pixels for the 270, 350, and 670

GHz Bands, respectively. We can use only the central 169

pixels for the 270 GHz Band because of the limitation of the

readout number in the Phase I operations. The diameter of the

central 169 pixels of the 270 GHz Band wafer corresponds to

55 mm.

TES bolometer arrays are coupled to free-space via conical

horn arrays. This requires a flat focal plane and image-side

telecentric optics. The aperture diameter of the horn is set

by the separations of bolometers. The flare angle of 12.7

degrees is chosen to use the same tooling as for the APEX-

SZ instrument [25]. The parameters of the conical horns are

shown in Table II.

3) Limitations from the Receiver Cabin of the ASTE Tele-

scope and the Cryogenics: First, all the optics components

and the cryostat should fit in a receiver cabin which is

approximately 1.9 m in length × 2.2 m in width × 1.8 m

in height, with one of its corner spaces occupied by a 19-

inch standard rack (Figure 5). Second, it is a Cassegrain

cabin, which tilts in accordance with the elevation angle of the

telescope (Figure 2). In addition, the cooling power of pulse-

tube cooler used as a pre-cooler to 4K varies with orientation

and constrains the tilt angle to 30 degrees. Therefore, the

optical axis of the cryostat is tilted 30 degrees from that of the

telescope to maximize the observable elevation angle range,

from 30 to 90 degrees, while keeping the pulse-tube cooler

within 30 degrees of vertical.

B. Preliminary Design

Under these requirements and limitations we design an

optics that couples to the Cassegrain system of the ASTE

telescope whose antenna parameters are summarized in Table

III. The ASTE telescope has a classical Cassegrain optics

whose F-number is 8.878. Figure 3 shows the relationship of

the Cassegrain system and the receiver cabin. The Cassegrain

focus is located above the ceiling of the receiver cabin, and

rays reflected by the main- and sub-reflectors go into the

receiver cabin while outspreading. Thus, it is necessary to have

a re-imaging mirror in the receiver cabin.

The re-imaging mirror is designed as an ellipsoidal mirror

to refocus the outspreading rays into a focal plane in the
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Fig. 2. The ASTE telescope. The Cassegrain system consists of a 10-m main-
reflector and a 620-mm sub-reflector. The receiver cabin and the Cassegrain
system move together with the elevation angle.

TABLE III
ANTENNA PARAMETERS OF ASTE TELESCOPE

Main-reflector dia. 10 m

Sub-reflector dia. 620 mm

F/# 8.878
Surface accuracy 19 µm r.m.s.
Mainbeam efficiency 0.6-0.7 (350 GHz)
Beam size 22” (350 GHz)
Pointing accuracy 2” r.m.s.

cryostat. Figure 4 shows the optics in the receiver cabin.

Due to the limited space available in the receiver cabin and

to minimize the number of optical elements, this ellipsoidal

mirror is located very close to the floor of the receiver cabin,

and requires an aperture diameter of 560 mm (Figure 5). The

achieved 7.5 arcminutes FoV is the maximum possible size

under the limitations of the available receiver cabin space.

The cryostat window is placed at a certain position to avoid

the interference with rays between the sub-reflector and the

re-imaging ellipsoidal mirror. This position limits the size of

the cold optics to about a 500 mm cube.

Figures 6 and 7 show the cold optics inside the cryostat and

its schematic diagram. Incident rays are divided into two bands

by a metal mesh dichroic filter [26] that is placed at the pupil

to reduce the filter aperture size. This is a key component to

realize simultaneous multi-color optics without reducing the

observing efficiency. However, the small inclination angle of

the dichroic filter to the incident principle ray is required to

keep good transmission and reflection characteristics, thus we

limit it to 25 degrees. This is a strong constraint to realize

simultaneous three band optics in the physical space available

for our cryostat. Therefore, we concentrate on the design for

the simultaneous two bands observations. Hereafter, we will

refer to the reflected band as “Band 1” and the transmitted

band as “Band 2”. The orthographic views of Bands 1 and 2

are shown in Figures 8 and 9. We assign these bands to the 270

and 350 GHz Bands, respectively, for Phase I configuration,

and to the 670 and 350 GHz Bands, respectively, for Phase II

configuration (see also Table VI). We use low pass and high

pass dichroic filters for Phase I and Phase II, respectively.

Fig. 3. Physical relationship of the Cassegrain system to the receiver cabin.

