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Aan mijn ouders, die door
hun toewijding zo veel van
wat hieraan vooraf ging
hebben mogelijk gemaakt.
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Aanschouw ik uw hemel, het werk van uw vingers,
de maan en de sterren, die Gij bereid hebt:

Wat is de mens, dat Gij zijner gedenkt,
en het mensenkind, dat Gij naar hem omziet?

Psalm 8 : 4,5
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1 I. INTRODUCTION

The roots of the work described in this thesis go back
to 1965 when a program was started at the Laboratory Astro-
physics group of the Astronomical Institute in Utrecht for
the development of novel instrumentation for astronomical
observations. The main emphasis of this program has been on
the application of radio techniques to obtain high spectral
resolution at wavelengths in the optical and infrared
domain: Heterodyne techniques were developed over a number
of years for wavelengths of 0.5 , 3 , 10 , and 300 ym ,
thus following the strongly increasing interest for astro-
nomy at infrared wavelengths.

Parallel to the extension of infrared astronomy to-
wards longer wavelengths, observations in radio astronomy
were extended to shorter wavelengths. Both in the infrared
(1 vim - 100 ym) and the mm radio (1 mm - 10 mm) wave-
length range, technology developed rapidly not only because
of the astronomical interests but also owing to the applic-
ability in various other disciplines. The intermediate
range of frequencies, with which this thesis is concerned,
is usually called the submm range. This range technologic-
ally has remained relatively underdeveloped for a consider-
able time because the exciting results obtained at I.R. and
mm wavelengths caused a strong focussing of attention on
these regions and prevented spending much effort on the
difficult development of submm technology. Moreover, the
earth's atmosphere is relatively much more opaque in this
range than at most of the I.R. and radio wavelengths, which
severely hinders astronomical observations as well as other
applications.

The results in infrared and radio astronomy, however
exciting they were, probably have raised as many questions
as they have solved. The answers to many of these new
questions might be obtainable by observing in the submm
range of the electromagnetic spectrum. Without going into
details here one can easily see the significance of this
wavelength range for the study of the more dense concen-
trations of interstellar matter: The Planck curves for the
temperatures typical for these components (10 - 50 K)
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peak at wavelengths in the submm range (500 - 100 ym).

The astronomical motivation has triggered a techno-
logical development in this frequency range which proceeded
roughly over the last decade and seems to be reaching its
full thrust in the present days. This development is
characterized by an interesting combination of optical,
I.R., and radio techniques. Reviews on different aspects of
this development have been published over the last few
years [1,2,3,4,5] and will not be repeated here.

In Ch. II of this thesis we give a brief review of the
kind of astronomical data which can be anticipated from
high spectral resolution observations in the. submm range.
Ch. Ill describes a heterodyne receiver operating around
0.63 mm wavelength. In the subsequent three chapters
different aspects of the design and results of measure-
ments on the various components are worked out in detail.
Finally, Ch. VII describes astronomical measurements per-
formed with this receiver and interprets the results in
terms of astrophysical parameters.
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II. PROSPECTS OF HIGH RESOLUTION
SUBMM ASTRONOMICAL RESEARCH

II-l Introduction

The history of astronomical research has shown that
every time a new wavelength region was explored, new, un-
expected and sometimes even spectacular phenomena were dis-
covered in addition to the acquisition of the expected
astrophysical information which formed the initial motiva-
tion for the exploration of the new wavelength range. Like-
wise, such "expected" and "unexpected" information can be
anticipated from observations in the virtually unexplored
submm range, and indeed the first few results already con-
firm these expectations [Ch. VII, 1, 2, 31.

A significant fraction of the mass of our galaxy is in
the form of interstellar matter; 90% of the mass of this
matter consists of hydrogen. Hydrogen exists mainly in
three forms: H, H? and H

+ . Neutral atomic hydrogen (HI)
is widely present in low density (£ 100 cm"3) clouds
throughout the galaxy. The 21 cm radiation emitted by
HI has been used extensively over the last thirty years
for large scale mapping of galactic HI regions [4].
HI observations, however, do not provide information on the
equally important higher density regions (~ 100 cm"3) of
interstellar clouds, mainly because in these regions (which
are generally called molecular clouds) almost all hydrogen
is present in molecular form. Molecular clouds often con-
tain 0B stars. The strong radiation of these stars creates
inside these clouds very localized regions of ionized
hydrogen (HII regions). It is generally believed nowadays
that such ionized regions (in which the exciting 0B stars
cannot always be observed owing to the high visual extinc-
tion of the surrounding cloud) indicate sites of recent
star formation [5] , for which the molecular clouds ap-
parently form the breeding place. This fact forms one of
the strongest incentives for the study of these molecular
clouds.

Although different types of objects will be observed
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in the submm range, the main emphasis will almost certainly
be on observations of molecular clouds because the constit-
ution of this type of objects naturally gives rise to phen-
omena which are especially well observable in this range.
In the present chapter we review briefly what results can
be anticipated from high resolution submm observations of
molecular clouds. We shall show that observations in the
submm range will not be merely complementing existing ob-
servations in other wavelength ranges, but that they are in
fact crucial for our understanding of the physical and
chemical constitution and evolution of molecular clouds.

I1-2 Molecules as Probes for Interstellar Cloud Conditions

Molecular hydrogen has transitions in the infrared and
ultraviolet part of the spectrum. However, line emission in
the infrared requires excitation conditions which occur on-
ly very locally in some molecular clouds [6] and are by no
means representative for the cloud as a whole. UV transi-
tions can only be observed in absorption against background
stars and are therefore also very limited in their applic-
ability. Since the H molecule, because of its symmetry,
does not possess a rotational radio spectrum, it is not
possible to observe it directly over representative parts
of molecular clouds. However, these clouds appear also to
contain a large number of different, asymmetrical, trace
molecules [7]. The rotational ladders of these molecules

, i which have transitions throughout the mm and submm range
j can be excited by collisions with the H2-molecules. If the
! various parameters of the interaction are known, informa-
' tion about the molecular hydrogen can be obtained indirect-

ly via the observation of the radiation emitted or absorbed
by these trace molecules. These molecules thus act as
probes for the physical conditions in interstellar molecul-
ar clouds. Although most of the information has thus to be
gained from a very small fraction (~ 10"*) of the constitu-
ent matter, surprisingly much progress has been made so far
in the understanding of the clouds.

The main parameters of interest are the temperature,
density, velocity and chemical composition as a function of
position in the cloud. Knowledge of these parameters will
provide us with a quantitative understanding of the early
processes of star formation. This will have to be derived
from the observed intensity of the line radiation of
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various molecules and transitions as a function of frequen-
cy and position. The measured intensity is the product of
functions of excitation temperature, density and velocity
respectively, which are weighed and integrated over the
line of sight. To determine the unknown parameters unam-
biguously one clearly needs to observe a set of different
transitions and solve the resulting set of integrals simul-
taneously. Obviously observations of many transitions of
various molecular species w i l l ultimately be required to
find a rel iable and unequivocal f i t between the measure-
ments and theoretical cloud models. Since most of the
molecules concerned have but a few lower rotational trans-
itions in the submm range (table I ) , i t is of great s ig-
nificance that the lat ter wavelength range becomes access-
ible for observations.

Table I

Wavelengths of rotational transitions of a few typical
molecules observed in the mm range. Only the lowest few

transitions have mm wavelengths while most of the
transitions lie in the submm range

1

3
4
5
6
7
8

J

+ 0

+ 2
+ 3
+ 4
+ 5
+ 6
+ 7

12C0

2.60
1.30
0.87
0.65
0.52
0.43
0.37
0.33

CN

2.64
1.32
0.88
0.66
0.53
0.44
0.38
0.33

HCN

3.38
1.69
1.13
0.85
0.68
0.56
0.48
0.42

CS

6.12
3.06
2.04
1.53
1.22
1.02
0.87
0.77

SiO

6.96
3.48
2.31
1.74
1-39 .
1.16 mm
0.99
0.87 submm

The problem of measuring more or less complete sets of
molecular transitions and solving the resulting set of
equations simultaneously is at present well beyond our
capabilities, both experimentally and theoretically. The
approaches are therefore usually highly simplified: One (or
a few) transition(s) of a particular molecule are measured,
which then supply information about one specific cloud
parameter. This is then, under certain assumptions, used in
combination with measurements of other lines to derive one
or more of the other parameters. Two illustrations of this
are given below, pertaining to the CO molecule as a probe
for cloud conditions.
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11-2.1. The CO molecule in the mm and submm range

The radiative deexcitation coefficients of CO are, be-
cause of its low dipole moment, very small and the rota-
tional ladder is therefore easily thermalized by collisions
with the H2 molecules, even at relatively low densities
[8]. The large abundance of normal 12C0 mostly results in ;;
a strong saturation (T » 1) of the measured 12C0 rad-
iation in the lower transitions. These two factors make the
CO molecule a reliable temperature probe over a wide range
of cloud densities and temperatures and it has therefore
been used extensively in the mm range to determine the tem-
perature distribution in molecular clouds [9] . No informa-
tion can be obtained, however, about the column density if
we measure only such optically thick lines. However, even
restricting ourselves to CO observations, a number of
possibilities exist to determine the CO column densities. 1
The first is to use the much rarer isotopic molecules 13C0 ;
and 1 2C 1 80 which have a considerably lower optical depth.
Another possibility is to measure higher transitions of
12C0 itself which may be unsaturated. In the case that even ,7
the lower 13C0 transitions saturate, higher non saturated
13C0 transitions can be used for the determination of the
CO column density. Both the latter measurements have to be
performed in the submm range.

The first method has been used extensively by Dickman
who measured the 13C0 column density, in dark clouds [10]
by means of the J = l-*0 transition at X = 2.7 mm. He
established a relationship between this column density and
the H2 column density (obtained from visual star counts).
Using this relationship, the H2 content of dark clouds
could be obtained from 12C0 and 13C0 observations. ;T

Two assumptions were made:
(1) The excitation temperatures of 12C0 and 13C0 are

equal and apply to all transitions. •
(2) The cloud temperature as derived from 12C0 is uniform

along the line of sight.
These assumptions probably hold reasonably well in the ob-
jects considered but will become invalid in (dark) clouds
with warmer regions in the interior. Besides, the method is
only applicable if the 13C0 line is optically thin which
is probably not the case for most of these hot core objects
because of their higher column densities. Also the CO/H2
ratio may be different in such clouds because of a differ-
ent chemical evolution.
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Another method of using higher optically thin transi-
tions in the submm range to derive CO column densities
has hardly been used so far due to the limited spectral
coverage of the available receivers. Fig. 1 gives the
relative optical depths of the different 12C0 transitions

Figure 1. - Relative optical
depth of the rotational
transitions (J+l ->J) of the
CO molecule for three
different temperatures. The
column densities are assumed
to be equal for these
temperatures.

(3+1) \ 2 3 4 5 6 7 8 9 10
X(MM) 2.6 13 .87 .65 .52 .43 .37 .33 .29 2 6

for three different temperatures, assuming the rotational
ladder is thermalized. It shows that for typical cloud
temperatures (10 - 50 K) the optical depth reaches a
maximum in the submm range and higher transitions will be-
come optically thin. For dark clouds with a typical temper-
ature of 10 K the optical depth in the J = 5 + 4 line
is a factor of 40 lower than in the J = 2 + 1 line and ^
thus expected to be optically thin. If deviations from
L.T.E. occur, the optical depths may have their maximum at
lower transitions than suggested by Fig. 1 and optically
thin transitions can be reached more easily by experiments.

The cloud properties derived using CO observations
are based on measurements of the lowest transitions only,
and these concern but a fraction of the total number of
molecules. This is illustrated in Fig. 2 which gives the
relative amount of CO molecules in the various rotational
states for three temperatures. It is clear that -uny erron-
eous assumption or inaccuracy in the measurements of the
lower transitions is likely to affect greatly the derived
total CO content or radiation. This becomes particularly
significant when it is realized that the CO submm lines
belong to the main group of transitions which are respons-
ible for the cooling of molecular clouds, as will be dis-
cussed below, and that each submm photon also carries away
much more energy than the lower frequency photons.
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Figure 2. - Fractional
population of the rotational
states of the CO molecule
for three different
temperatures.

10

3 0 1 2 3 4 5 6 7 8 9 (0

\(UH) .26 1.3 .87 .65 .52 .43 .37 .33 .29 .26

A clear illustration of the inaccuracy of estimates
based on measurements of the lowest CO transitions only
is given in ch. VII: Estimates of the gas kinetic temper-
atures of the Orion "Plateau Source" had to be corrected

100 K to more than 600 K after measure-
CO J = 4->3 and J = 6 ^ 5 transi-
These measurements concern a high

velocity shock phenomenon within a region of star forma-
tion.

from more than
ments of the submm
tions had been made

Similar phenomena have now been detected in several
other sources [11] . Because of the high velocities and
(possibly also in the new sources) high temperatures, the
lower transitions are optically thin and therefore rela-
tively weak and hard to measure accurately. Measurements
of the submm CO lines will allow a better determination
of the temperatures, densities and velocity structure of
these sources which might supply key insights in star
formation.

II-2.2. Other molecules in the mm and submm range

Many molecular species which have their fundamental
transitions at mm wavelengths will also be observable in
the submm range. Because of their much lower abundance and
(in most cases) relatively large dipole moment as compared
to CO , they are usually only observable in relatively
small regions of particular clouds. They can however
supply important specific information about these regions.

To thermalize molecules with a large dipole moment by
collisions, an H density is required exceeding in many



- 17 -

cases that available in molecular clouds. The excitation
temperature of the molecules will then be a function of the
H2 density and the radiation emitted by them can therefore
be used as a density probe. More than one transition will
be required to determine the optical depth and, supposing
the lines are not saturated, column density respectively.
An example is the use of CS to determine the density of
cores of various molecular clouds [12]. Future extension of
the present measurements to submm wavelengths will be of
great help to establish the cloud density unequivocally.

I1-3 Carbon Fine Structure Lines and
Cooling of Interstellar Clouds

The internal energy of an interstellar cloud is one of
the most important determinants of its evolution. If the
cloud is in a state of gravitational contraction, the rate
of contraction will be limited by the efficiency of cool-
ing. This cooling of interstellar clouds has been the sub-
ject of considerable theoretical effort over the last de-
cade [13,14,15,16]. It seems likely that most of the cool-
ing occurs through line radiation in which carbon and
oxygen containing species are expected to play a major
role.

