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ABSTRACT 

This dissertation is composed of two parts. The first part is a description 

of the Mid-Infrared Array Camera (MIRAC), a new camera for ground-based 

astronomy. The second part of this dissertation is an infrared study of planetary 

nebulae utilizing observations with the new camera. 

MIRAC is a collaborative effort among the University of Arizona, 

Smithsonian Astrophysical Observatory, and Naval Research Laboratory. It 

currently utilizes a Hughes 2Ox64 Si:As mc detector array, which is sensitive to 

infrared (IR) radiation from 2 to 26 J.l.m. The camera is equipped with 10% 

bandwidth filters at 2.2, 3.8, 4.6,8.8, 9.8, 11.7, and 12.5 J.l.m, and a wide band 8.0 

to 12.8 J.l.m "N" filter. There is also a 20% filter at 20.5 J.l.m, and a 8-14 J.l.m CVF 

with a resolution of 1.8%. The MIRAC electronics provides timing signals and 

coadds successive frames at a maximum rate of lD KHz for the full array, and 
. . 

higher rates for a partial array readout. Th~.,· data are transferred via a serial 

interface to a PC for storage and further processing. The camera recently 

achieved a NEFD of .0lD Jy/arcs~ at 8.8, 11.7, and 12.5 J.l.m for a 900 second on

source integration on the Steward Observatory 1.5 m telescope. 
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Planetary Nebulae (PN) are formed when a star is in the post-Asymptotic 

Giant Branch stage of evolution. The ejection of circum stellar material is an 

important enrichment mechanism for the interstellar medium. In many PN, there 

is an excess of emission in the IR, indicating the presence of dust. There are 

several different components seen in the IR emission, including a family of 

unidentified IR (UIR) emission features at 3.3,6.2, 7.7, and 11.3 I'm. Images in 

the near- and mid-IR are presented here for the following PN: IC 418, 

BD+30 03639, J 900, NGC 2392, NGC 6543, AFGL 2688, and M 2-9. In IC 418 and 

BD+30 03639, the SiC and UIR emission is seen to be spatially distinct from the 

IR continuum. In NGC 2392 and NGC 6543, evidence for excess emission is seen 

in the distribution of the near-IR flux. In the bipolar nebulae AFGL 2688 and M 

2-9, structures in the IR emission are seen that could be related to the equatorial 

density enhancements that have caused the bipolar morphology. 
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PART 1: THE MID-INFRARED ARRAY CAMERA-

1.1 Introduction 

The first part of this dissertation describes the Mid-Infrared Array Camera 

(MIRAC). The introduction discusses some results from previous instruments 

and possible astronomical applications of the camera. Then each component of 

the camera system is described in detail, including the cryostat, optics, detector 

array and electronics, the computer interface and control program, and the guider 

box. Following the camera description are the results of several tests of the 

system carried out in the lab and on the telescope. The final section describes 

ongoing and future projects that will add to the capabilities and effectiveness of 

MIRAC. 

MIRAC is a collaborative program among the University of Arizona (UtA), 

Smithsonian Astrophysical Observatory (SAO), and the Naval Research 

Laboratory (NRL). The principal investigators are William Hoffmann (UtA), 

Giovanni Fazio (SAO), and Kandiah Shivanandan (NRL). The responsibilities for 

each institution and the sources of funding are outlined in Appendix 1. With 

William Hoffmann as my graduate advisor, I participated in the parts of the 

program that were carried out at UtA. These include the review of the dewar 

design by Infrared Labs, the initial tests of the detector with the prototype 

electronics, the installation and alignment of the dewar optics, the testing and 
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optimization of the final controller and signal processor electronics, and the 

subsequentlab tests and astronomical observations using MIRAC described here. 

I developed the microprocessor program for the array processor, which provides 

the interface between the MIRAC electronics' and the mM PC-compatible 

computer and controls the telescope chopper motion while coadding images in 

memory. I also developed the MIRAC program for the PC which controls the 

camera operation and the display and recording of data. 

1.1.1 MIRAC program goals 

MIRAC was designed for mid-infrared imaging of astronomical sources 

from ground-based telescopes using normal bandwidth infrared (IR) filters, 

without saturating the readout or detector, and to achieve a sensitivity 

comparable to or better than the best discrete or array detector systems currently 

in use. It was intended to replace the system that we had been using, the 

Goddard Space Flight Center (GSFC) 10 ILm Camera, which was used to obtain 

broad-band mid-IR images of a variety of sources (Hoffmann et. alI987). MIRAC 

was to allow us to obtain similar images with the state-of-the-art mid-IR arrays 

currently being developed. 

There were a number of other goals for the new camera system. We 

wanted to take advantage of the increased spectral range of the available Si:As 

array to observe at wavelengths in the 20 ILm atmospheric window and at near-IR 
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wavelengths, as well as the 8-13 J,'m atmospheric window. In addition to broad 

band imaging (at a resolution of -10), we wanted the ability to image sources at 

higher spectral resolution of -50 with a CVF filter, and resolutions of up to 10000 

using a Fabry-Perot spectrometer (FPS) currently being modified to use with 

MIRAC. The MIRAC had to have the proper scales to image large emission 

regions on the sky efficiently, yet allow us to obtain high resolution images of 

compact sources. The camera also had to be easily configured and transported 

to the different telescopes we were likely to use, including the Steward 

Observatory (SO) 1.5 and 2.3 m telescopes, the NASA Infrared Telescope Facility 

(IRTF), and the Cerro Tololo Inter-American Observatory (CTIO) 4 m telescope, 

as well as the Kuiper Airborne Observatory (KAO) or the Stratospheric 

Observatory for Infrared Astronomy (SOFIA) and the 6.5 m Multiple Mirror 

Telescope replacement. The dewar and electronics had to be free from 

extraneous noise and as efficient as possible to allow us to use the detector to its 

full capability. 

1.1.2 Astronomical Applications 

There are many astronomical applications for which this camera is well 

suited. The study of planetary and protoplanetary nebulae conducted with the 

GSFC 10 J,'m camera has yielded valuable information on the nature of the dust 

emission in several nebulae (Arens et. al 1985, Tresch-Fienberg 1985, Jaye et. al 

1989, Hora et. al1990, Deutsch 1990, Deutsch et. alI991). Many of these nebulae 
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exhibit emission from the "unidentified"infrared (UIR) features, usually attributed 

to carbonaceous dust or molecules. Images in the mid-infrared have shown the 

spatial distribution of emission from the UIR features to differ from the emission 

from the ionized zone of the nebula. Determining the location of the emitting 

regions relative to the central star is important in evaluating models of dust 

formation, composition, and evolution. Because of its better sensitivity, the 

MIRAC will allow this study to be extended to many more nebulae, including 

nebulae in later stages of evolution, which are spatially more extended and 

diffuse. Its increase in spectral sampling and coverage will enable a more 

thorough investigation of the UIR features near 10 I'm and the cool dust emission 

at 20 I'm. High spectral resolution images of the [Nell] (12.8 I'm) line will yield 

information on the velocity structure and dynamiCS of these nebulae. 

Another area of interest is star-formation regions. Observations with a 

mid-infrared camera are very effective in determining the spatial distribution, 

color temperature, and optical depth of warm dust emission surrounding young 

star- forming regions. Circum stellar disks, which are predicted by stellar 

formation models and indicated by the observed emission at far-infrared 

wavelengths, may be resolvable in the mid infrared in nearby proto stellar regions. 

If the camera is used in conjunction with a high resolution FPS, observations of 

H2lines at 12.279 and 17.034 I'm would permit the study of shocked gas in these 

regions at high spatial resolution.' Images of the sources in the lines would yield 

the distribution and velocity structure of shocked gas in these star forming 

regions. 
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A third area of investigation is star formation processes in extragalactic 

nuclei. Mid- and far-infrared studies of galaxies have shown that strong star 

formation may be common in the nuclei of normal spiral galaxies. Studies of two 

IR-bright galaxies M82 and NGC 253 (Rieke et al. 1980,. Ho et al. 1988) have shown 

that the infrared emission is associated with indicators of recent star formation. 

In active galactic nuclei, non-thermal sources of emission may contribute to the 

mid-infrared flux from these objects. In the Seyfert galaxy NGC 1068, two point

like sources have been detected in the central kiloparsec at several mid-infrared 

wavelengths (Tresch-Fienberg et al. 1986), one at the center of the nucleus and the 

other 100 pc to the northeast. This spatial and spectral information is important 

in understanding the processes taking place in galactic nuclei. 

These are examples of some of the many possible uses of the MIRAC. The 

camera was designed with these and other potential uses in mind, maximizing 

the flexibility and usefulness of the instrument. In the description of the camera 

below, I have tried to point out as much as possible how these goals influenced 

the decisions made in the design of the camera. Many of the choices made are 

compromises between opposing opportunities, because of the impossibility of 

doing everything at once, and the practical limits of cost and ability. However, 

we believe that the instrument that has resulted from this effort will prove to be 

extremely useful and a productive astronomical camera. 
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1.1.3 Definitions of terms 

There are a number of definitions that I will make here to clarify the 

descriptions of the data and image processing below. The array is composed of 

20 columns by 64 rows of discrete detector pixels. Each signal processor board 

contains 2 channels, and each channel is connected to a single column on the 

array. A frame is an image consisting of the pixels from a single readout of the 

entire array. A coimage is several frames added together in the coadder buffer 

of the signal processor board. An observation is a number of coimages that have 

been added together in the array processor board (APB). This could consist of 

two phases of a chop pair, etc. A data file on the PC contains one complete 

observation. A picture or image is a set of coimages from an observation or 

many observations that have been processed in the PC computer to be displayed 

on the screen. Two chop phases could have been subtracted, and/or the picture 

flat-fielded or masked. 

The following terms designate regions of the infrared spectrum. Near-IR 

denotes the region from 1-5 p.m, mid-IR is the region from 5-25 p.m, and far-IR 

is above 25 p.m. The following direction abbreviations are used: N=north, 

S=south, E=east, and W=west. All images presented here have N at the top and 

E to the le~, unless otherwise noted. Position angles (PA) of source structures 

are defined, unless otherwise noted, as degrees E of N, relative to the center of 

the source. All personnel mentioned by name are UtA, unless stated otherwise. 

The symbol" = arcsec. The unit of flux Jansky ( = 10-26 W m-2 Hz-I) is 
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abbreviated Iy, and .001 Iy = 1 mIy. 
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1.2 MIRAC Dewar and components 

1.2.1 Cryostat 

The MIRAC dewar, shown in Figure 1.1, is a modified HD-3 cryostat built 

by Infrared Laboratories Inc. (IR Labs). The modifications were designed by Bob 

Kurtz of IR Labs. The case is a standard 6-inch inside diameter (I. D.) aluminum 

cylinder with hexagonal outer surface, with liquid nitrogen {LNJ and liquid 

helium (LHe) reservoirs that occupy the entire upper section of the dewar. A 7-

inch I.D. extension holds all the optics, electronics, and mechanisms in the 

camera. The support for the reservoirs and the mechanisms in the extension is 

provided by a rigid support structure between the cryogen vessels and the top 

of the dewar. A radiation shield extends from the nitrogen vessel and encloses 

the helium vessel and shield. Inside the helium temperature shield, the volume 

is divided into two parts by a plate that separates the section containing the 

detector and filter wheels and the section containing the optics. The optics 

(described below) are mounted inside a housing mounted to the plate that divides 

the sections. A baffle tube with a baffle on both ends extends from the housing 

to the helium temperature shield. A second baffle tube extends from the nitrogen 

shield to near the helium temperature shield and tube. Inside the housing is the 

pupil stop mechanism. The only opening into the upper section where the 

detector is located is through the selected pupil hole. 

The array, mounted on a 68 pin chip carrier, is inserted into a socket on 
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a circuit board as shown in Figure 1. lb. There are two 31 pin miniature 

connectors on the circuit board where the electrical connections are made, one for 

the bias voltages and clock signals, the other for the analog output signals from 

the detector. A heater resistor and temperature sensor diode are stycast to the 

bottom of the copper detector mount to provide for detector temperature 

monitoring and control. 

The volumes of the nitrogen and helium reservoirs are 0.8 and 2.0 liters, 

respectively, allowing for a hold time of 17.5 hours for the liquid helium and 18 

hours for LN2• This is sufficient for more than an entire night of observing 

without having to interrupt to fill. The position of the nitrogen fill tube also 

allows for tilting the telescope to high airmass without unnecessarily spilling LN2• 

Our method of measuring a gain matrix involves taking images of blank sky at 

low and high airmass, so this feature is important, especially at the beginning of 

the night when the dewar is full. 

The MIRAC dewar was designed so that the filters, magnification 

positions, and pupils can be changed externally, minimizing the need for 

disassembly under normal operating conditions. However, a dewar is always 

opened much more often than planned, so the dewar was also designed for ease 

of disassembly and reassembly. The disassembly proceeds from the bottom, first 

by removing the bottom plate and the lower case extension. Next the LN2 and 

helium shields are removed. This exposes the optical housing and the area 

where the detector is mounted. At this point all major mechanisms and 
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components are exposed. The detector stage can be removed, wiring checked 

and repaired, filter wheel mechanisms examined, optics adjusted, etc. Everything 

within the helium shield is attached to a plate which is in turn attached to the 

bottom of the helium reservoir. If desired, this plate can be removed from the 

cold plate by removing six bolts. The entire assembly can then be removed. This 

is useful when aligning the optics or working on the filter wheel mechanisms, or 

to protect the.array and optics when working on the upper section of the ~ewar. 

Another design goal was to have a portable dewar. This was achieved by 

designing the dewar to be as compact as possible, and protecting the connectors 

and external actuators from damage. The 6M inch 1.0. IR Labs dewar was chosen 

for compactness, instead of the 8-inch I.D. dewar. If the bottom plate with the 

actuators and filter motors is replaced by a blank plate, the MIRAC dewar meets 

airline size restrictions for carry~n luggage. The actuator mechanisms and the 

vacuum valve are mounted on the bottom plate of the dewar. The dewar stand 

attached to the bottom plate ~s the same profile as the dewar extension, and 

along with the standoffs used to attach it forms a cage which protects the 

mechanisms. The electrical connectors lire mounted on the top, and act as a 

stable support when the dewar is invertE!d on the workbench. 
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1.2.2 Optics 

The MIRAC optics were designed with the following goals in mind: to 

provide two different magnifications, to enable use of the full 2-20 I-'m range of 

detector sensitivity, and to be as simple, compact, and efficient as possible. The 

optics also had to be easily configurable to the different telescopes with which 

MIRAC may be used. For all magnifications and pupil sizes to be used, the 

geometrical image size had to be much less than the 100 I-'m pixel size over the 

full array. An additional constraint was to allow for the potential use of larger 

format arrays in the MIRAC dewar without significant modifications. The optics 

were designed by William Hoffmann and the ellipsoid element was fabricated by 

Dick Sumner. 

A drawing of the MIRAC optics is shown in Figure 1.2. The optical 

elements are a gold-coated flat and a tilted off-axis ellipsoid mirror, and a pupil 

stop. The central ray enters the dewar through the window and passes through 

baffles to the flat inside the optical housing. The ray is reflected first down to the 

ellipsoid, then directly upward, normal to the work surface of the dewar. The 

ray passes through the center of the pupil, filter wheel 1 and 2, and intercepts the 

center of the array normal to the surface. The only opening to the compartment 

of the dewar where the detector is located is through the pupil stop. This 

minimizes the amount of off-axis radiation reaching the detector. The inside of 

this compartment, along with the optics housing, is painted black to reduce 

scattering of stray light on to the detector. 
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A reflective system has many advantages over a lIefractive system. The 

reflective optics accomodate the wide range of wavelengths that the detector is 

sensitive to without need for adjustment. This simplified the design considerably 

and reduced the volume necessary inside the dewar to contain the optics. There 

is only one active element, an off-axis -ellipsoid located at the bottom of the optics 

housing. Propagation losses through the system are minimized by having only 

two gold-coated reflective surfaces. ,- Any system of lenses would have reflective 

losses from the lens surfaces and absorption loss in the lens material. Changes 

in magnification are accomplished by moving the position of the detector and 

refocusing the telescope. This allows the optics to remain fixed and aligned, and 

eliminates the need for a mechanism to slide or shift the optical elements. One 

drawback of having a single off-axis ellipsoid is that it causes a small amount of 

pincushion distortion at the detector. The amount of distortion, however, is 

small (see §1.7.7 below) and. has been calibrated, so the distortion can be 

removed in the data reduction process. 

Since the central ray is normal to the work surface, the array can be 

translated vertically to change magnifications. The low magnification position is 

when the detector is moved to the closest position to the pupil stop, 19.95 mm, 

and in high magnification, the array is moved farthest from the pupil stop, 40.84 

mm. The detector image focus is located outside the dewar for both 

magnification positions, 13.72 cm for low and 1.176 cm for high magnification. 

The optical design was optimized for minimum image blur at the edges of 
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the array at the f/36 IRTF. This was a compromise between the fl45 of the 

Steward telescopes and the faster telescopes on which the MIRAC could be used. 

The design has a calculated maximum rms image blur of 8 I'm over the array at 

low magnification, and 5 I'm at high magnification. The maximum pincushion 

field distortion at the comers is 45 I'm at low magnification and 23 I'm at high 

magnification. The pixels are 95 I'm square, on 100 I'm centers. 

The filter wheels, shown in Figure LIe, are made from 12.7 em diameter 

aluminum gears in which counterbored holes have been machined on a 8.052 em 

diameter to hold the filters. The wheel nearest the pupil stop holds nine .953 em 

diameter filters and blockers and the CVF segment. The second wheel holds 10 

1.588 em filters. Figure LIe shows the position of the filter wheels in the dewar. 

The filter wheel containing the CVF is located as close to the pupil as possible, 

to provide a sharp wavelength-defining aperture. It is also desirable to have the 

other filters near the pupil stop. 

Table 1.1 gives a list of the filters in the MIRAC dewar. In each wheel 

there is a position with no filter installed, and in both wheels there is an 

aluminum blank installed in one position. The filters were all purchased from 

Optical Coating Laboratories, Inc. (OCL!), and the information is based on data 

supplied by OCLI, except for a few filters and the dewar windows which were 

measured at room temperature with the Beckmann Accu1ab 6 Spectrophotometer 

at NOAO. See Appendix 2 for a spectral scan of each of the filters. 



Wavelength 1 

[HP width) 
(IJm) 

Wheel #1 
8.82 [.87 ) 
9.8 [.96) 

11. 7 [1.13 ) 
12.5 [1.16 ) 
10.6 [4.8) 
4.62 [.59 ) 

Sapphire 

Trans
missionz 

(%) 

75 
76 
72 
64 
80 
85 

Table 1.1 MlRAC Filters 

Substrate 

Ge 
Ge 
Ge 
Ge 
Ge 

Size 
(cm) 

.959 

.959 

.959 

.959 

.959 

.959 

.959 

Blocker3 

CaFZ 
BaFZ 
BaFZ 
BaFz 
BaFz 
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comments 

OCLI "0" astr. 
OCLI "PH astr. 
OCLI "R" astr. 
OCLI "S" astr. 
OCLI W10575-9 
OCLI W04711-4 
1 mm thick 

7.9-14.5 70 Ge 1.374 OCLI 15-1395-970 
CVF [-1. 8%) 

Wheel #2 
2.17 [.35) 
3.85 [.62] 

20.6 [4.2) 

N.D. 
N.D. 
N.D. 
N.D. 

67 
92 
31 

.33 
1.0 
5.0 
20 

BaFz 

1.715 
1.715 
1.715 

1. 715 
1. 715 
1.715 
1.715 
1. 715 

OCLI W02206-7 
OCLI "L" astr. 
OCLI W-19500-9, 

L18180-8A 

1 mm thick 

1The wavelength data from the OCLI 295°K scans were shifted to adjust 
for a temperature of 4K. The OCLI 77°K data were not adjusted, 
since most of the wavelength shift occurs from room temperature 
to 77°K. All of the scans were multiplied by the detector 
response to derive the effective wavelength given here. N.D. = 
Neutral Density filter. 

zFor filters, effective peak transmission. For CVF, average peak 
transmission over the usable range. For N. D. filters, the 
trans-mission is the average value over the range 2-26 IJm. 

3The filters with blockers listed have a 1 mm blocker of the same 
diameter installed in the same wheel, separated by a .25 mm thick 
gold-coated copper spacer ring. 

4The CVF is a 1.37 cm wide, 90° segment of a circle of diameter 8.052 
cm (circle through the center of the CVF). 

Two windows were fabricated for use with MIRAC, one of KrS5 and the 

other of ZnSe. The ZnSe window has good transmission from the near-IR to 
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approximately 18 J.'m. The Kr55 window transmits from the near-IR to beyond 

the 20 J.'m atmospheric window. The transmission through each of these 

windows is s~own in Appendix 2. 

The pupil stop slide is a set of pupil stops that are sized for the telescopes 

on which the MIRAC may be used. Table 1.2 shows the hole dimensions and 

the appropriate telescope. 

Table 1.2 Pupil stop positions 

POSe I Hole Oia. f/number Telescope 
(cm) 

blank 
2 .167 45 SO 1.5, 2.3 m 
3 .196 36 IRTF 
4 .237 30 CTIO 4-m 
5 .420 17 KAO 
6 .470 15 MMT Upgrade 

1.2.3 IDectric wiring, connections 

There are four electrical connectors at the top of the dewar, illustrated in 

Figure 1.1b. One provides the necessary bias and clock voltages to the detector. 

The second contains output lines from the detector t() the external preamplifier 

electronics. The third connector is the temperature sensor and the heater 

connections. The fourth connector is attached to the home switches for control 

of the filter wheels. These connectors are mounted on the top of the dewar, 

pointed horizontally away from the center. The two detector connectors are each 
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mounted. on their own block, and the temperature sensorlheater and the switch 

connector are mounted. on a common block. The detector signal output block, 

at the top in Figure 1.1b, is as close as possible to the electronics, to minimize the 

length of the coaxial analog cables from the dewar to the preamp. 

A number of steps were taken to insure minimal pickup of the digital 

signals on the detector and the analog output lines. First, there are three 

separate shielded. cables in the dewar for the detector connections, one each for 

the clocked. row addresses and reset, bias voltages, and analog outputs. The 

analog signals are segregated. on their o~ connector at the top of the dewar, and 

at a separate connector at the circuit board where the detector is mounted. At 

the circuit board near the detector, filter capacitors were mounted. on all the bias 

lines to reduce potential digital pickup. The connection to the detector is made 

by two 31-pin miniature connectors on the circuit board on the detector mount. 

The cables used were made at the Naval Research Laboratory specifically 

for cryogenic applications using detectors of this type. The cable is a ribbon 

consisting of alternate strands of insulated. Constantin wire separated by nylon 

insulator. The flat cable is then wrapped in superinsulation which provides 

shielding and protection of the conductors. The beneficial characteristics of this 

cable are that it is very compact and flexible, has relatively low capacitance, and 

low thermal conduction. The capacitance of the cables was measured as installed 

in the dewar (approximately 30 inches) to be 130 pf for each conductor to ground, 
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and 30 pf from one conductor to the next. The cables are taped to the LN2 

reservoir, pass under a slot in the radiation shield, and then are taped to the 

liquid helium reservoir. This insures that the wires do not provide a source of 

heat inside the helium shield. There is a 10 em loop in each cable from the 

connector to the LN2 shield to reduce heat input. 

An additional6-pin connector is used to connect the temperature monitor 

and heater resistor located on the detector slide. There is enough free length in 

the cables between the mounting slide and the point where the cables are 

fastened to the cold plate so that there is not excessive strain on the cables when 

switching from high to low magnification. 

1.2.4 Actuators, Filter Motors and Control 

There are four mechanisms that are controlled by external actuators which 

enter the dewar from the base: the pupil stop slide, the detector mounting slide, 

and two filter wheels. The filter wheels are driven by stepper motors that drive 

the wheels through a series of linkages and gears. The other two actuators are 

kept pulled out of the dewar into a recess in the dewar case, except when the 

slides are being changed. Their location is shown on the bottom plate of the 

dewar in Figure L1c. 

Each filter wheel is rotated by an Anaheim Automation Co. #23D1085 
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stepper motor and SMC20BC controller system. The motors are mounted on the 

base of the dewar, shown in Figures l.la and l.lc. The shafts of the motor are 

connected through an adapter to a ferrofluidic feedtl:ll'ough that transmits the 

rotation to the vacuum of the dewar. This feed through device is model #SB-250-

A-N-Q86, part #50CI03237, manufactured by Ferrofluidics Corporation. The 

vacuum seal consists of a permanent magnet, ~pole pieces, a magnetically 

permeable shaft and a magnetic fluid, or ferrofluid~! The structure of the magnets 

creates a field which is concentrated between the stationary magnet and the shaft. 

The ferrofluid is trapped in this region, and forms a "liquid O-ring" seal between 

the shaft and the stationary housing. There are: several stages of ferrofluid seals 

in the feedthrough, separated by air gaps. Each stage can sustain a pressure 

difference of 0.2 atmospheres, and the stages act in series to provide the total 

pressure capability of the seal. The feedthrough is designed to sustain a total 

pressure differential of >2 atmospheres, providing a safety margin. 

The feedthrough shaft extends through the vacuum inside the dewar to 

a nylon bushing that is captured in the nitrogen shield. The nylon bushing 

provides thermal insulation from the warm shaft to the nitrogen temperature 

shield. From the nitrogen shield, a shaft extends into a nylon bushing connected 

to the helium temperature gear which turns the motor. This provides thermal 

isolation between the nitrogen and helium shields. 

The motors drive the wheels from the edge using a smaller gear with a 

(32/3): I reduction. The motor controller accepts AScn command strings from the 
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PC via a RS-232 interface. The motors can be stepped any number of steps in 

either direction, at the user selected speed. The stepper motors have 400 steps 

per revolution, which gives 4267 steps for one revolution of the filter wheel. This 

corresponds to a positioning accuracy of .007 J.£m in wavelength for the CVF filter. 

Mounted on top of the filter wheel right at the edge is a small block which 

defines the initial reference, or "home" position. Two microswitches are 

mounted on a stand on the cold plate so that they are positioned just above the 

wheels. To move the wheels to the home position, the controller rotates each 

wheel until the block mounted on the wheel comes in contact with its home 

switch. This position is centered on one of the filters. To move to other filter 

positions, the motors are stepped the appropriate number of steps, determined 

by the filter spacing. 

The normal position of the other actuators is fu.lly withdrawn outside the 

dewar into a cylindrical recess in the dewar case. When the pupil stop slide or 

detector mount needs to be mOYf-d, the actuator is pushed into the dewar. The 

end of the shaft enters the nitrogen shield thro1,1gh a hole which is covered by 

flexible aluminized mylar that is slotted in an "X" pattern to allow the actuator to 

pass through. The actuator is pushed into a flexible nylon coupling that is 

connected to the mechanism. For the pupil stop slide, the actuator is rotated and 

a rack and pinon gear causes the slide to move. A spring loaded ball bearing 

presses against the slide and falls intp a detent at each slide position. The slide 

positions are described above, in Table 1.2. 
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The array mount slide is engaged by pushing the actuator in until it enters 

the coupling, shown in Figure 1.lb, and then twisting to lock it in. Then the 

array position is changed' by pushing or pulling it to the other position. Two 

spring-loaded balls on either side of the mount fall into detents which define the 

correct position, similar to the pupil stop mechanism. 

The center of the chip socket has been cut out and a copper finger extends 

through to provide the surface where the detector chip carrier is mounted. A 

2.29 em square of .254 mm thick indium foil is placed between the chip and the 

copper to insure good strain-free thermal contact. The detector is held in place 

in the socket by a copper bracket that presses the chip from the front side into 

the socket, shown in Figure 1.lb. The bracket also acts as a radiation baffle; the 

top side and the cavity on the side facing the detector is painted black, and the 

opening is just large enough to expose the sensitive area of the array. The 

copper mount is thermally isolated from the slide by a block of G-IO. The 

mounting bracket that connects to the cold plate has two stainless steel shafts on 

which the detector mounting assembly slides, pulled or pushed up or down by 

a third rod connected to an external actuator. Thermal contact between the 

detector mount and the cold plate is made by a flexible copper foil strap which 

has been optimized to provide sufficient cooling so . that when the deteCtor is 

running with no heater the temperature of the array is 6.5 K. 
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1.3 Detector 

This section describes the detector array currently used in MIRAC. We 

received much assistance from Grant Albright, Skip Augustine, and Stone 

Klengler of Hughes from their comments and suggestions on electronics design 

and in the initial testing phase of the detector in the MIRAC dewar. 

1.3.1 General description 

The detector used in the MIRACis a arsenic-doped silicon (Si:As) Impurity 

Band Conduction (mC) 2Ox64 pixel array, bonded to a capacitive transimpedance 

amplifier (CTJA) readout, designated CRC 444A, serial number AR6. This 

detector was developed by Hughes Aircraft Co. of Carlsbad, CA. The relevant 

parameters are summarized in Table 1.3. 

Fowler and Joyce (1990) provide a general description of the Hughes Si:As .. -... - .. ', -.. 

mc arrays. The array is a hybrid device consisting of a readout circuit that is 

"bump-bonded" to the detector array using indium "bumps". Figure 1.3 shows 

the mc detector cross section. It consists of a high resistivity substrate, a 

transparent contact, the heavily doped IR active layer, a lightly doped blocking 

layer, and aluminum contacts on the top, with an indium bump for connection 

to the readout. 



Table 1.3 Hughes IBC Detector Characteristics 

Material 
operating Wavelength (~m) 

Number of Pixels 
Pixel size (J.£m) 
Pixel spacing (J.£m) 
Readout Mode 

(# of lines) 
Peak QE1 

Well Size (e") 2 
• " 3 Read NOl.se (e) 

1Hughes test report data 
2MIRAC measurement 2/9/91 
3MIRAC measurement 2/9/91 

Si:As 
2-26 
20x64 
95x95 
100 
Parallel 

(20) 
0.4 
1X10S 

80 
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Stetson et. al (1986) give' a description of the operating principle of this 

detector type. In the heavily doped IR detecting layer, acceptor impurities exist 

which are ionized. The negative charges associated with acceptor sites are fixed, 

but the positive donor sites "D+" are mobile, and can migrate through the crystal 

when the acceptor sites are sufficiently close. When a positive bias is applied to 

the top AI contact, a field is created which drives the pre-existing D+ sites toward 

the substrate. The undoped blocking layer prevents the injection of additional 

D+ charges, so a region depleted of D+ charges is created near the top contact. 

A negative space-charge is left in the depleted region, since the negative charges 

are immobile. When an incident IR photon is absorbed, it creates a mobile D+ 
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charge and a conduction band electron. The applied field sweeps the electron 

out through the blocking layer where it is collected by the top contact. The D+ 

change travels in the opposite direction and enters the undepleted region of the 

detecting layer. 

This design has advantages over a standard photoconductor in reducing 

the noise due to the detector. In the depleted region there are almost no empty 

states below the conduction band to trap electrons, so the collection efficiency is 

extremely high. Also, the conduction band electron concentration under these 

conditions is virtually zero, making the D+ charge collection efficiency high. The 

high collection efficiency of the charge carriers minimizes noise due to carrier 

recombination. Since the detecting layer is highly doped, it can ·be made thin 

while keeping the quantum efficiency high. The thin detecting layer lowers the 

sensitivity to incident charged p~rticles. 

1.3.2 Array Format and Packaging 

The detectors are arranged as two sub-arrays of lOx64 pixels, separated by 

one pixel in the short direction and offset by half a pixel in the long dimension. 

This is illustrated in Figure 1.4. The spectral response of the detector material is 

shown in Figure 1.5. The full range is from approximately 2 IJ.m to 26 IJ.m, 

peaking at a quantum efficiency of approximately 0.4 at 22 IJ.m. Much of this 

range, however, is limited for ground-based astronomy by atmospheric 
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absorption. 

The wire bonding diagram is shown in Figure 1.6. The detector itself is 

bonded to a ceramic "chip carrier", which has 68 contacts on the four sides. Pin 

1 of the carrier is an "L" -shaped pad shown in the upper left of the diagram, and 

the numbering proceeds counterclockwise as viewed from above the detector, 17 

contacts to a side. The metalization of the outer pads wraps around from the top 

to the sides of the carrier, allowing electrical contact to be made from the edge 

as well as from the top. The numbers marked on the chip carrier contacts on the 

edge are the numbers of the pads of the detector that they are connected to. 

1.3.3 The CRC-444A Readout 

The CRC 444A decoder is shown in Figure 1.7. This uses 8 address bits 

to specify 64 pixels. The addresses are coded such that four bits are always 1 and 

four bits are always zero. The detector and readout use negative logic, with "0" 

= 0 V and "1" = -4 V. Also, consecutive addresses differ by two bits, and require 

changing one address line from a zero to a one, and another address line from 

one to zero. One advantage of this scheme is that the address clocking is very 

uniform, and cases where all the bits toggle simultaneously are avoided, 

preventing possible noise pickup problems. The code is shown in Appendix 3, 

Table A3.1. For each pixel, four of the address lines are connected as shown in 

Figure 1. 7 to' enable the reset and the output f.or that pixel. 
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The CRC 444A unit cell is shown in Figure 1.8. The RESET CLOCK and 

ENABLE CLOCK are from the decoder in Figure 1. 7. The bias voltages are 

labeled with a capital V arid the current supplies are labeled with a capital I. The 

values used for each of these are shown in Table 1.4. The currents are 

consistent with the sum of the currents approximately equal to zero. 

Table 1.4 MIRAC Bias Voltages 

Bias Current' 
Name Volts (J,&Amp) 

VSUB 9.00 .36 
Iss, 5.00 172 
Vsso 3.00 260 
VOO3 0.00 3248 
Vssc 0.00 <.02 
ISS3 0.00 -11.7 
Vel 0.00 <.02 
VSSD -1.00 36.8 
VCAS -2.00 <.2 
VOO2 -2.00 -249 
VOET -2.60 <.02 
Voo, -3.00 -3651 
VRST -4.00 -2.0 
VEN -4.00 -40.0 
VAOJ -6.00 -2765 

'Current measured on 7/19/90, at 7.5 MHz clock rate, reading out 32 of 64 
rows, 8.8 pm, 20% ND looking at room temperature radiation,detector 
temperature=12.4°K. The current was calculated from measurements of the 
voltage drop across series resistors. 

The detector pixel and readout unit cell consist~ of the circuit from ~e left 

edge of the diagram to the point where the ENABLE CLOCK is connected. This 

circuit exists for every pixel. The part of the unit cell labeled "Current 

mirror/output driver" is part of the column readout circuit, and there is one for 

every 64-pixel column. The point labeled V OUT is the output of the detector chip, 
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and the "typical output load circuit" is implemented on the MIRAC Preamp 

board. 

The readout circuit is a Capacitive TransImpedance Amplifier (CTIA) whose 

output voltage is proportional to the integral of the input current flowing into the 

feedback capacitor from the detector. The transimpedance of the amplifier, 

defined as the ratio of the output voltage to the charge on the input capacitor, in 

Volts/Coulomb, is equal to the reciprocal of the feedback capacitance, aesuming 

negligible parasitic capacitance and gate leakage current. For the remainder of 

this dissertation, I will use units of millivolts/electron for the transimpedance. 

The overall transimpedance for the array is the output source follower gain 

divided by the CTIA feedback capacitance. 

There are two advantages of using the CTIA drcuit. First, the bias on the 

detector is held constant during charging of the feedback capacitor, resulting in 

detector linearity. The second advantage is that the input voltage gain at the 

source follower effectively suppresses noise introduced after the amplifier input. 

The input voltage gain is the ratio of the detector and parasitic capacitance to the 

feedback capacitance, which for this array is apprOximately 4. 

The reset pulse dissipates the charge which has built up in the capacitor, 

allowing for another integration. The difference in voltage output levels between 

the "before reset" and the "after reset" is proportional to the flux incident on the 

detector during the integration time. This linear relation holds until the charge 
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building up on the capacitor exceeds the "well size" value given in Table 1.3 

above. At this point the pixel saturates, or the response curve flattens out and 

eventually does not rise with increasing flux. Therefore, as the flux level 

increases, to keep the detector from exceeding the well size each pixel must be 

reset more often. 

The~ peak of a 300K blackbody curve is near 10 I'm, so the ambient 

temperature telescope radiates strongly in the mid-IR. The atmosphere also 

radiates in the mid-IR. The combination of the thermal telescope and sky 

emissivity result in backgrounds that are often larger than the source signal by 

a factor of 106• For the backgrounds present in the mid-IR from ground-based 

telescopes using 10% bandwidth filters, typically a rate of 10 KHz is required to 

operate the detector in its linear range. 
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1.4 mectronics 

The MIRAC electronics were designed to perform the necessary tasks to 

operate the detector properly, sample the analog signals synchronously and 

convert them to digital values, store these values as pixels in a frame, coadd 

multiple frames, and transfer the stored coimages to the computer. These 

functions had to be accomplished within the design goals of low noise, multiple 

sampling modes and options, subject to size and cost constraints. In addition to 

the electronics associated with the detector array, a temperature controller and 

monitor were necessary to maintain a constant detector temperature, and an 

interface was necessary to transfer the images from the camera electronics to the 

computer. 

The electronics were designed by William Hoffmann, Larry Coyle, and 

John Geary and constructed and initially tested at Smithsonian Astrophysical 

Observatory Central Engineering. Peter Crawford of SAO assembled the signal 

processor boards and the power supply. A block diagram of the MIRAC system 

is shown in Figure 1.9. The Figure is divided into three main sections, the 

cryostat, the electronics at th~ camera, and the equipment in the telescope control 

room. There are six main components of the electronics: the bias voltage supply, 

the preamplifiers, the signal processors (20 channels total, one for each column 

of the array), the digital controller, the temperature monitor and controller, and 

the filter wheel controller and motors. 
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1.4.1 Detector Bias Supplies 

There are 14 separate bias supplies necessary to run the detector and its 

readout. The operating bias voltages are listed above in Table 1.4. These 

voltages are generated on a separate bias voltage board, which is enclosed in its 

own shielded box to separate it from the other electronics components. The 

voltages are derived from regulated ±10 and ±lS volt supplies on the bias board. 

