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Final Report for the NASA/MIT ETC Program

I Since the inception of the ETC program in 1981, the MIT research team has developed
a wide range of new technologies to support this novel astronomical instrument. The
prototype unit was installed at ETC Site I on the summit of Kitt Peak in October, 1984.
The first partially-automated observations were made in Spring, 1985. During CY1986,
major renovations were made to the ETC hardware.

During 1986-1989, the ETC was outfitted with new, thermoelectrically-cooled CCD
cameras and a sophisticated vacuum manifold, which, together, made the ETC a much
more reliable unit than the prototype. The ETC instrumentation and building were placed
under full computer control, allowing the ETC to operate as an automated, autonomous
instrument with virtually no human intervention necessary. The first fully-automated3 operation of the ETC occurred in the spring and summer of 1987, during which time the
ETC monitored the error region of the repeating soft gamma-ray burster SGR1806-21. In
addition, the original Trigger Processors of the prototype were replaced with faster and

more efficient single-board computers, with which the ETC improved its time resolution by
100%.

During the same period, construction of new camera systems for the ETC proceeded at3 MIT. By March, 1990, sixteen (16) of these "second generation" cameras were ready for
installation at ETC Site 1. At the same time, new, more efficient observing software was

prepared for installation and use at ETC Site 1. A list of the accomplishments of the ETC

program is given below.

Summary of Accomplishments of the ETC Program

I 1. Construction and installation at ETC Site 1 of a 1/2 steradian test unit. This unit
was capable of monitoring the night sky under computer control, with only
minimal human interaction.

2. Establishment of a new upper limit on the rate of celestial optical flashes of
magnitude V<10 during observations with the 1/2 steradian test unit. The new
upper limit is a full order of magnitude lower than ,he one determined using
standard astronomical methods.

3. Observations of the mysterious "Perseus Flasher" were made during tests of
automatic observations. The ETC monitored the error box of the Perseus Flasher
for -70 hours and saw no flash events. (The original source of the optical flashes
was later determined to have been sunlight reflected from a Soviet Cosmos-series
satellite).
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4. Refurbishment of the original 1/2 steradian test unit with new, thermoelectrically-

cooled CCD cameras and a new vacuum manifold. The cameras, developed at
MIT, are significantly more efficient and reliable than the cameras used in the test
unit; the vacuum manifold allows up to eight cameras to be mounted on a single
telescope drive, and improves the integrity of the vacuum system as a whole.

5. Complete automation of the ETC hardware and environment. The ETC is
equipped with weather sensors and the ability to determine observing conditions:
its rule-based, Al-style software uses these capabilities to make'decisions about
observing in the same manner as would a human observer.

6. Observations spanning -150 hours of the error region of the soft gamma-ray
repeater SGR1806-21. Preliminary analysis has revealed no optical transients.
(The southern declination of this object, combined with its "observing season"occurring during the summer Arizona monsoon, has severely limited the numberof useful ETC observing hours on SGR1806-21.)

7. Detailed modelling of the contamination of ETC observations by artificial Earth
satellites. This modelling has led to the development of a successful scheme,
based upon observing into the earth's shadow, to dramatically reduce the rate of
false events due to reflections of sunlight from artificial Earth satellites.

8. Upgrading of the original Trigger Processors to more sophisticated and flexible
single-board computers. The new Trigger Processors allow the full dynamic
range of the CCD electronics to be utilized.

9. Restructuring of the original ETC computer system architecture, introducing an
Intermediate-Level Processor (ILP) between the Overseer Computer and the
Trigger Processors. The use of the ILP, along with improvements in the real-
time data analysis code, allowed the time resolution of ETC observations to beimproved by 100%.

10. Construction of sixteen (16) "second generation" CCD cameras for use at Site 1.

11. Selection of 16 CCDs (TI 4849) for use at Site 1. The installation of the last of
the CCDs in cameras occured in Fall 1990.

12. Replacement of the dome on the ETC building at Site 1 by AutoScope, Inc. A
computer-controllable replacement roof was installed in Spring, 1990.

13. Development of automated data post-processing software at MIT. The post-
processing supplemented the real-time analysis code by examining flash data for
subtle indications of a non-celestial origin, significantly improving the
background rejection capability of the ETC system. This work was completee in
Summer, 1990.

An important long-term, unexpected spin-off of the ETC Grant program
was the necessary technology development for reliable, compact, low noise,
thermoelectrically-cooled CCD cameras. This technology development was an
mmniaI precursor for the MIT-developed X-ray CCD camera to be flown as
a US contribution to the Japaneese Astro-D mission in 1993, and for the UV
CCD camera to be flown on the USA/France/Japan High Energy Transient(HETE) mission in 1994.

I
I
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I In 1989, one major stumbling block in the way of a completed ETC Site I was

removed: after over two years of searching, we found a competent vendor willing to

replace the dome on the ETC Site 1 building with a reliable, automated roll-off roof. The
original dome roof on the ETC building had a useful field-of-view of only -. 5 steradians,

and thus prevented the ETC from performing true wide-field observations. AutoScope,
Inc, of Mesa, AZ, was selected to install a computer controllable roll-off roof at Site 1; the
work was completed in 1990. ETC Site 1 was ready for integration and testing in the
Summer of 1990, and was fully operational in time to carry out a 6 month "minisurvey"
prior to beginning simultaneous observations with the Gamma-Ray Observatory (GRO) in
May 1991.

The efforts of the ETC team in CY 1990 were concentrated on the completion and full
operation of ETC Site 1. By Winter 1990, ETC Site 1 was equipped with sixteen (16)
wide-field CCD cameras with a full complement of data generation and reduction hardware

and software, and that the site was operating in an automatic fashion. In addition, a SUN
4/60 workstation was installed at ETC Site I to act as a server for Internet communications
to MIT and to GSFC (joint support for the Rapidly-Moving Telescope (RMT)), as well as
to support the post-processing of ETC data.

I A timetable of events for CY 1990 is given below.

I
Schedule of events for 1990

March: Continued construction of CCD cameras. Construction of replacement roof
for ETC Site 1.

April: Final construction and checkout at MIT of the last of sixteen CCD cameras
intended for use at ETC Site 1. Completed development of new real-time
data analysis software at MIT using these cameras. Partially dismantled
ETC Site 1 in anticipation of the replacement of the roof structure. Returned
ETC cameras from Site I to MIT for cleaning and checking.

May: Constructed computer hardware for control of the new roof structure.

May/June: Installation of roll-off roof at Kitt Peak completed. Installation and
integration of roof-control hardware and software completed. Began
installation and on-site checkout of CCD cameras.

June/July Installation of new Trigger Processors and full checkout of the complete
ETC software system. Establishment of a data interface to the Rapidly
Moving Telescope (RMT). Full checkout of the ETC weather system,
including lightning detection during the Arizona monsoon season,
completed.

I
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July/August: Completion of data post-processing software.

December. Full wide-field, routine automatic ETC observations began; establishment of
an Internet node at ETC Site 1.

As appendices to this final report, we include a set of technical and scientific papers completed
under the sponsorship of this grant. These appendices are as follows:

Appendix A A Dual Charge-Coupled Device (CCD), Astronomical Spectrometer and Direct
Imaging Camera I. Optical and Detector Systems, Meyer, S.S., and Ricker,
G.R., 1980, SPIE, 264, 38.

Appendix B A Dual Charge-Coupled Device (CCD), Astronomical Spectrometer and Direct
Imaging Camera 11. Data Handling and Control Systems, Dewey, D., and
Ricker, G.R., 1980, SPIE, 264, 42.

Appendix C Optical Studies of X-Ray Sources with the MASCOT - A Charge-Coupled
Device (CCD)-Based Astronomical Instrument, Ricker, G.R., Bautz, M.W.,
Dewey, D., Meyer, S.S., 1981, SPIE, 290, 190.

Appendix D The Explosive Transient Camera (ETC): An Instrument for the Detection of
Gamma-Ray Burst Optical Counterparts, Ricker, G.R., Doty, J. P., Vallerga,
J.V., and Vanderspek, R. K. 1983, in Instrumentation for Astronomy V, eds.
A. Boksenberg and D. Crawford (SPIE: Bellingham, Washington), 445, 370.

Appendix E Size of a Gamma Ray Burster Optical Emitting Region, Schaefer, B.E., Ricker,
G.R., 1983, Nature, 302, No. 5903, 43.

Appendix F A Search for High Proper Motion Objects in Two Gamma-Ray Burst ErrorRegions, Ricker, G. R., Vanderspek, R. K., and Ajhar, E. A. 1986, Adv.
Space Res., 6, 75.

Appendix G A Search for Optical Flashes from the 'Perseus Flasher', 1986, Vanderspek,
R.K., Ricker, G.R., and Zachary, D.S., Adv. Space Res., 6, No.4, 69.

Appendix H Deep CCD Imaging of the Optical Flash Error Region Near GBS 1810+31
Ricker, G.R., Ajhar, E., A., Luu, J. P., and Vanderspek, R. K., 1986 Ap. J.
(Letters).

Appendix I The Effect of Artificial Earth Satellites on ETC Observations, 1988,
Vanderspek, R.K.

Appendix J Deep Optical and Radio Searches for a Quiescent Counterpart to the Optical
Transient Source OTS 1809+31. 1989, Ricker, G.R., Mock, P.C., Ajhar,
E.A., and Vanderspek, R.K. Astrophys. J., 388, No. 2, 983.

Appendix K Three Faint Objects in the Optical Error Region of GBS2251-02, 1989,
Vanderspek, R.K., Ricker, G.R.

Appendix L Vanderspek, Roland K. Ph.D. Thesis, Department of Physics,
Massachusetts Institute of Technology, 1986. The Explosive Transient
Camera: A Wide Field Sky Monitor of Celestial Optical Flashes.
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U CAREER HIGHLIGHTS

U In collaboration with other members of the MIT X-ray Astronomy Group,

Dr. Ricker has had a leading role in the:

* Discovery of the first of the slow X-ray pulsars, GX 1+4 (1970).
• Discovery of the size and shape of the hard X-ray emitting region of the Crab

Nebula (1974).
* • Establishment of the pulsed character of the hard X-ray emission from the

transient source A0535+26 (1975).
- Establishment of a new class of X-ray galaxies typified by NGC5506 (1977)
• Discovery of the first "X-ray QSO," MR2251-178 (1977).

Development of a highly efficient ground-based, solid state imager/ spectrometer
constructed using silicon charge-coupled devices (the MIT Astronomical

Spectrometer/Camera for Optical Telescopes, [MASCOT], first deployed at the
McGraw-Hill Telescope on Kitt Peak, 1980).

* Development of the first practical wide bandgap semiconductor detectors for use
in X-ray Astronomy (mercuric iodide detectors, flown by the MIT Balloon

Group, 1980).

* Conducting the first astronomical observations with adequate sensitivity to

directly image objects near the Galactic Center using the MASCOT CCD system
(1981).

• Development of an advanced X-ray imager/spectrometer using silicon charge-

coupled devices (CCDs) which were successfully tested at MIT in 1978 and
accepted for flight on the NASA Advanced X-Ray Astrophysics Facility [AXAF]

(1984).

* Development of a novel, wide field instrument, the Explosive Transient Camera

(ETC), for surveying the entire sky for suspected flashes of light associated with

gamma ray bursts (deployed in its initial configuration at an AURA-approved

new observatory on Kitt Peak, 1984). The completed ETC became operational
in 1990.
Conception of the first practical multiwavelength observatory for the dedicated
study of gamma-ray bursts - the High Energy Transient Experiment (HETE) - in

* 1987.
* Proposal and acceptance in 1987 of the first practical X-ray CCD imaging

spectrometer which will fly on a satellite (Astro-D, February 1993 launch).

U
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I Beginning in 1972, Dr. Ricker served as Project Scientist for the MIT Balloon

Group. In that role he was responsible for the development of four generations of balloon

gondolas and participated in twelve flight expeditions. At the present, Dr. Ricker directs

the efforts of the CCD Laboratory in the MIT Center for Space Research.I
From 1987-1989, Dr. Ricker chaired the international Small Attached Payloads

Working Group for Space Station Freedom. From 1987-1990, Dr. Ricker served as a

member of NASA's High Energy Management Working Group. In 1990, he chaired a

NASA Panel Workshop on Space Borne Data Processing for the 21st Century. He has

served on numerous NASA advisory and mission review panels, including the adhoc

U.S.-U.S.S.R. High Energy Astrophysics Cooperative Programs Panel.

Since 1980, Dr. Ricker has served as Undergraduate Research Opportunities

Program (UROP) Coordinator for the Center for Space Research. The CCD Laboratory

has provided research projects for more than 200 undergraduate students over the past

decade. Dr. Ricker has supervised more than 50 senior thesis students during his tenure at

MIT. Four graduate students have earned their Ph.D.'s in Physics in his group over the

past decade.

Currently, Dr. Ricker is P.I. for the Explosive Transient Camera (ETC), a NASA-

I funded program, and is Deputy -P.I. for the AXAF CCD instrument, a core instrument for

the NASA orbiting observatory (launch 1998). Dr. Ricker is Director of the National

Transient Observatory (NTO), jointly operated by MIT and Goddard Space Flight Center at

Kitt Peak National Observatory. He is the lead U.S. Co-Investigator for the detector effort

on the Reflection Grating Spectrometer (RGS) on the European X-Ray Multi-Mirror

Mission (XMM; launch 1999), and an RGS Science Working Group member. He also is

the P.!. for the CCD Solid State Imaging Spectrometer on the Japan/USA ASTRO-D

mission (launch February 1993), as well as the P.I. for the International High Energy

Transient Experiment (HETE) - a dedicated small satellite incorporating instruments from

France, Japan, and the USA - scheduled for launch in July 1994. During 1991, he heads

(as P.1.' an international team utilizing the ROSAT orbiting observatory to study gamma-

ray burst positions. In addition to gamma-ray burst sources, his current astronomical

interests also include studies of active galactic nuclei.I
I
I
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n PUBLICATIONS LIST
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Balloon-Borne Research, ed. C. Swift, F. Witteborn, and A. Shipley,

m (NASA, Washington, D.C.), 71.
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197, L83.
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Ballintine, J.P. Doty, P.M. Downey, and W.H.G. Lewin, ApJ. (Letters),
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I 1976
11. High Energy X-ray Observations of the Transient Source AO535+26 from
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Kriss, S.G. Ryckman, and W.H.G. Lewin, X-ray Binaries, ed. E. Boldt
and Y. Kondo, NASA (Washington, D.C.), 299.

1977
13. Transient Structure in the High Energy X-ray Light Curve of NP0532,

1977, S.G. Ryckman, G.R. Ricker, A. Scheepmaker, J.E. Ballintine, J.P.

Doty, P.M. Downey, and W.H.G. Lewin, Nature, 266, 431.

1978
14. Fairall 9: An X-ray Seyfert Galaxy?, 1978, G.R. Ricker, Nature, 271,

334.

15. Discovery of an X-ray QSO, 1978, G.R. Ricker, G.W. Clark, R.E.

Doxsey, R.G. Dower, J.G. Jernigan, C.R. Canizares, J.P. Delvaille,

G.M. MacAlpine, R.M. Hjellming, Nature, 271, 35.

16. Spectrophotometry of the X-ray QSO MR2251-178, 1978, C.R.
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17. Observations of an X-ray QSO, 1979, G.R. Ricker, G.W. Clark, R.E.

Doxsey, R.G. Dower, J.G. Jernigan, C.R. Canizares, J.P. Delvaille,
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SG.M. MacAlpine, R.M. Hjellming, in Advances in Space Exploration, 3,

I(ed. L. Peterson and W. Baity).

1980
18. A Dual Charge-Coupled Device (CCD) Astronomical Spectrometer and

Direct Imaging Camera 1. Optical and Detector Systems, 1980, S.S.

Meyer and G.R. Ricker, in Applications of Digital Image Processing to

Astronomy, ed. Elliott, D. (NASA/JPL Proceedings S.P.I.E. 264,

Billingham, Washington), 38.

19. A Dual Charge-Coupled Device (CCD) Astronomical Spectrometer and
Direct Imaging Camera 11. Data Handling and Control Systems, 1980, D.

Dewey and G.R. Ricker, in Applications of Digital Image Processing to
Astronomy, ed. Elliott, D. (NASA/JPL Proceedings S.P.I.E. 264

Billingham, Washington), 42.

20. X-Ray Observations of Seyfert Galaxies with the Einstein Observatory,

1980, G.A. Kriss, C.R. Canizares and G.R. Ricker, Ap. J., 242, 492.

1981
21. Optical Studies of X-Ray Sources with the MASCOT, a Charge-Coupled

Device (CCD)-based Astronomical Instrument, 1981, G.R. Ricker, M.W.

Bautz, D. Dewey, and S.S. Meyer, in Solid State Imagers for Astronomy
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190.

22. High Energy X-Ray Spectrum of Her X-1, 1981, A. Scheepmaker, F.A.

Jansen, A.J.M. Deerenberg, G.R. Ricker, J.E. Ballintine, J.V. Vallerga,
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23. Discovery of Three Far Red Objects in CCD Images of the Galactic Center,

1982, G.R. Ricker, M.W. Bautz, D.L. DePoy, and S.S. Meyer, Ap. J.

(Letters), 266, L59.
24. Studies of Near Infrared Objects in CCD Images of the Galactic Center,

I G.R. Ricker, M.W. Bautz, D.L. DePoy, and S.S. Meyer, in The Galactic

Center, ed. G. Riegler (American Institute of Physics, 1982), 97.
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I 25. A New Measurement of the Fano Factor in Mercuric Iodide, 1982, G.R.
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A dual charge-coupled device (CCD), astronomical spectrometer

and direct imaging camera
I. Optical and detector systems

S. S. Meyer. G. R. Ricker
Massachusetts Institute of Technology

Department of Physics and Center for Space Research
Room 37-527, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139

Astract

The MASCOT (MIT Astronomical Spectrometer/Camera for Optical Telescopes) is an in-
strument capable of simultaneously performing both direct imaging and spectrometry of
faint objects. The optical design is dictated by the characteristics of the charge
coupled device (CCE) detectors and the observational requirements for the instrument. The
mechanical configuration of the instrument allows maximum flexibility in the choice of
angular scales for the imager and resolution for the spectrometer. The sensitivity of the
device is limited by the sky brightness, the overall quantum efficiency, the resolution,
and the readout noise of the CCE. This is the first of two papers describing the MASCOT.

Introduction

The high quantum efficiency, linearity, and stability of charge coupled devices (CCIs)
allow an accurate measurement of the light of the nignt sky and its subsequent subtrac-
tion. This light often limits the precision of photometry and speetrophotometry of faint,
low-surface brightness astronomical objects.

Two CC~s are used in the instrument. Eoth are Texas Instruments 245x328 virtual phase
CCEs with square pixels 25 microns on a side. The detectors are mounted on a common
liquid nitrogen cooled block. The detector's operating temperature is at about 130 K.
Cne CCC is the spectrometer detector which receives light that passes through a slit and
is dispersed by a diffraction grating. The optics are arranged so that the monochromatic
slit image is exactly 25 microns wide at the CCD. The second CCD images the light
reflected from the jaws of the spectrometer entrance slit. It can function as an area
photometer through the use of a filter set and is also helpful in positioning faint
objects onto the slit. Figure 1 is a photograph of the MASCOT in the laboratory.

All the optics are mounted on optical benches so that different lenses can easily be
introduced into the system. This makes the instrument very flexible and capable of being
adapted to many different problems in astronomy.

Cptics

Figure 2 is a schematic of the optical layout for the MASCOT. The light enters from
the upper left. The entrance slit, where the imager and spectrometer beams split, is at
the focal plane of the telescope. The instrument is designed to accept the beam from an
f/7.5 or slower telescope (specifically the 1.3m f/7.6 McGraw-Hill telescope at Kitt Peak,
Arizona).

The light which passes through the slit is collimated by an f/3.2 300 mm lens. This
lens can accept the beam from a 2 inch long slit. The parallel beam is then dispersed by
the grating and imaged by an f/o.95 50 mm camera lens onto the CCD. Since the camera lens
is the limiting optic in the spectrometer beam, the collimator is placed so that it images
the telescope entrance aperture onto the camera lens.

The slit jaws are mounted at a 450 angle to the incident beam so that the light is
reflected from the jaws at a right angle. This beam passes through a 317 mm f/4.8 field
lens, and is reflected by a folding mirror. It then passes through a filter to the 55 mm
f/1.2 transfer lens. The transfer lens reimages the telescope focal plane onto the imager
CCE. Transfer lenses of different focal lengths give different magnifications of the
telescope image at the CCL.

The den agnification of the spectrometer beam is 1:6. The slit width is 150 microns, so
that it exactly images onto one row of pixels (25 microns wide). This corresponds to 3-1/2
arc seconds on the sky at the McGraw-Hill telescope. Various other slit widths can be
accomodated by the spectrometer. In the same way the pixel size of the imager is 3 arc
sec with the 55 mm transfer lens or 0.7 arc sec with an f/2.0 90mm lens.

36 / SPIE Vol 264 Aplictions ofigiteImoge Processing to Astronomy 1980)



A DUAL CHARGE-COUPLED DEVICE ICCD), ASTRONOMICAL SPECTROMETER AND DIRECT IMAGING CAMERA

I. OPTICAL AND DETECTOR SYSTEMS
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FIGURE 1. The MASCOT in the laboratory. FIGURE 2. A line drawing of the MASCOT op-
At the top are the slit holder tics in the same orientation as
and folding mirror mount, both Figure 1. The components are
at a 450 angle to the vertical, labeled as follows: A, entrance
On the left side is the spec- slit/beam splitter; S, 300mm
trometer collimator lens, with f13.2 spectrometer collimator
the grating mount at the bottom lens; C, diffraction grating;
left. The spectrometer camera D, 50mm f/0.95 spectrometer
lens is at bottom center, next camera lens; E, 317mm f/4.8
to the grating. The imager imager field lens; F, folding
transfer lens is at right center. mirror; G, 55mm fil.2 imager
The pentagonal structure at transfer lens; H, 130 K tempera-
lower right is the vacuum ture controlled CCD mount.
housing which contains the two
CCD detectors.

Detector Mount

Because of the way the beams are folded, both CCDs can be mounted on the same
temperature regulated detector block. The block is cooled by a liquid nitrogen dewar
which is outside the optical instrument itself. The nitrogen dewar and the detector block
share a common vacuum system which is pumped by a molecular sieve pump. Both the dewar
and the detector block are insulated with aluminized mylar to minimize the heat loss. The
dewar accomodates 4.5 liters of liquid nitrogen, and has a hold time of about 20 hours.

The detector block is maintained at about 130 K by a temperature control circuit. It
is connected to the nitrogen dewar through an adjustable heat resistor and a copper cold
finger. The temperature control circuit dissipates less than 5 watts and maintains
regulation to better than C.1 K.
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Ziwnal to Noise

There are two sources of noise on the signal: 1) the CCC readout noise, which results
in a constant uncertainty in the number of electrons collected from each pixel; and 2) the
photon counting noise. The photon counting noise is the uncertainty in the estimate of a
flux which is proportional to 0 , where N is the number of electrons arriving In the
measurement interval.

Fi ure s s the s "al to noise rati2 for typical observing conditions at 45A reso-
luticn Cn a -tr ia~r tuie obJect for several v3lues of CCE readout noise. The top line
applies to 3n iel .CL with no readout noise. N.ote that the readout noise becomes less
important at higher signal to noise ratios.

Figure 4 shows the signal to noise rat,; as a function of ob'ect magnitude for a one
hour integratiorn for tne spectrometer 3rc for the imager. The two curves differ because
tre tarcwilth and focal plane scale c t.e cetrcmeter and imager are different. in this
example the bandwi(lth is assumed to, te 7Y2A for the imager. Ynder these conditions the
readout noise is unimportant for the ,'-.azer for integration times longer than 4 minutes
and so the signal to noise ratio scales as the square root of the integration time.
I eferenee I describes the signal to noise -aloulations in more detail.

I

C .15Sf 5 1.3 . 1ELEscoPE
3m TELESCOPE 2 .30 *LSCP

20 1 MAG/(ARC SEC)S25Y 0f MIC R0 e-/
45A ESOLUTION too - 20.5 MAG/ (ARC sEC) z SKY25 a5 MCRON PIXLS 5 25 MI..CRON ,P,,ELS/
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4, 

O NRESOLUTION
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('I 45 A RESOLUTION

I o i
!2 O 0 1

7

d'.30 05 4

2

I 1 180 10Q00 '0000 23 22 21 20 I I ?
INTEGRATION TIME (SEC) MAGNITUOE

FIGURE 3. The signal to noise ratio as a func- FIGURE 4. The signal to noise ratio as
tion of integration time for a 20th a function of object magnitude
magnitude object otserved with the for a one hour integration near
spectrometer at 45A resolution. F 7000 . The bottom curve is
is the system quantum efficiency. for the spectrometer with 452

The top curve is for an ideal pho- resolution and the top curve is
ton counting detector with no read- for the direct imager with a
out noise and the lower curves are :OOOA bandpass filter.
for two values of readout noise.
For observations at high signal to

noise ratios the CCD photon counting
noise dominates the CCD readout noise.
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,uantum Efficiency

The sensitivity of the instruirent depends on the total quantum efficiency -f t'e
system. The total quantum efficiency in turn depends on several factors: the CC: quantim
efficiency, the throughput of the optics, and the transparency of the atmosphere. TheCfl
quantum effi::enoy 3S 3 functi-n cf wavelength is shown in Figure 5. This grapn is tlKer
from Jata suppliec by Texas :nstruments. Losses in the teles-cpe Tirrors, the lnses, te
grating. ar.* -e .3cuum w:-ohw reluce the otical throughput to about .Thp 1r.awer n33

about the 33me tnrcuput as the spectrometer, since the light lcss of the fiter : I
comparable to tr3t : f te gratirg. ar tne other -ptical elerents are similar. Ic::
atmospheric con!:ti.ns result in atout transmission at 7C^CA although this car, vary
greatly. Thus the total system effi :er. s atout 151. Figures 3 and u were ualzu' ted

for a total efficiency of 115%.

-0 c It
- 70-Uz , I

W
o-

a
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I p I I ,

4000 5000 6000 7000 8000 9000 10000

WAVELENGTH (A)

FIGURE 5. The Texas Instruments virtual phase CCD quantum ef-
ficiency as a function of wavelength. After including
the losses from the atmosphere and the MASCOT optics,
the overall pystem quantum efficiency is about 15%
between 5000A and 8500A.

Sumnmar y

The MASCOT is designed to match the ability of CCC detectors to a wide variety of
astronomical problems. In conjunction with the MASCOT data handling system, the instru-
ment will make maximum use of telescope time through its high quantum efficiency, area
detection, and ease of use.
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I A Dual Charge-Coupled Device (CCD), Astronomical Spectrometer and

Direct Imaging Camera II. Data Handling and Control Systems, Dewey, D.,
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Dual charge-coupled dvice (CCD). astronomical spectrometer
and direct imaging camera

II. Data handling and control systems

D. Dewey. 0. A. Ricker
Massachusetts Institute of Technology. Department of Physics and Center for Space Research

Room 37-527. 77 Massachusetts Avenue. Cambridge, Massachusetts 02139

Mt eAostract

The data collection system for the MASCOT (MIT Astronomical Spectrometer/ Camera for
Optical Telescopes) is described. The system relies on an RCA 1802 microprocessor-based
controller, which serves to collect and format data, to present data to a scan converter,
and to operate a device communication bus. A NOVA minicomputer is used to record and
recall frame images and to perform refined image processing. The RCA 1802 also provides
instrument mode control for the MASCOT. Commands are issued using STOIC, a FORTH-like
language. Sufficient flexibility has been provided so that a variety of CCDs can be
accomodated. At present, Texas Instruments virtual phase CCOs are utilized. This is the
second of two papers describing the MASCOT.

Introduction

Various requirements and constraints nave led to the adoption of the specific control
and data handling system for the MASCOT (MIT Astronomical Spectrometer/Camera for Optical
Telescopes). The following is a list of those that most influenced the present design:

1. The system must be able to handle the large volume of high speed data present when
a CC is readout.

2. The many frames from an observing run must be stored in a convenient, retrievable
form.

3. Each frame should be labelled with time of day, CC exposure time, CCC temperature
and other instrument status information, as well as operator comments (such as the
name of the source, right ascension, declination, etc.).

4. A hard copy log 6f the evening's observations should be produced.

5,. Capability for real time picture processing should exist to aid in focusing and3 alignment and assessing the quality of data taken.

t. "CC dependent hardware and software should be kept to a minimum to allow for the

use of different CCCs as the technology improves.

7. The system should be easy to work with and transport.

With these ideas in mind the system of Figure I was chosen. The system is physically
separated into three assemblies: The "upstairs" electronics, attached to the instrument,
consisting of the necessary clock generators and analog processing circuitry to run the

CCL and produce digital data; the "downstairs" rack of electronics consisting of an RCA
1802 microprocessor with associated peripherals and a scan converter capable cf storing
128K, 16 bit words of data; and finally a NOVA minicomputer system. In practice only the
first two assemblies are transported when an on-site NOVA system is available.

