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We have constructed a bolometer array camera optimized for the 350 gm and 450 gm atmospheric windows

for the Caltech Submillimeter Observatory (CSO). The detectors are inicromachined monolithic silicon thermal

bolometers cooled to 300 inK by a 3He refrigerator. They form a close-packed linear array of 24 bolome,ters which

provide Nyquist sampling of the diffraction pattern from the CSO in a strip 10"x2 1 on the sky. The bolotneters
achieve a Noise Equivalent Power of 5-10' W/4717, which is approximately background limited in good Mauna

Kea weather. Liquid Helium cooled optics provide the aperture and field stops and reimage the sky onto the

bolometer array, eliminating the need for Winston cones. The total optical efficiency of the camera is .10%. Several

successful runs at the CSO have proven the ability of this instrument to allow significantly better and faster

mapping of astronomical sources than was previously possible.

1. Introduction 

In order to better understand the process of star formation and the evolution of galaxies, it is sometimes

necessary to make continuum observations of dust emission at submillimeter wavelengths over a sizable area. This

goal is well fit by a broadband detector with imaging capabilities operating at submillimeter wavelengths, which has

the obvious advantage of increasing the efficiency of the telescope as compared to the single element detector

presently available at the CSO; it can also allow better reduction of sky noise.

We have constructed a continuum camera for the Caltech Submillimeter Observatory (CSO), operating in

the 350 pm and 450 gm atmospheric window'. It employs a monolithic linear Silicon bolometer array fabricated by

the microelectronics laboratory at the Goddard Space Flight Center (GSFC). The array has 24 bolometer pixels

which are 1 mm wide and separated by about 15 pm. No Winston cones 2 are used in the camera; instead, we use off-

axis elliptical mirrors to reimage the sky onto the bolometer array, and aperture and field stops to define the beam.
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We have designed the optics such that each pixel subtends 5 arcseconds by 10 arcseconds on the sky. The CSO has a

10.4 m diameter primary mirror, yielding a diffraction beamwidth of 10 arcseconds at 400 pm, so that the pixels

Nyquist sample the diffraction pattern along the array.

As in a conventional bolometer instrument, cooled FETs are used in the first stage of amplification,

followed by room temperature amplifiers. Signals from the output of these amplifiers are digitized at 1 kHz. Each

bolometer has its own analog to digital converter (A/D), so that all the signals are digitized simultaneously. A

special digital signal processing (DSP) board, designed by A. Szymkowiak, K. Boyce, R.G. Baker, S.H. Moseley,

W. Folz, and R.F. Lowenstein, performs the digital lock-in measurement, as it is very costly to use analog lock-in

amplifiers for 24 channels. To isolate digital noise from the computer, fiber optic cables are used to transmit the

digital signal from the A/Ds to the DSP board. The DSP board is situated inside a backend computer assigned to the

camera. Direct lines are used for communication between the backend computer, the antenna control computer, at

the telescope control computer to monitor the timing of the idle and acquire states of the telescope, while data is sent

from the backend computer to the telescope control computer via Ethernet.

We have fully tested the camera in the laboratory, and have successfully operated the camera on the

telescope. In the 450 grn window, the optical responsivity is about 9-10 6 V/W, the total quantum efficiency is

9%, and the optical noise equivalent power (NEP) is 6•10-15 WHT-IT. In the 350 pm window, the optical

responsivity is about 1-107 V/W , the total quantum efficiency is 10%, and the optical NEP is 5-10- 15 W/4171T.

The noise equivalent flux density (NEFD) is 4 Jy14-1-7-z- in good weather. The camera is diffraction limited

optically.

2. Monolithic Bolometer Arra_ 

A. Structure

The bolometer array used in this camera (Figure 1) is a monolithic silicon array fabricated in the

microelectronics laboratory at GSFO. There are 24 pixels in the array, and the gap between adjacent pixels is about

15 gm. Each pixel is suspended by four long thin silicon legs, formed by wet chemical etching; these thin legs

provide a weak thermal link between the pixels and the heat sink, which is important in order to have a sensitive

bolometer. The pixels are 1 mm x 2 mm x 12 pm, and the thin legs are 12 gm x 14 pm x 2 mm. The entire way

is micromachined from a single silicon wafer.