Figure 1.10 shows a representative bias voltage circuit. In series between 

10 and -10 V are a fixed resistor R1, a 1K 10-tum potentiometer (pot), and a 

second fixed resistor R3. The resistance values R1 and R3 are chosen so that 

when the 1K pot is set to the middle of its range, the voltage is at the nominal 

value, with a total range of ±1 V about this value. The voltage from the 

adjustable pin of the pot then goes to a buffer amplifier of unity gain. The 

output of the amplifier goes to a small series resistor, and then directly to the 

detector via a shielded cable to the top of the dewar and then through the dewar 

wiring. The points labeled T1 and T2 are test points that are wired to a connector 

on the side of the bias box, where a breakout board can be plugged in to monitor 

voltages. There are bypass capacitors in a small box in the cable leading to the 

dewar, as well as on the circuit bOard with the detector chip socket in the dewar. 

These are to eliminate noise due to digital pickup on these lines. 

Two of the "bias" supplies (ISsl and 1ssJ) are actually current sources. 
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These supplies have an additional series resistors of 38.3 kG and 51.1 kG, 

respectively, at the point labeled (R5). The detector bias VDBT is also equipped 

with an additional series resistor of 24.3 kG, to provide protection against high 

currents through the detector. V ADJ does not go to the detector itself, but 

provides the voltage for the output MOSFET source follower amplifiers' source 

resistors which are located on the preamp board. 

1.4.2 Preamp 

The preamp acts as a buffer and an amplifier of the signal coming from the 

detector. Twenty separate signals come from the detector to the top of the 

dewar, and are connected to the preamp inputs via a short coaxial shielded cable. 

The preamp electronics are housed in a separate shielded box near the top of the 

electronics enclosure, with separate power regulators inside, to prevent 

extraneous noise pickup from, other parts of the MIRAC electronics. 

The preamp circuit is illustrated in Figure 1.11. Two inputs for every 

channel enter the preamp: the signal, which is the source of the array output 

MOSFET source follower, and signal reference. The signal reference is connected 

to analog ground in the preamp for every channel. The signal is connected to a 

unity gain buffer amplifier, and through a 30.1K source follower resistor to V ADJ' 

The output of the unity gain amplifier is connected to a second amplifier with a 

gain of -4. An offset bias of +3.2 V is also added at this stage. This bias, along 
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with the preamp gain and gain on the signal processor, were selected to match 

the array output, which has a range of approximately -1.2 to -.2 V, to the AID 

input range of ±2.5 V. 

The "+" input of the second op amp (gain -4) is connected through a 4.99 

kn series resistor to the detector return, which are the coaxial shield of the signal 

cables and are all tied together at the preamp board. This point is then connected 

to analog ground on the board. The output of this stage is connected through 

coaxial shielded cable to the input of the signal processor board. 

1.4.3 Digital Controller 

The main functions of the digital controller are indicated in the MIRAC 

block diagram, Figure 1.9. A more detailed block diagram of the controller is 

shown in Figure 1.12. The serial interface receives commands and parameters 

from the PC, and it sends the data from the "first in first out" (FIFO) memory on 

the signal processors to the PC. A number of camera parameter registers exist 

where the current values are stored. These parameters control the operation of 

the timing on the controller and signal processor. Two programmable array logic 

(PAL) chips (denoted as "PALl,2 Timing Generator" in the diagram) create the 

reset pulse and the control signals for sampling the data. Other counters and 

timing signals keep track of the number of frames in the coimage, the transfer of 

the coimages to the FIFO memory, and clearing the frame memory on the signal 
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processor between coimages. 

1.4.3.1 Timing, addressing 

There are a total of nine clocked signals driving the array readout: eight 

address lines and a reset pulse. The row address is generated by a counter that 

starts at zero and counts up to the maximum row (n-l). It is then reset to zero 

to start the next cycle. This row address is used to specify the address of the 

coadder memory, as well as to clock the array. The 6-bit row address is 

converted to the 8-bit array address using an electronically erasable programmable 

memory (EEPROM) chip, and then is sent through optical isolators to the dewar. 

All timing on the contr~ller is specified by the master clock, which is 

derived from a 30 MHz crystal oscillator. This is divided by two for a maximum 

clock rate of 15 MHz, which can be further divided by factors of two, based on 

the value in the clock rate register. A single pixel select time is divided up into 

24 master clock cycles. At the clock frequency of 15 MHz, this is 67 nsec per 

clock cycle or 1. 6 J.l.sec per pixel. This corresponds to .1 msec for a full 64 row 

frame and .05 msec for half frame. The rate at which the detector is read out is 

command selectable to 16 different rates. The frame rate is derived from counting 

down the master clock by powers of 2 to obtain the desired value. This gives a 

range of frequencies of 15 MHz down to 457 Hz. 
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The controller has several different modes of clocking the detector. The 

usual mode is selecting each pixel from 1 to 64 in sequence and resetting each 

one. When number 64 has been reset, the controller begin~ again at 1, with no 

pause in between. Another possible mode is to clock through half the addresses, 

1 to 32, before starting again at 1. This mode has been used exclusively since 

June 1990, when it was discovered. that one of the address lines was 

malfunctioning, and only half the array could be read out correctly. It was 

decided not to attempt to repair this device since no replacement array was 

available at that time. 

Another possible readout mode is a "burst" mode, where the pixels are 

read out quickly in succession, but there is a delay time between frames. The 

delay can be set to be an integer number of pixel readout times. This mode is 

useful in low background conditions, when a longer integration time is possible. 

It also synchronizes the integration periods of each pixel, making them closer to 

simultaneous. The range of delay values is 0 to 65536, making the readout rate 

range .05 msec to 3.3 sec at 15 MHz clock frequency, or much larger frame times 

for lower clock frequencies. 

The controller directs the data sampling synchronously with the clocking 

of the detector. There are four different modes possible: single sample, with the 

sample taken during the pixel select just before the reset; delta reset - taking a 

sample before and after the reset, finding the difference between the two, and 

sending the difference to the computer; double sample - taking two samples as 
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in delta reset, but sending both to the computer; and triple sample, where 

samples are taken before, during, and after the reset, and all three samples are 

sent to the computer. See the signal processor section below for a more detailed 

description of these modes. 

1.4.3.2 Controller and processor timing 

There are two PAL chips on the controller. The PAL timing diagrams are 

shown in Figure 1.13. The first PAL device, called PALl here, has as input the 

master clock (referred to as BITCLK), a control line called PIXW AIT which can be 

used to stop the clocking of the array, and SMODEOO and SMODEOl, two bits 

which control the sample mode. The outputs of the PALl are the detector reset 

pulse DRST/, the CVRTI pulse which causes the AID's to take a sample, 

PIXCLK2I that signals the start of a new pixel on the downward transition, and 

five control lines CTO-CT4 which are inputs to the second PAL (PAL2). The slash 

"1" after the names above indicates that it is negative logic, e.g., for the DRSTI 

pulse, the reset occurs when the signal in the timing diagram goes low. These 

control lines are used by the second PAL to generate control signals for the 

co adding of data. 

The control line PIXW AIT is used to tum the detector reset pulse off, along 

with the other coadder logic. This is used when the camera is being operated in 

the burst mode, when the detector clocking is suspended for a number of pixel 
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read times after each frame. Otherwise, the detector is continuously reset and 

clocked whenever the electronics power is on, even when not imaging. This 

insures -a steady state iIi the detector and eliminates noise due to detector 

temperature drift which would result if the readout was not constant. The DRSTI 

and CVRT/outputs are different for the various sample modes, due to the 

different number of AID samples necessary. 

:' Four separate diagrams are shown in Figure 1.13b-e for PAL2, one for each 

of the different sample modes. The DRSTI and CVRTI signals are not inputs to 

PAL2, they are shown for reference. The outputs perform the following 

functions. COADST is the signal that latches the coadder memory row address 

for a particular pixel. COADDA is the signal that causes a "coaddition" to be 

latched in preparation for storing the value· to memory. There are two 

coadditions necessary per sample, one each for channel A and B on the signal 

processor. COA8A is the signal that selects between channel A and B on the 

signal processor. COA7 A and COA6A are the highest bits of the coadder 

memory address. For a particular row address, there can be up to three samples 

stored for triple sample, and these are stored in different areas of memory based 

on the value of COA6A, COA7 A and COA8A. This is shown in the coadder 

memory map diagram in Figure 1.14. 

ADDSUBA is used to control whether the coadders are adding or 

subtracting the numbers. For the A reset mode, this is used to subtract the post

reset sample from the pre-reset sample, and only the difference is stored and 
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transferred to the PC. OFFBLKA and OFFBLKB are address bits for the fast 

offset function of the signal processors, which has not been implemented. 

1.4.3.3 Controller logic 

The controller uses the signals generate4 by the PALs to control the 

processes of sampling the data on the signal processors and storing the coimages 

. in coadder and FIFO memory. The timing is based on the following user-selected 

parameters: the clock frequency, the number of frames per coimage, and the 

number of rows per frame, or the portion of the array being read out. 

The control of the data taking and coimage generation is accomplished 

using the PAL signals described above, along with a number of other signals 

derived from these on the controller. Some of these are described below: 

FIRSTROW - This is true during the first pixel read of a frame, or when the row 
address = 1. 

LASTFRAME - This is true when the last frame of the coimage is being coadded 
by the signal processor. If there is only one frame per coimage, this is true 
all of the time. 

TOFIFO - This is the result of LASTFRAME AND COADDAI. This is used to 
direct the data to the FIFO memory during the last frame of the coimage. 
During this period, the coadder memory is filled with zeros. If there is 
only one frame per coimage, then the image always goes to the FIFO and 
the coadder memory is not used to store the frame. 
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A typical integration would proceed as follows: first, the controller receives 

the START COIMAGE command from the pc. As soon as the row address 

reaches the maximum value and toggles back to 1, the flag IMAGING is set. This 

enables the coadder timing and starts the data taking process. Also, the frame 

counter is initialized to the number of frames per coimage. Based on the selected 

sample mode, each pixel row is read out by the signal processors under the 

direction of the controller, and the frame stored in the coadder memory. After 

all of the rows have been read, the row address is reset to 1, the frame counter 

is decremented, and the next frame proceeds in the same way, with the current 

frame being coadded to the previous result in coadder memory. This proceeds 

until the frame counter reaches zero. When this occurs, LASTFRAME is set and 

the image is transferred to the FIFO memory by writing the result of the coadder 

to the FIFO instead of the coadder memory. The coadder memory is 

simultaneously loaded with zer9s, to prepare for the next integration. After the 

last frame is completed, the IMAGE READY flag is set, the frame counter is 

initialized and the next integration begins. 

If a STOP COIMAGE command has been sent during a coimage, the data 

taking process continues until the last frame has completed and the IMAGE 

READY flag is set. At this point, the IMAGING flag is turned off and the data 

taking stops until the next START COIMAGE command is received. The imaging 

process will stop only after the last frame has been completed, so to take a single 

frame, START and STOP COIMAGE commands must be sent consecutively 

before the frame has completed. 
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1.4.4 Signal Processor (SP) 

The function of the SP board is to sample the analog waveform from the 

detector at one or more places per pixel to determine the voltage due to flux on 

the detector. This information must be converted to a digital value and stored 

in memoty. Successive frames are coadded, according to the observing mode 

selected, and saved in memoty. The data is transferred as requested to the 

controller board when the PC directs the transfer of images. A block diagram of 

the signal processor is shown in Figure 1.15. There are five main sections to the 

SP board: the analog section, the AID sampling, the fast coadder, the coadder 

memoty, and the FIFO memoty. 

1.4.4.1 Analog Section 

The analog portion of the SP consists of an amplifier stage and a voltage 

over-range protection circuit. The amplifier stage includes a unity gain buffer 

with programmable bandwidth, and a second amplifier with unity gain. The 

bandwidth selection allows the maximum bandwidth in the sampling to be set 

to the optimum value, based on the operating frequency. The available 

bandwidths are given in Appendix 4, in Table A4.2. Noise can be filtered out in 

this way without loss of signal, decreasing the read noise, hence increasing the 

dynamic range for background noise limited operation. 
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The voltage over-range circuit is to protect the AID converters from 

unintentional inputs that exceed the safe operating range of the converters. The 

maximum input range for conversion is ±2.5 V, and the maximum safe voltage 

is ±3.5 V. The voltage protector circuit clips the voltage at 3.0 V so that the safe 

range of the converters is not exceeded. The output of this stage is connected to 

the input of the track and hold device, which is controlled by the AID converter. 

1.4.4.2 AID Sample Modes 

The analog-to-digital conversion is directed by signals from the controller 

board and is synchronized with the addressing of the detector to insure the 

samples are taken at the appropriate time. The output voltage level from the 

detector is proportional to the amount of flux incident on the detector, so to 

measure the flux, the output level must be measured accurately. After the 

analog signal is sampled and converted to digital numbers, these numbers must 

be added (or subtracted) and stored until read out by the computer. When the 

CONVERT pulse arrives from the controller, the AID converter commands the 

track and hold chip to hold the current input value, and then converts the input 

voltage to a digital value, which it transfers to its output bus. The data word 

from the 12-bit AID chip goes through a latch to an input to the coadder chips. 

Figure 1.16 illustrates a typical column output signal and the relevant 

timing. Three pixel reads are shown in this figure, the middle pixel being 
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illuminated by a point source and the two pixels to either side illuminated by a 

faint background. When the pixel output is selected, the output rises to the 

signal level. The reset pulse causes a spike to appear in the output. The output 

level then falls to the reset level. The signal is then the difference between the 

signal level and the reset level. 

There are several sampling options available. The simplest mode available 

is "single sample", where one sample is taken before the reset pulse. This mode 

generates one data word per pixel. This mode cannot be used effectively for 

taking data in most cases, since. it depends on the absolute stability of the output 

level from frame to frame, which is subject to drift. 

A second type of sampling available is "double sample", where two 

samples are taken per pixel, one immediately before and one after the pixel reset. 

The first sample measures the pixel output after the integration, and the second 

sample measures the output level after resetting the pixel. The difference 

between these two levels is the signal due to flux on the detector. There are 

actually two modes available for this, one named "delta reset" and the other 

"double sample". The delta reset timing is shown in Figure 1.17. Both take 

samples in the same way, but in the delta reset mode, the two samples are 

subtracted immediately in the fast coadder and stored as a difference. The 

advantage to this mode is that the number of data words that must be transferred 

to the computer is cut in half, making fast frame rates possible. The delta reset 

mode is the one used most often on the telescope when using the mid-infrared 
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10% bandpass filters. 

Another available mode is "triple sample", where three samples are taken 

per pixel reset, one just before, one during, and one after the reset. The sample 

taken during reset is clamped to a constant reference voltage. This mode is 

potentially useful for relatively long integrations for near infrared observations 

and for high spectral resolution mid-infrared. observations with a Fabry-Perot 

interferometer (see section 1.8.2). 

1.4.4.3 Fast Coadder 

The coadder adds successive frames and stores the result in the coadder 

memory. The SP block diagram in Figure 1.15 shows the general path of the 

data. The 12-bit data from the current row being read out is added to the 24-bit 

coimage currently in the memory (the memory values are zero if this is the first 

frame). The result of this operation is then stored back in the coadder memory, 

overwriting the previous result. During the last frame of the cOimage, the result 

is transferred to the FIFO memory, and the coadder memory is loaded with zeros 

from the second set of tri-state buffers which are connected to ground (digital 

zero). 

The 24-bit coadder memory can store a coimage with as many as 4096 

frames (12-bit per pixel) without overflowing. This means that a much slower 
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image transfer rate between the camera and the computer can be used. For 

example, if the camera is operating at the maximum full frame rate of 9766 Hz, 

the transfer rate to the PC can be as slow as 2.4 Hz if performing the maximum 

number of coadds. Usually, the number of frames per coimage and the transfer 

rate is determined by the time for a telescope secondary half "chop" cycle, 

typically .05 seconds. 

1.4.4.4 FIFO Memory 

The FIFO memory is where the image is stored until the PC reads the data. 

The use of separate coadder and FIFO memory gives the camera the capability 

of taking a second image while preserving the first image. The read and write 

operations to the FIFO can be ~synchronous and can be done simultaneously. 

The camera can therefore be continuously taking data, with no "dead time" 

between images. No conflict will arise if the second image is completed before 

the first image is completely read out. 

The implementation of the FIFO memory on the SP uses the Cypress 

Semiconductor CY7C421, a 512x9 bit FIFO memory. Three are used per channel, 

or six per SP board. 24 bits out of the total of 28 are used for data, and two bits 

are loaded with the current area of coadder memory, based on the sample mode. 

This gives a total of 26 bits of valid input. The MSB input is set to GND. There 

are two flag outputs of the FIFOs, a FIFO full flag and a FIFO empty. The first 
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flag is set when a WRITE TO FIFO operation is attempted when the memory is 

full, and the second flag is set when a READ FROM FIFO operation is attempted 

when the memory is empty. These two flags are appended to the output word 

from the FIFOs when being read out, to make a total of 28 bits that are 

transferred to the pc. 

1.4.5 Command and Data Link to PC 

The MIRAC controller is linked to the array processor board (APB) in the 

PC by a serial transmission line using the "Manchester" data encoding format at 

1.25 Mbitlsec. This is accomplished using two 1551 encoder/decoder chips 

manufactured by Harris. One chip is in an interface box connected via two 16-bit 

I/O cables to the APB, and the other is on the controller. One Manchester

encoded word is 32 bits long. All of the operating parameters of the camera are 

set by the computer sending commands through this interface, and all data are 

received from the camera through this interface in the opposite direction. 

Appendix 4 gives a list of the commands used. 

The APB sends commands to the controller through its parallel I/O bus to 

the interface box. The command to be sent is written by the APB as two 16-bit 

words, which are latched to a 32-bit bus in the interface box. The useable size 

of a transmitted word is 28 bits, the other bits are used in the Manchester 

encoding format for synchrOnization bits and parity. The 1551 chip then reads 
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the data in through a parallel to serial shift register, encodes the data word, and 

sends it to the 1551 chip on the controller in the MIRAC electronics. Command 

words are accepted asynchronously by the 1551 chip on the controller and are 

decoded and output as a serial stream consisting of the original word sent. The 

data enter a serial-to-parallel shift register and are clocked in a set of latches. 

The command segment of the word is sent to a decoder chip which 

determines which command is being sent. Based on this, the data, if any, can 

be sent to the appropriate latches to store the parameter just sent. For example, 

if the command being sent is to set the number of frames per coimage, the upper 

5 bytes that carry the command will be decoded to select the frames per coimage 

command, and the lower 12 out of 23 bits will contain the number of 

frames/coimages to use. These data are latched into a register in the controller, 

which is used to determine when the coimage is finished by being compared to 

the "number of frames completed" counter. Other commands, such as the FIFO 

reset, do not require any data bits in the command. 

There are two types of commands that can be sent to the electronics 

controller from the computer, "Group 1" or data functions and "Group 2" or 

parameter setup functions. See Appendix 4 for a summary of the commands 

available. The first group of commands are always active (i.e., the controller will 

respond regardless of its state). These commands include the RESET commands 

for the controller and the SP FIFO memory, and commands to control the image 

recording and transferring to the computer. The second group can only be set 
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when the camera is not "imaging", or currently sampling and storing data. This 

is to prevent the parameters from inadvertently being changed during an 

observation. 

The transmission of data from the camera to the APB proceeds in a similar 

way, except it is initiated by a command from the APB requesting a number of 

words based on the current data sampling mode (1 word per pixel for single 

sample and delta reset, 2 for double sample and 3 for triple sample). The camera 

then sends the requested number of words to the APB, which places the data in 

memory to be used by the PC. Data words are sent in a similar way as from the 

APB, with the data first loaded into a shift register, clocked into the 1551 chip 

serially, and then transmitted to the 1551 chip on the interface, where they are 

decoded and sent to the computer. The image data words are 24 bits long, with 

the upper 4 bits used for transmitting the area of coadder memory used and the 

FIFO full and FIFO empty flags. These latter flags can be used to monitor the 

condition of the memory to D:tsure that images are not being overwritten. 

The serial encoding chips now in use have a 1.25 Mbit transmission rate. 

The data words sent are 32 bits long (with 28 bits valid data), so an entire frame 

of 20 columns and 64 rows can be transmitted in .033 'sec, or a rate of 30 Hz. For 

single sample or A reset mode, this gives a maximum chop frequency of 15 Hz 

(2 frames per chop cycle) when reading out the entire array. 
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1.4.6 Temperature Contro"ler 

The detector sensit=. nty and uniformity. are functions of the detector 

operating temperature, so in order to calibrate the observations properly and to 

reduce noise due to drifts, the detector temperature must be maintained constant. 

There are four factors which affect the detector temperature: the detector self

heating, the power dissipated by the heater resistor, radiative and conductive 

cooling to the helium temperature cold plate, and the flux incident on the 

detector. 

The direct connection of the detector mounting block to the cold plate is 

through a flexible cc, pper heat strap attached to the base of the mounting block. 

The block is attach~d to the slide of the mounting bracket via a block of G-10 

which acts as an hsulator. This is done to thermally isolate the detector stage 

from the cold plate so that the detector can be operated near 10K, and to insure 

that the dominant cooling is through the heat strap and therefore can be easily 

controlled by ch anging the size of the strap. The thermal connection can be 

adjusted in thiE' way to insure that the minimum amount of extra heating is 

required to mai lltain the temperature at the proper value, minimizing the amount 

of helium boil-off and heat dissipation inside the dewar. 

The te nperature controller monitors the temperature at the detector by 

measuring the voltage across a calibrated diode (Lakeshore Cryogenics DT -470-

5D-12) whi( h is attached to the detector block on the sliding mount. The heater 
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resistor is also attached to the same block. The diode calibration is valid for a 10 

J.'Amp current, which when at a temperature of 10K results in approximately 1.2 

V across the diode. The MIRAC program, described below, continuously 

monitors the temperature sensor and displays the current detector temperature 

in real time. 

The controller has two modes, a "manual" mode where the heater voltage 

is set directly without feedback, and the "auto" mode where the controller sets 

the heater voltage to maintain a selected temperature. The controller can control 

the temperature in the range of about 8K to 16K with a stability of .OO3 oK rms. 

The controller was designed by William Hoffmann and Barry Mclendon and 

assembled in the Steward electronics shop. 

1.4.6.1 Temperature Controller Operation and Test Results 

Figure 1.18 shows the cool-down of the dewar from room temperature, first 

after the pre-cool using LN2, and then after filling with helium. The time 

required to cool from room to LN2 temperature is approximately 4 hours, and the 

time for cooling from nitrogen to helium temperature is approximately 75 

minutes. Since the detector block presumably has the weakest connection to the 

helium reservoir, the detector temperature should be a good indicator of the 

complete cooldown of the system. 
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Figure 1.19 shows the effect of the controller being turned on and set to 

reach a desired temperature, and the effect when changing temperatures. 

Initially the heater turns full on, to heat the detector block from LHe temperature 

to the goal of near 8.5 K. The controller increases the heater power initially to a 

value greater than necessary to maintain the desired temperature, to reduce the 

time necessary to reach it. As the detector heats and gets near the goal, the 

heater power is reduced until the temperature settles on the desired value. 

Similarly, if reducing the temperature, the heater will reduce its power input to 

a value below what is required to maintain the goal temperature, in order to 

minimize the time necessary .to reach the new temperature. If the new 

temperature value is drastically different from the current one, there may be some 

overshoot in the temperature, but it will still reach the new temperature much 

faster than if the heater had simply been set to the equilibrium value. 

When increasing the temperature slightly, as was done from seconds 320-

500 in Figure 1.19, the overshoot is less severe and the temperature stabilizes 

quickly. When reducing the temperature slightly, from 700-900 seconds, the 

heater turns off completely and the cooling time is dominated by conduction 

through the copper strap attached to the detector block. 

The flux incident on the detector has an effect on the heating, although not 

a direct one. When the output level of the detector changes, it changes the 

amount of power being dissipated in the output MOSFET source follower. When 

the detector is operating under low flux conditions and the output signal is low, 
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the voltage drop across the source follower is high, dissipating more power on 

the detector readout. Therefore, less heater power is required to maintain the 

temperature. When the detector is operating under high flux, less power is 

dissipated by the output source follower, so more heater power is required. This 

has the curious effect that when going from blanked off to fully illuminated, the 

heater power has to be increased, which is the opposite one would expect if the 

detector was being significantly heated by external radiation. 

This effect is illustrated in Figure 1.20, where the detector temperature and 

heater power are plotted as the filters are changed between the 8.8, 9.8, and 11.7 

J,£m filters. As the filters are changed, the detector is momentarily blanked off, 

the self-heating increases, and the detector temperature rises. The controller tries 

to compensate to this by dropping the heater power. When the new filter is in 

place, the self-heating returns to close to its previous value, and the heater power 

rises again. The net effect of this is that about 150 seconds are necessary for the 

detector to stabilize between filter changes, or any other changes that increase the 

output level of the detector, such as changing the delay or frame rate. It should 

be noted that this test was performed before the temperature controller was 

properly optimized, so this is perhaps a worst case. 

Since these tests were done, several changes were made in the thermal 

connections of the detector stage. The heat strap was making poor contact with 

the cold plate because of loose connections, so the strap w~s tightened and had 

to be significantly reduced in size. Also, the detector cover was not properly 
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tightened, so parts of the detector stage were not thermally connected. When 

these changes were completed, the heat transfer properties were measured by 

monitoring the temperatUre in the 8-12 K range under changing heater power 

inputs. The thermal conductivity:1o the LHe cold plate from all paths was 

determined to be 5.7 mWIK. The contribution to the conductivity from the heat 

strap was determined from measuring the total condu~vity as the width of the 

strap was reduced. The conductivity of the strap currently being used, is 3.6 

mWIK. The heat capacity of the detector block is 2.77 JIK, for a time constant of 

485 sec. 

1.4.6.2 Temperature Controller Performance 

The temperature controller circuit was optimized for the MIRAC dewar 

before the most recent observing run from June 1-3, 1991. The relevant 

parameters of the dewar are, the heat capacity of the detector block and the 

cooling power of the copper strap in the temperature range near 10K. The strap 

had recently been modified so that the self-heating of the array would bring the 

temperature to 8.5 K for a V ADJ of -5 V, so that the extra heater power required 

would not be excessive yet allow good control of the' temperature near 10K. 

The temperature of the detector and the heater power at the time of each 

observation are recorded in the observation file header. Several hundred 

observations are taken on a night with good weather. From these data, a record 



71 

of these parameters can be compiled for the entire night. This was done for the 

night of June 3, 1991, and the results are displayed in Figure 1.21. The first 

graph shows the temperature of the detector, and the second graph shows the 

heater power. Except for a few short spikes, the temperature for each 

observation can be seen to be within a total range of about .005 oK. Excludingthe 

first 50 minutes of the night, the average temperature is 10.022oK, with a 

standard deviation of .003 oK. The largest variations can be understood as 

changing flux levels incident on the detector. During the first 40 minutes of the 

night, flat field integrations were being taken, which involves obtaining images 

at many different filter positions and two different sky positions. During the rest 

of the night, the variations can be caused by filter changes, or when the telescope 

is pointed at a different source. When the pointing of the telescope is changed 

to a new object, the telescope can momentarily point at the dome, which 

saturates the detector. 

1.4.7 Power Supply and Grounding 

Each subsystem of the MIRAC electronics is separated, in most cases into 

its own shielded enclosure, to prevent additional noise on the detector signal. 

Each of these separate systems has its own power supplies, in order to isolate it 

further from the other subsystems. In total, eight separate supplies are 

necessary. For the portablility requirement for MIRAC, the supplies were 

designed to be easily portable and convenient to set up. The power supply was 
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designed by Frank Laccata and assembled by Peter Crawford at SAO. 

1.4.7.1 Power Supply 

The DC power supplies for the controller, signal processor, preamp, bias 

supply, and temperature controller electronics are housed in a single suitcase 

style aluminum case, approximately 43 x 53 x 19 em. The power supplies are 

from Power One, Inc., and are summarized in Table 1.5. The voltage of each 

supply is higher than what is necessary for the components on the board, 

allowing for a voltage drop in the power cable and on-board voltage regulators. 

Table 1.5 MIRAC Power Supplies 

Electronics Power One output Voltage Amp 
Subsystem Model # Volts On Board Rating 

Preamp HAA24-0.6-A ±24 ±15 .6 

Bias HAA24-0.6-A ±24 ±15,±10 .6 

Camera Clock HB12-1. 7-A -12 -4 1.7 

AID Converters HB12-1. 7-A -12 -5.2 1.7 

Analog Processor HN24-3.6-A 24 15 3.6 

Analog Processor HN24-3.6-A -24 -15 3.6 

AID and Fast HE12-10.2-A 12 5 10.2 
Coadd Logic 

Detector Heater HAD15-0.4-A ±15 ±l2 .4 

All of these supplies are mounted to the panel in the lower half of the 
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power supply case. There is an ELCO connector on the front panel for the 

power cable, a number of power supply status LED indicators, a multiple-pole 

switch and two test points where currents can be monitored, power switches for 

electronics and temperature monitor and heater power, and a standard 3-prong 

AlC power cord. 

An interlock circuit prevents the power supply from providing power to 

the camera electronics if the power cable is not plugged in properly, or if the 

detector is above the maximum safe operating -temperature. This prevents 

accidental damage of the detector if the dewar has for some reason warmed up. 

This circuit also provi~es a short time delay after the AlC power to the supplies 

is turned on, to allow them to stablilize to their proper output values and to 

prevent any voltage spikes from propagating to the camera electronics. 

As mentioned above, there are on-board voltage regulators that provide 

a stable, low noise voltage of the proper value.' This provides isolation of the 

electronics from noise pickup on the long power cable, as well as isolation 

between the various systems on the same board. This is especially important on 

the controller and signal processor boards. The clock signals necessary to run the 

detector are generated on the controller, and separate voltage regulators and 

optical isolators prevent pickup from the digital signals on the controller. On the 

signal processor, the analog section and the AID converters use a separate voltage 

regulator from the digital logic of the fast coadder and FIFO. This prevents noise 

from being introduced before the AID conversion takes place. 
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An additional benefit of separate supplies and regulators on the boards is 

that when problems occur, they are relatively isolated and can be located easily. 

For example, there were a few bypass capacitors that failed on the signal 

processor boards after several hours of use. The output at the computer quickly 

shows which signal processor boards are not working. There was no short when 

tested with an ohm meter, but when power was turned on, the voltage drop 

across the regulator indicated that the current had reached the regulator's 

maximum rating. 

1.4.7.2 Grounding 

The grounding within the MIRAC electronics has been carefully designed 

to prevent noise and ground current loops within the system. The camera and 

electronics are isolated and all electrical connections to the telescope control room 

are through the power cable. The dewar is isolated from its mounting plate and 

the telescope through G-IO spacers and nylon washers. The camera is isolated 

from the computer through optical isolators on the serial transmission line. 

All of the power supply returns are brought out to the electronics 

separately in the power cable. Earth ground is also brought out on a separate 

line and connected to the electronics backplane. The power supply returns 

(except for the biases, isolated clock drivers, and preamp), earth ground, and the 

electronics chassis are connected together at the electronics backplane. The 
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dewar case is connected to the electronics chassis via its mechanical mounting. 

The returns for the bias supplies and isolated clocks are connected to the dewar 

case at the top of the dewar 'near the connector. The return from the detector is 

also connected to the dewar at this point. The preamp return is connected to the 

electronics chassis. On the SP boards, the analog and digital returns are also tied 

together at the AID converter. 
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1.5 MIRAC Computer and Interface 

1.5.1 Data and Command InterfacelLocal Controller 

The interface between the MIRAC electronics and the APB discussed 

above also serves as a "local controller" that enables commands to be sent 

without the computer. The interface detects whether it is connected to the PC. 

lf not, the encoder switches to local mode, where the commands are entered 

using a set of thumbwheel switches and a push button to send the command. 

All the commands may be sent in this way to initialize the camera to the desired 

operating parameters. 

1.5.2 Array Processor Board (APB) 

All communication to the MIRAC electronics as well as control of data 

transfer and chopping is done through an AT -compatible coprocessor board 

called the SKY 321-PC array processor, made by Sky Computers, Inc. This board 

utilizes the Texas Instruments TMS 32010 digital signal processor; a 25-MHz fixed

point 16-bit processor, with a 32-bit accumulator, 16x16 bit hardware multiply 

instruction, 4K program memory and 144 bytes of on-chip RAM. A block 

diagram of the SKY board is given in Figure 1.22. It has several registers that can 

be assigned to I/O ports on the PC, and 64K of data RAM which is memory

mapped onto the PC address space. This results in increased speed and 
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flexibility, since no explicit data transfer is necessary between the SKY board and 

the PC - the data are just read and written directly to memory by both the PC 

and SKY board. The SKY board is also equipped with two 16-bit auxiliary ports 

for input and output, based on an extension of the DT -Connect format, a protocol 

designed by the Data Translation Corp. for use with their AID and frame 

processing boards. These ports are used to communicate with the camera 

through the local controllerfmterface. There are a few additional I/O bits that 

provide control of the data I/O to the interface and from the camera, and four 

digital outputs, one of which controls the chopping of the telescope. Programs 

for the SKY board are written in TMS 32010 assembly language and are compiled 

on the PC. The object code is then written to the program memory on the board 

directly by the PC. 

The operation of the SKY APB program i~ shown in Figure l.23a. There 

are three main functions of the APB program: to f€!:eive command words from 

the PC to send to the camera electronics, to coadd images and alert the PC when 

the image is finished, and to receive commands from the PC to set parameters 

within the APB program. After initialization, the APB enters a main "polling" 

loop where it checks the status of registers and takes the appropriate action. In 

the first function, the APB enters into a mode where it transfers all data received 

from the PC to the camera, until the mode is terminated by the PC. Control of 

this transfer is through the STCREG, or status and control register, and the data 

are transferred through the COMREG register. The camera initialization and 

operating parameters are set in this mode, as well as sending the BEGIN and 
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END COADD. Depending on the observing mode, the PC also sets variables in 

the APB program. These include whether to chop or not, how many coimages 

in the image, how many coimages per chop cycle, the chop wait time, etc. These 

are set by writing the parameters to the shared data memory, then commanding 

the APB processor to read these parameters into its on-chip memory. 

Figure l.23b illustrates the operation of the image transfer and coadd 

routine. There are two basic data taking modes which the APB controls, the 

"Grab" mode and the "Chop" mode. (For wobbling the telescope, the PC does 

a series of GRAB or CHOP images.) In the grab mode, the APB constructs a 

single image from the coimages sent from the camera. When the required 

number of coimages has been recorded, the camera is sent the STOP command. 

In the chop mode, two separate images are constructed at the same time, one for 

each chop beam. In between each chop phase, the camera is stopped, the chop 

beam changed, time is allowed for the chopper to settle, and the START 

COIMAGE command must be sent. This procedure is repeated until the desired 

integration time on source is reached. In both modes, when the number of 

coadds has been taken, the APB halts the camera and notifies the PC that the 

image is ready. When the PC is done storing the data, it signals the APB to 

continue observing, or to wait for the next command. 

Figure l.23c shows the 'procedure on the APB and on the PC for 

transferring command words from the PC to the APB. Three flag bits and nne 

8-bit data port is used to transfer the 16-bit command words. The routine to send 
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commands to the electronics from the PC is similar. When the data word is 

received from the PC, the APB calls the subroutine to send the word to the 

electronics, then returns to this procedure to acc~pt the next word from the PC. 

1.5.3 MIRAC PC Control Program 

;S .. 

The main tasks of the PC control program are to send the operating 

parameters to the APB and the camera, to initiate the data taking and store the 

images, aJ;1,d to display the images and provide simple data analysis functions. 

Also, since image accumulation times are often several minutes, it is desirable to 

be able to perform display and analysis functions while the camera is taking data. 

An additional goal was to make the program relatively simple to operate, so that 

it could be used by new observers with minimum instruction and possibility for 

user-generated errors . 

. r 

,. These designs were implemented in the control program called MIRAC, 

written in Turbo Pascal v. 5.0 for an MS-DOS computer. The program will run 

in any mM-compatible PC running DOS v. 3.3 or above, with 640K RAM and an . 

available 8-bit slot for the APB and available address space between 640K and 1 

MB. The program can be run on any PC without the APB to use the data 

analYSis and display functions on previously obtained data. A hard drive is 

recommended for fast storage and retrieval of data. If a math coprocessor is in 

the system, the program will use it to increase the speed of calculations. The 
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program uses overlays to swap out parts of the program that are not currently 

being used, allowing the program and data space to be larger than 640K. The 

unused code is stored in expanded memory and swapped as needed. If the PC 

has no expanded memory, the overlays are swapped to the disk. The overlay 

operation is completely automatic and transparent to the user. The computer 

now used is a Gateway 2000, a 25-MHz 386 mM PC-compatible, with 4 MB of 

RAM, 150 MB hard drive, 80387 math coprocessor, and a monochrome VGA 

display. 

1.5.3.1 MIRAC Program Structure 

The user interface structure in the MIRAC program consists of a command 

line menu across the top of the screen, with pull-down menus for each general 

heading. See Figure 1.24 for an illustration of the program's main screen. There 

are several command line menus, each containing pull-down menus and entries 

to move between the command lines. There are four command lines: OBS 

(Observe), DISP (Display), PRN (Printer), and UTIL (Utilities). The OBS menu 

controls the camera operating parameters and observing modes. The filter can 

be selected, general features of the program set up '(i.e., the directory where 

images are stored, initializing the APB, etc.), and the user can start the process -" 

of taking data. The DISP menu includes choices of how the observations are 

displayed, including using a gain matrix andlor flat field automatically. Simple 

data reduction can be done, such as flat fielding and adding images together 
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using offsets to construct a mosaic image. Previously stored images can be read 

in and displayed. The PRN menu controls the ~rdcopy functions, usually to a 

grayscale image printed on a HP laser printer. Figure 1.25 shows an example of 

this printout. All of the relevant header parameter values are printed at the top 

of the output. Below that are various statistics on the image, including the total 

source counts and background RMS. The UTIL menu provides access to DOS 

functions, file output utilities, macro definitions, and system information. 

