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InSb heterodyne receivers for submillimeter astronomy

T. G. Phillips
Department of Physics, California Institute of Technology, Mail Code 405 -47, Pasadena, California 91125

Abstract

InSb hot electron bolometer mixer receivers have been used for submillimeter line studies
of the interstellar medium up to frequencies of about 500 GHz (600p). Detections of new
interstellar lines have been made, such as the ground state fine structure transition of
atomic carbon at 492 GHz, and various transitions of molecules such as carbon monoxide and
water. The bulk of this work has been performed with the NASA Kuiper Airborne Observatory
telescope which is transported to an altitude of about 12,000 km by a C141 aircraft, so
avoiding most of the effects of the Earth's atmosphere. Some observations have also been
made at ground observatories with the 5 m Hale telescope at Mount Palomar and the NASA In-
frared Telescope Facility at Mauna Kea, Hawaii. The heterodyne bolometer receivers have
achieved noise temperatures of less than 400 K at all frequencies up to 500 GHz. Develop-
ment work continues to extend the frequency range further into the submillimeter band.

Introduction

Submillimeter astronomy is a new field of endeavor, which is just emerging and will have
a major impact on astronomy in the 1980's. The National Aeronautics and Space Administra-
tion currently provides two telescope systems from which such astronomy can be performed,
namely the Kuiper Airborne Observatory and the Infrared Telescope Facility at Mauna Kea,
Hawaii. It is possible that, in the 1990's, a large space telescope for submillimeter as-
tronomy will be made available. Naturally, to make use of the existing facilities and to
prepare for the space facility requires a strong program of detector development for both
line (heterodyne receivers) and continuum systems. This paper will outline the current
status of line astronomy in the submillimeter and describe the use of InSb heterodyne bolo -
meter detectors, which have already proven successful in certain initial studies in the
field.

Many lines of atoms and molecules, which are abundant in the cosmic mix of the interstel-
lar medium, lie in the submillimeter part of the electromagnetic spectrum. Much work has
been done at radio wavelengths using the rotational lines of interstellar molecules. How-
ever, the fundamental transitions of many molecules, particularly those containing hydrogen
(therefore having high rotational frequencies due to their light weight) lie in the sub -
millimeter and cannot be observed in the radio. Also atomic transitions such as the recent-
ly detected 1 line of neutral carbon (CI) - see Figure 1 - lie in this range and these will
provide new probes into the nature of the interstellar medium. In particular they will pro-
vide new information on the chemistry of the interstellar medium, for instance, metal
abundances can be traced throughout the galaxy and across external galaxies by means of the
simple diatomic hydride molecules. The role of carbon in interstellar chemistry can be
traced by comparing the relative abundances of CI, CII, and CO.

The ability to study the high transitions of heavier abundant molecules such as CO will
be most valuable. These lines, together with the atomic carbon lines, provide the cooling
for clouds of the interstellar medium, so determining the tendency towards collapse and sub-
sequent star formation. Further, the presence in the spectrum of many lines of the same
molecule permits a detailed approach towards understanding of radiation transfer within
molecular clouds, and tests models of structure and dynamics of the clouds.

Many of these studies can be carried out using the NASA C141 Kuiper Airborne Observatory
telescope, even though at 91.5 cm aperture the beamwidth is large, typically 2 min arc.
However, for certain atmospheric windows the somewhat larger (3 m) NASA Infrared Telescope
Facility at Hawaii can be used. In that case the high resolution available (% 40 arc sec)
will allow studies of molecules and atoms in their ground states from neighboring galaxies.
The good submillimeter resolution will also be most valuable in permitting observations of
molecular envelopes around mass loss stars in a far more comprehensive and detailed manner
than has been possible to date.
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Figure 1. A spectrum of the ground state fine structure line emission of atomic
carbon, taken in the direction of the Orion Nebula. The line frequency is approxi-
mately 492 GHz and the receiver was an InSb mixer.