Fig. 4. Side view of the receiver cabin and optics cut along the incident-
reflected plane of the ellipsoidal mirror. The ray from the Cassegrain system
focuses near the ceiling of the receiver cabin.

The holder of the dichroic filters is blackend with the Stycast

2850FT filled with SiC grains of size ∼ 1000 µm [27], which

works as the cold pupil to reduce the optical load on the

bolometers. The optimization of its size is described in Section

III-C1, and has 85% of the diameter of the geometrical pupil.

The rays split by the dichroic filter are reflected by plane

mirrors respectively to make a compact cold optics. In each

band, a dielectric lens is placed between the dichroic filter and

a horn array to make a telecentric system and to fit the size of

the focal plane. For Band 1, an additional flat mirror is used

between the dielectric lens and the horn array.

C. Detail Designs and Optimization

1) Iterative Optimization of the Re-Imaging Ellipsoidal

Mirror (The Third Mirror “M3”): The preliminary ellipsoidal

mirror causes large aberrations especially at the edges of the

field of view, and modification is necessary to realize the

diffraction-limited performance over the FoV and all frequency

bands. We optimize the shape of the third mirror as a modified
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Fig. 5. Top view of the receiver cabin and optics. The space occupied by
the 19-inch standard rack limits the maximum size of the third re-imaging
mirror.

Fig. 6. Side view of Phase II cold optics cut along the incident-reflected
plane of the ellipsoidal mirror. The ray reflected by the ellipsoidal mirror
goes through the 300 K, 50 K, and 4 K windows. The dichroic filter divides
incoming rays into two bands, and each ray is focused after flat mirrors and
HDPE lenses.

Fig. 7. Schematic diagram showing optical components in the cryostat. The
beams divided by dichroic filter into higher and lower frequency bands are
focused with dielectric lenses, and coupled with conical horns.

Fig. 8. The orthographic views of Band 1 (670 GHz) cold optics. The 270
and 670 GHz Bands are operated in Phases I and II respectively.

Fig. 9. The orthographic views of Band 2 cold optics. 350 GHz Band is
operated in Phase I and II.

ellipsoid that is expressed as:

z(r) =
cr2

1 +
√

1− (1 + k)c2r2
+a1r+a2r

2+a3r
3+a4r

4+a5r
5

where r is distance from the major axis z of ellipsoid, c is the

curvature (c = 1/R where R is the curvature radius), k is the

conic constant, and ai(i = 1 − 5) represents the polynomial

modification coefficients. These modification parameters are

optimized using ZEMAX [28], a ray tracing software. In

ZEMAX, the merit function, which correlates to the lateral

aberration, is used as an index for this optimization and

is minimized. The merit function has five parameters that

correspond to the coefficients of fifth order polynomials.

After the optimization of the third mirror, it is necessary

to check not only the imaging quality over the FoV and all

frequency bands but also the space limitations in the receiver

cabin and cryostat. We manually adjust the design over many
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optimization cycles by hand to satisfy these conditions. Fi-

nally, this results the optimized modified ellipsoidal mirror

with the following parameters:

R = 1879.702mm,

k = −0.118,

a1 = 0.317,

a2 = −2.157× 10−5,

a3 = −3.890× 10−8,

a4 = −1.684× 10−12,

a5 = 1.973× 10−15.

Parameters before the above optimization are R =
1879.702mm, k = −0.118, and all polynomial modification

coefficients, ai = 0 (i = 1 − 5). This corresponds to an

ellipsoid whose length from the telescope’s Cassegrain focus

to the third mirror is 2213.714 mm and from the third mirror

to another focus is 2050 mm with a reflection angle of 20

degrees. The optimization terms change the incident angle to

the third mirror to 13.01 degrees.

2) Dielectric Lens: High density polyethylene (HDPE) was

chosen as a material for the dielectric lenses because of its

low absorption coefficient at millimeter to submillimeter wave-

lengths [29]. Since the physical properties such as thermal

contraction and refractive index of polymers can vary by

manufacturing process, lenses were designed based on the

measurement of these properties.

To estimate the thermal contraction rate of our HDPE

sample from 300 K to 4K, the sample was immersed in

liquid nitrogen and the thermal contraction rate to 77 K was

measured to be 1.91±0.02 as a lower limit. To obtain the upper

limit, we extrapolate this value to 4K by using the thermal

contraction rate of Teflon [30], which is larger than that of

HDPE. Hence we conclude the thermal contraction rate from

300 K to 4 K of HDPE to be 2.0 ± 0.1 percent, which is

consistent with previous studies [31].