Each pixel is a composite bolometer (Figure 2), consisting of an absorber and a thennistor. The diermistor

is deposited onto each pixel by phosphorus implantation with boron compensation; the doping has an appropriate

density so that the thennistor's resistance at 300 mK is on the order of 10 Mil Electrical leads are implanted along

two of the suspending silicon legs leading to the contact pads used for wire bonding.
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Figure 1. Layout of the 24 element bolometer array.
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Figure 2. Schematic drawing of a single bolometer pixel.
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Because silicon does not absorb submillimeter radiation, a bismuth film about 1100 A thick is evaporated

on the back of all the bolometer pixels, followed by 200 A of SiO to protect the bismuth. The bismuth thickness

was chosen to optimize the pixel's absorptivity, which is at best 50%, by attempting to have an electrical impedance

at the operating temperature which matches that of the free spaced. However, the impedance of the bismuth film on

our array, measured at 4 K, gives an estimated absorptivity of around 35%, leaving some room for improvement.

B Electrical Circuit

As in a conventional bolometer circuit s, the thennistor in each bolometer pixel is voltage biased in series

with a 30 MO metal film load resistor (Figure 3), which is kept at the 3He bath temperature on the same invar

mount as the array. Signals from the thermistors are sent to cryogenically cooled FETs, which are connected as

source followers. Signals from the FETs are then sent to the input of room temperature amplifiers.

300 mK 4K 300K

Vbias

Figure 3. Circuit diagram of a bolometer pixel.

C. Array Suspension and Thermal Isolation

The mechanical design of the instrument is important, as we must thermally isolate parts at different

temperatures from one another, while keeping wiring lengths short and avoiding coupling mechanical vibrations to

the signal wires and the thennistors.

The bolometer array is attached to an Invar holder, using a single spot of glue at one point in order to avoid

thermal stress. Invar is used because, like Silicon, it has very little thermal contraction from room temperature to

cryogenic temperatures. All the load resistors are glued to a ceramic flatpack, which is glued to the Invar holder.

The holder is cooled to the 3He temperature by a copper cold finger. Electrical connections between the thermistors
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and the load resistors are made by ultrasonically bonding 0.001 inch aluminum wires between the contact pads on the

array and the leads on the ceramic flatpack. The Invar holder is suspended with spring-loaded Kevbr threads from an

aluminum array support which is mounted to the frame of the radiation baffle box (Figure 5) and is maintained at the

helium bath temperature. Kevlar is a very poor thermal conductors, and therefore provides thermal isolation between

the array support and the Invar. The Kevlar threads are spring loaded to make the frequency of micmphonic noise

higher than that of the signals, i.e., above 10 Hz. The electrical connections between the 300 inK and 1.5 K stages

are made by soldering 0.001 inch diameter bare rnanganin wires between them, maintaining the wires under tension

in order to minimize any possible microphonic noise in the frequency range

D. Electrical Properties: R(T)

In order to understand the performance of a bolorneter, it is crucial to know the temperature dependence of

the thermistor's resistance. Based on the doping level of our thermistors, we expect that the resistance be due to

variable range hopping, giving rise to a zero bias resistance of the form.'

R(T),--- R0 exp

where R(T) is the thermistor's resistance at temperature T, and Ro and To are constants specific to the thennistor.

The zero bias resistance is measured by taking the current-voltage (I-V) characteristic curve of a bolometer.

An I-V curve is obtained by applying a bias voltage, supplied by a battery, to the load resistor in series with the

bolorneter, and simultaneously recording the bias voltage and the voltage across the bolometer pixel, using the data

acquisition system described later in this paper. In Figure 3 we show some typical I-V curves of eight bolometer

pixels taken simultaneously at a 3He bath temperature of 298 inK. One can see from the data that the I-V curves of

all eight pixels are very similar, as are their zero bias resistances. The shifts in the I-Vs between different pixels

indicate different thermoelectric voltages for each pixel. From I-Vs taken at different 3He temperatures, one can

obtain the zero bias resistance as a function of temperature.