The single most important feature of the system is the division of tasks between the
two computers. When observing, all commanas to the instrument originate at the 1802
teletype keyboard. These cnmmands are sent serially along a single cable to the clocking
unit of the "upstairs" electronics where they initiate reaoout3, change desiredI temperatures, control shutters, etc. Lata Pnc status information from the COts are also
sent serially along a single cable and loaded into the scan converter under the 1802's
oversight. Again under 1802 control the 1A.'1A can he called on to transfer frames from the
scan converter to magnetic tape. Thus the ItC2 microcomputer handles the mechanics of
data collection and the lU'VA minicomputer provides real time picture processing
capabilities and bulk storage.
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COLD CCO'S _ZvDEWAR
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PRE AMPS

CLOCK~S L - -
DC VOLTAGES 4.-VIDEO OUT

CCD CLOCKING UNIT UUPSTAIRS" ELECTRONICS
AND ANALOG TO DIGITAL

IPR OCECSSER I
COMMANDS TO DATA AND STATUS
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AND ' I

RIA 612DATA
ICOOM E RCEICVETR

FOPP SYSTEM 4J

NOVA SYSTEM COMMUNICATIONS BUS

NOVA TAP7E
MINI COMPUTER DRIVES

FIGURE 1. Overall block diagram of the MASCOT data handling and control system.
An RCA 1802 microcomputer, using the STOIC language, controls the in-
strument and collects and formats the data. A .MOVA .inicomputer pro-
vides daea storage and real time data analysis capabilities.

"Upstairs" Electronics

The "upstairs" electronics consist of a single card cage mounted on the MASCOT.
Commands to and data from the unit are carried on two shielded two-conductor cables in
order to minimize cable clutter at the telescope. The circuit cards in the cage each
perform a specific function as shown in Figure 2. In particular, the clocking unit card,
which produces the required TTL clocking signals, and the regulator/driver card, which
converts the TTL signals to the proper CCC analog levels, are the only CCD dependent elec-
tronics in the whole system.
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FIGURE 2. Block diagram of "upstairs" electronics. Mounted
in a card cage on the ,NASCOT, this system clocks
the CCDs and transmits digital video and status

information to the "downstairs" system. The
clocking unit and regulator/driver board are the
only CCD dependent components in the system.

I
To accomodate the two CCDs used in the MASCOT and keep hardware to a minimum, a single

CCL is readout at any one time. The CCDs are kept in an integrating mode until a readoutcommand is received by the clocking unit. This unit then clocks the selected CCD at a 100

K pixel/second rate and sends control signals to the processing board. This board uses an
FCrS (Filtered Correlated Double Sampler) circuit, shown in Figure 3, to achieve low noise
readout. When the frame is finished an additional line of data consisting of status
information is added. The data is transmitted with flags at the end of each line and at
the end of the frame, thus allowing for various sizes of CCOs and CCD operating modes.

"Downstairs" Electronics

The function of the "downstairs" electronics is to convert an operator's requests into
commands to the "upstairs" electronics and receive and channel the resulting data. At the
center of this electronics is an RCA 1802 microcomputer. This computer uses the STOIC
(Stack Oriented Interpretive Compiler) language which is much like FORTH in that pre-
viously defined commands are executed when entered and new commands can be easily defined
in terms of old commands. The system has 24K bytes of memory, a floppy disc unit, a
real-time clock and two programmable timers. These timers are used to keep track of each
CCC's integration time and generate interupts to the processor when a CCD should be
readout.

A scan converter is the second piece of essential equipment in the "downstairs" system.
Its 12eK x 16 bit semiconductor memory, arranged into 341 lines of 384 pixels each, is
able to quickly store one frame of CCC data. The contents of the scan converter are
continuously displayed on a monitor allowing evaluation of the raw data.
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SELECT C 1

SAMPLE SAMPLE

FROM REFERENCE SIGNAL
CCo I

PREAMP RRO C / AB-A S /Ht--OUT TO A/DU
CCD 2

FILTER
RESET ->--- -

CCO SELECTION RESETTABLE CoS
LOW-PASS

FILTER

FIGURE 3. Filtered correlated double sampler (FCDS). Low readout noise is achieved by using
a one microsecond RC filter, which provides high frequency noise rejection and a
double sampling circuit, which attenuates low frequency noise. Pixel-to-pixel
memory is eliminated by resetting the RC filter after each pixel.

Finally, a communications bus is provided to allow data to be read from and written to
the scan converter. The 1802 computer, limited in storage capacity, can examine 32x32
subarrays of the frame and perform some data analysis. More importantly, after a frame
has been loaded into the scan converter from the CCC, the 1802 can write on an unused line
the time-of-day, the integration time, and user comments. This, together with the status
information, provides efficient, permanent marking of the data. The communications bus is
also critical in transferring the frames to the NOVA where they are stored on tape and
processed. The bus is bidirectional so that processed pictures can be loaded into the
scan converter for real time examination.

The NCVA System

The NOVA system provides data storage and reduction capabilities for both realtime and
post-observation analyses. To analyze the data a large FCRTRAN program has been devel-
oped. This program accepts user commands, which call subroutines to manipulate frames of
data on disc and tape. Many internal variables specify parameters such as CCC size,
electrons per A/C unit, windows of interest, etc. and allow the passing of results from
one routine to another.

During observations a subset of this software is resident on the NOVA system and,
except for occasional requests by the 1802 system to store new data on tape, on-line data
analysis is continuous. A sample of the commands available is given below:

1. Input/Output: Transfer data between scan converter or magnetic tape and the
program's work file.

2. Type: Type out the pixel values in a selected window of the array.

3. Picture Arithmetic: Pixel-by-pixel arithmetic operations used for dark frame
subtraction, field flattening, etc.

4. Spectrum: Produce a background-subtracted spectrum from a spectrometer picture.

5. Plot: Plot on CRT: spectra, surface brightness distributions, etc.

Operating Vodes

The system just discussed can be operated in various data-taKing modes. The MASCOT
uses two CCCs, a direct imager and a spectrometer, which are given equal treatment by the
hardware. Thus the data taking sequence and the assignment of CCC priorities are left up
to the 1802 software. This software is stored on the 1802's floppy disc drive and is
readily available and easily changed.
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9123 17:43812 iG 10 DINT FIGURE 4. Example of controller printout
during stand-alone operation.

9/23 t':43:21 I DSZNR4L A :00 second :ntegration time
for the direct -CD is spec--fied
(:30 DrTT. An exposure :s re-

9/21 17145146 .. e DIRECT LOADED bo. 7uested and the resulting frame
loaded into the scan converter

t/21 17:45sl2 I 01:1 :2 LINE[ 23 33 SERIAL tYP( (DSI.VGLEJ . Some pixels are

51. 23 18 17 83 116 1190 71 111 179 16 182 examined on the teletype. A

• one second Integration timne is

$2. 2 , 183 177 29 187 1093 62 179 183 10 113 chosen (I DINT) and the direct
CCD output will be continuously

9/23 1746103 $ I DINT loaded into the scan converter

92 ;, 1746:4 6 DACONT after each integration (DLCONT).

P/23 17846125 6

For testing, aligning and debugging, the system can be operated without the NOVA
computer. In this stana-alone mode the 1802 system can type out pixel values and perform
frame subtractions and pulse height analyses on 32x32 subarrays of the data. In this way
quantitative data on dark current, system noise and alignment can be obtained. Figure 4
shows an example of commands in this mode. The direct integration timer is set to 100
seconds, a single frame is readout and loaded into the scan converter and a group of
pixels ;s examined. The CCZ is then put into a I second integration mode and continuously
readout and loaded into the scan converter. This now allows the operator to see the
effects of adjusting lenses, moving the telescope, etc.

'hen the NCVA system is present and observations are being made, the 1802 system exe-
cutes more complex commands designed to collect specific sets of data. Thus a
preprogrammed observation or calibration sequence can be initiated and carried out effic-
iently. While other data is being taken, these frames can be examined by the NOVA system
to provide quick feedback on instrument performance. In Figure 5 a sample 1802 output
during an observation is shown. A 500 second spectrometer integration is initiated and

9/24 23:27:43 9 500 SPECTRUl

1 /24 23:17:52 $ 4: FLrRsEr

9/24 23:1O01E IPOSURI STARTED

9124 23118841 EXPOSURE COMPLETE, CIRNENTS& FILTER A, CALii STAR 17 FIGURE 5. Example of controller printout

during operation with .VOVA
9/24 23819:11 FRAME TRANSFERRED TO NOVA. TAPE RECORDI 19 present. A 500 second spec-

9/24 2M9022 NEXT FILTER trometer integration is re-

quested (500 SPECTRUM) and

9/24 23:19 42 EXPOSlRE STIATI| during this integration a series
of 40 second exposures with the
direct CCD is taken (40 FLTRSET).
The frames of data, including

* user comments, are transferred
to NOVA tape storage. The fil-

9/24 23,24:17 FROM TRANSFERRED TO 1469A. TAPE RECORD: 23 ter sequence is terminated by
the operator and later the spec-9/24 2324016 #IT FILTER trometer CCD is automatically

readout and stored by the NOVA
9/24 23:24:32 ' on tape.

9/24 23:'612 --- SPECTROIETER IXPRORE CORPLITE

COMMNTS: $OUNCE 12, SEEING Poo

9/24 23:2644 FRAN TRAISFERRED TO @0OVA. TAPE RECORD: 24

9/24 2324054 6
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then a series of 40 second exposures through a set of filters is taken with the directsystem. Here 20 seconds has been allotted to manually change the filters. Each frame is
subsequently transferred to the NOVA for storage. After 500 seconds the spectrometer isalso readout and stored. Note the possibility of the 1802 system being busy with one CCD
when the other should be readout. In this case the integration counter continues counting
until the CCD is finally readout. The actual integration time is thus always recorded.By choosing appropriate interrupt software, no data need be lost.

Summary

The MASCOT control and data handling system combines the control capabilities of an
1802 microprocessor and the storage and processing capabilities of a NOVA minicomputer.The separation of tasks allows efficient data collection arid simultaneous data analysis.
The examples of the MASCOT software given above are meant to show the capabilities of thesystem. Modifications and evolution are expected to follow as operating experience with
the MASCOT accumulates.
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i Optical Studies of X-Ray Sources with the MASCOT - A Charge-Coupled

Device (CCD )--Based Astronomical Instrument, Ricker, G.R., Bautz,
i M.W., Dewey, D., Meyer, S.So, 1981, SPIE, 290, 190.
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Optical studies of x-ray sources with the MASCOT-a charge-coupled device
(CCD)-based astronomical instrument

G. R. Ricker, M. W. Bautz. D. Dewey, S. S. Meyer
Massachusetts Institute of Technology, Department of Physics and Center for Space Research

Room 37-527 77 Massachusetts Avenue. Cambridge, Massachusetts 02139

The first ctservr: rur with tl'e VA0'?T ("'7 Astronomical Spectrometer/Camera for
Tpticl Tees~cces' 75. tee t lt t pe "caraw-Hili Observatory in Marcn , c,
demonstrat-d t.at the spectronhctonetr,.c sersitivity and stability of the instrument Is
consistent wits the -sti-ites rnade by *-ever -nd ci r '"I?' Rnd ewey and Ricker (15
based on their cacultions and labcratcry calibrations. A pair of Texas Instruments
virtuil rh'se ' s were used s the 7' 'T ictical detectors. In the t ar1

the ,,%OT achieved a sky-limited sensitivity of +24.4 mag arc sec in an
1-'-s intearition (' -- sr s-- si7e; 'evel -f sivnificance). The ability tc
"flatten" pistures to a level consistent with 's<y + source) photon statistics and readout
noise was e-monstrate-d. As - examola 3f the capabilities which the MASCOT has demon-
strated, we discuss our preliminary results from optical observations of four high
galactic lotitude Einstein x-riv sources without cotical counterparts (i.e. "empty fielc'
sources'. For the four sources we observed, we established an optical counterpart for one
source ('1 1, based on positional coincidence (better than 1.? arc sec); detected four
possible candidates in the error bc# of anot~her source (1009+35); and established sensi-
tive uooer limits ()2-.? *; L-rn A - -"O A, 5 uoper limits) for optical counterparts
in the error boxes for the other two sources (Cq2+?9 and 0931-11).

1. :ntro.huction

!s -stronomical detectors, charge-coupled ievices (CC~s) hold forth the promise of high
quirntum efficiency -.rd broad dynTmic r,?roe, coupled with excellent linearity and stnbil-
ity. These properties should permit the accurate measurement of the light of the night

sky and its subsequent subtraction from an astronomical "picture" (e.g. narrow or broad-
band optical imare, polarization map, spectrum, etc.). ideally, the signal-to-noise in
such cictures shculd not suffer in the subtraction process. The vAFCCT (MIIT Astronomical
cectrometer/Cameri for "otical Telescopes) has been desilned to facilitate the simulta-
neous accuisition of such "sky (photon noise'-limited" spectral and spatial images with
CCD detectors.

The ootical and mechanical details of the mACCOT have been described in some detail by
veyer and Ric'e r (1OC0'), while ewey and RicKer (191O) have described the manner in which
the VAS=CT nrovides for image data acquisition and proc-ssing, as well as instrument
control. Tn this paDer, we briefly review the instrument configuration, describe the
actual nerformance levels achieved by the mASCOT in its first observing run on the 1.1m
telescope at the 1'craw-Hill Observatory, and present preliminary data obtained in
searches for octical counterparts to four "emoty-fieli" X-ray sources. Primary emphasis
will be placed on discussions of the "area photometer" YASCOT channel; the "spectrometer"
MASCOT channel will be discussed in a subsequent opper. A fairly detailed review of the
performance of the two Texas Instruments (TI) 490x32Q "virtual phase" CCDs used in the
MASCOT will be given, as this application marks their first reported operational use in a
ground-based observatory instrument.

2. 'ASCCT Operational Charactew istics

The MA5COT is designed to be a "standalone" instrument, capable of performIng both
sky-limited area photometry and spectroscopy. :t is optimized for use at the Cassegrain
focus of telescooes havinn focal ratios of f/". 5 or larger. Figure la shows the optical
and detector assemblies of the vA'CCT in the laboratory. (The top cover has been re-

moved.) Firyure lb gives the V ACCOT optical layout in schematic form. Light from the
telescope secondary is shown enterina from above, ccminv to 3 focus at A, the location of
the entrance slit/beam splitter. Lijht which passes through the slit (i.e. the left-hand
path ) is fed to the spectrometer channel (IC' ietector following element ), while the
reflected light from the slit jaws is fed into the area photometer channel (CCD detector
following element 3). :n order to pr vide for a broad range of focal plane scales, the
various refractive elements are mounted on optical benches to facilitate rapid inter-
chanaes. Additional optical details 're riven in Meyer and Ricker (1980). A photograph
of the %AFrC0T being prepared for use on the 1.1m telescope at McGraw Hill Observatory is
shown in Figure Ic.
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S le , e prosent additional information ccncerninr three tZT susy5 es:
C's, 4-e- photometer, and spectrometer. :n order to enhance tne VAC near :P r"-:nse
lurin7 the ,'7riw .. ill observinq run (Varch 'el , the C77 c.-. b:ock ccerati- ..--.-
t,:r= .w' i _erte y chosen t o he-1 C. At this temp rature, t e virtual :na ... s

-- ,r -blc .r', nrr nt 4: oelctrons s n)ix 'A

r -- * two chios w73 ulte hi~h V - e r, : ron;-

r ~ "-~ -'~n 7f h e !',n, ootr st-)des revea..- -or
'o" o "sous5on in -eottc tn resut i n i7 I ar no .e 2

zrsr nr f r -. i >vel------ ach ievePd for r h
eotr -ltr er ..... e -. ' . ,f c rt iuliar note are the hiqh s, stem t uis cu hput (-.p

f r tte area :hctceter in ',nr i us st niard nass bards frz .
~jhjbra~h a.i seoitivtv achie&ved +'2. 7iaa ar e eve, fs''

w te sat: fvi , emn' oznsistent with that excected fr!m Chotcn statostlcs
r _ o.;t n 4ose a n -:," -u -ur t,r :he cer f r ance of the spectrometer wi1 te
cussei further tn c liter Dicer.

",is- Dhar'?teri:~ticn of 1he CC's

Th tota] 22Z readout noise for i picture may be due to several contributions, n-

3 . 'n-ooip F-7 .oise

* ^ff-chin nrec"'plifier noise

* 'oise :n c!cc" sinnals Fnd 7 volta-es

I * hot noise iue to source and sky rhotons, and dark current

a "oise of roorly-understood orinir ("excess noise", etc.'

3 Co secarate these contributions, the noise was measured in a variety of CC: confiauri-
t ions:

1 iu-escent -oi*: with the reset clock on and all other clocks held =t
levels; we expect the first noise sources to dominate.

lo kC  'cise: Vith the reset clock and the ser ial clock operatin , but no
parallel transfers taking place; we presume that the
3dditional noise is due to the dynamics of clocking.

'varclocked 'oise: With the CCr operating under normal conditions, the noise of
the "overclocked pixels" (i.e. those correspondino to column
numbers >335) is measured.

I 4) Zero Siohal Pe~l

Noise With no liaht illuriinating the 'C7 3nd frequent readouts, the
noise of "real pixels" (i.e. those corresponding to column
numbers O-O:) is measured.

Real 'Ioise : .ith lirht illurrinatina the C't, the sirnal variance vs.
signal level is measured and plotted. From the y-intercept of
this plot, a zero signal variance is calculated. The square
root of this quantity is the real readout noise expected
while observinz. The actual signal and variance values (in

A/D converter units) obtained in our testing procedure in
this configuration are shown in Fivure 2.

:deilly, if the FFT and preamplifier noise dominated, then all five of these conficura-
tions would give the same noise level. 'n renlity, the readout noise w-s actually
observed to increase as each of the above five configurations was considered successively.
In Table 2, we summarize the result of five such noise measurements* for each of two
400x28 vertical ohase CCD's (residing in the area photometer and the spectrometer,

*These noise measurements were mate fit z source of " xcnss ch'rre" noise associated
with the serial clock amplitude and 7C levels was eliminated. Janesick (private corn-
munication) haL accounted for this noise as arising from lekare nr e crllecting in the
CCC potential wells as a result of gate oxide breakdown when the nerative level of a phase

clock goes below a certain critical level. The rhenomenon is rct fully understood.
Janesick, Hynecek, and Plouke (1901) also discuss this problem.
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Table 2: Noise Characterization of Two Texas Instruments
490x328 Virtual Phase CCDs

Measuremnent Area O hotometer OCD Spectrometer '-D

(AYJ) re-rms) ADU) (erms)

3uiescent Readout Noise 1.35 42 1.35 33

Clocking Readout. Noise 1.6 52 1.50 37

Overclocked Readout Noise '.30 56 1.60 39

Zero Signal Readout Noise 2.25 TO 1.02 45

Extrapolated Zero Signal
Readout Noise (see Fig. 2) 2.95 92 2.21 57

t See text for description of measurement technique. The extrapolated zero

signal readout noise is the appropriate value to use in sensitivity
calculations, since it represents the value one measures under normal imaging
conditions (see Figure 2).

During the March 19S1 observing run at the McGraw-Hill Observatory, the noise
levels for both CCDs were in the range _100-150 e-rms. The gain factors for
both were -50 e'/ADU. A reoptimization of the serial clocking levels in May31981 resulted in the above mproveJ values.

respectively). We do not fully understand the origin of the increases observed at each
configuration change, and are continuing to investigate the problem.

4. Photometric Calibrations

Calibration of the MASCOT area photometer channel was carried out using both individual
standard stars previously adopted (Strom 1977; Landolt 1973), as well as globular cluster
star fields recently suggested for this purpose (Christian 1981). Generally, "IIDS"
(Strom 1977) or "Landolt" standards were observed shortly after dusk, near midnite, and
shortly before dawn during each night's observing. In addition, two selected fields near
the vlobular cluster NGC2419 (Christian 1931) were observed extensively (through standard
B, V, R, and I filters, as well as through special broad and narrow band filters) and
reobserved each time the MASCOT optical configuration was changed in a major way (e.g.
substitution of a different transfer lens). A preliminary analysis of data from the IIDS
standards (including observations of Hiltner 600, Feige 98, and Kopff 27) resulted in the
following transformation relations for various apparent color magnitudes (Kron/Cousins
system; Bessel 1979):

m a = -2.5 log S (ADU/s) + (17.98±0.03)
mV = -2.5 log S (ADU/s) + (18.97±0.03)
m R= -2.5 log S (ADU/s) + (19.04t0.05)M I = -2.5 log S (ADU/s) + (18.48±0.04)

In these relations, S is the source counting rate (summed over the seeing disk) expressed
in analog-to-digital converter units per second (1 ADU/s -50 e-/s during the March '81
McGraw Hill run). The errors given are lo values, calculated by repeated observations of
the same set of standards. Systematic errors are currently estimated to be -±0.1 magni-
tude. Atmospheric absorption (air mass) corrections have not yet been made in the above
relations. Currently, we are using the NGC2419 fields to extend the directly measured
MASCOT photometric sequences to > +20 magnitude.
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Field flattening with the TI 490x328 virtual phase CC nas prve, t-, te -atner
straightforward, at least in our preliminary accessment. We s 3pect tnat:
marLly aue to the extremely good overall uniformity of t.ie l'A -2 e.':L- : .

45 4
AREA PH TOME TER '5 SPE/ 7ROME TER

44 41

. -- ,. ( /

.. I 25

,K15 is'~1
J /-'

228

SIGNAL CAQU) SIGNAL CA CU

,2iri.rce ver~ssr- ',,eve,. e :--o =~t2 Cs . --77is4r-ents Jere iaoe

,.,e ru) 2 -,:

-- a -cnt

"eje,:e_ lo.ts). The 4 shoro Zis (;beled 1, , 3, >r ohn es-
.er.t rzo: ; noise, :h ooin, g reaoout roise, :h o ero1 -' * na'ose, 2nd

e zero si:--- readout ncise, resrective: (see text e nd Tzb2 er tai-s).
-' ",this - , e anc~ude h:

• 'r h:e*.er CC>-

- ;ain *s 31.3 e'/AOU
.4/ :-r'.erter (12 bits) f X sca'e oaue "s .- e
-x:z.ilae .ero si a, readout noise is d. e- rs

a . ecm meter X'D:

- ifis 25.2 e-/ADU
A/D converter (12 bits) [;X sca'e 'oaue is 100 e-
SEt.trapo~ated zero sijnaL readout noise is 57.6 e rms

flattening). In an attempt to achieve an even higher degree of field flattening, we used

the relation:

FF( F(1) - OCL(1) - OF(1') - OCL(1')
LT1 /[2 JLF(2) -OCL(27] - DF(11) -OC.l')

where:

F(1) Sky frame of interest (,itegration time T1 )
F(e) Another sky frame (integration time T2  TI, taken within a few hours of

sky frame (1))
OCL(i) = verclocked level (measured for each frame)
DF(W') Dark frame (integration time T1 ' = T1 )
FF(1) z Flattened sky frame
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In thip pass'and - this relation results in fields which are flat to I.411
consistent withosigna- photon + sky) nad0R-no 7 nuadratur,-
the lonpost integration time we used (-1 minutes). Thus, the de,r-e of flattenin;,
achieved is consistent with theoretical7ie. Poisson noise) limitations. Of course, for
lower r°4iout noise lavels in, longer intearitions, this conlit.ion -!-v no oner h]l*
Further study of this iortint problem is olanned in future otservin' rrJs.

Tn Figure 7, we demonstrate the (somewhat) subtle effect of our field flattening
procedure. We show a Tross section along a sinqlp row of an ima:,P obtllned :f the optical
counteroart to the X-ray source 1413+1?. (Further details recarding this object are given
in Fection 4;.) The loft panel shows lat fro- raw ,unflattend image, while the riz.tpanel shows Jata from a processed (flattened) image. Futher details are given in theciption.

I UNFLA T TENED FIELD FLA TTENED FIELD

..

* . *..: " .. o.

CQL UMN NUMBER CL UMN NUMBER

i 2 .. : -,'-. " .: ' " ,, ; :: h ~ "fe - . ? 0h >-':z. : ': u'0:'""..

:<"" :": .. .. .. ; 9 = '. - : ', . " j (Fie~d srs were iao "sa'ed
:::"-" o!'mns .5 a i' ; The "UnfZ. t ened Fie~i" 2'roas 3'3t'on!R3 f z e r CC3 i', _ CC O exr'a're en thrcw.z an HA-iU

" "-. , , fro hah 9he 2JD :: nlked :eve: 2nd n 1730 a ,i~rk frine

" ,,30enlt+ za e z rom j<, + .4re: "ha'~n sgaties

:ri :.:,i: or redo'i- ncas,. i: ";:'s ese, ;:: 0' was 1.4' *' "h

:wer p t noise (see 'rw1.

. : ,C',T ,tudies of tour 2instein "nmpty Field" -ra Sources

In studies of '(-ray sources with the Fnstein Observatory (Giacconi et al. 1979), there
hwve been several instances of '-ray ohjects discovered which 1o not have ontical counter-
parts down to the limit of the P hlomar Observatory ky Survey (DOSS). Such objects are of1 great potential interest ;'"eb-se r their lar~e val,,s of I. It ('-raY to optical
luminosity ratio), possibly implyin5 that they ay comprise (or ue new classes of

astronomieal obiect s.

mn or-ler to illustr-t, th' ca ilitis of an instrument like the VA!C T mounted an a
modrate-sized (1.3m) telescope, we will discuss our preliminary results on searches for
optical counteroarts of four sich '-ray ohjiscts at hi .her sen~itivities than the PgSS
plate lirmits. Fi-iur-s £, , ', an.d -, show the optical fields for the '(-ray objects

'*a n, '9'i1-11, 1 9- ' and 1"1I .1 ", resnectively. Tn each .of the I fi',ures the l~ftIhand paneL ("a" in each flxure) is a r~production of the OS- "E" print, while the right
hand panel is a -. picture takpn c'ith 'A ' ̂ MOT. Additional letails are 'iven in the
figure captions.
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0970-39 .90Z

I-ayl 920"0 7 *! 3 *3l 302'1:33:

optical Caniddate (Mone, Detect-' '21.6, .22.4*, -

0931-11

Xry9"300%1~B -11IZ512

Optical Candidate Nhone Detcct01* '21.6 it 2.3,, -

101300s)

X-ray 10
4
0h"C"443l *35116,51-40*

Radio(hone Etat,,Shed)

optical Candidote 1054!0l *561, O5:~A - 9.84.0,96

(1200s) (2400SI

optical CaI. .oate 2 10n-al5010,31l .35*t66L3"tZ 21.71:0 15 -. 0.54tu,
(1Z00O1 (1200s)

Optical Candidate 3 Z0I,~ 3
5 6 ~Z2.IS±0 20D * 21.14!03.20

(600,)*4 (12trOW,

optical Candiate 4 O$4.h *55, 16*.i - 21.02±0.17

1413-13

X-ray [Pecie reit*n et yot axatdble

Relief 14 h13,
0 :09CO03 *33l8

Optical Candidate 1
6

'ZOt00 *'4 :.. - 0.!19.77vO

'Passband of 'lAS GT area pPitiaom.ter with no filter.

-Passitand of KASCOT Area phot)fter wit" ?,Ixm "A-it frt ,'4 CU I, - 70%, A).

PasbanG of 4ASCICT are* panotoweter inic 4P00 PiltgO -11" lov,'Cousin ,on)

Io9 th. Cato .here e. optical objects wOe detencted withi the ralio eror tit4. 5siq'a ut,%,t.' i).its for- a 3 pixel ty 3 pixel
aptrtu..e are q,,en.

ttlnteqrdtfon tests in oCCOOGO.

0 Radio coordloatus frnn. CianGo et al. 119M1.

00Rdocoordisnates froms Condoni et al. N471).

1. Selection criteria for optical c,"qiWotes:

a. 1004-35:
il Cdn414-, J't olthin 43 are _,con!; .! I", C,,ter of tee 1-tiv 'e*0.- clrt,

i Cane'.lattvo I n~el.etectI.-i at A e I- ev- 0 'q~iflca ce In 't. nast, ? e.Pe- .e,V-

b. 1413,11.
itC''4. .s ... thlin ae t,r., .,,,Ie ote'a the .. ~'~ e*.ln 1-e Ct it. 114M~ have I(P,.te 1

lflr~rrt~b 1n'i -4-. i r .1. -1 ir--~, .1 i. (11.11 - i' I.< . t 'It , la, LJ-t "i "e l SS
Platt tsI..It. '1.-o a.s - j. ni'. t"e t. -0"i~ grits .*.. '., :, try c o the lie
via~tlS '.2. I'll .4

II .0 .- J,-- 1.,f" -'. I''p.'. ifl tt, CWe ~,.itC11"i Ix.
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Three of the four X-ray obje'ts are also flat spectrum radio sources <(Conlon et al.
1977, 1 07C) for which the radio error circles are very small (radius i2) hie 7he

* fourth object (1139+391 has only an approxim~ate (_u'" error radius) X-ray position. W~e

have searched these error circles for optical candidates down to the CCD "Plate limnit"
(somewhat ar'itrarilv t-Akpn -as corr-snoniinv to a -a level of confidence for aorc7 e

iet-ction). n 'able %we su-nmarize the results of these searches. For 3> n
W. i - :~t5'ihnt' error c-ircles, lown to nii:r.'~:tYe

.n'j 'n_3) Of +'.l n 22.", resoectively. For 1009+.35, there are 4J possible o:)tiz-al

*z-nnidat- Aithin tho? v-r iv erro- circle, with 11. mgnit-les r - rn - f r on 4. o

:n the zase of P131,we -)ve foun! whiat 4- helieve to be thie c otical counteroirt al ,

location 1. from the radio position, which is within the 2a err-or circle radiis given b.;
7cnlon et il. 17'. ~TI is i- ely -hat thtis is the samne ohiect reportol hy -onlon -t a1.
ln7l as -3 "faint red stellar object" near the ?"SS plate limnit. (There was no ojc
visill o>n thi- s-t of '-' rrin, s -- '? used, so th-3t '.= ciotomnetry Of the radio position
seemned war ranted .) !ieke et al. (1'"'0) have also reported an IR object near the radio
position.