The current camera and program operating parameters are stored in a 

default file on the pc. All of these are collectively called the "header", since this 

information is written to the beginning of every image file stored. The header 

information may also be stored to other files and read in from the program by 

name, making it possible to keep default files for different telescopes or observing 

conditions. 

The most common display mode used is one that displays the most recent 

image taken, shown in Figure 1.24. At the top of the screen, below the 

command line, are some of the current camera parameters. The temperature of 

the detector is measured and displayed once a second, to allow for monitoring. 

The image is displayed in the center of the screen with a 16-1evel grayscale that 

can be autoscaled or the limits fixed to user-supplied values. For chopped images 

and nod sets, the off-source images are automatically subtracted. If a gain matrix 

or flat field has been chosen, it is applied to the image before being displayed. A 

summary of statistics of the image is given below, including the average and RMS 
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for the whole map, as well as for any source in the image and the background. 

This gives a quick indication of the signal to noise of each image. If a source is 

detected in the image, a gaussian profile is fit to the source in both directions, 

and the source position and FWHM are displayed. The numbers labeled "SKY 

FLUX" are the level of one of the off-source images in the chop pair or nod set, 

and that number compared to the last several images. This gives an indication 

of the absolute sky flux, and can be used to indicate when the sky is varying 

rapidly. 

At the bottom of the display screen are two status lines. The first displays 

the time, date, and the current object name. The camera status is also displayed. 

The status can be "DATA" for taking an image, "IDLE" for no activity, "STORE" 

for writing an image to disk, "w AlT" for pausing during an observation. If 

observations are being taken, the time left in the current observation is displayed 

compared to the total time, and the current observation number compared to the 

total number to be taken. The second line displays information on the current 

data being displayed: the time and date of the displayed observation, and the 

source and file name. 

1.5.3.2 MIRAC Data Files 

The images from the camera can be viewed only, viewed and saved, or 

only saved. The data file names are chosen automatically, in a format which 
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includes the date and image number, for example, "C910528A.001", which is the 

first data file saved on May 28, 1991. The image files all start with the letter "C", 

followed by the last two digits of the current year, two digits each for the month 

and day, and an index letter that starts at "A". The file extension is a number 

that begins at "001" and increments automatically until 999. At this point, the 

index letter is incremented from "A" to "B" and the numbers go to zero. The file 

is therefore fully specified by the date, index letter, and number. The "header" 

of the data file includes all the information on camera parameters, program 

operating modes, and source information. The data are stored without change 

directly from the APB. For example, if the camera is being operated in double 

sample mode, both the "before reset" and "after reset" values are stored for each 

pixel in the image. In addition, if the image is taken in the chop or nod mode, 

all the images in that set are stored in the same file. When the picture is 

retrieved from disk, all the necessary arithmetic, such as subtracting off-source 

images and multiplying by a gain matrix, is done automatically, according to the 

information in the file header. This can also be overridden, and each individual 

frame in the file displayed separately. 

While observing, a log file can also be kept automatically by the program. 

This is a text file that keeps track of the images taken during a night of observing. 

The file begins with a listing of the current header parameters. After this 

information, one line is written for every observation, with the following 

information: File number, date, time, wavelength, integration time, object name, 

and offsets. This file can be viewed from within MIRAC, in case one needs to 
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double check the observations that have been performed during that particular 

session. If the program is terminated, when the program is started again the 

new observations are appended to the old list for that session, unless a new file 

is started. A new file is automatically started for a new night of observing. 

1.5.3.3 Telescope Control 

The MIRAC program has a number of options to control the operation of 

the telescope. The chop signal is generated by the APB and the output is located 

on the local controllerrmterface box. This is a 0 to 5 V logic level, with 0 

specifying the first chop beam and 5 V the second chop beam. The "on-source" 

beam is software selectable. 

There are a number of different options for controlling the telescope 

wobble motion. One option is to output a logic level to specify the beam. This 

can be used on the SO 2.3 and 1.5 m telescopes; which have a wobble interface 

that accepts a logic level input. This output is provided on the AID breakout box 

(the same box that connects to the dewar temperature monitor). Another 

possibility is to trigger the telescope wobble using a logic pulse. This is necessary 

for the IRTF telescope control. Either a positive (0 - 5 - q,V)or negative-going(5-

o -5 V) pulse can be selected. 

On the SO 2.3 and 1.5 m telescopes, the telescope can also be controlled 
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by sending ASCII commands via a RS232 interface to the mount micro. In 

addition to the wobble beam control, other telescope parameters and commands 

can be sent, such as setting the guide and drift rates, RA and Dec bias rates, 

setting offset and wobble vectors, and various telescope motion commands. 

The MIRAC PC program has the ability to control the telescope offsetting 

for a series of observations, in order to construct a mosaic image. The offsets 

may be entered in an "absolute" mode, where a zero point is defined and all 

offsets are relative to that initial position, or a "relative" offset, where the offsets 

are relative to the previous observation. All offsets can be entered in units of 

pixels or arcsec RA and DEC, and the program, using the plate scale of the 

telescope and the camera magnification, calculates the offset in RA seconds of 

time and Dec arcsec. Before each observation, the observer has a chance to enter 

the desired offsets, and the PC then sends the offsets, moves the telescope, and 

after an appropriate delay starts the observation. These offset values are saved 

to the image file header, so when the images are combined these offsets can be 

used to align the images. 

1.5.3.4 Image Display and Processing 

There are a number of built-in display capabilities in the MIRAC program. 

These include contour images, grayscale maps, and "cuts", or a plot of a single 

row or column. The current image can be displayed, or previous images read 
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from disk files. These displays can be printed, and there are additional printout 

options, such as printing out the values in a map, or doing statistics on the rows 

or columns. Figure 1.25 shows a typical printout of an image. All the camera 

parameters and observing conditions are displayed in the top section of the 

output. Some statistics of the image are displayed, similar to the observing 

screen. The grayscale image is printed at the bottom. 

The MIRAC program has the capability to perform simple image 

processing tasks. Gain matrices and/or flat fields can be applied to an image, an 

image can be smoothed, and images can be added, subtracted, multiplied, or 

divided by constants or other images. A mosaic utility also exists, where the 

images can be combined using offsets from a number of sources. If the telescope 

was being controlled by the PC, the offsets stored in the file header can be used. 

The user may also type in offse~s, or select to have them read in from a file. The 

offsets can also be calculated by the mosaic routine, by aligning the peak values, 

calculating the centroid, or a cross-correlation calculation. The images are shifted 

and averaged. 

For additional processing, a utility exists within the MIRAC program to 

convert the image files to FITS format, and can be read directly by IRAF or 

another image processing program. The utility program reads in the image file 

and performs the subtractions and gain matrix arithmetic, and can also expand 

the map into subpixels for more accurate registration of the images. The images 

are written to FITS files on the PC, which can be transferred to other computers 
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by copying to disks or using ethernet, if available. 
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1.6 Guider Box 

The Guider box has two main functions: to provide the mechanical 

connection from the dewar and TV monitor to the telescope, and to bring the 

telescope beam into these instruments. Figure 1..26 illustrates the basic design of 

the guider box. It is a rectangular, anodized aluminum box, with a round flange 

on the top for mounting to the telescope. The beam exits the telescope at the 

Cassegrain focus and enters the guider box through a hole in the top. There is 

a large mirror that can be rotated into the beam near the midpoint of the guider 

box. This mirror can be used with an eyepiece attached at the viewport, but is 

usually in the stow position, out of the field of view of the camera. The telescope 

beam first encounters a beam splitter, which reflects the IR radiation to the side 

where the MIRAC is mounted. Some of the optical light passes through the 

beam splitter and is reflected by other mirrors into the TV guider. This design 

allows for simultaneous viewing of the source for guiding while the IR image is 

being taken. The guider box design was modified and fabricated by Tom Tysenn, 

and the coupling between the dewar and guider box was designed by Dick 

Young. 

1.6.1 Optics - Dichroic, Optical Flats 

The beam splitter and mirrors in the guider box are shown in Figure 1.26, 

along with the two telescope focus positions for the MIRAC high and low 
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magnification settings. In order for the TV guider to be in focus at each of the 

positions, two folding flats are used to provide additional optical path length, and 

the third flat changes positions to add or remove these mirrors from the path. 

When the rotating flat is in position shown in Figure 1.26a, the telescope beam 

is reflected directly from the rotating flat into the TV guider relay optics. For the 

high magnification case, the mirror is rotated into the position shown in Figure 

1.26b, and the telescope beam is reflected from the lower two mirrors first before 

being reflected by the rotating mirror into the TV guider optics, thereby adding 

12.54 em to the path length to allow the TV to remain in focus. The moving 

mirror rotates on a shaft mounted in bearings pressed into the side of the guider 

box, and each position is defined by a hard stop. The position of this hard stop 

is adjustable using a St'reW mechanism attached to a knob outside of the guider 

box. 

The dichroic mirror is mounted in a cell in which the tilt of the mirror is 

adjustable using a spring-loaded "floating" mirror holding bracket. This cell 

moves above a fixed plate that is connected to the outer walls of the box. This 

is illustrated in Figure 1.27. One comer of the mirror holder rests on a steel ball 

on which it can pivot. There are recesses in the plates where the ball sits, and 

the two plates are pulled together by three springs. In the two comers next to 

the comer with the ball, springs pull the mounting plate against adjustment 

screws that are linked to knobs outside the guider box. Turning the knobs 

causes that comer of the mirror to rise or fall, resulting in an almost pure E-W 

and N-S adjustment of the beam. 
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1.6.2 Mechanical Coupling of Dewar and Box to Telescope 

The guider box is connected to the telescope by at least three 5/8" bolts 

that connect the mounting flange to the Cassegrain mount of the telescope. The 

dewar is connected to the guider box via the interface illustrated in Figure 1.28. 

A mounting plate is bolted to the dewar using G-IO spacers and nylon sleeves 

around the bolts to achieve electrical isolation from the telescope. The surface of 

the mounting plate that attaches to the telescope has a slot in the center and a 

stainless steel tooling ball mounted near the top. Two captive bolts on either side 

of the slot are mounted in the plate. The guider box has a steel block near the 

top with a hemisphere recess in the top to accept the ball on the dewar mounting 

plate. About midway down the guider box there is a block with a ridge which 

fits into the slot on the mounting plate, and two threaded holes in which the 

captive bolts on the plate attach. 

This design makes it easy to mount the dewar on the telescope. To attach 

the dewar, the dewar is lifted to the guider box, tipping the top forward slightly. 

The ball is inserted into the hole and the slot is aligned with the ridge, and the 

dewar is slowly lowered to lock it into place. At this point the dewar is held to 

the box, and the two captive attachment screws can be tightened to secure the 

camera. 
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1.6.3 TV Guider Port 

The TV camera mounts on the guider box on the opposite side from the 

dewar. The camera bolts to a tube that extends out from the face of the box. 

This tube contains reimaging optics to focus the image of the star on the TV, 

accounting for the longer optical path and the focus of the TV camera. The TV 

camera focus is almost even with the plane of the front surface of the mounting 

flange, and the telescope is focused for MIRAC, which has its focus at 13.72 em 

in front of the dewar window for low magnification, or 1.176 em for high 

magnification. This puts the telescope focus in front of the dichroic for low 

magnification, and a few centimeters past the dichroic for high magnification. 
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1.7 MIRAC Test Results and Performance Evaluation 

1.7.1 Initial Tests, Corrections to Reduce Noise 

Before the current electronics system was built, the detector was operated 

with a prototype controller and bias board, with one completed preamp board 

and no digital processing. The detector output was monitored at the output of 

the dewar and preamp, using a frame "synch" pulse generated on the controller 

board which could be used to determine the pixel address that was being reset. 

There were a few initial problems with the electronics that had to be 

overcome before the detector could be successfully operated. One problem was 

that V cso' a detector test point, had to be left floating for the detector to operate 

properly, whereas it was at first set to 0 V initially with its own bias power 

supply amplifier. The other problem was that the detector reset pulse was the 

wrong polarity. To reset properly it must be held at logic 1 (-4 V) throughout the 

integration and pulsed to logic 0 (-1 V) during reset. Initially, the electronics were 

designed to do the opposite. 

A number of noise problems were observed in these tests. First, digital 

pickup on the bias supply circuit at the controller board was measured to be on 

the order of 300 mY. This noise signal was present on all power supplies, 

ground planes, and bias supply outputs. There was no single digital chip or line 

that was causing the noise. When we attempted to determine the source of the 
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noise by removing the digital chips one by one and measuring the noise at each 

stage, the noise was reduced by approximately an equal amount for every chip 

removed. No amount of filter capacitors or rerouting of digital lines could reduce 

the noise significantly. Filter capacitors built into the bias supply cable leading 

to the dewar also did not eliminate the noise. It was because of this result that 

the decision was made to place the detector bias supplies in a separate box that 

was shielded completely from the digital electronics. 

Even when shielded in this way, the detector bias supply voltages and the 

clock signals come in close proximity, since they share a connector on the top of 

the dewar and a connector at the detector mount in the dewar. As a precaution, 

the filter capacitors in the bias cable were left in place, and as recommended by 

Hughes, additional bypass capacitors were installed on the connector board inside 

the dewar. The capacitors installed were Vitramon #VJ2321.A223 GFA, type NPO. 

These low temperature coefficient capacitors have a value of .022 J.£F (± 2%) and 

were supplied by Hughes. With the permanent controller board and self

contained bias supply currently in use, carried out with the grounding protocols 

described above, the bias line noise problems did not occur. 

Several detector parameters were measured during these tests. These 

measurements should be considered to be preliminary and approximate. The 

mean transimpedance of the array was determined by measuring the voltage 

across a current sensing resistor in the V DET line for the pupil blanked off and for 

the pupil open to f/45, 8.8 J.£m, and the 20% neutral density filter. This is a 
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measure of the total detector current for the 1280 pixels. The results are 

summarized in Table 1.6. 

Table 1.6 Transimpedance Determination 

Current sensing resistor R = 24.3 Kn 

Blanked Open 
Resistor voltage .045 2.55 mV 
Total array current .0019 .105 IJA 

Number of pixels 1280 
Total current difference per pixel .0805 namps 

Integration time 100 IJsec 

Integrated charge per pixel -15 coulomb 8.05x104 5.03x10 electron 

Detector output voltage difference .31 V 
(for a "typical" pixel) 

Transimpedance (V/Q) 1/.026_6 
pf-' 

6.2xlO Volts/electron 

The saturation voltage difference for a typical pixel (column 6 row 34) was 

measured to be .9 V, with a linear range of .75 V. In terms of electrons, the full 

well is 1.45x1(f and the linear range is 1.25xlOs electrons. 

The responsivity of the detector in amp/watt and e-/photon at the four mid

infrared filter wavelengths was determined from the measurement of the output 

of a "typical" pixel (column 6 row 34) with the calculated photon flux and the flux 

calibration performed with the Hughes calibrated detector. The solid angle was 

estimated from the design pupil size and pupil-to-detector spacing at low 

magnification. The area of the pixel was taken to be (.95 J.£m)2. The result of this 

calculation is shown in Table 1. 7. The measurements of signal correspond to the 
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signal difference between a 319K blackbody and the chopper blade at a 

temperature of 295K. The calculated QE agrees reasonably well with the expected 

value of approximately.23 at 10 J,£m. The significance of Table 1.7is not so much 

a detef':l\ination of detector properties as a check on the consistency of the values 

used for filter transmission, camera solid angle, optics efficiency, etc. The 

reference detector mentioned is the Hughes calibrated reference detector. 



Table 1.7 

Integration time 
solid angle at detector 
Area of pixel 

Window Transmission 
Optics Reflectivity 
Attenuator 

Responsivity Determination 

t = 100 IJsec 
n = 4.6'10.3 ster 
A = 9.03.5 cm2 

tw = .8 
to = .9 
tA = .20 

Filter wavelength (IJm) 
8.8 9.8 11.7 12.5 

output (volts) 
Output ( 104 e-/pix-read) 

·9 Output ( 10 amp/pixel) 

Filter bandwidth (IJm) 
Peak transmission 

Planck power 
(l0·11 W/pixel) 

Planck photon rate 
(105 photons/pixel-read) 

.34 
5.5 
.088 

.82 

.83 

3.6 

1.6 

Response (amp/watt) 2.4 
Response (e-/photon) .33 
Detector electron gain = 1.4 
Calculated QE .23 

.6 
9.7 
.16 

.93 

.81 

4.2 

2.2 

3.8 
.45 

Reference detector calibration 
output (l0·9amp/ mm ) 3.2 6.2 
Output (10· 11 amp/pixel) 3.2 6.2 
Ratio of array to 2.8 2.6 

reference detector 

.54 .7 
8.7 11 
.14 .18 

1.03 1.07 
.81 .71 

4.3 3.7 

2.7 2.4 

3.2 4.9 
.32 .47 

.23 .34 

7.6 7.8 
7.6 7.8 
1.8 2.3 
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These calculations do not take into account the detailed shape of the filter 

transmission curve and the detector response. Also, the emission of the dewar 

window, and the known undersize of the f/45 pupil add some uncertainty to the 

calculations. 
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1.7.2 Background Measurements Using Calibrated Detector 

The background level in the dewar was checked independently by using 

a calibrated detector loaned to, us by Hughes. At the time of this test, the gold 

plated surfaces inside the optics housing, the filter wheels, and detector section 

of the helium-shielded area had not yet been painted black, and not all baffles 

were in place. The measured background with both filter wheels and the pupil 

blanked off was 1.5'109 photons cm-2 sec-1• This is compared to 1.2'1015 photons 

cm-2 sec-1 for a 17K source, or 1.4'1018 photons cm-2 sec-1 for a 295K source (7l' 

ster). These photon fluxes are for the full bandwidth of the Si:As detector which 

peaks at 22 I'm and has a cutoff at 25 I'm. 

Other measurements were made with various attenuator and filter 

combinations. It was found that the NO attenuators did not reduce the flux by 

the expected amounts, and it was consistent with approximately 2% of the flux 

that passes through the first filter wheel bypassing the second wheel. This was 

attributed to radiation reflected from the gold coated surfaces and reaching the 

detector. All surfaces have since been painted black, so the background is likely 

to be lower than reported here, with less radiation bypassing the filters. 

1.7.3 Optimization of MIRAC Detector 

An optimization of the detector was performed by first choosing a method 



98 

to measure signal to noise, and then varying each of the parameters 

independently from their canonical values and measuring the effect on signal to 

noise (SIN). The parameters could of course be interrelated in some complex way 

and would require changing several parameters simultaneously. However, one 

would hope that testing each one individually would identify the critical 

parameters on which to concentrate. 

The test setup is illustrated in Figure 1.29. The blackbody source was 

positioned behind a plate with a hole. A chopper which is controlled by the 

observing program is placed in front of the hole. The signal measured was the 

difference between the blackbody and the room temperature chopper blade. 

Chopping was done at .585 Hz. The camera was operated at 7.5 MHz clock 

frequency, Half Array mode, 6400 coadds per chop phase, and a detector 

temperature of 11.521<. The signal was measured at .5 Hz, and the noise 

measurements were done at 12.2 Hz, 7600 coadds per chop phase. The data 

were obtained in the following way: at a particular parameter setting, three chop 

sets were done. In each of these chop sets, the off-source (chopper blade) frame 

was subtracted from the on-source (blackbody) frame and the result was 

multiplied by a gain matrix. The average of the resultant maps gave the "signal" 

used in the SIN calculations. The noise was measured by turning off the 

mechanical chopper, increasing the chop frequency to 12.2 Hz, and taking six 

images staring at the blackbody. The RMS of all pixels in the flat-fielded chop 

difference was calculated for each of the six measurements, and the average was 

taken to be the "noise" in the SIN calculations. The detector was tested at 8.8 
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I'm, with the 20% neutral density attenuator, a blackbody temperature of 310K, 

chopper temperature of 295K, and a frame rate of 9765 frames/sec. This 

background closely approXimated the expected background at the telescope, and 

the chopping frequency was chosen to be close to the 9-12 Hz rates used on the 

telescope. 

Table 1.8 lists the results of the optimization test. For each of the bias 

voltages, the SIN was measured for the "nominal" case, equal to the bias values 

recommended by Hughes. The SIN was also measured at the two other voltages 

given on that line, which are a small amount above (+) and below (-) the nominal 

value. The voltages are ~ given in the three columns marked "Settings", for the 

"-", "nominal", and "+" case. The second set of three columns give the SIN for 

each of the settings. The middle column SIN ratios were all measured at the 

same nominal settings, so it gives an indication of the scatter in the SIN values. 

The average nominal SIN is 3990, with a standard deviation of 85 (2%), so SIN 

ratio differences of a few perce!lt are not significant. In the "-" and "+" columns, 

the SIN measured is given, along with the percentage change from the nominal 

SIN in that row. 



Table 1.8 

Param- SETTINGS 
eter I Nominal + 

VSUB 8.89 9.0 9.29 

ISS1 4.85 5.05 5.25 

Vsso 2.832 3.032 3.232 
VDD2 0.319 0.518 .717 

VSS3 -.102 0 .100 
VSSD -1.229 -1.029 -.829 
VCAS -2.216 -2.016 -1.816 
VDD2 -2.217 -2.017 -1.817 
VDD1 -3.222 -3.022 -2.822 
VDET -2.820 -2.620 -2.420 
VRST -4.22 -4.02 -3.82 
VEN -4.19 -3.99 -3.79 
VADJ -7.02 -6.02 -5.02 

Other parameters: 

Bandwidth (relative to 1400 KHz} 
(KHz) 175 350 700 
SIN 3899 4072 4082 
% change +2.3 +6.8 +7.1 

Temperature (relative to 11.52K} 
OK 10.23 10.54 11.52 
SIN 4097 4008 3938 
% change +3.9% +1.8% 

MIRAC optimization Data 

1400 
3812 

12.51 
3755 

-4.6% 

4147 (+.39%) 
3953 (-1.7%) 
4176 (+6.6%) 
3804 (-4.0%) 
4064 (+2.2%) 
5111 (+28.6%) 
3942 (-0.7%) 
3926 (+0.4%) 
4000 (+3.9%) 
4077 (+2.7%) 
4042 (-1.8%) 
4070 (-3.0%) 
3917 (-2.6%) 

SIN at 
Nominal + 

3992 4021 (-1.7%) 
4021 4094 (+1.8%) 
3918 4176 (+6.4%) 
3962 4045 (+2.1%) 
3975 4030 (+1.4%) 
3973 4142 (+4.3%) 
3971 3835 (-3.4%) 
3911 4008 (+2.4%) 
3851 4008 (+4.1%) 
3969 4055 (+2.2%) 
4115 4034 (-2.0%) 
4199 4052 (-3.5%) 
4023 4188 (+4.1'tj 

-8 
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The tests confirmed that the system parameter settings used were close to 

optimum, and in most cases there were no indications that changes were 

necessary. One exception seems to be V SSD where an increase of 28% is shown, 

but it was discovered that the readout was saturating at the high background 

position, so that the noise was not being sampled properly. There is evidence 

for a trend towards higher SIN at lower temperatures, so a new operating 

temperature of 10.OK was chosen. This temperature was chosen since it was a 

canonical value used by Hughes. The behavior of the array was well understood 

at this temperature and it would be easier to compare our tests with previous 

results. 

Additional tests were performed on V ADJ and V DBT' illustrated in Figure 

1.30. The SIN measured for the V DBT values shown in Figure 1.3Oa seemed to be 

fairly flat across a range from -2.8 V to -2.2 V, and then dropped sharply down 

outside this range. The slight peak at -2.2 V is inside the scatter seen at -2.6 V 

where several measurements were taken, so is not considered a significant SIN 

peak. We concluded that VDBT could be left at -2.6 V. Similarly, the response of 

SIN to V ADJ shown in Figure 1.30b seems to be flat across the range tested, all 

points within the scatter at -6.0 V. Two other factors affect our choice of V ADJ. 

Making V ADJ more negative dissipates more power in the detector, increasing the 

self-heating. Making V ADJ more positive lowers the voltage across the output 

MOSFET source follower and reduces the bandwidth of the readout. It was 

decided to reduce V ADJ to -5.0 V, to reduce the detector self-heating. This also 

allows the temperature controller to regulate the temperature more effectively. 
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Reducing this any further would begin to limit severely the bandwidth and 

reduce our ability to run at high frame rates. 

1.7.4 Performance Results: Noise, Sensitivity 

During the evaluation and testing of the electronics with the final version 

of the controller board and the new multilayer printed circuit signal processor 

boards, much effort was put into reducing the extraneous noise sources in an 

attempt to keep the noise without the array to less than one least significant bit 

(LSB) of the AID converter. The main sources of noise were determined to be 

"pickup" in the analog section of the signal processor of the digital signals 

present on the same board. 

The noise in the analog section was occurring even though the analog 

circuit had been segregated into the front comers of the board with a separated 

ground plane. The magnitude of the pickup was extremely sensitive to the 

distance the analog component was from the nearest digital line. Several digital 

data printed circuit traces were incorrectly located under the analog section of the 

board. When these were re-routed with wires above the board and the original 

traces connected to analog ground, the noise was greatly reduced. In addition, 

there was one particular node (connected to the summing input of the second 

amplifier stage on the SP board) which exhibited extra noise that could not be 

reduced. This node had to be bypassed, mounting the components above the 
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circuit board. After these modifications, our noise goals were met, with a typical 

single sample noise of .35 LSB rms (.11 m V rms at the preamp input) with a 1 

MHz signal bandwidth. 

Additional testing was conducted to demonstrate the background-limited 

noise performance of the array. Measurements were made in the lab of the noise 

as a function of flux, using different filters and neutral density attenuators to 

achieve a variety of flux levels. The noise was determined for each pixel and then 

averaged over all pixels in the column. The noise was defined as the standard 

deviation of the value of a pixel in 100 consecutive coimages, each coimage 

formed from an average of 1500 consecutive frames. The standard deviation was 

then multiplied by the square root of 1500 to obtain the standard deviation 

expected from a single frame. The array was operated at a 0.1 msec frame rate 

and 3.2 J,£sec pixel sample interval. Images were combined in a "pseudo-chop" 

mode at 32 Hz, where consecutive 16 msec long coimages were alternately added 

and subtracted. This was to suppress any drift in the background or electronics 

during the integration. 

The results of these measurements are shown in Figure 1.31. The 

measurements are of two quantities, the background voltage and the noise 

voltage. The transimpedance of the array (g) is known from the measurements 

presented above. Noise results in the signal from the random nature of the 

conversion of photons to electrons and the motion of charge carriers through the 

detector. Assuming Poisson statistics, the number of noise electrons ne is a 
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function of the number of signal electrons Ne: 

(1) 

The photons are converted to electrons at a ratio given by the quantum efficiency 

of the detector. The detector has an electron gain, represented by G, which gives 

the rate at which photoelectrons are multiplied within the detector. The current 

due to these electrons is amplified by the CTIA of the readout and is measured 

as a voltage at the output, V. The following equation gives the relation between 

the detector properties and the output voltage: 

(2) 

The noise electrons ne are amplified by the same processes that the signal 

electrons are, so the output noise voltage v is given by 

(3) 

Using the above relations, a relation for the noise voltage as a function of the 

measured parameters can be written: 

v2 = VgG (4) 

This relation is strictly true only for each individual pixel. The difficulty in 

measuring these quantities is that g and G cannot be measured for each 
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individual pixel. In the detector array, each pixel will have a slightly different 

value, and the measurement will yield the average of these over the array, g and 

G. When the average values are used, the right side of equation 4 contains a 

"dispersion" term of the form ( 82 G2/ (8 G)2) • If the variances of these 

quantities are small, the dispersion term will have a value near 1. The array is 

relatively uniform and so it is assumed here that this dispersion term is unity. 

In addition to this electron noise term, there is a read noise term nR that is 

independent of the signal level. Therefore, the total measured output noise fZ.r 

is given by 

(5) 

The dashed curve in Figure 1.31 is a best fit of equationS for the data, excluding 

the two highest background points where saturation is occurring. This fit was 

done assuming a transimpedance g = .0063 mv/electron. The fit gives a fixed 

readout noise nR = .65 mV, and detector electron gain G = 1.41. These data were 

taken at a detector temperature of 10.521<, VOEr = -2.6 V, V AOI- = -5 V, in delta 

reset mode. The readout noise nR measured at the preamp input corresponds to 

a read noise of 188 IJ. V at the detector for double sample, or 133 IJ. V per sample. 

This implies a broad band noise of 133 nV Hz-l12 at the detector. 
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1.7.5 Standard Star Observations, Calibration 

Several stars of known magnitude were observed with MIRAC to 

determine flux calibration and sensitivity through the available filters at the 

telescope. The total counts in the image due to the source were added, and the 

background noise was estimated by calculating t4e RMS of a nod set taken off the 

source. The star B And was observed on December 8, 1990 at the SO 1.5 m 

telescope at 8.8,9.8, 11.7, and 12.5 microns. Table 1.9 gives the results of these 

measurements. The on-source integration time was different for each 

wavelength, ranging from 15 to 60 seconds, so the sensitivity values presented 

in Table 1.9 have been scaled to 1 second and 900 seconds on-source by 

multiplying by the square root of the ratio of 1 and 900 seconds to the actual on-

source observing time. 

Table 1.9 MlRAC Sensitivity ca1ibratton 
Steward Observatory 1.5 m Telescope 

Air Mass = 1 

NEFD (Jy/arcsec2) 

Wavelength 
(I-lm) 

Backgroun2 (1 sec on-source, (900 sec on-source, 

8.8 
9.8 

11. 7 
12.5 

(Jy/arcsec ) 4 sec total) 

2600 .28 
7338 .49 
4657 .31 
4665 .31 

1 hour total) 

.009 

.016 

.010 

.010 

'Measurements made 12/6/90, -4°C outside temp., humidity 24%. 
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The second column labeled "Background" is the £lux from the "blank sky". The 

flux at 9.8 JLm is high because of high atmospheric emissivity at that wavelength. 

During the design of MIRAC we calculated a sensitivity based on 

measurements or estimates of the detector quantum efficiency, camera optics 

transmission, filter transmission and bandwidth, telescope transmission and 

emissivity, and sky emissivity. For the 1.5m telescope, 900 seconds on source, 

1 hour total time chopping and nodding, this calculation gave a noise equivalent 

£lux density (NEFD) of .012 Jy/arcsec2 at 8.5 JLm and .013 Jy/arcsec2 at 12.5 JLm. 

These predictions agree with the observed sensitivity of .010 Jy/arcsec2 at 12.5 JLm, 

within the uncertainty of the calculations. 

Similar observations were performed at the Steward Observatory 2.3 m 

telescope, using ex Boo as the calibration source. Table 1.10 lists the results of 

these observations. There were high cirrus clouds during these observations, in 

addition to the relatively high humidity measured at the telescope, so these 

achieved sensitivities are likely to be poorer than what can be achieved under 

better conditions. 



Wavelength 
(JJm) 

8.8· 
11.7 
12.5 

Table 1.10 MlRAC Sensitivity calibra~on 
Steward Observatory 2.3 m Telescope 

Air Maas = 1 

NEFD (Jy/arcsec2) 

1-08------

Backgroun2 (1 sec on-source, (900 sec on-source, 
(Jy/arcsec ) 4 sec total) 

2166 .21 
3417 .21 
5580 .38 

1 hour total) 

.007 

.007 

.013 

1Measurements made 6/2/91, 11°C outside temp., humidity 40%. 

These sensitivity values can be compared with those attained with other 

instruments. Several other instruments exist which can obtain images in the 8-13 

J.l.m range. Since sensitivity values, if they are reported, are often in different 

units and different wavelengths, bandpasses, integration times, and telescopes, 

it is hard to make an absolute comparison. Other parameters, such as conditions 

of the site and the weather will have an influence on the results. Despite these 

difficulties, it is meaningful to make a comparison, since the measured 

sensitivities reveal the total effectiveness of the instrument, including all the 

transmission losses, emissivities, sources of extra noise, and other non-optimal 

behavior of the system. In this way it is more realistic than a theoretical 

calculation of the performance of an instrument, and demonstrates what can 

actually be achieved. 

The instruments described were chosen to be representative of past. or 

current array cameras that were designed for broad spectral band, high spatial 
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resolution mid-IR imaging. The instruments were used on different telescopes 

under a variety of atmospheric conditions. Therefore, the sensitivity is compared 

here in terms of surface 'area brightness in Jy/arcsec:?-, rather than source flux 

density in Jy. The surface area brightness value is more directly related to the 

camera performance, while the source flux density is dependent on image quality, 

which can be adversely affected by the telescope image quality, telescope 

tracking, and atmospheric seeing. 

Table 1.11 gives the sensitivities of a number of instruments, from values 

reported in the literature. The reference given for each instrument is where the 

observational result was reported. First, the reported sensitivity value is given, 

along with the details of the observation, including on-source and total time, pixel 

scale, wavelength, bandpass, and telescope. In the second half of this table, an 

attempt is made to "normalize" the values to compare the instruments. The 

assumption made for the normalization is that the instrument is background 

noise limited, that is the noise is dominated by statistical fluctuations in the 

photon conversion to electrons. If an instrument is system noise limited, then 

this normalization would not be correct. 

Four normalizations are performed succes~ively, as appropriate. First, the 

value is divided by the reported number of sigma and multiplied by the square 

root of the integration time in seconds to normalize the result to 1 second. The 

value is also multiplied by the square root of two times the ratio of the on-source 

time to the total time in order to normalize to a total time equal to twice the on-
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source time. Then the value is divided by the pixel scale to normalize to 1 square 

arcsec. The value is then multiplied by the square root of the ratio of the surface 

areas of the telescope used to the IRTF, to normalize the result to the IRTF. No 

attempt is made to allow for differences in the telescope and site IR properties. 

Finally, the result is multiplied by the square root of the bandpass in p.m, to 

normalize the result to a 1 I-'m bandpass. If the value is already in the proper 

time, scale, or telescope units, no normalization is applied at that step. 



Table 1.11 Comparison of lnsb:unu.'nt Sensitivities 

Reported On-Source Total 
Instrument (pixelsf ~nsitivity Int. Time Time "/pix l.(l'm) 41.(l'm) Telescope 

1. MIRAC (2Ox64) .31 Jy/(,,)2 Is 4s 1.0 11.7 1.1 SO 1.5m 

2. GSFC AMCID Camera .15 Jy/pix 60s 240 s .79 11.2 .9 IRTF 
(16x16) 

3. Berkeley Mid-IR Camera .8 Jy/(")2 32s 64s .39 12 1.2 S023m 
(lOx64) 

4. NASA-MSFC Bolometer 3.1 mJy/pnc-· 2.95 hr 5.9hr 4.2x4.3 10.8 5.3 IRTF 
Array (5x4) 

5. GSFC 5-17 I'm Camerat 10 mJy/pix 60s 120 5 .26 10.0 1 IRTF 
(58x62) 

6. Berkeley Mid-IR 15 mJy min-lIl("rlll 23 min 46 min .39 10.6 5 IRTF 
Camera· (lOx8) 

7. NRL IR Camera (10xS0) .5 Jy/pix 5 min 10 min 1.65 10 1 WIR01t 

8. UCSD Golden-Gopher 5 mJy hr-lIl("rlll 30 min . 60 min .93 8.5 1 Mt.Lemmon 
(2Ox64) 1.5m .... -.... 



. Instrument 

1. MIRAC 

2 GSFC AMCID Camera 

3. Berkeley Mid-IR Camera . 

4. NASA-MSFC Bot Array 

5. GSFC 5-17 I'm Camera 

6. Berkeley Mid-IR Camera 

7. NRL IR Camera 

8. UCSD Golden-Gopher 

Table 1.11 (cont.) 
Comparison of Instrument Sensitivities 

Sensitivity Normalization 

Int. Time Scale Telescope 
to 1 sec# to 1 (,,)2 to3m 

.22 JY/r)2 .22 Jy/(")2 .11 Jy/(,,)2 

.82 Jy/pix 1.04 Jy/(,,)2 1~04JY/r)2 

4.5 Jy/(,,)2 4.5 Jy/(")2 3.5 Jy/(")2 

.32 Jy/pix .075 Jy/(,,)2 .075 Jy/(")2 

.077 Jy/pix . .30 Jy/(")2 .30 Jy/(")2 

.12 Jy/(,,)2 .12 Jy/(")2 .12 Jy/(")2 

8.7 Jy/pix 5.3 Jy/(")2 4.0 Jy/(")2 

.3 Jy/(")2 .3 Jy/(")2 .15 Jy/(")2 

Final (hdL"e 
Bandpass 
to 1 I'm 

.11 

.99 

3.8 

.17 

.30 

.27 

4.0 

.15 

..... ..... 
N 
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Notes to Table 1.11: 
The sensitivities reported are the value given in the reference for the Noise 

Equivalent Flux Density (NEFD), or the RMS noise in the image background. 
This comparison does not consider point source sensitivity, which may give quite 
different results because of image resolution and smearing due to atmospheric 
seeing and instrumental effects. 

There are two entries for the Berkeley camera for different observations 
reported, one a 1 J.£m bandpass observation on the SO 2.3 m telescope, and the 
other a 5 J.£m bandpass observation on the IRTF. 
t Camera described in Gezari et al. 1988. 
:I: Pixels given are portion of the array being read out . 
.. Camera described in Keto et al. 1991b . 
.... Sensitivity achieved for reported observations, although 1-2 mJy for 6 hrs 

integration time claimed typical. 
:1::1: Normalized to 1 sigma, 1 second on source, 2 seconds total time. 
tt Wyoming Infrared Observatory 2.3 m telescope 

References for Table 1.11: 
2. Hoffmann et al. 1987 
3. Bally et al. 1987 
4. Telesco et al. 1990 
5. Gezari et. al 1991 
6. Keto et al. 1991a 
7. Odenwald, Shivanandan, and Thronson 1991 
8. Puetter, Jones, and Pina 1990 

It can be seen from the above comparison that the MIRAC is a vast improvement 

over the performance of the GSFC AMCID array camera, and is competitive with 

other systems currently in operation. 
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1.7.6 Sky Noise and Chop Frequency 

A test was also carried out on the 1.5 m telescope at 12.5 J,£m to determine 

the chopper frequency required to keep 11f sky noise below the background 

photon shot noise. The total noise for an observation will be the sum in 

quadrature of these two noise sources. If the constant A represents the photon 

shot noise and Blf the "l/f' component of sky noise, the total noise observed n(f) 

at a given sky background will be given by 

nU)=~A'{;r . 
where A and B are constants, and f is the chop frequency. In our observational 

test, the noise was determined from a time sequence of 50 1-second chopped 

images, and was taken to be the average of the standard deviations of each pixel 

over the 50 images. The results of these observations are shown in Figure 1.32. 

