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ABSTRACT

Submillimeter spectroscopy is a unique and very rich source of astrophysical information. While
many important results have been obtained using ground based telescopes, the Kuiper Airborne
Observatory, ISO, and SWAS, this field will soon experience rapid growth and development due
to projects such as SOFIA, ALMA, and the Herschel Space Observatory (HSO). High spectral
resolution is and will continue to be important for many observations. This paper discusses the
relative merits of coherent and direct detection for high resolution spectroscopy. In addition, the
paper gives a brief review of the status of coherent detection, and superconducting tunnel junction
(SIS) mixers in particular. Coherent detection can be expected to play a key role in submillimeter
and far—infrared astrophysics well into the future.

INTRODUCTION

Many interesting astronomical objects, such as galaxies, molecular clouds, PDRs, star—forming re-
gions, protostars, evolved stars, planets, and comets, have rich submillimeter spectra. These spectra
contain a great deal of detailed information about these objects, including their structure, energetics,
dynamics, elemental and isotopic abundances, chemistry, and physical conditions such as density,
temperature, and ionization. Most of this information cannot be obtained using other techniques.
Combining spectroscopy with other observations, such as maps of the dust continuum emission,
can be especially powerful. Some aspects of the science enabled by submillimeter spectroscopy are
described elsewhere in these proceedings.!2 Very often it is necessary to use high spectral resolution
in order to avoid line blending, and to resolve line shapes. High resolution spectroscopy is carried
out primarily using coherent receivers, even though direct detection in principle has a sensitivity
advantage. This is because practical factors, such as the sensitivities of existing detectors, and con-
straints on the instrument volume, make it difficult for direct—detection spectrometers to compete
at high resolution.

COHERENT DETECTION

Coherent detection is used primarily at
long wavelengths, from the radio into
the far-infrared. In comparison to di-
rect detection, coherent detection of-
fers several important advantages, in-
cluding the ability to obtain very high
spectral resolution. Figure 1 shows a
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As compared to direct detection, co-
herent detection has a fundamental disadvantage in sensitivity. In essence, coherent instruments am-
plify the electromagnetic field into the classical domain prior to detection, and preserve information



about both the amplitude and phase. According to quantum mechanics, these are non—commuting
quantities, and the corresponding uncertainty principle is the fundamental reason for the “quantum
limit” for the sensitivity of coherent detection. The value of this quantum noise can be expressed as
a noise temperature, T,, = hv/kp, which is 0.05 K/GHz, or 50 K/THz. Equivalently, it corresponds
to the photon shot noise from a background of 1 photon per second per Hertz of bandwidth. While
this “quantum limit” does not play a significant role for (warm) ground-based or airborne telescopes,
it would become an important issue for cold telescopes in space.

The background-limited sensitivity of a direct detector receiving a single mode (i.e. a diffraction—
limited beam and a single polarization) is expressed by the following equation:
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where o4 is the uncertainty in the incident power in a detection bandwidth Av after an integration
time T using a detector with effective quantum efficiency n¢ (including optical losses). Here ng
is the mean photon occupation number of the thermal background radiation. If the background
can be characterized by a single temperature T3, and a total emissivity €, we would have ng =

-1 e . .
€ [eh"/ kTog _ 1} . In contrast, the sensitivity of a coherent receiver is
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The two terms in the sum (1 + 7°ng) correspond to quantum and background noise, respectively.
This expression assumes that an amplifier or a single-sideband mixer is being used; a factor of 2
must be inserted on the background term for a double—sideband mixer. Thus, for low backgrounds,
ng << 1, direct detection is more sensitive by a factor ~ \/ng. For high backgrounds, ng > 1, both

systems are limited by background fluctuations and have comparable sensitivity. The comparison
between coherent and direct detection sensitivity is shown in Fig. 2.
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Achieving a spectral reso-
lution of R = v/Av requires

that the instrumgnt have some - Assumptions: grl‘r;lu/nSélbmm
method of delaying the signal nS = 0.5
by a time RT, or a distance 1 'r)d = 0.1

R, where T = \/c is the pe-
riod of the wave. This is a sim-
ple result of the Fourier trans-
form relationship between fre-
quency and time. The basic
reason that coherent detection
is capable of very high spectral
resolution, easily in excess of
106, is that the spectroscopy is
actually done after downcon-
version by the “backend”, at
radio or microwave frequencies,
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using amplified signals. A wide
variety of devices, such as fil-
terbanks, acousto-optic (AOS)
spectrometers, analog correla-
tors, and digital correlators have
been developed, which use various tricks to reduce the volume associated with the time delay RT.
In essence, digital correlators store the digitized signal into memory for retrieval at a later time.
Filterbanks and analog correlators use guided—wave (transmission line) propagation and dielectric
materials to drastically reduce the volume. AOSs and CTSs (chirp-transform spectrometers) rely
on the slow velocity of sound propagation in solids.

