 —

Superconducting On-chip Instruments for SE—_—_——
Mapping the Submillimeter-wave Universe in 3D .

202370420 Cryo Worksho S

& Dol 4 supky (CLRIgxz NACJ

KITAMI Institute of Technology @ nxyg

university of ) “Tokyo NAGOYA UNIVERSITY
groningen



DESHIMA and TIFUUN

* Development sj
. Instruments for the ASTE telescope in Chile « First of its kin:jsmce 2010

« Observing A ™ 0.8-3 mm

« Unique Strength:
Ultra-wideband spectroscopy using
on-chip filterbank spectrometers

J
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Timeline

DESHIMA 1.0 DESHIMA 2.0 (MOSAIC) DESHIMA 2.0 Working in Lab

DESHIIVIA  + DESHIMA gets first funding + DESHIMA 1.0 First Light 1 R
¢ Jochem’s EA group in EWI DESHIMA Science on ASTE

2010 2011 2012 2013 2014 2015 2016 20177 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027

| |

TIFUUN Science on ASTE
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Cosmic 3D Maps @ THz

Galaxies

|
/ © ALMA, NAOJ, H. Umehata

“Cosmic Web”

DESHIMA 5 Cosmology with Nanotechnology




Cosmic 3D Maps @ THz

Dichotomy of

Interferometers: THz Technology Cameras:
Only Minute Volume

Only 2D image

Cosmology with Nanotechnology



Cosmic 3D Maps @ THz

SPAXELS: >20,000 VOXELS: VOLUMIC
Spectrometer Pixels Each VOXELisa Astronomv across
B VOLUME of the Universe y
A — the COSMIC WEB
TR B Star-Forming
Galaxies

B Diffuse Matter
A Galaxy Clusters

7 Cosmology with Nanotechnology



TIFUUN IFU Concept:
Imaging Spectrometer on a Wafer

‘ Spectrometers
(max 1:2 bandwidth)
Ultra-wideband Filter-bank circuit

Lens-antennas (max 217)

:Q‘\\'i

Voxels
(total: >10,000x2)

Cosmology with Nanotechnology



Outline

TIFUUN

>100-spaxel imaging spectrometer

DESHIMA : Cosmology with Nanotechnology



Outline




Unit spaxel of an IFU
= On-chip filterbank spectrometer (DESHIMA)

~ Unit “Spaxel”

Response

Leaky Lens
Antenna

250 300 350 400
Frequency (GH‘z)

3

| Skysignal

. AR

Unit “Voxel”

T
"
H H E

2D array of Spectral filter — I Attt e . ~5 | 347 sp Ilgtral F:i‘
, 4 mm | ch :
Lense-Antennas CNATITICHS
(Nspaxels up to ""1000)
Detector - ; x y
Readout line \\ l\Fﬂt_er/[
Wavelength A e
(R = 10-2000, Nvoxeis/spaxel up to ~1000)

Taniguchi et al., JLTP 209, 278 (2022)
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DESHIMA Concept

On-chip Filterbank Spectrometer

7.6

ASTE (Obreschkow 2009)
10 m
Dusty
Star-forming
Galaxies
wideband
signal
440 GHz F/dF = 500 220 GHz
Leaky-lens K from readout
antenna electronics
- == .
\
A
ll \\ '
|
\ I'
N 4
\\ . . P
A\ 4 ;
NbTiN » return
A = 12 mm |
n fANE EEm = o .
wooHIVIA 12 Cosmology with Nanotechnology
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Requirements of the DESHIMA cryostat

ASTE Telescope Cryostat:

for =20 hours

magnetic shielding
& Stray-light shielding

Microwave
® 6 6 6 o/ o o o access
High throughputof N e Z e >
submm signal
Spectrometer Chip readout
electronics
Tip-tilt

Conflicting requirements:

Signal throughput vs. Shielding
Thermal isolation vs. Mechanical Strength

CESHIMA 14 Cosmology with Nanotechnology



DESHIMA Cryostat:
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DESHIMA on ASTE