The dashed line through the data is a fit to the data of the above function n(f) in 

units of mY. The best fit parameter values for A and Bare 2.1 mV and 3.3 mY, 

respectively. ,Converted to Janskys and scaled to the chop-nod mode, 1 sec on 

source (4 seconds total), these parameters are .34 and .52 Jy/arcsec2. From these 

data it was concluded that a frequency of 10 Hz was, sufficient to avoid sky Ilf 

noise, at least for the filters at wavelengths where the atmosphere is relatively 

transparent. It is preferable to run the chopper at the slowest speed necessary 

to avoid sky lIf noise, in order to maintain good image quality in the chopped 

beam, and to decrease the amount of "dead time" as a result of waiting for the 
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chopper to settle. These parameters will be very dependent on local sky 

conditions, but it appears there will always be times when background limited 

performance can be achieved at high chopper speed (-10 Hz) and not at lower 

rates. 

1.7.7 Optics Alignment and Evaluation 

The optics were first aligned at IR labs when they were installed in the 

dewar, before the array was installed. The elements were placed in their holders 

and moved to the design spacing. It was confirmed that a pinhole light source 

at the focus in front of the dewar was imaged on the center of the array holder 

in the dewar. The focus and scale were evaluated by placing an illuminated 

reticle at the position of the array in the dewar, and measuring the size and 

quality of the image at the focus outside the dewar using a comparator with 

reticle. 

To position the optics correctly, first the ellipsoid was adjusted to focus the 

pupil at the distance of the secondary. To do this, the position of the array in the 

dewar was illuminated, and the image of the back-illuminated pupil was viewed 

with an eyepiece in the darkened room. The ellipsoid was positioned so that the 

pupil was in good focus at the distance of the IRTF secondary, 884 em. The 

focus was also evaluated using a "chop" technique. The central 1/3 of the mask 

on the optics housing was covered, leaving 1/3 of the area uncovered on either 
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side. Then the pupil image was again viewed at the desired focus position, while 

a card was used to alternately block one side or the other of the baffle. At the 

correct focus position, the pupil image should not move as it is chopped. If not 

at the correct pOSition, the pupil will move side to side as the mask is chopped. 

When the ellipsoid was set properly, the image was steady as the mask was 

chopped when viewed from the distance of the IRTF secondary. 

The direction of the beam was then adjusted so it is normal to the dewar 

window. A white card with a crosshair was placed at the position of the array, 

and the card was illuminated from the side. A crosshair was also placed on the 

baffle on the outside of the optics housing. A mirror was attached to the front 

face of the optics housing. A telescope was used at a distance of approximately 

10 feet, looking at the dewar and into the optics. The telescope was positioned 

so that its reflection was visible in the mirror, on center with the outer baffle. 

Then the ellipsoid was tilted slightly so that the two sets of crosshairs were 

aligned as viewed through the telescope. 

The image quality was documented by photographically recording the 

image sharpness. An eyepiece reticle with a .1 mm spaced ruling was placed at 

the low magnification array position, and illuminated from behind. A mask of 

4x8 mm was placed over the reticle to show the approximate size of the array. 

Then a camera (with the lens removed) was placed at the focus, determined from 

the sharpest image in the camera. A photograph from this test is shown in 

Figure 1.33. Several photos were taken at small displacements from this position, 
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but this was the position with the best focus over the field. 

The optics quality was also evaluated by observations with the detector on 

March 12-15, 1991. The tests were done using a· "pinhole" source positioned at 

the optics focus outside the dewar. A 150 J,£m diameter pinhole was used for all 

measurements except with the 20 J,£m filter, where a 300 J,£m pinhole was used. 

The pinhole was mounted on a XYZ micrometer stage, which allowed for 

accurate positioning and measurement. The pinhole was illuminated from 

behind by a 40W high intensity bulb painted black. A chopper was placed 

between the source and the pinhole. Images were taken with the MIRAC 

program and normalized with a gain matrix. 

Some results of these measurements are shown in Figure 1.34 which shows 

the observed pinhole profiles at three different wavelengths. The pinhole was 

adjusted to attempt to center it on the pixel in row 14, column 1. The profiles 

have been normalized so that the peak value is 1. The image size increases with 

wavelength due to diffraction. In the 2.2 J,£m profile, almost all of the energy is 

contained in the peak pixel, with some spillover into the neighboring pixels. 

These profiles show the optics are close to the calculated performance, showing 

no signs of unexpected scattering or image spread. 

The measured optics distortion is shown in Figure 1.35. This was obtained 

by moving the pinhole source to center it on different pixel positions and then 

measuring the displacements on the positioning micrometers. The scale was 
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measured by assuming no distortion between pixels 31 and 24 (where the 

distortion effects will be the smallest) and positioning pixels 2, 9, and 16 based 

on this scale. All of these pixels are in column 11 of the array. In this figure, the 

dotted lines are the pixel edges, so the data square is in the center of the square 

on the plot if it is not distorted. Pixels 24 and 31 are perfectly centered in the 

plot because of the assumption of no distortion between these pixels. The largest 

distortion is for pixel 2, which is shifted to the left and downward of a ~rfectly 

linear displacement, as expected. To the accuracy of this measurement, the 

optics distortion is consistent with the calculated distortion from the optics 

design. 

. The optics distortion is removed in the data processing by calculating a 

new image from the original data using the measured distortion. Typically, the 

new image has 16 "subpixels" for each instrumental pixel. Each subpixel is 

assigned a value taking into account the distortion to produce an undistorted 

image. These images can the~ be simply shifted and added together to produce 

the final image. 

The efficiency of the MIRAC optics will be high, since the optics consists 

of gold-coated reflective elements. In the calculations of MIRAC performance, the 

reflectivity of each element has been assumed to be 98%. The performance 

observed was almost identical to the calculations (described above), so this 

assumption for the reflectivity is consistent with the performance achieved with 

MIRAC. 
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1.8 Future Directions 

The MIRAC system has been designed to be easily adaptable to keep pace 

with advances in detector technology and instrumentation. Three possible areas 

of future improvements and additions are in improved detectors, addition of a 

Fabry-Perot interferometer for high spectral resolution imaging, and fast shift and 

coadding of images to achieve diffraction-limited performance. 

1.8.1 Future Detectors 

The MIRAC dewar and electronics were designed for the Hughes detector 

and readout currently being used. This unit is no longer being produced, and 

there are no available spares, so in order to replace the current detector the 

current system must be modified. There are several reasons why it would be 

advantageous to replace the current detector. First, since the address line failure 

occurred as described above, only a 2Ox32 pixel segment of the array can be read 

out. Changing to a different detector would enable us to use the full 2Ox64 

format. Secondly, the current array is not anti-reflection coated, which results in 

a degradation of quantum efficiency. Finally, advances are continually being 

made in detector quality, including increased quantum efficiency, lower read 

noise, increased well size, and more pixels. An improved detector would provide 

higher sensitivity and allow the MIRAC to be used more efficiently on the 

telescope. 
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For future arrays using a similar 2Ox64 format, the hardware changes in the 

dewar would be minimal. There are a few spare wires available if the detector 

required additional bias or address lines. The routing of bias and address lines 

to the chip carrier would most likely be different. Changes could be implemented 

by using a new circuit board on the detector stage, or by rewiring the cable 

connections at the digital controller and bias supplies. Both of these are wire

wrapped, so changes are easy to implement. The PAL timing generators and 

EEPROM address converter can be replaced with reprogrammed chips for the 

new device. 

Larger format arrays would require changing the baffle shape from the 

current rectangular form to one matching the new detector shape. Also, 

significant changes in the controller and signal processors might be necessary for 

different numbers of detector ,?utputs. 

I.S.2 High Spectral Resolution Imaging 

A Fabry-Perot spectrometer (FPS) is currently being prepared for use with 

the MIRAC. This spectrometer was originally developed by Nishimura, Low, 

and Shivanandan (1984, 1985). The FPS is capable of achieving resolutions (i../ ~A) 

of -100D-10000, and is well suited for use with MIRAC because of its low 

background levels when cooled to LHe temperatures. 
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The FPS uses superconducting actuators that control the alignment and 

tuning of the actuators at LHe temperatures, dissipating little power within the 

instrument. The mechanism consists of two main assemblies, the xy-unit and z

unit. The xy-imit controls the relative tilt between the etalons, and the z-unit 

controls the tuning by displacing the second etalon along the optical axis. Both 

units are driven by superconducting Nb:Ti wire coils in magnetic fields produced 

by rare-earth cobalt magnets. This mechanism is housed in its own helium 

temperature dewar, which can be connected to the MIRAC dewar at the window 

port. 

The FPS has previously been used with the 10 J,£m AMCID camera on the 

SO 2.3 m telescope. The FPS and camera dewar were mated, sharing a common 

vacuum, and the common instrument was used to observe several standard stars. 

Later tests done in the lab showed that the FPS could be tuned successfully for 

a single wavelength over the entire array when scanning over a small wavelength 

range. The system is now being prepared for use with the MIRAC. The coil 

current source and control electronics have been rebuilt, and a second 

spectrometer is being prepared for inclusion in the spectrometer dewar. The 

MIRAC LHe and LN2 radiation shields have been equipped with threaded 

apertures to enable baffle tubes to be attached that will mate with the Fabry 

dewar. 
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1.8.3 Fast Shift and Coadd 

Another possible direction is to improve the camera efficiency and 

sensitivity by using a different method of observing. One problem with the 

current observing technique is that during an integration lasting several seconds 

to minutes, there are drifts in the telescope position as well as the seeing motion 

which combine to spread the image out on the array into several pixels. This 

decreases the maximum resolution that can be achieved on the telescope, and 

also effectively degrades the sensitivity of the camera, since the source flux is 

spread out over more pixels and is more difficult to detect for a given NEFD. A 

possible solution to this problem is to determine the offsets introduced by these 

effects, so that the data can be corrected and the performance improved. 

One possible method for determining the offsets is to measure the position 

of the source on the array and then to determine the offset needed to align it 

with some reference image of the same object. This is essentially what is done 

now with IR-bright sources (SIN> to) that are visible in a single MIRAC 

observation. The separate observations are aligned using the centroid, or by a 

cross-correlation algorithm, and the observations are shifted before coadding to 

form the final image. This usually yields more accurate offsets than those derived 

from the record of the offsets sent to the telescope. The problem with the current 

method is that it still does not remove the effects of telescope drift on short 

times cales, and does not treat the seeing broadening of the image. Also, the 

source must be detectable in a single observation. 
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One possible method of improving this for the brightest IR sources would 

be to perform this centroid and shift operation as the frames are stored in the 

array processor board. Each coimage transferred from the camera would have 

the offsets corrected in real time as the integration is taking place. This could be 

performed at the chopping rate of 10 Hz, and would remove the effects of 

telescope drift and seeing. The major drawback of this method is that it would 

work for only the brightest sources, clearly detectable in a single cOimage, of 1/20 

sec. 

An alternative to using the IR image as the reference image is to use the 

optical image of a source in the TV guider. The source could be the same as the 

IR source, or another nearby star could be us~, if the field of view is wide 

enough and the TV camera sensitive enough. The centroid would be calculated 

for the optical source, and assuming that the IR and optical centroids are the 

same, the offsets would be used to align the IR images. This could be utilized 

with the present method of 01?serving, for those IR sources that are not detectable 

in a single observation. A more powerful method would be to use the optical 

image of a guide star to determine offsets for the individual coimages as they are 

being coadded in the array processor. This has the potential of achieving 

diffraction-limited images for any IR source as long as a star can be found in the 

field to provide the offsets. 
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FIGURES-PART 1 



Figure 1.1. The MIRAC cryostat. All dimensions shown are in inches. 
1.1a. Cutaway view from the side, showing the internal mechanisms. A ray 
tracing of the optical beam is shown entering the dewar from the left. The array 
sliding stage is shown in the low magnification position; below it are the filter 
wheels and then the pupil stop slide, which moves perpendicular to the plane 
of the paper. The actuators are shown partially inserted- during normal 
operation, these are withdrawn outside the LN2 radiation shield to eliminate 
unnecessary heat load. 
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Figure l.la 



Figure 1. lb. MIRAC array mounting assembly. The array is mounted in a socket 
on top of the stage. A copper "finger" extends through the socket and makes 
direct contact with the backside of the chip carrier, through a piece of indium foil. 
The copper mount that holds the array and circuit board is insulated from the 
rest of the dewar by' a'GIO spacer, and the thermal connection is made using a 
flexible copper strap below the stage. Detents and spring-loaded balls define the 
two magnification positions. 
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Figure l.lc The MIRAC cryostat, top and bottom view. 
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Figure 1.2. MIRAC Optics ray diagram. The position of the dewar window and 
radiation shield baffles are indicated. The units are in em. In changing from low 
to high magnification, the only change is in the position of the array and the 
focus position outside the dewar. 
1.2a. Low magnification position. 
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INDIUM 

DETECTING LAYER 

------------~-------------------
~BURIED TRANSPARENT IMPLANT 

HIGH RESISTIVITY SUBSTRATE 

Figure 1.3. Hughes me detector cross section, from a figure provided by Hughes 
and published by Fowler and Joyce (1990). Two pixels are shown on the left, and 
the guard ring and electrode are shown on the right. The indium bumps allow 
for bonding to the readout array. 
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Figure 1.4. Hughes IBC 2Ox64 detector layout, from a figure provided by Hughes 
and published by Fowler and Joyce (1990). The array is organized as two lOx64 
sub-arrays, separated by a pixel and offset by a half pixel in the long dimension, 
surrounded by a guard ring. 
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Hughes Si:As IBC Photon Response 
1QOK, Vdet--2.2V, Oet. Area 1.4E-3 cm2 
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Figure 1.5. Hughes Si:As mc detector spectral response, from data supplied by 
Hughes. This response was not measured for the particular device used in 
MIRAC, but represents the general response of this detector material. The 
"photon response" or quantum efficiency is plotted as a function of wavelength 
in microns. The data were supplied as relative photon response compared to the 
peak at 15 J,'m. In this plot, the data have been scaled so that the 22 J,'m 
response is equal to .42, based on results reported by Hughes. 
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Figure 1.6. Wire bond diagram for the eRe 444A readout (figure courtesy 
Hughes). This shows the electrical connections between the readout and chip 
carrier. The number on each pad corresponds to the connection number on the 
readout. The pads are marked with the following symbols: "V" - bias voltage, 
"cp" - clock (address or reset), "SG" - system ground, "RG" - reference ground, 
"0" - output; "N/e" - no connection. The length of the readout is 332 mils, the 
size of the cavity in the chip carrier where the readout is mounted is 430 mils, 
and the pixel size is 100 ",m. 
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Figure 1.8. CRC 444A unit cell and detector (figure courtesy Hughes). The ENABLE and RESET clocks are from 
the eRe 444A decoder (see Figure 1.7). When the pixel is addressed, the ENABLE clock connects the pixel to the 
output for that column, and the RESET clock is allowed through. There is a separate unit cell circuit for every pixel, 
except for the components inside the dashed boxes, for which there are 20 in total, one for each column. The ~ 
"Current Mirror/Output Driver" is on the readout, and the "Typical Output Load Circuit" is on the preamp card. ~ 



Figure 1.9. MIRAC block diagram. The diagram is divided into three main 
sections as indicated by the dashed lines: the cryostat, the electronics at the 
camera, and the equipment inside the telescope control room. The items in the 
cryostat section are all the components that are inside the dewar. In the 
electronics section, the functions in the signal processors and controller board are 
shown, and these are enclosed by the dotted rectangle. There are ten identical 
signal processor boards, each with two channels. One is shown in the diagram. 
Nine clock signals and 14 bias voltages are supplied by the electronics to the 
detector. Twenty outputs, one from each detector column, are amplified by 4 
and enter the inputs of the signal processor boards. The data are transferred to 
the controller via a 28-bit parallel bus, and are sent to the computer to a 1.25 
Mbitlsec serial Manchester transmission line. Commands are also sent from the 
PC to the camera over this serial line to set the camera parameters. Analog 
signals from the temperature controller are read by an AID board inside the PC, 
and the PC sends commands to the filter motor controller via a R5-232 serial link. 
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TO 
DETECTOR 

Figure 1.10. MIRAC Bias supply representative circuit. For ISS1, ISS3, and 
VDET, an additional series resistor is added at the point marked (RS) on the right 
side of the diagram. 



Figure 1.11. Preamp circuit diagram. There are four preamp boards, with five 
channels on each board. 
LIla. Preamp main circuit. The circuit enclosed by the dotted lines in the lower 
left for the offset bias is only installed on the first preamp board. The five inputs 
JA-JE are subminiature connectors where the co~ cables that carry the detector 
output are attached. 
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Figure 1.11b Preamp circuit, signal reference and power supply bypassing. The 
signal reference circuit is implemented on circuit board 2 only. 



Figure 1.12. MIRAC Controller block diagram. On the left are the connections 
to the computer, the command and data lines which are serial transmission lines, 
and IMGRDY which is a logic level. The Serial EncoderlDecoder decodes 
command words sent from the PC and received by the Manchester serial 
encoder/decoder. The command word is separated into command and data 
segments and sent to the command decoder and registers. There are two types 
of commands, one which performs a function, such as to START imaging, and 
another which loads a camera parameter register with a data value. The values 
in these parameter registers specify how the controller timing operates. Control 
signals are sent to the signal processors, and address and reset signals are sent 
to the detector. 
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MIRAC PALl TIMING 
U CLOCX PERIODS 

• I PIXEL 

INPUT BITCLK 

OUTPUT CTO 

CT1 

CT2 ----, L-

CT3 

CT4 ----, 
PIXCLK2/ ----"i--1 L 

~RST/ L-J 
SINGLE 

CVRT/ L-J 

DOUBLE. ~RST/ L-J 

DELTA RESET CVRT/ L-J ~ 

~RST/ TRIPLE 
CVRT/ ---l LJ LJ u-r-

Figure 1.13. MIRAC PAL timing diagrams. The timing for the section labelled 
"PALl" refers to U215 (PAL16R8), and "PAL2" is U216 (PAL22VIO). The inputs 
to both ~ALs include BITCLK, PIXWAIT, and SMODEOO and SMODEOI. 
BITCLK is the counted-down master dock, PIXW AIT is a control line that can be 
used to stop some of the PAL output, and SMODEOO and SMODEOI determine 
the sample mode. 
1.13a. PALl timing. When PIXWAIT is high, the outputs have the following 
values: DRST! = High, CVRT! = High. The others are unchanged. 
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MIRAC P AL2 TIMING SINGLE SAMPLE 

INPUT BITCLK 

DRST/ --------------~--~~~--------------~-

CVRT/ --~----------~~I------~--------~--

OUTPUT COADST __ ~ __________ ~--~r-J~--~----------~ 
COADDA --, L-________ ~ __________ ~_F--~LJ ~ 

COABA --, L-________ ~ __________ ~ ____ r_--~~ 

COA7A lID .. " 

COA6A lID!!: 

ADDSUBA (DICD! 

OFFBLKIA lID!)! 

OFFBLKOA lID .. ); 

CLMP lID .. )' 

Figure l.l3b. P AL2 timing, single sample mode. P AL2 has several inputs in 
addition to the ones common to all PALs: CTO-CT4 from PALl, and IMAGING. 
When PIXW AIT is high, or IMAGING is false for any of the sample modes, the 
outputs have the following values: COADST, COADDA, COA8A, COA7 A, 
COA6A, OFFBLK1A, OFFBLKOA, and CLMP = low, ADDSUBA = high. 



MIRAC PAL2 TIMING - DOUBLE SAMPLE 
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Figure 1.13c. PAL2 timing, double sample mode. See ca~on to Figure 1.13b. 
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MIRAC PAL2 TIMING - DELTA RESET 
2' CLOCK PIRIODS 

.. 1 PIXEL 
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Figure 1.13d. P AL2 timing, delta reset mode. See caption to Figure 1.13b. 
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MIRAC PAL2 TIMING TRIPLE SAMPLE 
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Figure 1.13e. PAL2 timing, triple sample mode. See caption to Figure 1.13b. 
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Figure 1.14. MIRAC Coadder Memory Map. This shows the segmentation of the 
memory space where the coimage is stored during an integration. Two of the 
above segments exist on each SP board, one for each channel. The channel is 
selected with the COA8A address line. 



Figure 1.15. MIRAC Signal processor block diagram. The inputs on the left edge 
of the diagram are from the Preamp outputs. All the addresses and timing 
signals .are from the controller, except for the end of conversion (EOC) signal 
from the AIDs, which insures that the data words from the AIDs are not used 
before it becomes valid. The data is transferred to the controller from the FIFO 
memory output bus, shown in the lower right comer. 
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Figure 1.16. Typical analog output from the detector column, shown at the 

preamp output. This trace is labeled "1". The trace labeled "2" is the CONVERT 

pulse on the signal processor. The second pixel is being illuminated by a pinhole 

source, the other two pixels show the background level and the reset 

feedthrough. The following sample positions are labeled for the first pixel: A

before reset, B- during reset, and C- after reset. The spike at B is referred to as 

the reset feedthrough. The horizontal axis scale is .5 JJ.Sec per division, and the 

vertical scale is 1 V per division for trace 1 with zero at the top, and 5 V per 

division for trace 2 with zero at the bottom. 



Figure 1.17. Pixel-level timing diagram for delta reset sample mode. Several 
relevant timing signals are shown at the top of the diagram, and the signals that 
control the signal processor are shown at the bottom. The hatched regions 
indicate the limits of the asynchronous conversion completion, according to the 
specifications of the AID converter device. 



~ 

~. 
~ 

~ 

~ 

BITCLK 

DRST/ 

MIRAC DELTA RESET MODE TIMING 
2' CLOCK PElUODS 

= 1 PDmL 

CVRT/ --1- { 

ROW ADDRESS BOW 8-1 ROW N ~ • .... & - : 

ANALOG OUTPUT ____ - - ~ ::: ',...-

SETTLE TIME 

T/H CONTROL" 

A/D CONVERSION 

EOC/ 

COADST 

COADDA 

COABA 

ADDSUBA 

COADDER ADDRESS 

r///1 ~1W(({(ff(1fW1! ~~~~~ 

--:-~ .. ---- ----at .. ---, 
~ m ml 
~'W;J w»»»»»;;;;z;;:mm ~& ?& r%««%HH W4@fj 

--l 

L....J LJ r--
~ 

n " L 

ROW N-l x BOW N 

~ 
01 
~ 



--.-., MIRAC Dewar Cooldown 
February 3-4, 1991 

300 ~----~----~----~----~------------------~ 
I I I I 

i! II II 

i I 

152 

250 --- --.----}-----.-.--- .... --j-----------.-.----.-.----.--.. -----I---~-~·---l-----·-·--l---·--·--

_ i I I I I 
c .. 200 ----.. --. -- --.. ----.-.. --..... --L--... ---.. ---.J.-----.-.. --~---------.----1·-.. --··---------1----1 

Q) ... 
:::J .... 
co ... 
Q) 

c. 
E 
Q) 

t-

I [ I ,. I 

! I I I I 
150----.----.. ---.. , .... - ...... ·---··--r--~-·-----r-------·-l---.. -------.... --------

I I 

: I I I I I . . 
100 -- .. __ ._ ..... _.+ ________ ......... .1. _______ .. ___. ~ .. -· .. -.. ·-·-·----.. --.. ·1---·--- .. -.--.. --L·----.. -.. ---.. --

r

--·-----· 

! ! ~ I I 
~ ! I I I 
I : i ! i 

I 

50 ~~~~~~~~~~~~~~~~~~~~~~~ 

o 50 100 150 200 250 300 350 
Minutes 

Figure 1.18. MIRAC cooldown from room temperature. 
LISa. With the dewar at room t.emperature, LN2 is added to both the nitrogen 
and helium reservoirs at 0 minutes. The temperature is allowed to stabilize at 
77I<. Normally, the LN2 would be removed from the helium reservoir and the 
LHe fill begun after the temperature drops below lOOK. 



Q) ... 
::J -co ... 
Q) 

c. 
E 
Q) ... 

MIRAC Dewar Cooldown 
February 3-4, 1991 

100 ,-------:----~I ----:--1 ----;-I-~!----, 
I : 

80 - ----- -- ---j------.-- ---1---------- ---I- -------------- ------ ----------

I 
! ! I I 
; i ;. I 

60 ----r --i---1.-----
1

1

---.. ----·--·---r-----
I : i 
i I I 1--------r---t-----r----i---- --_.j 

20 ------4------ L ----L-l---+----.-. 

40 

; I 
! 

I 
i 

o ~~~~~~~~~~~~~~~~~~~~~~~ 
o 20 40' 60 80 100 120 

Minutes 

153 

Figure 1.18b. The dewar has stabilized at 771<. At a time of approximately 15 
minutes, the LN2 is blown out of the helium reservoir, and it is filled with LHe. 
The temperature stabilizes at 4K in about 75 minutes. 
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Figure 1.19. MIRAC temperature and heater power. The temperature controller 
was set at a goal temperature of 8.5 K and turned on with the detector block 
initially at 4.1K. At approximately 320 seconds into the test, the temperature goal 
was set to 9.21<. Then at approximately 680 seconds the temperature goal was 
set to 8.1K. 
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Figure 1.20. MlRAC temperature while changing filters. The initial filter was the 
8.8 I'm with the 20% neutral density, and the filter was changed successively to 
the next three adjacent ones, the 9.8, 11.7, and 12.5 I'm. The filter wheel motors 
take approximately 5 seconds to move from one filter to the next. In the plot, a 
spike in the temperature occurs just as the filter is changed. This is because the 
detector is 'momentarily blanked off as the filter wheel turns to the next filter, and 
the self-heating of the array increases. This causes the temperature to increase, 
so the controller lowers the heater power. It takes approximately 150 seconds for 
the temperature to stabilize to the original value. 
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Figure 1.21. MIRAC detector temperature and heater power for June 3, 1991. 
The temperature was recorded at the beginning of each observation taken. 
1.21a. Detector Temperature. 
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Figure 1.21b. Heater Power for June 3, 1991. 
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SKY 321-PC BOARD 

rl TMS 32010 I 
PROCESSOR I 

MUL TL--PDRTED, PRDG8AM liD 
DATA MEMORY MEMORY REGISTERS 

64K x 16 4K x 16 

PC BUS J 

Figure 1.22. Block diagram of the Sky board. The PC can write to data and 
program memory and registers on the SKY board, and read registers and data 
memory. The TMS 321010 processor's program is read from program memory, 
and it can read and write from the data memory and registers. It can also direct 
transfers to and from the auxiliary input and output ports, which are connected 
to the local controller/interface which provides communication with the MlRAC 
electronics. 
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Figure 1.23. Flowchart of the SKY program. The letters ~, (i), and 0 refer to 
subroutines that return to this main loop at the point marked main loop entry 
point. 
a. Main sky board loop. 
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Figure l.23b. image ready loop. This routine is executed at the point marked ~ 
in Figure l.23a. Two different observing modes are handled, depending on 
whether chopping is active. 
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~re 1.23c. PC to SKY board communication procedure. This routine is marked 
~ in Figure 1.23a. The routine executed on the SKY board is shown on the left, 
and the corresponding procedure for the PC computer is shown on the right. 
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7-12-91 14:07:16 File: -ta1\C910602A.160 7-12-91 14:06:52 

Date: 6-02-91 Time: 
information: 

9:45:15 
Object 

Name 
R. A. 
Dec. 
Off.RA 
Off.Dec: 

Observing 
Filtr 1: 
Filtr 2: 
Wvlgth : 
ClkRate: 
FrPerCo: 

Mask 
Gain Map 
Comment 

BD+30 3639 
19:32:47.50 
30:24:20.00 

2.00 arcs 
2.40 arcs 

Parameters: 
Nonstd 
Nonstd 

12.80 
1.875 MHZ 

200 

Camera parameters: 
DtBias: -2.60 
ADTemp: -41.38 
ERTemp: 9. 22 
DtTemp: 10.03 
HPower: 19.95 
Extent: Half 

SampleM: Reset 
Totcoad: 24600 
IntTime: 10.08s 
ObsMode: Chop-Nod 
Fr Time: 4.0960E-4 

msk11 20.map 
e:\data10\gain125.map 
c910602a.160 

Data Max: 1.39 12, 5) Min: 
Display Max: 1.39 Min: 

Offbuf : 0 
DelayCy: 0 
Row Cnt: 64 
Bndwdth:1400 KHz 
Gain -1.00 
Array : 32 x 10 

Telescope:90-inch 
Magnif.: 0.29 
Chop Fr: 5.16 
NodWait: 4.00s 
T Scale: 1.99"/mm 
ChpWait: 1S.Oms 

-0.27 ( 31, 3) 
-0.27 

Fit> MAX: 0.92 ( 11.08, 0.00 FWHM-X: 4.79 FWHM-Y: 0.00 
Total Sigma: 0.410 Avg: 0.21 Num: 318 
Background Sigma: 0.102 Avg: -0.08 Num: 63 
Source Sum: 70.13 Num: 255 ( 3) 
Number of Observations: 1.0 
Sky Flux: 1445.014 RMS: 0.833 DIF: 0.319 
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Figure 1.25. Sample MIRAC output, showing header information, map statistics, 

and image. 



Figure 1.26. MIRAC Guider box assembly diagram, side view. At the top is the 
mounting flange that attaches to the telescope. The upper, largest mirror can be 
rotated into the beam to reflect it to a viewing port, but is usually stored in the 
vertical position to allow the beam to reach: the dichroic. The MIRAC dewar and 
mounting mechanism are shown attached to the right side, and the TV can be 
attached to the port on the lower left. The position of the relay optics can be 
adjusted to properly focus the MIRAC and the TV on a common telescope focus. 
The magnification flip mirror has two positions, one for each magnification of the 
camera. 
1.26a. Low magnification. After passing through the dichroic, the optical light 
is reflected directly into the TV relay optics. 
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Figure 1.26b. High magnification. The magnification flip mirror is rotated 90 0 

clockwise in this diagram. The optical light is allowed to pass to the pair of 
mirrors at the bottom of the box. The beam is then reflected up to the flip mirror 
in its alternate position and then into the TV relay optics. 
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Figure 1.27. MIRAC Guider box dichroic holder. The dichroic is mounted in a 
plate which "floats" above a larger plate which is attached to the inside walls of 
the box. The floating plate has three points of support, two pivot screws and a 
stainless steel ball, and is held in place by three springs pulling the plate against 
these points of support. By turning the pivot screws using knobs outside of the 
guider box, the alignment can be adjusted in R.A. and Dec. 
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Figure 1.28. MIRAC dewar mounting plate. The side view shows the dewar and 
mounting plate on the left, and the guider box front plate on the right. The 
mounting plate is separated from the dewar by G-IO spacers and attached using 
nylon-insulated screws, isolating the dewar from the telescope. A round ball on 
the mounting plate fits into a socket on the guider box, and a rectangular post 
slips into a groove on the mounting plate to align the dewar laterally. Two 
screws on the mounting plate on either side of the post screw into the guider box 
to secure the dewar. 
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Figure 1.29. MIRAC Lab test setup. The pinhole and XYZ stage were present 
only for the optics evaluation. The chopper' is controlled by the MIRAC 
computer with a logic pulse, just as it controls the chopper on the telescope. 
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l.30a. SignallNoiseas VDET is adjusted from -3.0 to -2.0 V. The SIN is relatively 
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Figure l.30b. Signal/noise as V ADJ is adjusted over the range -6 to -3.5 V. 
Changes in V ADJ has a negligible effect on SIN over this range. 
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Figure 1.31. MIRAC noise as a function of background flux. The data were taken 
using various filter and attenuatorcombinations to achieve different backgrounds, 
using a 308K blackbody as a source. The noise was taken from an image formed 
by differencing successive frames, and taking the sum of all the differences. The 
noise was defined to be the standard deviation of this image. 
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Figure 1.3~. Sky noise as a function of chopper frequency at 12.5 J,£m. The noise 
was determined from a time sequence of 50 one-second chop pairs on blank sky 
at an airmass of 1. The curve is the best fit of the data to the function of the 
form n= v(A 2 +B/f), where n is the noise, A and B are constants, and f is the chop 
frequency. The best fit values for parameters A and B are 2.1 mV and 3.3 mV, 
respectively. 
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Figure 1.33. Photograph of reticle through MIRAC optics. The lower reticle scale 
is labeled in inches, with the smallest divisions being .005 inch. The upper scale 
is labeled in mm, with the smallest divisions being .2 mm (the detector pixel 
spacing is .1 mm). The reticle was masked to be roughly 4 mm x 8 mm and 
placed at the low magnification position and back-illuminated. The photo was 
taken at the focus position outside of the dewar with a 35mm camera with the 
lens removed. The f/35 MIRAC pupil was used, and the position was 
determined by achieving the best optical focus through the camera. 
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MIRAC Pinhole Profiles 
160 micron pinhole (300 micron for 19.4) 
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Figure 1.34. MIRAC pinhole profiles. This measurement was obtained in the lab, 
using the test setup illustrated in Figure 1.29. The profiles shown are 2 second 
chopped images which have been multiplied by a gain matrix. Each profile has 
been normalized to a peak value of 1. 
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Figure 1.35. MIRAC optics distortion measurement, using 150 J.'m pinhole 
source. The' camera was set to low ma~cation, and the pinhole placed at the 
focus outside the dewar, 14.2 em from the case. The pinhole was centered on 
various pixels' (2, 9, 16, 24, 31) of column 11, and the displacements were 
measured using the stage micrometers. The determination of the magnification 
assumes that there is no distortion between pixels 24 and 31 . 

.... 
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PART 2. AN INFRARED STUDY OF PLANETARY NEBULAE 

2.1 Introduction 

Planetary nebulae (PN) are circumstellar clouds of gas and dust formed 

through the ejeCtion of the stars' outer envelopes during their asymptotic giant 

branch (AGB) and post-AGB stages of evolution. The clouds are often in the 

form of a shell exhibiting some symmetry that expands outward from the central 

star. Multiple shells, filaments, and bright knots of ionized gas emission are 

common structures in these nebulae. 

PN are an especially interesting and important class of objects for a number 

of reasons. First, the PN stage is the transition of stars from the AGB to white 

dwarfs. The nebulae are the ejected outer envelopes of these stars, so a 

knowledge of the properties of mass loss rates and time scales for ejection, and 

the composition of the ejected material will help in understanding this 

evolutionary process. As the nebula expands, it will encounter any material 

previously ejected by the star in earlier stages' 'of evolution at lower velocities. 

Both the ejection process and the expansion into previously ejected material will 

affect the morphology of the nebula. Therefore, a study of PN morphology will 

provide information on both processes. Also, emission from dust grains and 
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large molecules has been observed in many PN. In some PN the conditions of 

grain formation such as composition, radiation from the central star, density of 

the nebula, etc. can be determined from observation, thereby shedding light on 

the processes of grain and large molecule formation, evolution, and destruction. 

Finally, PN are an important factor in the retum of gas and dust to the interstellar 

medium (ISM). The total mass which they retum to the Galaxy is about 0.5 

Miyr (Knapp, Rauch, and Wilcots 1990). 

It is difficult to discuss the general properties of PN since this class contains 

a wide assortment of objects of varied morphology, composition, and stage of 

development. In listing typical parameters, one would also wish to distinguish 

from objects that are observationally similar, but are not members of the class of 

PN because they don't represent this phase of stellar evolution. Kohoutek (1989) 

gives several "typical" properties of PN and their central stars. PNs usually 

display some symmetry in their emission structure: bipolar, circularly or 

elliptically symmetric disk or ring, with a sharp outer boundary. There are often 

multiple shells or haloes. The observed morphology is highly dependent on the 

angle of inclination of the nebulae and the wavelength of observation. Typical 

diameters range from 0.1 to 0.2 pc. Electron density is usually in the range 103 

to 104 cm-3, and electron temperatures from 9000K to 15000K. The total mass of 

the nebula is typically 0.1 to 0.2 M0 • Expansion velocities are often non-isotropic 

and approximately 25 km/sec. PN spectra show mostly recombination lines of H 

and He, and collisionallyexcited lines of C, N, 0, Ne, Mg, Si, S, CI, and Ar. 

Continuum emission is observed from free-bound, free-free , and two-photon 
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processes. In the infrared, there is thermal emission from dust, along with 

emission features from silicon carbide (SiC) and other large molecules and grains, 

as well as unidentified infrared (UIR) emission lines. The central stars have the 

following typical properties: surface temperatures ranging from 2S000K to 

200000K, luminosity of approximately s·lQ3 L0' radii of from 0.005 to 1.5 R0' and 

progenitor masses of 0.8 to 6-8 M0 • Mass loss rates from the central stars are 

from approximately to-10 to 10-7 Miyri although much higher rates of -10-4 Miyr 

may occur during the hypothetical "superwind" phase which creates the nebular 

shell (Schonbemer 1987). Typical central star spectral types are WR, Of, OVl, 

cont. 0, sdO, and peculiar. The central stars can be separated into two groups 

based on whether the atmospheres are H-rich or H-poor. 

2.1.1 Planetary Nebulae Formation, Structure 

There are two levels of models necessary to understand PN. The first is 

a model of the actual three-dimensional structure of the nebula to explain the 

observed morphology. A model is necessary since only the two-dimensional 

"projection" of the emission from the usually optically thin nebula can be 

observed, at some unknown inclination angle. Details of the nebular structure 

(including local density and temperature variations), obscuring gas and dust, and 

interaction with the ISM all combine to make this a non-trivial problem. The 

second level' are models which seek to explain the process of nebula formation 

and evolution: mechanisms for stellar mass loss, formation and shaping of the 
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nebular shells by stellar winds, and the formation and evolution of dust and large 

molecules in the stellar atmosphere and the nebula. The two levels of models are 

closely linked, of course, since the morphology of the nebula is dependent on the 

mechanism of its formation. 