In Figure 4, we show the measured zero bias resistance at different temperatures for three pixels. We show

also the corresponding fits to Equation (1), which describes the temperature dependence of the zero bias resistance

rather well. The fact that three different pixels have similar temperature dependence indicates that the pixels have

similar electrical properties, an important feature required for an array used in a camera.

E. Thermal Properties: GM 

In addition to the electrical behavior of a bolometer, it is import= to understand its thermal conductance.

In this section, we will describe the measured thermal conductance of the bolometer, G(T), and compare it with the

expected value.

One can obtain the thermal conductance of a bolometer from the I-V characteristic curve if one assumes that
the bolometer resistance at any bias point, R %, gives the temperature of the bolometer according to the formula

of interest.
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for the zero bias resistance (Equation 1). At any bias point (I,V), one can then calculate the temperature of the

bolometer from

T =To (ln[lyRo ])-2 (2)

where Ro and To are known from measuring the temperature dependence of the zero bias resistance. An IN curve

can then be replotted in terms of bias power P = IV as a function of the bolometer temperature, which then gives
dPthe thermal conductance of the bolometer as a function of temperature, G(T) = —
aT

In Figure 5, we show bias power P as a function of T4 — TL , where Tsink is the temperature of the heat

sink, the 'He bath temperature. The data show that P is proportional to T 4 — nink , giving rise to a thermal

conductance G(T):
dP

G(T)= —= 3.2•10-8 T3 (W/K).
dr

The T3 temperature dependence is what we expect, since the thermal conductance of the bolometer pixel is provided

mostly by the four thin suspending silicon legs. Silicon is an insulator at these temperatures and thus the thermal

conduction is carried by phonons, whose thermal conductance has a T3 temperature dependence. Even though Figure

8 shows the data from only one pixel, other pixels have very similar G(T). The uniformity of G(T) together with

the uniformity of NT) for all the pixels implies that the pixels will have very uniform sensitivity.

3. Electronics

In order to build a sensitive bolometer instrument, one needs to properly design the system so that one can

minimize microphonic noise and electrical crosstalk between different channels. In addition, RF noise must be

blocked to avoid heating the bolometers, thereby reducing their sensitivity. Finally, one has to ensure that electronic

noise from the FETs and the amplifiers is low enough that the instrument's sensitivity is background limited.

A. Microphonics 

The primary source of microphonic noise comes from the pump on the 4He bath. Since the signal

frequency is at low frequencies, as we normally chop at around 4 Hz, we need to be certain that low frequency

vibrations are not coupled to the bolometers from the pump. This is realized by a careful design of the suspension

and wiring of the bolometer array: the suspension is as made stiff as possible by tensioning the Kevlar support

fibers, and the wires to the array are all soldered under tension. As a result, we saw no microphonic noise below 20

Hz, both in the laboratory and at the observatory.

B. RF Noise

We have done two things to try to reduce the coupling of RF noise from the environment to the bolometer

array. On all the signal lines, we installed RF filters with a cutoff frequency of about 1 MHz on the electrical

feedthroughs on the cryostat . In order to eliminate digital noise from the computer used to process the data, fiber

(3)
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optic cables are used to transmit all signals to the computer. The fact that the measured zero bias resistance as a

function of temperature gives the expected relation with no flattening at the low temperatures is a good indication

that there is no significant amount of heating from RF noise. Any noticeable RF noise absorbed by the bolometer

will decrease its zero bias resistance, especially at the lowest temperatures , and will make the data deviate from

Equation (1).

