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Context

NASA HQ selected 4 Large Mission Concept Studies to
be submitted to Decadal Survey.
One will be selected for launch ~ 2035:

LUVOIR LYNX
Large UV/OptlcaI/IR surveyor X-Ray surveyor

LYNX

REVEALING THE
HIDDEN UNIVERSE

HABEX OST (Origins Space Telescope)
[ FarIR surveyor

Habitable Ex hnﬂj Mission (HabEx
oplanet Jmaging (HabEx)
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!)ST Science Program

OST is a mid- and far-IR observatory whose
design is driven by community-prioritized science
to answer three questions:

1. How do galaxies form stars, grow their central supermassive
black holes, and make heavy elements over time?

» Probe the universe deeply in key diagnostic spectral lines
without the adverse effect of dust extinction

2. How do the conditions for habitability develop during the
process of planet formation?

» Follow the trail of water (vapor and ice) from the
interstellar medium to nascent planets

3. How common are life-bearing planets orbiting M dwarf
stars?

» Biosignatures in the mid-infrared







Science Traceability Matrix

5 ) . Science Requirements Instrument Requirements
NASA Astrophysics OST Science .
Theme Goal/Question Science Objectives
. Measurement Technical Projected
Science Observable Parameter Instrument(s)
Requirement Requirement Performance
How did we get here? How do the conditions for Measure the water content | Measure water (H20) Strengths of the ground Wavelength range 269 um and 538 um Heterodyne spectroscopy
habitability develop during the |in all evolutionary stages |content of 9 starless cores | state water tranitions, ortho with HERO
process of planet formation? anc across the stellar mass |in diverse environments to | H20 538 um ané para H20
111.617 um

range A to B, tracing water

2 maximum distance of |

269 um, to | sigma

vapor and ice at all kpe
temperatures between 10
ané 10,000 K down to
fundamental chemical
limits at the 99%
confidence level (to what
does the confidence level

refer?)

ity limit 1x10.21 W | Argular resolution
m-2 (2 mK) per velocity

charnel, and with 0.2 km s

sers

20 arcsec

1 velocity resolution to
obtain spectrally resolved

line profiles. Line intensity

maps of 9 known starless

Spectral line sensitivity

1x107° Wm™ per velocit
charnel (2 mK), 10

cores obtained in 90 hours
with spatial resolution
better than 0.1 pe.

Spectral Resolving 1.5x10°
Power

Field of View I'x 1
Field of Regard b < 30 deg

22 arcsec at 338 um

4x10:21 W m-2 per
velocity channel at 480
um

1077

2.1%2.1'

all sky

Instrument Requirements:

A\:
Spatial Res:

Line Sensitivity:

Spectral Res:
Field of View
Field of Regard

268 and 538 um
20”

10-21 Wm2 (2mK)
1.5 x 10°

1"x1

|b| <30 deg
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9.1 m off-axis primary mirror
Cold (4 K) telescope
Wavelengths 5-660 um

5 science instruments
Sun-Earth L2 orbit

5 year lifetime, 104year goal
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Concept 1 OST Observatory
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Innermost sun-

shield layer
35 Kelvin +7

9 meter Aperture, Three
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Instruments, Concept 1

Wavelength (pm)

Observing Modes

MISC

Mid-Infrared Imager,
Spectrometer, Coronagraph 5-38

e Imaging, spectroscopy
 Coronagraphy (10 contrast)
* Transit Spectrometer < 10 ppm stability)

MRSS

Medium Resolution
Survey Spectrometer - IFU 30-660

» Multi-band Spectroscopy

 Broadband imagin

FIP ging
Far-Infrared Imager and * Field of view: 2.5’x5’, 7.5’x15’
Polarimeter 40, 80, 120, 240 » Differential polarimeteric imaging

HERO _
Heterodyne Receiver for 0ST  g3.66 111-610 * Multi-beam spectroscopy

HRS

High Resolution Spectrometer 25-200

e Spectroscopy




Instruments, Concept 1

Wavelength (pm)

Observing Modes

MISC

Mid-Infrared Imager,

e Imaging, spectroscopy
 Coronagraphy (10 contrast)

Spectrometer, Coronagraph ~ 5-38 « Transit Spectrometer < 10 ppm stability)
MRSS _