The refractive indices of the HDPE at ∼ 20 K were

measured using the Fourier transform spectrometer (FTS) and

Indium Antimonide (InSb) bolometer. To avoid inhomogeneity

in our 200 mm diameter HDPE sample due to porosity, the

porous inner 100 mm diameter was not used and test pieces

were cut out from the diameters between 110–125 mm and

175–200 mm. The measured refractive indices showed no

positional variation and are 1.534±0.002, 1.540±0.002, and

1.555±0.002 at the 270 GHz, 350 GHz and 670 GHz Bands,

respectively, we regard these values as the same at 4K.

Furthermore, the refractive index of HDPE causes a reflec-

tive loss of ∼ 4 percent which leads not only to decrease in

observational efficiency but also to the generation of standing

waves and scattered light inside the cryostat. To reduce the

surface reflection, lenses have machined antireflective surfaces

with concentric circumferential grooves of triangular cross

sections. The groove size dimensions are calculated based on

the second-order effective medium theory [32]–[34], which

resulted in depths of 222 and 171 µm with periods of 434

and 335 µm for the 270 and 350 GHz, of the Phase I bands.

Field (dAz, dEl) 270 GHz 350 GHz 670 GHz

1 (0, 0)

2 (-3.25’, 1.88’)

3 (3.25’, -1.88’)

4 (-1.88’, -3.25’)

5 (1.88’, 3.25’)

Fig. 10. Spot diagram at the focal planes of 270, 350, and 670 GHz bands.
Fields 2–5 correspond to the edge of the field of view. The ray spots of all
center and edge rays for each band are small enough compared to the Airy
discs (black circles), the radii of which are 3377, 3340, and 1768 µm at 270,
350, and 670 GHz, respectively.

We adopt the convex-flat lens without optimizations for the

ease of fabrication. The positions of the lenses are determined

to realize the focal plane sizes of 55, 70, and 70 mm in

diameter for the 270, 350, and 670 GHz Bands. The curvature

radii R are calculated to satisfy the condition of telecentric

system by the following equation:

R = l(n− 1)

where l is the length between the cold pupil and the lens

surface, and n is the refractive index of HDPE. As a result, we

obtain R = 125.5, 162.0, and 166.5 mm with the F-numbers

of 2.525, 3.233, and 3.233 for the 270, 350, and 670 GHz

Bands, respectively.

D. Simulated Performances

To evaluate the imaging quality of this optics design, spot

diagrams and Strehl ratios were derived for the field center,

4 grids and 12 grids in radial and circumferential directions,

respectively, resulting in 49 positions for each focal plane. Fig-

ure 10, which shows the spot diagrams of representative five

positions for each focal plane, indicates that rays are confined

within the Airy disc. The Strehl ratios of representative nine

positions, summarized in Table IV, are used as an indicator of

aberration and exceed 0.88, above the commonly used criterion

of 0.8, across the FoV. Therefore, diffraction limited optics is

obtained.

III. PHYSICAL OPTICS EVALUATION

In order to finalize the camera optics design, evaluation of

influences of cold pupil diameter and the horn array position

along the optical axis were performed and these dimensions

were determined. For this analysis, consideration of diffraction
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TABLE IV
STREHL RATIOS AT EACH BAND AND FIELD

Field (dAz, dEl) 270 GHz 350 GHz 670 GHz

1 (0, 0) 0.982 0.987 0.950
2 (-3.25’, 1.88’) 0.978 0.979 0.923
3 (3.25’, -1.88’) 0.998 0.995 0.984
4 (-1.88’, -3.25’) 0.979 0.969 0.892
5 (1.88’, 3.25’) 0.977 0.966 0.883

6 (-1.62’, 0.94’) 0.979 0.980 0.926
7 (1.62’, -0.94’) 0.993 0.996 0.982
8 (-0.94’, -1.62’) 0.985 0.984 0.940
9 (0.94’, 1.62’) 0.984 0.984 0.938

effect is required. Hence we use the Physical Optics (PO)

antenna analysis software GRASP9 [35]. PO is the method to

determine the propagation of electromagnetic waves based on

Maxwell’s equations. The current distribution of a scatterer’s

surface can be calculated from the beam pattern of the previous

scatterer, which is calculated by the current distributions on the

previous scatterer. The antenna pattern and spillover of each

optical element are also calculated with this method.