C. Electrical Cross Talk

In order to minimize electrical crosstalk between different channels, each pixel has its own circuit ground

line which is kept close to the signal line from the pixel to the input of the room temperature amplifier. Twisted

pairs made of 0.005 inch diameter manganin wires are used inside the cryostat to connect from the FETs to the

electrical feedthroughs on the cryostat The grounds of all the pixels are connected together in the room temperature

amplifier. At the output of the amplifier, the signals with their separate grounds are connected to the differential

inputs of the A/D converters, using a cable made of twisted pairs, which has a shield for each pair. We found very

little electrical crosstalk between pixels with this design.

D. Electrical Grounding

In order to avoid 60 Hz pickup, we have designed the circuit ground with great care. The room temperature

amplifiers are powered by batteries. The grounds of all the channels are kept independent and floating from the

cryostat. The cryostat is electrically isolated from the telescope. The circuit ground for every pixel is defined at only

one point, which we chose to be the ground of the power supply for the room temperature amplifier. With this

setup, we saw little 60 Hz pickup when the camera was operated at the telescope.

The first stage of amplification for each bolorneter is a FET used as a source follower to transform the high

bolometer impedance into a low source impedance. The FETs are the NJ14AL16 FETs from InterFE'r, selected at

room temperature to have low noise. Because these are silicon FETs, which do not work at 4 K, they are heated to

about 130 K in order to obtain the lowest noise. Eight FETs, all in their die form, are glued to a specially designed

flatpack along with a heater and a diode thermometer. The flatpack is suspended from its aluminum housing with

Kevlar threads kept under tension by compressed springs, which allows us to establish a temperature gradient

between the flatpack at about 130 K and the housing at 1.5 K. Bare manganin wires of 0.001 inch diameter we

soldered under tension between the flatpack and the connectors on the FET housing. Such small wires keeps the heat

load from the FETS from noticeably affecting the bolometer impedance.

F. System Electronic Performance

The noise power spectrum of a typical bolometer is shown in Figure 4. The spectrum was recorded when

the gate of the FET was connected to a bolometer pixel staring at a 4 K blankoff, biased at zero voltage and cooled to

300 mK, the source of the FET was connected to a room temperature amplifier and the FET was heated to 130 K.
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The expected Johnson noise from the 30 MO load resistor and the zero bias resistance of the bolometer, which is

around 10M, is about 16 n171,171z. The measured noise of the room temperature amplifier at 4 Hz is

10 nVNIITz". Figure 4 suggests that the noise of the FET itself is about 10 nVI-*[ii; at 4 Hz. Note that there is

no significant microphonic noise present in the noise spectrum, even though the 4He bath was pumped by a

mechanical pump when it was recorded.

10 15 20 25

Freq (Hz)

Figure 4. Noise power spectrum of the electrical system recorded in the laboratory using a spectrum analyzer.

4 Data Ac uisition S stem

Unlike a single pixel bolometer instrument, where one can use an analog lock-in amplifier and a

commercial A/D, it is rather costly to duplicate the setup for a 24 pixel array. Therefore, we built our own AiDs for

the array, using a design by R. Baker et. al. at GSFC. Lock-in detection is performed using a specially designed

digital signal processing (DSP) board residing inside a Macintosh computer. Data acquisition software is written in

LabView on the Macintosh, which is linked to the telescope control computer via Ethernet.

In Figure 5 we show a flow chart of the data acquisition hardware. The differential signals from the output

of the room temperature amplifiers are fedto the differentialinputs of the 16 bit A/Ds, which has an input range of

3V to 3V and sampling frequency of 1 kHz, but can be increased up to 40 kHz. Each channel has its own ADC

chip, thus signals from all the pixels are digitizedsimultaneously. The output of the A/Ds are sent to the input of

the DSP board using fiber optic cables, which are designedto electrically isolate the Macintosh from the instrument.
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Figure 3. Photograph of the double slot mixer with diode chips mounted in the center of the
circuit.
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Frequency Structure Simulator (HFSS). The parasitics are incorporated with the diode nonlinear
conductance and the complete model imported into MDS for harmonic balance simulation.