Determining the actual three-dimensional structure of PN is not 

straightforward since it involves solving for the density, temperature, and velocity 

structure simultaneously. Also, one single model of PN structure cannot explain 

all of the observed nebular morphologies. However, many nebulae are similar 

in observed morphology and can be grouped into various classes. BaUck (1987) 

has presented CCD images of 51 PN and organized them into three general 

groups: round, elliptical, and butterfly, shown in Figure 2.1. There are also 

three levels in each class: early, middle, and late" which suggest an evolutionary 

sequence within a class. An additional group of irregular and peculiar PN 

contain the examples that don't fit into the first three classes. Some of these 

nebulae, such as NGC 7027, may appear to be irregular at some optical 

wavelengths because of heavy obscuration near the source, but in IR or radio 

images can be seen to be a member of one of the three classes (elliptical for NGC 

7027). Other nebulae, such as NGC 6543, show multiple shell structure when 

observed in some fine structure lines, but are single-shelled in others. 

The second level of PN models must explain the formation processes that 

produce the observed nebular properties and morphologies. One group of 

models that describe PN formation and evolution are interacting winds models 
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(Lazareff 1981, Kahn 1983, Volk and Kwok 1985). The shapes and dynamical 

evolution of the nebulae are explained by the interaction between stellar winds 

emitted by the central star during its late stages of evolution. These models 

explain the formation of PN as resulting from a slow and fast wind stage. First, 

a red giant star nearing the end of the AGB sheds its envelope in a slow wind 

phase, with a mass loss rate of 10-5 to 10-4 Miyr, and a velocity of -10 kmlsec. 

This process continues for approximately 10· yr, as the star evolves to a small 

radius, high effective temperature star. At this stage, the star generates a lower 

density fast wind, with mass loss rates of 10-8·5 to 10-6·5 Miyr and velocities of 

1-2.103 kmlsec. The fast wind encounters the material previously ejected in the 

slow wind, forming an inward-facing shock front on the inner edge. The gas at 

the shock is heated to approximately lOS to 107 K, and the pressure of the hot gas 

pushes the material into an expanding shell, forming the nebular structure. 

A model with isotropic winds would be sufficient to explain only the 

simplest PN structures, such as round, highly-symmetrical nebulae such as 

BD+30 0 3639 or IC 418. In fact, most PN show more complex structure. 

Zuckerman and Aller (1986) studied the shapes of 139 PN and found that, in the 

spatially resolved PN, 50% showed bipolar symmetry, and 30% were elliptical. 

Many PN also exhibit filamentary radial structures, knots of emission, and 

multiple shells. Clearly this cannot be easily accounted for by an isotropic wind 

expanding into free space. 

There are several ways in which nonspherical nebulae could be produced. 
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One possibility is anisotropies in the stellar wind from the central star. If the 

slow wind deposits much more material in the equatorial regions compared to the 

polar direction, or if the wind velocity is direction dependent, elliptical or bipolar 

structures can be created. When the fast wind begins to sweep the material into 

a shell, the density structure of the previously emitted envelope can determine 

the resulting nebular shape. Expansion will progress faster in the lower density 

polar regions, depending on the actual density gradient. A slight gradient will 

produce elliptical nebulae, whereas extreme gradients will produce bipolar 

nebulae, with very little expansion in the equatorial region. 

Several mechanisms have been proposed to generate anisotropic winds. 

They can be separated into two groups: models that describe mechanisms for a 

single central star, and models that assume that the star is a close binary. For a 

single star, stellar rotation is on~ possible way in which an asymmetric wind can 

be produced. This mechanism is usually dismissed since, by the time a star 

expands to its AGB size where most of the mass loss is expected, the surface 

velocity is such a small fraction of the escape velocity that it cannot have a large 

effect on the mass loss rate (Saker and Livio 1989). However, 0' Antona, 

Mazzitelli, and Sabbadin (1987) have suggested that there is a transfer of 

rotational momentum from the envelope to the core, which results in an 

enhancement of the equatorial magnetic field, causing more equatorial mass loss. 

This process would be more efficient for high mass stars. 

A second group of models assumes that the central star is a close binary, 



183 

and anisotropic mass loss occurs from the interaction between the two stars (Livio 

et al. 1979, Morris 1981). When the primary in the system evolves to the red 

giant stage, it fills its Roche lobe and begins losing mass through the first 

Lagrangian point Ll to the second star. The envelope of the second star expands 

and begins to lose mass through the second Lagrangian point ~, which leaves 

the binary system and forms the PN. One problem with this model is that only 

a few central stars of PN have been determined to be close binaries of the type 

necessary on this model. These identifications are difficult to make because the 

central star is often obscured by the nebula itself. Another difficulty was brought 

up by Zuckerman and Aller (1986), who showed that in a sample of 139 PN, 

there were too many exhibiting bipolar symmetry to be explained by the binary 

ejection mechanism alone. 

The number of contrasting models is an indication of the uncertainty of 

how PN actually form. At present, only a few central stars have been confirmed 

to be close binaries of the type described in the models above. Also, the late 

stages of stellar evolution are as yet not well modelled, especially in the case of 

PN where significant mass loss occurs, either by a single star, or by a close pair. 

A better understanding of these processes will lead to a clearer picture of PN 

formation. 
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2.1.2 Infrared Emission from Planetary Nebulae 

In some of the first infrared observations of PN, it was found that some 

nebulae have an "excess" of emission in the infrared over that which one would 

expect from recombination in the nebula and continuum flux from the central star 

(e.g., Gillett, Low, and Stein 1967, Woolf 1969, Willner, Becldin, and Visvanathan 

1972). This excess was subsequently attributed to emission by dust, heated by 

Lyman a, other ultraviolet and visible line radiation, and Lyman continuum flux 

from the central star. 

Measurements of the integrated flux fro~ PN have shown that the IR 

spectrum typically peaks near 35 J,£m (Moseley, 1980). The characteristic dust 

temperatures are near lOOK. However, the spectrum is usually not fit well by 

this single temperature blackbody at shorter wavelengths, having a spectral shape 

that indicates the presence of warm and hot dust components. There are also 

several recombination and fine-structure lines which can make significant 

contributions to the total flux in the near- and mid-IRe 

In the near-IR, there are several components which contribute to the total 

flux. There is nebular emission from recombination and collisionallyexdted lines, 

and hydrogen bound-free continuum. In some nebulae, there is continuum 

emission from hot dust. Also, there is usually a significant emission component 

from the PN central star. In the mid-IR, possible components are a warm 

(~200K) dust continuum, and emission lines due to [NeVI] (7.9 J,£m), [ArII!] (9.5 
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~m), [SIV] (10.8 ~m), [Nell] (12.8 ~m), [NeV] (14.5 ~m), and [NeITI] (15.5 ~m), 

and possibly others. In some PN, there is a feature attributed to SiC grains near 

11.3 ~m, and in others, a silicate featu~ near 9.7 ~m. 

In addition to these sources of continuum·and line emission, it was soon 

discovered that there were several broad emission lines at 3.3,7.7,8.6, and 11.3 

~m (Gillett, Forrest, and Merrill 1973). Also associated with these lines is ~ broad 

emission "plateau" that extends from approximately 11.5 to 13 ~m. These 

spectral features have been referred to as "unidentified infrared" (UIR) features, 

and have since been detected in many other PN, as well as other galactic and 

extragalactic sources (see reviews by Willner 1982, Puget and Leger 1989). The 

UIR features have been shown to correlate with each other, and with the nebular 

carbon to oxygen (C/O) ratio (Cohen et al. 1986). This correlation with the carbon 

abundance suggests that the features originate from carbon grains or molecules. 

Several possibilities have been studied, including polycyclic aromatic 

hydrocarbons (P AHs) (Leger apd Puget 1984), quenched carbonaceous composites 

(QCCs) (Sakata et al. 1987), or hydrogenated amorphous hydrocarbons (HACs) 

(Duley 1985). 

For PN that are less carbon rich (c/O~l) the UIR features are relatively 

weaker and often a broad plateau of emission is seen from 10.5 to 12.5 ~m, 

attributed to silicon carbide (SiC) (Willner et al. 1989, Barlow 1983). In oxygen

rich PN (C/O < 1), emission from silicates are seen with little or no SiC or UIR 

emission. When the PN is oxygen-rich, all the carbon is locked up in CO, 
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allowing only oxygen-rich grains to form, such as silicates. For PN with C/O 

unity or greater, the oxygen is then depleted by the formation of CO, allowing 

only grains containing carbon such as SiC, graphite, and the grains responsible 

for the UIR emission to form. 

Many of the models of dust formation and fragmentation make specific 

predictions for the spatial distribution of the dust that can be readily evaluated 

by high-resolution IR observations. For example, if the emission at the various 

UIR wavelengths is caused by the same molecules or grains, then the spatial 

distribution of the emission should be the same.' Also, if the carbon grains have 

an inhomogeneous spatial distribution, or are progressively destroyed in the PN 

as it ages as suggested by Natta and Panagia (1981), then studies of the spatial 

distribution of the dust emission will provide information about these grains. In 

addition, the infrared emission may be a good tracer of warm material external 

to the PN responsible for its shape, which may be in the form of circum stellar 

disks or clouds. 

2.1.3 The Planetary Nebulae in This Study 

The purpose of this study is to examine the spatial distribution of IR 

emission in various types of PN in order to gain a better understanding of the 

structure and evolution of these objects. This dissertation includes representative 

examples of several different types of nebulae, to provide an overview of the 
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characteristics of PN as viewed in the IR. The specific goals of this study are to 

determine the spatial distribution of emission from dust, UIR features, SiC 

emission near 11 J.l.m, and forbidden line emission. Using the images of the 

nebulae at different wavele~gths, the temperature structure of the dust can also 

be determined, and the emission features can be separated from the continuum 

emission. The spatial distribution of the emission can also be compared to the 

distribution in the radio continuum and emission lines in the optical, providing 

information on the structure of the PN. The IR structure may help' explain the 

formation and shaping of the PN by stellar winds. 

The PN were selected for this study based on a number of criteria. A few 

practical criteria limited the scope of the PNs to be studied. First, the nebulae 

had to have a small enough angular size on the sky ( < 30") yet large enough to 

be clearly resolved with the IR cameras used (>2-3"). The nebulae also were 

chosen to be relatively bright in the IR so that images in several bands could be 

obtained in a short time so that several objects could be studied. Most of these 

PN have been studied before in the IR and at optical and radio wavelengths, so 

this information could be used to help interpret the new data. 

The seven PN in this study can be divided into four groups, according to 

their IR characteristics. Three of the groups contain PN with different sets of IR 

emission features. The first group contains the IR-bright PN BD+30 0 3639 and J 

900. The members of this group typically have a high C/O ratio (> > 1) and exhibit 

excess IR emission at near-, mid-, and far-IR wavelengths. UIR feature emission 
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is seen at most or all of the UIR wavelengths. There is usually a strong mid-IR 

continuum emission from these PN. These nebulae are in the same class as NGC 

7027. The second group; which contains IC 418, has a different IR signature. 

These objects, which have a ClO ratio typically -1, show weak or no UIR feature 

emission and a weaker mid-IR continuum. An emission feature attributed to SiC 

is seen in these nebulae near 11 J.l.m. The PN NGC 6572 is also in this group. 

The third group contains the PN NGC 2392 and NGC 6543. These nebulae have 

CIO ratios usually < 1 and except for the far-IR show little or no "excess" IR 

emission that can be attributed to dust~ There is no evidence of UIR or dust 

continuum emission in the mid-IR, and little or no emission in the near-IR in 

excess of the central star and recombination emission from the nebula. The 

fourth group in this study is separated by morphology and presumably, by 

evolutionary sequence. The objects in this group, M 2-9 and AFGL 2688, are 

bipolar nebulae (BPN) and are usually considered to be proto-planetary nebulae 

(PPN) or PN in their early stages of formation. 

Table 2.1 summarizes some of the observational characteristics of these 

nebulae, collected from the literature. The PNs NGC 7027 and NGC 6572 are also 

included for comparison. Some parameters (e.g. the distance) are not well 

determined, with the values in the literature varying for a particular nebula by as 

much as a factor of 2 or more. The values given here have not been evaluated 

for their quality, but whenever possible the values are from the same source, for 

consistency . 



Table 2.1 General Characteristics of the 
Planetary Nebulae In This study 

BD+300 NGC NGC NGC NGC AFGL 
Parameter· 3639 J 900 7027 IC 418 6572 6543 2392 2688 K2-9 

Distance (kpc) 0.6 3 1.1 0.42 0.42 0.53 0.94 1.0 0.9 
{3} {2} {4} {6} {3} {4} {7} {14} {20} 

V (Jan/sec) 26 18 18 12 16 20 54 100 7 
{6} {6} {6} {6} {6} {6} {6} {23} {24} 

T(e-) (104K) 0.80 1.15 1.4 0.85 1.05 0.83 1.3 
{6} {6} {6} {6} {6} {6} {6} 

: 
Central star WC9 Of Of+WR :. 07+WR 07f F5 Ia B1 
type {6} {6} {6} {6} {6} {l6} {l9} 

Morphology E E E E DL P E BP BP 
class 

Central s~ar 27 310 32 60 45 6 44 
temp. (10 K) {l8} {9} {18} {18} {18} {l8} 

Dust Temp(OK) 175 90 190 180 125 95 200 140 . 
{6} {25} {6} {6} {6} {6} {17} {21} 

C/O ratio 1~6 4.0 3.1 1.3 1.1 2.2 0.58 
{l0} {l3} {14} {ll} {12} {12} {12} 

Mas~6 Loss rate 20 30 81 6.6 6.7 13 3 33 
(10 M0 /year) {I} {I} {I} {I} {1} {1} {23} {22} 

LNP IRE 5.46 1.39 1.9 1.98 2.37 1.16 68.5 

LNP Dust Temp 109 104 130 125 92 75 98 
( OK) 

LNP Distance .73 1.82 .41 .47 .64 1.22 2.37 
(kpc) ... 

~ 
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The first column (parameters) lists the particular nebular characteristic. The other columns give 
the value of the parameter for each nebula. There are two rows for each parameter~ The top number 
gives the value of the parameter, and the number below it in brackets gives the reference for that 
value, referring to the list given above. The following are parameter abbreviations used in the 
table: V - expansion velocity, relative to rest frame of PN, LHP - Lenzuni, Hatta, and Panagia 
1989, IRE - Infrared Exce~s, defined as the ratio of the IR luminosity to the-Ly a luminosity. The 
morphological classes given are as follows: E = Elliptical, BP = Bipolar, P = Pecular, DL = Double 
lobed. Note that members of the E class may also have two lobes of emission superimpos~ on the 
overal elliptical shape. 

.... 
~ 
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2.1.4 Observing Procedures and Data Reduction 

The observations presented here were carried out on Steward Observatory 

telescopes by a number of observers including myself. Also participating in the 

near-IR observations were William Hoffmann and Giovanni Fazio. In the mid-IR 

observations with the MIRAC, the other observers were William Hoffmann, 

Giovanni Fazio, Lynne Deutsch, and Jeff Regester. 

2.1.4.1 Near-IR Observations 

In the following sections, near-IR images of the following nebulae are 

presented: Ie 418 at J, H, and K; BD+30 0 3639 at K; NGC 2392, NGC 6543, and 

J 900 at Hand K, and AFGL 2688 at J, H, K, and Br y. All of these observations 

were obtained with the 64x64 Hg:Cd:Te array camera (Rieke, Rieke, and 

Montgomery 1987) on the Steward Observatory 2.3 m telescope at !<itt Peak. The 

general observing procedure was to take a short (5 to 40 sec.) exposure on the 

source, followed by an exposure at a telescope offset of 60" off the source of the 

same duration. The two images were then differenced to remove signal from the 

sky. A number of these image pairs were taken at each wavelength for the object 

being observed. 

The following sequence was followed for each PN observed. First, images 

were taken of the standard star used for the flux calibration. These exposure 
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times were relatively short (2 to 10 sec.) to avoid saturation, since the calibration 

stars are fairly bright. Next, images were obtained of an SAO catalog star near 

the PN (about half the number to be taken on the PN). The purpose of these 

observations was to obtain a measurement of the point spread function (PSF) of 

the array at the time of the PN observations. The SAO star would be typically 

a fewarcmin from the PN, so this would provide ,a good measurement of the PSF 

for that time and part of the sky. Next, images of the PN were taken. Typically 

32-64 images were obtained at each filter, at 20-60 seconds per image, depending 

on the magnitude. For all of the PN presented here, the sizes of the nebulae 

were smaller than the field-of-view of the array, so each on-source frame 

contained an image of the entire nebula. After these images were taken, more 

images (about half the number taken on the PN) were taken of the SAO catalog 

star nearby. Finally, more images of the flux standard star at the same 

wavelength were obtained. 

The data were reduced in the following way: first, "bad" pixels were 

removed from all the images by linearly interpolating between neighboring 

"good" pixels. The bad pixels were identified by their large digital values 

compared to the average value of the remainder of the image, or by showing no 

response to different flux levels. The number of bad pixels was typically 5-10 in 

the 64x64 pixel image, and were isolated in separate parts of the array. A gain 

matrix was calculated for each filter used, for each PN. The gain matrix was 

calculated by taking the reciprocal of the average of all the off-source images 

taken in the PN observations, normalized to the average value. Then for all the 
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on- and off-source pairs, the off-source image was subtracted from the on-source 

image, and the difference multiplied by the gain matrix. The result is an image 

where the instrumental irihomogeneities and background have been removed, 

leaving the source on a flat background. This process is frequentlyca11ed a "flat 

field correction". In this deScription, I refer to the off-source image of blank sky 

as a "flat field". The matrix that corrects for the pixel-to-pixel gain variations in 

the flat field-subtracted images is referred to as the gain matrix. 

The images were then reformatted by expanding each instrumental pixel 

to 4x4 subpixels, to allow for shifting the images by 1/4 pixel increments when 

aligning and averaging the images. The offsets between the images were 

determined by a two-dimensional cross correlation algorithm (Bamea and 

Silverman 1972, Tresch-Fienberg 1985). The images were registered to the nearest 

1/4 pixel and averaged together to obtain the final image. Since there are small 

offsets between images, the extreme edges of the final image have slightly less 

integration time than the cen~er of the image where the PN is located, but all 

points on the nebula have the same amount of on-source integration time. The 

images of the standard stars were then evaluated with the IRAF routines in 

DAOPHOT to determine the calibration factors to use with the PN images. 

Fluxes for the near-IR standards observed were taken" from Elias et al. (1982). 



194 

2.1.4.2 Mid-IR Observations 

In the following sections, mid-IR images of the following PN are presented: 

IC 418 at 11.7 /Jmi BD+30 0 3639 at 10.0, 11.2, 12.4, 12.8, and 13.2 /Jmi and M 2-9 

at 8.8 and 9.8 /Jm. These images were obtained with MIRAC. The wavelengths 

were chosen to sample the warm dust continuum and the [Nell], UIR features, 

and SiC emission in these nebulae. The procedures used to obtain images are 

different because of the large telescope and sky background contributions, and 

noise in the sky background. Gain matrices were calculated from blank sky 

images taken at 1 and 2 airmass, in the "Grab" mode where a single image is 

taken with tracking off and no telescope modulation. The average image at 1 

airmass is subtracted from the average image at 2 airmass to obtain the signal. 

The reciprocal of each pixel is taken and the image normalized so that the average 

value is 1. This procedure is done for each filter or CVF position used during the 

night of observing. This gain matrix compensates for all pixel-to-pixel gain 

variations in the array itself, along with sensitivity variations across the field 

dependent on the telescope. 

When observing the sources, a combination of chopping the secondary and 

"wobbling" or "nodding" the telescope was used. The source is placed in the 

first chop beam and a short (5-20 sec on-source) pair of integrations are taken. 

The chopper throw was typically 20-30", usually toward the north, at a frequency 

of 5-10 Hz. Then the telescope is pointed at the second nod beam position 

completely off the source, and another chop pair is taken. These four images are 
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combined into a single" observation" by taking the difference between the image 

in each chop pair, and then the second chop difference is subtracted from the 

first. The result is then multiplied by the gain matrix. This produces an image 

for which the sky and telescope background have been removed and the 

instrumental response of the camera have been corrected. At this point, the data 

reduction process proceeds in the same manner as the near-IR reduction 

described above, where the images are registered to the nearest 1/4 pixel and 

combined to produce the final picture. 

2.1.5 Presentation of the Planetary Nebulae Observations 

In the following sections, the observational results and analysis are 

presented. All the images prese~ted are oriented with N at the top and E at the 

left, unless otherwise noted. The axes around the image show arsec Right 

Ascension along the bottom of the image, and arcsec Declination along the left 

edge. The contours are labeled with letters that are described in the caption for 

each figure. 

Each of the following sections describes the results for a single object. The 

first part of each section briefly describes the general characteristics of the nebula, 

including its morphology, optical or radio images, continuum and line emission, 

or other relevant data. A short summary of the IR characteristics of the nebula 

is also given, describing the near- and mid-IR photometry and previous imaging 
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studies. A brief description of the observations is given, providing details about 

the data taking that were not covered in the above summary of observing 

methods, and information such as the date, direction of chopping and nodding 

the telescope, and integration time. The calibrated images are then presented, 

along with an analysis of the data. At the end of each section is a conclusion 

which summarizes the most important results discussed in that section. 

Following the sections that cover the individual objects there is a section 

that compares the nebulae as members of three different groups. The groups are 

defined by their near- and mid-IR emission characteristics and their optical and 

IR morphology. The nebulae are also compared to other PN which have been 

observed in the infrared. The implications of these observations concerning the 

various models of dust formation and UIR emission are also discussed. 
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2.2 BO+30 03639 

The PN BO+30 03639 is an optically bright, round, highly symmetric low

excitation nebula (see Figure 2.2). The nebula is usually considered young, 

because of its high surface brightness, symmetric shape, and small inferred 

intrinsic size. The distance to BO+3003639, however, is very uncertain, with 

estimates ranging from 0.5 to 2.8 kpc (Pottasch 1983, Taylor et ale 1987, Martin 

1987, Masson 1989). Radio continuum images (Basart and Oaub 1987, Masson 

1989) have shown that the structure is double-lobed, with peaks at the north and 

south positions of a nebular ring. 

The infrared emission from BO+3003639 has been studied extensively. 

Early observations showed the nebula to have excess IR emission (Woolf 1969, 

Gillett and Stein 1969). Russell, Soifer, and Merrill (1977) observed the UIR 

features around 3.3 JLm in their near-IR spectrum. Moseley (1980) observed far-IR 

continuum emission, along with a strong feature near 30 JLm. Aitken and Roche 

(1982) obtained an 8-13JLm spectrum showing UIR and [Nell] emission features, 

which were confirmed in the IRASmeasurements of BD+3003639 (Pottaschet al., 

1986). Results of near-IR imaging of BO+3003639 by Roche (1989) and Smith et 

al. (1989) are reported, and mid-IR imaging studies of BO+3003639 have been 

carried out by Bentley et ale (1984), Hora et ale (1990) and Ball et al. (1991). 
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2.2.1 Observations: 8D+30 03639 

The planetary nebUla 80+30 0 3639 was observed in the K band on 

Oecember 14, 1989 at the 2.3 m telescope on Kitt Peak, with the Steward 

Observatory 64x64 Hg:Cd:Te array camera. Images were not obtained at other 

NIR wavelengths on this run due to poor weather. The images were taken as 

alternating on- and off-source 25 sec integrations. Off-source frames, were 

obtained by nodding the telescope 1 arcmin to the north. Small (0.5 to 2") offsets 

were introduced before each on-source frame. The final image at each 

wavelength was constructed from 16 of these individual images. The IR 

standard star HD 203856 was used for flux calibration. The PSF standard was a 

field star in the same frames as BO+30 0 3639. 

The PN BO+30 0 3639 was also observed on June 2-3, 1991 using MIRAC at 

the Steward Observatory 2.3 m telescope on Kitt Peak. Images were obtained at 

10.0, 11.2, 12.4, 12.8, and 13.2, I'm using the CVF. Ten columns were read out 

during these observations, and the telescope was rastered across the source. The 

images presented here are a mosaic of the 35-40 individual 10 second nod sets 

taken at each wavelength. 

Images at each of the six wavelengths are shown in Figure 2.3. Table 2.2 

gives the measured fluxes of BD+30 0 3639 at each of the six wavelengths. The 

total time listed is on-source time in seconds. In the case of the 2.2 I'm image, 

the flux of the central star has been given, and the nebular flux is the total flux 
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measured from the system minus the central star contribution (the image at 2.2 

t£m with the central star subtracted is presented below). The resolution given is 

the measured FWHM of the profile of the standard star used for the flux 

calibration at that wavelength. 

Table 2.2 ,Observations of 8D+3003639 

Wavelength Total Nebula Stellar Resolution 
(#Jm) Time(sec) Flux(Jy) Flux(Jy) (arcsec) 

2.2 400 .448 .084 1.3 
10.0 540 51.0 1.5 
11.2 400 96 1.5 
12.4 220 89 1.7 
12.8 240 138 1.7 
13.2 420 88 1.6 

2.2.2 Discussion: BO+3003639 

2.2.2.1 BO+3003639 2.2 t£m Image 

The image of BO+3003639 at 2.2 t£m contains contributions from 

recombination emission, continuum emission from hot dust, and emission from 

the central star. Since the properties of the nebular emission are being studied, 

it is useful to remove the emission from the central star. The raw images of 

BD+30 03639 contained another star in the field, which made alignment of the 

individual images very accurate, and as a result, also provided a good measure 

of the instrumental PSF. This reference star was scaled and subtracted from the 
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raw image, and the result is shown in Figure 2.4. Source profiles of both the 

original and central star-subtracted images are shown in Figure 2.5. The E-W 

profile is slightly irregular in the central part of the nebula due to a slight 

mismatch of the profiles, but overall the central star is well subtracted to reveal 

the nebular structure. 

The image of BD+30 0 3639 in Figure 2.4 shows the nebular emission to be 

in a ring shape, with two bright lobes, in the northern and southern portions of 

the ring. The n~rthern lobe is slightly brighter than the southern one. This is 

very similar to the spatial distribution of emission seen in radio continuum 

images of this nebula (Basart and Daub 1987, Masson 1989). The 4.885 GHz 

image of BD+30 0 3639 from Masson (1989) is reproduced here in Figure 2.6 for 

comparison. The images match very closely, with the only significant difference 

being an extension of the northe.rn lobe to the east in the mid-IR images (e.g., at 

11.2 j.£m shown in Figure 2.3c), suggesting another concentration of emission in 

the northeast portion of the ring. As seen in the distribution of the mid-IR flux 

described below, there is also an enhancement of the emission in this location in 

several of the images, which also points to an origin in dust emission. 
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2.2.2.2 BD+30 0 3639 Mid-IR Images 

Mid-infrared images of the PN BO+30 0 3639 have been published 

previously, by Bentley et al.(1984), who scanned a single element detector across 

the nebula at several wavelengths, by Hora et ale (1990) using the AMCro camera, 

and most recently by Ball et ale (1991). Our previous observations using the 

AMCID camera (Hora et ale 1990) were carried out on the IRTF, with a pixel scale 

of 0~/78/pixe1, compared to 0~/66/pixel on the 2.3 m with the MIRAC. The 

diffraction-limited image size on the IRTF is approximately 1" at 10 p,m, and the 

effects of atmospheric seeing and image alignment errors can be expected to 

slightly increase the point source image size. However, due to charge-spreading 

effects that were characteristic of the AMCID array, the actual FWHM of a point 

source image was spread anisotropica11y to approximately 1~/5 in R.A. and 2~/7 in 

Dec. The AMCID images were deconvolved using maximum entropy, which 

removed some but not all of the effects of this non-circular PSF. In addition, the 

AMCID observations used broad band filters (approximately 10-15% bandwidth) 

which were not centered on the UIR features or placed at continuum 

wavelengths. The present observations were chosen to sample the UIR feature 

at 11.3 p,m, the [NeIl] line at 12.8 p,m, and continuum wavelengths around these 

features. 

One issue addressed in previous studies has been the spatial distribution 

of the spectral features in the nebula, relative to the continuum emission. This 

is important to models of the dust formation and destruction. Some possible 
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carriers of the UIR emission may be destroyed within the ionized zone. Bentley 

et ale and Hora et ale find that the UIR emission was slightly more extended than 

the continuum emission, although by a small amount. Ball et al., however, report 

finding no difference in the spatial extent of the UIR or [Nell] feature emission 

compared to the continuum image. 

To address this issue, the spatial distribution of the emission has been 

compared in several ways. First, the source profiles of the images, both in R.A. 

and Dec, are compared. These are shown in Figure 2.7. The profiles have been 

normalized so that the peak value is 1, and shifted so that the eastern peaks are 

aligned. In general, the profiles are very similar in size and shape between 

wavelengths. The eastern lobe in the E-W profiles, and the northern lobe in the 

N-S profiles are the brighter lobes. There is a central minimum in each of the 

profiles, with some differences in the detailed location and structure between the 

main lobes. However, several significant differences exist in the spatial extent of 

the nebula at the wavelengths observed. For example, in both R. A. and Dec., 

the 11.2 J,£m profile has the greater extent than the profiles in the continuum 

wavelengths of 10.0 and 13.2 J,£m. The difference is small, but the 11.2 J,£m image 

is consistently among the largest size for each set of profiles, both in width of the 

profile, and the separation between peaks. The image at 11.2 J,£m also had one 

of the smallest resolutions reported (see table above) so the larger size is probably 

not related to an instrumental effect. Table 2.3 summarizes the profile sizes from 

the data in Figure 2.7. 
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Table 2.3 Sizes of BD+3003639 

E-W FWHM S-N FWHM Distance between peaks 
Wavelength size size (E-W) (S-N) 

(J,£m) (arcsec) 

2.2 5.6 5.2 3.6 3.4 
10.0 5.7 5.1 3.5 2.6 
11.2 6.2 5.4 3.8 3.0 
12.4 6.2 4.7 3.6 2.8 
12.8 6.1 5.0 3.8 2.8 
13.~ 5.9 5.0 3.3 2.8 
UIR 6.5 5.6 3.6 3.8 

[NeII]2 6.8 5.2 4.0 3.3 

~calculated from the 11.2 ~m image minus a scaled 10.0 ~m image 
Calculated from the 12.8 ~m image minus a scaled 13.2 ~m image 

These results compare well with the conclusion of Bentleyet aI.(1984) and 

Hora et al. (1990) that found the emission at UIR wavelengths to be spatially more 

extended than at continuum wavelengths. A new result is the observations at 

12.8 J,£m which shows a larger extent in the E-W profiles, but a S-N profile that 

is very similar to the continuum wavelengths. The similarity between the 13.2 

J,£m and the 10.0 J,£m image profiles confirms that the distribution of the 

continuum emission is accurately measured. 

2.2.2.3 BD+30 0 3639 Temperature, Optical Depth Images 

By assuming that the IR radiation at 10.0 and 13.2 J,£m is thermal emission 

from dust grains, a temperature image for the nebula can be calculated. This 

calculation was performed in 4x4 sub-pixel bins (each bin equal in area to 1 
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detector pixel) for those regions where the SIN was greater than 10 in both 

images. Expressing the intensity of emitted radiation by a modified Planck law 

QABA(T) per unit wavelength, where QA 0(1 -n is the wavelength-dependent 

emissivity of the grains, the temperature T, can be calculated from solving the 

following equation for T: 

113.211111 = QI3,211111 BI3,211111(T) 

110,011111 QIO,Ol1m Blo.ol1l11(T) 
(7) 

For this calculation, the emissivity exponent n was taken to be 2, consistent with 

graphitic grains (Owek et. alI980). The result of this calculation for is shown in 

Figure 2.8. The points of highest temperature are on the ring of emission, with 

a central minimum, similar to the intensity images. However, the minimum 

temperature is not at the pOSition of the central dip of the intensity map, but is 

located at the position of the southern lobe. The temperatures in the region 

calculated range from approximately 160K to 190K, and the average temperature 

over the region is 172K ± 10K. This is in excellent agreement with the value 

calculated based on mid-IR spectral data from the nebula obtained previously 

(Pottasch et al. 1986). It is also interesting to note that the highest temperature 

region is in the eastern lobe of the nebula, although there is another peak at the 

position of the northern lobe. The eastern lobe is where additional UIR emission 

is observed. 

From the observed intensity and calculated temperature images, the opacity 
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distribution of the dust can be determined. Assuming that the radiation from the 

nebula at a particular frequency Iy is from dust grains at a temperature T emitting 

a blackbody spectrum BlT), and that the temperature T accurately represents 

these grains, the following transfer equation can be solved: 

(8) 

where T y cold is the absorption optical depth of dust between the nebula and the 

observer, and T y warm is the optical depth of the emitting grains in the nebula. 

Figure 2.9 shows an image of BD+30 03639 where the quantity T y warm was 

calculated from the 10.0 JLm image and the temperature image from Figure 2.8 for 

all points where the temperature is defined, assuming that the quantity T y cold is 

zero. The emission is optically thin everywhere in the nebula, with an average 

opacity of 6.3·10-4±1.3·10-4. There are density enhancements along the ring of 

the nebula, with the brightest peaks in the north and south positions. Instead 

of a central minimum, however, there seems to be a slight enhancement in the 

center of the nebula. 

Between the 11.3 JLm UIR feature and the 12.8 JLm [Nell] feature, 

BD+30 03639 exhibits an emission "plateau", seen in many different sources and 

predicted by many PAH emission models (e.g., d'Hendecourt and Leger 1987, 

Tielens et al. 1987). The emission of BD+3003639 from the 12.4 JLm image 

therefore includes a contribution from this emission plateau, which is a much 
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smaller spectral feature that the 11.3 ~m or 12.8 ~m feature. As seen from the 

source profiles, the image is larger than the continuum region in the E-W 

direction, but smaller in the N-S (FWHM size; the distance between the peaks is 

similar to the continuum images). This is consistent with the 12.4 ~m emission 

resulting mainly from the warm dust continuum, with a small contribution from 

the UIR emission plateau. 

2.2.2.4 BD+30 0 3639 [Nen], UIR Feature Imag~s 

The image of BD+30 0 3639 at 12.8 ~m is centered on the bright [NeIl] 

feature in this PN. Using the image at 13.2 ~m, the contribution of the 

continuum flux can be subtracted from the image and obtain an image of the 

spatial distribution of the [Nell] flux in the nebula. The continuum level at 12.8 

~m was estimated from the 13.2 ~m image by assuming that the continuum flux 

follows the temperature derived from the 10.0 and 13.2 ~m images. The result 

of this calculation is shown in Figure 2.10. The image shows that the [Nell] 

emission is primarily concentrated in the northern and southern parts of the 

nebular ring. This image shows a strong similarity to the distribution of the 6 em 

continuum emission from the nebula, as seen in the VLA images by Masson 

(1989). The [Nell] emission, as a tracer of the emission from the ionized gas 

regions, confirms the peaks of emission in the northern and southern regions as 

shown by the radio images. Comparison of the 12.8 ~m image with the 

continuum and UIR feature image at 11.2 ~m shows that the distribution of [Nell] 
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emission is similar to the dust emission, but the enhancements of emission in the 

eastern and western regions of the dust images are not present in the [Nell] 

image. 

Similarly, an image in the UIR feature at 11.2 J.&m can be constructed by 

subtracting the 10.0 IJ.m continuum image from the 11.2 J.&m image. This result 

is shown in Figure 2.11. As with the [Nell] image, tJle flux is from the outer 

edge of the ring, with peaks in the northern and southern parts of the nebula. 

However, a feature present here that is not in the [Nell] image is the 

enhancement in the east lobe of the nebula. Figure 2.12 shows profiles through 

these two images, with the profile of the 10.0 IJ.m continuum image included for 

comparison. Here the profiles have not been shifted, but are properly aligned to 

the correct position on the sky. The UIR profiles are larger than the continuum 

in both profiles, in FWHM size and position of the peaks. The [Nell] image is 

close to the same size as the continuum in the S-N profile (FWHM is similar, 

although the peaks have a larger separation), but is larger in the E-W profile, 

almost the same as the UIR profile. One ambiguity about the [Nell] image is that 

at 12.8 J.&m, the image may have a contribution from the 11-13 J.&m emission 

plateau, which is not subtracted out by the 13.2 IJ.m continuum image. This 

would have the most effect in the E-W profile, since it passes through a 

minimum of the [Nell] emission .. The broadening of the profile in this direction 

therefore may be related to this effect. 

Near-IR images of BD+30 0 3639 have been published previously. The 
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images from Roche (1989) are reproduced here in Figure 2.14. Two images are 

shown, one at Br y, and the other at 3.28 I'm, the position of the UIR feature 

emission. The image at Dr y is very similar to ours at K, showing peaks to the 

north and south of the central star. Their image at 3.28 I'm is different, showing 

an enhancement in the NE part of the emission ring. This is where an 

enhancement of the emission also appears in the 11.2 I'm feature map (see Figure 

2.11 above). This indicates that the 3.28 and 11.2 I'm features have a similar 

spatial distribution, and provides evidence that the UIR emission is from a single 

population of grains. 

2.2.4 Conclusions: BD+3003639 

The PN BD+3003639 has been observed at six IR wavelengths. Calibrated 

images are presented, along with derived temperature, dust opacity, and [Nell] 

and UIR feature emission ima~es. The following conclusions can be drawn: 

1. The spatial distribution of the emission is similar in each of the mid-IR images. 

However, slight differences in source size and structure are observed, with the 

11.2 I'm image, which includes emission from the" UIR feature at 11.3 I'm, 

appearing slightly more extended than the continuum images. Subtracting the 

continuum image at 10.0 J..£m from the 11.2 J1.m image shows the UIR emission 

coming from the outer rim of the ring. 
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2. The calculated temperature image shows that the average nebular temperature 

is 1721<, with the highest temperature regions along the ring of the nebula. The 

opacity image shows the emission to be optically thin throughout the nebula, 

with opacity maxima in the northern and southern regions on the ring. 