In diffuse clouds, carbon will be ionized [17] since
its ionization energy (11.3 eV) is below that of He, H
and 0 . In dense clouds most of the carbon is expected to
be present in the CO molecules [15]. Depending on the
formation mechanism of CO there may be extensive regions
of intermediate density in which a significant fraction of
carbon is in neutral atomic form (CI) . Thus the major
form in which carbon exists is expected to change from C
to CI to CO with increasing density. Line radiation
from the CO molecule was discussed above. Neutral and
ionized carbon atoms both have transitions between fine
structure levels with wavelengths in the submm range as
shown in table II.

The excitation energies of these levels are suf-
ficiently low to allow their population in cool inter-
stellar clouds. The collisional cross section of CI with
H2 [18,19] and the radiative decay rates [20] are similar
to those of CO . Therefore we may expect CI to have in-
tensities comparable to those of CO if the abundance is
of the same order of magnitude.
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Table II

Excitation energies of fine structure levels and transition
wavelengths of neutral and ionized carbon

excitation wavelength
energy (K) (ym)

CI

CII

0
23.4 610

62.2 369

0
93 157

The dominant cooling mechanism of a cloud will vary
with position in the cloud because of differences in
density and consequently in chemical constitution and
optical depths of the various lines. Goldsmith and Langer
[16] investigated cooling by different species over a range
of cloud densities, and temperatures from 10 - 40 K . In
diffuse clouds, the cooling will be dominated by the 157 ym
CII line. In clouds which are sufficiently opaque to allow
formation of neutral carbon, and consequently of CO , the
cooling will be mainly by 12C0 lines for cloud densities
less than 3*10^ cm"3 . However, as the density increases
above 103 cm~3 , the relative contributions of the rarer
CO isotopic species and of CI and 02 increase because
of an increasing optical depth of the 12C0 lines. For
densities above 3 x 101* cm"3 the cooling is dominated by a
number of less abundant molecules. The assumptions about
relative abundances of the various species and the cloud
model on which these calculations are based are still very
uncertain. Because all cooling species have most or all of
their transitions in the submm range nothing conclusive can
be said about the important subject of cooling before ex-
tensive submm measurements have been made.

The 610 ym CI line was recently detected in eight
molecular clouds using an airborne telescope with 2.5
arcmin spatial resolution [1]. Typical antenna temper-
atures are 10 K , confirming the expectations. The line
has later been observed using a ground based telescope
[21] . Also the 157 ym CII was recently observed in two
sources using an airborne telescope [22] . These first ob-
servations are encouraging but obviously they are yet very
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incomplete. Before a reliable analysis can be made the
measurements need to be extended to include a variety of
sources.

I1-4 New Interstellar Molecules in the Submm Range

The submm range is a potential source for the detec-
tion of many new molecules. Hydrides (molecules containing
hydrogen and only one heavy atom) perhaps form the most
important class of these. The fundamental rotational trans-
itions of most of these molecules lie, because of their
small moment of inertia, in the submm range. Observations
of various hydrides will allow the detection of (hitherto
unobserved) heavy elements in molecular clouds such as Mg9
Al, Fe, Li, Na, P, Cl . The interstellar chemistry which
predicts these hydrides is relatively simple and the re-
sults are for this reason well interpretable. Therefore,
their detection might help to establish processes in more
complicated fields of interstellar chemistry, and even give
new insight in the problem of the formation and destruction
of grains in interstellar matter.

IT

I1-5 Atmospheric Limitations

So far, the limitations which the atmosphere imposes
on the possibilities for ground based observations in the
submm range have not been mentioned. These limitations are
illustrated by means of Fig. 3 [23]. This gives the cal-
culated optical depths of the atmosphere seen under a 45°
zenith angle, over a frequency range of 30-1000 GHz
(X - 10-0.3 mm). Only the absorption due to the 0 and H20

WAVELENGTH ,mm

06 055 05 045

FREQUENCY ,GHz

r
Figure 3. - Atmospheric opacity between 30 and 1000 GHz, for
various altitudes and water vapour contents of the atmosphere.
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molecules is taken into account. The opacity is calculated
for three typical conditions: The dotted line is for 15 mm
precipi table water and sea level. The dashed line for
1.5 mm precipi table water and an altitude of 4000 m. The
solid line for an altitude of 12 km and 0.006 mm pre-
cipi table water, which are typical conditions for the NASA
C-141 Kuiper Airborne Observatory. The solid straight line
can be seen as a limit for the atmospheric optical depth
above which observations are impossible. (Optical depth =
= 2.3, 10% transmission.)

It is clear that observations from lower altitude
(~ 2000 m) sites in the submm range are entirely im-
possible. Conditions of 0.5 mm prec. H20 at an altitude •
of 4000 m are approximately the best one can expect for
ground based observations, but even under these conditions
the atmosphere is completely opaque over considerable parts i
of the spectrum. Several frequency windows however, seem to f
and have in fact recently been proven to be suited for
ground based observation. Of the transitions discussed in i'
this chapter the CO J = 3 + 2 line at 345 GHz (0.87 mm) {:
lies in one of these windows and might well be the easiest :
transition to be observed in the submm range from the !
ground. It is now beginning to be explored more extensively
[24,25,26] . The CO J = 4 + 3 (X = 0.65 mm) and J = 6 + 5
{X = 0.43 mm) also appear to be accessible from the ground
(Mauna Kea Observatory) and have been measured recently
[ch. VII, 27]. As mentioned above, the CI 610 urn line
has been detected using both an airborne and a ground based
telescope, but the calibrations of the latter had to be ;
based on earlier airborne observations, because of rapidly
varying atmospheric conditions. ;

The combination of ground based and air- (or space-) [
borne observations might in future appear to be a fruitful :
one: The number of airborne observations will probably be t.
very limited for economic reasons, while also no (short
term) possibility seems to be in view to increase their
spatial resolution. This limited amount of airborne obser-
vations could however well be used for an accurate calibra-
tion of the more extensive ground based observations. (

An illustration of the (varying) atmospheric condi-
tions is given in Fig. 4 which gives the transmission in
zenith between 460 and 500 GHz measured during a
relatively good night from the Mauna Kea Observatory at
Hawaii, situated at an altitude of 4200 m . The uncircled
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.1 Figure 4. - Measurements
of the atmospheric trans-
mission in zenith at the
Mauna Kea Observatory.

460 470 480 490 500

FREQUENCY (GHZ) —

data were obtained within 30 min , indicating the short
term fluctuations of the sky conditions. The circled points
are the best values obtained.

I1-6 Telescope Facilities

The required surface accuracy for a telescope mirror
is approximately:better than 0.1 \ . Since no dedicated
submm telescopes are available at present one has to use
telescopes which were designed for observations in the
optical/infrared or mm part of the spectrum.

Several dedicated mm telescopes were erected recently
or are under development. For some of these telescopes the
surface accuracy might appear to be satisfactory for submm
observations. They are however situated at altitudes of
2000 m or less which allow observations between 0.8 and
1.0 mm only on exceptionally good days, and probably never
for shorter wavelengths.

For the optical and infrared telescopes, the surface
accuracy is orders of magnitude better than that required
for submm observations. However, only the larger diameter
instruments will give a spatial resolution comparable to
that obtained at mm wavelengths. (A 2 m diameter tele-
scope gives a 1 arc min halfwidth beam at X = 0.6 mm ,
which is typical for mm telescopes.) Most of the present
optical telescopes with suitable diameter are situated at
altitudes below 2500 m and will thus not be applied for
submm observations below A = 0.8 mm. The only observing
site of sufficiently high altitude which accommodates
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larger diameter telescopes is the Mauna Kea Observatory at ;jj
Hawaii. At present two infrared and two visible wavelength ;

telescopes are operational there: The former have diameters
of 3.0 and 3.8 m and the latter have 2.2 and 3.6 m
diameter, respectively. |

t,-.

It is expected that most of the submm observations in ;i
the near future will be obtained using these instruments. £;;
Several plans of erecting dedicated submm telescopes at JT
Mauna Kea are well under way and might well be realized i
within five years from now. These telescopes will allow a I-
spatial resolution of the order of 10 arcsec at X = 0.6 !'
mm.
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III. A LOW NOISE HETERODYNE RECEIVER
OPERATING AROUND 0.63 mm WAVELENGTH

(Accepted for publication in the International
| Journal of Infrared and Millimeter Waves)
': We describe a heterodyne receiver in which an InSb hot
j electron bolometer is used as a mixer. The local oscillator
•\ power is obtained by doubling the frequency of a backward
U wave oscillator. The receiver operates between 460 and
f 500 GHz (0.65-0.6 mm). Noise temperatures amount typical-

ly to 1000 K .

III-l Introduction

The need for a high resolution, low noise radiometer
in the submillimeter wavelength range has long been recog-
nized, not only in the field of astronomical spectroscopy
as described in the previous chapter but also in that of
laboratory spectroscopy. However, it is only recently that
significant progress in the development of this type of
receivers has been made. For a long time, the supposed lack
of a tunable, and sufficiently stable, local oscillator
(L.O.) with sufficient output power hindered the applica-
tion and development of Schottky diodes as mixers in the
submm range, although they were used extensively at mm
wavelengths.

The possibility of using an InSb crystal as a micro-
wave mixer was first demonstrated by Arams et al. [1] at
wavelengths around 8 mm , and the properties of such a
mixer have been reported extensively in the literature
[2,3] . The low L.O. power requirements for the InSb
mixer and its low noise made it a good candidate for use
in the short mm and submm range when no other types of
mixers with a reasonable efficiency were available and it
was consequently applied. This in spite of the disadvan-
tage of its small I.F. bandwidth (~ 1 MHz) . The L.O.
power needed for an InSb mixer in the submm range can
relatively easily be obtained by frequency multiplication
of the output of a klystron oscillating at a longer wave-
length. Receivers based on this principle [41 have been
used extensively in recent years by different groups,
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especially for the observation of molecules in interstellar
clouds. Although the required efficiency of the frequency
multiplier tends to form a limitation in the application of
this detection scheme at the higher submm frequencies, its
use has been extended recently up to a frequency of 500 GHz
[5] .

A backward wave oscillator (B.W.O., carcinotron)
delivers a relatively high output power at mm and submm
wavelengths. The introduction of the use of this device as
a L.O. in the submm ranqe in combination with a Schottky
diode mixer [6] has opened up the possibility of pro-
ducing low noise wide I.F. bandwidth receivers in this
range. Since the output power of the backward wave oscil-
lator decreases strongly with increasing frequency, re-
ceivers based on this principle have not given good per-
formance so far for wavelengths below 0.7 mm .

Fortunately the noise level in the side bands of this
type of oscillator appears to be sufficiently low to allow
its use as a L.O. in combination with an InSb mixer, even
though the I.F. sidebands in this case are very close to
the carrier frequency [7] . This opened up the possibility
of using the frequency multiplied output of a B.W.O. in
combination with an InSb mixer to construct a low noise
receiver for submm wavelengths below 0.7 mm .

In this paper a receiver based on this principle is
described which operates around 0.63 mm . The various as-
pects of receiver design and construction will be discussed
with reference to the diagram given in fig. 1.

III-2 Local Oscillator Circuit

The B.W.O. generates approximately 100 mW in the
frequency range 230 - 265 GHz. This power is transmitted
in a 1" diameter beam which is obtained by means of a small
rectangular horn, mounted at the waveguide output of the
B.W.O., in combination with a teflon lens with a focal
length of 0.5" . The diplexer Gl reflects most of the
power towards a frequency doubler Ml . A small percentage
of the power is transmitted through Gl towards the har-
monic mixer M2 , to be used for stabilizing the B.W.O.
frequency. Both Ml and M2 contain lenses which focus
the beam onto the aperture of a rectangular waveguide horn
connected to a fundamental-mode rectangular waveguide
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HARMONIC
MIXER

/TELESCOPE MATCHING\
ILENS /

FRONT END (CASSEGRAIN FOCUS UNIT)

BACK END ICONTROL ROOM)

Figure 1. - Diagram of the receiver. Details are discussed
in the text. The part above the horizontal line
is used in the Cassegrain telescope focus. The
other part was placed up to 30 m away from this.

which contains a Schottky diode. (The devices Ml and M2
were also used as low-noise mixers around 250 GHz [8]).

A device frequently used to generate harmonics of
microwave frequencies is a cross-guide multiplier. In this
device, two different waveguides are used to couple the
electromagnetic fields at the fundamental and multiplied
frequencies to the Schottky diode mounted at the crossing
of the two guides. It can generate power of the order of
0.1 mW in the sub-mm range starting at a fundamental
frequency of ~ 150 GHz [9,10]. A Schottky diode coupled
to the e.m. field in a single waveguide also generates
power at harmonic frequencies, although, when tuned for
optimum matching to the waveguide at the fundamental fre-
quency, the matching at the harmonic frequency will usually
be unsatisfactory. However, the efficiency requirements in
our case were so low, that the simpler device could deliver
sufficient power to drive the InSb mixer at the first
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'If
harmonie of the B.W.O. frequency (460-530 GHz). I1

The frequency stability of the local oscillator should
be substantially better than the spectral resolution of the
receiver. This stability (~ 100 kHz) is obtained using a
frequency locked loop as shown in fig. 1.

II1-3 Receiver Optics

The coupling between the different receiver elements
occurs by free space propagation. The optical design is
based on the approximation of the beams by Gaussian beams
and the application of the theory developed for such beams •
as worked out in more detail in ch. V.

Since a single-ended waveguide mixer (Ml) is used as \
a frequency doubler, a diplexing device is necessary to l

discriminate between the fundamental and doubled frequen-
cies. A simple inductive wire grid (Gl in fig. 1) acting
as a high pass filter was chosen for this purpose [11] . V
The grid was made by photo etching the desired pattern onto i
the evaporated gold coating of a thin Kapton foil. To pro- j
vide additional rejection of the fundamental frequency a
waveguide cut off filter is placed between the horn and the
mixer.