Figure 2: An idealized comparison of the relative sensitivities of coherent
and direct detection. The vertical axis is the sensitivity ratio; a ratio less than
unity favors direct detection. The vertical arrow shows the sensitivity penalty
associated with a 30—channel sequential spectral scan.



DIRECT DETECTION SPECTROSCOPY

For direct—detection spectroscopy, there is only one approach that gives the best sensitivity: grating
spectrometers or their equivalent. Such spectrometers use a grating to disperse the light onto an
array of detectors, and each detector pixel responds to a different wavelength channel. Because the
spectroscopy is done prior to detection, the spectrometer must have high efficiency (transmission).
Furthermore, the spectrometer must be cold, kT << hv, to avoid additional thermal noise. These
constraints severely limit the range of design approaches. In contrast, neither of these constraints
applies to backends for coherent receivers.

For best sensitivity, direct—detection spectrometers must obey a simple principle: they must
extract the necessary information from every photon. In a grating spectrometer, the absorption of
a photon by a given detector pixel corresponds to a measurement of its wavelength, to within the
resolution of the instrument. This is not true for other types of spectrometers. For instance, the
absorption of a photon by a detector in an FTS is not equivalent to a unique measurement of its
wavelength. This corresponds to a loss of information, and therefore sensitivity. Another example is
a Fabry—Perot spectrometer, which violates this principle by reflecting or “throwing away” photons
outside of its resolution bandwidth. The information carried by those photons is lost. Fabry—Perots
must be scanned to obtain a spectrum, which is the time penalty that is paid for throwing away
photons.

While grating spectrometers are very interesting for moderate-resolution submillimeter spec-
troscopy using cold space telescopes,® they cannot provide high spectral resolution. The difficulty
with grating spectrometers is that their size grows as the spectral resolution increases. For a resolu-
tion R, the linear size must be of order R\, according to the time—delay principle described earlier.
Achieving R = 10% at A = 200 um, which can readily be done using a heterodyne spectrometer,
would require a 200 m grating. Furthermore, this grating must be cold, to avoid a sensitivity degra-
dation. While there are no fundamental limitations, there are obviously enormous practical problems
with this approach. One can solve this size problem by folding the optical path onto itself. This
is exactly what is done in a Fabry—Perot, and does indeed give a large volume reduction, and can
achieve resolutions approaching R = 10°. The price is reduced sensitivity since photons are thrown
away.

COMPARISON OF COHERENT AND DIRECT DETECTION
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Fig. 2 demonstrates that direct de-
tection is superior for low backgrounds. However, for high spectral resolution, say R ~ 10°, direct
detection instruments would use Fabry—Perots and would need to be scanned. For a scan consisting
of M spectral channels, the sensitivity penalty would be v/M, as shown by the vertical arrow on
Fig. 2 for the case M = 30, which would give a modest amount of information about the line shape.



The overall result is that direct detection is still more sensitive, but not by an overwhelming factor.
There are several other important factors to consider:

e backends can easily provide thousands of simultaneous channels

e backends can provide a wide range of spectral resolutions

e submillimeter heterodyne receivers are within a factor ~ 10 of the quantum limit (see Fig. 3)
e mixer noise temperatures degrade at higher frequencies

e tunable local oscillators are not yet available above ~ 1.5 THz

e background-limited R ~ 10% spectroscopy will require detectors that are ~ 10® times more
sensitive than are now available (1072 W Hz /2 vs. 10718 W Hz~1/2)

e submillimeter mixers operate at Helium temperatures; direct detectors for high-resolution
spectroscopy, with NEP ~ 10~2! W Hz~1/2, would operate at ~ 100 mK, or lower.

At present, these factors combine to strongly favor coherent detection for high-resolution spec-
troscopy up to ~ 1.5—2 THz. The current lack of tunable local oscillators limits the role of coherent
detection at higher frequencies. In the future, we can expect the issue of detector sensitivity to dis-
appear (for both direct and coherent). Even in this idealized case, it appears that coherent detection
will retain substantial advantages in at least some situations, such as wideband, high-resolution line
surveys.

STATUS OF SUBMM RECEIVER TECHNOLOGY

Figure 3 shows the impressive improve-
ments in receiver sensitivities that have +V
been achieved over the last decade us- |
ing superconducting mixers, with both | Superconductor
tunnel junctions (SIS) and hot—electron Insulator
bolometers (HEB). Nonetheless, there e——>0 O 4
remains substantial room for improve-
ment to reach the quantum limit, par- A
ticularly at frequencies above 1 THz.

At millimeter wavelengths, SIS mix- —
ers offer the best sensitivities, closely
approaching the quantum limit. The hv
structure of an SIS junction is shown

in Fig. 4, and is basically a sandwich of Figure 4: A superconducting (SIS) tunnel junction. Junctions are
two superconductors with a very thin  made from a Superconductor /Insulator/Superconductor trilayer, or
(107201&) insulating barrier in between.  SIS. A typical junction area is ~ 1 um?. Submillimeter photons are
Electrons can tunnel across the barrier, coupled to the junction via leads attached to the electrodes.

