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A high resolution heterodyne spec
trometer for the submillimetre/far in
frared wavelength range has been 
developed for measurements in astro
nomy. Robust equipment intended for 
airborne operation and capable of 
detecting very weak signals was requi
red. The heterodyne technique has 
now been extended to applications in 
other areas.

In the case of astronomical spectro
scopy, the wavelength band between 
100 and 1000 µm remains one of the 
last sectors of the electromagnetic 
spectrum that has not been completely 
opened up. Covering the so-called sub
millimetre and far infrared (FIR) spectral 
ranges from 100 to 500 pm that have 
not yet been standardized, the band 
contains numerous spectral lines of 
prime significance. Included are those 
used to study Interstellar matter invol
ving low energy rotational transitions of 
small and light molecules such as hydri
des, and the higher transitions of so
mewhat heavier molecules such as car
bon monoxide (CO) in excited rotational 
states corresponding to elevated tem
peratures. Important fine structure tran
sitions for neutral oxygen (O0), Ionized 
carbon (C + ) and nitrogen (N + ) which, 
in contrast to molecules, do not have 
transitions in the microwave range are 
also present.

Observation of these various lines 
promises to advance the understanding 
of interstellar chemistry, the energy 
content of interstellar clouds, and star 
formation in different regions of our 
Galaxy. For example, cores comprising 
clouds of molecules that may have an 
embedded protostar are generally very 
opaque, especially at the line centre. 
This feature means that one is unable to 
observe low CO transitions (rotational

quantum number J < 4) deep within 
the core. The less opaque cold gas in 
the foreground does not emit at the 
higher rotational transitions (J > 6) 
so these transitions can be used to 
observe the embedded source. In other 
words, information comes from deeper 
inside the cloud the higher the CO tran
sition that is examined. By monitoring 
the different higher transitions of CO 
and observing several warm and hot 
star formation regions, one hopes to 
obtain temperature and density as a 
function of velocity and, in some cases, 
of position. The data can then be ana
lysed with respect to the global proper
ties of the regions.

Atmospheric Transmission
The Earth's atmosphere between an 

observer and an astronomical object 
along a line of sight acts as a filter 
which blocks nearly all astronomical 
signals at adsorption bands involving 
mainly oxygen, ozone and water va
pour. The translucent (permeable) spec

tral ranges between the pressure broa
dened adsorption lines are also affec
ted. With the exception of some spec
tral windows down to 350 pm, where 
favourable occasions permit measure
ments of objects at high elevations from 
ground-based telescopes placed on 
high altitude mountain tops, the sub
millimetre wavelength band is only 
accessible for astronomical observa
tions from above the troposphere. Plat
forms such as airplanes, balloons and 
satellites carry relatively small tele
scopes which, for the wavelengths of 
interest, imply a low spatial resolution. 
It is therefore of prime importance to 
make measurements at very high spec
tral resolutions in order to distinguish 
between different components of an 
object through their different velocities, 
as manifested by the relative Doppler 
shifts (1 km/s is equivalent to a fre
quency shift of = 3 MHz at a wave
length X of 300 pm).

Fig. 1 shows the atmospheric trans
mission for each of the important mole-

Fig. 1 — Atmospheric transmission at the airborne research operation altitude of 14 km. 
Values are given for transitions between rotational quantum levels J of various molecules. 
The spectral lines marked with an asterisk are observable on the ground.
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cular and atomic transitions used in 
astronomy and atmospheric physics. 
The data are for the altitude of 14 km 
(45000 feet) used in most airborne 
research operations. The transitions 
marked with an asterisk are also obser
vable from the ground.

Kuiper Airborne Observatory
Astronomers have mostly been allow

ed a view of the submillimetre and far 
infrared because of KAO, the Kuiper Air
borne Observatory, a national facility in 
the USA that has been operated by 
NASA since 1974. The observation 
platform is a modified C-141A jet trans
port with a range of 11000 km and 
capable of conducting research opera
tions to an altitude of 14 km. KAO's 
telescope comprises a conventional 
Cassegrain reflector with a 91.5 cm 
aperture that was designed primarily for 
operations in the 1-500 pm range. It 
views athwartships from an open cavity 
recessed in the aircraft's fuselage. 
Although the telescope is rather small 
for use at long wavelengths, its availa
bility above the troposphere has proved 
to be of enormous value.