For combining the signal and L.O. beams an inductive «
wire grid G 2 similar to Gx is used. It reflects ~ 90%
of the incident power, hence 90% of the generated L.O. •
power is spilt. A more efficient solution would be the use ;
of a diplexer which discriminates between L.O. and signal f
frequencies. Such devices possess a high efficiency of U
power transfer for both the signal and L.O. power [12] . f"
They cannot be used with an InSb mixer, however, since {•
the narrow maximum I.F. bandwidth of ~ 1 MHz would re- \
quire a spectral resolution of 10"6 of the diplexer, |;
which is at present impossible to realize. '.

The feed system that couples the radiation from the
telescope to the mixer consists of a polyethylene lens and <
a rectangular waveguide horn which is connected (via the f
waveguide cut-off filter mentioned above) to the InSb
mixer block. Details of the design and performance of the
feed are given in ch. V. If the receiver is to be used on
a telescope with a focal ratio differing from the design [
value F/9 , a lens can be inserted between the feed and !
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the telescope to match the two wavefronts.

To cancel the effects of unwanted reflections, a cir-
cular polarizer (c.p.) is placed between the feed and the
telescope. Details of this device are given in ch. VI.
Linearly polarized radiation reflected at the lens, horn or
mixer, is converted by the c.p. into circularly polarized
radiation before entering the telescope. If part of this
beam is reflected in the telescope back towards the re-
ceiver it will, after transmission through the c.p., again
become linearly polarized. However, its plane of polariza-
tion will now be rotated over 90°. It is therefore trans-
mitted through the wire grid G2 and subsequently dissip-
ated in the absorber. This scheme proved to be a ̂ ery
effective one in practice.

III-4 InSb Mixer

The InSb crystal is mounted across a (300*600 ym)
rectangular waveguide parallel to the electric field of the
fundamental mode [3,4] . An adjustable backshort behind
the crystal is used to optimise the incoupling. Details of
the mixer are discussed in chapter IV. The mixer is mounted
inside the vacuum jacket of a dewar, against the bottom
plate of the liquid Helium can together with the horn and
waveguide filter. A thin black polyethylene filter is
mounted on the heat shield (~ 100 K) of the dewar to cut
out visible and infrared radiation. The backshort is, via a
thin stainless steel tube (0 lmm) , connected with an ad-
justing mechanism mounted outside the dewar. Constant
current bias is applied via a (cooled) RC filter.

II1-5 Data Collection

Because of the limited maximum I.F. bandwidth
(~ 1 MHz) the receiver has to be scanned over the frequen-
cyranqe of interest (typically 100 MHz) . Once the re-
ceiver is tuned, the frequency of the receiver is computer
controlled via a frequency synthesizer. To measure a spec-
trum, the frequency is changed in discrete steps of twice
the I.F. bandwidth as determined by the filter placed be-
hind the I.F. amplifier. At each spectral point, the I.F.
signal is integrated during 100 ms., converted to a
digital signal and stored in the computer. Each spectral
scan obtained this way is simply added to previous ones.
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i; Addition is stopped after an operator command. The sums of
(j scans thus obtained can be further processed either during
| or after the observations, but remain in any case separate-
j ly available.

• in~6 Results

With the system described here we obtained overall
(double sideband) system noise temperatures of typically
1000 K in the frequency range between 460 and 500 GHz.
With a slightly different set up using the fundamental
frequency of a B.W.O. oscillating at 461 GHz as a L.O.,
the even lower noise temperature of 650 K was obtained.
The noise of the receiver seems to be for about 75% due

: to sideband noise of the L.0. while only about 25% ori-
ginates in the I.F. amplifier. (These figures however

, could not be unambiguously established.) During operation
)•• on the telescope it proved to be of crucial importance to

use the circular polarizer, due to residual reflections in
various components preceding the mixer. The results of
measurements on individual components are described in the
following chapters.
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IV. CHARACTERISTICS OF InSb MIXERS AND BACKWARD WAVE
OSCILLATORS IN A SUBMM HETERODYNE RECEIVER

(Accepted for publication in the International
Journal of Infrared and Millimeter Waves)

In this chapter some aspects of two of the most important
components of the receiver are discussed: The InSb mixer
and the backward wave oscillator. The (known) properties
of the InSb mixer and our method of fabrication will be
briefly discussed. The aspect of matching this mixer to
the waveguide is treated more extensively both in theory
and practice. Finally the performance of InSb as a mixer
at higher frequencies is briefly considered. Some proper-
ties of the backward wave oscillator which are of special
relevance when using it in combination with an InSb mixer,
have been measured and they are discussed in the last sec-
tion of this chapter.

IV-1 The InSb Mixer

An InSb mixer is basically a liquid helium cooled
bolometer with a relatively short response time. The
power absorbed in a bolometer modulates its resistance.
When applying power at two different frequencies simul-
taneously, the total power absorbed will have a component
varying with the difference frequency. This component [
will modulate the resistance of the element if its fre- k
quency is less than the inverse response time of the ;•
mixer, thus allowing for heterodyne detection. j'

The response time of a conventional bolometer is '
determined by the heat capacity of the element and the
rate of heat transfer to the surroundings. It is usually '
limited to a minimum of 10"3s. At liquid helium tempera-
tures, the system of free conduction electrons in an InSb j
crystal will retain the energy it has gained from a (D.C.
or A.C.) electric field for a relatively long time because
it is only weakly coupled to the lattice. Thus the tempe-
rature of the electron gas can be raised above that of the
lattice. The mobility of the electrons (and hence the Z.
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resistance of the crystal) is a function of this electron
gas temperature. The response time of the resistance to
variations in the incident radiation is in this case deter-
mined by the heat capacity of the electron gas only and the
rate of heat transfer from this gas to the lattice. This
results in a much shorter response time than for convention-
tional bolometers. It depends on the lattice temperature and
is ~ 2 x 10~7 s at T = 4 K [1], thereby limiting the maximum
I.F. bandwidth to a few MHz.

The L.O. power required for optimum mixer performance,
is proportional to the heat capacity of the conduction elec-
tron gas,and therefore small,and proportional to the volume
of the crystal. It is in practice of the order of 3 yW/mm3
(which means in our case a L.O. power of about 4 x 10-8W).

An important factor determining the sensitivity of a
heterodyne receiver without a preamplification stage is the
conversion efficiency of the mixer. This factor has been
thoroughly discussed in the literature for InSb mixers:
Assuming that all incident signal power is absorbed, the
maximum obtainable conversion efficiency is determined by
the static I-V curve of the crystal. It is maximum if the
curve has a region of zero differential resistance, which
occurs only in highly compensated material with a low elec-
tron concentration at liquid helium temperatures [2,3].
Another factor influencing the receiver sensitivity is the
noise,'generated in the mixing element. This is expected
to be mostly thermal noise [2,4] and will thus be low be-
cause of the low operating temperature U 4K). This contri-
bution will not be further discussed here, because the LO
sideband noise usually dominates.

The impedance matching between the waveguide and the
mounted crystal is obviously significant in determining
the receiver sensitivity. This aspect will be considered
in detail after the fabrication of the mixer is discussed.

IV-2 Mixer Fabrication

Figure 1 gives a sketch of the InSb crystal as it was
mounted across the 300 x 600 ym waveguide. The crystal
material used was highly compensated n-type with a differ-
ence of donor and acceptor concentration of NQ - N/\ S
5 x 1013 cm"3. Wafers of InSb material were cut into a
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large number of samples measuring approximately 600 x 600 x
1000 ym* The relative position of the samples was main-
tained when storing them. This aided the selection of high

Figure 1. InSb Mixer mounted
across a rectangular wave-
guide.

purity samples, once a good region in the wafer was identi-
fied, since the purity does not vary strongly with position
in the wafer. The individual crystals were etched in a
HF : HCL : HN03 = 8 : 46 : 46 solution to obtain the right
thickness and a smooth surface. Indium with a 1% Sulfur
doping was alloyed on both ends of the crystal under a
Nitrogen gas flow. The alloying time and temperature of
respectively 1 min and 180° C were critical to obtain a good
ohmic contact and to prevent overheating which results in
diffusion of impurities, and consequently degraded mixer
performance. Finally the crystal was mounted across the
waveguide as shown in fig. 1: A groove cut across the wave-
guide flange was isolated on one side with a 12 ym thick
Kapton foil. The Indium present on both ends of the crystal
was simply pressed into the groove. On one side the crystal
could thus be connected to ground while on the other side
the I.F. cable could be connected. No special filter
arrangement was made to prevent leakage of the R.F. signal
into the I.F. port. A mixer fabricated in this way is
resistant to thermal cycling and insensitive for burn out
because of its large size.

IV-3 Matching of the InSb Mixer

If the crystal is a thin element placed in the center
of the waveguide one expects optimal matching when its
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resistance equals the waveguide impedance (= 500 Q ) . The
unavoidable reactive part can be tuned out by means of an
adjustable backshort. Material which has a high maximum
conversion efficiency has a typical resistivity of 10 ftcm,
hence the diameter of the crystal placed across the wave-
guide should be approximately 250 ym. However, considering
the high dielectric constant of InSb (17.8) [5], a crystal
with these dimensions obviously can not be considered as a
thin element, and the real part of its impedance will in
general not be equal to the D.C. resistance of the crystal.
A different approach has thus to be followed to calculate
the impedance match, which will be described below.

IV-3.1 Calculation of reflection and absorption of the
crystal

In order to evaluate the matching of the mounted crys-
tal to the waveguide, the actual structure was approximated
by that given in fig. 2. A rectangular waveguide is over

INCIDENT WAVE

Figure 2. Approximation of the mounted crystal used for
calculating the impedance match.

its whole width filled with a dielectric over a length 12.
The dielectric has a finite R.F. conductivity a(w) and a
dielectric constant er. A short is placed at a variable
distance \, behind the dielectric.

In a straightforward approach described in the Appen-
dix, relations are derived for the reflection coefficient
(r) of this structure. These show that it is possible to
obtain a perfect match (r = 0) if 12 is chosen such that
al2 = £ ln[(Zgi + Zg2)/(Zgi - Zg2)J. Here a(w) is the ab-
sorption coefficient of the waveguide filled with the di-
electric, which-is directly related to o{u) via eq. (A3)
given in the Appendix. Zg2 and Zgi are the characteristic
impedances of the waveguide with and without the dielectric
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Figure 3. Results of cal-
culations of reflection
and absorption of the
structure given in fig. 2,
as explained in text.

2 3 4 56 810 ? 3 /. 56 910

respectively. Fig. 3 gives the calculated values of the
power reflection coefficient |r|2 as a function of al2 with
the backshort always adjusted for minimum reflection. These
values apply to a (free space) wavelength of 650 ym, wave-
guide dimensions 300 x 600 ym and the dielectric constant
er = 17.8 of the InSb lattice. In this case r = 0 for
al 2 = 0.29. For al2 » 1, the backshort position will have
no effect on r and the resulting reflection coefficient is
only due to the single impedance discontinuity at the posi-
tion 1 (fig. 2). In this case (r|2 = 0.32. For al2 < 0.29,
the reflection coefficient increases monotonically with de-
creasing al2. Using these results it is possible to deter-
mine the length of the crystal 12 required to obtain r = 0,
supposing that a(w) of the particular crystal is known.
0(w) could be determined separately by measuring the absorp-
tion coefficient of the crystal at the desired frequency.
This in itself already is not a simple measurement. More-
over, only after cr(w) had been determined, the crystal would
have to be processed as described above, and this is likely
to change its properties. a(w) cannot be determined by
measurements of d.c. parameters of the (mounted) crystal
only, since there is no clear relationship between a(w) and
these parameters for InSb at liquid helium temperatures:
values for the ratio a(w) / a(o) between 2 and 40 have been
reported [6]. For these reasons the required crystal length
12 cannot be determined in a straightforward way, and has
to be found experimentally.
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f"
IV-3.2 Measurements of matching

It is difficult to measure the reflection coefficient
of a component directly in this wavelength range with any
accuracy. A quantity which can be measured relatively easi-
ly is the amount of absorbed R.F. power in the crystal and
its variation with backshort position. The absorbed power
shows successive minima and maxima with varying backshort
position. The ratio of minimum to maximum absorbed power
can be calculated as a function of al2 using the relations
for r found in the Appendix. The power reflection coeffi-
cient appears to be a single valued function of this ratio
of which the calculated values as a function of al2 are
given in the second curve in fig. 3. Therefore we can
determine the power reflection coefficient by measuring
Pabs(min)/Pabs(max) and using fig. 3. :

This method of determining the reflection coefficient
of a mounted crystal will now be illustrated for a specific
case in detail. Over some length of time a series of crys-
tals was fabricated. The measurements described below were
performed on a mixer which showed best overall performance
in terms of system noise temperature. The amount of R.F.
power absorbed in the crystal can be measured as follows:
The D.C. resistance V/I of a crystal is determined by the
charge carrier mobility, assuming their density is constant.
The mobility of electrons in InSb at liquid helium tempera-
tures is a monotonie function of the average electron energy
which is determined by the sum of absorbed D.C. and R.F.
power. Thus the electron mobility and hence the sum of
absorbed D.C. and R.F. power must be constant along a line
of constant V/I. This is illustrated in fig. 4 which gives h

three I-V curves of the InSb crystal used as the mixer in
our receiver. Curve (1) was obtained without any R.F. power
absorbed, (2) and (3) were measured with a constant amount
of incident (not absorbed) R.F. power. (2) was measured
after tuning the backshort to the minimum absorption posi-
tion (point C) at a constant bias current of 4.4 yA (dashed
line) and (3) after the backshort was tuned for maximum ab-
sorption with the same current bias (point D). According i
to the arguments given above, the total amount of power ab-
sorbed by the electrons must be constant along the two
straight lines given in fig. 4, drawn through the origin
and points C and D respectively. In point A and B this is
simply the product of current and voltage (VI)A, (VI)g since
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Figure 4. Measured I-V curves
of an InSb crystal with dif-
ferent amounts of absorbed RF
power as explained in text.