Space for
position-switching mirror

Cassegrain . N ; | i G
GaDIMuE e e R
a8 Mirrors _
B | | :

o 3 : e il 5
L o M~ b R
!B ok & W7 —— ¢ : : : 3
|| | ORERRRR T ) : ; 1= | RS
11 | L ISt : |

el
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“*“DESHIMA 1.0”
Minimal chip specs
332-377 GHz (45 GHz BW / 49 voxels)

Sufficient sensitivity for system test

End-to-end system check
() MKIDs operation on ASTE
(Photon-noise limited sensitivity)

Flux density (Jy beam!)

49 channels — s

= (ALMA)

Frequency (GHz)

() Readout system b N\ N P ——— _
; , et ie A, . 1 360 370

() Cryostat system
() Remote control

CO(3-2) HCO*(4-3)

5 arcmin ~ 0.6 pc
345.8 GHz 356.7 GHz

) Installation procedure M T R e L
) Logistics L e e e o i
Astronomical + atmospheric data L | ~ Bl Spectral
b T ! | e Imaging
() Software & calibration development i e T > T = '

HCN(4-3)
354.5 GHz

(Ar) Ausuep xn|4

340 350 360 370
Frequency (GHz)

>~ Vo v//

e = 4

£ S
o PRI
- P s -‘;;"/1;‘(( .

<, e . > = -
< T o 7~ ¥ T R
SNy TR ER T .., ‘f// i st
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DESHIMA 2023-2024
Commissioning and Science Veritication

A

0
0 Commissioning
0
i

Ship to Chile Verification

Lab Evaluation

e
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Outline
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>100-spaxel imaging spectrometer
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TIFUUN Concept

Kilo-pixel lens array Ultra-wideband antenna Band-pass filter
technology technology technology

— N =7-693

MKID Detector
RF readout signal ——» tEChn()IOgy

ESHIMA 21 Cosmology with Nanotechnology



One Technology. Many Instruments.

Spectral
Resolving
Power

R = A/dA

" Coherent Spectrometers

N spaxels

10 000 .,' Direct-detection

 Cameras 2 150
i : mm
1000 ‘.‘w'. TIFUUN Unit “Spaxel”
. Parameter Plane ¢ (Spectrometer
= Pixel)
%
7
cO
S
Instantaneous < Unit “Voxel”
Bandwidth ?C» . 1 color in
Amax/Amin 3 spectrum
3 2 § ! * 1 detector

<

Exchange IFU for each science case

I

BN DESHIMA 22 Cosmology with Nanotechnology



TIFUUN Astronomy:
Volumic 3D Surveys with Plug-and-Play IFUs

[CII] Large

Scale Structure Tomo.graph).( O.f
@ Cosmic web of warm gas THz ||.“e'emlttlng
and star-formation galaxies (TLEGs)

Line Intensity M ' I
(Line Intensity Mapping) @ New population of

star-forming galaxies
hidden by dust

-

-
- -

0.. -. @I“ (-\ ).'
"’-\*H "..' a‘_ v)

N L) ' ]’) .

3 :. I S

\
f_) &"“ \.f-v,, *f;’_’

-

,3-7

rl4¢""'\

'o
"'/

i\z gl ﬁ,,x ,-;,, 'ks.l( e ;’ ‘f)s ; ‘k A ,
t"" SR G o /”‘F\ "' "‘"' :\“" A “ ..,. A~
4 7 ~ “__f'.? \'&J‘ 7 “Qlf) p .- v ‘:’~ J ‘ -

W 4 -
‘e . L

DESHIMA 23 Cosmology with Nanotechnology



“KATANA” IFU & Survey Concept

Kohno et al., SPIE 2020, https://arxiv.org/abs/2102.08280

[Oll] [CII]
88 um 158 um

190 — 204
GHz

246 — 265
GHz

339 — 365
GHz

15.7-16.9 | 8.32 - 9.00

11.8-128|6.17-6.73

8.31-9.00 | 4.21 - 4.60

A fiducial survey area G -
2 @
1 deg?(>> FoV) 1‘%
multi-A, narrow-band
Imaging spectroscopy