'. Tnclusions

in the first rujn of the mASC:T on the 1.3,n vcGraw Hill telescope, the following
features of the i-stru-pnt have h)--n leinonstrat-1.

* High throuchput (_15- over 50R7'h

I ~ ood 0 '1ot omet r ic S t I')i 1it V C U .Y ~g , even for Y31 -naq objects, over periodsI of several lays).
* nelativ-1v 'flat" unoroceass-! pictures (-2' uniformity).

0 Additional field flattening is strai-Yhtforward (A field unifornity of 1.4 of

with sky shot noise plus readout noise for integrations up to 30 ninutes [ie.,
the lonvest c-nas atternntad so fq ').

0 Fx-ce lent sensitivity (+7U'' niag arc sec- in 3n i1Q'j s integration, over a
''-7") 1 ~ s at f) -o level of sii'nificanca).

The Draliminiry 7!stronomnical results attained with the 4A5ZC T include the following
informiation cnncer nr rotir "emntv fiplId" Y-r3,/ sour ces:

* 1'1-11: identification of an optical counterpart (1~' fromn the radio position).

* 100?2,3 ':sol-tion Of 11 canli!Ates for furthier study.3 1. 1173~O 'O1 -1 1: still empty to m ) 22.3 magnitude.

'monq the areai of fujr1thr stj-iv whichi we have id*2ntiriai within. the -4!7'T system are:
operation it the telescope with newly-reduced CC ' readout noise (-7 times lower than
during March 1011 ru-); -"or,? sophiisticite4 fioll flitterin4 'if n-enssary); 3nd a syste-

natic eval-intion of the spectrometer channel performance.
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THE EXPLOSIVE TRANSIENT CAMERA (ETC):

An Instrument for Identification
of

Gamma Ray Burst Optical Counterparts

.... Ricker. JP. Doty, J.V. Vallerga. and R.K. Vanderspek

MI.T. Department of Physics and Center for Space Research

ABSTRACT

The Explosive Transient Camera (ETC) is a wide field (-3 sterad~ns) electronic camera array which can
detect coincident optical flashes with durations of -10 ' to 10 seconds. It is anticipated (but not
yet conclusively demonstrated) that simultaneous optical flashes will be associated with certain classec
of gamma ray bursts (GRBs). For the ETC, each array element is a 200 x 300 FOV, cooled CCD detector.
developed at MIT. An optical transient as faint as B = +11 (1 second duration) can be detected w th S/N
> 20. and its position determined to an accuracy of t 10 arc seconds. Thus, candidate events -10 times
7ainter than the archived event (plate taken in 1928) reported for the 19 November 1978 gamma ray burst
(GRB) by Schaefer (1981) should be detectable in real time. In addition to detecting GRBs, the ETC is
expected to catalog large numbers of flare stars, as well as potentially new classes of astronomical
transients.

The coordinates established by the ETC will be immediately transmitted (-I second delay) to the
Rapidly Moving Telescope (RMT) under development at NASA/GSFC (Teegarden. Cline and Yon Rosenvinge
1982). which can further refine the position of a flash and follow its (presumed) subsequent decline.
Communications to other rapid response radio or 1R instruments will also be provided for, as well as
time comparisons to gamma ray events detected by the International GRB Satellite Network (Hurley 1981).

A prototype camera element was first tested in April 1982 to establish sky background levels and
spurious event rejection schemes. A 1/2 steradian test version of the ETC is planned for operation in
early 1984. Expansion to the full 3 steradian complement of 16 detectors at each of two sites is
planned during the 1984-1985 period.

1. Introduction

In the past two decades, our perception of the "violent universe" has resulted from the discovery of
quasars (1962), pulsars (1968), gamma-ray bursters (1970), and X-ray bursters (1973). For each of these
classes of objects, the initial discovery was made by non-optical means, and optical counterparts were
subsequently established. Curiously, the prototypical example for each class of optical counterpart hasI turned out to be rather bright, at least at the peak of its time-variable emission (e.g. the quasar 3C273,
mv = +13 [e.g., Hewitt and Burbidge 1980); the pulsar NP0532+21, m = +15 [e.g., Smith 19811; the gamma ray

burst source GRB 0116-289, m :+3 [Schaefer 19811; the X-ray burs er MXB1636-53, m = +17 [Pedersen et al.
19821). Thus, one might reaXonably ask the question: "Are thee in fact biaaea agdinet the ab initw
discovery of violent optical transientse inherent to current optical instrumentation or obeer InJ methods
used by astronomers?" To such a question, the answer would appear to be: "Yes: Current standad optical
sur'vey methods ey on either long intpgr*2tione ( -minutes to hours) and/or study rather lTmited areas of
the sky ( -100 deg out of - 40,000 deg accessible)."

Hence, it is not surprising that standard optical surveys fail to detect short duration phenomena
occurring with low duty cycles. An instrument which circumvents those limitations is the Explosive
Transient Camera (E'C), 5escribed below, which integrates for short times (- 1 s) while imaging a very wide

field-of-view (- 10 deg ) with good source location accuracy (± 10 arc seconds). The ETC is well-suited to

discovering optical burst sources with time profiles and duty cycles of the type exhibited by gama ray
bursters (in gamma rays) as well as "ultra rapid" flare stars. As such, it will explore a new "window" into
the parameter space of optical sources. Since, based on historical experience, the opening of such a new
"window" in astronomy" often reveals entirely unexpected new phenomena, the prospects for serendipitous
discovery are very attractive.

In the following section, we discuss the sensitivity considerations relevant to the ETC, as well as the
importance of anticoincidence techniques in its design. The specific design we have chosen for the ETC is
described, along with the provisions for linking it to other rapid response detectors. Results from
prototype tests are presented. We also compare the particular approach we have chosen for the ETC with
other optical flash detection methods. Finally, we attempt to estimate the type and frequency of flashes
which we might detect, and discuss areas of further development for ETC-like instruments.
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I
2. Sensitivity Considerations in Wide Field Searches

In this section, we derive a set of general expressions for the sensitivity (i.e. minimum detectable
flux for a given S/N ratio) of an instrument for detecting brief bursts of optical radiation. Since these

expressions differ significantly from those traditionally used in evaluating sensitive "long integration"
astronomical detectors, it follows that the optical transient system design is quite iff'er.nt from a
standard telescope-detector arrangement.

The two principle assumptions which lead to he d'fferent5 iesign constraits are:5 )Ifbr t ortpclsre* The briefness (- Is) amd low duty cycle (- 10 to 10 ) of burst events for typical survey
program durations (- 10 2- 10's) 21

* The low surface density of burst events on the sky (possibly 10 events yr sterad ).

To assess the effect of various limiting values of these two assumptions, we will evaluate a 7ery
general form of the fundamental signal-to-noise relation for a "background limited" astronomical detector.
The fundamental relation for the signal-to-noise ratio for an imaged event in the "background-limited" case
is given by:

B

- *minc AtAX

-)1/2 
(2)

(scATO p )

Where:
m = significance level of a detection, or signal-to-noise ratio
Z = number of source photons detected
B = number of background ("sky") photons detected

$min = source flux which wil risult in a detection at a signal-to-noise
of m; units of ph cm s A i

E = system photon efficiency (or "throughput")
A = system geometric area; units of cm
t = burst duration; units of seconds

AX = system passband; units of A 2 1 1 1
= sky brightness; units of ph cm s 1 sr
= system integration time; units of seconds

op = solid angle subtended by a single pixel of a multielement system;
units of sr.

Equation (2) can be solved for 0m n , the "minimum detectable flux", for a signal-to-noise ratio of m
obtained for a burst of duration t du ng an integration time T:

1 ,. 1 /2
$min(m,t, ,) = m T(3)

In the "steady source" limit (t-), equation (3) reduces to the more familiar form:
$, 9 1/2

The total number of bursts, , detectable at a level of significance of "m sigma" expected for a total

observing time T is given by:

- ( min )  T (5)

where:
N(> min ) - occurence rate for bursts brighter than $minmmm

over the entire sky; units of s
a - system solid angle; units of steradians
f a observing time; units of seconds

Our present knowledge of N(i0.m n ) for gamma ray bursts is quite uncertain. However, we can bound the

plausible range of N(> in) for an'tcipated optical bursts by using L /t/i assumptions derived from the
burst observation of Scefer (1982) and the "LogN - LogS" calculation Aof Jennings (1982). There are three
interesting special cases for Eq. (5). These are:
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Case 1 "Distance Limited Population"

Qs

FDL Y s T (6),

corresponding to the situation in which all sources in the Galaxy are detectable at S/N ) m. For this case,
y is the total number of such sources in the Galaxy.

U Case 2 "Infinite-Disk Population"

1/2

ID 'Y - -

p

corresponding to N(>0min) =Y 0

Case 3 "Infinite-Halo Population"

ITH =Yt)3/2 (eAA 3/4 (8),TI p
corresponding to N(>i) y 0 -3/2

For each of these hree limm±ing expressions for , it is clear that both large solid angle coverage
nd a long observing time are extremel important for maximizing the number of detected bursts, since t is

linear in both. On the other hand, large detecting area and small pixel solid angleare less 4mportant
since I varies more slowly as they are changed. For burst gamma fluences S < 10 ergs cm -, the Log N -
Log S relations considered by Jennings (1982) indicate that Case 1 ("Distan t Limited Population") will
result in the smallest number of total bursts. Therefore, we will be conservative and adopt Eq. 6 for the
remaining discussion. Furthermore, recent measurements of faint gamma ray bursts by Fishgan (priv~ae

com nication) indicate that the Galaxy Ropulation may very well be cutoff below S 10 ergs cm , with y
10 . Hence, if we adopt Sopt/ - 10 , (Schaefer 1981), then Eq. (6) predicts:

,DL = ( 0 3  events 2.7 sterad

year (10 (0.1 year)

I s 20 events detected,

where we have assumed a 2.7 sterad instrument operating for a year with a duty cycle of 10% (i.e. obaerving
onli when it is dark 10.5x], clear [0.5x], and there is no moon 10.5x). The optical fluence of 10" ergs
cm corresponds to a visual magnitude m v = +9.5, for 1 second flash durations.

I
3. ETC Configuration and Characteristic

In Section 2 we estimated the level of sensitivity needed by the ETC to detect optical flashes from
gasms ray burst counterparts. A number of questions then arise: namely, given such an instrumental
sensitivity, how should the instrument be configured to provide the solid angle coveragl and to reject
non-astronomical light flashes? Also, is it possible to obtain sufficiently accurate (Z 10 arc sec) burst
positions to permit detailed study of a quiescent object? In this section, we present a configuration which
appears to satisfy these needs.

The ETC configuration we have chosen consists of two independent, "flys eye" arrays of short focal
length CCD optical cameras, operated in coincidence. Figure 1 shows such a configuration as it will appear
when deployed at Kitt Peak, Arizona. As shown, one array (and the control center) is located on the
southwest ridge of the mountain, while the other is located near the summit. By requiring that a candidate
flash be recorded siultaneously (± 0.5 sec) at both sites and that its arrival direction appear the same (t
2 arc minutes) at both sites, we can distinguish flashes of -astronomical origin (type "A", see Figure 1)
from those of local origin (type "B" or "C"; see Figure 1).

A detailed listing of instrument characteristics is shown in Table 1. The parameters given include
both specifications, as well as previously measured values, indicated by an asterisk (see Section 6). All
of the above-mentioned requirements for the ETC will be satisfied by such an instrument.
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4. Camera Module Design

As listed in Table i, the ETC will eventually consist of an array of 16 CCD cameras at each of 2 sites.
At each site, the 16 cameras will be organized into 4 modules, each bearing 4 CC cameps. The 4 cameras on
each module will be mounted on a sidereal drive and arranged to view adjacent 2C x 23 patches of sky, as
shown in Figure 2. By adjusting a system of mounting braqkets on each module mount, the cameras on
neighboring modues will be lirected to listinct 2400 deg- areas of sky. (Because of the well-known
difficulty of rapirg rectangles onto the surface of 4 sphere, a small amount of overlar;ing and a few Srall I
gaps in coverage are unavoiiable.) 'n all, -9000 deg- will be viewed, with the sky coverage extending from
the zenith down to an elevation angle of -35 •

Each CCD is merunted within a magnesium cryostat. and is cooled to -60 C. A 25 r. f,'O. 05 len-s is

.able 1

Characteristics of An
EXPLOSIVE TRANSIENT CAMERA (ETC)
Array To Search For 3amma Pay
Burst Counterparts And Other
Astronomical Flash Sources

Parameter Expected Value

Field of View: 2." Sterad (i.e. 43% of sky)

Sensitivity : S/N=20 for B=+ll magnitude event
(I s duration, 4OO0 A BW)

Source Location Accuracy: tlO arc-seconds (for a
S/N=40 burst)

Expected Optical/Gamma
Burst Detection Rate: - 20 per year

Pixel Size: 3' x 3'

Number of Detectors: 4 per module

Number of Modules: 4 per site

Number of Sites: 2

Spacing Between Sites: - 1 km

External Bit Rate: - 10 bits/sec
*

Optical Throughput : 50 per cent

Optical Elements: 25 mm f/0.85 CCTV lenses

Detector Elements: TI 584x390 CCDs

Readout Noise (per pixel): - 20 e- rms

Sky Noise (per pixel): - 20 e rms

Operating Temperature: -60 degrees Celsius

Weight (per module): - 70 kg

Size (per module): - 60 cm x 60 cm x 60 cm

Estimated from actual values measured with an improvised prototype
array element at Mauna Kea Observatory on April 2, 1982.

If indeed B = +9.5 mag, as would be implied from Lt/L 10-3 6
(Schaefe 19831u89a Log N(>S) - Log S rolloyer for the Gal xy ear S - 10-
ergs cm' [Fishman 19821, then we expect S/N - 80 for every detected Y flash.
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I

m . E~Zc~iu'e Transient Camera shown deployed at Kitt Peak, Arizona.

threaded directly into the cryostat face. Filters are mounted directly over the first element of each 25 mm
lens, while a rotary shutter (not shown) in front of each 25 mm lens determines integration times.

The German equatorial mount (with its 4 CCD cameras) will track at the sidereal rate from 7.5 degrees
East of the meridian to 7.5 degrees West of the meridian, and then slew back under the control of an
Overseer Computer (see below). The slewing motion requires about 30 seconds to complete.

The analog electronics for the ETC are derivatives of systems previously constructed for the MIT
"MASCOT" observatory instrument (Ricker et al. 1981). In Fig. 3, we show an overall block diagram of the
ETC control and data handling electronics. As indicated in the figure, each CCD camera will be connected to
its own trigger processor through a 3 Mb/sec serial link. The trigger processor is based on a Motorola
68000 microprocessor and 1.0 Mbyte of random access memory. Its function is to detect changes in the
optical images by subtracting two successive CCD frames. This operation will be performed continuously as
the newest frames will overwrite the earliest in the memory until a difference greater than a preprogrammed
value (an "event") occurs in any pixel location. (Further details on event processing are given in Section5.)

Events detected by the trigger processors will be passed to the Overseer Computer (Ftgure 4). The
Overseer Computer controls the sidereal drive, heaters, shutters, and all the CCr cameras (through the 1802
microprocessor), as well as servicing the trigger processors. This computer is iiso based on a Multibus
compatible Motorola 68000 microprocessor board, and operates under UNIX. A similar design has been
successfully used in the X-ray CCD development program at M.I.T. for image acquisition and processing. The
Overseer Computer is extremely cost effective, as it achieves "VAX-level" speeds in integer operations on
CCD image data, yet can be purchased and assembled for only 1/10 the cost of a VAX/780 minicomputer system.

3 5. Event Processing and Links to Other Rapid Response Detectors

The ETC will be sensitive to an optical flash with a fluence equal to or greater than that of an - llth
magnitude star. Because of the large number of anticipated spurious sources of optical flashes of at least
this brightness, the ETC software has been designed to recognize most terrestrial sources and further

analyze only those flashes which might possibly have cosmic origins. In Table 2, we categorize the
successive event sifting which is to be carried out by the CCD Trigger Processors and the ETC Overseer
Computer, working in tandem to reject terrestrial flashes while retaining cosmic flashes. After a CCD image
is loaded into a Trigger Processor, the sifting proceeds by the asking of a series of questions concerning
the magnitude and clustering of high amplitude pixels (First, Second, and Third level sifting; see table).
Based on data obtained in an ETC prototype test carried out at Mauna Kea Observatory in April 1982 (see
Section 6), we have established approximate "passthrough fractions" for the first two levels of sifting. To
estimate the passthrough fraction for the third sieve, we have used CCD cosmetic characterization data
obtained in the laboratory and in long term studies with the MASCOT system (Ricker et al. 1981). If acluster of high pixels passes these sieves, the 32x32 subarray in which it is contained-is sent from theTrigger Processor to the Overseer Computer. Two further, more elaborate sifting operations occur in the
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m
Overseer Computer, based on profile fitting and statistical testing, respectively. We estimate that - 2
"candidate triggers" per minute from a single 3 sterad ETC site will successfully pass these 5 tests. The
vast majority of these successful candidate triggers will be cosmic rays or local optical events, and will
be rejected as a result of the coincidence check with the second ETC site. Of those which Dass the
coincidence chect and are cosmic in origin, we estimate that - 10-1 to 10-2 will be due to flare stars.
while only - 10" may correspond to gamma ray burst-related optical flashes 'see Sections ' and 8).

For1each "single ETC site event," a location centroid can be calculated to an accuracy of - pixel angle
xS/N- , based on our experience with the MASCCT software autoguiler 'Ricker et al. 19PI). alibra-ion
difficulties limit the achievable accuracy to - 0.02 pixels. Thus, for an m3 = I0 flash, a realizable
positioning accuracy of t10 arc seconds can be expected. The excellent centroiding capability of each rTC
site on its own will also permit rejection of flashes due to near earth phenomena in all but the highest
satellite orbits (> 10,000 km).

Although the tl0 arc second error boxes expected from the ETC will be sufficient for many types .f
follow-up observations, even smaller error boxes may prove necessary if the uiescent counterparts turn cut
to be extremely faint. Tyson and Jarvis (1979) find that the density of - +23 objects (galaxies plus
stars) is - 7 x 10- per square arc second near the North Galactic pole. ror such faint objects. - error
boxes would be required fo5 identification based strictly on positional grounds.

Such a factor of - 10 reduction in error box area from the ETC results can in principal be achieved
with an instrument called the Rapidly Moving Telescope (RMT), operating in tandem with the ETC. The RMT has
been discussed by Teegarden, Cline, and von Rosenvinge (1982). It will consist of a single 17 cx aperture
telescope with the capability of slewing to any region of the sky in 1 second or less and remaining sta le
thereafter to ±2 arc seconds for a period of at least several minutes. A CCD focal plane detector with
I" - 2" pixels) can read out selected subarrays of its - 0.2 degree FOV every - 0.1 second.

Table 2

ETC EVENT SIFTING PROCESSES (PER SITE)

Fraction Of Entering Number Of Events
Events Exiting Remaining Per

Sifting Process Process Per Second Second

CCD readout into 1.0 4xlO 6 pixels (584x390
trigger memory CCDs; 16 required)

First level sifting: .01 accepted+  4xlO4 events

Pixel value above
certain pre-set
threshold?

Second level sifting: .001 accepted+  4O events
No corresponding
event in previous

Third level sifting: .1 accepted 4 events
No known defects in
CCD at event site?

(Table look up)

3 Fourth level sifting: .1 accepted .4 events
Does image have a
PSF-like profile?

Fifth level sifting: .1 accepted .O events
Statistical significance
of image greater than

some preset value?

(variable threshold)

These processes are a sieve to determine the onset of an optical burst. Once a burst has been determined
to be in progress, a separate list of selection criteria will be followed.

For this and the following levels, an "event" is a selected cluster of
pixels.

Criterion established in April 1982 ETC prototype test at MKO.
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1 The time line for the interaction between the ETC and the RMT is shown in Table 3. As indicated, it
will require that the ETC test an event for validity as quickly as possible, and transmit the sky
coordinates of the event to the iF24T (via a modem link). By utilizing parallellism as much as possible the
notification delay can be reduced to a nost probable value of 1.2 seconds, and can range from 0.2 seconds to
2.3 seconds, depending upon where in the ETr field of view the event occurs and when it occurs with respect
to the ETC shuttering cycle.

In addition to facilitating a ready exchange between the ETC and the RMT, an attempt will be made to
link the ETC (via modem) to other "rapid response" facilities capable of utilizing positions and times of
occurrence of optical bursts detected by it. Such other facilities might include, among others, 18 and

6. Prototype Tests

During the April 1982 observing run with the MASCOT CCD system (Ricker et a1., 1981) at Mauna Kea
Observatory (WKO), we carried out a trial experiment to measure the optical burst sensitivity of a Texas3Instruments virtual phase CCD det~ctor Myrand Ricker 1980). In this experiment, a 50 mm f/0-95 TV
camera lens was used to image a 6.5 x 8.6 field onto one-half of the CCD. With this lens, a single pixel
subtended a solid angle of 1:T x 1:T. Figure 5 is a photo of the test apparatus, shown mounted on the back
plate of the 61 cm Air Force telescope at MKO . (The telescope was used only as a sidereal drive for the
test apparatus, with the TV lens actually viewing the sky at right angles to the telescope viewingI direction). The TV lens and CCD mounting head are at the left edge of the photo, about one-third of the way
up from the bottom edge. During the observing period, we obtained unfiltered exposures, each of 2 seconds
duration, of tvo fields near the Worth Galactic Pole. The image from one of these 2 second exposures is
shown in Figure 6. Figure T (adjoining) is a plot of the SAO catalog stars for the same field. There are
221 SAO stars plotted in Figure 7, while the number of stars detected in the 2 second CCD exposure is > 300.

The contour plot threshold in Figure 6 was set at a statistical SIX level of 10:1. This level
corresponds to a brightness off- 12 mgnitude (B) per pixel. Because the lens was used without a filter,
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chromatic aberration (and to a lesser extent, the lens/CCD point spread function) blurred all of the stellar
images so that only - 251 of their total energy was within a single pixel. Thus, if we add tog ther t .e
energy dispersed in neighboring pixels, the detection criterion can be re-expressed as 3/N - 20 for 3 =
+11.5 t .7 magnitude objects. For the lens which we plan to use with the operational ETC, the limiting
magnitude will be reduced to B a +11 for S/N = 20, given in Table 1. From the Mauna Kea tests, we also
established values for sky noise contributions and optical throughput for CCTV lenses of the generic ty;e w,.will use with the TC. These values are also given in Table 1.

The issue of an optimum filter choice for the ETC optical system is a complex one. There ar
theoretical arguments for choosing a U or B band for the optical burst searches with the ETC, i'nca th,
optical rdiation is expected to lie on the Rayleigh-Jeans tail of reprocessed y-, X-, or hard UV radiatrI
(Schaefer and 9icker 19,2). 3f course, whether one should prejudice an initial survey by such a choice is
debatable point! Our inclination at this time would be to strive for optimum sensitivity, so tha. we jitr
to use as broad a passband as possible. Limitations on filter bandwidths will arise from chromatic
aberration in the camera lens, from ozone absorption in the UV, and from excessive sky brightness'
principally due to OH band emission in the near 1R.

7. Comparison with Other optical Flash Detection Methods

in Section 2. we discussed the design considerations for an optimally sensitive flash detector for
optical phenomena with characteristic durations of -I second. An additional consideration is the resection
of non cosric flash phenomena. For the ETC, such non cosmic flashes are rejected by an anticoincidence
method.) A third consideration relates to contributions expected from various non-GRB cosmic phenomena.

Schaefer (1983) has estimated the contributions of various cosmic optical flash phenomena to a number
of different survey instruments. inTluding tie ETC. in Figure 8, we show these estimates in the form of
expected flash rates. R !events hr sterad , versus apparent magnitude, m, of the flash. Of the four
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Table 4

CALCULATED N124BER OF OPTICAL BURST EVENTS
DETECTABLE WITH THF PXPLOSIVE TRAN:ENT A-%EPA 'ETC

AND WITH A PAIR' OF 1 HTER-CLASS SCHMIDT TELESCOPES (PSr)
F'IR 7PEE 2:MPLIFIED SOURCE D!3TP:7UTICJ !zEL3r+

Model for Source " sec) of :ete!tble
Cistributions Instrumert Events Fx~ected

Distance-Limited ETC: I Year 3 x 106 20
Population

e.g., cutoff S, ,o PST: 1 Year 3 x .06 0.065
or cutoff S- '')

:nfinite Disk ETC: I Year 3 x 106 65.8

(S ) PST: 1 Year 3 x 106 2.0

Infinite Halo ,ETC: I Year 3 x 106  95.1

,S-3/2) PST: 1 Year 3 x 106 9.3

I 4 NB: Two such 1 meter Schmidt Telescopes at two sites are required for an optical flash
search, Just as there are two sites for the ETC system.

++ Detected at S/N > 20.

Assumes - 10 . duty cycle for observations (i.e., nighttime, clear, moon less than half
full).

techniques considered (I visual, 2 photographic, and I electronic), the ETC should be effected the least by
known non-GRB phenomena. Nonetheless, It is apparent ;rom2Figure 8 that the ETC, with a coverage factor of

30 hr-sterad per night of observing, should discover ~ 10 flare itars pgr night with peak brightnesses of
- +11 magnitude. An extensive catalog of new flare stars with - 10 to 10 entries (depending on the
recurrence rate; Gurzadyan 1980) will thus be a byproduct of a I year ETC survey. In addition, there is
also the important promise of serendipitious discovery of new classes of astronomical phenomena.

From the point of view of comparison with alternative search methods, it is interesting to consider the
relative advantages of the ETC and the "Two Schmidt" Search method. The later method relies upon a "matched
pair" of widely-separated Schmidt telescopes simultaneously observing the same patch of sky. It was first

attempted by our group at MIT in 1982 (Ricker et al. 1982; Schaefer et al. 1983). using the Burrell Schmidt
at Kitt Peak, Arizona, and the Curtis Schmidt at Cerro Tololo. Chile. Although no bursts were detected in a
short (9 night) observing period, interesting upper limits to burst rates were obtained, and it is
interesting to consider how well a dedicated pair of such telescopes would perform ove^ an extended period.

In Table 4. we have compared the ETC and the Schmidt Pair, in terms of the number of expected GRB-related
flashes which might be detectable in a year's observing. A comparison for each of the three different
source distribution models discussed in Section 1 is given. For each source distributon, the ETC expected
rate exceeds that of the Schmidt Pair by a wide margin, ranging from - 10:1 to - 300:1. Thus, for the
"distance-limited" population model which the current gamma ray evidence seems to favor (Fishman 1983), more
than 100 years of Schmidt Pair operation might be required to detect the same number of bursts which the ETC
might detect in a single year.

To further evaluate the potential of the ETC as a means of investigating unexplored regions of
astronomical "parameter space," it is Interesting to consider the sensitivities of previously reported

searches for optical flashes. In Figure 9, we display a compilation of previous work from Schaefer (1983).
Since none of the searches to date have reported positive detections, only "3W" upper limits for detected

rates, R, are shown from the seven surveys as a function of apparent blue magnitude, % (a code number for
each of the seven is given in the caption to the figure; search 2 refers to the "non GB error box" field
areas which Schaefer examined). For comparison, the rate sensitivity of a "null result" ETC search (i.e.,
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3a upper limit) is also shown (dashed line). Compared to the previous most sensitive search at fain
magnitudes (Ricker et al. 1982; Schaefer et al. 1983), a one year survey with the ETC should be - I.0 times
more sensitive.

7. Future Developments

Given the necessary resources, it should be possible to deploy a "full up" version of the ETC in 1985.
Thus, it should be possible to obtain 1-2 years of observations prior to the launch of the Gamma Ray
Observatory (GRO; scheduled in 1988). Positive detections of gamma-ray burst related optical flashes could

well bear upon the scheduling of pointings for GRO.