VlmV)

in these points only DC power is absorbed in the crystal.
The amount of R.F. power absorbed in points C and D must
therefore be respectively: ( P R F ) C = (VI)A - (VI)c and
(PRF)D = (VI)B - (VI)D< In this way the ratio Pabs(min)/
Pabs(max) = 0.43 is found. Then, using fig. 3, we find
from this measurement that the power reflection coefficient
|rj2 = 0.06. This means that only 6% of the incident power
was reflected if the mixer was tuned to point D in fig. 4.
To obtain an even better match it would be necessary to de-
crease al2 by approximately 50%, as can be derived from
fig. 3. This could be done by decreasing 12 for a new
crystal, assuming that the material and processing are
equal.

IV-3.3 High frequency limitations

The absorption coefficient a is related to the micro-
wave conductivity a according to the formula (A3), in which
the frequency dependence of a is not taken into account.
This frequency dependence is in principle given by [4]

o(o)c(ü>) =
(1

(D

where T is the momentum relaxation time of the free elec-
trons, and a(o) the conductivity for u> « 1/T.(The fact that
as mentioned above, the microwave conductivity for w « 1/x
is not equal to the D.C. conductivity is not relevant in
this context.). Measurements of such a type of frequency
dependence caused by the momentum relaxation time have been
reported earlier [6,7], It shows up as an or2 dependence of
the absorption coefficient for w > 1/x which occurs at wave-
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lengths around 1 mm. This decrease in the absorption co-
efficient, however, does not decrease the performance of
InSb as a mixer: If all incident power is absorbed, the
maximum obtainable efficiency of the conversion of incident
R.F. power to power at the I.F. is determined solely by the
shape of the I-V curve (as mentioned above) and not by the
size of the crystal. Therefore one can, if w > 1/T and a
becomes smaller, use a crystal with larger dimension 12 to
obtain a value of a(u>)l2 which satisfies the relation
(A13) and thus absorb all incident radiation, and conse-
quently obtain the same mixer performance as in the lower
frequency range. For instance, assuming that the value for
T corresponds to a wavelength of 1 mm, a decreases with a
factor of 0.53 if the wavelength decreases from 1 mm to 0.6
mm and thus 12 has to be increased with a factor of 1.9.

IV-4 Discussion

The basis of the analysis given here is only an approx-
imation of the real situation. The following two assump-

^ tions were silently made. We assumed that only the funda-
4 mental waveguide mode propagates in the crystal, while any
.1 asymmetry in the structure might cause the generation of
Ï higher order modes. We tried to prevent this by centering
. Jj the crystal as good as possible.
'A

The assumption that the waveguide is completely filled
with the dielectric will cause an error in the reflection
coefficients at the various reference planes. However the
relatively large width of the crystal (about half the wave-
guide width) and its high dielectric constant assure that
the propagation characteristics of the waveguide partially
filled with the dielectric are very close to that of a com-
pletely filled guide.

The low reflection coefficient realized (|r|2 ~ 0.06)
agrees with the good overall system performance as described
in ch. III. To determine the validity of this method of
measuring |r2| with even higher certainty it is desirable to
apply it to mixers to be fabricated in future.
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IV-5 B.W.O. Noise and Power Characteristics |.

The narrow I.F. bandwidth of an InSb mixer has a few |'
important consequences. The first one is the need for
scanning the L.O. frequency to obtain the required spectral
coverage. The second one is that any noise generated in
the I.F. passband (~ 50 kHz - 1 MHz) will show up as an out-
put signal of the receiver.

Because the conversion efficiency of the mixer is a
function of the applied L.O. power [3], a variation of this
power with frequency will result in gain variations of the
receiver over the measured spectral range. Apart from this,
the L.O. sideband noise can also be expected to vary with
L.O. frequency. Both effects will result in a non flat
spectrum if white noise is presented at the input of the
receiver. This non flat spectrum is called the baseline
of the receiver. To compensate for it during actual measure-
ments, usually spectra "on-" and "off-source" are subtracted.
If the baseline is perfectly stable, a spectral line, if
present, will show up on a flat baseline. However, any
baseline instability will result in imperfect compensation
by subtraction. In many practical situations this effect
forms the limitation for the minimum detectable signal.

We shall briefly describe a few experiments which were
carried out to specifically examine these effects in our
receiver. The arrangement used for these experiments was
slightly different from that given in ch.ni : The L.O.
power was not obtained by doubling the frequency of a B.W.O.
oscillating in the 240 GHz range but directly from a B.W.O.
oscillating at frequencies around 460 GHz. Therefore M1
was removed and the grid G1 was turned over 90°. Any B.W.O.
shows strong variations of output power with frequency within
its operating range, which can amount to several dB over a
frequency range of 100 MHz, a typical value for the re-
quired spectral coverage. It was indeed clearly observable
in a variation with L.O. frequency of the d.c. bias voltage
across the InSb mixer. However, the baseline due to this
L.O. power variation was very stable and could thus be com-
pensated for by subtraction: It appeared that in this
(laboratory) experiment the noise decreased normally (that
is, proportional to l//t) by integration,up to integration
times t of more than 30 min.
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The variation in receiver gain with frequency however
will remain. We therefore stabilized the L.O. power (ab-
sorbed in the mixer) with the aid of a Michel son interfero-
meter, used as a device with variable transmission inserted
between the B.W.O. and the mixer. The d.c. voltage across
the mixer, which is a measure for the absorbed power, con-
trols the position of one of the mirrors. However, the
power reflected at the interferometer back towards the
B.W.O. caused the sideband noise to vary strongly with
frequency. This noise appeared to be highly instable and
could thus not be compensated for by subtraction. Therefore
we have abondoned this stabilizing system.

At a number of specific frequencies within its opera-
ting range, the B.W.O. power drops to zero. The decrease
of output power is accompanied by a sharp increase in side-
band noise. This is illustrated in fig. 5 which gives the

Figure 5. Increase of B.W.O.
noise in a region of strongly
decreasing output power.

O 250
BWO PRECIENCY OFFSET FROM 161,1501MHz)-

output power and sideband noise as a function of frequency
in a region close to a power minimum. The sideband noise
was measured with constant power absorbed in the mixer to
keep the conversion efficiency of the latter constant. The
large noise increase obviously prevents the use of the InSb
mixer at frequencies close to (about 150 MHz) a power mini-
mum even if the L.O. power is still sufficient to drive the
mixer.
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IV-7 Appendix

In this appendix, expressions are derived which deter-
mine the reflection coefficient of the structure given in
fig. 2 (redrawn somewhat more in detail in fig. A). The ana-
lysis is similar to that given by Lidholm*. The dielectric
is characterized by a dielectric constant e = eoer of the
lattice, where e 0 is the dielectric constant of vacuum, and
a microwave conductivity a. The wave propagation constant
Yg of a wave travelling through a rectangular waveguide
filled with this dielectric is given by

Yg
2 = - a

* S.L. Lidholm, Res. Report No. 129, p. 49, Research Labora-
tory of Electronics, Chalmers University of Technology,
Gothenburg, Sweden (1977).
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where coc is the cut-off frequency of the waveguide and vn
the vacuum permeability. If the displacement current is
much larger than the conduction current, a « w e , this pro
pagation constant can be approximated by

where

Y g = a + j B >

a
(1 -

(A2)

(A3)

••iti

COr
TT 1

(A4)

(A5)

where a is the width of the waveguide. We assume a TE01
mode in the guide. The characteristic impedance of a wave-
guide for this mode is given by

Zg = ( H (A6)

The reflection coefficient r2 at a position, just left of
the interface 2 in fig. A, for a wave travelling from left

INDICIDENT *|

WAVE

*

7/A///
/ / /

Zs

r?

Zgi

TUNABLE
BACKSHORT

Figure A. Waveguide partially filled with lossy dielectric,
shorted on one side with an adjustable backshort. Zgi and
Zg2 are characteristic impedances of vacuum and dielectric
filled waveguide,Zs is the impedance of the shorted section
of vacuum waveguide with length 1l9 1\ is the total input
impedance of the structure, Ti is the overall reflection
coefficient of the structure,r2 and r^

1 are reflection co-
efficients at different positions as indicated for a wave
travelling from left to right.
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to right is determined by the characteristic impedance Zg2
of the dielectr ic f i l l e d guide and the impedance Zs of the
shorted section of vacuum waveguide with characteristic im-
pedance lql and length l i

Zs - Zq2 j0
r2 = L. = e

 s (A7)

where Z s = j Z g i tan (3iU), (A8)

and Bi, ZgX and Z g 2 are defined by eqs. (A4) and (A6).
The phase (5S of r2 can be adjusted, by varying the back-
short position, to any value. It is given,as a function of
this position,by

0* = 2 arctan (— tan Bill)"1 (A9)

The reflection coefficient r2' (fig. A) is found from r2 by
modifying this in phase and amplitude:

IV = r2 e"
2ai2

 e'
m^2 (A10)

where a is the absorption coefficient as defined in (A3).
This reflection coefficient in a waveguide with impedance
Zg2 corresponds to an impedance Zj given by

1 + r2'
Zi = Z g 2 (All)

1 - IV
The input waveguide is terminated with this impedance, hence
the reflection coefficient of this structure for a wave in-
cident from the left is given by

Zi - Zgi
(A12)

Zi * V

By combining the above expressions it can be shown that it
is possible to obtain a perfect match (rx = 0) of this
structure if 12 is chosen such that

Zqi + Zq2
al2 = \ In J. J- (A13)

Zi " Zz
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Once 12 is defined, the backshort position (li) has to
be adjusted to satisfy the following relation:

g i
2 arctan ( tan 0 i l i ) - 2 32l2 = nir

92 n = 0,1,2 (A14)
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V. OPTICS IN SUBMILLIMETER HETERODYNE RECEIVERS

This chapter describes some aspects of the design of optics
for submm heterodyne receivers. A summary is given of the
results of Gaussian beam theory. This is then applied to
the design of a telescope feed. A practical feed was
designed according to rules developed and results of
measurements on this feed are given.

?.i V-l Introduction

.] When mm receivers were developed for higher frequen-
] cies it became clear that conventional microwave tech-
'] niques are limited in their applications. This is mainly
I due to inherent ohmic losses in the waveguide walls which,

as a result of the skin effect, increase proportionally to
'} the square root of the frequency, and to the difficulties

in fabricating the extremely small components. On the other
I hand, the applicability of optical type techniques in-

creases for a number of reasons: An optical beam diverges
strongly if the diameter is of the order of the wave-

'.j length. If we want to limit the divergence to acceptable
;! values, diameters should be of the order of 10 to 100
! times the wavelength. This would make optical components
j unpractically large at longer wavelengths, but reduces
..] them to sizes of the order of centimeters for (sub)mm wave-
% lengths. Dielectric lenses for example will then be suffi-
',, ciently thin in this wavelength region to have acceptably
' small absorption, using the available low loss materials.

Lenses and (curved) mirrors can be machined on a lathe by
which the required accuracy can be easily reached.

Straightforward application however of (multimode)
geometrical optics for the design of components would lead
to very inefficient devices. With the development of lasers
however, an appropriate theory has been developed which
describes the propagation of beams with diameters not yery
much greater than the wavelength, especially in the near
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field zone of the radiating apertures where the optical
components have to be used.

In this chapter we summarize some important results of
this theory, work out the design of different devices and
give results of measurements on these. We shall not discuss
the application of this theory in dispersive devices such
as Michel son and Fabry Perot interferometers, which are un-
doubtedly of much relevance in receivers using a mixer
allowing a high intermediate frequency [1,2] . However,
the use of these devices lies outside the scope of this
work.

V-2 Gaussian Beams

Around 1961 it was recognized by Goubeau and Schwering
[3] , Fox and Li [4] and others that an electromagnetic
(e.m.) wave beam of circular cross-section can be decom-
posed into a set of orthogonal beam modes, similar to an
e.m. wave propagating in a waveguide. The lowest order mode
has a Gaussian power distribution over its cross-section

P(r) exp (1)

where r is the radial distance from the axis and £ is a
measure for the beam diameter. The Gaussian form is pre-
served as the wave propagates. This mode is the most inter-
esting one since it is characterized by the lowest dif-
fraction loss because of a relatively high concentration of
power towards the propagation axis. We shall summarize the
main properties of the propagation of this Gaussian beam
mode which will enable us to design different optical
components.

The solution of the scalar wave equation for the
electric field amplitude E , which represents a beam with
a purely Gaussian amplitude distribution, has the following
form [5] , which is illustrated in fig. 1 :

E = E e»
.5.

exp
"-r2"

exp -i(kz-<j>) exp
" kr2'

— 1 ., ....

2R
(2)

where we shall call 2£ the beam diameter, thus defined at
the points where the power has dropped by - 4.34 dB (= 1/e)
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relative to the value at the axis. 2 £ is the minimum
beam diameter, called the beam waist, which is the equi-
valent of a focus from which the beam diverges (5 = £0 at
z = 0 ) , R is the radius of curvature of the wavefront,
k = 2TTA is the wavenumber of a plane wave of the same
frequency and <j>(z) a phase angle modifying the phase kz
of a plane wave propagating along the z-axis. It is here

Figure 1. Propagation of the lowest order Gaussian
beam mode with beam waist diameter 2 £ .

assumed that k £ » 1 , otherwise the Gaussian profile
is not preserved during propagation. The parameters £ ,
R and <J> vary with z as follows

1 + — * _ (3)

R = z 1 + (*)

= arc tan (5)

In the beam waist (z = 0) , the wavefront is flat (R = ~)
R initially decreases when the beam begins to diverge
until, at z = k £ 0

2 , R reaches its minimum value of
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2z = 4-rr 5 2 / X , as shown in fig. 2. At that position the
beamwidth has increased to 2£ = 2? / T " . For large values
of z (z » k Co

2) , the divergence of the beam measured
along the locus of £ approaches 8 = arc tan (1 / k £ ).
Since k £ » 1 , this angle 8 « 45° . In practice0, the
formulae (2-5) appear to be valid for 8 < 18° .

Figure 2.
Radius of curvature
of the wavefront of
a fundamental Gauss-
ian beam mode, as a
function of the
distance to the
beam waist.