- 24
CESHIMA 24 Cosmology with Nanotechnology



https://arxiv.org/abs/2102.08280

Readout Electronics

“Plug-and-Play” IFU System

Optics and Cryogenics

Integral Field Units

Wl

»
" S S ‘— -
— T ——
- 7 \\ - 3
’ e = ’
W o ' = Prip,
— " o ey
» (4 5,
4 2 I
G @3 » s b
- - P
| 4 'A g e N
- 3 [ - ! -
s g - . ‘2
& =3 ‘l ’ "
. § -y iy -
- ¥ ) -,
of P St
g, -
& '»_' -

-

5K F

THE UNIVERSITY OF TOKYO

e b

B

CONCERTO Dilution Cryostat (Monfardini et al.)
+ New optics for TIFUUN/ASTE

https://neel.cnrs.fr/en/news/

concerto—-takes—height
Cosmology with Nanotechnology
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https://neel.cnrs.fr/en/news/concerto-takes-height

Outlook: THz-IFUs for future observatories

Advantages of superconducting IFUs:

scalable

flexible design

compact light-weight

Nno moving parts

Space (Astro, CMB)
Ground (LST, AtLAST)

ESA Voyage-2050 White Paper MICROWAVE SPECTRO-POLARIMETRY

Mapping Large-Scale-Structure Evolution o

Cosmic Times OF MATTER AND RADIATION
ACROSS SPACE AND TIME

Voyage-2050
White Papers

v:1908.07533v2 [astro-ph.CO] 23 Aug 2019
arXiv:1909.01591v1 [astro-ph.CO] 4 Sep 2019

arXi

+

A science white paper for the "Voyage 2050!

long term plan in the ESA science programm j{’ﬁfm*w'. i
b

Astro2020 APC White Paper Astro2020 Science White Paper A
The case for a ‘sub-millimeter SDSS’: a 3D
map of galaxy evolution to z =~ 10
“The

The Atacama Lar; ’i‘ )Aperture Submillimeter

Telescope (AtLA§

Type of Activity:

8 Ground Based Project 0] Space Based Project O Infrastructure Activity

o Profesion Consideraion. 0 Other

KIDs also offer a promising route to constructing large-format imaging spectrometers. For A Str 02020 p R
example, the Deep Spectroscopic High-redshift Mapper (DESHIMA [41, 42]) is a new broadband AST E T
. . . . = 5 e | esten), Tracy. Garrat (Hers), Walter Gear (Cardif, Thomas R. Greve (UCL, DAWN), Evan- A

spectrometer operating at 346-GHz with an instantaneous bandwidth of 40 GHz, recently tested on White Pa pers KIDs also offer a promising route to constructing large-format imaging spectrometers. For
_milli : : _ example, the Deep Spectroscopic High-redshift Mapper (DESHIMA [41, 42]) is a new broadband
the Slapanese Atacal:na sub mllhmeter. Telesc.ope Expenment (ASTE) MOSAIC will be a SUC(.)CS D E S H I M A (2 O 2 3) ,.., spectrometer operating at 346-GHz with an instantaneous bandwidth of 40 GHz, recently tested on
sor instrument, scaling DESHIMA’s single pixel to a 25-pixel array, with potentially an even wider : the Japanese Atacama sub-millimeter Telescope Experiment (ASTE). MOSAIC will be a succes-
. P . . . . sor instrument, scaling DESHIMA’s single pixel to a 25-pixel array, with potentially an even wider
bandwidth to cover 240-720 GHz. Other ‘on-chip’ sub-mm spectroscopic solutions with moder- T I F U U N (~ 2 O 2 6) bandwidth to cover 240-720 GHz. Other ‘on-chip’ sub-mm spectroscopic solutions with moder-
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