Recently, attention has been drawn to the possible detectability of ext,-agalactic gamma ray bursts from
M31 by Jennings (1983), based on the contention that the sources in our Galaxy might have a characteristic
halo distribution with a radius of - 100 kpc. If we assume that the M31 halo sources have comparable

L _/L. ratios to those in the Milky Way, then they 1 uld,7@pear to be - 4.2 magnitudes dimmer. Since for
tti* E, the burst detecting sensitivity scales sA"i (A = collecting area, 9. = pixel solid angle),
we could achieve the increased sensitivity by equipping Rach of its CCD cameras with k 75 mm f/l lens,
rather than with the 25 mm f/0.85 lenses currently used. Of course, this would reduce its field-of-view by

a factor of 9, which would be inappropriate for "all sky" studies. Nonetheless, for dedicated studies of

M31, only 4 such CCD cameras would provide coverage of the entire galaxy. Using the scaling relations

developed in Section 1, we estimate that - 10 flashes might be detected in a 4 month observing period. The
promise of this observation is such that we are contemplating a devoted ETC observation in late 1984 or

1985.
On a longer time scale, it is interesting to consider the prospect of operating an ETC optical array1

and a gamms-ray burst detector on the same space-borne platform. We first proposed such a combined
instrument in 1982, with the form shown schematically in Figure 10. The major advantage of such a

configuration in that a combined instrument would permit investigation of detailed relations in time between

the rise and fall of the gamma-ray and optical light for the very same burst. The wealth of physical

information which can be obtained by such means has been amply demonstrated in simultaneous optical/X-ray

observations of X-ray bursters (see e.g., Pedersen et al. 1982). For example, should an optical flash arise
from the fluorescing of a companion object by the igammW ray burst, then the separation (in light-aeconds) of

the two objects is directly measured by the time delay from the GRB to the optical flash. Furthermore,
" cross triggering" of the two instruments can be used to study gamma bursts which emit no optical light, and
vice versa, at such lover thresholds than are practical for disconnected instruments. Finally, the optical
array7 can provide much more accurate (±10 arc second) positions than can a single gamma ray instrument. In

the future, such an optical transient detector might be appropriate for inclusion in an Explorer-class
mission dedicated to studies of gamma ray bursts (such as the High Energy Transient Explorer [H'ETED .
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I Size of a Gamma Ray Burster Optical Emitting Region, Schaefer, B.E.,
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I striction enzyme reinjection experiments, which linearize served suggests that the topology of a DNA molecule has a
fly formed minichromosomes, would suggest that a linear fundamental role in the transcription process.
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SLETTERS TO NATURE

Isize of a -/-ray burster optical mag) in the 3,700-6.250 A bandpass. The exact magnitudee rlimit is uncertain due to a lack of measured comparison starsemitting region in the passband. Our procedure flattened a starless area of the
* sky to 0.3% (r.m.s.) of the background. (A - 23 mag object

Bradley E. Schaefer & George R. Ricker appears in a position which is consistent with the polarized
Department of Physics and Center for Space Research, radio source 'B' which was reported by Hjellming and Ewaid ". i
Massachusetts Institute of Technology. Cambridge. For a reasonable upper limit on the distance of 1 kpc iref. 13)
Massachusetts 02139. USA ithe burster is at high galactic latitude), the absolute magnitude

of the system is fainter than roughly + 15 in the bandpass used....
With this limit, it is hard to see how any non-degenerate star

Mot models of y -ray bursters require the formation of a thermal can be in the burster system'.U plasma, whose properties are relatively insensitive to Its mode M. H. Liller obtained deep B and V plates on the CTIO
of formation. Radiation at Iower photon energies or during 4-m telescope on 1 October 1981, both of which appear to
quiescence may be more diagnostic of the underlying cause of show a faint object at the same location within the 1928 optical
the ,-ray banters. Searches for quiescent y-ray bunters at error box". These images were measured with a PDS micro-I low photo. eneries require an accurate position. Recently, densitometer; detections were at confidence levels of 3.2o- and
three such accurate positions have been published' which have 4.9o- above the grain noise for the B and V plates respectively.
allowed X-ray3'', optical", IR" and radio' searches for the We have re-examined both of these plates after it was learned
GRB counterpart. We present here new limits on the quiescent that they were exposed with a Racine wedge, which creates aI optical and iR Box of the 19 November 1978 butner". We shall secondary image for each star which is 6.8 mag fainter than
ue the measurement of the optical flux during outaburste to the primary image. No star is positioned such that its secondary
place a lower limit on the size of the optical emiting region. image will appear near the 1928 optical error box. The secon-

This measurement of the optical flux during outburst was dary images allow the magnitude sequence of Fishman et al."U made from a blue emulsion archival photographic plate exposed to be extended to the plate limiting magnitude. The image on
in 1928 '. On this plate was an image that was presumably the B plate has an apparent magnitude of 22.9 t 0.3 mag, while
formed by optical radiation during a burst by the 19 November the apparent magnitude on the V plate is 21.5 : 0.4 mag, which
1978 y-ray bunter. The small (8 by 18 arc s) error box for the would indicate a red object. If the object on Liller's plate is

m 1928 image allows for very deep searches for the quiescent real, then it must be highly variable (Am ;1 2). This variability
optical counterpart. would be strong evidence that the object is the true counterpart

We observed the region around the 1928 optical error box and not just a background star. However, when viewed by eye,
with the MASCOT CCD camera 2 on the McGraw-Hill 1.3-m these images do not inspire confidence in their reality. Hence,I telescope on the first two nights of November 1981. The band- despite the low probability of two significant grain enhance-
pass used was defined by the LTV cutoff of the CCD (-3,700 A) ments occurring in the same place (within 1 arcs) in a small
and by an HA-Il filter (- 6,250 A) which is similar to a B + V error box, we prefer to think of the images on Liller's plates
magnitude system. The pixel size was 1.2 arc s which was smaller as possible detections.
than the seeing disk due to the relatively large zenith angle for On the night of 1-2 December 1981, C. Telesco and one of
the observations We obtained a total of 305 min of exposure. us (G.R.R.) examined the 19 November 1978 error region in
The telescope was shifted slightly between each exposure, and the IR at 2.2 ,am. The InSb photometer on the Infrared Tele-
each frame was independently dark field subtracted and scope Facility (IRTF) 3.0-m telescope was used. They searched

- flattened. When the 21 frames were co-added, no image was to a K magnitude of 18.8 mag and found no object in the 1928
visible above the 2 a confidence level in or near the 1928 optical optical error box to the 3 a, level of confidence. Once again,
error box. This limit corresponds to 6.7 mag fainter than star for a reasonable upper limit on the distance of I kpc, we find
number 11 of Fshman et al.' (m 17.13 ma&, m,-m, a 1.64 M5 al8.8 mag; a faintness achieved by few stars"5 .
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10 'Nj . , Iob I I' I I i emittance (F) on the surface of the optical emitting region by
l0-19 Noember 1J70 19 November 1978 D 2

i outburst in quiescence ( .L.F (4)

In equation (4), AA is the bandpass (9.8 x 10 cm) and R is
S" the radius of the optical emitting region. The optical flux f isobserved$ to be (4.2 x 10' erg cm- 2)/t, where r is the duration

-* -I of the optical flash. We do not know the value of F; however,
-o we know that it cannot exceed the Rayleigh-Jeans emittance

IF 0 -provided that the optical light is being emitted by a thermal
- .process;

-4- V V -- 2 A 4

-6, A is 4.4x 10-' cm and cIcz equals 2.60x 10 - erg cms - ' K- '.
,/ ,T is the temperature of the optical emitting region, which must

- 8  L... , . I be equal to or less than the temperature of the y-ray emitting10 12 14 16 I 20 0 , 1 0 8 region. For the 1978 burst, Teegarden and Chne 2 a found a
Oo0 if (Hz) y- ray temperature of 500 keV (5.8 x 10 K). The equality sign

in equation (5) is valid when the optical light comes from a hot.
Fil. 1 Spectrum during outburst and quiescence of the 19 optically thick region. With the limit on , equation (5) becomes
November 1978 y-ray burster. 'V' indicates an upper limit, while F c 4.0 x 1022 erg s- 1 cm - 3  (6)
'T indicates a possible detection. The outburst data have been
collected from refs 8. 16, 17. The data for the quiescent y-ray From equations (3), (4) and (6), we can place a lower limit on
burster have been collected from refs 6, 8, 9, 11. 18 and this work. R of

R ;M 100 kin(L/t)112 (7)
Fo avaitosore18 wEquation (7) is based on the conservative distance limit from

From a variety of sources "  , we have collected equation (3). If instead, a reasonable 3 distance of 100pc is
observations of the 19 November 1978 burster during both adopted, then the radius of the optical emitting region must be
outburst and quiescence. For each observation, the measured > 3,000 km (

-1
2.

flux has been plotted versus frequency in Fig. 1. Unfortunately, In a physical situation which may be similar to y-ray bursters,
most of the observations are either upper limits or questionable the duration of optical flashes from X-ray bunters nearly equals
detections. the X-ray duration 29. This leads us to believe that the v-ray

If the y-ray bursters have a high space density, then they burster optical and y-ray durations are similar" (the 1978 burst
would contribute significantly to the local invisible mass density. had a FWHM duration of 3 s in y-ray energies). By further
However, the y-ray burster density cannot exceed Oort's upper making the assumption that L - 1, we deduce that the size of
limit on the local invisible mass density' 9. This fact can be used the optical emitting region is more than an order of magnitude
to limit the scale of distances to v-ray bunters, or equivalently, larger than that of a neutron star. This is a conservative lower-
to limit the average v-ray burster luminosity; limit, because for the equality in equation (7) to hold, the entire

Nm 00local invisible mass must be composed of y-ray bursters and
!s;, 0.0883 kT of the optical emitting region must be -500 keV. Another

(47rDo/3) PC 3way of stating this result is that the y-ray emitting region is
evidently too small to emit the observed optical flux. This

ITe mass of an individual y- ray burster is m. Do is the average suggests that the optical flux comes from elsewhere in the
distance to a y-ray burster which is observed with a fluence of system, perhaps from an accretion disk or a companion star.
So. N is the total number of -y-ray bursters inside a volume of Any such system component must satisfy the severe optical and
radius Do. N will be greater than the total number of observed IR limits on the absolute magnitude which were reported above.
v-ray bursters with a fluence greater than So (this statement The presence of an accretion disk or a companion star would
can be confirmed for any luminosity function and any reason- suggest that the energy source for the 19 November 1978
able distribution in space). With So equalling 2 x 10- 4 erg cm-2 , burster is not inside the neutron star.
a literature search""' reveals 17 bursts with a greater or We thank Drs M. H. Liller and J. E. McClintock for relin-
equal v-ray fluence. It is thought that the v-ray burster quishing observing time at short notice and Drs H. V. Bradt
phenomenon is related to neutron stars2 •', so that most prob- and P. C. Joss for helpful discussions. This work was supported
ably m P 1.4 Me (ref. 27). The mean y-ray burster luminosity, in part by NASA grant NSG-7643 and NSF grant AST-
LO, is 4DSo. The distanceD toa -- ray bunster with observed 8214569. G.R.R. is a visiting astronomer to the Infrared Tele-
fluence S is given by scope Facility.

$ 1./2

D,,Do(sL) t2) Received 2 Aulust; cceted 17 December 1982.

I. Lar. . G. .a. AeWiAvs.J. L411. 4S. L63-66 (1981).

2Evas. W. 0. cc al. Astophy~s. J. Len. 237. 1.7-9 (1950).where L is the luminosity of that -y- ray burster in units of Lo. 3. am.. L. Lo aL Ausrupys. /. Lea. 24C L133-136 (1951.

From equations (1) and (2) and the limits on N and m, the 4. Puicmi. 0. ioreL SpeorS. Rev. 3,?467-470(19s1).
distance to the 19 November 1978 v- ray burster is constrained s. HFan. . .a uin. . . N& DaufuR..- stt (t9c9.6. Fauna,. 0.1.. Dutha. 1. G. & Duloir. f. 1. ,Amrepi. $1pe c S If. 7 135-145 119111.

by 7. Chevalier. C. a eL TMe Mnasie-r No. 24. 11-12 119511.
S. Schaefer. B. 1. NeMae 24, 722-724 (111).

D a 3.2 pc(L)" 2  (3) 9. Peterson. H. et L tAU Ore. No. 1711 (192).
10. Appetrlo. HO . . A AMen. D. Am. Aseol"Ay 1#?. 1.5-61182).
if. Hi.aun& A. M. &i Ew&K S. P. AeWhs. J. Lam 244 L137-140 (1951).

Similarly, the average -ray bunter luminosity is constrained 12. aw,. 0. R.t eiL SeI Slue Ime,, for Amemy job Gear. J. & LahmD.) 190
to be >4x 1021 erg. (SPIE 290. lelislses. Wuahngbon 1911).

13. Jefimfi. C. & Whift. R. .AwoPA& 1.23,110-121 (190).With the asumption that the optical radiation from the 1928 1. Lienmr. LI. Lebehdt. M. J. A Reek, 0. H. Asewhys 1. Lam. 24 L73-76 (11).
flah is the result of a thermal process, we can derive a lower 1s. RaA 1. N. & Quen. 0. Mem . et A. a. Sec., 15-1.-9? (191).limit on the size of the optical emitting region. The observed 16. pnsea,. P. L. us,,v H.'.u&na D M.) 7,l,,e awora,i Pai,,,,,me (..,e

Loptcnfee. ft. (.. Hufbt. H. . & Wofa-L D. .) 79 Almerd toi th Now Ir.-1optical fluence (f) from the 1928 flash can be related to the New York. 19122.
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First detection of radio
emission from a dwarf nova 1 3 4 5 6 7

A. 0. Benz*, E. Fairetr & A. L. Kiplinger Distance i arc mm

Institut of Astronomy. ETH. Zurich. Switzerland Fig. I Radio flux plotted against distance from optical source
Max-Planck-lnstitut filr kadioastronomie. Bonn. FRG SU UMa. The antenna response of a point source t3C84i is shown
.Applied Research Corp.. Landover. MD and NASA/Goddard for comparison.

Space Flight Center. Greenbelt. Maryland 20771. USA

The dwarf novae represent a class of cataclysmic variable stars

that typically exhibit random optical outbursts of 2-6 mag with Frequency 4.75 GHz
mean outburst periods of 10-150 days. Dwarf novae are close System temperature 65 K

* binary systems composed of a late-type star which fills its critical Bandwidth 600 MHz
Roche lobe and a white dwarf companion. The white dwarf is Half power beam width 2.4 arc min
surrounded by a luminous accretion disk sustained by mass Observing periods (1982t
trsrfrotedy late-typeusar.t disk isthied set ot 22-23 April Outburst (decline 1 36 scans
transfer from the late-type star. The disk is the seat of the 13 June Outburst idecline, 18scans
eruptions. Although radiation has been detected from dwarf 2.-27 June Quiescence 69 scans
novae from IR through X-ray energies. radio emission has
never been reported from these objects. We describe here a
search for radio emission at 4.75 G-z from dwarf novae that about 6 s.d. of the background noise at distance 3 arc min from
has been carried out with the 100-m telescope at Eflelsberg, SU UMa. The noise is close to the expected level from the
West Germany. We have searched for radio emission from six receiver. Background sources seem to be weak and effectively
dwarf novae and a source was discovered at the position of SU smoothed out. The field is apparently not rich in extragalactic
UMa. The source could only be detected during optical out- sources. The half power width of the detected source is close
bunts and was below the threshold during quiescence. We to the actual beam size. No corresponding peak in the polarized
suggest here that the radio emission arises from a non-thermal intensity could be detected, suggesting that linear polarization
process. is <30%.

SU UMa was observed with a double horn receiver system. In a second analyis we divided the observations according
System parameters and times of observation are listed in Table to the optical activity of SU MUa. The first two observing
1. The observations consist of scans in elevation. 15 arc min periods were obtained I or 2 days after the peak of optical
long. that are centred on the optical position of SU UMa. with brightness as determined from the visual light curve of SU UMa
the offset horn situated 8 arc min east. In fair weather condi- supplied by the American Association of Variable Star Ob-
tions, effects of clouds are mostly cance:led out with the double servers (AAVSO). Similar to Fig. 1. Fig. 2 shows two radial
horn system. but the scans suffer from source confusion by intensity profiles of SU UMa corresponding to the outburst and
neighbouring sources. At the galactic lattitude of SU UMa quiescence observations. Although the noise properties at dis-
1+30") most confusion sources can be expected to be of tance; beyond 2 arc min are comparable during the two state%.
extragalactic origin. Source counts near 5 GHz suggest a proba- a peak flux of 1.3 mJy is found at the position of SU MUa only
bility of 16t9% for finding a source stronger than 1 mJy in during outburst. The probability of a chance coincidence with
the Effelsberg beam. To smooth the effects of source confusion a source of 1.3 mJy or more is about 10%. However, the radio
we scanned the optical position with different parallactic angles. flux dependence on optical activity suggested by Fig. 2 strongly
Due to the siderial time periods available for observation, the supports the idea that the detected emission during peak optical
directions of the scans varied by :35 " with respect to the brightness can be attributed to SU UMa.
celestial meridian. After rejecting poor scans obtained in unac- X-ray observations of SU UMa in quiescence' yield an
ceptable weather. 123 scans of SU UMa were found to be emission measure of 7.6x IOs' cm - ' in the 0.1-4.5 keV band
suitable for further analysis. assuming a temperature of I0' K and a distance of 220 pic (ref.

Each scan consists cf thirty-one 3-s integrations separated 3). Independently of whether this hot plasma is optically thick
by 30 arc s. A linear baseline was subtracted from all scans by or thin to radio waves, the estimated free-free emission turns
using a mean of eleven data points at both ends of the scans, out to be more than 3 orders of magnitude lower than the
This subtraction would be expected to fail if strong confusion observed flux. Alternatively, the mass loss observed in UV lines
sources exist; however, inspections of the individual scans do of dwarf novae in outburst may be expected to emit free-free
not show such sources around SU UMa. The scans were then emission at a temperature of a few 104 K. The radio flux was
combined by averaging data points as a function of distance calculated following the derivation of ref. 4. For an outflow
from the optical position, thus minimizing source confusion. velocity of 3,000 km s-' and a mass loss rate of 10- Mo yr"1

The average flux per beam position as a function of distance observed in similar systems', the calculated flux is 7 orders offrom SU UMa is shown in Fig. 1. For comparison the measured magnitude below the observed value. It is therefore more
antenna response of a point source is also given. A source was reasonable to propose suprathermal electrons as the origin of
dectnted at the optical position with a flux corresponding to the radio emission of SU UMa.
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ABSTRACT

Deep optical images of small v-ray bunt erro regions have generally resulted in the detection of several faint (m, 3 22) sources
ineact enc ureontma It ma im posse 100dcntifryos the neto t rsul of aRc n he ss f o high ratinsee obec iarth
vneoct w ionftmyb osil oietf the ueurcn sta sourrvs isece o a0 pRB Wn repor bhesisl of aub o high almveion pbec iarth
error regions of 0BS1412.78 (13 Juon 1979/11,141) and G152251-02 (5 November 1979 /Ti).

D11RODUCTION

The identification of a quisent coufarpas so mooe y.ray burst (ORBs) is difficult because of their large erar region (typically
measured in square degrees). Deep optical surveys; a(f 10 small ORB emm rgom have generally revealed several objects of m,
a 20 -23 in each ear region /3.4.5,4,7A/. Further mesuens of the color ad variability of doe detected objects have failedI to resolve the ambiguity in doe identification of doe quiescent ORB source

In the work discusedl hop, we parsue an alternative Ietad of identifying possible candidates for dhe opetal counterpart ofa
quiescent ORB source. Because (1) ORBs in widely believed wo originae at or near the surfse of a neutron star 1W, and (2)

* neutron sonr have baseen a s have lila peculiar velocities (100.- 300 kows), It may be possible to locate a quiescent ORB
- source by detecting its proper mai if die somre is neaby. A nison star at a distance of 100 pc with a transverse velocity of

300 latriv will have a proper mation of 0.6Iyear. Such large proper1 mdam -should be messureiule using images taken at
epochs separated by just a few yeos.

The high proper motion It of a bject Suggests the foiowing about die source's distance dand burst energy E.

d -100pc ( v X-_ '---- (1)
100 Ans r 0.2 " Abor'

where v is the transverse velocity of the sonata ad! fIs the duence of the burti

We report here the results of a search ftr objects with high propr motion in the am regions of two ORBs -- GBS 1412.73 and
G5522S1-02. The ar region of 0351412.71 was chosen because of its burst dnato which was one of the shortest ever
detected ('48 as /31); is fast rise and fall tihes r2 ms); ad the small size of its aim region r.5 ain 2 .. the second smal-
lest erro box known). The arim region of 038225142 was selected because it is one of the dis archival optical lash sourcesI ~ ~~reported /13/ and becaus its aim cicm would only eltend so about a 90r radiu with a pmnper motion of *1"/year. Based on the
work reported here no objects in the aim region of 0381412.73 over a basles of 2.4 yeas show a proper motion greazer than
0."6/year. Sinilay, cwermt ftambox , associad with the optical miens adescud in the aroegion of GBS2251-02
reveals no objects wids a pasand of Imr the 0.Wyess.

OBSUVATIOt4S

Deep image of die aim raglan of 0351412+78 ad G0BSI-012 wase md with bNUrs MASCOT instrument /10.11,12/ in
September 1983 on the 41alo telp at Kim Peek ad in October 1965 ad February 1986 on the 1.3m telescope at the Mc~raw-IHill Observatory, located on Kitt Peak ad opeat' jointly by die University of Michilgn, DaumOudih College. and the MAS-
sachuseus Insdtin of Technology. Obavadna were mae dcegh Moeld I Alas a both epochs. The ar regions of both
ORBs are displayed. in Figues 1 ad 2.

The entireares shown in Fi1gure 1 arronadillg hearraregion of 0531412.78 was Searched the objects with high popes motion.
tn Figur 2. part of the ORB arm region ot O3S225 1-02 is shown. Simse the 99% 111vel--1fidewc am region Of
GBS225 1.02 well too larg for a reasonable mach, only the regio surrouding the war box associated with the optical transient
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discoverd by Scheelr at t / 13/ was malynd for hIo papa wAson objects. As shown in Figure -I the area searched includes
dhe opecai amw box ad am of a cawula mqion W a shd- Thu cascula region defuili te are in which do scauce of she
optical isant dbonVore by Scheeler would be touned ifit hed A Iue IFoN W olOf 1/IYCI.

PRMocu

Each CCD io as bim-sulsucmd ad lAmed to a standard fasho TiU magilibde limit tot die detection of an object at a
3a Iev*l-ofco~lm wai 1% a 22.5 is 1963 ad a 22.5. a198 and 198&.

The bousidariea of the anti, regions of tie two GUI. wer demadod from doe coordhinams ciled ip the discovery pipes t1.214/.
The atrmisy of subh CCD ampg wa caibraedi by calculating die coorddm of the 20 to 40 star in die CCD image which
=r also v~isl on di Palonsr Sky Survey plas of die regin. A IeMt-sqWe At of a liftesr mapping of die coordinam of then
stas to their possm om dio CCD mage allowed die calculation of die coordinams of my location on die CCD image to a preci-
sion of '0.* (1a). The posito. of die comers of doie usr qpon ware calculaid from this liner mapping an the CCD image.

The CCD image of ecb artir region waent seemed for objects abiovei die detection threshold. Two CCD images of the sarm
errm reglan Mrass two different echs wan dien asalyzed for petope moton by calcuilating the difference in relative paeinou of
the dectd objecatwe do two epochs. The possm (x,,,)i epoch A of each dessected object was mapped onw a qua,
draic function of die possu. (x,.y*) of the object in epoch B.

z4 'a 'I bize*s * di1Z' - ijZIs -A),.91 3

y.-,-b. y r y s (4)

nal mapping tl am amosm msstnadoucsof....rton...A uin ifrnilpecuin pia itrin

Fig. 1. The quadrilaterl indicates die amto box of G351412+78 Vi. Theantire are
shown as searched for high proper motion *obc. This imsa Wel iamn FobruaY
Of 1986.



etc.). The parameters of the mapping were calculated from the positons of the detected objects using a least-squares ft. Any
object showing a high residual to the fit was considered a candidate for having high proper motion. The candidate was then
removed from the fit and die ft and the rms error of the fit were recalculated. If the candidate's predicted position (based on the
recaculated parameters) then differed from its measured position by more that three times the rms error of the fit and the image
of the candidame object had a profile consistent with a single point source, it was considered to have high proper motion.

DISCUSSION

The GRB error region of GBS1412+78 and the optical error region of GBS2251-02 were searched for objects with high proper
motion using the procedure described above. A significant area surrounding each error region was also searched since an object
with high proper motion may have moved out of the error region in the time since the GRB (or optical Bash). The entire area

surrounding the error region of GBS1412-78 shown in Figure 1 was searched, and the positions and R magnitudes of the objects
found within the box are reported in Table 1. The area around the optical error box of GBS2251-02 which was searched is indi.
cated by the large rectangle in Figure 2. The positions and R magnitudes of the objects checked for proper motion are given in
Table 2.

No objects in either GRB field were detected to have a proper motion higher than the 3e limit described above. The lower limit
on the proper motion of any detected object in the region surrounding GBS1412+78 is 0."6/year; near the optical error box in
GBS2251-02, the lower limit is 0."91year.

The absence of a detection of an object with high proper motion does not introduce constraints on any models of GRB source
localization or distribution since the source of the ORB is not required a priori to have any transverse velocity. However, if we
assume that one of the detected sources in each error region is a neutron star with a transverse velocity of 300 lun/s, minimum
source distances of 105 pc and 70 pc can be calculated far GBS1412+7g and GBS2251-02, respectively.

I
I

I PI
i
I
I

i Fig. 2. The smafl rectangle is the error region given by Schaefer /131 for he archival optical
transient of OBS22S[.02. The large rectangle is the region searched for high proper
motion objects. The circle delimits the area in which an object found in Schaefer's
error region with a proper motion of l'/year would have moved since the archival plate
was taken. The remaining lines, which extend below the figure shown. represent
a portion of the 90% level-of-confidence aor region. This image was taken in October

of 1985.
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TABLE 1 Objects in dieGOBS1412+7U Emn Box

Object R. A. (1950) (*0.23) Dec. (1950) (10-1 ) tmit (*0.4)

A 14h 12m 19.9s 78 54' 27.*1 19.9
B 16.9s 54' 31."0 21.7
C 17.9s 54'44."7 19.S
D 24.6s 5,01.10 20.6
E 30.01 55' 13." 20.7
F 30.0. 55' 34.'2 21.5
G 40.3s 56~ 11.*4 19.9
H "A.s 56 22.*4 22.0
I__ 37.1s 55-53.-1 22.4

TABLE 2 Objects Analyzed for High Proper.%Motion near
the Archival Optical Transient Associated with GBS2251.02

Object R. A. (1950) (1-0.04s) Dec. (1950) (20.*6) MrIt (+*0.5)
A 22h51m44.91s -r 3a 57.13 -
B 36.80s 3101."2 21.1
C 43.53s 31' 20.*7 20.6
D 40.62s 3 V 22."0 17.4
E 36.31s 31' 25.*! 20.7
F 38."7Os 31' 56.3 16.1
G 39.45s 32' 06."S 19.4
H 44.58s. 32! 29.'4 1 19.7
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AppendixG
A Search for Optical Flashes from the 'Perseus Flasher', 1986,
Vanderspek, R.K., Ricker, G.R., and Zachary, D.S., Adv. Space Res., 6,
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A SEARCH FOR OPTICAL FLASHES
FROM THE "PERSEUS FLASHER"

Roland K. Vanderspek. Daniel S. Zachary and
George R. RickerI Department of Pkysics and Center for Space Research. Massachusetts
Institute of Technology. MA, U.S.A.

ABSTRACr

we report the results of atended" "eagthfr shon-131escale optical fladh" fom A four squn-degre as cetered on tie
coordinates of the Perseus Rlather. a phommno photographed by Katz. et al. /il/. The phoopplid OF"tica lsh was of bright.
ness N- -1.7 and had a duration of roughly 0.3 s. In 70 hours of observation wit the Explosive Transient Carners /Z.3,4/ no
celesta opia ashes were detected in the region of the Perses Flasher to a limising magnitude of 7.1 for a one-econd flash.

700 hours of wWa exposure dne to a Wing45flor a one-second dash /15/. BsdodoETC data base,I we discuss possible tarresalal sources of optical flashes which might account fir the p nA mo reportd by Kane et al.

!RODUCTION

In 1983. a group of Canadian amauteu asuonomars elpoated visual sightings of 13 short (duration a is) optical flashes ffrm a
smiall region of the sky nearthe Perseus-Ariss border 151. The subsequent: publication of a phot-og ap of -n optical fash in the
constellation of Perseu lafter that year generased considerable inwarst W~ The 01phg showed anoptical transient of peak
magnitude N3 , -1.7 and a duration less duan 13 seconds; visual deaction of the flesh by dio phmopgapmer indicaend a duration
40.5 seconds. A posww,, calculatns show dhat the coordinases of die pha qe lBub ie wiWthinde am circles of 17 of 20
optical flashes detected by the Canadam group since October, 1964; 7 fAshe have. ei S2. The signilicance of tinse detetions
by experienced observers nuit serious consideration of these events.