IF signals generated on the two sides of the mixer circuit are 180
0
 out of phase. To obtain

the minimum conversion loss, these signals are combined using the "rat-race" hybrid shown in

Figure 4. Photograph of the microstrip rat-race hybrid used to combine IF signals at 1.8 GHz.
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frequency. The equivalent circuit model for the mixer is shown in Figure 2. With an RF signal
present, an IF is generated on each side (above and below) of the diode bridge, but with a 1800
phase difference. The IF signals are extracted through low-pass filters on either side of the RF
slot antennas and combined using a 0°/180° hybrid. Also notice that the mixer topology shown
in Figure 1 allows all four diodes to be biased through the IF filter networks. There is no need
to upset the symmetry of the circuit by introducing a bias split or other DC feed circuit.

The mixer investigated in this paper is intended as a proof-of-principle demonstration at an RF
frequency of 160 GHz. The complete circuit (photograph shown in Figure 3) was designed and
optimized with Hewlett-Packard's Microwave Design System (MDS) software using harmonic
balance analysis. In the circuit model, the RF and LO double slot antennas are represented with
Thevenin equivalent sources. The driving-point impedance of the double slot was determined
using the moment method technique developed by Eleftheraides at the University of Michigan [6].
The antennas lie on a semi-insulating GaAs substrate and are designed to operate at the second
resonance. With a slot length of / = 0.30A 0 () 0 is the free-space wavelength), slot width-to-
length ratio (7.40 of 0.04 and separation, s, of 0.19Ao, the antenna impedance is found to be

Zant = 22.7 — j7.6 a Because the RF and LO antennas are orthogonally polarized, we assume
they do not effect one another in our simulations.

Devices used in this work are SC2T6 surface-channel Schottky diodes and are modeled using
an equivalent circuit developed at the University of Virginia [7,8]. Parasitics associated with
the diode contact pads and surface channel finger are determined using Hewlett-Packard's High

70c1

Schottky Diode Bridge 610
RF Feea Transmission Line

Z ,„
55 12

% -0•Fli+ 55A Z LO

VLO

70 S2

LO Feed Transmission Line 610

Figure 2. Equivalent circuit model for the double slot mixer. The LO and RF antennas are
represented as Thevenin equivalent sources and the coplanar feeds as ideal transmission lines.
The IF signal is generated across points A-B and is removed through two low-pass filters at the
RF antennas. Electrical lengths for the LO transmission lines are given at 80 Gliz and for the
RF transmission lines at 160 Gliz.
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The typical subharmonically pumped mixer uses a pair of anti-parallel Schottky diodes to pro-
duce a conductance waveform at twice the LO frequency. A drawback of this mixer configuration,
however, is the pump signal must have enough power to turn on each diode during a single LO
cycle. This LO power requirement can be reduced significantly if each diode is biased near its
turn on voltage. In this work, we report a quasi optical mixer topology that accommodates
subharmonic pumping, isolates the RF and LO signals by polarization, and permits DC biasing
of the mixer diodes.

Our prototype subharmonic mixer (shown in Figure 1) consists of a pair of double slot antennas
oriented to receive orthogonally polarized signals. The double slot antenna was chosen because
it is linearly polarized, easily fed with coplanar transmission lines, and can be placed on a
substrate lens for high directivity and good Gaussian coupling efficiency [5]. Coplanar feed
transmission lines couple the double slot antennas to a bridge of four Schottky diodes at the
center of the structure. The four diodes are oriented so that a pair of devices are driven into
forward conduction with each LO half-cycle. On the second half-cycle, the opposite pair of
diodes is pumped into conduction. As a result, the time-dependent conductance seen between
the two RF feed transmission lines is periodic with a fundamental frequency of twice the LO

IF Low Pass Filter 

Soldering Pads

LO Double Slot Antenna SC2T6 Planar Schottky Diode Chip

Figure 1. Diagram of the double slot subharmonically pumped mixer. One set of slot antennas
receive the LO signal while the other pair is oriented to receive an orthogonally polarized RF
signal. The antennas feed a bridge of four diodes through coplanar transmission lines. IF signals
are extracted from each side of the RF slot antennas.
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Abstract— In this paper, we describe the design, fabrication, and testing of a quasi-optical
subharmonically pumped mixer that incorporates dual double slot antennas and planar
Schottky diodes. RF and LO signals illuminate the mixer with orthogonal polarizations
and are coupled to the double slot antennas through a hemispherical silicon lens. The
design uses four SC2T6 planar Schottky diodes fabricated at the University of Virginia
and mounted to the mixer circuit using silver epoxy. With an LO of 80 GHz and an RF
signal at 161.8 GHz, this mixer has shown an approximate single sideband (SSB) conversion
loss of 8 dB.