Spectrometers
FIR and submillimetre spectral lines 

have interesting velocity structures for 
speeds ranging from hundreds of km/s 
— as seen in external galaxies and in 
the galactic centre — to fractions of a 
km/s. Structures for the latter have also 
been observed previously in lines origi
nating in clouds of molecules present in 
our Galaxy. One therefore needs spec
trometers with different resolving 
powers and total bandwidths depen
ding upon the character of the astrono
mical problem at hand.

Various types of spectrographic tech
niques have been developed for KAO 
but basically only two are in regular use. 
For very high spectral resolutions (Av/v 
~ 10-5-10-7 where Av is the half power 
line width at a frequency v) there are 
heterodyne spectrometers: for interme
diate resolutions (Av/v > 10-5), Fabry- 
Perot or grating spectrometers are the 
preferred choice. Both types have pro
ved themselves and are capable of fur
ther development.

New types of heterodyne receivers 
based on Schottky diodes with tunable 
open structure mixers and using lasers 
as local oscillators (LO) now allow us to 
cover most of the sub-mm/FIR wave
length range at high resolution and with 
a large bandwidth using a single instru
ment. Their application, particularly in 
airborne astronomy, has led to a large 
number of new discoveries.

Fig. 2 — Block diagram of the high reso
lution heterodyne spectrometer. A weak 
signal with a power P of 10-14 W from the 
J = 12-11 transition of carbon monoxide 
(CO) at a frequency vsig = 1.382 GHz is 
mixed in a diode mixer with a local oscillator 
beam having a similar frequency for conver
sion into a signal with an intermdiate fre
quency (IF). After amplification and filter
ing, the signal profile is measured using an 
acousto-optic spectrometer (AOS) with 
1024 detectors.

Sub-mm/FIR Heterodyne Techniques
The heterodyne technique is well- 

known in radio communication as the 
"superheterodyne” receiver that is 
used commercially for the short to long 
wavelength range with both frequency 
and amplitude modulation. The primary 
function of a heterodyne receiver with a 
diode mixer is to translate a signal at 
one frequency to another with a diffe
rent frequency which can be amplified 
or processed more efficiently. The abi
lity to shift a signal in frequency with 
minimal added noise or distortion is im
portant because the properties of ampli
fiers, filters and detectors depend upon 
the frequency. In order for these devices 
to function optimally it is often neces
sary to shift the signal to suitable fre
quencies. One of the major advantages 
of the diode mixer is that it can usually 
be used at frequencies where nothing 
else will work, and this is especially 
the case at sub-mm/FIR wavelengths 
(< 500 µm).

As an example, Fig. 2 illustrates the 
signal processing path for a high resolu
tion heterodyne spectrometer used in 
the detection of the CO line with a rota
tional quantum number J = 12-11 at 
217 µm: a very weak signal on the order

of 10-14 W can be detected and the line 
width resolved. The incoming signal is 
mixed in a nonlinear resistance (diode 
mixer) with a local oscillator beam 
having a frequency close to the signal 
frequency. All the signal information is 
transferred down to the microwave 
range where low noise amplifiers and 
suitable filters exist. A microwave spec
trometer generates the line profile 
which is stored and displayed on a per
sonal computer.

Diode mixer
GaAs Schottky barrier diodes are the 

mixer element of choice as they are the 
only ones that cover the sub-mm and 
FIR ranges. But a few research labora
tories fabricate diodes optimized for the 
sub-mm regime, and steady improve
ments in performance are being realized 
by determining the optimum design for 
a specific frequency range and opera
ting temperature. This entails conside
ration of the impurity profile and device 
geometry, as well as efforts to under
stand the detection and mixing process 
at about 100 pm (3000 GHz).