The discovery of Schaefe /71 of snuoles optical radiate Wn a gaumni-ay burst (ORB) ame ragical hs me clom dim short
(duration~ 1 s) bright (m , c 10) optical flashes could be associaed wit ORBs (s (8,91). Pedmen es al. 110 Iave reported
doth detection of duns op" ticl uiens of a, - +6 to + and duration < 0 seconds is 910hours of phoslecucinionuorng of a

GRB rrorregon. e cordiewsofth I p;IIf*H ind o jm ftrelm s maayb s
(GB7S1006b, 011721212. GB730721; /11.121). However. as doe eror regions of these thes ORBs am aratherge (2A0W 300 end
4400 square degrees, rsetively, the overlap is probably coincidental. If the neusens rec urrne of the Pornes Flasher wereSassociafted with ORBs ad they were to satisfy the relation for the ratio of y-ray to optical Alec of Ss a W0 foe Schaffe.
et al. /2W. thun the ORB associated with the photographed flas should have hod Sya102 erg cmf. Owi RBs could have
been deoeced by such network spacoraft as PVO and 1511-3 /13/. As both of these spececraft would have detected bursts of
flux >.10 erg caf2 s'l. the fact that no associated GRB was detectd /14/ yields esitimatnes of Sys.5 5 lorl.I ~ ~Since the publication of the phobograph of the Peruss Flasher W6. several investigations of dhe Perseus Flaser phenomenon have
been made. A. Zyikow /15/ has watched for optical flashes in archived phowloraphic images of the Posaus Flush.er rtor region.
In the roughly 1700 hours of total exposue duen in this survey, no optical tresients was discovered. The complet su~vey was

snitive to a one-sbcond fashes of at 5 -0.5; a subset of the survey covering about 700 hours of total exposure des was un-
tiv to one-seconid flashes of Na5 4-.The rm ofth Persens Flasher has been examned in two 10' second exposures
with EXOSAT /1&: no X-ray source of flux :i lra s W as doeid. MTe enalysis of doe EXOSAT duea did iot
account for the effects of interssellar absorption, so die actual flex linut may be higher). Deep optical imn"e of doe Perues
Flasher taken astheo Mcraw-Hill Obsevatoy. which a locaed on Kits Peat end is operated joindy by the Uriversy of Miclu-
Sen, Daranouth College, Wn die Massachusess Institute of Technology. reveal mo ue a 30 optical images of~ u 17 in dhe
errorbox ofthey' phtgaphe lftla

We report has the reult of a rel-dam seac for optica flash.s front di Pusses Flasher with the Explosive Transient Carm
t234/. No posiie demctons of apdael flashe of. < 7.1 (for one-second optical busts) wone made in 6.9 homn Of observe-I ~ ~ ~ o of a four sauw do" are centered on the Fusses Flasher ame resion The roeltin 30 Poisso uperlt *(estimated0

according so die method of Goluels (1911) /171) on the wAm of flahmes Il te Palmu Flahe region Of 0.09 hr' is barely con-
sisten with the rue of asesw ,d- -Fd trieuafy flashes by lam, al &L. (0.07 1W'). We discuss the possibility that the observed
flahe in persns ma deo a neer.Exth pbnominon. such as mosu o~e (ar othe orbiting debris) or metor.

OBSERVATION4S

Observations of the Peri - Flasher sw region was mae with the Explosive Trensiet Camera (ETC) on itt Peak in October
adNovember, 1lUS end Febraw. 19& Potr die obsevation of the Pes Flasher. tb. ETC's CCD canuss were outfitted

with 7Si lsenes (in October) or SO twn lense (in Novemsber end February). giving eah ca a fiel-of-view of 51 x 7 or
r x t. j c tivey Bak lowweslAnd wisha sgnded Mould VfNor. The*Xpos m *an wse ma 0secnseutn

in a10atowtivty t inep em"of a, a9.3 Duingobemado doW&Wvie ofboth cameras ws roughily con-
"rudon* ~ee0 wI phtgahdubi ons nOlbr - " thns eiod ls'

I6
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coordinates were mad; in November and Febrary. 35 squae degrees were covered. incluift doe tow squa' deeree ow-
tered on the Parsaus Masher.I

A a" of 0.9 boves of obeuvaom of the Persusashe wewre made, including 39.7 hous a October. 29.A hours in November
ad o.1 bors in Febtar. Cmn as hor of observatins m Febrary~ won made durit a n of two 106 second exposures of die

perlm maeshr region by EXOSAT). Mwe observation resulted in no positive detections of an opical flab trot. the locat"o of

Becase o a s turdo frltld efflct inteCDanpliication n digitization electronics. ti poesible deextremely bih
flashes my not be detected by doe ETC The CCD signal processing electroiics can reun a value of zpo insead of the stai-
dard maximum value of 409. if a pixel has been exposed wn a very high light level. T1his effect is signilicant for 0.5 Second
flashes of in, a 0.1. In such cases, die stellair image would have a valley where ispeak should be, and die beightat put of the
i mg would be the wings of dmo image. Although the center of die image would no tigger a fAs hde wings would, and so the
fAuk would stil be detecteda an event in a single camr. However, because of asymmetres in image profiles in the two cam-
arms, it is poesible dhat die brightest poin t thde two unages could not be recognized a coming from tie samie celestial coad-
aM1011 and the evn would not be recognized.

DICUSSION

The observations of the Pauet Flahe arm region with the ETC do not confirrm the euissace of optical flabhe tou doe Pa.
sesas Flasher. This null reult momie a 3a Poisson upper limit on the rate of opd fashes ham do. Pass Flahe amr region
of 0.09 par hour of observations at a sensitivity of in a 8 for a ame-second dubs. ibis upper limit is included along with fAuk
rantaken rom K. taL /14in aplot ofthe rate of flashes ofimnI m, versus m, in Figure 1.Th1Msesitivtyof the EX o
onesecond flashe is indicated by the cutoff in the upper limit curve at in, a 8. The inagnitude at which a oneescond duab will
saturate die CCD is indicated by the cutoff of the curve at in, a 2.

2-

Rate of Optical Flashes from
-* the Perseus Flasher I

e4

VI

10 9 8 7 6 5 4 3 2 1 0 -1 -2
m

V

Figure 1: The rate of optical flashes from the Perseus Flasher, from Katz, at al. (1986s)
and this paper. Plotted are the rates of optical flashes of magnitude - m
versus m VThe points are the rates of flash detections taken from Katz, It al.
The dashed line is an extrapolation of these data points to higher magnitudes.
The solid horizontal line indicates the three-sigma Poisson upper limit on the
rate of optical flashes reported hers. The cutoff at faint magnitudes occurs at the
detection limit of the ETC; the high-brightness cutoff indicates the magnitude
at which a one-second flash would saturate the CCD.



U Perseus Flasher

The upper limit presented hene is barely consistent with doe rate of optal Buboh eml~tl by Kamz et &L (Katz. et al. have

reported an average of optical flub. of 0.07 1W. based on 7 detections in95 hotul of observationis by two members of the
group). Howeve, asis shown in igur 1. de rtes of flaisof aim S in, repouted by Katz. et al. is an increasing function of in.
The upper limit established. hr is below die no of optical flashs implied by a exitrpolmtion of die data points from Katz. et
aLOu me am~ cosstn wicki do the l of Km as &L only if die log R(mnQ ,,- mn, relation for die Perseus Flasher Blat tens
out nearima 2.

A flattening of the log R(natm, Mvn, curve for a1 singlil source implies that there4 is a Minimum brghutes for all Bashes coming

from die source. Such a situation could arise if dhe mechiism for die Bulb requires that certain minmum conditions be met
before a lash can occur (as in, e.g. the thermonuclear lash model for X-ray aid v-ray buirns of Wallace Woosley and Weaver
/181 and Fry"il arid Woosley /191). A lattming of die log R(msm) - m, curve for die Perseus Flasher at m = 2 would mean
thai all flubes from die Perseus Flasher will have in < 2-3. The observanons of die Peseus Flasher with die ETC do not allow
us to reject this scenario, a the upper limit is still consistent widi the rate of flashes at the magnitude of the putative turnover.I THEORY
If the Fescu Flasher is a celestial Oelifomstroa. observations made to date can be used to provide a partial description of the
source of die flashes. Thu typi raem Of Abou= one second points to an emitting region with a typical size < 3 x 1010 cm.I The fact that the am region is empty toa, a 17 an die Palomar Sky Survey /l/ indicates that die source brightness increases by
15-18 magnitudes; durin outburst. No celestial object ame presently known to exhibit such an enormous brightening on a one.

second nsesca. wkae diough to be potential sources of larg-atoplitude brightanings (see t7,11.9,201). However, there is no
clearvdnc u die optical tubes ussociated with CR3. occur on a mue-second timeacale /21). Flue star have long been
known to increase their buigtuas by one to six magnua a n uiscales of tern of seconds /~22231.

On the other hfad te disflu. hde Puteus-Arias borddr my not be celeatiaJ in nature, but rather due to some near-Earth
source of optical flub.s. A number at die optical flashs could be the result of metor events with a small, angular size. Katt. et
al, report that the Puieu Fller e~e of 23 Octobe 1984 was sighted by two observers at two sites separated by 8 kmn. TheI difeec in the coordinates gr-p- ted by the two observers is consistent in magnitude mid direction with the effect of parallax
between the two sites. if the source of die flas were a an altitude of roughly 30 kmn. Since W0100 kcm is the typical range of
altiolde for meteo h Paswn Flasher event of 23 October 1984 could have been two sightings of a single meteoi.

It is also possible that sonam of the optical Boub. attuibused to die Pan Flasher could be due to the reflection of sunligh, from
a tumbling satellite. The refl8te light would hae a roughly solar spectrum. so the glint would tend to have the same color as
the Sun (4 of the 7 fib.s of usvt 2 ware described a yellow or cog). A simple calculation modelling a satelit as a plane
nmo with a albedo of 1*% sh owsta sunlight reflected hor a 1 m2 surface 1000k on ma observr would be perceived as
light haom a star of magnitude -1. 11he brief duration of die flah can he accounted for by the tumbling motion of die satellite.
The absenc of repetitioue of the flub could be explained by the motion of die satellite across die sky or a chaotic tumbling

Ifth snl flub pbaographed by Kate.c a was produced by a saelt ln.d-codntsadtm of the flash can be
uetoconstain d ocmad obttdosmfeAthetime oftepogah oSnws3 etand 3rsouth of the

aprstcoorieases ofd-adb a o21oe the laumhrzs e bnatrsrs h ower limit on
thesaelit atiud isgienbyth btMof the Erhsshadow at dopitweetePn--i oterasas Flasher inter-

setsd W o he'in, ouhcalculatiomn atiad atud i.M pe ii ntestliead is deter-
miedbyth steltesie d isamaI mn's ufc fI alhed would look lie tro m 15a nattd of 700Iun a10 niis -fr awouldhbat, -. 5at a altade ofl200 km. Minelower dit tsnthe inclination ofthe orbit can be cal-

culaiied from the upper limi on doe satellite altitude mid the appaent declination of the flash (see Figure 2). An upper limit of
3000 km yields a lower limit on the orbitel inclination of 40. According wo the Satellite Situation Report of December 31, 1985
/2,4/, roughly half of die Wproxinmialy 600objects in "ubt at that, tine ha a inclinations b 401 and a perigee -700 kin. It is
therefore possible that the plI m g IN Id fash was caused by a glint hrorn a orbiting satellite. More detailed calculations wouldI require complatos of exac orbitel elements for A satellites with inclinations > 409 and page > 700 kin.

CONCLUSION

We hae deteted no optical flesb. horn die Pawne Flasher etro region in 70 hours of observations with the ETC. The sensi-
tivity of this survey to aimsecond flub.s extends over the brighttis range mn, + 2 to +7.1. The upper limit on the rate of
flashes we hav dosembed is margnaly conisen with the rats of flas reprte by KaM. a aL Although we are unable to
defintively peove or dlepove the existences of the Ilsine lasher, we can st ea the Peise Rlasher most ikely does not pro-
due apical fAshe of.a:1 3, based onamthe extrapolation of the log R(m~ ired - m,, curv bee Atomn Kats, a &L

fTe question of the imue of do Pe. Flasher remunins open, as we were unable to confrm it to be a celestial object with a
detection by the ETC a Kitt PULk A mcningt l pop;pic or allectranlc detection of an optical dflahm Perseus an impor-
t= sap owud reolving this qestios. A meood fluk at the sam celestia coordinates would confirm the celestial nature of theI ~Prss Flasher, especiall if detecteid at a sit rnov -hornt the am at which the fIrs Iaplloea was takten. A second flash a
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Appendix H

Deep CCD Imaging of the Opucal Flash Error Region Near GBS 1810+31
Ricker, G.R., Ajhar, E., A., Luu, J. P., and Vanderspek, R. ~., 1986 Ap.I
I. (Letters).
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DEEP CCD IMAGING OF THE OPTICAL FLASH
ERROR REGION NEAR GBS 1810+31

George R. Ricker, Edward A. Ajhar, Jane P. Luu, and Roland K. Vanderspek

I Department of Physics and Center for Space Research,
Massachusetts Institute of Technology

U ABSTRACT

Hudec (1986) has reported the detection of three bright transient op-

tical images (4 < mB < 7) from the same celestial location on archival

photographic plates taken in 1946 and 1954. The reported location of the

object is t1950 - 1 8 h 9 m 27 s ± 3s and 61950 = +310 23.0' ± 0.5'; this lo-

I cation is empty on the POSS "0" prints (B >- 20). The proximity of the

celestial coordinates of this bright object to the error region of the d-ray

burster GBS 1810+31 (Laros et al. 1985) may make it a candidate for the

-y-ray burst source counterpart. We have used a CCD imager to search the

error region associated with the optical transients in the B and R bands.

We report the celestial coordinates and the B and R magnitudes of the

fourteen objects found in the optical error region. A possible flare star ori-

I gin for the phenomena reported by Hudec is discussed.

I
I. INTRODUCTION

The phenomenon of y-ray burst sources has been, and continues to

be, an enduring astrophysical mystery. Since the initial -- ray discoveries

I1
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made with the Vela satellites in the late 1960's (KlebesadeA et al. 1973),

no optical, X-ray, or radio counterparts have been established for a sin- I
gle one of the more than 400 7-ray burst sources detected to date (Baity,

Hueter and Lingenfelter 1984; Laros 1987). Schaefer and co-workers have

reported interesting results on archival optical flash events associated with

three different -f-ray error boxes (Schaefer et al. 1984). However, none of

these three events has been confirmed either by recurrances or by other

observers. Recently, a report by Hudec (1986) of recurrent optical flash

events from the same location near (- 6.5 arcminutes displacement) the -I

ray burst source GBS 1810+31 (Laros et al. 1985) has appeared. All three

of these flashes occurred in the "pre-Sputnik" era (i.e., 2 flashes in 1946

and 1 in 1954), and thus are not subject to the problem of confusion with

"glints" caused by reflected sunlight from artificial satellites. This latter

problem was particularly highlighted by the "Perseus Flasher" episode,

in which an photographed optical flash of apparent astronomical origin

(Katz et al. 1986) was subsequently shown to be due to a tumbling arti-

ficial satellite (Maley 1987; Vanderspek, Zachary, and Ricker 1986). The

importance of attempting to refine the location of Hudec's event to study

the stellar and. galactic composition of the , 1 square arcminute error box

reported by Hudec (1986) led to the observations reported here.

II. OBSERVATIONS I
Deep images of the optical error region were made with MIT's

2
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MASCOT CCD instrument (Meyer and Ricker 1980; Dewey and

I Ricker 1980) on 1986 November 26 on the 2.4m telescope at the McGraw

I Hill Observatory'. Five minute exposures were made through Mould B

and Mould R filters. The Landolt (1983) standard star 95-96 was observed

to calibrate the photometry. Sections of the CCD images in B and in R

with the optical error region indicated are shown in Figure I and Figure 2,

i respectively.

I
III. DATA ANALYSIS

The astrometry was performed in the following manner. The celestial

coordinates of 20 stars on the CCD image which were also visible on the

Palomar Survey "E" plate were calculated. A mapping (Podobed 1965)

i between the celestial coordinates and positions of the 20 stars on the CCD

image was determined with a least-squares fit of the stars' coordinates to

their positions on the CCD image. From this mapping, the position of the

optical error region on the CCD image and the celestial coordinates of any

objects found inside the error region were calculated.

The photometry was performed on bias-subtracted, unflattened CCD

images. The pixel size was 0.58" by 0.58". An array size of 5 by 5 pixels

was used to measure the fluxes which determine the magnitudes of the ob-

1 The McGraw Hill Observatory is located on Kitt Peak and is operated

jointly by the University of Michigan, Dartmouth College, and the Mas-

sachusetts Institute of Technology.
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jects found. The first step was to measure the sky level on each image in

the area around the Landolt standard or in the area of the optical error

region. The standard deviation of the sky level (asky) and the flux of the

standard were used to determine the detection threshold (3 asky) and the

magnitude limit. Finally, the optical error region was searched for all 5 by

5 arrays whose flux was above the detection threshold. The magnitudes

in B and in R for these arrays were then calculated.

IV. RESULTS

The deep B and R images of the optical error region revealed fourteen

objects whose positions and magnitudes are reported in Table 1. The l,

error in the celestial coordinates is 0.61 arcsec. The magnitude limits for a

99.9% detection probability are mR = 21.1 and mB = 22.0. The statistical

error in the B and R magnitudes is < 0.2. The B-R reported in Table 1 is

an instrumental magnitude difference, which is closely related to the mag-

nitude difference on the Mould system. For 4 objects, the value of B - R

is quite uncertain, due to the object's faintness of the blue CCD image and

its spectral type; these instances are designated by lower limits on B - R.

Bushouse (1985) gives empirical transformations of instrumental

to standard colors for an RCA CCD and Mould filters. As the spec-

tral response of the RCA CCD is similar to that of the Texas Instru-

ments virtual-phase CCD used in the MASCOT, the color corrections of

Bushouse (1985) apply to the magnitudes listed in Table 1. Calculations

4
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show that the color corrections to B, R, and B-R are small compared to

the uncertainty in B, R, and B-R; hence, the B-R quoted in Table I re-

3 flects a B-R in the standard system to the precision of the photometry.

I
V. DISCUSSION

I One possible explanation of the source of the archival optical flashes is

that they are events from a single flare star. Isolated flare stars are typ-

ically M stars which can brighten considerably in the U- and B-bands,

3 with risetimes of up to a few minutes and durations of - 10-60 minutes

(Gurzadyan 1980). Empirical studies show the flare frequency f to be an

exponential function of the star's absolute magnitude MV: f OC 100 "15 M V

(Gurzadyan 1980). Thus, intrinsically fainter stars will tend to flare more

I frequently. This calculated flare frequency is not a constant for a given

star: the frequency of events from a given flare star has been seen to vary

by factors of 2-5. Empirical studies also show that the probability of a

flare star brightening by an amount AB goes roughly as e -  AB, where

a , 1 (Gurzadyan 1980). (N.B.: Although this relationship has been

I shown to be roughly valid for AB < - 5, we will assume that it applies

for larger values of AB as well).

Using these empirical data, a rough scenario for a flare star creat-

ing the optical transients detected by Hudec (1986) can be constructed.

For example, an M5 dwarf of MV = 15 at a distance of 100 pc would be

I seen to have an apparent magnitude of B = 21.5. The archived optical

I 3
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transients reported by Hudec (1986) would have had a peak brightness of

Bpeak = 4-7 if the image was created by an optical flash of one-second

duration. Scaling directly from this estimate, if the image was, instead,

created by a flare star event of thirty-minute duration, the peak magni-

tude of the flare would be B = 12-15. A flare star would therefore have

to brighten by AB - 10 in order to create the transient image. From the

relations given in Gurzadyan (1980), the rate of flares from the M dwarf

is nominally - 2 flares/hour, and the probability of a AB = 10 flare is

^0 • - 10 = 4.5 x 10- 5 . The resultant rate of AB = 10 flare events from

an M dwarf of MV = 15 is - 1 per year; the rate from an M dwarf of

MV = 10 is - I per 7 years. Hudec has reported two flares detected - 5

months apart; given the random nature of flare events from any given flare

star, a flare star with a nominal rate of bright flares of - 1 per year could

be the source of the flares. In addition, as Hudec scanned archival plates

totalling over 1800 hours of cumulative exposure time, the probability of

his detecting a bright flare from a flare star with a nominal rate of bright

flares of 1 per year is - 20%.

The number density on the sky of potential flare star candidates

can be estimated from the constraints of the quiescent brightness

(mB quiescent > - 20) and of estimates of the flare magnitude and du-

ration. Assuming the flare star is an M star and that - 50% of all M stars

exhibit flare activity (J. Linsky 1987), the number of flare star candidates

can be calculated from the number density of M stars in the local neigh-

6



borhood as a function of MV (Allen 1976) and the limits on the distance

I to the flare star as a function of MV . The lower limit on the distance

of any M star of absolute magnitude MV is calculated from the condi-

tion that mB quiescent > 20; the upper limit is the distance at which a

flare of AB = 12 would be necessary to create the transient, or 300pc,

whichever is smaller. Simple calculations indicate one such flare star source

I per - 80 square arcminutes. As Hudec (1986) evidently searched an area

of at least 100 square arcminutes, the probability of a flare star being in

the search field is not small. From these rough estimates of possible flare

star densities and rates, it is clear that a flare star origin of the optical

transients detected by Hudec cannot be excluded.

If a flare star is the source of the optical transients, the quiescent flare

star could be recognized from its large value of B-R. Typical values of B-R

Ifor main sequence stars are 0.0 for an AD star, 1.1 for a GO star, 1.6 for a

KO star and 2.5 for an MO star (Allen 1976). Table I includes several can-

didates for stars of high B-R: the most plausible are B, D, I, and J (al-

though the R image of I could have been caus:i by a cosmic ray). Further

multi-band photometry and spectroscopy of these sources must be done in

Iorder to be able to identify them as flare star candidates.

I
VI. CONCLUSION

Based on the observations reported here, a possible explanation for

the recurrent optical flash phenomena reported by Hudec (1986) as be-

I 7



ing due to a flare star with an unusually large amplitude appears plau-

sible. Testing of this hypothesis by searches for small amplitude flares

among the fourteen objects catalogued here based on CCD imagery will be

time-consuming, but is possible in principal. Follow-up photometry of the

Hudec field at even fainter limiting magnitudes in at least 3 colors should

permit classification of the objects reported here. Spectroscopic examina-

tion of interesting color-excess objects should be attempted.

VII. ACKNOWLEDGEMENTS

This research was supported in part by the National Aeronautics and

Space Administration under grants NSG-7339 and NSG-7643. We grate-

fully acknowledge many useful suggestions and guidance in the use of the

McGraw-Hill 2.4m telescope facility by M. Johns. The concerted efforts of

G. Luppino and G. Mitsuoka were essential in bringing the MASCOT and

its operating system to its current user-friendly state. Helpful suggestions

on the photometric analysis were made by M. Bautz. We thank K. Hur-

ley and B. Schaefer for useful discussions of optical flashes and for initially

drawing our attention to the work of R. Hudec.

SI



I
I
I

TABLE 1

I Positions and Magnitudes of Objects Found in the Error Region

Object C51950  1950 m R  B - Rt

IA 1 8 h9 m)3. 7 6 s +31022141.41 21.0 1.4
B 23.91s  23'15.9" 20.9 > 1.8
C 24.42s  22'48.6" 19.8 1.4

D 24.54s  23'04.2" 21.0 > 1.7
E 25.18 s  22'36.3" 19.7 0.6

F 26.04 s  22'39.4" 19.0 1.7
G 26.41 s  22'54.8" 19.4 1.9

H 26.84 s  22'45.1" 20.7 0.5
it 26.85s  22'36.2" 20.5 > 2.2
J 26.89 s  22'40.8" 20.5 2.2

K 29.00 s  22'38.3" 20.6 1.0
L 29.51 s  22'35.0" 18.6 0.4
M 29.57s 23'12.3" 21.5 0.5
N 29.84s  23'17.6" 19.1 1.3

Error in right ascension is ±0.035' (1a level of confidence).

Error in declination is ±0.61" (1a level of confidence).

t Instrumental B - R, not Johnson standard (see section IV).

Possibly a cosmic ray.

I
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Figure Captions

Figure 1:

A B band CCD image of the error box for the optical flash source re-

ported by Hudec (1986). An integration time of 300 seconds through a

Mould B filter was utilized. Candidate objects are identified in Figure 2.

The rectangular box shown is 61 arcseconds N-S by 78 arcseconds E-W,

centered at the position given by Hudec (1986).

Figure 2:

An R band CCD image of the error box for the optical flash source

reported by Hudec (1986). An integration time of 300 seconds through a

Mould R filter was utilized. .Candidate objects are designated A-N (see

Table 1). The rectangular box shown is 61 arcseconds N-S by; 78 arcsec-

onds E-W, centered at the position given by Hudec (1986).
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The Effect of Artificial Earth Satellites on ETC
Observations

1. Motivation for concerns with Artificial Satellites.

I Since the inception of the ETC program, it has been clear that artificial Earth satellites
(AES) might have a profound effect on ETC observations. If the rate of "false" events

from moving or "glinting" AES is too large, the ETC will spend a large fraction of its
operating time processing AES events, thereby reducing the effective observing time for
celestial optical flashes. A high event rate from AES will also reduce the effectiveness of
the RMT by increasing the probability that it is monitoring a flash from an AES when a real3 celestial optical flash is detected by the ETC.

As originally proposed, the ETC was to be sited at two locations, separated by -1.4
km, on Kitt Peak. The parallax associated with this baseline would be enough to recognize

an optical flash from an AES to an altitude of-1000 km. As seen in Figure C-1, a large
fraction of the AES population has an apogee larger than 1000 km. Because of this fact,
we have contemplated increasing the baseline between the sites in order to be able to reject
AES in higher orbits. A baseline of 100 kIn, for example, would enable the ETC to reject
AES at altitudes well beyond geosynchronous orbit.

In order to determine the real effects of AES on ETC observations, we have performed3 rough analyses of the AES population in near-Earth orbit and calculated typical and worst-
case scenaria for the rate of contamination by sunlit AES. With these data, we can develop
a strategy of reducing the probability of a false event from an AES for use while the ETC is

still situated only at Site I. This strategy includes pointing the ETC preferentially into the

Earth's shadow, to reduce the number of sunlit satellites in the ETCs field-of-view. Note
that these analyses concentrate on events occurring within 6W of the zenith, since the ETC
will not observe sources less than 300 from the horizon.

2. Satellite populationsI
Since the launch of Sputnik I in 1957, the number of sateLites in Earth orbit has

increased steadily (Figure C-2). NORAD regularly tracks -6000 objects in Earth orbit
measuring larger than 10 cm (a dramatic view of the satellite population density, as tracked
by NORAD, is given in Figure C-3). Recent observations, theoretical models and direct
measurements have shown that the population of objects in Earth orbit larger than I mm
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A plot of the number of NORAD-tracked The roughly linear relationship between the log
objects (measuring larger than 10 cm in size) of the area of an orbiting object and the fraction
since 1975 (Kessler 1985). of all orbiting objects with larger areas (from

Schnal (1985)). The curve is calibrated so thatU the fraction of all objects with areas larger than
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1Figure C3
A mnapsbotof the Earth and some of its orbiting artificial satellites, taken from Maley (1987).

The sharp decreas in the number of satellites occurs at an altitude of - 1000 km (cf. Figure C-i1).
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may be an order-of-magnitude higher. Most of the objects smaller than 10 cm are the

results of explosions or collisions in Earth orbit: indeed, roughly half of the NORAD-

tracked objects are the direct results of 27 known explosions in Earth orbit (Kessler 1985

and Table 3.4). Models of the distribution of debris in Earth orbit give estimates of -40000

objects in space: plots of the density and number of AES versus limiting size and altitude
are given in Figure C-I (taken from Kessler 1985 and Sehnal 1985). Measurements of the
distribution of AES size versus frequency yield a roughly linear relationship between the
number of AES with area > Ao and log(Ao) (Figure C-4; Sehnal 1985 and Kessler 1985).

3. Types of Events from AES

For the purposes of this analysis, we have taken satellites to have one of three general

shapes: spherical, cylindrical, or fiat. Surfaces are assumed to be smooth and mirror-like
for simplicity of calculation. Some satellites may consist of a combination of two or more
shapes (e.g. a cylindrical body with fiat solar panels). A sunlit satellite in Earth orbit will
have a certain signature, based on its shape (see Figure C-5). A flat surface will act as a
plane mirror (with a certain albedo) and reflect the sunlight into a beam with a solid angle
equal to that of the Sun; a cylindrical surface will

Responsible Nation Payloads in Orbit Debris in Orbit Total
AWGIN
USA 519 2530 3049

USSR 954 1843 2797
UK 9 1 10
CANADA 14 0 14

FRANCE 14 21 35
JAPAN 30 39 69
ALLOTHERS 89 26 115

TOTAL 1629 4460 6089

Table 3.4: Distribution of payloads and debris in catalog of objects tracked by NORAD'as
of September 10, 1986 (from Aviation Space, Fall 1986).
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reflect sunlight into a hollow cone with half-angle equal to the angle of incidence of the

I sunlight and thickness equal to the angular diameter of the Sun; a spherical surface will

reflect sunlight in all directions.