Particularly important for the design of a telescope
feed is the angular intensity distribution of a Gaussian
beam for z » k £ 0

2 . For design purposes, this relation
is usually expressed in dB as

T = 10 log
If

(6)

where Io is the intensity at the axis and I 8 T the in-
=,* an„i o Q T f r o m t h e a x i S i T h e i r e 1 a t i o ntensity at an angle

between T and 8j for a beam with
2 £0 can be shown to be (Appendix)

a waist diameter of

T = -
13.09 £ tan

By the aid of this formula we can find
measured relation between T and 9y ,

(7)

from the

in
It is illustrative to compare the power distribution

the focus of two converging beams: at a large distance
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from the focus, the one has a uniform power distribution
over a diameter D and the other has a Gaussian intensity
distribution with T = - 10 dB at tan 0 = D/2F as shown
in fig. 3. The power distribution in the focus of the

Figure 3.
Comparison of the
power distribution
in the focus of an
initially uniform
amplitude distri-
bution and a beam
with a Gaussian
amplitude distri-
bution.

first beam is known as the Airy pattern: a central spot
with a (1/e) width of 1.27 XF/D [6] and a number of
concentric minima and maxima. The converging Gaussian beam
results in a Gaussian distribution in the beam waist with
a 1/e width of W = 0.97 XF/D as can be deduced from
eq. (7). To produce a Gaussian beam waist with the same
diameter as the Airy pattern we would need T = - 17.3 dB
at tan 8 = D/2F .

Transformation of a beam with given properties into a
desired beam can be obtained with a lens. The principle we
shall use throughout is that two beams are matched if they
have the same diameter and radius of curvature at a
certain position. If two Gaussian beams are aligned they
will always have a position where the diameters are equal,
as shown in fig. 4 for a particular case.

Figure 4.
Transformation of a
Gaussian beam with
waist diameter 2 Z,l
into a beam with
waist diameter 2 £„
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If we, at that point, use a lens to change the radius of
curvature from R2 to R2 we have obtained a transform-
ation of the beam characterized by beam waist radius £x
into a beam characterized by £2 . To find a lens with the
appropriate focal length F s we insert, instead of zx and
z2 in the well known formula 1/z, + l/z2 = 1/F used
in geometrical optics, the radii of curvature Rj and R2
at the position of equal beam diameter

I . -L + ± (8)

V-3 Telescope Feed

The purpose of using a telescope in astronomy is in
general to observe astronomical sources with the highest
possible spatial resolution. No power should be received
from other directions than the pointing direction of the
telescope while the efficiency of power transfer should be
maximum. It is obvious that at least part of these re-
quirements are conflictory. The limitations arise because
we work with finite apertures and non-Gaussian power
distributions.

Figure 5 gives a sketch of a Cassegrain telescope with
a feed (f) mounted in the focus. The feed couples the
radiation from the detector to the telescope. If the feed
produces a Gaussian beam, the telescope will produce an,
initially plane, wavefront with a radial power distribution
as shown in this figure: a Gaussian distribution truncated
at a distance rl from the centre, which is determined by
the size of the primary, or main, mirror (m), while the
inner part with radius" r2 is blocked by the secondary

Figure 5.
Power distribution
in the aperture of a
Cassegrain telescope
which is illuminated
by a feed with a
Gaussian beam shape.
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mirror(s). This power distribution in the aperture of the
,\ telescope results in an angular intensity distribution on
| the sky which is, because of reciprocity, equal to the
I angular sensitivity pattern (Antenna pattern) of the feed-

telescope system.

A We shall consider three quantities describing the
efficiency of power transfer and spatial resolution of this
system. The first is the feed efficiency (Fe) defined as
the relative fraction of the power radiated by the feed,
which is transfered via the two telescope mirrors into the
sky. The second is the beam efficiency (Be) , defined as
the relative fraction of the total integrated antenna
response contained within its main beam. (Spill over of
power on the secondary mirror also gives rise to an antenna
response outside the main beam ("sidelobes") which occur
however on a much larger angular scale and are not taken
into account in Be). Finally we consider the beamwidth (W),
which is here, as usual, defined as the width of the tele-

\ scope antenna power pattern measured at the - 3 dB points
(Full Width at Half Maximum). In the remainder of this
section we then give some general design principles for a
feed system. An application of these to an "F/9" tele-
scope feed is given in the last section of this chapter.

V-3.1 Feed efficiency

The feed efficiency Fe of a system as that given in
fig. 5 is determined by spill over of the beam along the
primary mirror (m) and by the blocking of the central part
of the beam by the secondary mirror. The total power (Pj)
contained in the Gaussian beam described by (2) is
(assuming EQ = 1)

r2

7 ~5 2
PT = 2TT r e dr = ir £ 2 (9)

r=0
where 2 £0 is the waist diameter of the beam produced by
the feed. The relative fraction of the beam which is block-
ed by the secondary mirrors with radius r2 is

PF = 1 - exp - — (10)
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and the relative fraction of the beam which is spilled over
is

Pr = exp
2 1

(11)

The feed efficiency due to these two terms is therefore

Fe = exp - exp (12)

For each value of rJrx there is a maximum value of the
feed efficiency equal to

Fe
max

2

£n
rr2i

W
2

1 -
rr2i

k-
2"

- 1 "

- exp

This maximum occurs for

On
X/11

2

kj

2

1 _
rr

2

rx

2"
- i -

Jln
r i

Lr
2J

1 -
ï

L

2 "

(13)

(14)

In fig. 6a we give a plot of the feed efficiency as a
function of the edge illumination Te (in dB) . Te is
defined as the power at the edge of the primary mirror
relative to the central value (cf. eq. (6))

Te = 10 log exp (15)

where £ is given in fig. 5. Fig. 6a clearly shows the
maxima given by (13) and (14). This maximum however, does
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not necessarily give the optimum value of Te since this
also depends on the requirements for the beam efficiency
and beam width.

6a 6b. 6c
Beam width (b)Figure 6. Feed efficiency (a) Beam width (b) and Beam

efficiency (c) of a Cassegrain telescope illuminated by
a feed with a Gaussian beam pattern as a function of the
edge illumination of the primary mirror, with the ratio of
the radii of the secondary and primary mirror as a para-
meter. The beam width is plotted relative to the value for
a uniformly illuminated circular aperture. (Full Width at
Half Maximum)

V-3.2 Beam width and beam efficiency

The antenna pattern of an aperture with a Gaussian
illumination from which the central part and the edge have
been removed, as shown in figure 5, is given by the inte-
gral [7]

k

(
E(6) = 2TT e r GQ(kr sin 9) dr (16)

where E(9) is the electric fieldstrength in the direction
6 , JQ is a Bessel function of zero order and £ and r
as defined in fig. 5. The antenna power pattern is obtained
by squaring E(e) . Eq. (16) is used to calculate the beam
width. Fig. 6b gives this beam width (W) as a function of
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the edge illumination for different values of rz/ri . It is ••<
plotted relative to the value for a uniformly illuminated
circular aperture (W = 0.97 A/D) . This figure shows that
an increase of the central blocking of the aperture de- •
creases the beam width, but this happens, as shown below, at <,
the cost of the beam efficiency. •

To obtain the beam efficiency we integrated the circul- ;;
arly symmetric power pattern and divided the power radiated
in the main beam of the pattern by the totally radiated
power. We integrated up into the seventh sidelobe. The 'f
results are given in fig. 6c. The maximum efficiency for
r2/ri -0-25 (a typical value for optical telescopes) is :
= 0.82 , corresponding to an edge illumination of --13 dB. '
The feed efficiency for this case as can be seen from fig.
6a is = 0.76 which is also approximately the optimum f
value. So the maximum obtainable efficiency of the system |
with i*2/rx =0.25 and a Gaussian feed pattern is - 0.62 . f

V-3.3 Feed design F

On the basis of the considerations given above we can, «•;
if the feed produces a Gaussian beam, define the optimum ^
value of the edge illumination of the primary mirror Te . I
This edge illumination, together with the focal ratio F/D
of the telescope, defines completely the required beam:
using eq. (7) we find that the radius of the beam waist £t
produced by the feed should be

i

A F
0 6.55 D

assuming that the position of the beam waist is in the focal
plane of the telescope. The focal ratio of optical tele-
scopes is usually in the range of 10 - 100 . A microwave
horn antenna producing the required beam would be impractic-
a l ^ long. We therefore have to use such a horn combination
with at least one lens (or curved mirror). A straightforward
approach which will be discussed in detail below is illus-
trated in fig. 7: the horn is placed behind a lens which
converts the diverging horn beam into a flat wavefront with

Figure 7
Telescope feed using a
microwave horn and a lens.
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1

the required radius £. given in (17). In the basic scheme
of fig. 7 we are free to choose either £oh or the distance
(z) between the lens and the position of 5 p n , where £ o h
is the radius of the waist of the Gaussian beam produced By
the horn.

Having chosen z , the problem is reduced to: the design of
a horn producing the right E,oh » determination of the pösT-
tion of £ o n with respect to the horn aperture (Az) aTü3
the design of the lens surfaces.

Horn design

Supposed that z has been chosen, we can calculate the
required £ o n from E using (3)

- i
k2

(18)

To obtain this beam we could use a corrugated horn antenna.
This type of antenna produces an almost ideal Gaussian beam
and has very low sidelobe levels [ 8] . It is however diffic-
ult to construct for wavelengths below 1 mm . An alter-
native, which is easier to make, is a non-corrugated pyram-
idal horn fed by a rectangular waveguide shown in fig. 8 .

Figure 8.
Pyramidal horn used for the
telescope feed of fig. 7.

We will approximate the antenna pattern of this type of horn
with a Gaussian beam and thus find a relation between the
horn dimensions and the waist radius £oj-. of the beam
produced by the horn.

The antenna pattern of a pyramidal horn is accurately
known [9] . It is, for a certain waveguide mode, defined by
the aperture dimensions a and b and the shape of the
wavefront in the aperture which is determined by the ratios
a/1 and b/1 . The wavefront in the aperture is spherical
with the phase centre in the throat of the horn. This causes
a maximum phase difference $ = 2u A/A between the centre
and the side of the radiating aperture, where
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A = b2/81 is the path difference, illustrated in figure 8
for the direction along the electric field in the aperture.
An increase of the horn length 1 causes a decrease of the
phase difference which results in lower sidelobe levels. We
will work here with a maximum phase difference of <j> = IT/8,
so 1 = 2b2/X . This is a (somewhat arbitrary) compromise
between a desirable small horn length and low sidelobe
levels. Figs. 9a and 9b give the antenna patterns of such a
pyramidal horn for the directions parallel to the electric
and magnetic field respectively [9] . The crosses indicate a

2 2-

9a 9b
Figure 9. Antenna pattern of a rectangular conical horn
along (a) the electric and (b) the magnetic field of the
fundamental mode. The maximum phase difference across
the aperture is TT/8. Crosses indicate a Gaussian fit to
the patterns which have the 1/e points and the central
maximum in common with the real pattern.

Gaussian fit to these patterns which we will use to de-
scribe the antenna patterns mathematically. We chose the
Gaussian fit such that the peak values and the 1/e points
of the real patterns and the fit coincide. The relative
intensity patterns of the two fits are given by

= exp - 0.5ZT
sin 9 (19)
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!H • exP" ( T T ^ T 5 1 ' " 6 ] <20>
where b and a are the dimensions of the aperture and e
is the angle with respect to the axis as illustrated in the
figures. If we choose a = 1.4 b , the beam widths in the E
and M plane are approximately equal*). For the relation
between b and £ o n , the following expression can be
derived (Appendix)

b =
+ 0.025 X

Thus we have found relations between a . b , 1 and
which determine completely the dimensions of the horn
producing the required

Position of

The position of 5Oh i s , by def in i t ion, equal to the
position of the phase centre of the horn antenna. The
distance of this position behind the horn aperture (Az in
f i g . 7) has been calculated by Muehldorf [10] . Knowing this
position we can determine the distance between the horn
aperture and the lens.

Lens design

In this section we will discuss several aspects of the
design of a lens for the set-up of fig. 7. Refraction of
the wavefront may occur on either one or two surfaces of
the lens. Examples of single-refracting-surface types of
lenses are given in figs. 10a and 10b. Fig. 10c gives an
example of a double-refracting-surface type lens. If re-
fraction occurs on only one surface, the other surface will
coincide with the wavefront and therefore a wave reflected
at this surface will be directed towards the focus and

*) Because a > b the maximum phase difference across the
aperture width (H-plane) is somewhat larger than across
the height (E-plane). However, due to the field distri-
bution, this has a much less pronounced effect on the
antenna pattern in the H-plane than in the E-plane and
is therefore neglected here.
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cause interference. This obviously is not a very desirable
situation.

Figure 10.
Effect of the lens geo-
metry on the power dis-
tribution. An isotropic
radiator placed in the
focus of the lens gives
an approximate uniform
power distribution be-
hind the lens in c,
a relative minimum of
power in the center in
b and at the edge in a.

i'-.'

Another consideration for the lens design is the
effect it has on the power distribution across the aper-
ture. This is illustrated in fig. lOa-c. An isotropic
radiator is placed in the focus of lenses with different
geometry. A uniform angular power distribution in the
focus results in a clearly non-uniform distribution across
the aperture in the examples 10a and 10b: in fig. 10a the
power density is minimal at the edge while in 10b it is
instead minimal at the centre of the lens aperture. In
fig. 10c the resulting power distribution behind the lens
is approximately uniform.

A third design consideration is that, due to the
finite lens thickness, the beam width in front of the lens
is not equal to that behind the lens. This effect is
illustrated in fig. 11, where £0 is the required beam
waist radius. If we use the lens geometry of fig. 10c,
viz. one flat surface on the side of the focus, we can use
formulae given in [11] to calculate the curved (non-
spherical) surface.
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Figure 11.
Effect of lens thick-
ness on the beam dia-
meter. £0 corresponds
to the required
radius given in
figure 7.

f-
x

n - 1 -
n2(f2

+Yl
2)

x

1 +

n2(f

1 - (22)

(23)

Here f is the distance between the flat side of the lens
and the focus, and n the refractive index of the dielec-
tric. The meaning of the coordinates is indicated in fig.
12. d is the (minimum) thickness of the lens with radius
a , given by

Figure 12.
Piano convex lens used
for the telescope feed,
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((a + f)i - f)
d = (24)

(n-1)

Part of the power incident on a dielectric surface
will be reflected. This reflection can be avoided by coat-
ing the lens with a film with a x/4 thickness and a re-
fractive index n-j = /n . This "coating" can be obtained by
reducing the refractive index at the surface to the re-
quired value n-j by means of cutting parallel grooves with
a depth of A /4/n [12] . However, this is only effective
for one direction of polarization. To make the "coating"
effective for different directions of polarization grooves
should be cut in perpendicular directions, but since this
is difficult to machine for the considered wave-
length range a compromise can be used between the required
dimensions for different polarizations, and then circular
grooves can be cut in the lens surfaces.

