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Abstract

A phonon-cooled NbN superconductive hot-electron bolometer receiver cover-
ing the frequency range 0.8 - 1.04 THz has successfully been used for astronomical
observation at the Sub-Millimeter Telescope Observatory on Mount Graham, Ari-
zona. This waveguide heterodyne receiver is a modified version of our fixed-tuned
800 GHz HEB receiver to allow for operation beyond 1 THz. The measured noise
temperature of this receiver is about 1250 K at 0.81 THz, 560 K at 0.84 THz, and
1600 K at 1.035 THz. It has a 1 GHz wide IF bandwidth, centered at 1.8 GHz. This
receiver has recently been used to detect the CO (9 — 8) molecular line emission
at 1.037 THz in the Orion nebula. This is the first time a ground-based heterodyne

receiver has been used to detect a celestial source above 1 THz.
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I. INTRODUCTION

As superconducting receiver technology has matured in recent years, low-noise
heterodyne receivers have been developed for the THz frequency band. The first
laboratory superconducting heterodyne mixer operating above 1 THz was reported
in 1996 [1]. This receiver used an SIS mixer, which can offer nearly quantum-limited
noise performance up to 1 THz, but which becomes very noisy above 1 THz. Since
then, several groups have reported low noise performance at THz frequencies using

receivers that employ superconductive hot-electron bolometer (HEB) mixers [2-4].

The Submillimeter Receiver Laboratory at the Harvard-Smithsonian Center
for Astrophysics has been collaborating with the Moscow State Pedagogical Uni-
versity since 1994 to develop phonon-cooled HEB waveguide mixers. This effort
has been very fruitful, and we have been able to routinely produce submillimeter
and terahertz receivers having noise temperatures in the range of 10 — 20hv/k, at
operating frequencies up to 1.26 THz in our laboratory [5,6]. In the winters of 97/98
and 98/99, we installed our 800 GHz HEB receiver on the 10-m Heinrich Hertz Tele-
scope on Mt. Graham, Arizona. This receiver was the first superconductive HEB
receiver deployed outside a laboratory environment [7]. It was used successfully to

detect molecular emission lines from a number of astronomical sources at 690 and

810 GHz [8].

In this paper, we report on improvements to this receiver that extend its fre-
quency of operation to beyond 1 THz. Earlier this year, this receiver was successfully
used to detect the molecular emission of CO(9 — 8) at 1.037 THz in the Orion Neb-
ula (M42). This marks the first time a ground-based heterodyne instrument has

ever detected a celestial source above 1 THz.

II. INSTRUMENT DESIGN

A. Hot Electron Bolometer Elements

The mixer elements are made from high-purity NbN film deposited on a heated
0.1-mm-thick z-cut crystalline quartz substrate. The film is about 4 nm thick. The
critical temperature, T, of the film is about 9 K, and it has a transition width of
about 0.5 K. The active area of the bolometer, lying between two normal-conducting
TiAu electrodes, is about 2 pm wide by 0.2 pm long. The normal-state resistance

(Rn) of the bolometers is fairly uniform over a single walfer.



The quartz wafer is first diced into small blocks of about 5 mm square before
before lapped and polished to a thickness of 23 pum. After lapping, the individual
mixer chips measure 90 um wide and 1.4 mm long are diced from these square
blocks. Even with these small dimensions the mixer chips are quite robust and are
rather easy to handle. The particular device used in the astronomical receiver has
a room temperature resistance of about 350 €2 and a critical current of 85 pA. The

useful upper limit to the IF bandwidth of these devices is about 2.5 GHz.

B. Mixer Assembly Design

The mixer assembly is adapted from the design of the highly successful fixed-
tuned SIS mixer we developed for the Submillimeter Array [9]. It is made in two
sections. The front section carries the corrugated feed horn, which is electroformed
and shrunk-fit into a copper mounting block. The horn terminates in a section of
half-height rectangular waveguide, measuring 254 x 64 pm. The back section of the
mixer assembly houses a shorted section of waveguide, measuring 200 x 50 x 60 pm.
The quartz chip is suspended across the waveguide and is clamped between the two
halves of the mixer assembly. It is electrically contacted by two 75 um diameter

wires, one to the IF connector, the other is grounded in the mixer block.