The first conclusion of this analysis is that only spherical surfaces will be constantly

visible: cylindrical and fiat surfaces will create glints. Because the brightness of a satellite

is inversely proportional to the solid angle into which it reflects sunlight, flat surfaces are

brighter than cylindrical surfaces, which are brighter than spherical surfaces (for a constant

cross-sectional area). Calculations of this effect yield that, for a given cross-sectional area,

rUectonsfromfiat surfaces are 13 magnitudes brighter thanfrom spherical surfaces;
reflectons from cylindrical surfaces are 6 magnitudes brighter than from spherical surfaces.

4. Reflections from Spherical Satellites

Spherical AES will have a relatively constant brightness, varying somewhat as the

distance of the AES from the observer varies in its orbit. Spherical AES can create false

events in the ETC when they move into a patch of sky that is normally empty: the ETC wil

register the increase in brightness and. indicate that the AES is a celestial optical flash.

Spherical AES with orbital altitudes less than -1000 km can be rejected on the basis of their

parallax. Spherical AES in general will have a streaked appearance, the length of which is

I a finction of exposure time and AES altitude (see Figure C-6). Spherical AES with orbital

altitudes greater than -1000 km may be rejected on the basis of this streaking, or by the fact

3 that they will create collinear events during later integrations. Note that spherical AES with

large attached flat surfaces will also have the capability of creating glints (see sections

below).

3 5. Glints from Flat or Cylindrical Satellites

I Glints re created by AES with flat or cylindrical surfaces, as discussed above. A glint

from a flat surface is highly directional and depends very much on the orientation of the

surface; thus, the probability of a randomly-oriented flat surface producing a glint is equal

to the solid angle of the reflected beam divided by the solid angle of the entire sky. This

probability is equal to the solid angle of the Sun divided by 4x, or 6.3x10 6.

I
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Figure C-5: Types of reflections from various satellite geometries. Assuming satellite
surfaces are mirror-like, spherical satellites reflect sunlight in all directions; cylindrical
satellites reflect sunlight into a hollow cone; flat satellites reflect sunlight into a narrow
beam

A glint from a cylindrical surface is more probable, because of the larger solid angle
subtended by the reflected light. A rotating cylindrical surface, will, in general, produce
either zero, two or four glints per rotation, depending on the orientation of the rotation axis
to the plane including the Sun, AES, and observer. The probability of seeing a glint from a
cylindrical surface at any instant is the ratio of the solid angle subtended by the reflected
light to the solid angle of the entire sky; for a cylindrical surface, is 2x(angular size of the

Sun)/4x, or 0.005.

6. Calculation Of Event Rates

Our u II=-a ng of the effects of satellite geomentry can be used to make a worst-case
esime of ther uof detection of all satellites of a given geometry as a function of
magnitude. For flat and cylindrical satellites, we calculate the number of satellite glints per
steradian per hour for zenith angles less than 600 for spherical satellites, we calculate the
number of satellites visible per steradian. For this analysis, we assume that all satellites are
sunlit; in Section K, we introduce a discussion of the effects of the Earth's shadow.

We mjo wait-case estimates for each of the three geomneies, assuming in each case
that all known satellites are of one geometry. In the case of fiat and cylindrical satellites,
for which we calcula rates of glinting, we assume that the satellites rotate chaotically
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(randomly) with an arbitrary (but plausible) period of one second; the rate of glints

decreases linearly with increasing rotation period. We are given the number of AES as a

function of altitude (Figure C-i) and the distribution of AES cross-sectional areas (Figure

C-4). In order to calculate the rate of detections, we have to make the following further

assumptions:

1) Satellite orbits are distributed evenly in geocentric latitude and longitude (from Shara

and Johnston 1985; the number density of satellites is well within a factor of two

of the average density for that altitude at most latitiudes).

2) All orbits are circular (from Shara and Johnston 1985; most AES in the Satellite

Situation Report have eccentricities < 0.2, and debris from the destruction of such a

satellite will have similar eccentricies).

3) All satellites have an albedo of 0.8.

4) Geometrical effects introduce a factor of 0.7 into the brightness of the glint for flat

and cylindrical satellites.

For each orbital altitude, the fraction of the full 4 steradians of the satellites orbit with

a zenith angle less than 600 as seen from the Earth is calculated: that fraction times the

number of satellites in orbit at that altitude gives the number of satellites visible at any time.

The distribution of magnitudes from satellites at that altitude is calculated from the

distribution of satellite sizes in Figure C-4. Note that because the distribution of areas in
Figure C-4 has N(A>A o ) proportional to log10 (Ao), and because the magnitude of the glint

is a linear function of logjo(Ao), the number of satellites with a magnitude m<mo is a

linear function of mo . This effect is visible in Figures C-7a and C-7b, which show the

number of satellites per suradian as a function of magnitude, and the number of satellites

per steradian brighter than a given magnitude as a function of magnitude.

The ras of glints from a cylindrical or flat surface is calculated in a similar manner. For

each orbital akitude, the fraction of satellites visible and the distribution of magnitudes from

those satellites are calculated. The rate of glints per hour is calculated by multiplying the

number-versus-magnitude distribution by the probability of a glint occurring. For a

randomly-tumbling satellite, the probability of a glint per second is the probability of a glint

occuring divided by the tumble period. The results of these calculations are shown in

Figures C-8 and C-9; the tumble period is assumed to be one second.
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I G. Duration of Glints from AES

I As mentioned above, the ETC will be able to reduce the number of false events due to
AES by recognizing the streak created by AES of steady brightness; the real contamination
problem comes from glints from AES which have a duration of the order of one second.
The duration of a satellite glint roughly equals the angular diameter of the Sun divided by
2P/P, or .0016*P, where P is the rotation period of the satellite. For slowly-rotating
satellites, the glint duration can be long enough that it creates a noticeable streak on the

CCD (for satellites with a fixed orientation to the Sun, the glint duration is -10 seconds for

low-Earth-orbit satellites; see also Figure C-6).

I
H. Earth Shadow

In order to determine which times of year and which times of day are most likely to

yield illuminated AES, we have calculated the fraction of the night sky which is sunlit as a
function of orbital altitude for several dates and times during the year. As seen in Figure C-
10, which shows an observer at Kitt Peak at midnight at the vernal equinox, the solid angle

subtended by that part of an AES orbit that is in Earth shadow is a function of altitude: the
solid angle decreases asymptotically to the limit of the solid angle of the Sun. Figures C-
11, C-12, and C-13 plot, in zenith projection at Kitt Peak, the fraction of the night ky in
Earth shadow as a function of orbital altitude at various times of the night at the vernal3 equinox and the summer and winter solstices. Note that the part of the sky with a zenith
angle of less than 600 (indicated by a thick circle) is completely sunlit for AES with orbital
altitudes less than 2000 km near evening or morning twilight and mostly sunlit for most of
the summer's nights; the winter sky, on the other hand, is very dark for most of the night,
and therefore much free from AES contamination.

I
I
I
I
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(a) Number Density of Satellites Assuming All Satellites are Spherical
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Figure C-7: Upper limit on the number of satellites visible with z < 600,
assuming all satellites are spherical.
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Figure C-8: Worst-case estimate of the rate of glints from satellites.
assuming all satellites are cylindrical.
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* .Earth's Shadow

I From Sun -

Local Horizon

Figure C-10. Effect of orbital altitude on fraction of a satellite's orbit in Earth shadow.
Now that as the orbital altitude increases, the solid angle including satellites in Earth
shadow decreases (see Figures C-il, C-12, and C-13).

For the purposes of the calculations of the rate of satellite detections, the fraction of the

night during which orbital altitudes below 2000 km are in Earth shadow has been calculated

as a function of the day of the year (Figure C- 14).

1 9. Interpretation of Results

I The plots in Figures C-7, C-8, and C-9 are worst-case estimates of the probability of

detection of satellites of a certain geomety, assuming all known satellites are of the same

geomety. The plot in Figure C-7b of the number density of spherical satellites shows that

the total number of satellites in the cone of Z<60P at any site is, on average, -1000. The
visibility of these satellites depends on, among several things, the actual geometries of the
satellites and the fraction of the satellite in Earth shadow.

The rate of glints from cylindrical surfaces given in Figure C-8 is clearly improbable,

since it would predict naked-eye flashes at a raw of -100 per minWe for z<c6. This

Sexaggeraed number can be partially explained by 1) the fact that most s a not
cylindrical, but rather spherical or multi-faceted (King-Hele, 1966), and 2) the period of

tumblinS of such satellites is not one second. Cylindrical bodies are generally associated3 with lager satellites and rocket casings; the end-over-end tumbling of such bodies required
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to create short glints is usually associated with the re-entry of the body into the Earth's
atmosphere. Because of the typical large moment of inertia associated with a large body,
such short rotation periods (P-I sec) are difficult to achieve. If the rotation period of a
cylindrical body is higher by a factor of 30-100, the glint rate will drop by a factor of 30-

100.
The rate of glints from flat satellites is probably fairly realistic. Most pieces of debris

produced by collisions or explosions in orbit will be relatively fiat, and therefore capable of
creating glints (a slight curvature to a flat piece will tend to spread the reflected light out into

a wide beam; this will result in fainter glints, but a proportionally higher rate of glinting). i
A large fraction of satellites are either equipped with attached solar panels or have multi-
faceted bodies (which are capable of creating a continuous stream of short, bright glints).

Figure C-9 implies that the completed ETC will detect u4p to -10 glints per hour; #f the RMT
were to devote five minutes to the analysis of the "post-burst" brightness of an

unrecognized satellite glint, it would spend -80% of its observing time monitoring empty

space where a satellite glint recently occurred

The difficulty created by glints from flat surfaces in orbit can be reduced somewhat by
observing into the Earth's shadow as much as possible (Figures C-II, C-12, and C-13).

The plot in Figure C- 14 indicates that the Earth's shadow is more favorably situated in
winter than in summer. Since most satellites have orbital altitudes <2000 km, Figure C- 14
indicates that from September-April, the bulk of Earth satellites would be in Earth shadow
for -70% ofthe available dark hours. The summer months (May-August) would,

however, have a high rate of satellite contamination.

10. Conclusion 3
The ETC will have to cope with the large number of objects in Earth orbit and the

optical signatures thereo: steady streaks of light, slowly-rising, slowly-fading glints, or
shot, point-like glints. If the ETC were to be located only at Site I on Kin Peak. it would

have to be able to recognize these optical signatures or operate in a manner as to reduce the
associated rate of events. Pointing into Earth shadow or observing only from September to

March are options in reducing event rates from satellites. 3
If the ETC were to be located at two sites separated by -1.4 km on Kitt Pak (see

Figure 1), it would be able to use parallax to reduce the rate of events fom orbiting objects
by -50%. The hmositin of the pointing and observing restrictions mentioned above
would help to reduc further the rate of false events.

Ij
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If the ETC were to be located on two peaks separated by -100/ n, it would be able to

use parallax to recognize and reject optical events from aUl orbiting sources of optical

flashes. The ETC would be able to operate year-round, with no need for pointing oru observing restrictions.

I
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* Appendix J

Deep Optical and Radio Searches for a Quiescent Counterpart to the Optical
Transient Source OTS 1809+31. 1989, Ricker, G.R., Mock, P.C. , Ajhar,
E.A., and Vanderspek, R.K. Astrophys. J., 388, No. 2, 983.
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DEEP OPTICAL AND RADIO SEARCHES FOR A QUIESCENT COUNTERPART

TO THE OPTICAL TRANSIENT SOURCE OTS 1809+31

GEORGE R. RicKEiR, PATRICK C. MOCK, EDWARD A. AmHAR, AND ROLAND K. VANDERSPEK
Department of Physics and Center for Space Research, Massachusetts institute of Technology
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ABSTRACT

Hudec has reported the detection of three bright transient optical images from the same celestial location
on archival photographic plates taken in 1946 and 1954. The optical transient has been localized by Hudec to
2195o = 184-2629 ± 0103, 6,95o = +3123' 19 "7 ± 06 and has been designated OTS 1809+31. This celestial
location is empty on the Palomar Observatory Sky Survey blue prints (B > -20). Estimates of the duration
of the archived transients (< - 1 minute) place an upper limit on the peak burst magnitude of 8 < ms < 11,
indicating that the source of the transient brightened by over 10 mag. We have performed a deep CCD search
in four colors for the quiescent counterpart of the optical transients. We find no source at the location of the
optical transients to ms 24.5; however, we detected 18 objects in the vicinity of the quoted coordinates
which are consistent with the source having a proper motion ja < 1" yr-'. A search at 6 cm with the VLA
revealed no source in the u < I" yr- I circle to a 3 o limiting flux of 83 uJy.
S headings: gamma-rays: bursts - stars: individual (OTS 1809 + 31) - stars: variables

L INTRODUCTION 1987 June. In order to explore the possibility that the source

The phenomenon of the gamma-ray burster (GRB) con- might be close to the solar system (d < 20 pc), a region of the

tinues to be an astrophysical mystery. Since the initial GRB sky corresponding to a proper motion p of < 1" yr- since

detections made with the Vela satellites in the late 1960s 1946 was examined. The results of the analysis of these obser-
(Kileseade, Strong, and Olson 1973), no definitive optical. vations, as well as of several hours of 6 cm observations with

X-ray or radio counterpart has been established for any of the the VLA, are presented below.

mom that 400 GRBs detected to date (Hurley 1983 and refer- IF OPTICAL OsMRVAnoNS
ences therein; Baity, Hueter, and Lingenfelter 1984; Laros
1987). In a promising new approach to the GRB problem, The OTS 1809 + 31 field was observed 1987 June 21-23 with
Schaefer and co-workers examined archived photographic MIT's MASCOT CCD instrument on the 2.4 m telescope at
plates in a search for optical transients associated with GRBs. the McGraw-Hill Observatory.1 The images were made
They have reported the discovery of optical transient images in through Mould B, V, R, and I filters in a series of 10-60 minute

three different GRB error regions (Schaefer 1981; Schaefer et exposures. The total exposure time was 121 minutes in B, 80

al. 1984); however, none of the three events has been confirmed minutes in V, 51 minutes in R, and 100 minutes in 1. The

either by recurrences or by other observations. In 1984, Ped- standard star Landolt 110-340 (Landolt 1983) was imaged

ersen et al. reported the photoelectric detection of three optical each night in all colors as a photometric calibration reference.

transient events possibly associated with the GRB source GBS The observations were made under photometric conditions

790305. with a typical seeing disk measuring 1!5 FWHM.

Recently, Hudec (1987) reported the detection of recurrent a) Data Reduction
optical transients from the same location near the GRB error The CCD images were reduced using procedures from the
region GBS 1810 + 31 (Laros et al. 1985). The proximity of the YhR C image re sing p rocedures image
optical transient to the GRB error region was responsible for YARP image-processing package (Tonry 1988). Each image
its discovery; however, its large distance (- 5') from the 3 a was bias subtracted, flattened, and cleaned. An image was flat-
GRB error region makes it highly improbable that the op tened by creating a normalized two-dimensional polynomial
transient is associated with the GRB (Laros 1987, personal representation of the sky level across the image and dividingcomncto) lltreo h lahsrpre yHudec that normalized representation of the sky into the image. CCD
occurred in the pre-Spunik era (i.e., two flashes in 1946 and defects and cosmic rays were repaired by parabolic inter-

one in 1954) and thus are not subject to the problem of confu- polation with an interactive clean program. The reduced
sion with glints caused by sunlight reflected from artificial images were registered and a subarray centered near OTS

satellites. 1809 + 31 was extracted. The subarrays were stacked for more

The optical transients reported by Hudec have peak magni- precise photometry.

tude of 4 <mm < 7, when normalized to a I s burst duration. A circle of radius 41" centered on OTS 1809+31 on the
Hudec also reports an upper limit on the duration of the tran- stacked images, corresponding to a proper motion of u < 1"
sientscof - minute, which places an upper limit on the burst yr - I since the first flash, was searched for faint sources. Stellar
magnitude of 8 <min,< i. As the error region of the tran- objects in the field were identified using FOCAS (Valdes 1987).

sients is empty to m, - 20, the transient source must have
brightened by more than 10 ma. In an effort to identify a 'The McGraw-Hill Observatory is located on Kitt Peak and is operated

possible quiescent counterpart to the optical transient, deep jointly by the University of Michipan. Dartmouth University, and the Massa-
CCl images of the error region were made in four colors in chusetts Institute of Technolo.
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TABLE I

CELESTiAL COORtDNATES OF TE 18 SouxcEs DETECTED EAR OTS 1809 + 31

Object Right Ascension Declination Distance to OTS 1809 + 31

i .................... 1819125 87 31 22'39"5 40"6
2 .................... 18 9 26.72 31 2241.0 39.1
3 .................... 18 9 26.70 31 2244.8 35.3
4 ................... 189 24.29 31 2248.3 40.6
5 .................... 189 26.26 31 2254.8 24.9
6 .................... 18 9 24.40 31 23 3.7 29.1
7 .................... 18 9 24.91 31 23 6.9 21.9
8 .................... 18 9 29.27 31 23 12.5 39.0
9 .................... 18 9 27.74 31 23 10.5 20.8

10 .................... 18 9 27.80 31 23 15.1 20.0
11 .................... 18 9 25.60 31 23 16.4 9.5
12 .................... 18 9 23.76 31 23 15.6 32.8
13 .................... 18 9 24.14 31 2331.0 29.9
14 .................... 18 9 24.76 31 2335.9 25.5
15 .................... 189 26.16 31 2336.8 17.2
16 .................... 18 9 25.76 31 2341.1 22.5
17 .................... 189 26.58 31 2343.7 24.3
18 .................... 18 9 26.87 31 2348.9 30.1

The threshold for detection was typically set to 2 a. Eighteen 6,9so = 31-23'19-7 were assumed (K. Hurley, private commu-
sources were detected in the searched area. All objects were nication from R. Hudec).
detected in all colors except for one which was below threshold c) Photometry
in the B band.

The magnitudes of the detected objects in the field were
b) Astrometry measured in two steps. The magnitudes of the bright objects in

the B, V, R, and I images from June 21 were calibrated with the
The celestial coordinates of the detected sources were calcu- images of the Landolt standard star 110- 340 taken that same

lated in a two-step procedure from the coordinates of SAO night. The images from all three nights were added to obtain a
stars near the error region. First, the positions of - 20 SAO set of B, V, R, and I stacked images, respectively. The magni-
stars and of - 20 field stars visible in the CCD images were tudes of the detected objects in the stacked images were calcu-
measured on the POSS "E" plate. A linear least-squares fit of lated from the magnitudes of the bright objects in the images of
the reduced coordinates of the SAO stars to their measured June 21. All photometric measurements were made with
positions was used to calculate the celestial coordinates of the FOCAS. A fixed, approximately circular aperture of 69 pixels
field stars to a I a precision of 0.64" (Podobed 1965). Then, the (radius = 3"3) was used for all images because it yielded the
coordinates of the field stars were used in a similar procedure best overall signal-to-noise ratio. Airmass corrections were cal-
to calculate the celestial coordinates of the sources in the error culated from the standard Kitt Peak extinction coefficients
circle from the positions on the CCD images of the field stars (Barnes and Hayes 1984). The instrumental magnitudes were
and sources. The ultimate 1 a precision of the fit was 74. The corrected to Mould BVRI magnitudes using the measured
celestial coordinates of the detected sources and their distance MASCOT color-corrections (M. Bautz 1988, private
from the OTS 1809 + 31 coordinates are included in Table 1. communication). The measured limiting magnitudes (3 a level
For OTS 1809+31, the coordinates of a 19 = 18 h9 m2 6 2 9, of confidence) are mB = 24.5, my = 23.7, M = 22.8, and m, -

TABLE 2

MAGNITUDES OF THE 18 SouRcEs DETEcTED EAR OTS 1809 + 31

Identification
Number B Io V Is R 1o I I a

S ................... 21.31 0.17 19.66 0.13 18.69 0.11 17.08 0.08
2 ......................... 21.92 0.17 20.89 0.13 20.23 0.11 18.99 0.08
3 ......................... 21.27 0.17 20.53 0.13 20.31 0.11 19.33 0.08
4 ......................... 21.92 0.17 20.50 0.13 19.57 0.11 18.63 0.06
5 ........................ 21.91 0.17 20.26 0.13 19.29 0.11 17.99 0.08
6 ......................... 22.92 0.18 21.74 0.14 20.83 0.12 19.10 0.08
7 ......................... 24.33 0.28 23.02 0.19 21.73 0.15 20.34 0.10
8 ......................... 22.66 0.17 21.80 0.14 21.09 0.13 20.15 0.09
9 ......................... 24.72 0.33 23.36 0.24 22.12 0.18 20.87 0.12

10 ......................... 23.78 0.21 22.33 0.15 21.27 0.13 20.59 0.10
iI ......................... 24.40 0.28 22.98 0.20 22.01 0.17 20.92 0.12
12 ......................... 22.90 0.17 21.28 0.13 20.37 0.11 19.22 0.08
13 ........................ . 23.55 0.20 22.40 0.16 21.41 0.13 20.86 0.13
14 ......................... 22.80 0.18 21.89 0.14 21.59 0.14 19.84 0.08
is ......................... 23.15 0,18 21.76 0.14 20.92 0.12 19.89 0.09
16 ......................... 21.53 0.17 20.10 0.13 19.28 0.11 18.18 0.08
17 ......................... >24.5 0.3 23.16 0.20 22.70 0.26 21.47 0.19
18 ......................... 24.52 0.28 22.78 0.17 22.15 0.19 21.31 0.15
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FiG. .- A plot of B-V vs. V-R for the 18 sources detected near OTS 1809+31. The main sequence, taken from Allen (1976) is indicated by the line in the
figure. The reddening correction to the edge of the Galaxy was taken from Sandage (1972).

22.0. The color-corrected magnitudes are listed in Table 2 and maximum detected flux for a point source in the field was 460
(B - V) versus (V - R) is plotted in Figure 1. OJy. There were no extended objects detected in the center of

either the 6 cm or 20 cm maps.
I. RADIO OSRVATIONS

The OTS 1809+31 field was observed in 1987 April at the
National Radio Astronomy Observatory2 with the VLA in the Un. ANALYSIS
6 cm and 20 cm bands. The total observation times were 46 The colors and celestial coordinates of the detected sources
minutes at 6 cm and 21 minutes at 20 cm. The data were were analyzed for characteristics that might be associated with
reduced and mapped with the AIPS program (AIPS Cook- the quiescent counterpart of Hudec's optical flashes. However,
book, NRAO 1986) as the nature, distance, and velocity of the quiescent source are

No significant sourcs were detected in the OTS 1809 + 31 all unknown, such an association is difficult to make. We have
field. The 6 cm map had an rms none of 32 #aJy. and the therefore examined the colors and coordinates of the detected
maximum detected flux for a point source in the field was 83 sources in an attempt to identify one which is significantly
Jy. The 20 cm map had an rits noise o( 190 1Jy, and the different from the others, which are presumed to be field starsor galaxies.

The color-corrected color-color diagram in Figure I shows
The NatmoWa Radi Amos.my Obarvastory i by Amuoem that the colors of objects within the 41" error circle are consis-

UmiuerUt Inec. Mde eotrMa woo the Ne"aOml Sam.. Fo.meaem tent with those of field stars of type G-M (Allen 1976). If any of



986 RICKER ET AL. Vol. 338

the sources were extragalactic, the interstellar reddening would already been made; Mock, Vanderspek. and Ricker 1989,
introduce a small color correction term 1indage 1972) shown analysis in preparation). Hudec (1987) has reported an upper
in Figure 1. Even with the color correction due to reddening, limit on the proper motion of the source of OTS 1809 + 31 275
none of the sources have colors significantly different from yr EW and 5" yr -' NS, which would be easily detectable
those of field stars. over a baseline of I yr using current observational techniques.

Figures 2-4 shows that none of the detected sources is con-
sistent with the location of the optical transient (N.B.: There is IV. DISCUSSION

a discrepancy of - 13" in the localization of OTS 1809 + 31 As no candidate quiescent counterpart to OTS 1809 + 31 has
between this paper and that of Hartmann et al. 1989: in neither been established, the nature of the source of the optical tran-
case, however, is there a source at the reported location of the sients remains a mystery. Assuming the optical transients had a
optical transient). Therefore, either we have not detected the duration of I minute (the upper limit of Hudec et al. 1987). the
quiescent counterpart to the optical transient or the source of faintest of the three archived bursts had a peak magnitude of
OTS 1809 + 31 has moved. If the source of OTS 1809 + 31 has mB - 11. If any of the 18 objects detected in the I" yr- ' error
moved and is one of the detected sources, a program of deep circle is the quiescent counterpart, the burst amplitude was
observations of the field in 1-2 yr will be sufficient to identify AB a mag; if the source is in the error circle and has not been
any of the 18 detected sources as high proper-motion objects detected, AB > 13.5 mag.
(such -second epoch" observations of OTS 1809 + 31 have Thus OTS 1809+31 probably underwent three bursts of
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I e-
18 16

I 15

1 -2

I .

I S0

FiG. 3.-A 20 minute exposure in a Mould I filter of the field near OTS 1809+31. The circle is centered on the coordinates of 1909+31 OTS (a,90 =

186090"2629, 6t99o - 31°23'17)and hasa radius of 41'. The cross hairs are 676 in length. The identification numbers of the 18 sources for which color information
has been derived (Table 2 and Fig. 1) are siven.

AD> 10 mag of duration Ts < 60 s, two of which occurred 1984; Rappaport and Joss 1985; Melia 1987; Hartmann,

only months apart. Of all known sources of optical transients, Woosley, and Arons 1988) and independent of the GRBI only gamma-ray bursts are capable of such explosive bursts. (Tremaine and Zytkow 1986). Although OTS 1809 + 31 is not
Cataclysmic variables are known to produce large-amplitude thought to be associated with the nearby (- 6' distant) gamma-
bursts (AD - 2-14 mag), but have much longer burst durations ray burst ORB 730325b (J. Laros, private communication), the
(t# - months to years) (Robinson 1976). X-ray bursts source of the optical transients could be an undiscovered GRB
(Grindlay et al. 1978) produce short-duration optical bursts, source.
but the burst amplitude is only AD = 1-2 mag. Flare stars are In addition to the above association, it is of course possible
capable of large-amplitude (AR - 1-6 mag) bursts with dura- that OTS 1809 + 31 may be the prototype of an entirely new
tion Ts - 10-60 s and are known to recur often (Gurzadyan class of astrophysical phenomenon.
1980) Although no flare of AD = 10 mag has yet been record-
ed, the possibility of its occurring should not be excluded. v. CONCLUSION

Gamma-ray bursts (ORBs) are thought to produce large We have made deep BVRI observations of a 41" circle cen-
(AR - 20 mag) optical transients on short time scales (rg < tered on the coordinates of OTS 1809 + 31. No source was
300 s) (Schaefer 1981; Schaefer et al. 1984). Several published detected (3 a level of confidence) at the coordinates of OTS
models of GRBs explain optical radiation from a GRB source, 1809+ 31 brighter than ms = 24.5, mv = 23.7, ma = 22.8, and
both during the GRB (London and Cominsky 1983; Woosley m, - 22.0 in the optical and F6 n = 83 ply and F20 ,, - 460



1
988 RICKER ET AL. Vol. 338
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FIG. 4.-A 120 minute exposure in a Mould 8 filter of the field near OTS 1309+31. The circle is centered on the coordinates of 1309+31 OTS (a,,o
1809"2629, 6,99o - 3123'197) and has a radius of 41. The cross hairs are 6.6 in length. The identification numbers of the 18 sources for which color information
has been derived (Table 2 and Fig. 1) are given.

pJy in the radio. Eighteen sources were found to be within the astrometry of the OTS 1809 + 31 field. We would like to
-41" of the OTS 1809 + 31 coordinates, and none of the thank J. Kiavetter for giving us part of his telescope time and
sources could be distinguished from field stars. The quiescent for his assistance with the optical observations, M. Bautz for
counterpart to OTS 1809+31 was not identified. If it is a his help with FOCAS and with the MASCOT color correc-
high-proper-motion object and brighter than the threshold tions, J. Tonry for his help with the data reduction software,
quoted above, observations in I or 2 yr should allow its motion and A. Akmal for his help in analyzing the data. We extend our
to be detected. special thanks to the staff at the McGraw-Hill Observatory for

their help with the optical observations, and the NRAO staff at
We would like to thank K. Hurley for his communication of the VLA Observatory for their help with the radio observa-

the precise coordinates of OTS 1809 + 3 1, as well as for useful tions and analysis.
discussions regarding the work of Hudec and Hartmann. We
would also like to thank D. Hartmann, R. Hudec, and W. This research was supported in part by the National Aero-
Wenzel for useful discussions and communications regarding nautics and Space Administration under grant NSG-7339.
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Three Faint Objects in the Optical Error Region of GBS2251-02
I

Roland K. Vanderspek and George R. Ricker

Center for Space Research of the Massachusetts Institute of Technology

Cambridge, MA 02139

U
Abstract

We report the detection of three faint objects in the error box associated with the archival optical
flash discovered in the error region of the gamma-ray burst GBS2251-02 (Schaefer, et al. 1984).

