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Abstract—Wideband and high spatial resolution continuum may be caused by collisions of clusters of galaxies that heat
observations in the millimeter and submillimeter wavelengths yp surrounding materials.
are of great importance to understand star formation history Observations using AzTEC [1] on the ASTE telescope
of galaxies from distant to nearby (early to recent universe), . 9
and thermal and non-thermal aspects of clusters of galaxies provided large map more than deg” as deep as 0'5__1
through Sunyaev-Zel'dovich effect. To promote such studies MJy/beam, and more than 1000 sources were detected in the
based on the millimeter and submillimeter continuum data, 1.1 mm wavelength [2]-[5]. Surveying SMGs, and determi-
new TES (Transition Edge Sensor) bolometer camera for the nation of their redshifts and star formation rates is one of
ASTE telescope has been developed. We aim to observe three[he immediate purposes of this project. Understandings of

bands, 110@m, 85Qum and 45Q:m. Camera optics is designed . . .
by geometrical optics to fit into the Cassegrain system of the dust nature of nearby galaxies and the Milky Way is also

ASTE telescope and the spatial limitation of its receiver cabin. important to reveal properties of not only themselves but also
For the efficient observation, our optics realizes 7.5’ field of view SMGs. The detection of ultra-high temperature components
and 2-bandd tSi“;ALI"ta']]‘t?r?US c%ll)zsserk\)/altion.tThe t‘]fVO f0%6}| ﬁ'ﬁ“eslcezn of clusters of galaxies through the Sunyaev-Zel'dovich (SZ)
accommodate two of three olometer wafers which have 169, : ;

271, and 881 pixels at 1100, 850, and 45, respectively, The effect is another app_roach to understanq the history of the
camera optics is accomplished diffraction limited optics, which is 1arge structure formation. Therefore, we aim to develop a new
confirmed from spot diagrams and strehl ratios. It is evaluated Millimeter and submillimeter bolometer camera for the ASTE
via physical optics calculation, and all pixels on each focal plane telescope and conduct large area surveys in the millimeter and
have aperture efficiency of~30% in absence of reflection and sybmillimeter wavelengths.

absorption loss by filters and the Ruze loss. The dimensions of The ASTE telescope [6], [7] is a 10-m submillimeter
the optical elements are also determined based on the results of . ’ .
the physical optics calculations. telescope (Figure 1) located at the Atacama Desert, Chile. Its
altitude is 4850m and it is known as one of the best sites for
submillimeter observations because of its good atmospheric
I. INTRODUCTION transmission [8]. With this telescope, we aim to observe
. _ . ~ 1100 pm (270 GHz), 850 um (350 GHz) and 450um
I T is of great importance in astronomy and astrophysics {870 GHz) Bands. These bands are essentially important to
understand star formation history of galaxies from distagetermine photometric redshifts and star formation rates of
to nearby (from early to recent universe), and the evolutigfistant galaxies, to understand dust nature in galaxies and the
of large scale structure. Distribution and star formation rai@lilky Way, and to detect ultra-high temperature components
of (sub)millimeter-bright galaxies (SMGs) are clues of galaxyt clusters of galaxies through the SZ effect. The bandwidths
evolution and the cosmic star formation history. Ultra-highre determined as wide as possible avoiding the water vapor
temperature component of clusters of galaxies is also a clugsisorptions to achieve good sensitivities. Frequency bands,
large scale structure formation history, because that compong{i{ges, and bandwidths are summarized in Table I. Simulta-
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Fig. 1. Front and side view of the ASTE telescope. The Cassegrain system IL!;}
consists of a 10-m main-reflector and a 620-mm sub-reflector. The receiver ey
cabin and the Cassegrain system move together with the elevation angle.

Cabin floor
TABLE | . . . . . )

OBSERVING BANDS OF NEW BOLOMETER CAMERA FORASTE Fig. 2. Side view of the receiver cabin and optics cut along the reflected
direction by ellipsoidal mirror. The ray from the Cassegrain system focuses
near the ceiling of the receiver cabin.

Bands Frequency range  Band width

(GHz) (GHz)
270 GHz Band  244-294 50 . . . . .
350 GHz Band  330.5-365.5 35 The cryostat window is placed at a certain position to avoid
670 GHz Band  630-710 80 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 cube 500 mm on a side.