A. Model

We make an equivalent model of the designed optics de-

scribed in Section II, which include the main-reflector, the sub-

reflector, the third mirror, the 300 K cryostat window, the 50 K

shield window, the 4 K shield window, the cold pupil (dichroic

filter), the fourth flat mirror, the dielectric lens, the fifth flat

mirror, and the conical horn. All these optical elements except

the conical horn are modeled as reflective mirrors with the

same aperture size as designed because of their ease of use.

The conical horn is modeled using a built-in conical horn feed

element, whose parameters are aperture diameter and flare

length, and the parameters in Table II are used. A dielectric

lens is modeled as a spherical reflector under the assumptions

of a thin lens and telecentric optics. Optical components that

limit the diameter of the beams, that is, cold pupil, 4 K and 50

K shields, and cryostat windows, are modeled as plane mirrors.

This equivalent reflective model has almost the same Strehl

ratios (differences are less than 0.04) and spot diagrams over

the field of view, therefore, this model is sufficiently plausible

for the PO analysis.

Additionally, the blockage of the sub-reflector is treated as

a hole on the main-reflector, and the blockage of the sub-

reflector supporting structure is neglected. As the surfaces of

the optical elements are assumed to be perfect, Ruze losses

are neglected. We also do not consider the reflection and

absorption losses by the filters and lenses. As an example,

in the case of the ASTE telescope, the surface error of 19µm
decrease the aperture efficiency of 5, 8, and 25 percent at the

270, 350, and 670 GHz Bands, respectively. However, we do

not include this loss in the analysis in order to simplify the

consideration of diffraction.

We calculate 10 models that have different sizes of cold

pupils under the condition that the apertures of the horn arrays

coincide with the focal planes, for each 270, 350, and 670 GHz

Band. Subsequently, 5 models are calculated by changing the

TABLE V
PARAMETERS OF BEAM PATTERNS AT EACH BAND AND FIELD

270 GHz Field1 Field2 Field3 Field4

Gain (dBi) 84.63 84.71 84.07 84.54
Aperture efficiency (%) 36.33 37.00 31.92 35.54
FWHM minor (arcsec) 27.58 27.35 29.95 27.82
FWHM major (arcsec) 28.72 28.30 28.82 28.48
Sidelobe level (dB) -17.87 -16.50 -17.29 -17.80
Cross pol. level (dB) -34.62 -34.61 -34.79 -29.02

350 GHz Field1 Field2 Field3 Field4

Gain (dBi) 86.91 86.89 86.28 86.74
Aperture efficiency (%) 36.50 36.39 31.61 35.15
FWHM minor (arcsec) 21.29 21.25 23.13 21.54
FWHM major (arcsec) 22.14 21.83 22.36 22.02
Sidelobe level (dB) -17.58 -16.16 -17.45 -17.45
Cross pol. level (dB) -33.89 -34.26 -34.34 -28.72

670 GHz Field1 Field2 Field3 Field4

Gain (dBi) 92.23 92.22 91.47 91.69
Aperture efficiency (%) 33.95 33.89 28.50 29.99
FWHM minor (arcsec) 11.14 10.85 12.12 11.37
FWHM major (arcsec) 11.51 11.52 11.68 11.61
Sidelobe level (dB) -16.89 -15.34 -17.09 -14.77
Cross pol. level (dB) -35.02 -35.08 -35.15 -28.46

The tables are the cases of 85% diameter of the geometrical pupil and no
horn offset.

positions of the horn arrays along the optical axis setting the

size of cold pupil as 85 % of the geometrical pupil, for both

the 270 and 350 GHz Bands. We analyze four fields of Field

1, 2, 3, and 4, because Fields 4 and 5 are equivalent in this

analysis since they are symmetrically-located with respect to

the long axis of the third mirror.

B. Results

Each run provides us beam patterns of E-plane, H-plane,

and cross polarization (e.g., Figure 11), and some beam pa-

rameters, that is, gain, beam size (FWHM), sidelobe level, and

cross polarization level are obtained. The aperture efficiency

is derived from the gain. An example of those results is

summarized in Table V. Spillovers of each optical element

are also provided from the each run. We assume that these

spillovers are terminated to the appropriate temperature (4 K

or 300 K).

C. Discussion

1) Diameter of Cold Pupil: Figure 12 shows the dependen-

cies of the aperture efficiencies and the fractional solid angles

of spillovers from 300 K on the size of cold pupil. The aperture

efficiencies decrease with the reducing of the size of the cold

pupil as the illumination area to the main-reflector becomes

smaller. Reducing the cold pupil diameter affects all fields

equally and the spillovers from 300 K decreases at first, then

stabilizes at ∼85 percent of the geometrical pupil diameter.