Magnitudes of these objects were determined in B and V bands; an R-band upper limit was also

determined. The values of B-V and V-R for these objects, designated a, b, and c, are consistent

with those of field stars. Further observations are recommended, especially in R-band, in a search

for variability (see, e.g., Schaefer, et al. 1984) and high proper motion (see Ricker, Vanderspek,

and Ajhar 1986).I
L Introduction

Since the first detection of a gamma-ray burst (GRB) in 1969 (Klebesadel, St'orig, and Olson

1973), the nature of the source of GRBs has remained a mystery. Because the error region

associated with the typical gamma-ray burst is large (measuring tens of arc-minutes to degrees on a

side), deep searches for quiescent counterparts have been impractical. The few error regions that

are small enough for a practical deep search have been studied in several wavebands; these studies

have yielded no positive identification of a quiescent GRB source (see e.g. Chevalier, et al. 1981,

Fishman, Duthie, and Dufour 1981, Laros, et al. 1981, Apparao and Allen 1982, Pizzichini, et al.

1985, Ricker, Vanderspek, and Ajhar 1986).



The discovery by Schaefer (1981) and Schaefer, e: it. (1984), that transient optical radiation may

be associated with GRBs has drastically improved the chances of detection of a quiescent GRB

source, primarily because optical radiation can be localized much more accurately than gamma-rays.

The error regions of the three optical transients discovered in archived images of GRB error regions

are orders-of-magnitude smaller than the standard GRB error region, and so have lent themselves

perfectly to a focussed deep search for a quiescent counterpart in several wave bands (Hjellming
and Ewald 1981, Pizzichini, et al. 1982, Pedersen, et al. 1983, Schaefer, Seitzer, and Bradt 1983,
Schaefer and Ricker 1983). Deep optical searches of two such error regions (associated with
archived optical transients photographed in 1944 and 1928) have yielded several candidates for the

quiescent counterpart (Pedersen, et al. 1983, Schaefer, Seitzer, and Bradt 1983); as yet, however,

no positive identification has been made.

We report here the results of deep CCD observations of the error region of the archived optical

flash discovered in the error region of GBS2251-02 (the 1901 optical transient of Schaefer, et aL.
1984). A total of 6.0 hours of integration in three colors have resulted in the detection of three faint

objects (designated a, b, and c) in this error region. Although these objects have colors consistent
with those of field stars, further observations, especially in R-band, is warranted.

1I. Procedure

Data were taken during dark time on 30 September and I October 1986 with Mr's MASCOT
(references) on the McGraw-Hill 2.4m telescope on Kitt Peak. The MASCOTs sensors are

T14849 virtual-phase CCDs, measuring 584x390 22.3 g±m pixels; the plate scale for these

observations was O."6/pixeL Data were taken through Mould B, Mould V, and Mould R filters; the

total integration times in these filters were 2.40 hours, 2.09 hours, and 1.51 hours, respectively.

PhotometriC and astrometric calibrations were made with exposures of the CCD photometry

standard NGC2264 (Christian, et al. 1985).

The data consist of a series of 600-second exposures of the area near the optical error region. The

2
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telescope was offset by -30" in random directions between exposures. The random offsets allow a

fiat field to be created from the images themselves, using the technique of "median stacking." In

median-stacking N images, the value of a pixel in the median-stacked image is the median of the

values of that pixel in the N image frames. If the images are offset from one another, the

I median-stacked image is a representation of the typical sky during the time the images were taken.

The CCD images of the field were all bias-subtacted and segregated by color. In each color, a

normalized copy of each image was used in the creation of a sky flat field via median stacking.

Each field was then flattened by the sky flat. The flattened images were then aligned by integral

pixel shifts and then stacked. The resultant B-band image is shown in Figures 1. The small

rectangle indicates the error region of the optical flash detected by Schaefer, et al. (1984).

The B-band image of the optical error region revealed three faint objects, designated a, b, and c.

Two of the objects were detected with FOCAS (reference); the third is faintly visible below the

first two. Inspection of the V-band image revealed faint objects at the site of the B-band detections;

FOCAS was able to detect the brightest of these objects (a). No distinct images were detectable on

the R-band image.

I The celestial coordinates of the a, b, and c were calculated in the B-band image with respect to -10

nearby stars, whose celestial coordinates are given in Ricker, Vanderspek and Ajhar (1986). The

locations on the CCD image of the reference stars and a, b, and c were calculated by

cro-correlang their images with that of an artificial star of similar point-spread-finction. A

linear least-squares fit of the locations of the reference stars to their celestial coordinates yielded the

celestial coordinates of a, b and c in the B-band image; the precision of the fit was 0."4. These

coordinates were used to calculate the locations of a, b, and c on the V-band and R-band images.

(This was necessary primarily because of the indistinctness of the R-band images of a, b, and c.

The centroids of die V-band images of a, b, and c, calculated both from the least-squares fit and

directly from the images, compared well).

I The brightnesses of a, b, and c were measured using simple box photometry centered on the

measured or (in the case of the R-band images) calculated centroids of the sources. A curve of

I
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growth (fraction of total starlight enclosed in the box versus box size) was calculated using field

stars. The measured brightnesses of a, b, and c were corrected for finite box size and atmospheric

effects.

The magnitudes of the sources were calibrated in B-, V- and R-bands using photometric reference

stars in the field of NGC2264 (Christian, et al. 1985). The brightnesses of several stars (numbers

239, 243, 245 and 252) in the field of NGC2264 were measured, corrected for atmospheric effects

and finite box size (as above) and used to calculate the relationship between measured brightness

and stellar magnitude. This relationship was seen to be accurate to ±0.1 magnitudes (???).

[IL Results

Table I lists the coordinates, magnitudes, color differences, and associated uncertainties of the

three sources (a, b, and c) detected in the optical error region of GBS2251-02.

The B and V-band images of the optical error region show the three detected sources clearly; each

source has been detected with S/N > 3. In the R-band image, however, the three sources are

detected with S/N between 2.5 and 3.0; thus, the R-band magnitudes given in Table I are the

three-sigma upper limits on source detection.

A color-color plot of the error region, calculated from the stacked images using FOCAS, is shown

in Figure 2. Because of the rather large error bars associated with the values of B-V and V-R for a,

b, and c, the colors of a, b, and c cannot be distinguished from those of field stars.

IV. Concluion

The present body of scientific knowledge on gamma-ray bursts does not exclude any of the three

detected objects from being the quiescent gamma-ray burst source. All three sources have colors
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I consistent with those of other stars in the field. Further observations of these sources, especially in

the red, are necessary for more conclusive results. In addition, deep exposures of this field at

I future epochs should be used in a search for high proper motion in these or other nearby objects.

I
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Star RA. Dec. B V R B-V V-RI
a 2 2 hSlm 3 8 .00s -2031'26.2" 23.8±0.2 23.5±0.3 >23.2±0.4 0.3±0.3 <0.4±0.5

b 2 2 h5 1 m38 .0 3S -2031-39.7" 24.1±0.3 23.6±0.3 >23.2±0.4 0.4O±0.5 <0.4-0.5

c 22h5 1 m3 8 .19s -2031'36.0" 24.0±0.3 23.5±0.3 >23.2±0.4 0.7+0.4 <0.3-0.5I
I

Table 1: The celestial coordinates and B, V, and R magnitudes of the three
faint objects (a, b, and c) detected in the optical error region of
GBS2251-02, shown in Figure 1. The R magnitudes given are the
three-sigma upper limits on source detection; it should be noted,
however, that a,b, and c were all measured in the R-band with S/N>
2.5. The three-sigma upper limits in B- and V-bands are 24.1 and
23.8, respectively. The rms error in the celestial coordinates is 0."4.
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Figure Captions

Figure 1: The stacked B-band image of the optical error region associated with GBS2251-02.
This image was made of a total of 8600 seconds of exposure with MITs MASCOT
on the McGraw-Hill 2.4m telescope on Kitt Peak. The rectangle indicates the error
box associated with the optical transient discovered in this field by Schaefer, et al.
(1984). The three sources detected in this image are labelled a, b, and c. Measured
magnitudes and coordinates of these sources are given in Table 1.

Figure 2: A color-color diagram of thirteen field stars and the three sources a, b, and c detected
in the optical error region associated with GBS2251-02. The values of V-R of a, b,
and c are all upper limits.
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U Appendix L

I Vanderspek, Roland K. Ph.D. Thesis, Department of Physics,
Massachusetts Institute of Technology, 1986. The Explosive TransientI Camera: A Wide Field Sky Monitor of Celestial Optical Flashes.
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Webster's New Collegiate Dictionary defines plenary as
"complete in every aspect: absolute, unqualified."

Roget's International Thesaurus, Third Edition, adds:
(56.12)

full, filled, replete, ample, good, plump, plenary, pleny
[naUL], pregnant, flush, round; brimful, brimming; chock-
full, chuck-full, choke-full, chug-full [dial.], chock or
chuck (coil.], cram-full, topfull; jam-full, cramp-full,
cram-jam-full, jam-packed, pack-jammed, jam-up, full-up
[all slang]; stuffed, packed, crammed; bursting, ready to
burst, fit to bust [slang]; as full as a tick, as full as a
vetch, as full as an egg is of meat, packed like sardines or
herrings; replete with, crawling or oozing with; saturated,
capacitated [coll.]; congested, overfull.
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The Explosive Transient Camera

A Wide-Field Sky Monitor of Celestial Optical Flashes

by
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in partial fulfillment of the requirements for

the Degree of Doctor of Philosophy in Physics

U ABSTRACT

The discovery in 1973 (Klebesadel, et al., 1973) of the phenomenon of gamma-ray
bursts (GRBs), seen as short (durations of 1-60 seconds), sudden (risetimes of less than a
second) outbursts of y-rays from deep space, has led to intense efforts to discover the source of
these mysterious emissions. Observations in the last ten years with a series of interplanetary
and terrestrial satellites have led have led to hundreds of detections of GRB events. Analyses
of observational data support the hypothesis of a highly-magnetized (1012-1 Gauss) neutron
star as the source of GRBs, yet the low precision of localization of most GRBs (tens of arc-
minutes to degrees) has hindered the a posteriori identification of a quiescent counterpart to a
GRB source in any energy band. To date, no convincing quiescent optical counterparts to
GRB sources have been established. The discovery by Schaefer (1981) of transient optical ra-

diation from a small GRB error region, recorded on an archived photographic plate in 1928,
led to the hope the precision of localization of GRB sources might be greatly improved
through the detection of optical radiation emitted during the GRB.

In 1982, the Explosive Transient Camera (ETC), a wide-field sky monitor sensitive to
celestial optical flashes with risetimes of the order of one second, was proposed as a ground-
based counterpart to gamma-ray satellites with the expressed intent of detecting optical radia-
tion from outbursting ORBs (Ricker, et al., 1983). In 1983, construction was begun of a sub-
unit of the plenary ETC, designed to test the feasibility of a full wide-field ETC. This thesis
discusses the motivation, design, construction and implementation of the ETC test unit. Calcu-
lations of estimated event rates from several known sources of celestial optical transients in
the plenary ETC are presented. In addition. this thesis includes the presentation and discussion
of results from observations made the test unit, which comp)rise the most complete wide-field
search for celestial optical flashes to date. The observations with the ETC test unit covered a
solid-angle-time product of 3.0 steradian-hours and included the error regions of GRB1200+21
(24 November 1978), GRB1152+20 (1 January 1979) and GRBI140+20 (2 May 1979) (Baity,
et al, 1984) as well as the flare stars V475 Her, Ross 867 and Ross 868 (Ourzadya, 1980).
The observations were expected, based on assumptions presented within, to have detected opti-
cal transient events from 1.5 lare stars and 0.008 GRBs. These observations resulted in the
determination of a new upper limit on the celestial optical flash rate of 2.2 optical flashes per
hour per steradian at 10

I magnitude, lower by a factor of 10 than the previous best upper limit
determined by Schaefer, Vanderspek, Bradt and Ricker (1984).

I Thesis Supervisor: Dr. George R. Ricker

Tide: Senior Research Scientist
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U CHAPTER 1

I Introduction

I
In 1969, orbiting y-ray satellites intended to detect y-rays from nuclear explosions in near-Earth

orbit detected unusual, sudden flashes of y-rays from deep space (KIebesadel, et al., 1973). Analysis of
the flashes showed that 1) the bursts were not created by the interaction of high-energy particles with
the y-ray detectors and 2) that the Earth or Sun were not the sources of the y-rays, and therefore that the
y-rays were cosmic in origin. Several hundred of these flashes, dubbed gamma-ray bursts (ORBs), have
been detected by balloon- and satellite-borne y-ray detectors since 1969. Despite the large number of
ORB detctions, the source of ORBs has largely remained a mystery, primarily due to the low precision
of localization of mast ORBs.

Many of the observed characteristics of ORBs provide clues to the source, location and mechan-
ism of ORB production. The short risetimes of many ORBs (typically 10.200 ms; one lower than 200
ps; Mazets, et al., 1981) point to a small y-ray emitting region (<60-1000 kin). This fact, combined
with the detection in some ORB spectra of line features which can be interpreted as gravitationally-
redshifted e -e annihilation radiation (near 400 keV) and cyclotron resonance features (near 50 keV)
and the detection of pulsations in the tails of a few ORB light curves suggest that a ORB originates
near the surface of a highly-magnetized (1012 Gauss) neutron star. Due to the hrge error regions of
typical ORBs, this association has not been confinned by observations of a quiescent ORB source.

In 1981, B. Schaefer of MIT discovered an optical flash on an archived photographic plate in the
atypically-small error region of a known ORB (Schaefer, 1981). This discovery made clear the possi-
bility that ORBs may emit optical radiation during outburst. Schaefer's finding is very significant, since
the detection of optical radiation from an outhursting ORB would permit precise localization of the
burst source, thus leading to more meaningful follow-up observations in all energy bands. Since 1981,
two further archived optical flashes from ORB error regions have been found by Schaefer (Schaefer, et
al., 1984), further supporting the claim that ORB sources can emit bursts of optical radiation.

In 1983, a program was initiated at MIT to design and construct an insmumnt capable of detect-
ing and precisely locating optical flashes from ORBs in real tine. This instrument, known as the
Explosive Transient Camera (ETC), was to be a wide-field sky monitor sensitive to tenth-magnitude
optical flashes with risedines of the order of one second. The instrument would opera aitomatically,
and would be able to provide the location of an optical flash with sub-arc-minute precision within a
fraction of a second after its detection (Ricker, et al., 1984).

The design, construction and testing of the initial stage of the Explosive Transient Camera is the
subject of this thesis. The following four chapters will discuss the motivation and concept of the ETC,
as well as som of the possible mechanisms for the production of optical light from ORBs. Thereafter,
the ETC Intrumenttion will be presented in detail. Finally, estimates of event rates from known pos-
sible sources of optical flashes, both celestial and terrestrial, ar presemed, as well as the results of
observations made with the ETC test unit. These observations, made during March and May of 1965,
comprise the mase nsitive wide-field search for optical ftwhes mde to date. These observations have
defined an upper limit of 2.2 optical flashes per hour per steradian at a visual magnitude of in, < 10, a

factor of 10 lower than the previous best limit defined by the work of Schaefer, Vanderspek, Bradt and
Ricker (1984).

I



I
I

CHAPTER 2

Motivation

I
Introduction

This chapter is intended to give the reader an overview of the history and morphology of detected
gamma-ray bursts. More detail on GRE morphology can be found in reviews by Mazets (1981), Cline
(1983), and Hurley (1983). Following the morphology, a review of observations at quiescence of GRB
sources at other energies is given, with an emphasis on follow-up work in the optical band. The
chapter concludes with a comparison of present methods of searching for optical fashes from GRBs,
indicating the pressing need for a dedicated all-sky monitor for optical flashes, such as the Explosive
Transient Camera.

2.1. Gamm-Ray Burst Morphology

Gamma-ray bursts were first discovered in 1973 by the Los Alamos Group from data taken with
Air Force Vela satellites to detect y-rays from nuclear explosions in space (KIebesadel, et al, 1973). In
the discovery paper from the Los Alamos group, a GRB was reported as generating an intense burst of
gamma-rays (fluence S 10 5 erg cm "2) with a risetime of a fraction of a second. Since 1969 a series
of interplanetary and terrestrial satellites, (including the Vela satellites, the Soviet Venera spacecraft, the
Pioneer Venus Orbiter, ISEE-3, Prognoz 7, Helios-B, IMP-6 and IMP-7) have detected more than 100
bursts (Cline, 1983; Baity, 1984).

2.1.1. Characteristics of Typical GRB

The characteristics of detected GRBs vary over a -Wide range: it is therefore difficult to present
information about a "typical" GRB. (See Baity, et al. (1984) and references within for a complete
review of GRB observations). GRBs as a group can be described by characteristics common to all
bursts and the range of values of these characteristics in detected bursts. The GRBs detected to date
are distributed roughly isotropically over the celestial sphere (Hurley, 1983). The peak fluxes of
detected GRBs range from 102 to i0. erg cm72s. The fluences, S, of all GRBs detected to date are
between i0"' and 104 erg cm 2 . The number of burst sources N(>S) having a fluence reater than a
value S roughly follows a power law, N(>S) - S', where a Z 3/2 for values of S > 10-erg cm-2 and
upper limits indicate a a 0.7 for S < 10"s erg cm"2. A plot of log N(>S) vs. log S is shown in Figure
2.1.

The light curves of most GRBs are characterized by a fast rise (risetimes of "50-1000 ms) and an
expomeial decay (decay times of 1-30 seconds). Total durations of typical GRBs range from less than
one second to minutes. A few GRB sources have shown periodic pulsations (periods of 4-10 seconds)
during the decay of the brightness of the GRB (Mazets, et al., 1979b; Wood, et al., 1981). A few "typi-
cal" ORB fight curves aM shown in Figure 2.2.

The spectra of GRBs can, in general, be fit by a power-law function, F(v) - V-e /

F(v) is the flux (in cmws'lerg 1 ) of 7-rays of energy hv. Typical GRB temperatures (kT) fall in the
range of 100 so 500 keV. The spectra show substantial time variations, presumably due to changes in
the physical characteristics of the Y-ray source (Mazets, et al., 1981). Some GRB spectra show line
features at energies in the range of 30-70 keV. Roughly 15% of all GRB spectra show an emission
feature near 400 keV (Cline, 1983). A few characteristic GRB spectra are shown in Figure 2.3.

These characteristics allow one to make a rough sketch of the source of the GRB. Many workers
in the field argue that GRBs are associated with neutron stars with strong ( 1012 Gauss) nugnetic fields,

2
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based on the following interpretations: I

1) The short burst risetimes (-50 ms) point to a source size <109 cm.

2) The line features near 30-70 keV can be interpreted as the cyclotron resonance
features in a 1012_1013 Gauss magnetic field.

3) The emission features near 400 keV are consistent with the 511 keV e+-e" annihila-
tion line gravitationally redshifted in the field of a neutron star.

4) The brief pulsations (with periods of 4-10 second) are reminiscent of a slow pul-
sar.

2.1.2. GRB052S-66: An Atypical GRB

On 5 March, 1979, nine interplanetary and terrestrial sateilites detected an exceptionally strong
GRB from the direction of the Large Magellanic Cloud (Mazets, et al., 1979b). This burt, designated
GRB0528-66 from its celestial coordinates, has significantly added to the controversy surrounding ORBs
because of its many unique characteristics (Cline, 1982):

1) A very fast risetime (200 microsecond) - - shorter than any other burst.

2) An extremely high peak flux (2x10"3 erglcm2/s) - - an order of magnitude higher
than the flux detected from any other GRB.

3) A very soft spectrum (kT., - 30 keV) - - softer than that of almost all other
GRBs.

4) Prolonged, repetitive afterpulses (-8 second period), lasting much longer than
those of any other detected GRB (see Figure 2.4).

5) The possible association of the ORB source with a known celestial object: the
error box of ORB0528-66, 20"x80" in size, contains part of the supernova rem-
nant N49 in the Large Magellanic Cloud.

6) The burst source has been seen to recur more than a dozen since the initial burst,
although none of the recurrences had a fluence greater than i0.3 of the original
burst (Golenetskii, et al., 1984). It is the only GRB source to recur more than a
few days after the original burst.

The unique characteristics of GRB0528-66 have lent much support to the theory that a neutron
star is the source of a GRB. In particular, the short risetime (<0.2 ms, limited by instrument precision)
points to an emission source size of less than 60 km. In addition, the strong 8-second pulsations favor
a rotaing neutron star as the source of the burst. Finally, the association of the error region with the
supernova remant N49 - - if it is true - - strongly favor the neutron star remnant of the supernova as
the source of the GRB.

It is this last point - - the possible association of the GRB with the LMC - . that has stirred the
most controversy. The probability of the GRB error region randomly overlapping the supernova rem-
nant is small Yet, if the association is correct, the total energy of the burst was prodigious: the total
energy would have been SxlO" ergs, assuming isotropic emission, and the average luminosity during
the Ant 120 ms of the burst would have been -3x10' 5 ergs/second, or -1012 L... The possible associ-
ation of ORB0528-66 with the LMC lends support to the theory that ORBs are generally located at
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distances of 50-500 kpc from the Earth: this idea is discussed further in section 2.4.

2.1.3. GRB source localization

The precision of localization of y-ray detectors used on balloon gondolas and y-ray satellites is
generally low. Consequently, a single y-ray satellite detecting a GRB cannot provide the precise coor-
dinates of the outburstng GRB. The celestial coordinates of an outbursting GRB can be determined
much more precisely by measuring the difference in arrival times of y--rays at three or more satellites I
detecting the burst. The precision of the localization of the burst increases with the number of detect-

ing satellites (see Figure 2.5 and its caption). Typical error regions determined by this method have
dimensions ranging from tens of arc-minutes to degrees. Several (- 10) bursts have been detected by
many widely-separated satellites and have been localized to a precision of a few arc-minutes. Such I
small error regions allow for reasonable searches for the quiescent GRB source. Despite this, no GRB
has yet been positively associated with any other celestial object (see section 2.2). I
2.1.4. GRB Source Distances

Since no definite correlation exists between a GRB source and another celestial object, the dis-
tances to GRB sources are unknown. An estimate of source distance or the population as a whole can
be made by determining the spatial distribution of the GRB population: whether the GRBs we see are
generally local (d<300 pc), belong to a disk or halo population, or are extragalactic.

Some insight into the question of GRB source distances can be gained by examining the log
N(>S) - log S distribution of GRBs, shown in Figure 2.1. Jennings and White (1980) and Jennings
(1982) have attempted to reconcile models of GRB source distribution with the log N(>S) - log S curve.
An infinite spherical distribution of GRB sources around the Sun follows an N(>S) - S-2 function,
while a disk population follows N(>S) - S-1. The S-32 function is superimposed on Figure 2.2. The
actual logN-logS curve roughly follows N(>S) - Sa, with a0.7 for S < 10' erg cm 2. The monolumi-
nosity models of GRB distribution of Jennings and White (1980) could not account for this value of c.
Jennings (1982) has calculated a theoretical logN-logS distribution based on a galactic population of
GRB sources with an intrinsic luminosity function. His calculations show that the observed log N(>S)-
log S curve can be explained by varying parameters in his model: most notably, biassing the concen-
tration of the luminosity function of GRBs toward low-luminosity bursts permitted a good match to the
observed log N(>S)-log S curve. However, in a recent paper, Jennings (1985) questions the validity of
using ORB statistics in determining the distance scale to GRBs.

The nearly-isotropic distribution of ORB sources on the celestial sphere is an indication of the
nature of the GRB population (Jennings, 1982). This isotropy favors models that visible GRBs belong
to either a local population of GRB sources (d< 200 pc) or that place ORB sources in an extended halo
about the galaxy (d'50-200 kpc). A disk population of visible GRBs is excluded by the lack of con-
centration of GRBs in the plane of the galaxy. Models of GRB source population in a halo of "10 kpc
radius about the center of the galaxy are not considered because there is no concentration of GRBs in
the galactic hemisphere containing the galactic center. The validity of an extragalactic population of
GRBs is reduced by the absence of associations of GRBs with known extragalactic objects, as well as
by the unimaginable energetics involved in the creation of a GRB at extragalactic distances.

There is no definitive proof for either a local or extended halo distribution. The association of
the 0RB0528-66 with the LMC may be considered in favor of an extended halo distribution, but 1) this
association is not definite and 2) GRB0528-66 is generally considered an anomalous event (because of
its many unique featues) and its association with the LMC would not be considered contrary to the
concept of a local GRB population.

2.2. Observatons of Known GRB Sources

The a posteriori observation of GRB source is difficult for two reasons:

1) GRBs do not repeat regularly or often (only two GRBs have been seen to recur
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IFigure 2.5: Gamma-ray Burst Arrival-Time Localization Method. The location
of agamma-ray burst in space is determined from the differences in
the arrival times of the gamma-ray wavefront at several terrestrial and
interplanetary satellites. Detection of the GRB by two satellites allows
localization of the burst source to an annulus on the celestial sphere.
Detection by three satellites allows localization to two diametrically
opposite "diamonds" formed by crossings of two inclined annuli.

I If the GRB is detected by at least four satellites, the localization is
unique.
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GRB0528-66 (5 March 1979a) has rebursted more than a dozen times since the
initial outburst (Golenetskii, et al., 1984) and the source GRB1900+14 recurred
twice within four days of the initial event (Mazets, et al., 1981)).

2) The GRB error boxes are generally too large for a reasonable follow-up observa-
tion. Only a few (- 10) error boxes are small enough for sensible follow-up
work (Hurley, 1982).

Most of the foliow-up observations of GRB sources are intended to detect the ORB source in
quiescence at various energies. Few attempts have been made, to date to detect radiation from a ORB
source during outburst. The error regions of GRB0528-66 and GRB0116-29 (19 November 1978) have
been most extensively searched the former because of its unique features and the latter because of the
discovery of an archived optical transient in its error region (Schaefer, 1981). Cline (1983) provides an
excellent detailed review of the observations of these and other ORB sources. The results of observa-
tions of several error regions are briefly summarized below.

2.2.1. Radio Observations

Hjellming and Ewald (1981) searched the error region of GRB0116-29 for quiescent radio emis-
sion at 6 and 18 cm with the VLA. They found three point radio sources (designated B, C and Q)
inside the error region: one (Q) is also located inside the error circle of a weak X-ray source detected
by Einstein (Pizzichini, et al., 1985; see section 2.2.3). None, however, is consistent with the error box
of the associated archived optical transient (section 2.2.4.2).

2.2.2. Infrared Observations

Infrared observations of the error regions of GRB2312-50 (6 April 1979) and ORB0528-66 and of
the radio sources in the error region of GRB0116-29 were carried out by Apparao and Allen (1982) on
the 3.9m Anglo-Australian telescope. The error region of GRB2312-50 was seen to be empty to
J-17.5. Their observations of the point radio sources detected by Hjellming and Ewald (section 2.2.1)
revealed a J-18.4 magnitude object consistent with one of them (B), but no source consistent with the
error circle of a weak X-ray source in the field (Pizzichini, et al., 1985; section 2.2.3). The search of
the error region of GRB0528-66 was confusion-limited and resulted in no reliable detection.

Schaefer and Ricker (1983) searched the error box associated with the archived optical transient
in the error region of GRB0116-29 (section 2.2..1). They found no infra-red sources in the error box
to a limiting magnitude of K-18.8.

Recently, B. Schaefer searched the IRAS data base for infra-red sources in the 23 smallest known
GRB error regions. The sensitivity of the observations used in the search varied considerably: Schaefer
reports no infra-red sources detected with an estimated average 4a sensitivity of -1 Jansky (B.
Schaefer, private communication).

22.3. X-ray Observations
Pizzichini, et al. (1985) report observations of five ORB error regions (those of GRB2008-22 (4

November 1978), GRB0116-29, GRB1704+O1 (21 November 1978), GRB0528-66 and GRB2312-50)
with the Einstein Observatory. Although no overwhelming evidence for the existence of quiescent X-
ray counterparts in any of the regions was found, X-ray observations of die error regions of GRBO 16-
29 and GRB0520-66 have yielded some positive results. The optical and y-ray error regions of
GRB0116-29 are consistent with the error circle of a weak (- 10r" erglcm2/sec - - a 3a level-of-
confidence detection) X-ray source (Pizzichini, et al., 1981), which may be a quiescent X-ray counter-
part. The supernova remnant N49, which is included in the error region of GRB0528-66, was also
detected by Einstein (Helfand and Long, 1979).
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2.2.4. Optical Observations

Optical observations of GRBs have been carried out in a variety of ways. These optical searches
have looked for optical radiation from both quiescent and outhursting ORB sources.

2.2.4.1. Search for Quiescent Optical Counterparts

Deep searches of several small ORB error boxes with large telescopes have been carried out by
Chevalier, et al. (1981), Fishman, et al. (1981), Laros, et al. (1981), Pedersen, et al. (1983), Schaefer
and Ricker (1983), Schaefer, Seitzer and Bradt (1983), among others. The investigation of the error
region of GRB0116-29 has uncovered several faint (m. 22) sources, including an apparently highly-
variable (Am _ 2) object (Schaefer, Seitzer and Bradt, 1983; Schaefer and Ricker, 1983; Pedersen, et
al., 1983). No definite quiescent optical counterpart to GRBO1I6-29 has yet been confirmed.