3. The [Nell] feature image shows the flux to be located in the nebular ring, with 

peaks in the northern and southern lobes. This is in excellent agreement with 

the radio images of the nebula, confirming that the ionized gas emission peaks 

are in these lobes. The mid-IR continuum emission, although also present in 

these N and 5 lobes, differs in that there is also significant emission from the E 

and W lobes of the nebula. 

4. The image of BD+30 0 3639 at 2.2 J.'m shows the spatial distribution of the 

emission to be in a ring, with intensity maxima in the N and 5 lobes. The spatial 

distribution matches the radio image very closely, except for an additional peak 

in the NE part of the nebular ring. This is consistent with the emission resulting 

from recombination emission from the ionized gas, along with a contribution 

from hot dust. 
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2.3 J 900 

The PN J 900 (PK 194 +201) is a circularly shaped high-excitation nebula of 

small angular size (approx. 5" FWHM). It was determined from JHI< photometry 

to have a significant contribution from dust emission (Whitelock 1985). The 

excess emission was observed to be higher in K than in H. Mid-IR 

spectrophotometry (Aitken and Roche 1982) showed that the spectrum of J 900 

is very similar to those of other nebulae such as NGC 7027 and BD+30 03639, with 

UIR features at 11.3,8.6, and 7.7 J..'m. In addition, there are fine structure lines 

of [S IV] at 10.52 J.l.m and [Nell] at 12.8 J.l.m. 

2.3.1 Observations 

The PN J 900 was observed in the H and K band on December 14, 1989 

with the 64x64 Hg:Cd:Te array camera on the SO 2.3 m telescope. The images 

were taken as alternating on- and off-source 40 sec integrations. Off-source 

frames were obtained by nodding the telescope 1 arcmin to the north. Small (0.5 

to 2") offsets were introduced before each on-source frame. The final image at 

each wavelength was constructed from 45-50 of these individual images. The IR 

standard stars HD 44612 and HD 40335 were used for flux calibration. The 

nearby star SAO 095673 was observed as a PSF reference for the nebula 

observations. 
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2.3.2 Results and Discussion: J 900 

Calibrated contour images of J 900 are presented in Figure 2.15. The 

emission is dominated by the central star of the nebula, so that the nebular 

structure is not easily separated out in these images. It is evident, however, that 

the nebula is extended to the NW and SE of the central star, with the NW 

extension the brightest. The nebula is roughly 5" in diameter, measured along 

a line passing through the major peaks. 

The central star was removed from these images by subtracting a scaled 

image of a star that was in the same field as the J 900 observations, which gave 

an especially accurate determination of the PSF for the image. The star was 

aligned with the image of the nebula using a cross-correlation algorithm, and 

scaled according to a model that assumes the emission results from three 

components, the central star and the two lobes. Contour images of J 900 with the 

central star subtracted are shown in Figure 2.16, and grayscale images are shown 

in Figure 2.17. 

The structure of the nebula is seen to be double-lobed, with the brightest 

lobe to the NW of the central star. It is also evident that the lobes are in slightly 

different positions in the Hand K images. A line passing through both peaks is 

at a PA of 24 0 W of N in the H image, and a PA of 16 0 W of N in the K image. 

The lobe separation is also different, with the H lobe peaks separated by 2~'85 and 

the K lobe peaks separated by 2~'07. 
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Table 2.4 lists the results of the J 900 photometry, for the entire source, and 

for the central star separated from the nebula. 

Table 2.4 Photometry of J 900 

Flux (10.2 Jy) 
star + Magnitudes 

Filter Nebula Star Star Nebula 

H 
K 

2.81 
9.68 

.180 
.860 

14.9 
12.7 

12.0 
10.2 

The correlation studies of the UIR bands by Cohen et ale (1986) showed that 

J 900 also exhibited UIR emission in the 3.3 and 6.2 I'm bands, in addition to the 

7.7, 8.7, and 11.3 I'm bands observed by Aitken and Roche (1982). The relative 

band strengths matched well with the general correlations of band strengths. 

Cohen et ale also compared the fraction of nebular far-IR luminosity with the C/O 

ratio and found a strong correlation, with J 900 having the highest value of both 

for six nebulae, the others being NGC 7027, BD+3003639, IC 5117, IC 418, and 

NGC 6572. 

Of these five, J 900 is closest in its IR characteristics to BD+30 03639 and 

NGC 7027, the common IR emission factors being high intrinsic UIR emission, 

high C/O ratio, high excitation, and near-IR excess. In addition, the observations 

presented here have shown that the IR spatial structure is also similar, with two 

lobes of emission around the central star. The asymmetry in the flux between the 

two lobes is larger here than in the other nebula, but the larger distance to J 900 

makes the spatial structure and the geometry of the source more difficult to 
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determine. The observed asymmetry could be from either an intrinsic difference 

in luminosity, a higher relative extinction in the SE lobe than the NW lobe, or an 

inclination of the source that causes the NW lobe to appear brighter. 

2.3.3 Conclusions: J 900 

We have observed the PN J 900 at H and K with a resolution of 0~'56 per 

pixel. Calibrated images are presented showing the distribution of near-IR flux. 

The following conclusions can be drawn: 

1. The nebula is seen to have a double-lobed structure at both wavelengths. The 

images in which the central star have been subtracted show that the NW lobe is 

brighter than the SE lobe at both wavelengths. 

2. There are slight differences, in the P A and position of the lobes at the different 

wavelengths, which may be in part due to the geometry of the source. 
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2.4 Ie 418 

The PN IC 418 is a young, low-excitation, elliPtically shaped nebula with 

bipolar symmetry (see Figures 2.18, 2.19). This bright shell is enveloped in a 

much larger faint halo. A good review of the observational characteristics of IC 

418 is given by Hoare (1990). The distance to ic 418 is not well known, with 

values in the literature ranging from 0.42 kpc (Pottasch 1984) to 2.0 kpc (Mendez 

et al. 1988). 

The infrared emission from IC 418 shows several distinct components. The 

near-IR emission shows an excess from what is expected from the nebular gas 

and the star itself (Willner, BeckIin, and Visvanathan 1972). A second component 

in the near- and mid-IR is the UIR features, seen at 3.3, 3.4 (Russell, Soifer, and 

Merrill 1977), 6.2, 7.7 (Cohen et al. 1986) and possibly 11.3 J.£m (Willner et al. 

1979). There is also a broad feature at 11.2 J.£m which is attributed to SiC 

emission (Willner et al. 1979). In addition, there. is a broad feature which peaks 

near 30 J.£m (Moseley 1980, Forrest, Houck, and McCarthy 1981) which has been 

attributed to magnesium sulfide by Goebel and Moseley (1985). There is also 

another component responsible for the continuum emission in the mid- and far

IR, which is assumed due to carbon grains that are larger than those responsible 

for the n~ar-IR emission (Hoare 1990). 
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2.4.1 Observations and Data Reduction: IC 418 

The planetary nebula IC 418 was observed at both near- and mid-IR 

wavelengths, on the Steward Observatory 2.3 m and 1.5 m telescopes. Table 2.5 

lists some details of the observations. 

Table 2.5 IC 418 Observation Log 

Date Instt Wavelength Scale Telescope On source 
(~m) (It/pix) Int. time(sec)* 

12/13/89 1 1. 6 (H) .58 2.3 m 320 (20) 
12/14/89 1 2.2 (K) .58 2.3 m 680 (40) 
3/ 6/90 1 1.2 (J) .58 2.3 m 560 (40) 

12/ 6/90 2 11.7 1.0 1.5 m 60*(10) 

tHg:Cd:Te array camera, 2=MIRAC 
*The number in parenthesis is the number of seconds in a single 

integration 
*Average integration time for a position on mosaic image 

The I, H, and K images were taken as alternating on- and off-source 40 sec 

integrations. Off-source frames were obtained by nodding the telescope 1 arcmin 

to the north. The final image at each wavelength was constructed from 32-48 of 

these individual images. 

Two standard star observations were done in each wavelength before and 

after the nebular observations. First, a flux standard was observed in the same 

manner as the PN, except that the integrations were typically 5 seconds to avoid 

saturating the detector. Second, a nearby SAO star was observed as a point 
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source reference. Frames were taken at the same operating parameters as the PN 

observations. Table 2.6 details which standards were used for the PN observed. 

The FWHM size is given for both the RA and Dec profiles of the PSF standards. 

These image sizes are for the final images, the sum of all the individual 

integrations, so the effects of seeing, errors in image registration, and telescope 

drift are included. 

Table 2.6 PSF Standard stars for IC 418 Observations 

Filter 

J 
H 
K 

11.7 IJm 

star 

SAO 150'440 
SAO 150445 
SAO 150445 

a Boo 

FWHM (It) 
RA 

1.31 
1.56 
1.18 
2.5 

Dec 

1.32 
1.55 
1.16 
2.5 

For the MIRAC observations at 11.7 J,£m, the camera was equipped with 

four signal processor channels, so a 4x32 section of the array was used. The on

source integration time of each observation was 10 sec. Chopping was 23" to the 

north, and the telescope was nodded 30" N between each chop pairs. The array 

was scanned across the source in approximately 1.5" steps in Dec (along the short 

dimension of the array) to cover the entire nebula. A total of 5 separate scans 

were performed, along with a number of integrations with the nebula centered 

on the array. In the final coadded image, each position has an average of 60 

seconds on-source integration time. Alpha Boo was used as a flux calibration 

reference. 
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2.4.2 Results and Discussion: IC 418 NIR Emission 

Calibrated contour images of IC 418 at J, H, and K are shown in Figure 

2.20. The general features of the nebula are the same in each image: the overall 

shape of the nebula is ellipsoidal, with emission lobes on either side of the central 

star. In all of the images, the east lobe is brighter than the west lobe, and the 

central star is the brightest point on the nebula. The K and H images are very 

similar, with similar relative intensity and position in the lobes, and a break in the 

ring structure northwest from the central star. Grayscale images of IC 418 at J 

and K are shown in Figure 2.21, for comparison to the optical image. 

2.4.2.1 IC 418 Morphology and Sizes 

There are important similarities between the NIR images presented here 

and the images at optical wavelengths in Louise et al. (1987). In their HB image, 

there are two main lobes of emission. A line drawn between these lobes passing 

through the center of the nebula has a position angle (PA) of 68 0
, similar to the 

PA for the H and K images of 70 0 and 76 0 , respectively. The separation of the 

peaks of the lobes is 8.8", close to that observed in the J image. The image at 

[011] by Louise et al. shows a similar double-lobed structure, with the peaks of 

emission at apprOximately the same location and separation. 

Despite the similarity between the near-IR images, however, significant 
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differences are seen. The largest differences are between the J image and the H 

and K images. One difference is that the brightest lobe of emission from the 

nebula in J is rotated approximately 45 0 from the position of the brightest lobe 

in the H and K images, at a PA of 25 o. In addition to the rotation, the E lobe in 

the J image also appears to be located slightly closer to the center of the nebula, 

compared to the H and K images. Another difference between the images is in 

the local minimum in the ring structure visible in the northwest part of the H and 

K images, as well as the optical images. This minimum is absent in the J image -

the ring structure extends through this region without any break. The smaller 

west emission lobe also differs in the J image. This lobe is not present as a 

discrete local maximum in the J image. Instead, the intensity varies smoothly 

from the northern part of the nebula along the west side to the southern part, 

where there is a local minimum common to all the images. 

These differences in spatial distribution of the flux can also be seen in the 

source profiles. Figure 2.22 shows the profiles for each of the images, normalized 

to the level of the brightest (E) lobe of emission and centered on the central star. 

The profiles are at a PA of 70 0
, and averaged over a width of ~'56. The spatial 

extent of the near-IR emission is similar in each of the bands, but it can be seen 

that there is a trend of larger source extension with increasing wavelength for the 

NIR images: the J image is smallest, then the H and finally the K image being the 

largest. The FWHM of the J source profile is 1~'1 narrower than the K source 

profile, and 1~'2 narrower measuring between the local maxima (the peaks 

corresponding to the nebula ring) of the source profile on either side of the 
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central star. Table 2.7 gives the fluxes of IC 418 and the size at each wavelength 

as measured from these profiles through the main lobes. 

Filter 

J 
H 
K 

11. 7 IJm 

Table 2.7 Observed Parameters of IC 418 

Flux 
(Jy) 

.82 

.73 
1.24 

29 

FWHM size 
(") 

11.33 
12.25 
12.47 
11.59 

Nebular peak 
separation 

(" ) 

8.58 
9.24 
9.76 
7.31 

Also apparent in these profiles is the trend in the relative brightness of the 

emi..qsion near the central star, relative to the emission in the nebular ring. The 

J image has the brightest central emission relative to the lobes, followed by the 

H and then K image. This shows the increasing flux contribution of the nebula 

at the longer wavelengths. 

2.4.2.2 IC 418 Central Star Subtraction 

One would like to be able to separate out from the nebular flux the flux 

emitted by the central star. One approach is to use the standard star 

observations to detennine the instrumental PSF, and assume the central star is 

contributing to the image in this way. The standard star image would then 
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simply be scaled properly and subtracted from the observed image to give an 

image of the nebula alone. However, for the IC 418 images at J, H, and K, the 

central peak of the nebula is wider than the standard star image, and so the 

central peak cannot be totally subtracted from the nebula image. 

This is illustrated in Figure 2.23, which shows a profile of the nebula data 

at J with the theoretical profile of the nebula without contributions from regions 

near the central star. The nebular profile assumes that the nebular emission is 

from an optically thin ellipsoidal shell. When the central star is subtracted to this 

level, however, the resulting profile does not match the theoretical profile of 

Figure 2.23. Instead, two peaks remain on either side of the central position, 

indicating that the wings of the peak are not being matched well by the standard 

star. 

This incomplete subtraction is shown in Figure 2.24, which presents three 

profiles at each wavelength: one with the star scaled and subtracted up to the 

point where it would begin to show a central hole (called "Case A" here for ease 

of reference), one with the central star subtracted to the level shown in Figure 

2.23 ("Case B"), and one with the star subtracted so that the central hole goes to 

near zero ("Case C"). Case A corresponds to a residual emission peak at the 

position of the central star, Case B results in a central ring of emission inside the 

main nebular ring, and case C shows that the wings of the central maximum are 

still not completely subtracted when the central flux is subtracted to zero. There 

is some irregularity in the profile in the central region after subtraction, due to 



221 

errors in the image registration. 

These three cases are not the only possibilities (the flux of the star could 

be intermediate between these discrete levels) but it is useful to examine these 

cases. Case C can be discarded immediately, since some nebular flux is expected 

from the central position of the nebula. In the Case B profiles of Figure 2.24 that 

show a double peak where the star was subtracte4 (corresponding to a inner ring 

of emission), the width of the double peaks are narrower than the instrumental 

PSF as measured by the standard star observations. The minimum size for any 

real feature should be the PSF width, so this indicates that the ring is an artifact 

caused by incorrect scaling of the subtracted star. 

In the case where the PSF was scaled to produce a single central peak, the 

feature is approximately equal to or greater than the width of the PSF. Therefore, 

Case A is consistent with the observations and more likely to be valid than Case 

B. For the same reason, the flux of the residual peak is not likely to be smaller 

than the Case A profile. Therefore, the Case A profile represents a lower limit 

to the non-stellar central flux. Figure 2.25 shows three profiles in Case A for each 

wavelength: the original data, the standard star scaled to the proper value, and 

the resultant IC 418 profile when this star is subtracted. 

There are a number of ways in which this excess emission near the central 

star could be artificially created by the instrument or data reduction process. One 

possible cause of this effect is that the instrumental PSF in the nebula images was 



222 

vastly different from that in the standard star observations. This is not likely, 

however, since several steps were taken to make sure the standard star images 

were prepared in the same manner as the nebula images. The observations of the 

PSF standard stars were taken immediately before and after the nebula 

observations at each wavelength. The integration times were similar, and a 

similar number of observations per source were done. The stars used were not 

excessively bright (see Appendix 4), so there is no reason to expect a flux 

dependent PSF difference between the stars and the nebula. When comparing 

the standard star images taken before and after the images of the nebula at a 

particular wavelength, there was no significant difference in the source profiles. 

This indicated that the conditions were stable throughout the observations at a 

particular wavelength. 

In the data reduction, the standard star images were treated in the same 

way as the nebular images, using the same gain matrix and flat fielding 

technique. Offsets for the individual integrations were calculated using a spatial 

cross-correlation algorithm. This algorithm selected only the region near the 

central peak of the image to use in the calculation, so that in the nebular images, 

the fainter extended regions were not included. Therefore we conclude that the 

differences in image profiles between the standard stars and the nebula are real 

and not an artifact of the instrument. 

From the profiles of the PSF-subtracted nebula in Figure 2.25, it can be seen 

that the largest relative contribution of the central star to the flux in the central 
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region is in the K image. The subtraction of the scaled standard star profile is 

nearly complete, with only a small residual left. The central residual is larger in 

the J and H images, with the peak still just over twice the intensity of the 

brightest lobe. 

2.4.2.3 Comparison, Discussion of Previous Studies of IC 418 

The fact that the size of Ie 418 increases with wavelength in the near-IR 

has been noted hefall! by Willner, Becklin, and Visvanathan (1972) and Phillips 

et ale (1984). Willner et ale used apertures of increasing size at H and K, and 

found that the flux continued to increase significantly even after the entire optical 

nebula was within the aperture. Phillips et ale scanned a photometer with a 5~'4 

beam across the nebula in right ascension to measure the source profile, and 

found the nebular size increased with wavelength, and was larger than their 

standard star profile at H, K, ~d L. However, their profiles showed no emission 

extended beyond the central star in the J band. In their H and K scans, extended 

emission was detected, however it was at a distance of 10" from the center of the 

nebula, twice the size of the images in Figure 2.20. Most of the differences can 

probably be attributed to their lower spatial resolution and lower signal to noise. 

The faint nebular emission could have easily been lost in the wings of the bright 

central star profile at the shorter wavelengths. 

This does, however, change their conclusions about the location of the 
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temperature distribution of the dust. Phillips et ale (1984) had observed emission 

at K outside the ionized zone but no K-band emission inside that was not from 

the central star, and L-band emission that extends from near the central star to 

outside the ionized zone. They suggested that there was hot dust emission from 

outside the ionized zone and cooler dust emission from close to the central star. 

The images, however, show that there is emission in excess of the central star in 

J, H, and K, and no evidence of the temperature increasing with distance from 

the central star. 

2.4.2.4 Sources of Near-IR Emission in Ie 418 

There are several components to the near-IR emission from Ie 418. There 

is a component due to recombination emission from the nebulae. The total 

nebular flux between 2 - 4 #.£m is a factor of 2 greater that what is expected from 

the radio observations (Willner et ale 1979), implying the presence of hot dust. 

Willner et ale calculated a grain temperature of 1350 K for a 10" beam, and 950 K 

for a 44" beam, assuming a grain emissivity QA. a 1-2. However, they find it 

difficult to explain these high temperatures given the central star temperature of 

-3'104 K. Other mechanisms, such as free-free emission generated from 

h,teractions between electrons and W or H2 - ions, or stellar radiation scattered 

from dust particles, were also not satisfactory to explain the excess. 

Recently, Zhang and Kwok (1991) have measured the spectrum of Ie 418 
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between 1.5 and 1.75 I'm with a spectral resolution of i.lA').. = 1280. The 

wavelengths measured cover the spectral region within the H band. There is an 

uncertainty in the measured flux from the nebula since the instrumental beam 

diameter was only 5", significantly smaller than the size of the nebula. They 

multiply the entire spectrum by a factor of 4 to correct for this; however, since 

the nebula shape is seen to differ as a function of wavelength, this will cause 

differences in the spectral shape as a function of position over the nebula. The 

main features of the spectrum in the wavelenght region from 1.5 to 1.75 I'm are 

the series of Brackett emission lines of hydrogen, superimposed on a continuum. 

There are also small flux contributions from emission lines of He and Mg. 

Zhang and Kwok (1991) estimate that the total flux due to line emission is 

about 25% of the total H-band emission observed. From recombination line 

theory, an estimated 39% of ~e J band and 4% of the K band flux is from 

emission lines. Even after correcting for the line flux, there is still an emission 

excess over that expected from the nebular and stellar continuum. They 

determine that the K excess could be accounted for by thermal radiation from 600 

K grains, but the J and H excess implies a color temperature of 95000 K. One 

suggested possibility of a field star included in the aperture is ruled out by the 

images presented here, but does not rule out a close companion. 

Another possibility for the flux excess is emission from small grains. These 

hot grains would be expected to be closer to the central star than the emission 

from the 600 K or the warm or cool dust emssion seen at mid- or far-IR 

-. 



226 

wavlengths. Since the temperature of the grains would have to be > 1000 K, the 

emission from the hot grains would be greatest at J, and decreasing at H and K. 

From the point-source subtracted profiles of Figure 2.25, one possible 

identification of the excess radiation is apparent in the central flux left after 

subtraction of the central star. The emission is located near the central star, only 

slightly more extended than the instrumental PSF. The excess is large~t at J, 

smaller at H, and almost not present at K, implying a high temperature. It is 

helpful to separate the flux in each band into the nebular, stellar, and central 

excess components using the spatial information of the images presented here. 

Table 2.8 gives the flux for each separate component. The "halo" component is 

described in S2.4.2.S below. 

Table 2.8 IC 418 NIR Component Fluxes 

(Flux in Jy) 

Central 
Filter Total Nebula star Excess Halo 

J .823 .655 .086 .082 0 
H .732 .524 .064 .032 .112 
K 1.24 .938 .073 .011 .218 

Willner, Becklin, and Visvanathan (1972) calculated the expected flux at Hand K 

based on radio observations to be .46 and .54 Jy, respectively. The excess flux 

does not seem to be emitted by a single spatial component as separated in Table 

2.8. In fact, the emission from the nebula alone is above the expected values, 

implying that some of the excess emission must come from the nebular ring. The 
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emission from the central region attributed to the star does not follow the 

expected blackbody spectrum for a 30000 K star- the color temperature calculated 

from the J and H emission is -2600 K. If the "central excess" flux is attributed 

to the star, this results in a J - H color temperature of -3600 K. This effect could 

be caused by dust emission near the central s~r that has not been spatially 

resolved. Also, Zhang and Kwok's (1991) suggestion of a close companion is not 

ruled out. 

Significant emission is also seen in the halo in the H and K bands. The 

relative flux in each band is -17%, much less than what was suggested by 

Willner et ale (1989) in their multiple aperture photometry. The emission in the 

halo region could have contributions from thermal emission from grains, and 

from scattered starlight. Polarization observations of this region would aid in 

separating out the components of emission. 

2.4.2.5 Ie 418 Halo Emission 

There have been previous reports of evidence for an extended shell of 

emission around Ie 418. Willner, Becklin, and Visvanathan (1972) showed that 

the flux continued to increase out to a beam size of 40" at K. Taylor and Pottasch 

(1987) detected neutral hydrogen in the circumnebular shell. Their observations 

showed 21 cm emission and absorption towards the nebula, with a velocity 

relative to the system of 13.2±0.S km/sec. Taylor, Gussie, and Goss (1989) 
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mapped the 21 em emission and found it to be extended by approximately 1 

arcmin in Right Ascension and 2 arcmin in Declination. Monk, Barlow, and 

Clegg (1989) detected a faint halo in [On] and Hy extending at least 110 arcsec in 

diameter. They attributed the emission to scattered light from small ( < .03 ",m for 

carbon or silicate) particles. 

We have shown in the source profiles in Figure 2.22 above that the nebula 

is more extended in the longer near-IR wavelengths, based on separation of the 

lobe peaks. There is also evidence for a low level emission from the nebula in the 

H and K images that extends well outside the ionized zone where most of the 

flux is emitted. Figure 2.26 shows the profiles of the images plotted again on a 

greatly magnified vertical scale. This shows the emission from the H and K 

bands extending out beyond the edge of the nebula, to approximately 14" from 

the lobe peak. In contrast, the I emission terminates shortly after the edge of the 

major lobe of emission in the nebula, at no more than 7" from the lobe peak. 

The K emission is brighter than the H emission, relative to the lobes of the 

nebula. The J image is not as high signal to noise as the K and H images, but it 

is clear that, relative to the lobe peak, the emission drops much lower at a given 

distance. 

The color temperature of the emission outside the ionized zone can be 

calculated using the Hand K images. The resulting temperature image has a 

roughly flat distribution, with an average' temperature of lS00K. If there is a 

significant contribution from scattered light in the halo, the relative contribution 
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will be greater at H, so the temperature would be lower. Spatially resolved 

polarization images of IC 418 would help distinguish between thermal emission 

and scattered light in the nebula. 

2.4.3 IC 418 Mid-IR Emission 

The contour image of IC 418 at 11.7 #Lm is shown in Figure 2.27. This filter 

samples the spectral feature in the spectrum of IC 418 from 11 to 12.5 #Lm, which 

is attributed to SiC emission. Evidence of weak UIR emission at 3.3 and 7.7 #Lm 

has been detected (Willner et ale 1979), so there may be some weak contribution 

from the UIR feature at 11.3 #Lm, as well as from the UIR plateau feature. There 

is also a large contribution at 11.7 #Lm from mid-IR continuum emission from the 

nebula. The relative importance of these contributions to the total emission are 

not known precisely, but the mid-IR continuum ~d the SiC feature contributions 

are approximately equal, with a minor contribution from the UIR features. 

Significant differences between this image and the near-IR images are 

apparent. The signal-to-noise ratio is lower in the 11.7 #Lm image than in the J, 

H, and K images, but the major structure of the nebula is clearly visible. There 

is a small peak at the central star position, and other peaks around the ring of the 

nebula. There are E and W lobes' corresponding to those seen in the J-K images, 

and two additional peaks in the Nand S parts of the nebula. 
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A profile through the 11.7 J,'m image is shown in Figure 2.22, along with 

the near-IR profiles. The peaks of the 11.7 J,'m image fall inside of the peaks of 

the J image, which was the most compact of the J-K images. This would indicate 

that most of the SiC and warm dust emission is coming from within the region 

where the recombination and hot dust are emitting. The central emission peak 

in the 11.7 J,'m image is also interesting. There will be no significant flux from 

the star itself at 11.7 J,'m. Since we do not have an image of IC 418 in the 

continuum without contribution from the SiC feature, the flux from each separate 

component cannot be determined, only the total from both components. 

The mid-IR emission detected from the position of the central star indicates 

the presence of dust or SiC. This is in the same position as the excess flux seen 

in the central regions of the J, H, and K images. Therefore, this provides 

additional evidence for the interpretation of the distribution of non-stellar near-IR 

flux as a central peak rather than a ring. 

2.4.4 Dust Emission in IC 418 

SiC has been thought to form in carbon star envelopes (Treffers and Cohen 

1974, Merrill and Stein 1976). The envelopes of these stars have the conditions 

necessary for particles to form: high densities (~ 109 cm-3) and cool temperatures 

(1OOO-2000K) (Salpeter 1974, Seab 1988). Experimental results by Frenklach, 

Carmer, and Feigelson (1989) have shown that SiC can form at higher 
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temperatures (above 2800K) and therefore would be the first particles to form in 

C-rich envelopes. They have proposed that SiC may act as nucleation sites for 

larger carbon particles and formation of P AH molecules. 

The observations at 11.7 J,£m presented here are consistent with this model 

of SiC formation and growth. Since the carbon abundance is not very high (CiO 

ratio ~ 1.3) the carbon is locked up in CO and SiC, leaving little carbon for the 

formation of amorphous grains or P AHs. The UIR emission from IC 418 is in fact 

much weaker than in other IR-bright nebula, as shown by Cohen et al. (1986) 

who compared the 7.7 J,£m feature flux to total far-IR luminosity. The spatial 

distribution of the 11.7 J,£m emission also indicates that it is different from the 

UIR features or continuum that are located in or just outside the ionized zone 

(e.g., in NGC 7027 or BD+30 0 3639). The presence of emission near the central 

star indicates that the SiC at that location may have formed recently and may still 

be forming. 

The SiC emission is only one component of the IR emission. The IR 

spectrum of IC 418 peaks near 30 J,£m, consisting of a broad thermal continuum 

with an emission feature near 30 J,£m attributed to MgS. Models of the SiC 

emission have shown that it ccmnot account for the fai'-IR emission, by 2-3 orders 

of magnitude (Stephens 1980, Hoare 1990). 

Hoare (1990) presents two different models for the mid- and far-IR 

emission. Both use SiC and MgS to create the spectral features at around 11.2 
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and 30 JJm, and the continuum is produced by graphite emission in one model 

and amorphous carbon in the other. The amorphous carbon model fits the lRAS 

data slightly better than the graphite model, however both models have difficulty 

reproducing the near- and mid-IR continuum emission, where hot dust and UIR 

features will have a contribution. A plot of the surface brightness of IC 418 at 12, 

100, and 450 JJm for the amorphous carbon model is shown in Figure 2.29. The 

model's 12 JJm surface brightness compares well with the observed surface 

brightness of the 11.7 J,£m image, shown in Figure 2.28. This figure is a plot of 

the average surface brightness in an annulus as a function of increasing radius 

from the center of the nebula. 

2.4.5 Conclusions: IC 418 

The PN IC 418 was observed at J, H, K, and at 11.7 ",m. Calibrated images are 

presented here, along with source profiles and ratio images. The following 

conclusions can be drawn: 

1. The distribution of emission is very similar at J, H, and K, and is similar to the 

size of the HB image. However, there is a detectable difference in the size of the 

images, with the FWHM and the distance between the peaks increasing with 

wavelength in the near-IRe 

2. There is a peak in the flux distribution of the nebula after subtracting out the 



233 

flux contribution from the central star. This residual peak is strongest at J and 

is progressively weaker at H and K. This excess at the central position is 

coincident with the local maximum in the 11.7 I'm image and perhaps indicates 

a compact shell interior to the main shell of emission. 

3. The spatial distribution of the emission at 11.7 I'm, attributed to SiC and 

continuum thermal emission from warm dust, is significantly different from the 

other images, being less symmetrical and having additional knots of emission. 

Also, the FWHM size is smaller than in the near-IR and optical images, indicating 

that the emission may be originating from within the ionized zone. Additional 

evidence of this is the emission peak at the position of the central star. 

4. Evidence for an extended halo is seen in the K and H images. The halo 

extends approximately 13" fu~er than the peaks of the main lobes, for a total 

nebular diameter of 36" along the minor axis and 40" along the major axis of the 

nebula. Emission is not detected in the halo in the J band, or at 11.7 I'm. 

5. The location of the 11.7 I'm emission within the ionized region is unique to 

IC 418, since in most nebulae exhibiting detectable 10 I'm continuum emission, 

it is seen to be coextensive or located just outside the ionized zone. There are 

emission contributions from warm dust and pOSSibly UIR features at this 

wavelength, in addition to the SiC emission feature. The other nebulae with UIR 

and dust continuum emission, however, do not exhibit emission near the central 

star position. This suggests that this central emission is from the SiC feature, 
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which is expected to form at higher temperatures than the hydrocarbon carriers 

of the U1R emission, so it can be formed and survive closer to the central star. 
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2.5 NGC 6543 

The PN NGC 6543 does not readily fit into any of the simple morphological 

classes that describe most PN (see discussion of classes in introduction above). 

Its appearance in opticallow-excitation lines is that of two ellipses at nearly right 

angles to each other, centered on a star (Figure 2.30). Along with this large scale 

structure, there are tails and filaments of emission connecting the ellipses and 

extending out beyond them. In addition, there is a faint nebulosity of elliptical 

form that extends well beyond this bright inner structure. One difficulty in 

explaining the observed structure is that the appearance of the nebula is 

significantly different in the low-ionization emission lines, Ha, [01], [0 ill], cLTld 

radio continuum (Balick and Preston 1987). 

Several models have been proposed to explain the observed morphology. 

The multiple shell appearance was first explained by helical structures (Munch 

1968, Carranza et ala 1968). Phillips and Reay (1977) propose a triaxial closed shell 

model. Hippelein et ala (1985) suggest a simple wind-blown model and try to 

match it to the observations. Balick and Preston (1987) propose a model of two 

pairs of bipolar lobes with axes that intersect at the center of the nebula. This 

was based on their kinematic observations of NGC 6543 in Ha and [N 11]. The 

structure is very ordered but complex. The difficulty in interpreting these image 

is not only in determining the structure, but in proposing a possible mechanism 

to produce that structure. 
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2.5.1 Observations: NGC 6543 

The planetary nebUla was observed in the K and H bands on March 6, 

1990 with the Steward Observatory 64x64 Hg:Cd:Te array camera. The images 

were taken as alternating on- and off-source 60 sec integrations. Off-source 

frames were obtained by nodding the telescope 1 arcmin to the north. Small (0.5 

to 2") offsets were introduced before each on-source frame. The final image at 

each wavelength was constructed from 50 of these individual images. The IR 

standard star HD 136754 was used for flux calibration. The nearby SAO star 

017713 was observed as a PSF reference. 

Contour images of the PN NGC 6543 at H and K are presented in Figure 

2.31. The near-IR nebular emission is dominated by a bright lobe of emission to 

the north of the central star. This lobe is present in both the H and K images, 

although in the K image the flux in this lobe is much brighter relative to the 

central star than in the H image. Table 2.9 summarizes the sources of emission 

from the nebula and the star. The second column lists the total flux from the 

system, including the star and the nebula. The third column gives total nebular 

flux, and the fourth column gives the total flux emitted by the central star. The 

fifth column lists the bright lobe excess, which is the difference between the flux 

from an 18 square arcsec region centered on the bright lobe, and the flux from 

the same size area centered on the fainter lobe south of the central star. The last 

column gives the percentage of flux emitted by the bright lobe, compared to the 

total nebular flux. 



237 

Table 2.9 Photometry of NGC 6543 

Flux (Jy) 

star + Bright Lobe Percent 
Filter Nebula Nebula star excess in Br. lobe 

H .233 .203 .030 .008 4% 
K .211 .198 .013 .082 41% 

In addition to the star and bright lobe, there is emission from the rest of 

the nebula roughly equivalent to the size and structure seen in optical images 

(e.g., Ba1ick 1987). A grayscale image of NGC 6543 at K is presented in Figure 

2.32. The basic structure is an ellipsoidal shell centered on the star, with the 

major axis oriented roughly E-W. In addition to this, roughly on the north and 

south edges there is a filament of emission extending north and to the east from 

the top of the nebula, and south and to the west from the bottom of the nebula. 

This has been referred to as a "pinwheel" structure because of these filaments. 

The structure could also be considered to be two overlapping ellipses, at right 

angles to each other. 

2.5.2 Discussion: NGC 6543 

Radio continuum images of NGC 6543 which show the distribution of the 

ionized gas are similar to the optical excitation line images, shown here in Figure 

2.30. An image of NGC 6543 at 8.1 GHz (Terzian 1978) shows the same double 

elliptical shell structure seen in the optical images. Images at 20 em and 6 em by 
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Bignell (1983) show the double elliptical shell appearance clearly, and images at 

[SII] and [Oill] show a similar structure. Part of the larger elliptical shell seems 

to be separated from the nebula in the [Oill] image, but the image is fairly 

symmetrical. 

The H and K images presented here have Unique features compared to the 

images at radio and optical wavelengths. The basic underlying structure is 

similar, with the double ellipse structure seen in both H and K images. 

However, in the infrared images, the dominant nebular feature is the bright lobe 

north of the central star. As seen from the fluxes given in Table 2.9, the lobe 

accounts for 4% of the emission at H, and 27% of the total emission in K. 

Some of the first near-IR observations ofNGC 6543 (e.g., Willneretal. 1972) 

indicated that there was little evidence for a near-IR emission excess that could 

be attributed to dust. However, if the IR emission was from the same sources 

as the radio or optical emission, one would ex~t the emission to have a similar 

relative distribution of flux. These images therefore provide evidence that there 

is a near-IR excess of emission that is not well mixed with the ionized gas and is 

localized in a lobe north of the central star. The amount of excess emission is 

estimated by the values in Table 2.9, column 3. Based on the values in Table 2.9, 

the average color temperature of this region is 606 K. This excess, could result 

from sources other than warm dust, such as Br 'Y or other line emission within 

the K band. However, there is no similar bright lobe in Ha or the low excitation 

line emission, suggesting that the excess is not associated with the gas emission. 
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Ballck and Preston (1987) propose a model of two pairs of bipolar lobes 

with axes that intersect at the center of the nebula (Figure 2.33). The ellipses 

visible in the images represent the places where the lobes intersect. This model 

was motivated mainly by the observed structure of the nebula in optical and radio 

images. In order to evaluate their model and others, they studied the velocity 

structure of NGC 6543 in Ha and [NIT]. The images they present also show this 

apparent structure of two overlapping ellipses whose major axes are at a 90 0 

angle with respect to each other, seen in Figure 2.30. Several features are 

defined, including a [NU] nucleus, ellipse, and N and S caps and tails. The 

ellipse shows a clear expansion outward from the nucleus, at a projected velocity 

of 20 km/sec, with the south side approaching, and a true velocity of 30 kmlsec, 

assuming the ellipse is a tilted circular feature. The lobes, visible in the Ha and 

[OIll] images, and the [NIT] caps have little net observable motion. 

The bright lobes in the K and H images presented here are in the same 

spatial position in the model as the northern intersection of the lobes, and the 

limb-brightened edges of two of the lobes. If the material responsible for the 

emission was present mainly on the surfaces of the lobes and the intersections 

of the lobes, one would expect a higher flux from these regions. This 

enhancement is present in the radio and optical images of the nebula. However, 

the NIR emission is above what is expected if the emission is solely from 

recombination emission, since the near-IR flux is predominately from a single 

position in the nebula. The excess NIR emission from the northern lobe could 

be from other sources besides hot dust, such as line emission in the K band. 
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However, such emission would be expected to be distributed similar to the optical 

line emission. If the emission is from dust, these near-IR images suggest that the 

dust is mostly localized in this N lobe, and is not well mixed with the gas in the 

nebula. 

2.5.3 Conclusions: NGC 6543 

We have observed the PN NGC 6543 at H and K with a resolution of 0:'56 

per pixel. Calibrated images are presented showing the distribution of the NIR 

flux. The following conclusions can be drawn: 

1. The structure of the nebula visible in the optical and radio images is present 

in the near-IR images. However, the relative brightness is very different between 

the near-IR and other images, with a bright lobe present to the north of the 

central star. 