New forms of submicron structures 
specially designed for the 100-300 pm 
range have recently been produced by 
the University of Virginia, USA. The co
ver illustration shows a cross-section 
through this new type of Schottky bar
rier diode with its honeycomb structure 
contacted by a whisker. The actual 
design was determined by the smallest 
size of the Schottky contact that can be 
realized in the laboratory (0.5 pm dia
meter). The diode typically has a series 
resistance Rs of = 30 Ω and a capa
citance Cj of 5 x 10-16 F leading to a 
cutoff frequency (27πRsCj)-1 of 10 THz 
which implies that these devices are not 
only very efficient mixers but also extre
mely fast video detectors (time cons
tant τ = 10 13 sec) with a theoretical 
sensitivity of about 10-10 WA/Hz when 
operated at room temperature.

Quasi-opticaI mixer
In contrast to optically coupled de

vices, the sensitive detector area on a 
Schottky diode is orders of magnitude 
smaller than the submillimetre and FIR 
wavelengths. Antenna structures have 
therefore to be used to increase the 
effective detector area. A heterodyne 
receiver requires at the same time spa
tial overlap between the signal and the 
local oscillator.

Waveguide techniques provide effi
cient coupling in the microwave range. 
At sub-mm wavelengths below 500 pm 
a different approach must be used 
owing to to the small physical dimen-
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sions and the increasing importance of 
surface resistance losses and the skin 
effect.

A quasi-optical mixer structure (Fig. 
3) introduced by our group has turned 
out to be appropriate in the 100-500 
µm range. A whisker that provides con
tact to the diode acts as a long-wire 
antenna (several wavelengths in length) 
with an antenna pattern which is sym
metric about the whisker. The coupling 
efficiency is increased by more than a 
factor of 10 by placing a corner reflector 
behind the wire, resulting in a more 
or-less symmetric antenna beam in the 
E- and H-plane and suppressed side- 
lobes. The open-structure arrangement 
can be tuned in resonance with the the 
incoming signal, the LO radiation fre
quency and the resulting intermediate 
frequency (IF) by adjusting the whisker 
length and the distance between the 
apex of the corner reflector and the 
whisker. An extensive evaluation of 
several types of corner reflectors and 
corner cubes has turned the fairly sim
ple detector configuration into a widely 
used antenna coupling structure.

Optically pumped gas laser
The local oscillator for the mixing pro

cess must satisfy numerous require
ments that can only be met at the pre
sent time by optically pumped gas 
lasers. The main requirements can be 
summarized as follows:
— To operate the diode at the optimum 
working point it is necessary to keep the 
laser power in the mW range.
— If it is intended to achieve a spectral 
resolution Δv/v = 10-7 then the spec
tral purity must be below this value.
— The observing time is usually at 
least one hour. The amplitude should re
main stable to ± 1% within this period, 
and the frequency to within ± 100 kHz. 
This is a difficult task because tempe
rature changes of ± 30 K are possible 
when using the KAO.

Fig. 3 — Schottky diode in an open struc
ture mixer mount. Matching between the 
main lobe of the focused signal, the local 
oscillator beam and the diode detector is 
achieved by adjusting the corner reflector 
and the long-wire antenna that also acts as 
the diode contact.

— A large number of laser lines are 
required in order to cover the the whole 
wavelength range. This is because 
lasers are not easily tunable and the mi
crowave components can only handle 
an intermediate frequency of ± 40 kHz. 
At the moment there are a few hundred 
laser lines which fulfill these conditions.
— The optically pumped gas laser must 
satisfy the specifications for airborne 
operation.

Starting with a bulky prototype 
weighing 1000 kg we have developed a 
compact laser system of only 50 kg in 
weight that works in any orientation, 
even when subjected to a linear accele
ration of 5 g. Copies are now manu
factured by industry and used for other 
applications.

Acousto-optic analyser
After mixing and amplifying the 

signal, an acousto-optic spectrometer 
(AOS) analyses the incoming spectrum. 
Based on the Bragg scattering of a 
coherent light beam at a phase grating, 
the AOS consists of four components: a 
HeNe or diode laser, beam expanding 
optics, a deflector crystal and a photo 
detector array (see Fig. 4).