Superconductor

provided that the energy provided by bias voltage V exceeds the superconducting gap energy:
eV > 2A. This explains the rapid turn-on of tunneling current at the gap voltage, V;, = 2A/e,
as shown in Fig. 5. Alternatively, at lower voltages, a photon can supply the missing energy, if
hv 4+ eV > 2A. In this mode, the junction behaves like a photodiode, providing one electron of
tunneling current per photon absorbed.

In theory, SIS mixers can approach the quantum limit, if the photons can be coupled efficiently
to the tunnel junction. This requires efficient waveguide probes or planar antennas, as well as
inductive tuning circuits for compensating the parallel-plate capacitance of the junction. SIS mixer
development is largely focused on these areas. The second issue, providing a tuning circuit, becomes
increasingly difficult at high frequencies, for two reasons: (1) the RF impedance of the junction
capacitance scales inversely with frequency; and (2) the superconductors or metals used for the
tuning inductor become increasingly lossy. Thus, SIS mixers become increasingly difficult to produce
at higher frequencies, and their performance deteriorates with frequency. SIS mixers will not operate



above 1.5-1.6 THz with current materials. Nonetheless, SIS mixers have been pushed to 1.2 THz,?
by using highly transparent AIN tunneling barriers, and very high quality (epitaxially grown) metal
films in the tuning circuit.

Future developments can be expected in several areas. First, and most importantly, the push
toward quantum-limited sensitivities must be continued. For frequencies above ~ 1 THz, HEB
mixers are used; these are reviewed by McGrath et al.5 Whether or not HEB mixers can ultimately
reach the quantum limit is still an open issue; new device concepts may be required. Another area
of development is to continue to expand the mixer instantaneous bandwidths. For ALMA, the goal
is 8 GHz; work at Caltech is pushing toward 12 GHz.” A third area, important for future space
missions, is to look at integrating the later stages of the local oscillator with the mixer, in order to
simplify the local oscillator injection problem.

Local oscillators are another area
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two of these characteristics can be ob-
tained simultaneously; combining all three remains a challenge.

THE FUTURE OF SUBMILLIMETER SPECTROSCOPY

Despite more than two decades of effort, submillimeter astronomical spectroscopy remains a small
and underdeveloped field, mainly due to the lack of sensitive instruments and telescopes. However,
the situation is changing rapidly. Increasingly sensitive and higher—frequency receivers are being
deployed on ground-based single—dish telescopes. Large—scale projects such as ALMA will play a
very important role in developing this field. However, large parts of the submillimeter spectrum are
blocked by the atmosphere, especially above 1 THz, and can only be observed from the stratosphere
(SOFIA) or from space (HIFI/HSO). SOFIA and HSO, in combination with ALMA, will completely
transform this field, and one can expect that there will be rapid growth in this area along with a
number of very interesting scientific results covering a broad range of astrophysical topics. In this
context, it is intriguing to consider the use of high spatial resolution maps provided by ALMA in
combination with high spectral resolution observations using SOFIA or HSO. For instance, what
might this combination provide for the study of protostellar/protoplanetary disks ?

What will be the role of submillimeter spectroscopy beyond SOFIA and HSO 7 It is clear that
there are very exciting possibilities for moderate—resolution spectroscopy of distant galaxies using
cold space telescopes and direct detection instruments; this should be a major new area for future
development. However, high resolution spectroscopy will continue to be of substantial scientific in-
terest, particularly for the study of star formation, and for nearby galaxies, which serve as templates
for the high—z objects. The scientific results from SOFIA and HSO will undoubtedly produce a
strong desire for observations with higher sensitivity and with better angular resolution. These can
be provided with a larger aperture telescope, such as SAFIR, along with the continued development



of more sensitive submillimeter receivers. Overall, one can expect a factor of ~ 5 — 10 further im-
provement in receiver sensitivity, which when coupled to a telescope with ~ 5 times larger collecting
area, yields an overall sensitivity improvement of ~ 30, a speed advantage of ~ 102, and a factor
of 2 — 3 better angular resolution. The speed advantage for line surveys will be larger still, due to
wider receiver bandwidths.

SUMMARY

The main points are: (1) The submillimeter spectrum has a very high information content,
much of it unique, and is best studied at high spectral resolution using coherent detection; (2)
recent breakthroughs have dramatically improved the technology for coherent detection, but the
technology has not yet reached fundamental limits; (3) the scientific motivation for high resolution
spectroscopy will grow substantially as a result of ALMA, SOFIA, and HSO; and (4) large gains are
possible beyond these missions, using a larger aperture and better receivers; this will substantially
strengthen and broaden the scientific case for a large—aperture mission. Thus, it is important to
continue the development of even more capable technology for coherent detection.
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