2. The emission from the bright N lobe may be due to dust emission in the 

nebula, which was not previously observed with broad-beam spectroscopy since 

the excess emission is a small percentage of the total near-IR flux of the nebula. 



241 

2.6 NGC2392 

The planetary nebUla NGC 2392 (the "Eskimo" nebula) is a multiple-shell 

nebula of roughly elliptical shape, shown in Figure 2.34. The bright nebular ring 

has a complex structure, consisting of two shells that are at points connected by 

filaments. The ellipsoid is flattened on the south edge. Surrounding this bright 

nebular shell is a faint outer shell, with roughly twice the diameter of the inner 

ring. This outer shell is not continuous and consists of bright radial filaments 

around most of its circumference, except for a shell fragment on the south edge, 

which is a short continuous arc. This entire structure is enclosed in a faint 

roughly circular halo (Balick 1987, Balick, Preston, and Icke 1987, Barker 1991). 

The isovelocity images of Balick, Preston, and Icke (1987) have shown that 

the nebula is a roughly ellipsoidal expanding shell, with the major axis of the 

ellipsoid aligned with the observer's line of sight. The outer filamentary shell and 

the largest diameter of the inner shells is roughly at zero systemic velocity. The 

largest velocity regions are close to the position of the central star for both 

positive and negative velocities. 

The characteristics of the IR emission from NGC 2392 are not complex or 

unusual. In the near-IR region, broad beam spectrophotometry has shown no 

IR excess over what is expected from recombination emission and stellar flux 

(Willner, Becklin, and Visvanathan 1972, Cohen and Barlow 1974). The mid- and 

far-IR spectrum shows no feature emission, and a weak IR continuum (Volk and 
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Cohen 1990). From the lRAS observations of the cool dust, Lenzuni, Natta and 

Panagia (1989) determined a temperature of 75K, moderate for most PN. 

2.6.1 Observations: NGC 2392 

The PN NGC 2392 was observed in the K and H band on March 7-8, 1990 

with the 64x64 Hg:Cd:Te array camera on the Steward Observatory 2.3 m 

telescope. For the H image, no calibration star image was obtained due to clouds 

so the image was scaled assuming the total flux of the nebula is .21 Iy (Khromov 

1974). The calibration factor that resulted from this assumption was consistent 

with calibration factors for this filter obtained on previous nights. The images 

were taken as alternating on- and off-source 45 sec integrations. Off-source 

frames were obtained by nodding the telescope 1 arcmin to the north. Small (0.5 

to 2") offsets were introduced before each on-source frame. The final image at 

each wavelength was constructed from 45-50 of these individual images. The IR 

standard star HD 84800 was used for flux calibration. The nearby star SAO 

#079428 was observed as a PSF reference for the nebula images. 

2.6.2 Results and Discussion: NGC 2392 

Contour images of NGC 2392 are presented in Figure 2.35, and grayscale 

images are shown in Figure 2.36. As with NGC 6543, many of the features 
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visible in the optical images are seen in the images at H and K. The central star 

dominates the flux, and the ellipsoidal nebula surrounds it, offset slightly to the 

north. The southern end of the nebula seems somewhat flattened, just as in the 

optical images (BaUck 1987), and the double shell structure is visible to the north 

of the central star. The faint halo and filaments of emission outside the main 

shell that are prominent in the optical images are not seen here, but may be too 

faint to detect in these images. The 1 sigma noise in the images is .17 mJy/arcsec2 

at H and .04 mJy/arcsec2 at K. 

The striking features of the nebula, however, are the bright lobes of 

emission to the NW of the central star in the K image. The lobes are located on 

the outer rim of the main nebula, the northern lobe on the outer'shell only, and 

the southern lobe on the intersection between the inner and outer shells. Table 

2.10 gives the fluxes for the vatious components of the system. Column 2 gives 

the total flux for the system. Column 3 and 4 give the excess flux for the 

northern and southern bright lobe, respectively. This is the excess flux over what 

is observed in the nebula on the opposite side of the shell. The percentages 

given for each lobe are the percent of the total nebular flux coming from the lobe. 

Column 5 gives the flux of the central star. 
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Table 2.10 Photometry of NGC 2392 

Flux (Jy) 

star + Bright lobe excess 
Filter Nebula star Nebula North South 

H .21 .164 .046 .000 (0%) .001 (2%) 
K .211 .039 .171 .007 (4%) .008 (5%) 

As with NGC 6543, the spatial distribution of the flux at K suggest that 

there is a region of excess emission above what is expected from recombination 

emission from the ionized zone. However, a similar excess is not seen in the H 

filter. If the excess is due to dust emission from that location of the nebula, it 

would imply that the dust is much cooler here than in NGC 6543. Again, the 

excess emission could also result from line emission from that location in the 

nebula. 

2.6.3 Conclusions: NGC 2392 

The PN NGC 2392 was observed at H and K, and calibrated images at 

these wavelengths have been presented. The following conclusions can be drawn: 

1. The images show the near-IR source morphology to be similar to the optical 

appearance, with a flattened ellipsoidal structure surrounding the central star. 
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The outer filaments and halo were not detected at the sensitivity of these images. 

2. The NW lobe of the nebula shows enhanced IR emission above what would 

be expected from the optical morphology. The effect is slightly visible in the H 

image but is readily apparent at K. One possible source of this excess is hot dust 

emission in this lobe of the nebula, which is not hot enough to have significant 

emission in the H band. 
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2.7 AFGL 2688 

The object AFGL' 2688 (the "Egg Nebula") is a bipolar nebula with 

symmetric lobes, oriented approximately 15° east of north (Figure 2.37). 

Optically, the north and south lobe sizes are 4~'8 and Z'9 respectively, the 

southern lobe being about 2 magnitudes fainter than the northern lobe (Ney et 

ale 1975, Crampton et ale 1975). The lobes are approximately circular in shape, 

separated by about 8", with pairs of "horns" extending out from the ends away 

from the center of the nebula. AFGL 2688 is thought to be one of a class of 

proto-planetary nebulae (PPN), whose central star is evolving from a red giant 

with rapid mass loss (Zuckerman 1978). 

The optical emission from the lobes is highly polarized, 50% and 62% for 

the northern and southern lobes, respectively, and oriented perpendicular to the 

axis of the nebula. The polarization, along with the optical spectrum, is 

consistent with the lobes being a reflection nebula illuminated by an F-type star 

(Ney et ale 1975). 

Bipolar nebulae are thought to form from expansion of material through an 

existing distribution that is concentrated in the equatorial plane of the system 

(Balick 1987). This buildup of mass in the plane could be a result of mass loss 

from a binary system in its rotational plane, or from other mechanisms (see 

Figure 2.1). The material surrounding the star is in the form of a disk with a 

large equatorial density enhancement. The stellar wind quickly breaks out and 
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forms a hole in the polar regions of the disk. The hole is small and initially 

confines the expansion to be solely in two narrow lobes. As the system evolves, 

the hole allowing material to escape grows, so the lobes will grow wider. The 

evolved system will consist of a faint outer bipolar halo, with a nearly toroidal 

disk of material near the central star system. 

The infrared emission in AFGL 2688 is in, excess of that expected from a 

simple reflection nebula, and has been attributed to thermal emission from dust. 

The IR spectrum of AFGL 2688 cannot, however, be fit to a single blackbody, 

indicating that there are several components of dust with different temperatures. 

The near-IR emission is also due to scattered starlight from the obscured central 

source; the average polarization at 2.2 ~m is 20% (Ney et ale 1975). Color 

temperatures of 200K and 120K have been derived for the wavelength ranges 8-13 

~m and 16-24 ~m, respectively. The IR spectrum is relatively featureless, with 

no UIR, SiC, or silicate absorption detected. The mid- to far-IR emission is fairly 

compact, concentrated in the center of the nebula between the two lobes. Ney 

et ale (1975) determined the size at 12.5 ~m to be 1~'0 ± 0~'3 in R.A. and 1~'5 ± 0~'2 

in Dec. Observations reported in Deutsch (1990) and Deutsch et ale (1991) 

confirmed that the source was compact, with deconvolved sizes of 1~'37 in R.A. 

and 1~'40 in Dec. Gatley, DePoy, and Fowler (1988), with B. Balick and B. 

Zuckerman, have imaged AFGL 2688 at 1.25 and 2.122 ~m, and found the IR 

emission to be distributed in the optical lobes, as well as emission from the 

equatorial region surrounding the obscured central star. 
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2.7.1 Observations: AFGL 2688 

The PPN AFGL 2688 was observed at J, H, K, and Br y on December 12-14, 

1989 with the 64x64 Hg:Cd:Te array camera. The images were taken as 

alternating on- and off-source 20 sec integrations (40 second integrations at n. 
Off-source frames were obtained by nodding the telescope 1 arcmin to the north. 

Small (0.5 to 2") offsets were introduced before each on-source frame. The final 

image at each wavelength was constructed from 32-40 of these individual images. 

The IR standard star HD 203856 was used for flux calibration. The nearby star 

SAO 070805 was observed as a PSF reference for the nebula observations. 

2.7.2 Discussion: AFGL 2688 

Calibrated contour maps of AFGL 2688 at J, H, K, and Br y are presented 

in Figure 2.38. Grayscale images are shown in Figure 2.39. The structure of the 

nebula in the near-IR is similar to the optical structure. The nebula appears 

bipolar, with the north lobe brighter than the southern lobe. The "horns" of 

emission that extend out from the ends of the nebula are visible in some of the 

contour and grayscale images. 

The contour images, however, show that the lobes, instead of being 

circular and of unifonn brightness, are roughly elliptical, with the peak emission 

located closer to the center of the nebula than the center of the elliptical lobes. 
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The assymetry between the lobes may be in part due to the orientation of the 

source, where the N lobe is tipped toward the observer at an angle of less than 

30 0 (Kawabe et al. 1987). The spacing of the peak is different in the I, H, and K 

images. This is illustrated in Figure 2.40, which shows profiles of the source 

along the major axis of the nebula in the three bands. The profiles have been 

normalized to the maximum flux in each image, located in the northern lobe. 

The source separations are in sequence from largest to smallest I, H, and K. 

Also, the relative brightness of the southern lobe varies in each of the images. 

The profiles in Figure 2.40 show other interesting characteristics which vary 

as a function of wavelength. In each of the profiles, there is a peak for each lobe, 

and then as the intensity drops off as one moves further away from the center. 

At a certain point, there is a "knee" in the profile where the intensity begins to 

drop off more rapidly. In the K image, the profile even begins to level off before 

beginning to drop off rapidly. This knee in the profile occurs in both the 
/ 

northern and southern lobe moving out from the lobe peak. The knee is at 

different locations and relative intensities, being . further from the lobe peak and 

of lower relative intensity as the wavelength increases. Table 2.11 summarizes 

the results on source separations and brightness. 
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Table 2.11 AFGL 2688 Lobe'parameters' 

Peak-Knee Knee-Peak 
Peak Rel. Flux Distance Flux ratio 

Filter Sep. of S. Lobe N S N S 

J 6.53 .39 2.49 1.33 .558 .73 
H 5.86 .35 2.93 2.36 .356 .43 
K 4.68 .25 4.06 3.27 .215 .44 

1All distances are in arcsec. 

The peak separation is the distance between the peaks of the northern and 

southern lobes. The relative flux of the southern lobe is the peak value of the 

southern lobe when the northern lobe has been normalized to 1. The peak-knee 

distance is the separation between the lobe peak and the knee outward from that 

peak, for each of the lobes. Similarly, the relative brightness of the knee is the 

ratio between the intensity at the knee to the value at the peak for that particular 

lobe. The numbers show that the knee-peak separation increases and the knee

peak relative brightness decreases as the wavelength is increased. 

A feature that is not present in the optical images is weak IR emission from 

positions to either side of the minimum between the main lobes, at approximately 

6" to either side. This is most apparent in the Br y and K images of Figures 2.38 

and 2.39 which show the fainter lobes to be located symmetrically on an axis 

perpendicular to the major axis of the nebula, running through the center. There 

is a faint tail which extends from the eastern minor lobe to the northern lobe. 

The low flux also precludes any detailed comparison of the structure of the minor 

lobes. Table 2.12 summarizes the flux measured in each of the four lobes. The 
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lobes are identified as N, S, E, and W, with the N and S lobes being the main 

lobes as visible in the optical photograph, and the E and W lobes' are the ones 

detected in the Br 'Y and K images. 

Table 2.12 AFGL 2688 Fluxes (mJy) 

Lobes 3 a Noise 
Filter Total N S E W (mJy/(")2) 

J 270 179 60 .035· 
H 288 198 79 .025 
K 324 224 68 7.4 3.8 .009 

Br y 318 222 60 5.1 3.9 .093 

The total flux does not equal the sum of the lobes, since there is a faint 

halo enveloping the entire system that is not included in the lobe fluxes. This 

halo extends out from the edge of the lobes by approximately 6" in all directions, 

so the general shape is ellipsoidal, with the major axis parallel to the major axis 

of the system. The halo emission is shown in Figure 2.41, where the image at 

K is plotted with a lower level contour and larger field than in Figure 2.38. The 

image has been smoothed using bilinear interpolation with a 2x2 instrument pixel 

window to help show the outer contour levels more clearly. The relative 

distribution of the emission in the K filter and the Br 'Y filter is the same, to the 

accuracy of the data. The similarity of the distribution is also apparent in the 

contour images in Figure 2.38, where the two images have been plotted with the 

same contour levels. 

As mentioned previously, AFGL 2688 has been imaged previously by 
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Gatley, DePoy, and Fowler (1988). Their image at J is apparently identical to the 

image presented here, and their image at 2.122 #-,m (H:J, in which the continuum 

had not been subtracted, is very similar to the images at K and Br y. The Br 

y filter in the Hg:Cd:Te camera has a center frequency near the wavelength of Br 

y emission at 2.166 #-,m, with a width of .2 #-,m. In the near-IR spectrum by 

Thronson (1982), no evidence of Br y emission is detected. The spectrum is 

dominated by emission from H2 rotation-vibration lines. In particular, strong 

emission was detected from the V = 1 - 0 5(1) H2 line at 2.122 #-,m which falls 

within the bandpass of the Br y filter. Therefore, the "Br y" filter is sampling 

flux from the H2 line as well as the surrounding continuum. 

The K filter covers a bandpass of approximately .5 #-,m, which includes the 

bandpass of the Br y filter. The K filter also includes emission from several 

additional H2lines, although these lines are much fainter than the H2line at 2.122 

#-,m. There should then be a contribution of H2line flux to the total flux detected 

in the K filter. If the minor lobes were due solely to H2 emission, one would 

expect a difference in the ratios of the major to minor lobe flux in the K filter 

(~i..=.5 #-'m) and the 2.166 #-,m filter(~i..=.2 #-'m), since the filters contain a different 

amount of continuum flux but the same amount of line flux. However, since the 

absolute value and the relative distribution of the flux is the same in the narrow 

bandwidth "Br y" and the wide K filter, the flux observed is likely of a similar 

nature in both the major and minor lobes, and no significant difference in the 

spatial distribution between the H2 emission feature and continuum flux is 

detected. 
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2.7.3 Comparison to Other Observations, Models of AFGL 2688 

Heiligman et. al (1986) and Kawabe et ale (1987) have spatially resolved the 

CO emission from the nebula. Heiligman et. al detect an extension of the source 

parallel to the major optical lobes, centered between them. They also find that 

much of the emission is extended over a scale >30". Kawabe et. ai, however, 

have found the emission to be extended perpendicular to the major axis of the 

system, centered between the main lobes. Their observations support a modei 

in which there is an equatorial disk of material which confines the fast wind to 

be along the major axis of the nebula. Their model is illustrated in Figure 2.42. 

The central star is surrounded by a toroidal disk which is located at the equatorial 

plane. The disk confines the fast wind to flow along the polar axes of the 

system, creating expanding sh~lls along the polar axis. The shell is cleared of 

material by the wind, allowing the star to directly illuminate the walls of the shell 

and creates the visible reflection nebulae. 

A number of observations support the model of an equatorial disk. Ney 

et ale (1975) have reported that the optical emission is highly polarized at a 

position angle normal to the lobes, consistent with reflection of starlight from the 

central source. The obscuration of the central source points to a higher density 

in the equatorial plane. Several observers have reported evidence of a disklike 

structure. Nguyen-Q-Rieu, Winnberg, and Bujarrabal (1986) mapped the NH3 and 

the J = 21 - 20 line of HC7N in AFGL 2688 with 4" resolution. They found the 
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NH3 emission to be from the region between the optical lobes, with a size of 

2"x12" with the long axis perpendicular to the polar axis. The emission is 

distributed in two maxima about the center, implying a toroidal structure. 

Kawabe et ale (1987) have reported CO] = 1 - 0 emission centered between the 

optical lobes, unresolved in the direction parallel to the polar axis, but extended 

perpendicular to the polar axis of the system with a size of 20-25". They also 

observe absorption toward AFGL 2688, indicating that the system is surrounded 

by a cool cloud of CO as well. 

Bieging and Nguyen-Q-Rieu (1988) mapped the HCN emission in AFGL 

2688, and found the emission to be extended roughly perpendicular to the polar 

axis of the system. The velocity structure observed implies a rotation of the 

toroid of approximately 1.2 km S·l at a radius of 3~'75 or 5.6'1016 em (assuming 

a distance of 1 kpc). Nguyen-Q-Rieu and Bieging (1990) observed the spatial 

distribution of H13CN, HC3N, and SiS in AFGL 2688. The molecular envelopes 

were seen to be elongated E-W, roughly aligned with the equatorial axis. 

The near-IR images here also support this general model. The main lobes 

of reflected light are the dominant structure. The fact that the peak separations 

are smaller at the longer wavelength implies that the extinction within the source 

is higher closer to the center of the nebula, where the expanding disk will 

obscure some emission from the reflection nebula. The emission detected from 

the faint lobes to the east and west of the nebula in the equatorial plane may be 

either light scattered from the central star, or thermal emission from dust in an 
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equatorial disk. 

2.7.4 Conclusions: AFGL 2688 . 

1. The PPN AFGL 2688 was imaged at J, H, and K. The overall structure in 

these images is very similar to the optical image, with a bright northern lobe and 

fainter southern lobe. However, in the Br y and K image, fainter lobes are 

observed in the equatorial plane of the system, at equal distances to either side 

of the main axis of the nebula. This emission, along with the main lobes, is 

continuum emission in the spectral region covered by the K filter. Also, a faint 

outer halo is observed which envelopes all the lobes and is roughly elliptical. 

2. The detailed structure of the lobes is different at J, H, and K, with the lobe 

peaks having a smaller separation, and the lobes a larger size (as measured by the 

peak-knee distance) for larger wavelength. The Br y and K filter images are 

nearly identical, with no significant spatial variations in flux intensity detected. 

3. The observations presented here are consistent with the general model for 

AFGL 2688 of an equatorial high density region confining the outflow of gas to 

be along the polar axis of the system. 
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2.8 M 2-9 

The PN M 2-9 (the "'Butterfly Nebula") is a bipolar nebula that is classified 

as "butterfly" (BaHck 1987) or "bow tie" (Zuckerman and Gatley 1988). It is a 

member of a class of objects (including AFGL 2688) that are considered precursors 

to the PN stage. At optical wavelengths, M 2-9 is a highly symmetric nebula, 

with two conical shaped extensions to either side of the center of the nebula, with 

the major axis of the system oriented N - S and extending approximately 20" in 

both directions. There is also a bright core located at the center of the nebula. 

The structure of the nebula has changed Significantly from the period 1952 to 1972 

(Allen and Swings 1972), with several of the condensations in the nebula having 

moved by several arcsec, and a brightening in the wings and perhaps the core 

as well. The nebula has also been seen to change its appearance on timescales 

of 2-4 years (van den Bergh 1974, Kohoutek and Surdej 1980, Aspin and McLean 

1984), with knots of emission in the nebula brightening or fading. 

A number of factors point to its classification as a PPN. The central star 

type of Bl (Calvet and Cohen 1978) places it at the beginning of the sequence of 

nuclei of PN. The high density core and the unusual nebular shape also point 

toward an object evolving into a PN. Its highly variable structure and magnitude 

show that it is a rapidly evolving object. Finally, the strong infrared continuum 

observed is common to many objects considered to be PPN. 

The IR emission from the nebula is mainly concentrated in the bright core. 
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The near-lR spectral structure resembles that from a BOOK blackbody (Allen and 

Swings 1972). Near-IR emission at I, H, and K was detected and imaged over the 

entire area of the optical nebula by Aspin, McLean, and Smith (1988). The 

emission in the lobes at I is similar to the optical, with bright knots visible. 

2.8.1 Observations: M 2-9 

The PN M 2-9 was observed at 8.8 and 9.8 J.l.m on April 30 - May 4 1991 

with MIRAC on the Steward Observatory 1.5 m telescope. For these 

observations, the long dimension of the array was oriented N-S, along the long 

axis of the nebula. Six channels were in operation, so a 6x32 section of the array 

was being sampled. The final image at each wavelength was constructed from 

50-60 individual 20 sec. (on-source) integrations. The chop throw was 25" to the 

west, at 10 Hz, and the nod beam was 30" to the south. 

2.8.2 Results and Discussion: M 2-9 

Calibrated contour images are presented in Figure 2.43. The mid-IR 

emission from M 2-9 is in general very compact, with most of the fl~x coming 

from the core of the nebula near the central star. The total flux detected from 

the central source is consistent with previous large beam observations, indicating 

that there is not significant mid-IR flux coming from the lobes of the nebula. This 
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is consistent with previous near-IR observations by Allen and Swings (1972), who 

determined that at least 90% of the 2 J,£m flux originates from within 3" of the 

core. Table 2.13 gives a summary of the photometry results from the MIRAC 

observations. 

Table 2.13 Photometry of M 2-9 

Flux (Jy) 

Wavelength These previ0
3
us 10 U.L. to lobe 

(J.lm) Observations Obs. flux (Jy/arcsec'J.) 

8.8 31.2 351 .029 
9.8 36.0 372 .011 

'8.6 J.lm, Cohen and Barlow 1974. 
~10.8 J.lm, Cohen and Barlow 1974. 
Fluxes adjusted for magnitudes of a Boo given in Table A~.l. 

The agreement of the current flux measurements to previous results shown in the 

above table indicates that the IR flux from the core has not significantly changed 

since the earlier measurement. This is in contrast to the rapid changes in the 

optical appearance of the lobes above and below the central core. 

2.8.2.1 Size and Shape of M 2-9 

Evidence for extended emission of the core of M 2-9 at near-IR wavelengths 

has been previously reported from speckle interferometry (Dyck 1987). The 

source is reported to be partially resolved, with FWHM sizes of ~'2 and ~'09 at K 



259 

and L at a PA of 90 0
, and a FWHM size of ~'13 at L and a PA of 0 0

• 

The nebular images presented here show the source to be compact and 

centered on the bright optical condensation at the center of the nebula. 

However, the nebular images are significantly more extended than the point 

source a Boo. This can be seen more clearly from the source profiles, shown in 

Figure 2.44. A profile has been taken in the direction that shows the greatest 

extension in the M 2-9 images, at a PA of 62 0 , measured from a line passing 

through the center of the nebula S-N, 620 CCW (towards the east). The nebula 

is larger at both wavelengths, with source FWHM sizes of 3~'2 and 2~'6 for 8.8 and 

9.8 j.£m, respectively, for M 2-9, compared to Z'O and 2~'2 for the 8.8 and 9.8 j.£m 

images of a Boo. 

These source profiles show that the size of M 2-9 is larger at 8.8 j.£m than 

at 9.8 j.£m. If the emission is due to thermal emission from a single population 

of grains, one would expect that the size would increase with longer wavelength. 

The FWHM size of a point source should also be slightly larger at longer 

wavelengths, further increasing the size of the longer wavelength image. This 

effect is seen in the profiles of a Boo, which is slightly larger at 9.8 j.£m than at 

8.8 j.£m. 

The mid-IR emission from·M 2~9, however, is most likely not from a single 

population of grains. The 1RAS Low Resolution Spectra (LRS) of M 2-9 shows 

that there is emission from UIR features at 7.7,8.6, and 11.3 j.£m (Volk and Cohen 
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1990). Our 8.8 J,£m filter samples the emission from the 8.6 J,£m feature as well as 

from the broad wing of the 7.7 J,£m feature. The 9.8 J,£m filter samples the 

continuum emission between the UIR features at 8.6 and 11.3 J,£m. The larger 

image at 8.8 J,£m suggests that the UIR feature emission is more spatially extended 

than the mid-IR continuum emission. This is consistent with observations of 

other more evolved PN where the UIR emission has been seen to be more 

extended than the continuum emission, such as BD+30 0 3639 (this work) and 

NGC 7027 (Aitken and Roche 1983, Tresch-Fienberg 1985). 

2.8.2.2 Structure of M 2-9 

As in other BP nebulae, the structure of M 2-9 is thought to consist of a 

equatorial toroid that has confined the outflow into two opposing lobes (see 

discussion in the introduction of section 2.7). Evidence for the existence of this 

equatorial structure has been seen by Aspin, Mclean, and Smith (1988) who 

detected a reddened structure in their near-IR images that was oriented roughly 

perpendicular to the major axis of the system. 

The mid-IR emission seen here in M 2-9 may therefore be related to this 

inner disk that is confining the expansion of material into the bipolar lobes. The 

direction of largest extent of the 8.8 and 9.8 J,£m images presented here is roughly 

aligned with the equatorial plane of the system. Figure 2.45 shows an Ha image 

of M 2-9 from Balick (1987) with the overlaid contour lines of the 8.8 J,£m image, 
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showing the alignment of the system. 

2.8.3 Conclusions: M 2-9 

1. Mid-IR imaging of the core of M 2-9 have shown the emission to be 

concentrated near the core of the nebula, consistent with previous observations. 

The images presented here show the source to be slightly extended in a direction 

roughly perpendicular to the major axis of the nebula. 

2. The emission at 8.8, which samples UIR features present in the spectrum of 

M 2-9, is more spatially extended than the emission at 9.8 I'm which samples the 

continuum emission. This is consistent with the UIR features being emitted by 

a second population of carriers that is spatially distinct from the population of 

grains responsible for the mid-IR continuum emission. 

3. These observations of a structure extended in the equatorial plane of the 

system provide evidence for a circum stellar disk as predicted in models of bipolar 

nebula formation. This disk-like structure is much more compact than the 

structures detected previously in the near-IRe 
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2.9 Comparison of the Planetary Nebulae Properties 

The planetary nebula observations presented here cover a wide range of 

nebular types, ages, and morphologies. The PN presented here have been 

grouped according to their IR properties. The four groups discussed are as 

follows: 

1. The "IR-active" nebulae, including BD+30 0 3639 and J 900. These are 

carbon-rich nebulae, with a C/O> 1. These PN are characterized by strong 

near- and mid-IR continuum emission in excess of that expected from the 

star and the nebular gas alone. The nebulae show strong UIR emission in 

all the usual UIR bands. The nebula NGC 7027 is also included in this 

category. 

2. The moderately carbon-rich nebulae, including IC 418. The previously studied 

PN NGC 6572 is also in this class. These nebulae have a c/0~1, and show 

weak UIR and continuum emission in the near- and mid-IRe These 

nebulae also have a spectral feature near 11 I'm attributed to SiC emission. 

3. The "IR-quiet" nebulae, including NGC 2392 and NGC 6543. These nebulae 

typically have C/O < 1, and display little or no excess near- or mid-IR 

continuum emission. There is usually no evidence of UIR feature 

emission. 

4. Protoplanetary nebulae, including AFGL 2688 and M 2-9. These PPN are 

bipolar nebulae with near- and mid-IR continuum emission attributed to 

dust, as well as UIR feature emission. The nebulae have a bright mid-IR 
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core of emission, with near-IR emission from the lobes. AFGL 2688 has 

little near-IR £lux from the core region, whereas M 2-9 has strong near-IR 

emission from the core. 

This grouping of nebulae is similar to that of Lenzuni, Natta, and Panagia (1989) 

whose classes of C2 = Carbon rich, Cl = Moderately carbon-rich, and 0 = 

Oxygen-riCh correspond to the groups 1, 2, and 3 presented here. 

2.9.1 BO+30 0 3639, J 900, and IC 418 

These three nebulae are all classified as carbon-rich, young PN, with IR 

excess emission due to dust. They are also morphologically similar, having an 

overall circular or ellipsoidal a~pearance, with two symmetric lobes of emission 

superimposed on a ringlike structure. Also included in this class of objects are 

the well-studied PN NGC 7027 and NGC 6572. 

Continuum emission from dust has been detected in all of these nebulae 

at both near- and mid-IR wavelengths. The near-IR emission and c~ntinuum 

mid-IR emission is in general confined to the ionized region of the nebulae, as 

defined by the optical and high-resolution radio continuum images of the 

nebulae. Detailed comparison between the images often shows small differences, 

however, which may indicate that the dust has a slightly different location. For 

example, in the images of IC 418 presented here, the emission is more extended 
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at K than at I, with a different distribution in the lobes. 

Emission from spectral features in the near- and mid-JR often show distinct 

differences from the continuum emission. This has been demonstrated before for 

other PN. In NGC 7027, Woodward et al. (1989)'concluded that the UIR feature 

emission at 3.28 and 3.4 p.m is spatially distinct from the continuum emission, 

being slightly more extended than the continuum. The UIR emission was also 

determined to extend beyond the ionized region of the nebula, as defined by the 

Br a flux at 4.052 IJ.m. The UIR emission in the mid-JR is also spatially distinct 

and located on the outer edge of the ionized zone (Aitken and Roche 1983, Arens 

et al. 1984). 

In BD+30 0 3639, there is evidence of the 3.28lJ.m UIR feature being spatially 

distinct from the ionized zone, as defined by the Br y emission (Roche 1989). 

The UIR features at 7.7, 8.6, and 11.3 IJ.m have also been found to be distinct 

from the dust continuum and ionized regions of the nebula (Bentley et al. 1984, 

Hora et al. 1990, this work). The distribution of the UIR emission is similar in the 

different UIR features at 3.3,7.7, and 11.3, being in general more extended than 

the continuum and ionized regions. 

The PN in group 2 also show spatial variations of the components of IR 

emission. Previous studies of the nebula NGC 6572 have shown distinct 

variations in its mid-JR flux as a function of wavelength, with evidence for 

extended emission in the UIR feature at 11.31J.m (Hora et al. 1990). The PN IC 
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418 and NGC 6572 both exhibit a feature in the mid-IR attributed to SiC emission. 

IC 418 is unique in that the emission from this feature seems to originate from 

within the ionized region, as defined by the optical and near-IR observations, with 

mid-IR emission detected from the position of the central star. 

Cohen et al. (1986) found strong correlations between emission in each of 

the UIR bands, indicating a single class of chemical species is responsible for the 

emission. The studies of the spatial distribution of UIR emission have supported 

this. The similarities in the distribution of the UIR feature emission imply a 

common carrier, while the differences between the UIR features and the 

continuum IR emission suggest that a second population of emission species is 

responsible for the IR continuum. 

The characteristics of the IR emission from these PN can be understood in 

terms of the varying carbon abundance in the nebulae, as indicated by the C/O 

ratio. In the study by Cohen et al. (1986), a strong correlation was found between 

the fraction of the nebular far-IR emission emitted in the 7.7 J,£m UIR feature and 

the C/O ratio. Their figure is reproduced here in Figure 2.46. Nebulae with high 

C/O ratios, such as NGC 7027, 8D+30 03639, and J 900, have strong UIR features. 

Nebulae with low C/O ratios, such as IC 418 and NGC 6572, have much weaker 

UIR emission, and the mid-IR spectra contain features attributed to SiC. 

This correlation can be understood as follows (Salpeter 1974, Frenklach, 

Carmer, and Feigelson 1989). The CO molecule is assumed to be stable in stellar 
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atmospheres, and would contain all of the available atoms of the least abundant 

element. Therefore, for oxygen-rich nebulae, all the carbon will be locked up in 

CO and none would be available to condense out. For nebula with C/O> 1, all 

the oxygen is locked into CO, and carbon would be available to condense into 

particles, the total amount depending on the size of the C/O ratio. Particles will 

form in the atmosphere and circumstellar region of an evolving AGB star when 

the temperature cools sufficiently, below approximately 3000K. SiC will be the 

first particles to form where there is sufficient Si abundance, and SiC may serve 

as nucleation sites for amorphous carbon particles and P AH formation. The P AH 

molecules will form at a much lower temperature, in the narrow temperature 

range of 90o-HOOK. 

The correlation between C/O ratio and f(7.7IJ.m) seen in Figure 2.46 from 

Cohen et al. (1986) points to a carbonaceous origin for the UIR features, and 

implies that the formation of the VIR carriers is sensitive to the carbon abundance 

in the circum stellar region. 

The spatially resolved observations of the IR emission support a model 

where the carriers of the UIR features are different than the source of the 

continuum dust emission, because of the different spatial distributions. In the 

nebulae studied here, the UIR emission is more extended than the continuum 

dust emission, although it is certainly overlapping the ionized zone and may be 

contained within it. The fact that the emission is more extended could be either 

because of the order of UIR carrier formation and expansion from the central star, 
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or because of the destruction of the UIR carriers on the interior edge of the shell 

from absorption of UV flux from the central star. 

All the characteristics described above are consistent with the UIR emission 

being from a mixture of P AH molecules. They have characteristic bands in each 

of the UIR feature emission regions, and although no one PAH has been 

observed to match the spectrum of an astronomical source, the most likely case 

is that a mixture of P AHs, at various temperatu~s, molecule sizes, and states of 

hydrogenation are responsible for the emission in each object. Frenklach and 

Feigelson (1989) have shown in modelling the conditions in carbon-rich 

circumstellar envelopes that P AH molecules can form under the expected 

conditions. The P AH molecules will be susceptible to dissociation by absorption 

of UV photons (Duley 1987), with smaller molecules being easiest to dissociate. 

This may explain why the UIR emission is located on the outer edge of PN -

they may be destroyed by UV flux on the inner side of the PN shell. There is 

other evidence of an anticorrelation of UIR emission to objects with high UV flux 

(Roche 1987, Puget and Leger 1989). 

2.9.2 NGC 2392 and NGC 6543 

These two nebulae are grouped together because of their similar near-IR 

emission characteristics, since in other respects they are quite different. NGC 

6543 is a type "peculiar" PN, Simply because it is a morphologically unique object 
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that does not fall easily into any of the categories containing highly symmetric 

nebulae. NGC 2392 has a simpler shape, roughly elliptical, although it also has 

its complexities, having a double shell, surrounded by filaments of emission and 

enclosed in a larger halo. 

The two nebulae are similar in their near-IR emission in that no IR excess 

is detected at K in broad-beam measurements (Willner, Becklin, and Visvanathan 

1972, Cohen and Barlow 1974). The observed emission could be accounted for 

by recombination emission from the ionized region of the nebula and flux from 

the central star. In addition, np evidence of warm dust emission in the mid-IR 

is detected. The lRAS LRS data presented by Yolk and Cohen (1990) show little 

continuum emission from dust, and no UIR feature emission. NGC 6543 does 

show several forbidden line transitions, such as. the [5 IV] line at 10.5 J.£m, and 

the [ArllI] line at 9.0 J.£m. The lack of UIR features is consistent with C/O ratios 

for NGC 2392 and NGC 6543 of .58 and 1.0 (Pottasch 1983), respectively. 

One of the most unusual characteristics of the IR emission is shown in the 

data presented here, that the near-IR emission in these nebulae, instead of being 

distributed roughly the same as the optical and radio continuum emission, is 

highly concentrated in a particular area of the nebula, compared to the nebular 

recombination emission. The amount of excess near-IR emission in these regions 

is small compared to the total flux in the nebula, so if this is a sign of excess 

emission from dust, this could easily have been missed in broad-beam 

photometry of the PN at these wavelengths. This unexpected concentration of 
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the near-IR flux was seen in both H and K bands in both of these nebulae. If this 

is emission due to hot dust, its distribution is quite different from that of the gas 

in the nebula. 

2.9.3 AFGL 2688 and M 2-9 

The two bipolar nebulae, M 2-9 and AFGL 2688, are morphologically very 

similar. Both nebulae have been postulated to be approximately 1 kpc distant 

(although estimates vary widely) and are roughly the same angular size, so it 

would seem that they are possibly at a similar point in their evolution. However, 

the objects have quite different characteristics in other respects. For example, the 

optical spectrum of AFGL 2688 shows Na I D lines in emission, and strong [S IT] 

emission is detected. Bands of Si~ are seen in absorption, which have been 

observed in carbon stars of high carbon abundance (Humphreys et al. 1975, 

Cohen and Kuhi 1977). The spectrum has been characterized as a F5 Ia 

supergiant, with some anomalous features superimposed. 

At wavelengths longward of 4100 A, the continuum of AFGL 2688 is 

depressed and strong anomalous absorption is seen, comparable to what has 

been yseen previously in the spectra of carbon stars (Crampton et al. 1975). The 

absorption is attributed to bands of C3I and the Swan bands of C2 are seen in 

emission. The observed light from both lobes is highly polarized (50% or larger 

in the optical), indicating that the lobes are reflection nebula illuminated by the 
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obscured source (Ney et al. 1975). The lobes are fairly featureless, with no 

distinct filaments or small clumps of emission. The source has shown variability, 

increasing in brightness between 1920 and 1977 by approximately 2 magnitudes, 

and has increased in size by - I" (Gottlieb and Liller 1976). 

On the other hand, the optical spectrum of M 2-9 is characterized by 

numerous Fell, [FeII], and [Fern] emission lines. Strong emission lines of [OID], 

[01], He I and the Balmer series are seen in the core, along with weaker emission 

from lines of [NeIII], [SID], [SII], Sill, and [NiII] (Walsh 1981). The central star 

has been tentatively identified as B1 (Calvet and Cohen 1978). Distinct knots of 

emission are present, which have been seen to change on timescales of 2 to 20 

years, implying large velocities and rapid evolution (Allen and Swings 1972, van 

den Berg 1974, Kohoutek and Surdej 1980, Aspin and McLean 1984). The 

polarization of the optical emission is lower, approximately 16% for permitted 

lines and continuum, and 2% for forbidden lines, implying that - 60% of the 

continuum and permitted line emission and - 10% of the forbidden line emission 

from the lobes is scattered emission from the core (Schmidt and Cohen 1981, 

Aspin and Mclean 1984). 