The amplified IF signal generates a 
density wave in the deflector crystal in 
a similar manner to a phase grating (the 
grating corresponds to the frequency 
distribution of the signal). A beam from 
the HeNe laser is diffracted in the den
sity wave and the distribution of light 
over different deflection angles is pro
portional to the frequency of the si
gnal's power distribution. A lens system 
is used to focus the first-order diffrac
ted light onto a photodiode array or 
charge coupled device with either 1024 
or 2048 detector elements whose out
puts are digitized and fed to a personal 
computer, either directly or via a digital 
integrator.

The two main design parameters, 
bandwidth and resolution, determine 
the choice of material for the Bragg cell. 
Te02 is useful for a bandwidth of 50 
MHz; LiNb03 is more useful for a band
width of 1000 MHz with 1024 channels 
and a resolution of ~ 1 MHz/channel. 
For airborne application, we have deve
loped a compact AOS with a self-sup
porting structure measuring 50 x 10 x 
20 cm and weighing 10 kg. Capable of 
covering a bandwidth of 1000 MHz 
using 1024 channels, we have used it 
successfully aboard the KAO since 
1988.

Performance
By combining the components des

cribed above it is possible to use only 
one heterodyne system to span the fre
quency range from 100 to 500 pm at a 
selected resolution Av/v from 10'4 to 
10-8 and, if necessary, even two orders 
of magnitude higher. The heterodyne 
sensitivity is about 3 x 10-19 W/Hz (see 
Fig. 5) equivalent to about 10-16 W/VHz 
for a resolution of 1 MHz/channel. The 
sensitivity range is about a factor of 
200 above the quantum noise limit. 
What is really remarkable is that this 
performance is achieved even when the 
complete spectrometer operates at 
room temperature.

A fundamental and important diffe
rence between a microwave spectrum 
analyzer, or a grating or Fabry-Perot 
spectrometer, and our heterodyne spec
trometer is that the latter is not a scan
ning device. Instead, all 1024 photo
diodes, each with a bandwidth of 1 
MHz are integrated simultaneously. The 
result is a much shorter measuring time 
and the ability to detect very weak si
gnals. The principle disadvantages with 
respect to conventional spectrometers 
are the limited bandwidth of a few GHz 
(= ± 0.1% of the spectral range) and 
the need to tune ± 20 GHz around the 
local oscillator frequency.

Fig. 4 — Optical layout of the acousto-optic spectrometer. The intermediate frequency 
signal (IF) in the deflector crystal acts as a phase grating such that light from the HeNe laser 
is diffracted by the the crystal's density wave and detected by a photodiode array (PDA) 
or a charge coupled device (CCD) with 1024 or 2048 detector elements.
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Fig. 5 — Sensitivity of a sub-mm/FIR heterodyne spectrometer for two different GaAs 
Schottky diodes.

Astrophysical Observations Aboard 
The KAO

High J  observations of CO were per
formed aboard the KAO in September
1988 and from February to March in
1989 using the heterodyne spectro
meter. We made the first high resolution 
detection of CO (J = 9-8) at 289 pm, 
CO (J = 11-10) at 237 pm, CO (J = 
12-11) at 217 pm and CO (J = 14-13) 
at 186 um and studied the the Orion 
Molecular Cloud 1 (OMC-1) over several 
arc-minutes around the position IRc2.

Earlier mapping of OMC-1 using the 
CO (J  = 7-6) transition aboard the 
KAO In 1985 and 1986 showed that the 
warm gas component extended over 
several arc-minutes. This is remarkable 
because the excitation energy required 
to populate the J = 7 level is equiva
lent to a temperature of about 155 K. It 
then turned out that higher rotational 
lines could be seen over several arc- 
minutes at high antenna temperatures 
(TA = 70 K) even though these lines 
require considerable excitation energies 
(CO 0 = 1 2  has an excitation tempera
ture of 430 K).