The Cassegrain focus is located above the ceiling of t eInS|de of the cryostat, incident rays are divided into two

receiver cabin, and then rays reflected by the main- and sy gnds using a dichroic filter. This is a key component to
reflectors qo ir’1to the receiv)(/ar cabin with ):)uts readin Thurealize simultaneous multi-color optics without reducing the
L 9 . ) . . P Ing. osbserving efficiency. This dichroic filter is placed at the pupil
Itis necessary toseta re-imaging mirror in t_he receiver cab}ré. reduce the filter aperture size, and inclines at 25 degree

The size of the receiver cabin 1S ap_prommately 1'9. M ¥ the incident principle ray to keep good transmission and
length x 2.2 m in width x 1.8 m in height, and a 19-inch

standard rack occupies some space in the receiver cabin rﬂtection characteristics. This makes it difficult to design an
P P ‘optics system that realizes simultaneous three bands obser-

the optics components and the cryostat should be fit 'ns'de\iations, and we choose the design for the simultaneous two

in IihgurzsszEhowzi;heT%OSI:I??man?ndei;?r? ?f ithedthlirdnn:]:rr Irands observations. Hereafter, we call the reflected band as
e cabin. € re-imaging or IS designe a%and 1" and transmitted band as “Band 2”. We use these

an ellipsoidal mirror to refocus the outspreading rays intoﬁ’;\ nds as 270 and 350 GHz Bands. respectively for Phase
focal plane in the cryostat. Because of the limitation describ?gconﬁ uration. and 670 and 350 Gi—|z Br;nds r)e/:,s activel
above, this ellipsoidal mirror is put at very close to the flo 9 ' ' P Y.

of the receiver cabin, and its aperture diameter becomes %rnghase Il configuration. The cold Lyot stop, which reduces
' P unexpected optical load to bolometers, is also placed at the

mm to achieve 7.5 arcminutes FoV. This is the maximumu i
size realized under the limitations of the available receivgr_f_)h' b f pixels of h bol ¢ ¢ 271
cabin space. The preliminary ellipsoidal mirror causes lar € numbers of PIXels of each bolometer waler are ’

aberrations especially at the edges of the field of view, a 1, and 881 pixels for 270, 350, and 670 GHz Bands,

modification is necessary to realize the diffraction-limitefi‘e.Specwely and the number of readouts is limited-t600

performance over the whole field of view and all frequenche'S for the Phase | (270 and 350 GHz Bands) operation.

. . . ... Therefore, we use the only central 169 pixels of 270 GHz
bands. We optimize the shape of the third mirror by additio o o
of fifth order polynomials. and wafer. This is because the sensitivity of 350 GHz Band

is worse than that of 270 GHz Band due to the differences of
atmospheric transmissions and detector bandwidths, and we
ANTENNA PZ@E’\'/-IET'E'RS SPASTE assign as many pixels as possible for 350 GHz Band. The
diameter of the central 169 pixels of the 270 GHz Band wafer
corresponds to 55 mm, and we modify the shape and position

Main-reflector dia. 10 m of dielectric lens to keep the FoV of 7.5 arcminutes diameter.
E}f‘reﬂecmr dia. 8%27% mm As a result, the numbers of pixels are 169, 271, and 881 pixels
Surface accuracy 19 um r.m.s. for 270, 350, and 670 GHz bands, respectively. All bands cover
Mainbeam efficiency ~ 0.6-0.7 (850m) the FoV of 7.5 arcminutes diameter.

Beam size 22" (850 pm)

Figure 3 shows the final design of the cold optics. The
rays split by the dichroic filter are reflected by plane mirrors
respectively to make a compact cold optics. In each band,

Pointing accuracy 2" r.m.s.
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TABLE IV
PARAMETERS OF BEAM PATTERNS AT EACH BAND AND FIELD

M4 plane \
270 GHz Fieldl Field2 Field3 Field4
Gain (dBi) 84.63 84.71 84.07 84.54
120mm 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
Dic_hl'oic&l-yot stop Sidelobe level (dB) -17.87 -16.50 -17.29 -17.80
Incident angle=25 / Cross pol. level (dB) -34.62 -34.61 -34.79 -29.02
165mm Lens(t18.85mm)
> 350 GHz Fieldl Field2 Field3 Field4
| <~ M4 plane Gain (dBi) 86.91 86.89 86.28 86.74
4K Window I Aperture efficiency (%) 36.50 36.39 31.61 35.15
‘ Wi 40mm  BANDI for 670GHz FWHM minor (arcsec) ~ 21.29 2125 23.13  21.54
50K Window i f\‘ 'H‘q domm  BAND2 for 350GHz FWHM major (arcsec)  22.14  21.83 2236  22.02
Dewar Window —— : Sidelobe level (dB) -17.58 -16.16 -17.45 -17.45
190.7mm Cross pol. level (dB) -33.89 -34.26 -34.34 -28.72
Fig. 3. Side view of Phase Il cold optics cut along the reflected direction by ~ 670 GHz Fieldl Field2 Field3 Field4
the third mirror. The ray reflected by the third mirror goes through the 300 Gain (dBi) 92.23 92.22 91.47 91.69

