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Coherent v.s. Direct detection

Recent advances in direct detection technology:

Exponentially growing number of detectors [>10,000]

Improving sensitivity (detector noise limit → photon noise limit)

Spectrometers using on-chip transmission line technology
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Photon-noise limited direct detector v.s. nearly-quantum noise limited 

coherent receiver
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Coherent v.s. Direct detection

~ 0.1, but η can bring it up to ~ 1.

R does not depend on bandwidth B, but practically difficult to achieve 

RP >> 103 with direct detectors without scanning, and difficult to 

achieve bandwidth B >> 10 GHz with coherent detectors.
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Direct detection spectroscopy

Broad instantaneous BW

~100 GHz with grating

Low resolution: RP ≡f/df ≈ 103

Difficult to achieve high RP

Size of optics ≈ RP × λ

~30m @ λ = 300 μm & RP = 105
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below. ISO also for the first time detected several molecules in 
absorption against the THz continuum from an extragalactic 
source [41-42].  (OH and CH, and 18OH had previously been 
reported in absorption against the THz continuum of Sgr B2 
[43-45]).  The THz spectrum of the heavily imbedded nucleus 
of Arp 220 in particular shows many absorption lines (e.g. OH, 
H2O, CH, NH, NH3) which are excellent tracers of very small 
gas column densities, and gas phase molecular abundances 
[41]. As these rotational lines are permitted transitions, they 
are well coupled to the local radiation fields and have been 
used to constrain source geometry and the properties of the 
sources of the THz continuum radiation [42]. 

B. M82: A Case Study 

There have been many excellent studies of nearby galaxies 
in the THz fine-structure lines since the discovery observations 
outlined above. For brevity, we focus on studies of M82, the 
brightest extragalactic THz source in the sky, and the nearest 
starburst galaxy. A starburst galaxy is that is forming stars at 
such a high rate that it will exhaust is supply of star forming 
gas in a timescale short compared to the lifetime of the 
Universe. In normal star forming galaxies like the Milky Way 
about half the ISM is in molecular clouds with size-scales of 
10 to 20 pc, 5 to 10% of the ISM is contained within PDRs on 
these cloud surfaces, and <1% is in the ionized medium. 
However, KAO studies of M82 that included the [OI], [OIII], 
[NII], [NIII], and [CII] lines revealed an ISM fragmented by 
the powerful starburst into tiny ~1 pc diameter molecular 
cloudlets [39]. These cloudlets are substantially warmer and 
denser than Milky Way counterparts, and only half the mass of 
these cloudlets is molecular. The rest  nearly half the total 
ISM -- is contained within PDRs on the cloud surfaces formed 
by the intense FUV radiation field from the starburst. This 
radiation field is about 1000 times stronger than that of the 
solar neighborhood and extends over 125 pc scales. The high 
pressure clouds are in near pressure equilibrium with ionized 
gas and a hot inter-cloud medium that is 10 to 20% of the total 
interstellar gas mass. Subsequent studies based on ISO LWS 
spectroscopy (Fig. 4) of these lines strongly constrained the 
stellar mass function. It is best modeled as a 3 to 5 million year 
old instantaneous starburst with a 100 solar mass upper limit to 
the initial mass function [46].    

C . Recent Results:  Herschel and Markarian 231 

ESA launched the 3.5 m aperture passively cooled Herschel 
Space Observatory (HSO) on May 14, 2009. It is expected to 
operate until its cryogen supply runs out sometime in early 
2013. Herschel is dedicated to far-IR and submm wavelength 
photometry and spectroscopy and is performing at or beyond 
expectations in nearly every mode. Of relevance to the 
discussion here are the PACs and SPIRE spectrometers 
operating respectively in the 55 to 210 and 194 to 671 µm 
spectral regions (see Sec. V). These direct detection 
spectrometers have been enormously successful delivering a 
wide variety of science from studies of the planets to star 
formation in galaxies at redshifts beyond 2.2  when the 

Universe was less than 3 Giga years old. In this section, we 
briefly describe the SPIRE results obtained on Mrk 231. 

Mrk 231 is a representative of the ULIRG class of galaxies 
that were originally discovered by the IRAS satellite. These 
galaxies emit most (up to 99%!) of their bolometric luminosity 
in the THz dust continuum and by definition have THz dust 
continuum luminosities in excess of 1012 L . The large THz to 
optical luminosity ratio means their source(s) of radiant 
energy, be it stellar photospheres or accretion disks enveloping 
super-massive black holes, are enshrouded in many 
magnitudes of extinction by dust. The obscuring dust absorbs 
the optical radiation, heats up, and re-radiates the energy in the 
THz continuum. Most (~70%) of the ULIRGs are thought to 
be powered primarily by star formation, with the rest powered 
primary by AGN [47]. Mrk 231 is from the , so 
it will show characteristics of both. Figure 5 shows the 
remarkably rich SPIRE FTS spectrum of Mrk 231 [48]. Within 
this spectrum are 25 detected lines including lines of CO from 
J=5-4 up to J=13-12, 7 lines of H2O, 3 of HO+, and one each 
of H2O+, CH+, and HF. The CO rotational spectrum up to J = 
8-7 is consistent with line emission from warm, dense PDRs 

 
Fig. 4.  ISO-LWS spectrum of M82 from 44 µm to 196 µm showing most of 
the bright THz fine-structure lines [46] 

 
Fig. 5.  SPIRE FTS spectrum of the ultraluminous galaxy Mrk 231 [48].  
Red, blue, magenta, and cyan lines are CO, H2O, and OH+ respectively. Van der Werf, P. et al. 2010, A&A, 518, L42

Mrk 231
SPIRE/HSO
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On-chip direct detection spectrometers

Structures for shrinking the size of the ‘optics’ to combine

high RP, high sensitivity, very broad BW, and compact instrument size
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DESHIMA: On-chip Imaging Spectrometer 
using Superconducting Resonators

DESHIMA: Delft SRON High-z Mapper

Uses superconducting resonators as 

detectors and as a filterbank

Goal performance:

Instantaneous coverage of 320-950 GHz

RP: f/df = 1000

9 pixels

Photon-noise limited sensitivity

8000 MKIDs in total
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Key element: Superconducting Resonator
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Microwave Kinetic Inductance Detectors
(MKIDs)

Photon noise-limited NEP 

demonstrated down to loading 

powers ~ 100 fW

( ~ RP=103 on ground)
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On-chip Filterbank
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MKIDs and filter bank combined
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GOAL: 920 channels / 1 antenna
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920 color filterbank
(320-475 and 600-950 GHz)

DESHIMA on a 4-inch Si Wafer

antenna x 9 readout ports



Cosmology with Nanotechnology

Designed for the 650 GHz band

Fabrication uses the same technology 

as MKID imaging arrays

Electron beam lithography and 

dry etching for the filters

First evaluations undergoing at SRON

First Chip for Lab Demonstration

NbTiN/Al 
MKIDs
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New observational modes using 
on-chip direct detection spectrometers

Simultaneous observation of 

discrete frequency bands 

distributed over 100’s of GHz

(e.g., CO ladder)

Z-machines with very broad 

instantaneous bandwidth

(e.g., 350-950 GHz, 

1000 colors x 10 pixels)

Blind survey machines with 

limited BW but many pixels

(e.g., 100 colors x 100 pixels.)
several 100 of GHz

f-sampling
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Conclusion

Advances in technology are making the 

boundary between the territories of coherent 

and direct detection methods less obvious.

On-chip direct detection spectrometers like 

DESHIMA could offer RP’s as high as 104 with 

very wide bandwidth, opening up new modes 

of observations on CCAT.