Survey Spectrometer - IFU 30-660
FIP e Broadband imaging

Far-Infrared Imager and * Field of view: 2.5’x5’, 7.5’x15’

Polarimeter 40, 80, 120, 240 « Differential nolarimeteric imagina
HERO _

Heterodyne Receiver for 0ST  g3.66 111-610 * Multi-beam spectroscopy
HRS _ ) e Spectroscopy

High Resolution Spectrometer 25-200




Instrument PI :

G

Heretodyne Instrument

Study Team

! ==

Anna Di Giorgio (IFst) [l i

Martina Wiedner (LERMA)

Study Management :
André Laurens (CNES)

HERO technical team

|

Science Instrument System & Space
ination | | Study Team Instrument Manager : i —
Coordinaion | | \jaryvonne Gérin (LERMA) I Jean-Michel Krieg | | Enginesring Suppot)
Gary Melnick (CfA) (LERMA) And(f&L;;;ens
Instrument European Instrument Instrument Space Engineering
Scientist [BJ Concept Team System Engineer Engineering Support Supports
; Christophe Risacher (MPIfR/IRAM) Christophe Goldstein André Laurens
F k Helmich === p
ra?gRo?qr)mc Andrey Baryshev == (CNES) (CNES)
Science
CoreTeam | .. m—\villem Jellena (SRON) ; Lo Costs
ead : Optics Engineering

Maryvonne gz Andrey Baryshey (Nova) % Imran Mehdi (JPL) = )

ol ineh SF= Richard Hills (MRAO, Cambridge) L = M.-F. CDI?JIE Csasﬁ"o Concurrent
(LERMA) Bruno Borgo (LESIA, Paris) ( ) E"sgl:’;:‘;rr'tng '
Science Martin Eggens (SRON) Mechanics —— : e i bbb )

Extandad Tasm I I Geert Keizer (SRON) Vincent Desmaris, Victor Belitsky (Chal;nis) TBD
e S— Gabby Kroes (NOVA-OIR) B =

== Napoiéon Nguyen Tuong (LESIA, Paris) &g‘ym'ies

R N NOVA-OIR ogen

i s Ll ‘ Juan-Daniel Gallego (Yebes) | Expertise

o Electr(on)ics Joél Gayrard
Benjamin Quertier (LAB) ] } (CNES)
Thermal
Engineering Other supports
X g On-board & Ground : . N\ILA TED
I I Napoléon Nguyen Tuong (LUTH, Paris) Caibmtion | Brian Ellison (UK) o <
|  Simulations |
| Simulations | -~
Architects Covered by Instr. Syst. Eng. Instrument Control ’ Subset contributors



HERO

Instrument

Band Selection

'\Mirror
E— N Heterodyne focal
olarization Grid . .
, plane array with wide
] . frequency coverage

4K Focal Plane Unit

20K
IF Uniit +++++ e R=1075to 1077

300k M T B o 468 - 2700 GHZ,
IR 4.7 THz

| BEE | e

Backend Electronics o 2X16 SIS’ 2X64 HEB

Unit

g
BE

.........................................................

LO Control |! Instrument |} Focal Plane |
Units ) Control Units |; Control Units H




HERO challenges

4K dissipation: 100mW for 5 instruments
— 4K amplifier 0.5 mW/pixel
Mixers:

— Large heterodyne arrays 2 x 64 pixels
— Large frequency coverage 486 — 2700 GHz, 4.7 THz
— 8 GHz Bandwidth for HEB (and SIS)

LO:
— LO at 4.7 THz
— LO injection distance: ~ 8m

Instrument power < 400 W
— LO power: (1 + 1) W/pixel
— Spectrometer 1W/pixel

13



Mixers

* 4 x4 x 2 polarizations SIS, 468-900 GHz, 8 GHz

BW

e 8 x 8 x 2 polarizations HEB, 900 — 2700 GHz
and 4.7 THz, 8GHz BW

Kawamura

* LO and Sky injected in
orthogonal polarizations

* 1 mixer per array, sidband
separating — for sideband
calibration

* SIS 10mm spacing

* HEB 5mm spacing

* On sky 2FWHM spacing 14



Mixers

1 2 64 pixel

* 4 x4 x 2 polarizations SIS, 468-900 GHz, 8 GHz
BW

e 8 x 8 x 2 polarizations HEB, 900 — 2700 GHz
and 4.7 THz, 8GHz BW

* LO and Sky injected in
orthogonal polarizations

* 1 mixer per array, sidband
separating — for sideband
calibration

* SIS 10mm spacing

* HEB Smm spacing

Kawamura * On sky 2FWHM spacing 15




Local Oscillator

 Amplifier-Multiplier chains (AMC) at room
temp (1W/pixel) including 4.7 THz

e Beam division in AMC

* LO source unit around 100GHz (1W/pixels)