K, 50 K, and 4 K windows. The dichroic filter divides incoming rays into

- o
two bands, and each ray are focused after flat mirrors and HDPE lenses. Aperture efficiency (%) 33.95 3389 2850  29.99

FWHM minor (arcsec) 11.14 10.85 12.12 11.37
FWHM major (arcsec) 11.51 11.52 11.68 11.61

TABLE I Sidelobe level (dB) -16.89 -15.34 -17.09 -14.77
STREHL RATIOS AT EACH BAND AND FIELD Cross pol. level (dB) -35.02 -35.08 -35.15 -28.46
The tables are the cases of 85% diameter of the geometrical cold Lyot stop
Field (dAZ, dEI) 270 GHz 350 GHz 670 GHz and no horn offset.
1(0, 0) 0.982 0.987 0.950
2(-3.25°, 1.13)  0.978 0.979 0.923
3(3.25,-1.13)  0.998 0.995 0.984 . L
4 (-1.13' -3.25) 0.979 0.969 0.892 of the previous scatterer, which is calculated by the current
5(1.13,3.25) 0977 0.966 0.883 distributions on the previous scatterer.

We make the equivalent model of the designed optics
described in Section II, which includes the main-reflector, the

dielectric lens is placed between the dichroic filter and a hoptP-reflector, the third mirror, the 300 K cryostat window, the
array to make a telecentric system and to fit the size of foc2 K shield window, the 4 K shield window, the cold Lyot

plane. For Band 1, an additional flat mirror is used betwestoP (dichroic filter), the fourth flat mirror, the dielectric lens,
the dielectric lens émd the horn array. the fifth flat mirror, and the conical horn. All these optical

Imaging quality of this optics is checked using spot dic€lements except the conical horn are modeled as reflective

grams and Strehl ratios at 49 positions of each focal plane. W&TOrs with the same aperture size as designed because of
measured at 4 grids and 12 grids in radial and circumferentfdfir €ase to use. A dielectric lens is modeled as a spherical
directions, respectively, and the center position. Table figflector under the assumptions of a thin lens and a telecentric
shows the Strehl ratios of the five representative positiofPtics: Optical components that limit the diameter of the

corresponds to the center and the four edges fields. Strehl r&#gms: that is, cold Lyot stop, 4 K and 50 K shields, and

of more than 0.8 is usually considered as diffraction limite§'Y0Stat windows, are modeled as plane mirrors with the

and we follow this criterion. They are all more than 0.8, and fiPProPriate aperture size. Additionally, the blockage of the

is confirmed that designed optics achieves diffraction limite§tP-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 optical elements are assumed to be perfect,
I1l. PHYSICAL OPTICSEVALUATION Ruze |osses are neglected_

The evaluations of the optics system under the geometricalSpillovers of each optical element are also provided from
optics assumptions are in good agreement with the acttia¢ each run. We assumed that these spillovers are terminated
in the short wavelengths (high frequencies). However, in the the certain temperature (4 K or 300 K), and estimate the
millimeter and submillimeter wavelengths, which are similgphoton noise originated from the optics in the form of noise
to the dimensions of optical elements, it is necessary that aneduivalent powerl{EP). We adopt the cold stop diameter of
ysis considering the effects of the diffraction and interferenc85% of geometrical design because photon noise from optics
We use the Physical Optics (PO) antenna analysis softwéeninimized. PO calculation provides us beam patterns of E-
GRASP9 developed by TICRA for this analysis. PO is thplane, H-plane, and cross polarization (Figure 4), then some
method to solve the propagation of electromagnetic waveeam parameters, that is, gain, beam size (FWHM), sidelobe
based on the Maxwell's equations. The current distribution tdvel, and cross polarization level are obtained. Those results
a scatterer’'s surface can be calculated from the beam patt@ra summarized in Table IV.
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