An indication of current progress in submillimeter line astronomy is given by the follow-
ing table of detected strong interstellar lines:

TABLE I

Line Frequency (GHz) Telescope
or Wavelength (p)

CO3 345 200" Palomar

H 0 380 C141, NASA
2 414- 321

C04_3 460

CI 3p1- po
492 (610 p )

CO6 690 (435 u) IRTF Hawaii

CII p2 -2p (157p) C141, NASA
3/2 1/2

CO21-20,22-21 (124,118 p) If
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It is too early to be clear as to the astronomical impact of the initial work, but both
CO and H2O lines indicate that many regions have strongly excited gas emitting in the sub -
millimeter. The CI detection is particularly encouraging, since this line is a prime cool-
ant and tracer for interstellar gas and is now observed to be at least as ubiquitous as CO.
It is exciting to note that infrared techniques are now capable of coarse resolution work
at the short wavelength end of the submillimeter, and both Cornell (CII detection) and
Berkeley (high CO lines) are active in this area. From the point of view of this paper we
note that the initial line detections in the 300 -500 GHz range have been with InSb hetero-
dyne bolometer systems.

Receivers

A critical component in submillimeter line astronomy is the receiver. In fact it is
clear that at the present time the development of the field is determined by receiver devel-
opment. There are several viable techniques already operative to some degree, ranging from
direct detectors using grating or Fabry -Perot etalons to heterodyne detectors. It seems
probable on both theoretical grounds, and from recent experience, that the long wavelength
part of the spectrum (say 1 mm - 200p) will be dominated by heterodyne systems, whereas the
short wavelength end will use direct detection techniques. This paper is concerned with the
1 mm - 200p band and will therefore concentrate on heterodyne techniques, and particularly
on the InSb heterodyne bolometer which has proved the most productive system to date.

So far only two classes of heterodyne receivers have been successfully used for submilli-
meter astronomy: the diode mixer and the bolometer mixer. In the future it may prove possi-
ble to use photon assisted tunneling devices such as Josephson or quasiparticle junctions.
Also semiconductor photodetectors should prove useful at short wavelengths.

Figure 2 shows performance figures for a variety of mixer detectors. The room
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Figure 2. Mixer noise temperatures for a variety of
heterodyne receivers.
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temperature Schottky diode mixer results are from Carlsen et al 2 (1979), Erickson 3 (1978),
and Fetterman et al 4 (1978). Cooled Schottky diode results are from Linke 5 (1979). Su-
perconducting junction results are frgm Dolan et al 6 (1979), Richards et al 7 (1979) f9r
quasiparticle junction; McCall et al (1977) for super Schottky mixers; Taur and Kerr
(1978) and Edrich 10 (1978) for Josephson devices. InSb mixer results are from our own
studies.

The InSb Bolometer Mixer

This device is a relatively simple liquid helium cooled bulk single crystal element,
which, when mounted in a waveguide, acts as a mixer for wavelengths down to ti ? mm
(600 GHz). It has an already demonstrated performance to 500 GHz and has been used for mm
and sub -millimeter astronomy since 1973. 11 Given adequate local oscillator power (n,10 -6
watts) the receiver noise temperatures range from 150 K at 115 GHz to about 350 K at
500 GHz.

At liquid -helium temperatures in very pure InSb (ND - NA-3x 10 cm -3) there are still
some conduction electrons which are not frozen out. The electrons interact only weakly with
the lattice so that a small current in the bulk material will raise the electron gas temper-
ature (Te) considerably. In this system the mobility is controlled by ionized impurity
scattering and is a strong function of electron gas temperature. This is the basis of the
hot -electron bolometer effect 12.