A. Maestrini
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4 4 . ARF 10% =2 40%
Local Oscillator

 Amplifier-Multiplier chains (AMC) at room
temp (1W/pixel) including 4.7 THz

e Beam division in AMC

* LO source unit around 100GHz (1W/pixels)

A. Maestrini
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LA\ 16-pixel 1.9 THz lo system: STACKING

i - ‘ GaN Power lifier (PA)
e . """ .

X8 Acfive __—

Frequency - . °.
Multiplier 210-230 GHz T|.'|plers

. (Amc)” )y A 630-690 GH Triplerg
» ¥ g ~£

- - (" 16-Pixel
. 1:89-2.06 THz TriplerS " |ntearated Homns
Ld8cmx W 12cmxH1Qcm rs” el g

. —
P A =

The LO module can be mounted with either two or four 1x4 pixel layers
vertically stacked to form 8-pixels or 16-pixel configurations..
Power Consumption= 2.3 Watts/pixel or X3X3X3
1.25 Watts/pixel using W-band CMOS synthesizers  Architecture

'Nasa -Jet Propulsion Laborato'ry _
Ve California Institute of Technology - . S 18




SiGe Amplifiers — Innovative

technology

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES. VOL. 64. NO. 1. JANUARY 2016

Ultra-Low-Power Cryogenic S1Ge Low-Noise
Amplifiers: Theory and Demonstration

Shirin Montazeri, Student Member, IEEE, Wei-Ting Wong, Student Member, IEEE,
Ahmet H. Coskun, Student Member, IEEE, and Joseph C. Bardin, Member, IEEE

Gain (dB), Noise Temperature (K)

Band= 1.8-3.6 GHz
Pdis= 0.3 mW

IBM BiCMOS8HP

0 1 2 3 B 5

Frequency (GHz)
(a)
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SiGe Amplifiers — Innovative

technology

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TEC

Ultra-Low-Power Cryogenic S1Ge Low-Noise
Amplifiers: Theory and Demonstration

Shirin Montazeri, Student Member, IEEE, Wei-Ting Wong, Student Member, IEEE,
Ahmet H. Coskun, Student Member, IEEE, and Joseph C. Bardin, Member, IEEE

Gain (dB), Noise Temperature (K)

Band= 1.8-3.6 GHz
Pdis= 0.3 mW

IBM BiCMOS8HP
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Warm IF chain

CALGARY

* For many channels WIFC using IC instead of individual
components

— built on one Complementary Metal-Oxide Semiconductor (CMOS) chip
that is approximately 1.5mm x 1.5mm in size.
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=M /S & MPIfR dFFTS4G spectrometer

Processing

Masx-Planck-Institut Technical data of a dFFTS4G board:

fiir Radioastronomie

A History of our FFTS development dFFTS4G > Input bandwidth: 2 x4 GHz (0 -4 GHz)
ol : > Spectral channels: 2 x 64k
=L A, > Spectral resolution: 71 kHz (ENBW)

4 GHz
315 64k channels

Power consumption: max. 70 W (~9 W/ GHz)

8k channels

= 304

E 2.5 GHz 2.5 GHz
S 32k channels 64k channels
5 254 : ’

g

(=]

e}

B 18GHz ),

=) 8k channels

5

2 154

E 1.5 GHz

2 104 , 8k channels

a5 2x 50 MHz
ol 1k channels

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Year of development

Photo: dFFTS4G spectrometer board

Technical specifications of a dFFTS4G 19" crate :

> Total bandwidth: 8 x2 x4 GHz = 64 GHz
> Spectral channels: 8 x 2 x 64k = 1 Million (1024k)

Photo: dFFTS4G spectrometer crate Bernd K]ein, 2018




digital
Signal @
Processing

MPIfR dFFTS4G

Max-Planck-Institut
fiir Radioastronomie

Bandwidth per board [GHz]