V-4 An F/9 Telescope Feed

Design

We designed, built and tested a feed system for a
telescope with an F/9 focal ratio and a diameter ratio of
secondary and primary mirror of 0.25 . An edge illumination
(Te) of the primary mirror was chosen of - 13.5 dB . The
design wavelength is X = 0.63 mm . Using (17) we found for
£0 , which is the radius of the beam waist of the required
Gaussian beam, E,o = 3.18 mm , corresponding to a - 3 dB
beam width of 3.0° . For the configuration of the feed we
used the straightforward approach illustrated in fig. 7
where the position of the lens coincides with the telescope
focus. The horn had to be cooled down together with the
mixer to liquid helium temperatures, and they were mounted
on the cold plate of a dewar inside the vacuum jacket*). In
order to minimise the amount of reflecting surfaces we used
the lens as the vacuum window of the dewar. To obtain a
good heat isolation between the mixer and the room temper-
ature elements we chose a distance of 25 mm between the
lens and the horn beam waist position (z in fig. 7). The
numbers given above completely define the design of the

*) See also chapter III of this thesis.
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horn and lens which is described next.

We chose the lens geometry of fig. lie of which the
effect on the aperture power distribution is small, and we
consequently neglected this. Using (18), (4)s (22) - (24),
and the effect illustrated in fig. 11 we found the value of
? o n and the lens surface required to produce the right
value of £0 = 3.18 mm : £ o n = 0.94 mm . The calculated
lens surface (using high density polyethylen n = 1.52 )
could be approximated by a sphere (radius 17.1 mm) with an
error of less than 0.1 mm. Using (21) we found for the
aperture height of the horn b = 3.04 mm and hence for the
width a = 1.4 b = 4.26 mm . The horn length 1 =
= 2 b2 / X = 29 mm . The position of the phase centre of
the horn Az = 0.7 mm behind the aperture [ 10] .

Results

We made antenna pattern measurements of this system
using the set-up sketched in fig. 13. The measurements were

Figure 13. Set-up used for measuring the antenna
pattern of the telescope feed system.

performed at a wavelength of X = 0.64 mm (instead of the
design wavelength of X = 0.63 mm) because the carcinotrón
oscillator we used had a peak in its power spectrum at that
wavelength. The dimensions of the throat of the horn allow-
ed the propagation of only the fundamental wavequide mode.
The lens placed in front of the horn could be adjusted in
three directions. The oscillator was amplitude modulated at
8 Hz and power was detected with a Go!ay cell placed at
about 150 cm from the lens. The Golay cell could be
rotated around the position of the lens. Before the actual
antenna pattern measurement we optimized the position of
the lens for maximum signal on the detector. For the
optimum distance between the flat lens surface and the horn
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aperture we found 24 ± 0.5 mm . This is in good agreement
with the calculated position of the phase centre: 0.7 mm
behind the aperture (Az in fig. 7). Figures 14a and 14b give
the measured antenna patterns in the E- and H-plane respec-
tively. The measured points are indicated with crosses. The
dashed curves give the required Gaussian pattern (£ = 3.18
mm). In the H-plane, the measured - 3 dB width is 5%
larger than the calculated pattern. The shape of the curve
is close to Gaussian. The measured pattern in the E-plane
deviates considerably from the Gaussian form as expected
since the field distribution in the aperture of the horn is
uniform along this direction.

-

/
f.

4
/

/"

«\
«\

\

\
«\

A
• \

\

-

f.

V

•3 -!
6 (O£«EES)

14a

V

14b
Figure 14. Telescope feed antenna patterns along (a) the
direction of the electric field and (b) the direction of the
magnetic field. The crosses represent the measured values of
the patterns. The dashed curves represent the calculated
Gaussian pattern.
In both directions, the measured side lobe levels were below
- 20 dB .

V-5 Conclusions

In this chapter we developed some design rules for a
telescope feed. We approximated real patterns of a microwave
horn with a Gaussian pattern and applied the results of
Gaussian beam theory for the design of the feed. The measur-
ed results agree to within a few percent with the calculated
values.
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V-7 Appendix

In this appendix we calculate (A) the angular inten-
sity distribution of a Gaussian beam at a large distance
from the beam waist and (B) the relation between the height
(b in fig. 8) of a pyramidal horn and the radius of the
waist of the Gaussian beam which approximates the real
antenna pattern.
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A. The intensity distribution of a Gaussian beam in a plane
perpendicular to the propagation axis can be found using
(2)

m: exp (Al)

where E, is a function of the distance to the beam
waist eq. (3) and r is the radial distance to the
axis. For z >> k? 2 we find from eq. (3) that
£ = z/k£0 . The intensity T (in dB) at an angle
from the axis (fig. A) is

T = 10 log
i(eT)

= - 10 log exp

= - 10 log exp

tan (eT) ^

Hence

T = - 13.09 tan (eT) — (A2)

10)

Figure A. Indication of the parameters used
for determining the angular in-
tensity distribution of a Gaussian
beam at a large distance from the
beam waist.
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B. The Gaussian beam is the E-plane of the horn is given by
eq. (19)

h = exP" --TT „sin e (A3)

The angle where the intensity is 1/e relative to the
axis is given by

e = (A4)

so

tan (9) = 0.52 X

1 - 0.27

Using eq. (A2) we then find

= 0.31 b 1 - 0.27 —
b2

(A5)

(A6)

So the relation between the height (b) of the horn and
the radius of the Gaussian beam waist and the height is
given by

b =
fXo

2 + 0.025 X2

0.094
(A7)

\ - - —
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VI. QUARTER WAVE PLATES FOR SUBNILLIMETER WAVELENGTHS

(Reprinted from: International Journal of Infrared and
Millimeter Waves, Vol. 2, No. 3, p. 465, 1981)

A review is given of different types of quarter wave plates
as presently used in the optical and microwave spectral
range, with a view to their application in the sub-mm wave-
length range. Two types of quarter wave plates have been
constructed and results of measurements at 640 ym are given.

VI-1 Introduction \

The rapid development of sub-mm wave instrumentation
over the past decade has led to an increasing demand for
various components. The need for a quarter wave plate in our
own heterodyne receivers, developed for the detection of
sub-mm radiation from astronomical sources, led to the ^
underlying study in which we investigate the possibility of }
realizing such a device for this wavelength range. •

r
A quarter wave plate is a device which gives a phase L

delay of 90° between two mutually perpendicular components I"
of an electromagnetic wave. If the components have equal ?•
amplitude and phase the quarter wave plate, hereafter called I
circular polarizer (C.P.), converts the linearly polarized f-
into circularly polarized radiation: the resulting electric i
field vector has a constant amplitude and rotates around the
axis of propagation. "
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, (1.n^)i.[(1.n"2)2-4n-2(tanin'a = -
2(tan2225.1)

Figure I. Circular polarizers used for optical and micro-
wave frequencies, and their design formulae. A and B use
total internal reflection to produce a phase delay between
two polarization components. C to Gi use anisotropy of
the wave propagation. And G2 and H reflect the different
polarizations at different planes.
n, nx and n„ are the refractive indices for an isotropic
medium and the two directions in a non isotropic medium.
x is the free space wavelength, and 6 (in B) the phase
delay between the polarization components.
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A C.P. usually has two types of application. The first
is to provide response of a receiver to linearly polarized
radiation of arbitrary orientation, the second is to dis-
criminate between transmitted and reflected radiation in
for example a receiver-telescope or a radar system.

In this paper we give a review of current types of C.P.
in both the optical and microwave frequency range. We then
discuss the properties of the different types with a view
to application in the sub-mm range. Finally we present
some results of measurements on two types of C.P. we have
constructed.

VI-2 Circular Polarizers in the Optical and Microwave Range

Figure 1 gives an overview of the types of C.P. most
frequently used. A, B and C are types applied in the opti-
cal regime, while D to H clearly have a microwave back-
ground.

The operation of the devices A and B relies on the
fact that components of E-field perpendicular and parallel
to the plane of incidence undergo a different phase shift
when they are totally reflected on a dielectric - air
interface.

The required phase shift of 90° between the two mutu-
ally perpendicular components of the E-field in the devices
C, D, E, F and Gi is obtained by transmission of the linear-
ly polarized wave through an anisotropic "dielectric" of
suitable length, thus delaying one of the components 90° in
phase with respect to the other.

In G2 and H the phase shift is obtained by reflecting
the two components at different planes.

Devices Using Total Internal Reflection

After total reflection of a linearly polarized wave
at a dielectric-air interface the two components parallel
and perpendicular to the plane of incidence have a phase
difference 6, defined by the formula:
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tan 6/2 = cos e /sin* e - xCj ̂  (1)
2sin2

where e is the angle of incidence and n is the refractive
index of the dielectric [1]. The maximum obtainable phase
difference <sm per reflection is given by

tan

To obtain a value of 6 = 90° after one reflection one would
need a material with n > 2.42. To our knowledge no low
loss materials for the sub-mm range with such a high value
of n are available. The device A, called a Fresnel Rhomb,
uses two reflections to obtain the required phase-shift.
A phase difference of 45° per reflection can be obtained
if n > 1.496, which is a more reasonable condition. Using
equation (1) with 6 = 45° we find for sin2(e):

(1 + n-2) ± /(I + n " 2 ) 2 - 4n"2(tan2(22!5) + l)
sin2(e) = — (3)

2(tan2(22?5) + l)

A modified version of this type of polarizer using only one
reflection is shown in B. The reflection characteristics
of the dielectric-air interface are modified by a metal
plate placed at a distance d behind the interface. The
phase difference 6 between the components parallel and
perpendicular to the plane of incidence as given by [2] is
defined by:

(n2 tanh (ad) - coth (ad)) (4)

(5)

The circular polarizer shown in C consists of a plate
of a birefringent crystal material with its optical axis
parallel to the planes, and is frequently used in the
visible wavelength range. It is characterized by two re-
fractive indices ne and no., for polarizations parallel and
perpendicular to the optical axis, respectively. If an in-

tan 6/2

where

Devices

(n2sin2

(ns

a =

Using

>

2-rr
X

1 0- I P cos e

1) n sin2 G

(n2 sin2 e - ]

(n2 tanl

Anisotropic Transmission
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cident wave is polarized under 45° to the optical axis and
the thickness of the plate is

d =
4 (nQ - ne)

(2p + 1 ) p = 0, 1, 2 (6)

the two components will leave the plate with a 90° differ-
ence in phase. An example of this type of C.P. applied in
the far infrared is given in [3]. D and E are similar sys-
tems, but now the birefringence of the material is obtained
"artificially" by means of parallel isotropic dielectric
plates with different refractive indices /e7 and /ë̂ T,
where ei and e2

 are tne dielectric constants of the mate-
rial. In E, one of the dielectrics is air. The refractive
indices for the polarization perpendicular and parallel to
the grooves are given in [4] as:

(7)

(8)

The required depth d of the grooves can be found by sub-
stituting eqs. (7) and (8) in eqn. (6). The relations (7)
and (8) can only be used if x » a . However, in practice
it appeared that for x = 3a eqs. (7) and (8) can still be
used with sufficient accuracy [4].

F consists of a number of thin parallel metal plates
and is a typical example of a type of a C.P. used in the
microwave regime. The wavelength of the wave between the
plates with the polarization direction perpendicular to
the plates is equal to the free space wavelength. For the
polarization parallel to the plates it is equal to that of
a TE10 mode in a rectangular waveguide having width a :

(9)

hence the "refractive indices" for the two polarizations
are given by :
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nx = 1 ;

ny = / l -

and the depth d of the plates then follows from eqn. (6).
The distance between the plates has to be in the range
a < x < 2a to assure propagation of only the fundamental
mode. By using a mirror behind the parallel plates, the
required depth d is reduced by a factor 2, and the C.P. has
to be used in reflection (Gl) [5].

Devices Using Reflection at Different Planes

If in device Gl X > 2a, then only the E x component can
propagate between the plates, whereas the E y component will
be reflected by the plates. If we then choose d = x/8 the
directly and indirectly reflected components will have a
90° phase difference (G2). A last (reflecting) type of C.P.,
as used by Erickson [6], is shown in H. It consists of a
wire grid placed at a distance of d = x/8 in front of a

| mirror. Its principle of operation is exactly similar to
i that of type G2.
'm

An effect which has not been taken into account in the
foregoing formulae is that the effective positions of the
air-device interfaces for the types D-H do not coincide
with the geometrical interfaces. For example a finit pene-
tration depth exists of the component polarized parallel to
the plates or wires in G2 and H. Magnitudes of this effect
for the infinitely thin metal plate medium as used in F are
given in [7]. The exact positions in a given practical
case must be found experimentally.

VI-3 Application in the Submm Range

In order to be able to select the most suitable type
of C.P. for the sub-mm range, we discuss briefly some as-
pects of construction, bandwidth, absorption and reflection
losses of the different devices.

Usual constraints in applying microwave methods in the
sub-mm range are the problems encountered in the construc-
tion of the components. These problems seem especially
severe for the types D, F and G. Type D has been used up
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to a frequency of 100 GHz [8] , but to make such a structure
for 0.5 mm wavelength seems difficult. This is even more
true for type F. Type G can be constructed in principle by
cutting grooves in a metal plate but the problem in that
case is to make the plates sufficiently thin. The construc-
tion of the devices A, B, C and H seems to be practically
possible or even very easy.

An important aspect is the bandwidth of a C.P. The
ideal device in this respect is type A, the operation of
which is theoretically independent of frequency (except for
the frequency dependence of the refractive index). The
other types all have a limited bandwidth: if the wavelength
is not equal to the design wavelength (x) of the C.P., it
will produce elliptically polarized light. The ratio of
the field strengths along the two axes of the ellipse is
called ellipticity (a/b). We can define the relative band-
width of the C.P. as : (Xi - X2)/X, where Ai and x2 are
the wavelengths for which the ellipticity is 0.9 and 1.1
respectively. These values correspond [9] to a phase shift
6 between the two E-field components of 6 = 2 arctan (a/b).