When the bolometer is mounted in a waveguide, so that its dimensions are small compared
with a wavelength, it acts as a mixer in that it responds to the square of the electric
field at that point in the guide. Current flow causes an increase in electron gas tempera-
ture and a change in mobility and resistance of the device. A qualitative view of the
operation of the mixer may be obtained by considering the flow of power from the microwave
fields to the conduction electron system and to the lattice. Under constant current bias
conditions the incident power (Pin) is described by

Pin Pdc + PLO + 2(PLOPS) exp (iwt) (1)

where P c
= I2 Ro, PLO, and PS are the dc, local -oscillator, and signal powers, respectively;

w is t e angular intermediate frequency (difference between local oscillator and signal
frequencies); Pin is balanced by the power (Pout) required to raise the conduction electron
temperature by an amount AT, i.e.;

Cd (AT)
Pout KAT + dt

where K is the thermal conductance to the lattice and C the condu ion electron thermal
capacity. Using the fact that the mobility is proportional to Te-5/2 it is found from (1)
and (2) that the voltage across the bolometer is given by

3/2(P ) + P
LO ) 3(P P )2

dc LO S exp (iwt)l
Vb p.; IoRo 1- - K'To K'To 1+ iwt' J

(2)

(3)

where K' = K + (3/2) (Pdc + PLO) /To, Ti = C /K', and To is the lattice temperature.

The terms in the bracket of (3) are the Ohm's law voltage, deviation from Ohm's law (hot -
electron effect), and signal voltage, respectively. A more complete description of this
approximate mixer formalism is given in reference [11].

A disadvantage exists; namely, the instantaneous bandwidth is only % 1 MHz. This is due
to the fundamental energy relaxation time T' (equivalent to recombination time in a photo-
conductor). However, since the signal -to -noise one may achieve for heterodyne mixers is

Av /T the 200 K InSb mixer ( l MHz bandwidth) is as good as a 2000 K diode mixer (ti100
MHz bandwidth). So at frequencies above 300 GHz the InSb mixer is still the most effective
receiver at the present time; spectra are taken by sweeping the local oscillator. Of course,
if the experiment requires less bandwidth than 100 MHz the InSb receiver becomes correspon-
dingly more effective. In particular, if a map at line center is of astrophysical interest
(which is the case for many sources), the low noise temperature provides a most impressive
capability relative to other receiver systems.

Figure 3 shows the system layout for use on telescopes such as that of the NASA Kuiper
Airborne Observatory.

A typical mounting arrangement for this receiver system is seen in Figure 4 which shows
the 492 GHz (carbon line) receiver fixed to the detector port of the aircraft telescope.
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Figure 3. A block diagram of the heterodyne bolometer
receiver system

At the moment the InSb receiver provides the simplest and most effective system for sub -
millimeter astronomy. To some degree this is due to the low power requirement for the
local oscillator ( <10 -6 watts), which can be generated by millimeter wave klystrons driving
Schottky diode harmonic generators. When the InSb receiver was initially developed it was
projected that there would be no problem in extending the frequency range to 500 GHz 11.
This has been achieved; the question now arises as to how much further in frequency the
system could be extended and whether the noise temperature could be yet further decreased or
the bandwidth increased. These questions can only be answered by development work.

One limiting factor is the difficulty of obtaining even 10 -6 watts of local oscillator
power at frequencies >500 GHz. This can be remedied by the use of high power fundamental
oscillators, such as carcinotrons, or by development of more efficient high frequency
multipliers. A second, more fundamental problem is that from measurements of the
material response to radiation as a function of frequency, or from the theory of free
electron absorption of radiation in semiconductors, it is known that the responsivity to
radiation will start to drop above 600 GHz (shortward of 500 u). At frequencies above the
plasma frequency the conductivity is given by

a
0(w) - o

1+w2 T2
(4)
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At the moment the InSb receiver provides the simplest and most effective system for sub- 
millimeter astronomy. To some degree this is due to the low power requirement for the 
local oscillator ( <10~6 watts), which can be generated by millimeter wave klystrons driving 
Schottky diode harmonic generators. When the InSb receiver was initially developed it was 
projected that there would be no problem in extending the frequency range to 500 GHz H. 
This has been achieved; the question now arises as to how much further in frequency the 
system could be extended and whether the noise temperature could be yet further decreased or 
the bandwidth increased. These questions can only be answered by development work.