We also found that the hlgh-0 transi
tions of CO In several areas displayed 
very narrow linewidths equivalent to 
about 2 km/s (Fig. 6); this was not the 
case for the lower transitions. The high- 
J  linewidths at these positions also 
decreased systematically with an in
creasing excitation temperature. This 
was unexpected as line profiles should 
be wider for the more turbulent, hotter 
gas located deep inside the cloud as 
compared with the cold gas in the fore
ground. A possible explanation may be 
that the density of carbon dioxide mole
cules is so high that one only observes 
a thin skin of hot gas.

We have also Investigated the BN/KL 
(Becklin Neugebar/Kleinman Low) out
flow close to OMC-1 as well as the con
tinuum emission from dust condensed 
in this region. Our high-J observations 
invariably produced some spectra with 
indications of line wings (Fig. 7) for lines 
that were broader than those with the 
usual Gaussian profile. Gas is streaming 
outwards with velocities of approxi
mately ± 50 km/s. Detailed mapping 
around one of the regions of high velo
city at high spectral resolution using the 
IRAM 30 metre telescope for CO (J = 
2-1) Indicated that the gas in fact flows 
rapidly outwards In two opposing

Fig. 6 — CO (J = 12-11) emission at the 
high temperature ionization front in Orion. 
The antenna temperature TA is plotted as a 
function of the variation in gas velocity. An 
extremely narrow spectral line correspon
ding to a velocity difference of 2 km/s is 
observed for this high-J transition. The 
narrow width indicates little apparent tur
bulence in the hot core; lower level transi
tions from the colder, seemingly more tur
bulent outer regions are much broader.

Fig. 8 — Volume mixing of CO in the Earth's 
atmosphere measured using sub-mm/FIR 
heterodyne spectrometry. The dashed 
curve represents data obtained from a bal
loon by gas chromatography; the solid 
curve, results made with an instrument 
located on the ground.

streams, thus confirming the presence 
of a new outflow source.

Atmospheric Physics
Most of the atoms and molecules 

which are relevant for astronomy are 
also of Interest In atmospheric physics, 
e.g. H20, 0 3, NH3, CO and their Iso
topes. In astronomy, unlike atmospheric 
physics, the atmosphere is a hindrance 
— an unavoidable filter with Its own 
emission and adsorption spectra which 
can falsify Interstellar spectra. Our hete
rodyne spectrometer has been used 
extensively both on the ground and on 
the KAO to investigate the atmospheric 
transmission curve by measuring ad
sorption spectra of e.g. CO and 03.

The profile along a line of sight 
through the atmosphere, either vertical
ly or horizontally, gives integrated infor
mation about the molecular concentra
tion as a function of altitude or position 
when allowances are made for the 
Doppler effect and pressure broade-

Fig. 7 — Typical spectra of CO (J = 9-8) 
close to the BN/KL outflow source in Orion. 
The broad, non-Gaussian distribution of 
the antenna temperature fin degrees K) is 
thought to arise from two opposing gas 
streams, each with a velocity V of about 
50 km/s.
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ning. Knowing the temperature and 
pressure profiles for the Earth's atmo
sphere it is possible to derive from an 
accurately measured line profile the 
volume mixing ratio. Several research 
groups worldwide are presently using 
the heterodyne technique to monitor 
the Earth's atmosphere from airborne 
platforms. Fig. 8 shows an example of 
such a profile for CO obtained by mea
suring on the ground the CO (J = 6-5) 
transition at 434 µm.

The great advantage of this method is 
remote observation. It is unnecessary to 
be at the target position which may be 
difficult to reach or undesirable owing 
to safety aspects. Examples include 
analyses of exhaust gases from the 
chimneys of power stations and from jet 
engines, of tokamak plasmas, of toxic 
gas clouds, etc.

Plasma Physics
The ion temperature of a tokamak 

plasma can be measured if one replaces 
the input signal in Fig. 2 by strong, 
pulsed laser radiation that has experien
ced collective Thomson scattering from 
density fluctuations at the thermal 
level. Owing to the extremely small 
Thomson scattering cross-section of 
6.66 x 10-29 m2, the signal levels that 
must be analysed are very low
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1990 Nobel Prize in Physics
The 1990 Nobel Prize in Physics has been awarded jointly to Professors Jerome 

Friedman and Henry Kendall, both of the Massachusetts Institute of Technology, 
Cambridge, MA, USA, and Richard Taylor of Stanford University, Stanford, CA, USA 
for their pioneering investigations of deep inelastic scattering of electrons on pro
tons and bound neutrons which have been of essential importance for the develop
ment of the quark model in particle physics.