INTRODUCTION

Presently, the most widely used receiver element at submillimeter wavelengths is the corner
cube antenna employing whisker-contacted Schottky diodes [1]. Although these receivers remain
state-of-the-art above 1 THz, they are now being replaced at lower frequencies by planar devices.
In fact, the recent advances in surface-channel Schottky diode technology have made it possible
to fabricate planar submillimeter-wave mixers using single or multiple diode configurations [2,3].
This technology allows millimeter-wave circuit designers to make use of the more sophisticated
mixer topologies common at microwave and radio frequencies. Submillimeter-wave coupling
structures and planar antennas can be fabricated along with the Schottky diodes resulting in a
fully-integrated receiver.

The lack of reliable, efficient, and tunable local oscillator sources has long been a major limitation
for heterodyne receivers operating at terahertz frequencies. Although a variety of solutions to
this problem have been proposed, receivers that incorporate subharmonically-pumped mixers
remain a very attractive approach. Subharmonic mixing permits the use of a lower-frequency
local oscillator, a significant advantage when one considers the difficulty of generating sufficient
LO power at submillimeter wavelengths. Subharmonic mixers have several other advantages
over their fundamentally pumped counterparts. The large separation between the pump and RF
frequencies permits simple filtering schemes for isolating the two signals. Subharmonic mixers
using pairs of antiparallel diodes (a configuration difficult to achieve with whisker-contacted
diodes) suppress fundamental mixing and LO noise near the fundamental mixing frequency. In
addition, subharmonic mixers reject spurious responses associated with odd harmonics of the
local oscillator [41. 

This research was supported by the National Science Foundation through grant number AST-9320183 and the
U.S. Army NGIC through contract number DAHC90-91-C-0030.
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CSC' SHARC NGC2024 350 iizm
contours: 20 to 150 by 10 4/beam

Figure 7. Greyscale image of the 350 gm emission toward NGC 2024, a star forming

region located in the Orion Molecular Cloud.
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H. Optical Performance
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F. Calibration of the Bolometer Pixels

We have checked the relative sensitivity of all the pixels by pointing each pixel towards Saturn and

recording the signal; the Signal to noise ratio varies by about a factor of 2 from pixel to pixel. For observing

astronomical sources, it is also important to know the relative gain of all the pixels, which is well characterized by

the peak value from each pixel when Saturn is maximally illuminating that pixel. The variation on the gain among

all the pixels is about 30%, much smaller than that of the SNR.

In a design that does not use Winston cones, it is crucial to eliminate all the light leaks with baffles.

Despite baffling around all optical components, there is still a light leak through the vacuum window which is

around 0.1% of the 350 gm signal size when chopping between 300 K and 77 K. Also, there may be a light leak

from the separately baffled warm FETs, which could explain the excess noise seen with the bias on.

We have checked pointing and focus on Saturn, which all came out to be very reasonable. In order to check

the alignment between the optical components, we scanned Saturn in both azimuth and zenith angle. The full width

at half maximum in both directions coincides well with the size of Saturn, convolved with the telescope Airy pattern

and taking into the fmite size of the pixel, indicating that the camera is diffraction limited, as expected. Since each

pixel subtends 5 arcseconds by 10 arcseconds on the sky, and the diffraction limited beam size is about 10 arcseconds

at 400 gm, we therefore have Nyquist sampling along the length of the array at 350 and 450 gm, as the gap between

two adjacent pixels is only 0.075 arcseconds on the sky.