One limiting factor is the difficulty of obtaining even 10~ 6 watts of local oscillator 
power at frequencies >500 GHz. This can be remedied by the use of high power fundamental 
oscillators, such as carcinotrons, or by development of more efficient high frequency 
multipliers. A second, more fundamental problem is that from measurements of the 
material response to radiation as a function of frequency, or from the theory of free 
electron absorption of radiation in semiconductors, it is known that the responsivity to 
radiation will start to drop above 600 GHz (shortward of 500 y). At frequencies above the 
plasma frequency the conductivity is given by 12 :

(4)
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where T is the momentum scattering time. This leads to an absorption coefficient;

=
G
o

CE (7)

z

1+wLT2 (5)

For material optimized for lower frequencies (ND - NA ti 5 1013 cm -3; ND '7 x 1014 cm -3)
T 3 x 10-13 secs, so that the w roll off is ti 3 x 101' or we have an expected frequency
limit of ti 500 GHz. To improve on this directly one could decrease T or, to achieve a given
a , increase ao. T is determined by the number of ionized impurity centers and the degree
of compensation. To accommodate higher frequencies implies increasing the impurity content
while maintaining the relative compensation. ao will largely be determined by ND - NA, so
that increasing the number of impurities seems to be beneficial on all counts. An indepen-
dent approach is to take advantage of the phenomenon of cyclotron resonance to achieve
high absorption coefficients at related frequencies. The photoresponse of InSb peaks at a

Figure 4. Mounting arrangement for the 492 GHz receiver on the Kuiper Air-
borne Observatory telescope.
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that increasing the number of impurities seems to be beneficial on all counts. An indepen 
dent approach is to take advantage of the phenomenon of cyclotron resonance to achieve 
high absorption coefficients at related frequencies. The photoresponse of InSb peaks at a

Figure 4. Mounting arrangement for the 492 GHz receiver on the Kuiper Air 
borne Observatory telescope.

106 / SPIE Vol. 280 Infrared Astronomy—Scientific/Military Thrusts and Instrumentation (1981)

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 21 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



frequency:

wc eB
v

2,r 2qm* (6)

where B is the magnetic field and m* is the electronic mass. This effect was initially used
by Putley to increase the response at low field values, since the resistance is increased.
That would be of no value in this case, because the multitransistor amplifiers in use in our
present systems make no serious contributions to the system noise. However, the effect
will be of considerable value in increasing the absorption coefficient at v we /2Tr . A
field of about 6 KOe will allow resonance at 500 GHz, so that the submillimeter range is
covered by easily available magnets which can fit within a receiver dewar.

Conclusions

The above arguments present a brief outline of the available development concepts which
would be expected to lead to a factor of two extension in frequency coverage for the InSb
system. Given the current system capability of Tr ti350 K at 500 GHz it seems reasonable
that noise temperatures of 700 K or less could be achieved at 1,000 GHz, on the basis that
the photon noise is likely to scale with by and that the material electronic absorption
coefficient can be increased by one of the above mentioned procedures.
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frequency:

c
27 (6)

where B is the magnetic field and m is the electronic mass. This effect was initially used 
by Putley to increase the response at low field values, since the resistance is increased. 
That would be of no value in this case, because the multitransistor amplifiers in use in our 
present systems make no serious contributions to the system noise. However, the effect 
will be of considerable value in increasing the absorption coefficient at v ^ w c/2Tr . A 
field of about 6 K0e will allow resonance at 500 GHz, so that the submillimeter range is 
covered by easily available magnets which can fit within a receiver dewar.

Conclusions

The above arguments present a brief outline of the available development concepts which 
would be expected to lead to a factor of two extension in frequency coverage for the InSb 
system. Given the current system capability of T ^350 K at 500 GHz it seems reasonable 
that noise temperatures of 700 K or less could be achieved at 1,000 GHz, on the basis that 
the photon noise is likely to scale with hv and that the material electronic absorption 
coefficient can be increased by one of the above mentioned procedures.
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