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The Beginning of Radio 
Astronomy

• Starts at Bell Labs in 1931 
with an engineer name 
Karl Jansky

• Jansky was tasked with 
studying sources of  noise 
on Transatlantic phone 
calls

Photo Credit: Krauss



The Beginning of Radio 
Astronomy
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The Beginning of Radio 
Astronomy
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Jansky 1932



But the story doesn’t end 
there…
Grote Reber, an electrical 
engieer, picked up Jansky’s
work with a radio dish he built in 
his own back yard

160 MHz signals from Grote 
Reber’s backyard telescope

Reber 1944

Photo Credit: Krauss
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THz/IR Missions

IRAS 1983

ISO 1995

SWAS 1998

Spitzer 2003

AKARI 2006

Odin 2001

SOFIA 2010

STO 2012

Herschel 2009

STO-II 2016



Results from Herschel….

Andromeda in optical light
Image credit: R. Gendler

Andromeda in FIR. Image credit: 
ESA/Herschel/SPIRE/HELGA



Life Cycle of  Interstellar Medium (ISM)

[CII]

Image Credit: Kulesa and Walker



Life Cycle of  Interstellar Medium (ISM)

[CII]

What do all of  these atomic 
and molecular tracers have in 

common?

Image Credit: Kulesa and Walker



Life Cycle of  Interstellar Medium (ISM)

[CII]

What do all of  these atomic 
and molecular tracers have in 

common?

Transitions in the THz/Sub-
millimeter!

Image Credit: Kulesa and Walker



Large scale THz 
spectroscopic surveys are 

needed to study the 
kinematics  of  large gas 

clouds in the Milky Way => 
heterodyne arrays needed!

Life Cycle of  Interstellar Medium (ISM)

[CII]

What do all of  these atomic 
and molecular tracers have in 

common?

Transitions in the THz/Sub-
millimeter!

Image Credit: Kulesa and Walker



Superconducting THz 
Heterodyne Receiver

• Coherent detection

• High spectral resolution 
(R=107) 

• Sensitivity

• SIS or HEB Mixers

Kloosterman 2014



[C II]

Life Cycle of  Interstellar Medium (ISM)

Image Credit: Kulesa and Walker



[C II]

SuperCam
CO: λ = 0.8 mm, ν = 345 GHz 

Life Cycle of  Interstellar Medium (ISM)

Image Credit: Kulesa and Walker



Atmospheric Transmission (Best Sites in 
North America)

SMT



SuperCam Block Diagram

Kloosterman 2014



Submillimeter
Telescope

(SMT)

SuperCam: A 64-pixel imaging 
spectrometer at 345 GHz



SuperCam Installed in the Apex Room of the SMT



Magnet DC 
connector

Bias DC connector Gilbert GPPO blind mate IF 
connectors

1x8 Mixer Module

Electromagnets

Horn Extension Block

Groppi et al. 2010



Anatomy of a 1x8 SuperCam Subarray

Groppi et al. 2010



Anatomy of a 1x8 SuperCam Subarray

Groppi et al. 2010



Magnet probes
Input matching 
network

WBA13 MMIC chip

Bias circuitry

Output coax

Anatomy of a 1x8 SuperCam Subarray

Groppi et al. 2010



Magnet probes
Input matching 
network

WBA13 MMIC chip

Bias circuitry

Output coax

Anatomy of a 1x8 SuperCam Subarray

Groppi et al. 2010



Ground beamlead

SOI SIS Chip

Beamlead alignment 

tabs

Quarter wave backstop

IF Beamlead

Magnet probes
Input matching 
network

WBA13 MMIC chip

Bias circuitry

Output coax

Anatomy of a 1x8 SuperCam Subarray

Groppi et al. 2010



SuperCam I-V Curves

Black= Unpumped
Red=Pumped



SuperCam Power Curves



Receiver Noise Temperature

• 81% of  pixels working!!!