No continuum 5 GHz emission has been detected from AFGL 2688, 

implying the absence of an ionized region (Ney et al. 1975). However, radio 

continuum emission has been detected at several wavelengths from the compact 

core of M 2-9, and from the lobes at 20 cm (Kwok et al. 1985). The 20 em 

emission was essentially coincident with the core and the bright knots of 
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emission seen in the optical images of the lobes. Molecular line radiation has 

been detected in both nebulae. Kawabe et al. (1987) have mapped the CO J = 1 -

o emission from AFGL 2688 and found three structures: a central compact core 

elongated in the equatorial plane of the system and centered on the IR core, 

spurs of emission from the outer edge of the northern optical lobe, and 

blueshifted emission along the polar axis of the system. Structures perpendicular 

to the polar axis in the equatorial plane have also been detected in NH3t HC7N, 

and HCN (Nguyen-Q.-Rieu, Winnberg, and Bujarrabal 1986, Bieging and 

Nguyen-Q.-Rieu 1988). CO J = 1 - 0 and J = 2 - 1 emission has been detected in 

M 2-9 (Bachi11er et al. 1988, Bachi11er, Martin-Pintado, and Bujarrabal1990). The 

emission is concentrated in the core, and the J = 2 - 1 emission is unresolved in 

a 13" beam. 

Both of the BPN presented here show strong IR emission. The nebula 

AFGL 2688 emits most of the near-IR emission from the lobes, with no detectable 

emission from the central source. The lobe emission is 20% polarized, indicating 

a significant contribution from scattered light from the central star (Ney et 

al.1975). In M 2-9, however, the core emits strongly in the near-IR, with the 

emission from the lobes not detected until the IR camera observations of Aspin, 

McLean, and Smith (1988). The mid-IR emission is centrally concentrated in both 

sources, with the emission in M 2-9 extended primarily perpendicular to the 

equatorial plane, and the emission in AFGL 2688 extended slightly in both the 

polar and equatorial directions (Deutsch 1990). 
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The mid-IR emission in both objects shows at least two different 

components: thermal continuum emission and UIR feature emission. In M 2-9, 

the sizes of the images presented here give evidence of a different spatial 

distribution of the UIR emission, with the UIR emission more spatially extended 

than the continuum emission. 

The morphologies of these nebulae are perhaps a result of a similar 

mechanism, where a fast stellar wind has been confined by a circumstellar disk 

to flow primarily along the polar axis of the system, and has created roughly 

symmetric lobes of emission. This does not suggest, however, that these nebulae 

are necessarily at a similar point in an evolutionary sequence. The differences 

seen between these nebulae and other BPN are in part due to the differences in 

the central star and its mass loss history and current rate. 

Many of the observational differences between M 2-9 and AFGL 2688 can 

be understood considering the central stars of the nebulae. The hotter star in 

M 2-9 results in the high excitation emission observed, both emitted from the 

nebula and scattered from the central star. The star in M 2-9 is also responsible 

for the radio continuum emission detected from the ionized gas (Kwok et ale 

1985). The excitation of optical emission lines near the source causes the central 

emission in M 2-9, whereas in AFGL 2688 there is no optical emission centered 

between the lobes. 

Another nebula in this class is NGC 6302, a bipolar PN which has two 
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bright lobes of emission on opposite sides of the central star, similar to AFGL 

2688 and M 2-9. NGC 6302 is considered to be at a later stage of evolution than 

AFGL 2688, since it is larger, less dense, and more highly ionized. Lester and 

Dinerstein (1984) mapped the source at 2.2 and 10.2 J.'m and found that most of 

the emission is concentrated between the two optical lobes, with the emission 

more extended in the equatorial plane of the system. They conclude that the 

observed IR disk is not the structure responsible for confining the flow, since the 

estimated density is not high enough to keep it from being disrupted by the 

stellar wind at the expected velocity and mass loss rate. Instead, they suggest 

that the observed disk is either the expanded remnant of the toroid that confined 

the outflow, or it is the material remaining after the biconical wind has blown out 

the material in the direction of the flow. 

The near-IR structures observed in M 2-9 and AFGL 2688 are similar to that 

observed in NGC 6302, since they are much larger than the expected size of the 

confining toroid. In AFGL 2688, the equatorial emission is well separated from 

the central region, implying that it is no longer responsible for confining the 

outflow. The mid-IR structures, however, are centrally concentrated and barely 

resolved in both objects, so it is possible that the mid-IR emission is directly from 

the structure that is confining the outflow into bipolar lobes. 

It should be mentioned that the identification of these objects as proto

planetary nebulae is not yet completely established. Balick (1989) has suggested 

that M 2-9 shares more similarities with objects such as Eta Car, or the nova RR 
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Tel, some symbiotic stars, or the P Cyg star AG Car. The observational 

characteristics of AFGL 2688 have also been compared to some Herbig Haro 

objects, although its classification as a protoplanetary is now fairly well 

established. 
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2.10 Conclusion 

The first part of this dissertation provides a description of MIRAC 

capabilities and performance. The camera is a significant advance over the 

previous generation of mid-IR array cameras in sensitivity, format, and ease of 

use, and its performance is on the same level as similar state-of-the-art detector 

cameras currently being operated .. MIRAC is an extremely versatile instrument 

that has a wide range of possible applications, from the study of star formation 

regions, planetary nebulae, and circum stellar disks to the investigation of 

extragalactic nuclei and star formation in galaxies. 

The observations presented here have shown that infrared imaging of PN 

can be a very useful technique in gaining understanding of these objects. Data 

on PN and PPN of vastly different morphological types and evolutionary stages 

have been presented here, showing a wide range of IR characteristics. Important 

information has been revealed by this study of the dust distribution within the 

nebula. 

The observations of BD+30 03639 presented here have confirmed the results 

of previous investigations that have shown the images taken in the UIR feature 

wavelengths to be slightly more spatially extended than the continuum emission. 

This has been the case in other PN where the spatial distribution of the UIR 

emission has been studied, such as NGC 7027, and J 900 in this study. The 

location of the UIR features on the outer edge of the ionized zone indicates that 



276 

the UIR emission carriers may be destroyed on the inner edge of the nebular 

shell. 

In IC 418, the near-IR structure, although similar to the optical images, 

shows a trend of larger source size with increasing wavelength, due to the 

contribution of dust emission. The H and. K images show evidence of emission 

from an extended halo around IC 418 of approximately 40". The spatial 

distribution of the mid-IR emission is significantly different from the distribution 

of the near-IR or optical images. The 1l.71J.m emission peaks within the ring of 

the nebula as defined by the near-IR images, showing that the flux is coming 

from within the ionized zone. A central peak of emission is seen, in excess of 

what is expected from the central star or outer nebula shell, indicating emission 

from near the central star. 

Both of the PN NGC 6543 and NGC 2392 have a small IR excess in the 

near-IR, but the spatial distribution has been seen in the images presented here 

to be very non-uniform. Both have emission excesses at particular locations in 

the nebular shells. These locations are at the intersection points of the multiple 

shells of the nebulae, which suggests some density enhancement in these 

regions. Further study of these nebulae must be done to determine if the source 

of the excess emission regions is due to continuum emission from hot dust, or 

from line emission from the ionized gas. 

In the bipolar nebulae AFGL 2688 and M 2-9, evidence for structures in the 



277 

equatorial planes of the systems have been detected in the near- and mid-IRe 

These structures are thought to be responsible for directing the outflow from the 

central star to be primarily in opposing directions, along the poles of the system. 

In AFGL 2688, the equatorial emission is seen in the K and Br y filters. In M 2-9, 

the mid-IR flux shows a bright central core whiCh is extended in the equatorial 

direction. The image taken in the filter which samples the UIR feature emission 

is larger in spatial extent, consistent with the behavior of UIR emission in the 

other PN studied here. The detection of the equatorial structures in both of these 

nebula have confirmed an important element in the models of bipolar nebula 

formation. 

In summary, infrared cameras such as MIRAC and the Hg:Cd:Te systems 

available at Steward Observatory have proved to be very effective in studying the 

infrared emission from planetary nebulae. In the observations presented here, 

the images have revealed important information on the spatial distribution of dust 

and ionized gas in the nebulae. Using MIRAC, we will be able to extend this 

study to many other nebulae, as well as a wide variety of other astronomical 

applications. 



278 

FIGURES - PART 2 



MORPHOLOGICAL TYPES, DESIGNATIONS, AND EXAMPLES 

scalII. , 

~ 
\ . ./ i \ 

( 
.. / )' : ~.'.'~.: t t~'.·I. #. .,.. ·F I 

". • ./ ,1: ~ r t ./ 
: I 

/""\ \.1 

... g .... /--, .. ~: 
.' , 1 '. I .~" ... J It, 

/.... ....'j K'··'· A""", /.... ""'1 ...... ....,.i· I ...... ~ ~.,/ \ ... ....:...... ) '.~,' !J , .... ,.p .. ,. ~-"",," .~ 
• ,...... '-. TIL TED ! I ,,'\ 

\ J ASPECT I 1 
,!" ....... '... .... 'i " .' \' " .... _....... ". ~ . ..: ......... ~. 

'talll' ,., ......... . 

r" '\ 1"" 
, .. ' ""·1, 

...... ,,--. """ ( { . ) ! 
" \..... ....: 
"M' l \. . ... ..... , " ..... . ......... _" ... 

'12 

1/4 

CLASS = ROUND ELLIPTICAL BUTTERFLY 

•• "-', DESIGNATION INTERPRETATION 

L'£'i'£9tP /0"'; "" .. ,~.'"") ~ .... , ... ""- \7 evoluhonary V parnway (1) 
t +-OUTER HAlO wond·healld bYbble ., lhe IS ... 
, '. INNER HALO 10"'* rId·goanl envelOpe (ROE) 
\ . CENTRAl. CAVITY wond·helllCl bYbbIe ,n Ifta RGE 

• '._ ._...... BRIGHT RId bY~RGE ,nI8l1_ 
bubbl .. ISM 

"" 8.panSlon 

279 

Figure 2.1. Planetary nebulae types and models. Schematic illustration of two
dimensional cuts through the centers of various morphological archetypes of PN 
(Balick 1987). 
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scale 

Figure 2.2. CCD images of the planetary nebula BD+30°3639, from Balick (1987). 
The scale line shown has a length of 37~'5. The images were taken at the 
wavelengths of the following lines, in the order clockwise from the upper left: 
Ha, [Olll], He II, and [NIT]. 
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Figure 2.3. Contour images of the planetary nebula BD+30 0 3639. The contour 
level spacings in the mid-IR maps were chosen to be spaced evenly between a 
minimum and the maximum value of the map. 
2.3a. i.. = 2.2 p.m, contour level spacing 2.5 mJy/arcs~, minimum level 2.5 
mJy/arcsec2. 
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Figure 2.3b. 1 = 10.0 JJm, contour level spacing 150 mJy/arcse<f, minimum level 
200 mJy/arcse<f. 
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BD+30 3639 11.2 micron 

10 

8 

6 

4 

2 

o~~~~~~~~~~~~~~~~~~~~~~ 

o 2 4 6 8 10 

Arcsec RA 

Figure 2.3c. A. = 11.2 J,£m, contour level spacing 200 mJy/arcs~, minimum level 
500 mJy/arcs.r. 
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Figure 2.3d. A = 12.4 ",m, contour level spacing 250 mJy/arcsec2, minimum level 
450 mJy/arcsec2. 
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Figure 2.3e. A = 12.8 J.l.m, contour level spacing 400 mJy/arcseC, minimum level 
900 mJy/arcseC. 
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Figure 2.3f. A = 13.2 I'm, contour level spacing 300 mJy/arcs~, minimum level 
600 mJy/arcs~. 
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Figure 2.4. Contour image of 8D+3003639 at 2.2 J.l.m, where the central star 
contribution has been subtracted, showing the nebula alone. Contour levels are 
evenly spaced at 2.5 mJy/arcs~, with a minimum level of 2.5 mJy/arcs~. 
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Figure 2.5. Profiles of the 2.2 J.£m image of 80+30 0 3639, showing the original 
data and the profile after the star was subtracted. The profiles pass through the 
center of the nebula. 
2.5a. Right Ascension profiles. 
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Figure 2.Sb. BD+30 03639 Declination profiles. 
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Figure 2.6. Contour image of BO+30 0 3639 at 4.885 GHz, from Masson (1989). 
The Gaussian beam size for this image is 0:'96, and the contour level spacing is 

5 mJylbeam. 
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Figure 2.7. Profiles of the mid-IR images of BO+30
0
3639. 

2.7a. profiles in R. A., from east to west. The profiles have been normalized to 
the eastern peak,' and the eastern peaks. have been aligned to show the 
differences in spatial extent. The profiles are overall very similar, but it can be 
seen that the 10.0 and 13.2 #,m profiles are the narrowest. 
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Figure 2.7h. Profiles of the mid-IR images of BD+30 0 3639 in Declination, from 
south to north. The profiles have been normalized to the north peak, and the 
north peaks have been aligned. As in the R. A. profiles the sizes are similar, but 
the 11.2 ",m profile, is clearly wider than the others. ' 
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TEMP: 10.0/13.2 Blais-2.0 

4 
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Aroseo RA 

Figure 2.8. Temperature image of BD+30 0 3639, calculated from the 10.0 and 13.2 
ILm images. Contour levels are evenly spaced at 4 0 K per level, with a minimum 
level of 160K. 
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Dust optical depth: 10.0 micron, color ma 
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Figure 2.9. Dust opacity image of BD+30 0 3639, calculated from the temperature 
image of Figure 2.8 and the 10.0 J,£m intensity image. Contour levels are evenly 
spaced at 1'10.3, with a minimum value of 3'10.3• 
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Figure 2.10. Contour image of the 12.8 J,£m feature of BD+30 0 3639, calculated 
from the 12.8 J,£m image and a scaled 13.2 J,£m image from Figure 2.3. The 
contour level spacing is 150 mJy/arcsec2, with a minimum level of 300 mJy/arcsec2. 
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BD+30 3639 11.2 micron 
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Figure 2.11. Contour image of the 11.2 J,£m feature of BD+30 0 3639, calculated 
from the 11.2 J,£m image and a scaled 10.0 J,£m image from Figure 2.3. The 
contour level spacing is 100 mJy/arcsec2, with a minimum level of 100 mJy/arcsec2. 
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Figure 2.~2. Profiles of BO+30 0 3639 in the [Nell] and UIR feature images of 
Figure 2.10 and Figure 2.11, along with the continuum profile of the 10.0 J,£m 
image of Figure 2.3. These profiles have been aligned to the center position of 
the nebula. 2.12a. Profiles in Right Ascension, with east at the left. Profiles have 
been normalized to the eastern peak. The UIR and [Nell] profiles are wider than 
the continuum profile at 10.0 J,£m, both in FWHM and peak separation. 
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Figure 2.12b. Profiles in Declination, with south at the left. Profiles have been 
normalized to the north peak. Here again the UIR feature profile is wider than 
the 10.0 Jjm continuum profile. However, the [Nell] profile is only slightly 
wider than the continuum. 
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Figure 2.13. Profiles of the 2.2 ",m star-subtracted image of BD+30 0 3639, along 
with the profiles at 10.0 and 11.2 ",m. These profiles. have been aligned to the 
center position of the nebula. 
2. 13a. Profiles in Right Ascension, with east at the left. The profiles have been 
normalized to the east peak. 
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Figure 2.13b. Profiles in Declination, with south at the left. The profiles have 
been normalized to the north peak. 
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Figure 2.14. Contour images of BD+30 0 3639, from Roche (1989). The left image 
is at 3.28 j..Lm, and the right image is at Br y. 
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Figure 2.15. Contour images of the PN J 900. The contour levels are evenly 
spaced, as described below for each image. Both images show an elongation of 
the PN in the SE-NW direction. 
2.15a. J 900 H contour image. Minimum contour level = .15 mJy/arcsec, contour 
level spacing = .15 mJy/arcseC. 
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Figure 2. 15b. J 900 K contour image. Minimum contour level = .5 mJy/arcsec-, 
contour level spacing = .5 mJy/arcse2-. 



'. 

304 

J 900 1.6 micron 

8 

6 

4 

2 

O~~~~--~~~--~~~~--~~~--~~~~--~~ 

a 2 4 6 8 

Arcsec RA 

Figure 2.16. Contour images of the PN J 900, in which the central star has been 
subtracted. Contour levels are evenly spaced, as described below for each image. 
2.16a. J 900 H PSF-subtracted image. Minimum contour level = .15 mJy/arcse2, 
contour level spacing .15 mJy/arcse2. 
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Figure 2. 16b. J 900 K contour image, in which the central star has been 
subtracted. Minimum contour level = .5 mJy/arcse2-, contour level spacing = .5 
mJy/arcse2-. 



306 

Figure 2.17. Grayscale images of the PN J 900, in which the central star has been 
subtracted. The line at the bottom of the figure is 5 arcsec long. 
2.17a. J 900 H PSF-subtracted image. 
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Figure 2.17b. J 900 K grayscale image, central star subtracted. 
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IC418 

scale 

Figure 2.18. CCD images of IC 418, from Balick (1987). The scale line shown has 
a length of 37='5. The images were taken at the wavelengths of the following 
lines, in the order clockwise from the upper left: Ha, [0111], He II, and [NIT]. 
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Figure 2.19. HB contour image of IC 418 (Louise et al. 1987). The central star has 
been subtracted from this image to reveal the nebular structure. A line drawn 
through the lobes passing through the center of the nebula has a PA of 68 0

• 
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Figure 2.20. Calibrated contour images of IC 418 at J, H, and K. There are fifteen 
levels displayed with a constant spacing between them. The spacing has been 
chosen to display the nebula structure, so the levels cut off before the peak of the 
central star is reached. The position angle (PA) of the lobes given for each image 
is the angle E of N of a line drawn through the peak of the lobes, passing 
throughthe center of the nebula. 
2.20a. J image, contour level spacing of.75 mJy/arcs~, with the lowest level.75 
mJy/arcseC. The P A of the lobes is 25 0 • 
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Figure 2.20b. H image, contour level spacing .75 mJy/arcsec2, lowest level .75 
mJy/arcsec2. The PA of the lobes is 70 0

• 
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Figure 2.2Oc. K image, contour level spacing .75 mJy/arcsec2, lowest level .75 
mJy/arcseC. The PA of the lobes is 76 0

• 
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n lgura ion 1: 1 512x512 frame 

ig re 2. 1. Grayscale images of IC 418. The gray levels have been selected in each image to show the nebular structure, saturating the central star. 2.2la. IC 418 J grayscale image. The main lobe appears as a dark condensation on the E portion of the ring. This lobe extends to a point directly N of the 
central star. 
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2.21a. IC 418 grayscale image at K. The two lobes are vis.ble in the ring, primarily to theE and W of the central star. The halo is seen to extend beyond 
the nebula. The "hole" in the left side of the nebula in the outer gray level is due 
to a faint star in the off-source field. 
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Figure 2.22. Profiles of Ie 418 through the major lobes (PA = 70 0
). The profiles 

have been normalized so that the NE lobe peak is 1.0, and the profiles aligned to 
the central star. Each wavelength is assigned a different line type, shown below 
the figure. The K image profile has the largest spatial extent, followed by the H, 
I, and 11.7 ~m image profiles. 
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Figure 2.23. Theoretical nebula profile for Ie 418, J image. The solid line is the 
profile from Figure 2.22. The dotted line below the standard star is the assumed 
profile of the flux from the outer nebular shell alone, without the emission from 
near the central star. 
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Figure 2.2~. PSF-subtracted profiles of Ie 418, showing different central star 
subtractions. In each figure, the solid line is the central star scaled so that there 
is no central hole. The dotted line is the central star subtracted to the level of the 
theoretical outer shell profile, as shown above in Figure 2.23. The dashed line is 
the peak of the star subtracted to the zero level. 
2.24a. Ie 418 J profiles. 
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Figure 2.24b. IC 418 H profiles (see main caption to Figure 2.24). 
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Figure 2.24c. IC 418 K profiles (see main caption to Figure 2.24). 
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Figure 2.25. PSF-subtracted profiles of IC 418. These profiles show the original 

data (dotted line), the scaled standard star (dashed line), and the resulting profile 

when the star is subtracted (solid line). The solid line in this figure is the same 

as the solid line in Figure 2.24. 

2.25a. IC 418 J PSF-subtracted profiles. 
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Figure 2.25b. IC 418 H PSF-subtracted profiles (see main caption of Figure 2.25). 
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Figure 2.25c. IC 418 K PSF-subtracted profiles (see main caption to Figure 2.25). 
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Figure 2.26. Profiles of IC 418 halo, in the same direction as previous profiles, 
extending further to the NE and including the NE lobe peal<. The profiles have 
been aligned on the central star. The profiles show the halo emission in Hand 
K, and the much weaker emission in the J profile beyond the nebular shell. 
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Figure 2.27. Contour image of IC 418 at 11.7 J.'m, from MIRAC observations. 
The contour levels are evenly spaced at 140 mJy/arcsec2 per level, starting at 100 
mJy/arcsec2. 
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Figure 2.28. Observed surface brightness of Ie 418 at 11.7 J.l.m, determined from 
the image in Figure 2.27. The surface brightness in Jy/arcs~ is plotted as a 
function of distance from the center of the nebula in arcsec. 
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Figure 2.29. Surface brightness of IC 418, from Hoare (1990). This plot is from 
the amorphous carbon model of IC 418 that includes a neutral halo. 
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Figure 2.30. Images of the planetary nebula NGC 6543, from Balick and Preston 
(1987). 
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Figure 2.31. Contour images of the planetary nebula NGC 6543. The contour 
level spacing is at even intervals of .15 mJy/arcsec2, with a minimum level of .15 
mJy/arcs~. 
2.31a. NGC 6543 H contour image. 
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Figure 2.31b. NGC 6543 K contour image (see main caption of Figure 2.31). 
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Figure 2.32. Grayscale image of NGC 6543 in the K filter. The gray levels have been set to saturate the bright lobe, so that the faint structure is visible. The 
faint halo enveloping the bright inner shells is also visible. 
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NGC 6543 

MODEL 

Figure 2.33. Model of the structure of NGC 6543, from Balick and Preston (1987) 
The model consists of four separate lobes, at the inclination angle shown. The 
observed morphology results from an intensity enhancement along the points 
where the lobes intersect. The 6 ern image of NGC 6543 is shown for 
comparison. 
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GC2392 197+ 17'1 
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Figure 2.34. CCD images of NGC 2392, from Balick (1987). The scale bar shown 
has a length of 75". The images were taken at the wavelengths of the following 
lines, in the order clockwise from the upper left: Ha, [OIII], He II, and [Nil]. 
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Figure 2.35. Contour images of NGC 2392. The contour levels are logarithmically 
spaced, with the levels as given for each image. The contour levels do not show 
the peak of the central star. 
2.35a. NGC 2392 H contour image. The contour levels are (in mJy): A = .07, B 
= .102, C = .150, D = .218, E = .320, F = .468, G = .684. 
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Figure 2.35b. NGC 2392 K contour image. The contour levels are (in mJy): A = 

.07, B = .102, C = .150, D = .218, E = .320, F = .468, G = .684. 
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Figure 2.36. Grayscale images of GC 2392. The bar shown at the bottom of the 
figure has a length of 10". The gray levels have been chosen to show the nebular 
structure, so the central star is saturated in this image. 
2.36a. NGC 2392 H grayscale image. 



336 

.. .. . ~.,~ 

~' '>/ ~ ..... !1: 

Figure 2.36b. NGC 2392 K grayscale image (see main caption to Figure 2.36). 
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Figure 2.37. Optical image of AFGL 2688, from Ney et. al (1975). 
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Figure 2.38. Contour images of AFGL 2688. Contour levels are logarithmically 
spaced, at the levels given for each image. 
2.38a. AFGL 2688 J contour image. Contour levels are set to the following 
values, in mJy/arcsecf: A = .3, B = .447, C = .668, D = .998, E = 1.49, F = 2.22, 
G = 3.32, H = 4.95, I = 7.40, J = 11.0. 
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Figure 2.3Bb. AFGL 2688 H contour image. Contour levels are set to the 
following values, in mJy/arcse<f: A = .4, B = .594, C = .883, 0 = 1.31, E = 1.95, 
F = 2.90, G = 4.30, H = 6.39, I = 9.50, J = 14.1. 
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Figure 2.38c. AFGL 2688 K contour image. Contour levels are set to the 
following values, in mJy/arcs~: A = .2, B = .324, C = .523,0= .847, E = 1.37, 
F = 2.22, G = 3.58, H = 5.80, I = 9.39, J = 15.2. 

: 
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Figure 2.38d. AFGL 2688 Br y contour image. Contour levels are set to the 
following values, in mJy/arcs~. A = .2, B = .324, C = .523, D = .847, E = 1.37, 
F = 2.22, G = 3.58, H = 5.80, I = 9.39, J = 15.2. 
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Figure 2.39. Grayscale images of AFGL 2688. The bar at the bottom of the figure 
has a length of 10". 
2.39a. AFGL 2688 J grayscale image. 
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Figure 2.39b. AFGL 2688 K grayscale image. 
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Figure 2.39c. AFGL 2688 Br y grayscale image. 
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Figure 2.40. Profiles through the major axis of AFGL 2688. The left side of the 
profile is at the NE comer of the nebula, and the right. side is the the SW end of 
the major cOOs. The profiles were aligned to match the minimum between the 
two lobes. In the H profile, there is a smallloca1 maximum at this position. The 
profiles were normalized to the intensity of the brightest (NE) lobe. 
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Figure 2.41. Contour image of AFGL 2688 at K showing the halo emission. This 
is the same· data as in Figure 2.3&,. which has been smoothed using a bilinear 
interpolation and plotted with lower contour levels. The contour levels are as 
follows, in mJy/arcsec2: A = .1, B = .2, C = .523, D = 2.2, E = 5.8. 
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Figure 2.42. Model of AFGL 2688 from Kawabe et al. (1987). Region A is the 

expanding disk in the equatorial plane of the system. Region B shows the shells 

expanding in the polar direction. Region C shows the wind cavity interior to 

region B. Region D is the cold expanding envelope which causes the self

absorption in the source. 
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Figure 2.43. Mid-IR contour images of M 2-9. The contour levels are evenly 
spaced, as indicated below. 
2.43a. Contour image of M 2-9, ,. = 8.8 Jjm. Minimum contour level = .3 
Jy/arcsecf, contour level spacing .3 Jy/arcsecf. 
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Figure 2.43b. M 2-9 contour image, 1 = 9.8 J,£m. Minimum contour level = .3 
Jy/arcsec2, contour level spacing .3 Jy/arcsec2. 
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Figure 2.44. Source proffies of M 2-9 at 8.8 and 9.8 J.l.m, with proffies of IX Boo at 
the the same position an.gle for comparison. The proffies are normalized and 
aligned to the peak intensity value. The direction of the proffies is from NE to 
SW, at a PA of 62 degrees. 
2.44a. Proffies of M 2-9 and IX Boo at 8.8 ",m. 
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Figure 2.44b. Profiles of M 2-9 and a Boo at 9.81-'m (see main caption to Figure 
2.(4). 
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Figure 2.45. Overlay of 8.8 J.Lm image of M2-9 on negative optical image from 

Balick (1987). The direction of extended emission is roughly aligned with the 

equatorial plane of the system. 
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Figure 2.46. UIR correlation plot, from Cohen et al. (1986). This plot shows the 
correlation between f(7.7Jjm) (the fraction of nebular far-IR luminosity radiated 
by the 7.7 Jjm UIR band), and the nebular ClO ratio . 
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APPENDIX 1. MIRAC SYSTEM RESPONSmILITIES AND FUNDING 
SOURCES 

Item Responsibility Funding 

Hughes CRC 444A Array NRL NRL,SDIO 

Optics design, evaluation UtA UtA, 51, NSF 
and testing, filter selection 

Cryostat layout, baffle design, UtA UtA 
geometrical configuration 

Cryostat, optics and filters NRL NRL,SDIO 
fabrication 

Electronics design, fabrication and SAO SAD, 51, 
debugging for detector timing, bias UtA, NSF, 
supplies, and signal amplification, SDIO(parts) 
detector temperature control, signal 
processing computer interface 

Camera control and data computer, UtA UtA, NSF, 
high speed computer digital I/O and SAO,SI 
parallel processor, camera/computer 
interface 

Software for camera control, data UtA UtA, NSF 
acquisition and display 

Guider box for mechanical and UtA UtA, NSF 
optical interface between telescope 
and camera 
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Abbreviations: 
UtA - University of Arizona 
SOlO - Space Defense Initiative Organization Sensor OfficelUSAF Phillips 

Laboratory 
NRL - Naval Research Laboratory 
NSF - National Science Foundation, grant # AST -8820904 
SAO - Smithsonian Astrophysical Observatory 
SI - Smithsonian Institution Scholarly Studies Grants and 

Visitors Program, grants # 12405821, 124OS921 
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APPENDIX 2. MIRAC FILTERS 

The following figures display the MIRAC filter transmission plots. Most of 

these plots were provided by OCLI, except for the dewar windows which were 

measured using a Beckmann Accu1ab 6 spectrophotometer at NOAO. These are 

measurements of the filter transmission at the indicated temperatures, and are 

not the camera filter/detector bands, which must fold in the response of the 

detector. 
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Figure A2.1 2.2 ~m filter. 
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APPENDIX 3. CRC 444A ROW DECODER CODE 

The following table shows the transformation between the sequential row 

address and the address code necessary to send to the detector. This conversion 

is done by a EEPROM on the MIRAC controller. In this table, the ROW is the 

row address of the pixel, from 0 to 65. There are two extra rows which together 

with the two edge columns form a border around the detector, and only the rows 

numbered 1 to 64 are read out. The binary code indicates the voltage on each of 

the address lines. A "I" indicates -4 V, and a zero (0) indicates 0 V. 
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Table A3.1 CRC 444A Row Decoder Code 

Al ••••• A8 Row A1 •• ' ••• A8 Row 

11110000 0 10100110 32 
11101000 1 10100011 33 
11011000 2 11000011 34 
10111000 3 01100011 35 
01111000 4 00110011 36 
00111100 5 00011011 37 
01011100 6 00101011 38 
10011100 7 01001011 39 
10101100 8 10001011 40 
11001100 9 10000111 41 
11100100 10 01000111 42 
11010100 11 00100111 43 
01110100 12 00010111 44 
10110100 13 00001111 45 
10110010 14 00011101 46 
01110010 15 00101101 47 
11100010 16 10001101 48 
11010010 17 01001101 49 
11001010 18 01100101 50, 
01101010 19 11000101 51 
00111010 20 10100101 52 
10011010 21 10010101 53 
01011010 22 01010101 54 
01010110 23 00110101 55 
10010110 24 00111001 56 
10001110 25 01011001 57 
01001110 26 10011001 58 
00101110 27 11001001 59 
00011110 28 10101001 60 
00110110 29 01101001 61 
01100110 30 01110001 62 
11000110 31 10110001 63 

11010001 64 
11100001 65 



370 

APPENDIX 4. MIRAC ELECTRONICS COMMAND SUMMARY 

I. Serial word format 

All serial words are 32 bits long, Manchester encoded, and transmitted at 

1.25 MHz, MSB first. Within a field, data are right (LSB) justified. Three bits are 

used as synchrOnization bits and one bit used as parity by the Manchester 

encoder, so 28 bits remain available to be used to send commands and data. 

A. Command word format (from APB to camera): 

I sync I sync I code fieldl 

1.5 1.5 5 
bits bits bits 

data field 

23 
bits 

I parity 

1 
bit 

The command word is separated into a "code field" and a "data field". The 

code field contains a 5-bit word that the electronics controller uses to determine 

which command is being sent. The data field transmits the parameter (if any) for 

the command. See the command set summarized below. 

B. Data word format (from camera to APB): 

1.5 1.5 2 2 
bits bits bits 

data 

24 
bits 

I parity 

1 
bit 
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The data field consists of two FIFO bits, two COADD bits, and 24 bits of 

data. The FIFO bits are the "FIFO FULL" and "FIFO EMPTY" memory status 

flags. If the data are not being read rapidly enough from the FIFO memory so 

that the memory is overfilling, the FIFO FULL flag will be set. Similarly, if a read 

is attempted from the FIFO memory when there is no data present, the FIFO 

EMPTY flag will be set. The COADD bits designate which area of memory the 

data word is from. There are three areas of memory, the first area containing the 

single sample or delta reset result, or the first sample of a double or triple 

sample. The second area contains the second sample of the double or triple 

sample, and the third area contains the third sample of the triple sample. The 

current sample mode determines which of these areas are used. 

II. Command set 

Table A4.1 is a summary of the commands available. Group 1 commands 

can be sent to the camera regardless of the camera mode. Group 2 commands 

are accepted by the camera only when not currently imaging. 



Table A4.1 MIRAC Electronics Command Summary 

Code field Command 

Group 1: 

01001 
01010 
01000 
01011 
01100 

Group 2: 

10001 
10010 
10011 
10100 
10101 
11001 
11010 
11101 

Load column register 
start co image 
stop coimage 
Read FIFO, n-word block 
FIFO reset 

set # of frames/coimage 
set clock rate 
set sample mode 
set array extent 
set bandwidth 
set delay cycles 
Freeze row counter 
Master reset 

Data field 
length (bits) 

5 
o 
o 
8 
o 

12 
4 
2 
1 
3 
16 
7 
o 

The following are no longer implemented: 
10110 Set gain 3 
10111 Select alt. offset 1 
11000 Write to EEPROM 16 
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The following is a brief description of some of the commands and the data 

fields used: . 

Load column register - this command selects which column will be read out by 
the next "Read FIFO" command. Columns are numbered 0-19. 

Read FIFO - this command initiates a transfer of data from the camera 
electronics to the APB. The "Load column register" command must have 
already been sent with the desired column. The data field contains the 
number of bytes to send minus 1 (n-1). The number of words depends on 
the observing mode and the number of pixels to be read out. For example, 
if in double sample mode, 64 pixels per column, then the number of words 
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n = 64" 2 = 128. A separate Read FIFO command must be issued for every 
column to be read out. 

Set # of frames/coimage - this sets the number of frames that will be coadded 
into a single coimage. The data field contains the number of frames minus 
1 (n-l). Valid numbers for n are 1 to 4096. 

Set clock frequency - this sets the base clock frequency that determines the frame 
rate of the camera. The base oscillator frequency of 15 MHz is divided 
down by the power of two sent in this command, i.e., the clock frequency 
is given by 

15 clock freq. = - MHz 
2/1 

Valid numbers for n are 0 to 15. 

Set array extent - chooses whether the full array (64 pixels per column) or half 
the array (32 pixels per column) is to be used. 

Set bandwidth - This chooses which bandwidth-limiting filter capacitor is used 
at the input stage of the signal processor board. There are eight possible 

settings: 

Table A4.2 Available Bandwidth Filters 

Bandwidth 
Command (KHz) 

o 1440 
1 700 
2 350 
3 175 
4 87 
5 44 
6 11 
7 .07 

Set delay cycles - This determines the number of pixel delay cycles between 
each detector readout. This is the parameter that controls the so-called 



"burst" mode, where the detector is read out at the chosen clock 
frequency, separated by a number of pixel delays. Valid values are 0-
65535. 
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Freeze row counter - This command turns off the pixel addressing going to the 
detector, so that a single row is reset. The pixels are numbered 0-63, 64 
unfreezes the counter (for the normal mode of operation). 

Master reset - this command stops the camera if it is imaging, resets frame 
counters and row addresses, and initializes the mode of the camera. 
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APPENDIX 5. PHOTOMETRY OF SAO STARS 

The following stars were observed to measure the instrumental point source 

response for the PN observations. The magnitudes of these stars were 

determined from these data, and are presented in table AS.I. The stars are 

identifie4 by their SAO star ca~og number, and the magnitude of each of the 

stars at the wavelengths observed is given. 

TABLE A5.1 SAO STAR PHOTOMETRY 

SAO MAGNITUDE 
STAR J H K 

17713 6.7 7.5 
57384 6.6 
68520 11.0 
70805 11.5 
70809 10.8 
79428 7.0 
95673 6.3 

150440 3.65 6.2 
150445 8.7 8.5 9.6 
151362 4.8 
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APPENDIX 6. MAGNITUDES OF CALmRATION STARS 

The near-IR images presented in this thesis were calibrated using the 

stellar magnitudes listed in Elias et ale (1982). For the mid-IR images, the 

magnitudes of the flux standards were taken from various source in the literature, 

given below in table A6.1. In the cases where a measurement has not been 

reported at the wavelength of interest, an interpolation between published values 

was done to obtain the magnitude at that wavelength. For both the near- and 

mid-IR, the flux in Iy was calculated assuming that the zero magnitude star emits 

as a 10000 K blackbody source. 



Table A6.1 IR Standard star Magnitudes 

Magnitude lI.lm] 

Star [8.8] [9.8] [10.0] [11.2] [11.7] [12.4] [12.5] [12.8J. [1~.2] 

a Boo 
y Dra 
.B Peg 
a Tau 

References: 

-3.17 -3.15 
-1.3 -1.44 

a Boo: Hanner et. al 1984 

-3.26 -3.33 
-1.44 -1.48 -1.52 -1.52 -1.52 
-2.51 

-3.05 

y Ora: Gehrz and Woolf 1971, Gehrz 1972, Rieke, Lebofsky, and Low 1985 
B Peg: Hackwe1l and Gehrz 1974 
a Tau: Hackwell and Gehrz 1974 

-1.52 -1.52 

~ 

~ 



Table A6.2 Adopted Fluxes for Zero Magnitude 

Wavelength (JJm) 

1.25 
1.68 
2.25 
8.8 
9.8 

10.0 
11.2 
11. 7 
12.4 
12.5 
12.8 
13.2 

Flux (Jy) 

1650 
1070 
673 
51.6 
42.0 
40.4 
32.5 

30 
26.5 

26 
24.4 
23.6 
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