8.0+ -

40+

35+

3.0+

25+

2.0+

1.5+

0.5+
(st

4

by

3

1Y

History of our FFTS development dFFTS4G
= ik oo o = i 2x4GHz e
2 x 64k channels :
: 4 GHz
64k channels
2.5GHz 2.5 GHz
32k channels) £ 64k channels,
" {REESGHZ
.\ 8k channels
: ; L5GHz |
1 GHz 8k channels
"\ 8k channels
2x50 MHz | ‘
1k channels

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year of development

Photo: dFFTS4G spectrometer crate

Technical data of a dFFTS4G board:

Input bandwidth: 2 x4 GHz (0 - 4 GHz)
Spectral channels: 2 x 64k

Spectral resolution: 71 kHz (ENBW)

Power consumption: max. 70 W (~9 W/ GHz)

[ 22 20 7

Bordeaux (LAB)

Bernd Iilgin, 2018



Existing Spectrometer Comparison

SPL

Demonstrated CMOS

Spectrometer System

. Spectrochip SVII Spectrochip SVIII
Design
Parameter Spectrometer Spectrometer
(UCLA/JPL) (UCLA/JPL)
2017 [3] Available Late 2018
Processor Bandwidth (MHz) 3000 6000
Channel Count (#) 4096 8192
FFT Window Type Hanning PFB
FFT Format Real Real
Bit Resolution (#) 3 3
Power (W) 1.75 W 1.65 W
Size (cm3) 10x8x2 cm 6x8x2 cm
Packaging Technique Ribbon-Bond Flip Chip
Weight (Kq) 0.12 Kg 0.12 Kg
Core Technology 28nm HPC CMOS




Multiplied LO, f
<2THz

Multiplied LO, f>2

THz

HEB mixers

SIS mixers

IF LNAS
Backend

Calibration

Bias electronics
Optical
ICU

Tip/Tilt mechanis

6

7/8

8/9

9
9
9
8

O N oo U

HERSCHEL, MIRO,
STO-2, SOFIA,
JUICE(SWI)

HERSCHEL, STO-2,

SOFIA

HERSCHEL, SOFIA,

STO-2
HERSCHEL

HERSCHEL

STO-2, SOFIA

HERSCHEL, SOFIA,

STO-2
HERSCHEL

HERSCHEL

Herschel

Herschel (one axis)

CMOS synthesizer for reduced power; higher output
power for N>4; compact assembly

Higher power handling capability for lower stages;
higher output power; CMOS synth; GaN amps

Compact arrays; efficient IF extraction; balanced
designs

Compact arrays with efficient IF extraction

InP technology mature; need to advance SiGe
technology with lower DC power

FPGA systems are mature, however, need ASIC
based solutions for large arrays

Low power electronics, 5 if multiplexing is needed

Need TRL 5 by 2025 - Detector Roadmap Workshop 29/30 March 2018 25



OST Concept 2

 Smaller, less ambitious
* JWST size collecting area: ~25 m?
* Minimal deployment (minimum unfolding)

* Preliminary designs started, to be completed
by end of summer 2018 /

* Design driven by
the 3 main science questions

3 baseline instrument
+ little HERO upscope
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/ Astronomical 2%16 = 29 pixels

Image
Band Selection 2x16 9 2x9 piXQ|S
A\ Mirror 2x64 = 2x9 pixels
— 2x64 > 2x9 pixels
2x64 = 0 pixels
2x64 - 0 pixels

Telescope

Little HERO

Polarization Grid P

6 bands = 4 bands
(no 63 microns)

| 130 IF/backend > 40 |

Backend Electronics
Unit
LO Source Unit
_______________________________________________________ I Simple LO relay I
| | LOControl E Instrument |! Focal Plane 5
Units ) Control Units H Control Units H

27






HERO

on OST

Optical and
Mechanical Design
of little HERO:

=
Willem Jellema (SRON) r

; Andrey Baryshev (Nova) '

;.}5 Richard Hilis (MRAO, Cambridge)

Bruno Borgo (LESIA, Paris)

Martin Eggens (SRON) Mechanics
l Geert Keizer (SRON)

Gabby Kroes (NOVA-OIR)
Napoléon Nguyen Tuong (LESIA, Paris)
Ramon Navarro, NOVA-OIR

s

/

university of
groningen

Netherlands Institute for Space Research




Little HERO on OST 2
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Little HERO