C. Receiver Layout

The layout of the receiver is shown in Fig. 1. The mixer assembly is mounted
to the cold plate of a liquid helium-cooled cryostat that has a liquid nitrogen cooled
radiation shield. The corrugated feed horn illuminates a 30° off-axis parabolic mir-
ror (f = 55mm) positioned near the center of the dewar cold plate. The beam
reflected off the paraboloid passes through two layers of porous Teflon sheet ther-
mally anchored to the cold plate. These are followed by a 5 mm thick crystalline
quartz infrared blocking filter mounted on the 77 K radiation shield. 55 pm deep
grooves are machined into both sides of the quartz for the purposes of eliminating

surface reflections. A 0.5 mm-thick Teflon sheet is used as the vacuum window.

Radiation from the LO assembly is collimated by a 90° off-axis parabolic
mirror before it is combined with the signal beam from the signal port in a Martin-
Puplett interferometer (MPI), which is placed in front of the cryostat vacuum win-
dow. In the laboratory, the interferometer employs free-standing wire grid polar-

izers with 10 pm diameter wire. On the telescope, wire grid polarizers with 20 pm
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Fig. 1 Layout of the Receiver. The mixer assembly, parabolic mirror and the

HEMT amplifer are mounted on the 4.2 K cold plate. The MPI is placed in front
of the cryostat vacuum window. The optical path from the vacuum window to the

signal port is approximately 0.5 m.

diameter wire are used. The insertion loss of the MPI is estimated to be ~ 1 dB.

The output of the mixer is connected to a 1.4—2.2 GHz high-electron mobility
transistor (HEMT) amplifier, mounted on the same 4.2 K cold plate, through a bias
tee. No isolator is used between the mixer block and the amplifier. After second-
stage room temperature amplification, the IF signal is fed through an equalizer
to flatten the receiver output across the entire IF band. During actual telescope
operations, the usable IF bandwidth is 1 GHz wide: 1.3—2.3 GHz. In our laboratory,
a 100 MHz wide IF filter, centered at 1.5 GHz, was employed for hot/cold load

recelver noise measurement.

D. Local Oscillator Sources

We estimate that the incident LO power at the LO port of the MPI is less
than 1 ¢W, when the mixer is biased at its optimal operating point. With some
care in the optics design, we were able to provide sufficient LO power using all
solid-state LLO units, each comprised of a Gunn oscillator followed by 2 stages of

varactor multiplication [10].

Two LO units were available for operation at the telescope. The first one



covers 780-840 GHz. This unit uses a 130 - 140 GHz Gunn oscillator and a cascaded
frequency doubler and tripler. The second LLO unit covers 1.017-1.035 THz, with a
112 - 115 GHz Gunn oscillator and a cascade of two triplers. In addition, a third
unit covering 800 - 936 GHz was available in the laboratory. This unit incorporates a
Gunn oscillator operating between 100 and 117 GHz, linked to a first-stage doubler

and a second-stage quadrupler.
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Fig. 2 Current-voltage characteristics of the HEB mixer, with and without LO drive
at 1.035 THz. Also shown is the receiver IF power as a function of bias voltage in
response to the hot (295 K) and cold (77 K) loads. A maximum Y-factor is recorded
at a bias voltage of 0.8 mV and a bias current of 18 A.

II1I. MEASURED PERFORMANCE

The current-voltage (I — V') characteristics of the mixer are plotted in Fig. 2.
Shown in the same figure are the curves of receiver IF output power in response
to hot and cold loads placed at the signal port, the LO frequency was 1.035 THz.
The graph shows that a Y-factor of 1.14 was obtained at a bias voltage of 0.8 mV
and a bias current of 18 pA. The double-side-band (DSB) conversion loss at this



operating point is estimated to be about 17 dB. The choice of this operating point
is also dictated in part by stability consideration. At slightly lower bias voltage,
the conversion efficiency of the mixer is higher and the Y-factor is comparable but
the stability is not as good. At our optimal operating point, the receiver IF output

power fluctuates by less than 0.5% over about 1 minute.
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Fig. 3 Double-side-band receiver noise temperature calculated from the Y-factor
for both hot/cold load measurements in the laboratory and on the telescope. Also
shown is the data for the case when the MPI was replaced by a beam splitter in the

laboratory.

In Fig. 3, we have plotted the receiver noise temperature calculated from the
measured Y -factor as a function of LO frequency. The receiver is most sensitive
at around 872 GHz here a noise tem erature of as measured in our
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