# If we take e = 45° and n = 1.5 in device B, we can
; find (using eqs. (4) and (5)) the distance d required to

produce circular polarization as d = 0.107 A. The relative
bandwidth is then calculated as 16%. If we assume a/b =
0.9 and 1.1 as the acceptable deviation from circular pola-
rization, this defines the tolerance on the distance d.
For the device B this is then equal to ± 0.08 d. The re-
lative bandwidth for the types C, D, E, H and G2 can easily
be calculated and is 12.9%. This means that the acceptable
tolerance in the dimension d for these devices is 6.5%.
The bandwidth of F and Gl is smaller and is a function of
x/a because the "dielectric constant" for the polarization
parallel to the plates depends on the wavelength according
to eqn. (10).

A crucial aspect for the selection of the most suitable
type of C.P. is the loss of the device which is in most
cases both due to reflection and absorption. In order to
estimate the losses of dielectric devices it is necessary
to know both the real and imaginary part of the refractive
index. For the longer wavelength sub-mm range \iery few and
moreover inaccurate data have been published on the absorp-
tion coefficient a of dielectrics. Besides, there appear
to be large differences in the dielectric properties of
plastic materials as produced by various manufacturers.
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In table I we have compiled data of some materials which
are likely to be applied for the construction of a C.P. at
sub-mm wavelength.

Table I. Dielectric properties of candidate materials for
a circular polarizer at A = 0.5 mm. References in the last
column refer to data which have either a large inaccuracy
or were obtained at a different wavelength. ne and n0 are
the refractive indices of the extraordinary and ordinary
rays respectively.

c^cm"1) ne nQ Refs. (Refs.)

High Density
Polyethylene
P.T.F.E. (Teflon)
Crystal Quartz
Sapphire

Using these data we can estimate the losses of the various
devices. In table II we give separately the expected re-
flection and absorption losses for the various types of di-
electric circular polarizers. The devices A, B and C can
be effectively antireflection coated using a grooved sur-
face [18] (for A and B) or a plastic foil (for C as shown
below). For the devices D and E this possibility does not
exist.

Table II. Estimated losses for different types of dielec-
tric circular polarizers calculated for a beam diameter of
2.5 cm and x = 0.5 mm, using the data of table I.

.11

.17

.1

.45
2
3

1.524
1.435

.1073 2

.4111 3
.1541
.0688

17
17
10
13

14 12
16

11 15
11

Type

A
B
C
D
E

Material*

P
P
Q

P + T
P

Dimensions

D = 2.5 cm
D = 2.5 cm
d = 2.68 mm
d = 4.67 cm
[d = 1.17 mm
|_1 = 3 mm

Reflection
Loss

-
-
7.3 %
2.2 %

Absorption
Loss
45 %
24 %
< 2.5 %
48 %
4 %

*P = High Density Polyethylene; Q = Crystal Quartz; T = Teflon
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The loss of the devices F and G is difficult to estimate
since it depends on how thin the plates can be made, and on
the quality of the surface of the plates. The loss of type
H will be y/ery low since it is only due to reflection losses
of the mirror and grid and the absorption of the grid which
can be made yery small.

VI-4 Results and Conclusions

We have made and tested two different types of C.P.,
viz. one of type C made of crystal quartz and a second one
of type E, made of high density polyethylene. The design
wavelength is 0.62 mm.

For the thickness d of type C made of crystal quartz
we find 3.31 mm, using table 1 and eqn. (6). The average
refractive index for the two polarizations is 2.13. To ob-
tain an anti reflection coating for this material we need a
layer with a refractive index of /27T3~ = 1.46 and a thick-
ness of .62/(1.46x4) = 0.106 mm. Teflon with a refractive
index of 1.435 is an almost ideal material for this purpose
and foil of the right thickness is readily available. We
made the C.P. as shown in fig. 2 with a teflon foil of .1
mm. The foil is pressed onto the quartz by evacuating the
space between the quartz and the teflon.

•i^sssiK»

EVACUATE

AL RING TEFLON GLUE

Figure 2. Construction of a quartz
Circular Polarizer with teflon anti
reflection coating.

The type E polarizer was constructed as follows: For the
depth d of the grooves in the polyethylene plate we find
1.45 mm, using eqs. (6), (7), (8) and table 1, and we chose
a = 0.2 mm. Since it is difficult to make narrow grooves
as deep as this we made grooves of half this depth on both
sides of the plate (fig. 3).
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Figure 3. Construction
of a polyethylene Cir-
cular Polarizer.

To test these devices we use a setup as shown in fig, 4.
A small rectangular horn, connected to a carcinotron
oscillating at 0.648 mm, illuminates a teflon lens, there-
by producing a beam with a width of 3°. To ensure that
only one linear polarization direction is present we placed
a wire grid between the carcinotron and the other components.
A 0.1 mm teflon beam-splitter reflects a small percentage
of the radiation towards the C.P. to be tested. The pola-
rization of the beam is analysed by means of a wire grid
and a Golay cell detector which can be rotated together.
The beamsplitter is used to provide isolation between the
carcinotron and the rest of the set-up, since the carcino-
tron is \/ery sensitive to reflections.

ABSORBER
BEAM-
SPLITTER

WIRE GRID -
.-/ D

TEST WIRE GOLAY
OBJECT GRID CELL

CARCINOTRON

Figure 4. Setup used for measuring
C.P.

The difference between the design wavelength of 0.62 mm and
test wavelength of 0.648 mm results for one C.P. theoreti-
cally in a phase delay of 96.06° instead of the required
90°. This gives an ellipticity of the radiation of 0.93.

The measurement of the deviation from circular polari-
zation appeared to be troublesome with the setup of fig. 4;
it requires a very much more stable setup. If two circular
polarizers are put in series, the effect of these devices
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on a linearly polarized incident beam, with its direction [,
of polarization under 45° with the optical axis, will be to
provide a phase delay of 180° between the two polarization
components. This means that the polarization of the beam
leaving the two C.P.s is also linear but the polarization
direction is rotated over 90° compared to that of the inci-
dent beam. Deviations from the phase delay of 180° between
the components then result in an elliptical polarization of
which the ellipticity is a direct measure for this phase
delay. The error in the calculated phase delay of one plate
due to the error in the measurement is much smaller than the •
error which would result using only one C.P. for the measure-
ment. We therefore used two C.P.s in series to determine
the performance of the devices.

We measured an intensity ratio of the beam leaving the
two C.P.s of type C of less than 10~2. This means that the
ellipticity of the beam produced by one plate is > 0.90. \

Since we had only one C.P. of type E available we put
this one in series with a quartz C.P. In this case we
found an intensity ratio of 5 x 10'2. If we adopt the
theoretical value for the phase delay of the quartz plate,
we find for the ellipticity of the polarization which this
C.P. of type E would produce: b/a = 0.68.

To measure the attentuation of these devices we re-
moved the analyser in front of the detector. To avoid
effects of polarization dependence of the detector we
placed the C.P. with its optical axis parallel to the elec- ^
trie field. This way the device does not change the pola-
rization of the beam. The loss of the quartz C.P. with ;
teflon coating was found to be less than 1% *. Removing [
the teflon resulted in an increase of the loss to ̂  21% ! f
For the polyethylene device we measured a loss of ^ 7.5%. •

* The teflon appeared to be somewhat porous and therefore
the structure of fig. 2 needed to be reevacuated after a
few weeks. If the surface of the teflon is etched it can
be glued onto the quartz. We constructed a C.P. this way
for 790 ym and measured a loss of less than 5%. The epoxy
we used was: Araldit AW106 + HV953U.
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We conclude that it is possible to construct a circu-
lar polarizer of type C for sub-mm wavelengths with near
ideal performance and which can be implemented into any
system. The reflections of the type E seem unavoidable and
form a major drawback for the use of this type.
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VII. DETECTION OF THE CO-J-- 4 +-3 TRANSITION FROM THE
KLEINMAN LOW NEBULA

(Reprinted from: Astronomy and Astrophysics
Vol. 101, No. 1, LI - L3 August 1981)

The CO J = 4 -* 3 rotational transition has been detected
in the Kleinman Low Nebula in the Orion Molecular Cloud from
a ground based site. Using several of the previously
measured transitions a minimum gas kinetic temperature is
derived of the high velocity "Plateau Source" of ~ 600 K
along with a minimum CO column density of ~ 7 * 108 cm"2.

VII-1 Introduction

Molecular line observations of the region around the Klein-
man Low Nebula in the Orion Molecular Cloud have shown that
there is a widely diverging range of physical conditions in
this complex region, favouring the excitation of many
molecular transitions. It appeared that gas-kinetic
temperatures exist from ~ 100 K up to ~ 2000 K and velo-
cities up to ± 75 km/sec. The high velocity gas was first
observed as a pedestal or "plateau" in the CO J = 1 -+ 0
transition [1] and has since then been observed in different
transitions of the same molecule [2, 3] and in other
molecular species. It is this feature in the observed
molecular spectra which is very promising in helping to
establish, in combination with other I.R. and Radio obser-
vations, the physical nature of this source. We report here
the first ground based observation of the 12C0 J = 4 -> 3
rotational transition in this source. We derive from this,
and measurements of other transitions, a gas kinetic
temperature and a column density of the CO molecules in
the part of the cloud associated with this emission.
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VI1-2 Observational Technique

The observations were obtained in March 1980 using the
3.8 m diameter U.K. Infrared Telescope (UKIRT), at Mauna Kea
(Hawaii) which is situated at an altitude of 4200 m. Prepa-
ratory work was done at the Infrared Telescope Facility,
situated at the same site. The heterodyne receiver used is
based on an InSb hot electron bolometer as a mixer and a
carcinotron as a local oscillator. Details will be de-
scribed elsewhere [4]. Because of the inherently low I.F.
bandwidth of this type of detection scheme (~ 1 MHz) , the
spectrum must be obtained by scanning the local oscillator
over the desired frequency range. We scanned with steps of
1 km/sec (1.54 MHz) . The system noise temperature was
about 1100 K as was measured by means of room temperature
and liquid nitrogen dipped microwave absorber. The receiver
was mounted in the F/9 Cassegrain focus of the telescope.
To suppress baseline ripple in the spectrum due to a stand-
ing wave formed between the mixer and the telescope, we
isolated the receiver from the telescope by means of a
crystal quartz circular polarizer [51. In addition we cover-
ed the central part of the secondary mirror with a piece of
microwave absorber. Approximately 30% of the receiver beam
was intercepted by room temperature objects as was deter-
mined by measuring the antenna temperature for different
elevations of the telescope. The theoretical telescope beam
efficiency (which is defined as the relative amount of power
radiated in the main lobe of the telescope antenna pattern)
was 80%. These two terms gave a total efficiency of 56%. The
beamwidth (FWHM) of the telescope antenna pattern was
measured by scanning the telescope across Jupiter. It was
found to be close to the calculated diffraction limited
value of 35.4 arcsec. A crucial aspect for observations at
this wavelength is the attenuation of the atmosphere which
is mainly due to water vapour. This attenuation makes
measurements from low altitude sites completely impossible,
but from a relatively high altitude site like the Mauna Kea
Observatory it is, under favourable weather conditions,
possible to observe at this wavelength. The maximum trans-
mission we measured in zenith was 60% at our observing
frequency of 461 GHz . Spectra were measured by subtracting
spectra obtained at a reference position, 1 degree in right
ascension away from the source, from that obtained at the
source position. We changed the telescope position every two
minutes for this purpose. The total integration time was
approximately 10 minutes.
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VII-3 Observations

In figs. 1 and 2 we give two spectra of the CO J =
4 -*• 3 rotational transition in the Kleinman Low Nebula.
The spectrum of fig. 1 was measured at a position
a = 5h : 32m : 47s s <5 = -5° : 24' : 21" . The spectrum of
fiq. 2 was obtained 15" east of this

V L S R |lcm s-'l

Figure 1. CO J = 4 -»• 3 spectrum measured at the position
of the peak (CO J = 1 -*• 0) temperature in the Kleinman-Low
Nebula. The Gaussian curve is a best fit through measured
points with a velocity of more than ± 6 km/sec away from
the central spike.

Figure 2. CO J = 4 -> 3 spectrum measured at a position
15" east of the peak (CO J = 1 + 0) temperature in the
Kleinman Low Nebula.
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position. The estimated error in the position is 20 arcsec ;|
or less. The horizontal axis give the velocity relative to
the local standard of rest. The rest frequency of this line,
as given by [6] is 461040.81 MHz (X = 0.65 mm) . The cor-
rected antenna temperature T^* is plotted vertically. T^* •
was obtained by correcting the measured antenna temperature ?
for atmospheric loss, and for telescope losses and beam I
efficiency as mentioned above. The estimated error in the '\
corrected peak antenna temperature is + 50 , - 30% . The ;-
position of the peak intensity in fig. 2 is at + 7.5 km/sec. (;
That in fig. 1 at + 4.5 km/sec. Such a difference of £
3 km/s over an angular scale of only 15" was not reported •
before. We believe it to be real since we estimate the un-
certainty in the position of the central maximum to be less *
than 1 km/sec.

VII-4 Discussion

The high velocity emission of the rotational 12C0
spectra measured towards the Kleinman-Low Nebula is the only
known emission from this molecule in interstellar space with
a rather low optical depth. From the ratio of the *2C0 and
13C0 line intensities in the J = 1 -> 0 transition, an
optical depth (x) was estimated of x S 3 [7] .No es-
timates were made so far for the other transitions, but the
ratios of line intensities in the higher transitions in-
dicate an optical depth which is considerably lower than 3 .
Because of this low x it is possible to obtain significant
information about the nature of the source by relating the
different lines and we will therefore concentrate our dis-
cussion on the high velocity emission.