Calibration Unit,
detachable

Local
Oscillator fo
OST Bus

\

;gq university of S Ro N
(/‘Z? / Netherlands Institute for Space Research

groningen

vatoire

de Paris

o




300K
0
Unit \@»»
' 130
| o8|
[Los} -
{to4]
LO3 Backend Elect 3
| o7 Unit
LO Source Unit
| | LOControl Instrumen t Focal Plane |
Units Control Unit Control Units |}

Summary (little) HERO

New generation heterodyne
array receiver

Builds on HIFI/Herschel,
(up)GREAT, ALMA experience
but surpasses it

Focal Plane Arrays

Frequency coverage: 486 —
2700 GHz

Very realistic,

but instrumental development
required

32



Science Phase (L+110

days)
5 years baseline
v 10 years-gonsumables
Deploy lower - bower IAM ??ploy Deploy upper { '.
booms ) . elescope booms |
L+3 days K " and baffle L+ 20 days |

SLS
Launch
~2035

Earth

Moon’s Orbit

Cool down,
checkout,
alignment,
calibrations,
commissioning

L+20 to L+110
D 33



Backups



HERQO’s Fact Sheet

e Around 63um, and 111 - 641um
e 32 to 128 spatial pixels, each with ~8000 specral channels

e Resolution: up to AMA =107
Co.l 2 | 3| 4|5 | 6| 7| 8|9 1011|1213 14

Max |IF # # Beam [T, .
Bandvmin vmin Amax Amin |AA/A BW2 |Mixer pixels pixels Trx s (mK) |Line Flux
in 1h at|W/m? at
Fall- K are  pan 50,106 res
(GHz)|(GHz) (wm) (wm) km/s Type |back Goal (DSB)|sec =106 |9m tel. 1h

1 468 648 641 463107 | 4301 SIS 2x4 2x16 40 15.2 2.0| 2.1 E-21
2 648 900, 463 333107 |3101] SIS 2x4 2x16 80 10.9 3.4| 4.9E-21
3 900 1260 333 23810’ 2222 HEB 2x4; 2x64 110 7.9 3.9|79E-21
A
5

1242 1836, 241 163107 | 1559 HEB| 2x4, 2x64 200 5.6 6.0| 1.7 E-20
1836/ 2700, 163 111107 | 1058 HEB 2x4 2x64 300 3.8 7.4|3.1E-20
6 4536 47520 66 6310’ 517 HEB| 2x4 2x64 500 1.8 8.6| 7.5E-20

14 Receiver noise for 1h integration at 10° resolution (0.3 km/s) using one polarization.
15 Detectable point source line flux at 5 sigma, for 1h pointed integration (on+off source) in two polarization, 35
with a 5.9 m primary mirror ( app eff. 0.9) as designed for OST Concept 1.




Little HERO fact sheet

Col.| 2 3 4 5 6 7 8 9 10 11 12 13
Max T... |Lineflux
Band vmin vmax Amax Amin AA/A |IF BW2 Mixer # pixels|Line Trx (mK) |per time
in 1h at
Ko hak wm2sos,
(GHz) (GHz) (um) [(um) km/s [Type HERO (DSB) =106  9m, 50
H,0, H,!20,
HDO
1 486/ 756 617, 397010’ 3865 SIS 2x9 NH, 50 2.6/6.4E-21
H,0, H,%0
2 756/ 1188 397, 25210’ 2469 SIS 2x9 H.O" 100 4.2|1.6 E-20
H,0, H,%0
H,O"
3 1188 1782 252 16810’ 1616/ HEB  2x9 NH, N 200 6.8/4.0E-20
4 1782 2700 168 11110/ 1071] HEB  2x9 HD, C* 300 8.4|7.3E-20

' Molecular line observations required for water trail theme

12 Receiver noise for 1h integration at 10° resolution (0.3 km/s) using one polarization.

13 Detectable point source line flux at 5 sigma, for 1h pointed integration (on+off source) in two polarization,

with a 5.9 m primary mirror (coll area 25m?, app eff 0.8) as designed for OST Concept 2.
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Instrument Performance

Spectral Line Sensitivity
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Instrument Performance

Spectral Resolution
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