We have made an On-The-Fly map of NGC 2024 at 350 gm, shown in Figure 7. The data were taken in

October 1995 by scanning at constant elevation so that all the pixels crossed the source. The atmospheric opacity

was tau 0.05 at 225 GHz, observed at an ainnass of 1.1 - 1.2, with a chopping frequency of 4 Hz and a chop throw

of 48 arcseconcls. The dual beam scans were restored using the NOD-2 algorithm and then interpolated onto a regular

grid in equatorial coordinates. The resultant map is the sigma weighted average of the data from all the pixels, with

an MS noise level of about 3.5 .Ty and an effective angular resolution of approximately 11 arcseconds.

7. Conclusion

We have constructed a submillimeter continuum camera operating in the 350 and 450 pm atmospheric

windows. It has an optical responsivity of 1-10 7 VIW, a total quantum efficiency of 10%, and an optical NEP of

about 5-1045 14147E. In good weather (tau at 225 GHz of 0.03 at 1.33 airmasse,․) the camera NEFD is about 4

Jy111-171;- . The linear array of 24 bolometer pixels Nyquist sample the diffraction beam, imaging a strip of sky 10

arcseconds wide and 2 arcminutes long. However, the camera has not yet reached its optimal sensitivity, as there

still exist some excess noise related to bias. We are in the process of trying to eliminate this noise to make the

camera background limited.
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From the measured impedance of the bismuth film at 4 K, we anticipate a 30% absorptivity for the

bolometers alone. The polyethylene window is expected to transmit about 90%, as is the 450 gm bandpass filter.

The infrared blocking filters are expected to have a transmission rate of about —50% together. The product of all of

these transmissions gives an estimated total quantum efficiency of about 12%. If we assume that the emissivity of

the sources is about 90%, the expected quantum efficiency is about 11%. The measured value of 9-10% is therefore

reasonable.

D. NEP of the Camera

We have measured the noise of one pixel, using a spectrum analyzer, when tau is 0.03 at 225 GHz and the

telescope is staring at a blank piece of sky at a zenith angle of about 45 degrees. The noise at 4 Hz is about 50
nV/ /T&, which gives

NEP = en  5010 (VRFIE) = 5 -10-15 WI-1z
1•10 (VIW)

This is close to the expected background noise, so the camera is approximately background limited.

With the measured optical responsivity of 1•107 VIW and a background NEP of 4-1045 WNW; , one

needs to achieve a voltage noise less than 40 nVNTE in order to be background limited. We can see from Figure

10 that the voltage noise of the bolometer is about 20 nVIdirii when the bias is grounded. As soon as we apply a

bias voltage on, the noise increases to about 50 nVI47 E. Because this excess noise is present only when the bias

is on, it is probably caused by a light leak. Given that the careful baffling against 300 K radiation was done, we

suspect that the possible source of this light leak is the heated FETs. We are in the process of eliminating this

excess noise to make the camera background limited.

E. NEFD of the Camera

We have made an independent measurement of the noise equivalent flux density (NEFD) above the

atmosphere, at 350 gm, from observations of Uranus at an ainnass of 1.33. The average optical depth across the

camera filter bandpass measured directly from the dependence of the observed intensity of Saturn as a function of the

airmass was 0.6. At the time when this data was taken, about 50% of the noise in the map is con-elated among all

the pixels. This correlated component can be removed, though not completely, in data reduction software. The
remaining uncorrelated noise component gives an NEFD of about 4-9 JyRiliz over different parts of the map.

Since then, we have eliminated the source of the conelated noise, and the RMS noise has improved by at least a

factor of 2. Unfortunately, Uranus is unavailable for recalibration. Based in the signal-to-noise ratio on known
sources, we estimate the camera's NEFD to be around 4 Jyisfii; under good weather conditions. Given the

measured NEP, we can then calculate the expected NEFD at the CSO, an NEP of 5•10- 15 Wiji; is equivalent to

an NEFD of 3.5 Jy1477, a very consistent result

(7)

438