In order to relate the different measurements they need
to be corrected for beam dilution since the telescope beams
all have different sizes and are not much smaller than the
source of the high velocity emission. The measured peak an-
tenna temperature T/\* of the plateau source in the various
transitions were obtained by fitting a Gaussian curve
through measured points with a velocity of ± 6 km/sec or
more away from the central spike, thus separating the high
velocity emission from the central spike which has a width
of ± 5 km/sec [1] and clearly originates in a physically
different region. The resulting temperatures are given in
column 2 of table I, the (halfpower) beam widths of the
telescopes used for the measurements are given in column 3.
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Table I
Summary of the measurements of the temperatures of the lower
12C0 rotational transitions in the "Plateau Source" of the
Orion Molecular Cloud. The antenna temperatures are correct-
ed for beam dilution to obtain the peak brightness temper-
ature (TB) in each transition. The errors do not include
possible errors in the assumed source size.

1

Transit ion

1 -* 0
2 •* 1
3 + 2
3 + 2

4 + 3

4 + 3
6 + 5

2

TA*(K)

9
22
40
37

82

10
180

3

Beam Size

65 "
30 "
55 "
36 "

35 "

2.5'
35 "

4

Reference

[1]
[10].
[8]
[3]

This work

[9]
[11]

5

T B( K )

29
32

103
62

133

126
294

6

Error

± 25%
± 25%

+ 50%
- 30%

For the correction of the measurements for beam dilution,
both the source and telescope beams were assumed to be
Gaussian. For the halfpower width of the source we assumed
44", as was measured in the J = 3 -»- 2 transition [8] . The
peak source brightness temperatures obtained this way are
given in column 5 of table I. The difference of the assumed
source size with the values obtained in the J = 1 -*-0
transitions (36") [7] and in the J = 2 •+1 transition
(50") [9] might be due to different source sizes in the
various transitions, which were not taken into account here.
The measurement of the J = 2 -»-1 transition [10] was ob-
tained with the Owens Valley Radio Observatory 10 m. dia-
meter telescope using a wideband heterodyne receiver with
Schottky diodes as the mixing elements. The measurement of
the J = 6 -* 5 transition [11] is a very recent extension
of the work reported earlier [ 12].

In order to reproduce these temperatures we use a
simple physical model for which formulae are given by [13] ,
We assume that the cloud has a constant gas kinetic temper-
ature (TK) which characterizes the occupation of the com-
plete rotational ladder of the CO molecules. The lines are
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Doppler broadened due to small scale velocities. The half
power width is given by the measurement (25 km/sec) and we
make no assumptions about high or low optical depth. The in-
put parameters which can be varied in this model are the ex-
citation temperature TK and the column density Nr,o • The
output parameters are the source brightness temperature (Tg)
and the optical depth. The assumption of thermalization is
reasonable since previous measurements of the HCN and CS
molecules in this source indicate a H density of
0.2 - 3><10G [14, 13]. For densities of this order the CO
rotational ladder is approximately thermalized for the tem-
perature and transition range of interest. Fig. 3 gives the
measured brightness temperatures of column 5 in table I and
the calculated values for the ten lowest transitions for two
sets of temperatures and column densities. The mean error of

iOO

|TK=2QOOK
] N C O = 2 0 X 1 0 1 8 C

Figure 3.
Calculated brightness
temperatures for the ten
lowest rotational trans-
itions of the CO molecule
for two sets of temper-
atures and column densi-
ties. The measurements
listed in column 5 of
table I are included in
this figure.

0 2 A 6 8 10

UPPER LEVEL OF TRANSITION

fit (m.e.f.) of the calculated and measured values (ex-
cluding the J = ls-o transition) was minimized by varying
Nco for each temperature. The m.e.f. is given in fig. 4 as
a function of temperature along with the optimum values of
Nco • As can be seen from this figure only lower limits for
the kinetic temperature and column densities could be ob-
tained. The values were T K = 600 K and NQO = 7xio

1 8 a.
Fig. 5 gives the calculated values of the optical depths in
the various transitions for the same sets of T K and N c o
as in fig. 3 which can be seen as limiting values since
temperatures in excess of 2000 K are not expected.

,-2
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.30

.25

.20

.15

TK (K) - • > 500

Nc0|i017(cni2]-<»64

APPROX ERROR
MEASUREMENTS

1500

157

2000

205

Figure 4.
Mean error of fit of the
measured to the calcul-
ated values of brightness
temperatures as a func-
tion of gas kinetic tem-
perature. The optimum
values of the column den-
sity are given for each
value of the gas kinetic
temperature.

The measured value of the J = 1 + 0 transition obviously is
not covered by this simple picture (fig. 3). This might in-
dicate the presence of cold gas with high velocities behind
the hot gas.

The minimum value of the gas kinetic temperature is
much higher than those previously estimated using the lower
rotational transitions. It is however within the temperature
range derived from measurements of high rotational CO trans-
itions and H2 infrared lines [15] . The CO column density
found here is at least a factor of 10 higher than that found

10

08

06

Q.

ÖQ4

u
0.2

0

= 6OOK

Nco--7xi018cm'

Nco=20x10 i 8cm"2

Figure 5.
Optical depths of the CO
emission in the various
transitions as calculated
using the same parameters
and model as in fig. 3.

0 2 U 6 8 10

UPPER LEVEL OF TRANSITION
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by [151 . The possible presence of colder gas of ~ 70 K
[16] behind the hot gas could account for much of the
radiation up to J = 4-*3 . It would however contribute
relatively little to the J = 6 + 5 transition and is
therefore unlikely to effect greatly the column density
derived in this paper. Further and more accurate measure-
ments of the different CO transitions are required before
one can construct a more detailed model of this region.
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SUMMARY

Astronomy in the submm wavelength range has lagged be-
hind that in the adjacent frequency ranges of infrared and
mm waves because of technological and atmospheric reasons. ;
However, the astronomical results in these adjacent ranges
have stirred up interest for the submm range, in which
answers to key questions about the early stages of stellar
evolution might well be hidden. Indeed, the first observa-
tions are already beginning to uncover some of these ans-
wers. The atmosphere in the submm range has been shown to
be sufficiently transparant in several important windows to
allow ground based astronomical observations. A submm
heterodyne receiver for astronomical observations has been
developed which operates in the frequency range between 460
and 500 GHz. An InSb hot electron bolometer is used as the
mixing element. The local oscillator power is obtained by \
doubling the frequency of a backward wave oscillator. The
sideband noise of the B.W.O. has appeared to be sufficient-
ly weak to allow its use in combination with an InSb mixer.
A method of measuring the matching of the mixer to the
waveguide is described and some results of measurements of
B.W.O. noise are given. In chapter V a general description
is presented of Gaussian beam theory and this is applied to
the design of the receiver optics. Particular attention is
given to the coupling between the receiver and the tele-
scope. To prevent the usually troublesome effects of stan-
ding waves between the receiver and the telescope a circul-
ar polarizer can be applied. A review is given of different
types of such polarizers as presently used in the optical
and microwave regimes, with a view to their application in
the submm range. Two types of circular polarizers were con- .
structed and results of measurements on these are given. i.
The final chapter describes the observation of the rota-
tional CO J = 4 + 3 transition at 461 GHz in the
Kleinman Low nebula. From a combination of this measurement
with others, lower bounds for the gas kinetic temperature
and column density of the shocked gas in this region are
derived.
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SAMENVATTING

De ontwikkeling van de astronomie in het submm golf-
lengtegebied loopt achter bij die in de aangrenzende gebie-
den van het infrarood en millimeter golven, vanwege techno-
logische en atmosferische redenen. De astronomische resul-
taten in deze gebieden hebben de interesse in het submm ge-
bied echter sterk doen toenemen omdat antwoorden op sleu-
telvragen betreffende ster-evolutie wellicht daar te vinden
zijn. Het blijkt inderdaad dat de eerste waarnemingen in
dit gebied aan deze verwachtingen beantwoorden. Er is aan-
getoond dat de atmosfeer in enkele belangrijke vensters in
het submm gebied voldoende transparant is om waarnemingen
vanaf de grond te kunnen verrichten. Een submm heterodyne
ontvanger is ontwikkeld die operationeel is tussen 460 en
500 GHz. Een InSb hot electron bolometer wordt toegepast
als mengelement. Het lokale oscillatorvermogen wordt ver-
kregen door de verdubbeling van de frequentie van een back-
ward wave oscillator. De zijband ruis van een B.W.O. blijkt
voldoende laag te zijn om de oscillator te kunnen gebruiken
in combinatie met een InSb mixer. Er wordt een methode be-
schreven om de aanpassing van de mixer aan de golfpijp te
meten en enkele resultaten worden gegeven van metingen van
de ruis van de B.W.O. Hoofdstuk II bevat een beschrijving
van de theorie van Gaussische bundels die wordt toegepast
op het ontwerp van de optiek van de ontvanger waarbij spe-
ciale aandacht wordt gegeven aan de koppeling van de ont-
vanger aan de telescoop. Om hinderlijke effecten van staan-
de golven te voorkomen kan een circulaire polarisator wor-
den gebruikt. Er wordt een overzicht gegeven van diverse
typen polarisators zoals die in het optische en microgolf-
gebied worden gebruikt, met het oog op hun toepassing in
het submm gebied, Twee typen circulaire polarisatoren
werden geconstrueerd en resultaten van metingen zijn be-
schreven in hoofdstuk VI. Het laatste hoofdstuk beschrijft
de waarnemingen van de CO J = 4->3 rotatie overgang op
461 GHz in de Kleinman Low nevel. Uit een combinatie van
deze metingen met andere, wordt een ondergrens afgeleid
voor de kinetische temperatuur en kolomdichtheid van het
gas in dit gebied dat een schok ondergaat.



- 9 1 -

Curricuium Vitae

Ik ben geboren op 14 augustus 1951 te Vinkeveen en Wa-
verveen. Na het behalen van het HBS-B diploma in 1968 aan
het Christelijk Lyceum te Utrecht, begon ik met mijn studie
aan de afdeling Elektrotechniek van de Technische Hoge-
school te Delft. In 1972 behaalde ik het kandidaatsexamen,
gevolgd door het ingenieursexamen Elektrotechniek in 1975.
Het afstudeeronderzoek werd verricht op het Laboratorium
voor Elektrotechnische Materialen en betrof een onderzoek
naar het frequentie-afhankelijke gedrag van de capaciteit
van Schottky diodes. Van 1975 af tot 1980 ben ik als weten-
schappelijk medewerker verbonden geweest aan het Laborato-
rium voor Astrofysica van de Sterrewacht der Rijksuniversi-
teit te Utrecht. Het onderzoek, beschreven in dit proef-
schrift, maakte deel uit van een projekt dat werd uitge-
voerd in samenwerking met de Astronomy Division van de
European Space Agency te ESTEC in Noordwijk, alwaar ik een
groot deel van dit onderzoek heb verricht. Sinds 1980 ben
ik als docent elektrotechniek en natuurkunde verbonden aan
de Hogere Technische School te Rijswijk.



S T E L L I N G E N

behorend bij het proefschrift:

A SUBMILLIMETER HETERODYNE RECEIVER AND ITS APPLICATION IN ASTRONOMY

A.H.F, van Vliet, 16 december 1981



1. De definitie van uittreearbeid die wordt gegeven door Kitte! is in-

correct. •
(C. Kittel, Introduction to Solid State Physics, 3rd edn., p. 247,
John Wiley and Sons, 1968).

2. De beoordeling van de mogelijkheden van acousto-optische filterbanken,
zoals die in de literatuur wordt gegeven, is te pessimistisch, omdat
die berust op een niet optimaal benutten van bekende technieken.

3. Hoewel door de moderne IC techniek het accent sterk is verschoven
naar de digitale elektronica,zal de analoge elektronica een essen-
tiële funktie blijven vervullen in de koppeling tussen transducenten
en de digitale signaalverwerking en verdient daarom sterk gerichte
aandacht.

4. Daar SIS (superconductor insulator superconductor) mixers in het sub-
mm gebied hun bruikbaarheid nog niet hebben bewezen, mogen de onover-
troffen resultaten bereikt tot 115 GHz nog geen aanleiding zijn het
onderzoek aan stabiele Josephson Junction Mixers te verwaarlozen.

5. Kruiscorrelatie snelheidsmeters zullen in de nabije toekomst op
grote schaal worden toegepast bij het meten van snelheden in twee-
fasenstromingen.

6. De bepaling van de veroudering van plastics door middel van de meting
van het carbonyl gehalte met behulp van infrarood"absorptie is sterk
te prefereren boven de tot nu toe gebruikte methoden.

7. Uitgaan van diffuus invallend verkeerslawaai bij de berekening van
de vereiste geluidsisolatie van gevels resulteert in veel praktijk-
situaties in een waarde die circa 3dB te laag is.

{.Handleiding voor het berekenen van gevelisolaties tegen verkeers-
lawaai, rapport van: Instituut voor Milieuhygiëne en Gezondheids-
teahniék TNO, Delft, nr. VL-DR-12-01, oktober 1979).



8. De zeer beperkte tijd die beschikbaar is voor submm astronomische
waarnemingen met behulp van het NASA Kuiper Airborne Observatory kan
het best worden gebruikt voor calibraties van waarnemingen vanaf het
aardoppervlak.

9. De plaatsing van een grote mm/submm telescoop op Hawaii, in het kader
van de Brits-Nederlandse samenwerking, schept een unieke mogelijkheid
voor Nederlandse astronomen om een dreigende achterstand om te zetten
in een concurrerende positie in het betreffende golflengte gebied.

10. Het is te betreuren als een wetenschapsbeoefenaar de objectiviteit
die hij in zijn vak nastreeft niet laat gelden bij de beoordeling
van zijn werk in het grotere geheel van wetenschap en maatschappij.

11. Indien men "geweldloze" bezettingen ook als gewelddadig zou betite-
len, zou dat veel discussies betreffende het gebruik van geweld door
de politie aanzienlijk ophelderen.

12. Door gelijkheid in plaats van gelijkwaardigheid aan de man na te
streven geven veel feministen te kennen dat zij de man als superieur
zien.

13. Een logische consequentie van de aanvaarding van de evolutietheorie
betreffende de ontwikkeling van menselijk leven, die is gebaseerd op
overleving van de sterksten, is het verlaten van de algemeen aan-
vaarde norm dat men opdient te komen voor de zwakkeren.

14. In allerlei ethische beschouwingen wordt het onvoldoende gereali-
seerd dat men vaak uitgaat van een waardensysteem dat voor een groot
deel is gebaseerd op christelijke principes, terwijl de basis daarvan,
de bijbel, als ongeloofwaardig wordt afgeschilderd.