The three prizewinners were key members of the SLAC-MIT team which confir
med in 1968 clear signs that there exists an inner structure in the proton and neu
tron of the atomic nucleus. By 1972, interpretation of their results in terms of 
quarks was assured and work on neutrino scattering started to provide supporting 
evidence. Their findings therefore paved the way towards today's understanding of 
the constituents of matter.

An appreciation will be published next month.Fig. 9 — Measured scattering spectrum for 
a He plasma with an electron density Ne of 
7 x 1019 m 3 recorded using a single laser 
pulse.

(<1018 W/Hz). The heterodyne tech
nique however, offers several unique 
opportunities:
— Sensitivity close to the quantum 
noise limit.
— Rapid detection for laser pulses last
ing about 1 ps.
— Insensitivity to the noisy tokamak 
environment.

Successful experiments have recent
ly been carried out by research groups 
at the Ecole Polytechnique Fédérale in 
Lausanne and at the University of 
Düsseldorf using a pulsed D20 laser at 
385 pm. A single laser shot was found 
to be sufficient to determine the ion 
temperature in H, D and He plasmas 
with electron densities N above 5 x 
1019 m 3 (Fig. 9).

Conclusions
Since its introduction in astronomy, 

the sub-millimetre/far infrared hetero
dyne spectrometer has come to be wi
dely used in other, very different, fields 
of research. A feature that allowed this 
extension was the demonstration of an 
airborne system that had proved itself in 
a hostile environment. Expected impro
vements in sensitivity, bandwidth and 
reliability combined with the capacity to 
operate at wavelengths smaller than 
100 pm ensure an exciting future.
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Acusto-Optical Spectrometers 
with Proven Stability

Elson Research Inc. designs and 
manufactures acusto-optical spectrum 
analyzers (AOS) specifically for 
research applications in radio astrono
my or atmospheric physics.

A unique active frequency stabiliza
tion technique has earned Elson AOS 
analyzers a reputation for high sensi
tivity and excellent reliability.

Each Elson AOS analyzer is tailor- 
made for your specific application; 
bandwidths available range from 40 
MHz to 1.5 GHz, with resolutions 
from 50 kHz to 10 MHz. A subsystem 
comprises:

* Acusto-optical processor
* Electronics unit
* RF unit
* All power supplies and controls
A subsystem can actually combine

up to four spectrometers in a compact 
chassis for a standard 19” rack— 
a rugged, space-saving design which 
allows easy transportation, installation 
and maintenance.

When compared to a 1024-channel 
filter bank for atmospheric research,

an Elson AOS offers both wide and 
narrow resolutions for faster analysis, 
avoids the need for multiplexing and 
does not suffer from defective chan
nels. It is also significantly cheaper to 
purchase and maintain.

The world’s leading supplier of com
mercial AOS analyzers since 1985, 
Elson Research’s recent installations 
include: The James Clerk Maxwell 
Telescope in Hawaii (1988), the 
University of Helsinki (1989) and, for 
atmospheric physics, the Helsinki 
University of Technology (double sys
tem, 1990).

Elson Research arranges orientation 
courses, user-training, service-training 
and maintenance world wide. And on
going research allows your subsystem 
to be continually upgraded to the state- 
of-the-art level.

For more information, please mail 
or fax Dr. Lauri Malkamaki at:

Elson Research Inc.
RO. Box 167
Salem, NH 03079-9998
Fax: 603-893-2131

ELSON
I am interested in reliable AOS analyzers, please send me the following information: 

Elson AOS-series specifications
d  Theory and principles of AOS operation (ISBN 952-90-1704-9)
Application: d Astronomy d  Atmospheric Physics d  Other
Name and title:
Institute: ___
Address: ___
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