Therefore, we decided to reduce the size of the cold pupil

to 85 percent of the diameter of the geometrical design. As

summarized in Table V, obtained aperture efficiencies of the

beams are ∼ 35 %, 35 %, and 32 % with the beam sizes of ∼
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Fig. 11. Beam patterns of the central beam (Field 1) of (a) 270 GHz, (b)
350 GHz, and (c) 670 GHz Bands. These are cases of 85% geometrical pupil
diameter and horn offset of 0zc.

28, 22, and 12 arcseconds, for 270, 350, and 670 GHz Bands,

respectively, and they are all diffraction limited.

2) Horn Array Offset along the Optics Axis: Figure 13

shows the aperture efficiency dependency on the positional

offset of the horn array apertures along the optics axis. The

improvement in aperture efficiencies by introducing the offset

is found to be as small as ∼ 1 percent. Therefore, considering

the interference with optical components, we decided to place

the aperture of the horn array at the focal plane.

IV. SUMMARY

We designed the optics of the multi-color TES bolometer

camera for the ASTE telescope. The designed optics fit inside

the ASTE cabin and the camera cryostat. The optics for 2-

color simultaneous observation and 7.5 arcminute diameter

FoV were achieved. We will operate the 270 GHz and 350
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Fig. 12. Aperture efficiency and fractional spillover to 300 K dependencies
on the size of the cold pupil in (a, b) 270 GHz, (c, d) 350 GHz, and (e, f)
670 GHz Bands. The size of the cold pupil is normalized by the geometrical
pupil diameter.

GHz Bands for Phase I configuration, and the 350 GHz and

670 GHz Bands for Phase II configuration. The numbers of

pixels were optimized to be 169, 271, and 919 pixels for the

270, 350, and 670 GHz Bands, respectively.

We optimized the shape of the third mirror as a modified

ellipsoid using ZEMAX software. Dielectric lenses were de-

signed based on the measured values of thermal contraction

at 77 K and refractive indices of HDPE at 20 K to be used

practically. The estimated thermal contraction from 300 K to

4 K was 2.0 ± 0.1 percent, and this value is consistent with

previous studies. The refractive indices of HDPE at ∼ 20K
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Fig. 13. Aperture efficiency dependencies on the positional offset of the horn
array aperture along the optical axis for (a) 270 GHz and (b) 350 GHz bands.
The offset of the horn array aperture from the focal plane is normalized by
the confocal length zc of each band, that is 3.945 and 5.105 mm at 270 and
350 GHz, respectively, and its positive value indicates the direction of the
horn aperture.

were measured using FTS, and they were 1.534 ± 0.002,

1.540±0.002, and 1.555±0.002 at the 270 GHz, 350 GHz and

670 GHz Bands, respectively. These values were reflected in

the design. We checked imaging qualities using spot diagrams

and Strehl ratios. Strehl ratios were more than 0.88 across the

all focal planes in all frequency bands, and it was confirmed

that the designed optics achieved the diffraction limit.

We evaluated the designed optics using the physical optics

(PO) method. We made an equivalent model, which consists

of the optical elements modeled as reflective elements and

a built-in conical horn feed element. We calculated from

models that the size of the cold pupil and the position of

the horn array along the optical axis change as parameters.

The results of the PO calculations provided us with the beam

pattern and spillovers of each optical component. As a result,

beam parameters such as gain, aperture efficiency, beam size

(FWHM), sidelobe level, and cross polarization level were

calculated from the beam patterns. PO analyses also provide

the spillovers to terminate each optical element. The spillovers

from 300 K decrease at first, and then stabilize at ∼ 85 %

geometrical pupil. Subsequently, we adopted the cold pupil

diameter of 85% geometrical design. We also optimized the

position of the horn array in terms of aperture efficiency. The

offset of the confocal length changed the aperture efficiency

by ∼ 1 %. We decided to place the aperture of horn array at

the focal plane because of the small improvement of aperture

efficiency and the interference with optical components.

As a result of optimization, aperture efficiencies of the

beams are ∼ 35 %, 35 %, and 32 % with the beam sizes

(FWHM) of ∼ 28, 22, and 12 arcseconds, for the 270, 350,

and 670 GHz bands, respectively. The band configuration and

optics performances of the new multi-color TES bolometer

camera on the ASTE telescope are summarized in Table VI.
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