• Noise-weighted median 
Trx = 104 K



SuperCam Allan Variance



SuperCam Spectra of Orion A



SuperCam Map of  Orion A 
Molecular Cloud from the SMT, 

May 2013

SuperCam

Kloosterman 2014 



Atmospheric Transmission
(Best Site Reasonably Accessible Site in the World)



CO Survey Instrument: 
SuperCam

Stanke et al., 2015, in prep

APEX



[C II]

SuperCam
CO: λ = 0.8 mm, ν = 345 GHz 

STO/STO-2/GUSTO/SHASTA
[NII]: λ = 205 μm, ν = 1.5 THz
[CII]: λ = 158 μm, ν = 1.9 THz
[OI]: λ= 63 μm, ν = 4.74 THz

Life Cycle of  Interstellar Medium (ISM)

Image Credit: Kulesa and Walker



Atmospheric Transmission
(SOFIA/Sub-Orbital)



STO-2 Hang Test



STO’s ~14 Day 
Flight Track 

Launch SiteLanding Site



30-40 GHz
Oscillator

x3

x2

x3

4

4

4

Hot/
Cold

Elliptical
Mirror

4 K Plate

LNAs

4 4

NI Bias
Box VoutVout Vin

Iin

4

4 HEBs

4

4BPF

Power 
Meter

Polarizer
Grid

x3

Lab Setup for Prototype 
Array at 1.9 THz



LO Array

Elliptical
Mirror

Polarizer 
Grid

Mixer Array

Lab Setup



1.9 THz Local Oscillator
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Siles et al. 2014



4-Pixel LO

1
2
3
4



Horn 
section

Mixers

SOI Chip-
HEB 
Technology

Back piece



Mixers

SOI Chip-
HEB 
Technology



Mixers

SOI Chip-
HEB 
Technology



4-Pixel Mixer Block

30 mm

5 mm 10 mm



4 Pixel Array Inside the Cryostat



Results
ΩRT

IC(μA) VBIAS(mV) IBIAS(μA) TRX(K)

Mixer 1 126 90.2 0.78 13.8 TBD

Mixer 2 114 89.6 0.69 8.6 840

Mixer 3 102 105.4 0.46 11.8 875

Mixer 4 0 NA NA NA NA



4.7 THz Heterodyne Receiver 
Laboratory Setup

Results from Kloosterman et 
al. 2013



4.7 THz QCL

• Tuning range: 1.5 GHz

• Tuning coefficient: 2.4 
GHz/V

• THz output: 0.25 mW

• Low power requirement: 
0.8 W @ 15 K

• Operation up to 77 K



Mixer: Hot Electron Bolometer

• NbN 2 x 0.2 μm2

superconducting 
bridge

• Tight spiral 
antenna

• Coated Si lens 
for 4.3 THz

Pumped HEB IV Curve



QCL-HEB Coupling 
Efficiency

QCL Power Loss
• UHMW-PE lens and 

cryostat windows: ~3 dB
• Air: ~3.5 dB
• Mylar beam splitter: ~9 dB
• IR filter: ~0.8 dB
• Coated Si lens: ~1 dB
• Spiral antenna 

polarization: 3 dB
• Total: ~21 dB



Receiver Noise Temperature

• 3 methods used to measure y-factor at 4.7-THz for an average 
TDSB = 815 K!!!

• At 4.25 THz, measured 750 K

• At 5.25 THz, measured 950 K



Stability – Allan variance 
measurements

• Non-stabilized, 
spectroscopic Allan 
variance: ~1 second

• Stabilized 
spectroscopic Allan 
variance: ~15 seconds

• Nitrogen gas purged 
(non-stabilized) Allan 
variance: ~7 seconds

• Suggests that 
atmospheric turbulence 
may be a large 
contributor to instability 
of  the system



IF Bandwidth

IF Noise Bandwidth

Conversion Loss



Methanol Gas Spectroscopy at 4.7 THz

Methanol gas 
spectroscopy 
used to verify 
performance

Good agreement 
with model 
demonstrates:
• HEB sensitivity
• IF linearity
• Receiver

stability
• LO frequency

QCL: 4.7404 THz
[O I]: 4.7448 THz
-> ~4.3 GHz IF



Next Steps To Arrays
New feedhorns

• Easier to machine, 
and assemble

• Lowers cross-
polarization



Summary/Future of THz Astronomy

STO/STO-II GUSTO SHASTASuperCam



Extra Slides



Penguins!



1.9 THz Local Oscillator

18mm

10mm

1.9 THz 
tripler
modules

225 GHz 
doubler
modules

110 GHz 
tripler

modules

Ka-band 
2-way 
power 

dividers

660 GHz 
tripler
modules



Power Output
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• A voltage moves 
free electrons from 
the valence band to 
the conduction 
band

• These electrons 
tunnel through a 
quantum well

• A photon is 
released with the 
amount of  energy 
lost by the electron

• Repeat

Local Oscillator: Quantum 
Cascade Laser
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