The error region of GRB2312-50 is empty to a limiting visual magnitude of 22.5 (Laros, 1981).
The error region of the GRB1412+78 (13 June 1979) contains >5 faint (m. = 22) objects (Vanderspek,
Ajhar and Ricker; work in progress). The error region of GRB0528-66 contains the supernova remnant
N49 (Cline, 1982).

1 2.2A.2. Searches for Optical Light from an Outbursting GRB

Optical transient events have been noted in the literature for more than half a century. In addi-
tion to transient events of short timescales from known astrophysical objects, such as cataclysmic vari-
ables and flare stars, several unknown optical transient events have been reported. Klemola (1983)
reports two possible optical transient events, first recognized by Hertzsprung (1927) and Popovic (1982).
Although the Hertzsprung object has been recently recognized as a plate defect by Schaefer (1983), the
Popovic object, which was seen as a fifth-magnitude event with a duration of less than 20 minutes,
remains without explanation or verified quiescent counterpart. In addition, recent analysis of SEC Vidi-
con meteor observations made in 1969 revealed that the 4th-magnitude double star P Cam underwent a
0.7 magnitude brightening in a period of 0.25 seconds (Wdiowiak and Clifton, 1985).

In 1981, B. Schaefer of MIT began a survey of historic photographic plates of three small GRB
error regions, in the hope of finding an optical transient which may have been associated with a ORB.
In the scanning of plates stored at the Harvard plate archives totalling roughly three years of exposure,
Schaefer discovered three transient images which are now generally accepted as being optical flashes
from historical ORBs (Schaefer, 1981; Schaefer, et al., 1984). The three events were of magnitude 3.0,
6.6 and 4.3, assuming the optical radiation was emitted in one second. Schaefer reported an upper limit
on the total duration of the optical busts of t < 500s. The ratio of optical fluence in the three archived
optical trasients, Sp, to the -ray fluence, S. of the associated GRB is roughly 10. for each of the
three bursts.

Schaefer's work initiated an entirely new approach to ORB research: it created the hope that the
location of ORB sources could be precisely determined by observing optical light emitted during a
ORB. His work has sparked a series of new, real-time searches for optical counterparts to outbursting
ORBs: some of these experiments are described below.

2.2A.2.1 Pic du Midi SIT TV Flash Search

In the summer of 1982, Kevin Hurley and collaborators (Hurley, private communication) observed
the night sky at Pic d Midi with a wide-field lens on a SIT TV camera in an effort to measure the opt-
ical flash background rate and perhaps detect an optical counterpart to a GRB. The Pic du Midi system
records images of the night sky at video rates, which are viewed after the fact by a human worker. Its
time resolution was 0.04 seconds and its sensitivity m - 5.5. Because of its low angular resolution (one
degree, the Pic du Midi system cannot differentiate between head-on meteors and real celestial optical
flashes, thus making them reliant on simultaneous detection of a ORB by a -ray satellite to confirm
any optical countepart. In over 100 hours of observations with a three-steradian field-of-view, no opti-
cal countmeparts to ORBs have been reported.
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Figure 2.6: The archived optical transient in the field of GRB01 16-29 (19 November
1978), discovered by Schaefer (1981). The upper plate shows the
transient event, found on a 45 minute exposure taken in 1928. The
lower plate was taken of the same field 45 minutes before the upper
plate. The lack of trailing of the burst image puts an upper limit of
500s on the burst duration. The ratio of 1928 optical fluence to the
1978 gamma-ray fluence is 0.001.
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I 2.2.412. Two-Schmidt Sky Survey

In October, 1982, a unique set of observations designed to detect celestial optical flashes was car-
ried out (Schaefer, Vanderspek, Bradt and Ricker, 1984b). Simultaneous observations of several
patches of sky were made with identical 0.4m Schmidt telescopes located at the Cerro Tololo Inter-
American Observatory in Chile and at Kitt Peak National Observatory in Tucson, Arizona. Two tele-
scopes were used in order to confirm any optical flashes detected, thus eliminating local sources of opti-
cal flashes. In addition, the 6000 km baseline between the sites allowed the use of trigonometric paral-
lax to recognize sources of optical flashes within "10 AU of the Earth. A total of 890 square-degree-

hours (0.27 sr-hrs) of observations were made, with a median one-second sensitivity of 13th magnitude.
No flashes were detected, resulting in a 3r upper limit on the celestial optical flash rate of 54
flashes/hr/sr at 13th magnitude and 22 flashes/hr/sr at 10" magnitude.

2.2.4.2.3. GRB0528-66 Monitoring

Holger Pedersen and co-workers at the European Southern Observatory (ESO) have recently mon-
itored the error box of the peculiar GRB0528-66 (5 March 1979) with a photometer mounted on a 50
cm telescope (Pedersen, et. al., 1984). The aperture of the photometer matched the shape of the 3e
level-of-confidence error region of GRB0528-66. The output of the photometer was stored on magnetic
tape. The ESO team has published the detection of three significant optical flashes in 910 hours of
observation of the error region of GRB0528-66. No coincident gamma-ray events were detected by any
satellite operating at the time. Pedersen notes, however, that none of these bursts could have been
detected at y-ray energies by any of the satellites, based on the ratio Io .

Pedersen's method, although quite sensitive, suffers from the inability to reject terrestrial sources
of optical flashes. The detector is a simple photometer without any anticoincidence detector, so that
any object moving quickly through the field of view, such as a satellite or meteor, could create a light
curve similar to that of an optical flash. Indeed, the three detections may be consistent with a meteor
or satellite crossing the detector field (see Chapter 11).

I 2.2.4.2.4. Conclusion

The discoveries by Schaefer (1981; Schaefer, et al., 1984) of optical transients associated with
GRBs have demonstrated that bursts of optical radiation can be expected from GRB sources. The
detection and study of optical radiation from GRBs would lead to better understanding of the GRB
phenomenon. In addition, a comparison of the characteristics of the optical and -radiation would pro-
vide greater insight into the mechanism of the production of y-rays and optical light in GRBs. Optical
detections of outbursting GRBs would lead to a more precise source localization than presently possible
with y-ray satellites, leading to more fruitful a posterior observations of the GRB source.

The methods for searching for optical fight from GRBs described in the preceding section are all
effective for searching for flashes from limited regions of the sky, yet are ineffective as general moni-
tors of optical flashes from GRBs. To be more specific:

(1) Hurley's Pic du Midi sky monitor has the advantage of a dedicated, wide-field instrument yet the
data collected must be analyzed after the fact, in real time, by a human observer. This method is
time-consuming and fraught with human frailities. In addition, the low detector resolution and
the absence of a coincidence detector limit the effectiveness of the method in general.

(2) Schaefer's archived plate method leaves thousands of plates at the investigator's disposal, yet no
optical flash detected can ever be confirmed as coming from a GRB. In addition, the method is
very time-consuming, since each plate must be visually scanned by the investigator.

(3) The Two-Schmidt survey method combines large viewing solid angle with a moderately large
observing time, and with its use of coincidence is effective as a survey method. However, it
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relies on the acquisition of observing time on two telescopes at the same time, and suffers from
the long analysis time of Schaefer's method.

(4) Pedersen's monitoing of GRB0528-66 has the advantage of a being done with a dedicated tele-
scope, but its small field-of-view limits the applicability of the method to a single object. In
addition, its lack of anticoincidence detector significantly reduces its reliability as a detector of
optical flashes from a point source. (This limitation has been recognized by the ESO team, and
they are planning to incorporate a second, imaging instrument operating in coincidence with their
photomultiplier detector).

Ideally, it would be desirable to assemble an instrument which combines the positive features of
all methods: a dedicated, automated, wide-field detector of sudden optical flashes with coincidence
detectors to confirm any flashes. Such an instrument is the Explosive Transient Camera (ETC),
described in the following chapters.
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CHAPTER 3

Theories of Radiation from GRBs

I
Introduction

Since the discovery of GRBs (Kebesadel, et al., 1973), many theories have been proposed to
explain the phenomenon of the GRB. It is only in the last ten years that the understanding of the GRB
has progressed to the point where the number of GRB detections has exceeded the number of models

attempting to explain GRBs. The increased number of detected GRBs has enabled workers in the field
to cull out implausible theories of the mechanism and space distribution of GRBs. Still, because of the
large number of unknown facts about GRBs, many theories can still explain the observed characteristics
of GRBs.

With the discovery in 1981 of transient optical radiation from a GRB err region (Schaefer,
1981), new data about GRB sources have become available. As a result, several new theories of the
production of optical radiation from GRB sources have been proposed since 1981. The discovery of
transient optical radiation from a GRB source has introduced new constraints on the theories of GRB
emission which would predict optical radiation from the same source. Only a few self-consistent
models of transient y-ray and optical radiation from a ORB source have emerged since 1981.

This chapter is designed to give the reader an overview of the most accepted theories of the pro-
duction of gamma-rays and of optical light during a gamma-ray burst. Space limitations dictate that the
discussion of these theories be in the form of short explanations: the reader should refer to the
appropriate reference for more detailed information about a specific model. Ventura (1983), Katz
(1984), and Lamb (1984) also provide excellent reviews of the physics and proposed theories of y-ray
emission from GRB sources.

3.1. Modeb of Gamma-Ray Production in GRBs

Any theory of GRB production and source location must be able to explain the most common
observed characteristics of GRBs:

1) Short risetimes (0.05 - I second).

2) Spectral shape (N(E) - E'eEi r, with kT 2 100-500 keV).

3) Total energies (based on detected fluences ranging from 10"r to 10- erg/cm2 and
an assumption of the distance to the source).

4) Line features near 30-70 keV and near 400 keV in some burst spectra.

5) Pulsations (4-10 second periods) in a few (2-3) burst lightcurves (Mazets, et al.,
1979b; Wood, et al., 1981).

6) Low quiescent flux in energy bands from radio to y-rays.

7) An estimate of the recurrence rates of some ORBs of the order of I yrI' (Schaefer
and Cline, 1985), based on the detection of three archived optical transient
events of Schaefer, et al (1984a).

I
9I
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Because of the wide variety of detected ORB characteristics, it is possible that no single ORB theory
can explain every characteristic of every observed ORB.

3.1.1. GRB Spectral Shape and Features

The physics explaining the continuum shape and low-energy features of a ORB spectrum are in
principle independent of the physics explaining the other ORB characteristics. The energy dependence
of the ORB continuum spectra (E'¢ A ) are consistent with the emitting material being an optically-
thin plasma. The 30-70 keV line features are consistent with cyclotron emission (or absorption) lines
from an optically-thin plasma in a high (- 1012 Gauss) magnetic field.

The energy dependence of the continuum spectra can be described by a variety of different
models. Liang (1984b) points out that single-temperature thermal brenmsstrahlung or inverse-Compton
models cannot explain ORB continuum spectra because the high-energy cutoff (at a few times kT)
predicted by these models has not been observed. The thermal synchroon model of Uang (1984a) fits
the observed spectra well out to high energies and predicts the 30-70 keY line features. However, Liang
(1984a) notes that the exponential continuum shape can be explained by any number of models. (For a
good review, see Lamb (1984)).

3.1.2. The Energy Sources of GRBs

As discussed in section 2.1.1, the observed characteristics of GRBs (short risetime, pulsations,
gravitationally-redshifted e+e" line) point to a neutron star as the source of the burst. Various energy
sources have been proposed to power the bunt, including the neutron star's gravitational and rotational
energy, the gravitational energy of impacting matter and the nuclear energy of matter on the surface of
the neutron star. These energy sources will be discussed in the sections below.

Several models of the energy source of ORBs require a companion star and/or an accretion disk.
The existence of a companion has profound consequences for the detection of a quiescent source: any
companion star or accretion disk would most likely be more visible than the neutrn star primary in the
optical band, and any significant accretion onto local (d<'200 pc) neutron stars will create an X-ray flux
detectable at the Earth (see Rappaport and Joss (1985) and section 3.1.2). These models are also
important in the discussion of mechanisms producing optical burst radiation to follow in section 3.3.

Most models of the source of the total energy of GRBs ae based on an assumption of the dis-
tance to the ORB source. The theories of y-ray production from a local (d < 500 pc) distribution of
ORB sources will propose total burst energies in the range of 10"5-1039 erg (based on the range of
detected fluences of 10-10 erg/cm2 ). The theories of y-ray production from an extended-halo popu-
lation of GRBs (d > 50 kpc), or to explain GRB0528-66 (5 Match 1979) as being in the LMC, derive
total bunt energies of 103l-I043 erg.

It should be noted that the Eddington luminosity for a 1AM neutron star is - .erg/s. Any
ORB mechanism which predicts sipficanty super-Eddingon lumnmosities has to contend with a frac-
ti of the total burst energy going into the kinetic energy of matter driven from the surface of the neu-
atm star by radiation pressure (Colgam and Petschek, 1981). One proposed means of avoiding this
problem is to confine the ejected mtter near the surface of the neutron star with a large surface mag-
netic field, thereby increasing the y-ray production efficiency of the burst (Woosley and Wallace, 1982).

The following sections contain discussions of some of the more widely-accepted mechanisms for
the production of ORBs. Each section is based on die source of the energy of the ORB, as follows:

1) Sudden accretion of matter onto a neutron star, which liberates - 10 ° ergs of gravi-
tational energy per gram of accreted matter.

2) Themnmuclear detonation of accrued matter on the surface of the neutron star,
which liberates - 110 " ergs in y-rays (Woosley and Wallace, 1982).

3) Physical changes in the state of the neutron star, which may liberate large amounts

I
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of energy (up to- 1046 ergs).

The energies quoted here are total energies liberated by the particular mechanism. The energy of the
GRB in -rays depends of the efficiency of the burst mechanism.

3.1..1. GRB Production by Sudden Accretion onto a Neutron Star

The sudden accretion of matter on to a neutron star involves the collision of a 5-10 km solid
body with a neutron star. Various theories have been put forth describing the effects of such a coli-
sion. A body approaching close enough (within -10' kin) to a neutron star is broken up tidally and
continues to orbit the neutron star as a stream of particles. These particles can lose enough of their
angular momentum to the neutron star's magnetic field to strike the star, releasing G./R. a 10-I
ergs per gram of accreted matter in gravitational energy. Most of this energy would appear as thermal
X-rays from the heated neutron star's surface, but nuclear collisions and non-thermal radiation from
infalling and re-ejected material could lead to an appreciable y-ray flux (Colgate and Petchek, 1981).

Colgate and Petschek (1981) and Van Buren (1981) discuss event rates based on impacts of inter-
stellar asteroids onto neutron stars, while Joss and Rappaport (1983) propose the in itu formation of
asteroids in a cold accretion disk. Harwit and Salpeter (1973) and Tremaine and Zytkow (1985)
explore the energetics and event rate of collisions of comets from a comet cloud about a neutron star or
white dwarf.

3.1.2.11. Collkion of an Asteroid with a Neutron Star

Colgate and Petschek (1981) analyze the direct collision of a 5 km body with a neutron star. In
their model, the body is tidally disrupted within '101 cm: the resulting matter is deformed tidally and
thermally into a long ( 10 kin), thin ( 3 mm) curtain of mater, which strikes the neutron star surface
along a line of magnetic longitude. The total impact time of the matter is of the order of - I ms. The
impact sends up a plume of plasma, which then radiates in the magnetic field of the neutron star. The
total gravitational energy available for the burst is - 100 egs from a body with m M x10 9g. A strong
surface magnetic field is required in this model to confine the bursting material. If no magnetic field is
present, the efficiency of the GRB would be low because the impact energy is converted to the kinetic
energy of maserial ejected by radiation pressure.

This model does not require any neutron-star companion or accretion disk and does not predict
any detectable quiescent flux in any energy band. However, the recurrence rate based on the random
collison with an asteoid-sized body with a neutron star has been estimated to be low (a few times 10"

yr; Newman and Cox (1980)). Calculations by Van Buen (1981) of the rate of collisions of interstel-
lar asteroids deflected by gravitational interactions with a planetary system about the neutron star
(thereby increasing the collision cross-section of the neutron-star system) have yielded slightly higher,
yet similarly low collision rates (- 10'6 yr't).

Joss and Rappapo (1983) have proposed the possibility of the condensation of iron-nickel bodies
at a rate of up to 1 yr s from a cold accretion disk about a neutron star. In their scenario, the neutron
star is in a close orbit with a low-mass companion from which matter had been accreting for several
billion yew. When the companion mass drops below a certain level, the rate of accretion to the disk
and onto the neutron star drops steadily. The viscosity of the disk may then very well decrease, in
which cue the disk cools slowly until the temperature is such that iron-nickel grains could condense
out of the disk. These grains would settle into a thin plane inside the accretion disk and condense into
asteroid-sized bodies by a series of inelastic collisions. The resulting body could then possibly give up
its angular momentum to the neutron star's magnetic field, causing it to strike the neutron stir surface
and create a ORB as in the model of Colgate and Petschek (1981).

This scenario has many positive aspects. The recurrence rate estimated by loss and Rappaport
agrees well with the estimates of Schaefer and Cline (1985). The absence of accretion onto the neutron
sta's surface accounts for the absence of a quiescent X-ray flux. In addition, the existence of an accre-
tion disk and companion has important implications for some theories of the generation of optical radia-
ion, as will be seen in section 3.3.
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3.1.2.2. Impact of a Comet onto a Neutron Star

Harwit and Salpeter (1973) have proposed that ORB could be produced on a regular basis by
impacts onto a neutron star of comets from a comet cloud surrounding the neutron star. In their model,
comets straying within -10 km of the neutron star are tidally broken up into a stream of smaller bodies
which spread along the comet's orbit. Comets with periastron distances much less than 10s km are
compressed and heated and spread into a set of orbits about the neutron star. Disrupted comet matter
could lose its angular momentum to the magnetic field of the neutron star and then be guided onto the
surface of the neutron star along magnetic field lines. Such a collision of a comet of mass 3xl01'g
would release "3x10 7 erg of gravitational energy: if "3% of the available energy were released in the
ORB (a very uncertain estimate), - 1036 ergs of energy would be available for the burst.

Harwit and Salpeter did not discuss a key aspect of the creation of ORBs by the impact of comets
from a comet cloud about the neutron star: the retention of the comet cloud by the neutron star during
the formation of the neutron star. Their model has been reanalyzed by Tremaine and Zytkow (1985).
Besides rediscussing the basic aspects of the collision of a comet with a neutron star, Tremaine and
Zytkow address the problem of the retention of the comet cloud during the formation of the neutron
star. They conclude that it is indeed possible to create a neutron star without losing the cloud of
comets present amound the parent star, thus enabling the system to be a possible source of ORBs.

In their paper, Tremaine and Zytkow note that a cloud of comets orbit a star at a mean distance
of -20,000 AU is very loosely bound to the star (the escape velocity is of the order of I kn/s). If, dur-
ing the creation of a neutron star from the parent star, the neutron star is given a peculiar velocity
significantly greater than -1 kns, the comet cloud will not remain bound to the neutron star. Measure-
ments of pulsar radial velocities indicate that many neutron stars are created with high peculiar veloci-
ties, presumably due to asymmetries in the supernova explosion creating the neutron star. At typical
velocities of -100 km/s, such a neutron star would escape a cloud of comets at a mean distance of
20,000 AU from the progenitor star (which has an escape velocity of the order of 1 kits) within 1o
years. Tremaine and Zytkow discuss four scenaria for the creation of a neutron star with low enough
peculiar velocity so that the comet cloud remains bound. These scenaria are:

1) The symmetric type H supernova explosion of a single massive star. Tremaine
and Zytkow quote results of calculations by Hills (1983) that imply that a good
fraction (roughly half) of the comets in high eccentricity orbits would remain
bound during a sudden mass loss by the central star. The fraction of type U
supernovae that satisfy this criteria is unknown.

2) The creation of a neutron star in a cataclysic variable due to mass accretion by the
white dwarf until its mass exceeds the Chandrasekhar limit. The result is a
binary system, generally including a neutron star and a low-mass secondary.
Those systems which would retain their comet cloud would have secondaries
with masses less than 0.03M (This binary system is very similar to one pro-
posed by Rappapoet and Jos985) to explain optical flashes from ORBs (see
section 3.3)).

3) The creation of a neutron star from a white dwarf accreting matter from , giant
companion in a wide binary orbit. Tremaine and Zytkow propose that the
resulting system would be a neutron star in orbit with the white dwarf core of
the giant companion. The peculiar velocity of the resulting system would be
small due to the its large period.

4) The merging of a close pair of white dwarfs, possibly creating a Type I supernova
and/or neutron star. I]

I
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The analysis of the physics of the interaction of the comet with a neutron star is similar to the
analysis of Colgate and Petschek (1981). The comet is tidally disrupted at a distance from the neutron
star dictated by the tensile strength of the cometary material. Gravitational forces compress the dis-
rupted comet into a long, thin stream of conducting material, which can lose angular momentum to the
neutron star's magnetic field through the generation of Alfven waves. If the energy loss by the come-
tary material is not large enough to allow the marial to strike the neutron star, the probability is high

that the material will impact the neutron star in a following passage. Indeed, since the maximum
impact parameter for accretion on the first encounter is relatively small, most bursts will occur when the
comet is disrupted on the first pass by the neutron star and accretes on the second pass. The total time
in which the cometary material strikes the neutron star depends on the extent of its spread during previ-
ous encounters with the neutron star. GRBs of duration 0.1 to 30 seconds are in principle allowed by
this model, with burst times less than one second restricted to comets with an impact parameter of less
than a few hundred kilometers.

The estimated rate of impacts onto the neutron star by comets "straying" near the neutron star is
"I0' " for either a solitary neutron star or one in a binary system. Tremaine and Zytkow note that
Hills (1981) has pointed out that a close encounter of the comet cloud with a field can create a rela-
tively brief period (duration "30,000 years) of high comet influx into the neutron star system. During
these periods, the observed impact rate is enhanced: burst recurrence rates of -1 yr" are easily
explained by this model. As a result, the mean impact rate increases to - 10- yrl Tremaine and Zyt-
kow emphasize that these numbers are conservative and fairly uncertain, and that the rates could be
much higher.

The intriguing possibility of creating bunts of optical radiation by impacting a comet onto the
white dwarf companion of the neutron star is discussed further in section 3.3.1.

3.1.2.2.1. Unstable Accretion of Interstellar Matter
Lipunov et al. (1982) propose that interstellar material can accumulate as an envelope of matter

in the magnetosphere of a highly-magnetized neutron star. When enough matter has accumulated, the
envelope becomes unstable and accretes quickly onto the poles of the neutron star, releasing - 107 ergs
of gravitational energy. The accretion rate, and therefore the recurrence time, is very sensitive to the
neutron star velocity. Slower neutron stars will accumulate mass more quickly than faster ones and will
therefore recur more often. LApunov estimates a recurrence time of (0.1 years)*(O.IV) 3, where V is the
neutron star's velocity in knVsec. According to this model, then, a neutron star with V-100 km/sec will
therefore recur every "100 years.

3.123. GRB Emission from the Detonatiou of Accreted Matter
Woosley and Wallace (1982) and Fryxell and Woosley (1982) propose models of GRB production

in which matter accreted onto a neutron star from a companion star or accretion disk ignites explosively
to create a gamma-ray bunt Matter (mostly hydrogen) accreting from an accretion disk onto a neutron
star accumulats on the surface of the neutron star and fuses non-explosively into helium. The accreted
matter can collect in a kilometer-sized area , either due to the funneling of the matter onto the poles of
the neutro s by the strong magnetic field or due to the presence of "wrinkles" in the magnetic field
at the neutron star surface (Woosley and Wallace, 1982). The accreted hydrogen and helium form a
"blister" on the surface of the neuton star. The blister measures tens of meters deep and has a surface
are of the order of - 1-10 km:2. The matter in the blister will tend to spread over part of the neutron star
surface: the extend of the spread determines the total mass of the blister at the time of detonation, and
so the energy of the bunt. When the pressure and temperature at the base of the blister reach the point
where helium at the base of the blister undergoes runaway thermonuclear fusion, a blast wave of fusion
propaates through the blister, releasing 1038-10 T ergs in y-rays per km2 of accreted matter. The hot (T
; =1 0#-10O *K) plama thrown up by the explosion interacts with the magnetic field of the neutron star,
creating the GRB.
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It should be noted that matter accreting onto the surface of a neutron star will emit X-rays.
Depending on the distance to the source and the mass transfer rate, these X-rays may be detectable at
the Earth. According to Rappaport and loss (1985, equation 4), the quiescent X-ray flux of ORBO 16-
29 (10-13 erg/cm2/s; cf. section 2.2.3) is such that the recurrence time between bursts is 4x105 years if
the soume is at 100 pc, 3500 years at I kpc and four months at 100 kpc, assuming isotropic emission.

Application of this model to GRB0116-29 (19 November 1978) presents some difficulties. The
apparent detection of two bursts from this source within 50 years imply an accretion rate which would
create the detected X-ray flux if the source is at a distance of "8 kpc* On the other hand, a total burst
energy of - 10 ergs places GRBO116-29 (fluence - 3.2x10 "4 erg/cm2 ) at a distance of 50 pc from the
Earth. Since all models of optical radiation from GRBs favor a local (d < 100 pc) population of GRB
sources, it is probable that either this model does not apply to GRB0116-29 or the X-ray flux is from a
serendipidious source in the error region of GRBO1 16-29.

3.1.3. GRB Emission from Phase Changes inside a Neutron Star
A phase change inside a rotating neutron star is usually seen as a starquake accompanied by a

release of energy from the neutron star. Pulsar "glitches", where the period of a pulsar changes sud-
denly and discontinuously, are thought to be associated with some change in the physical state of the
neutron star. The amount of energy release in a neutron star glitch is roughly E t(AP/P), where AP is
the change in the neutron star rotational period P. Pulsar glitches have been observed at intervals of

10 year, so each glitch model would allow recurrence times of the order of 10 yeas.

In pulsar-glitch models of the production of ORBs, the starquake in the neutron star causes a sud-
den change in the magnetosphere of the neutron star, which creates a strong electric field near the neu-
tron star surface. This electric field pulls charged particles from the surface of the neutron star, which
than radiate in the neutron star magnetosphere. The fraction of the energy released by the glitch that
appears in fast particles and the total energy radiated in y-rays is model-dependent.

Several theories of GRB production from starquakes have been proposed, with different results.
Mitro(anov (1984) has calculated that a starquake in an old par could release of the the order of 10
ergs of the gravitational energy of the neutron star (- 1013 ergs), based on the assumption that the
change in the neutron star period is accompanied by a change in the neutron star radius, and that A/P
= R /R . Pacini and Ruderman (1974), on the other hand, calculate total energies of -I0's ergs,

assuming Ie GRB derives its energy from the rotational energy of the neutron star (Etm = 1045
erg for a neutron star with a period of 6s).

The staniuake model of ORBs are, in principle, capable of creating the short risetimes (10-500
ms) seen in GRBs. If the source of the GRB energy is the rotational energy of the neutron star, the
characteristic timescale of radiation of energy is the time needed for an Alfven wave to cross the neu-
tron star magnetsphere, which is about 1 ms (Lamb, 1984). If the energy source is the gravitational
energy of the neutron star, the characteristic timescale of energy conversion is the orbiting time of a
particle just above the neutron star surface, which is "0.1 ms (P. Joss, private communication).

Because of the six orders of magnitude difference in the burst energy predicted by the models of
Pacini and Ruderman (1974) and Mirofanov (1984), the mean distances to GRB sources predicted by
the two theories differs by three orders of magnitude. As a result, the two theories prefer different
some distributions: Pacini and Ruderman have proposed a local GRB source population, while
Shklovskii and Mitrofanov (1985) have proposed an extended-halo GRB source population based on the
model of Mitrofanov (see section 32).

*Aansi the X-rays are enitted ibotropkcaily ftrm the neua star if the esmmon occuns is a mall area on the surface of
the mumn sar, de digamce to the murce will decrease as the ratio of the emission area to the ares of the nawa. star. However,
any pfiflcana cancemutios of ension onto one spot on the surface of the neutroo mar would moat likely be noticed as the aeu-
troM Mar tau; yet, no repls of pulsation in the quiescent X-ray flux have been published.
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3.2. The Distribution of GRB Sources

Since GRBs are thought to originate near the surface of neutron stars, some insight into the space
density of ORB sources can be gained by an analysis of the space density of neutron stars. isotropy
arguments (section 2.1.4) point to a spherical distribution of detected ORB sources about the Earth.
The GRB sources are either close to the Earth (d < 100-300 pc) or in an extended halo about theGalaxy (d = 50 - 200 kpc).

The present best estimate of the rate of creation of neutron stars is -0.03 yr-1 (Shklovskii and
Mitrofanov, 1985). If this rate has persisted throughout the life of the Galaxy (- 10 0 years), there have
been N = 3x10' neutron stars created in our Galaxy. If only a fraction, f of these neutron stars
are responsible for ORBs observable by present instruments (perhaps because only a fraction of all neu-
tn stars can create ORBS, or perhaps because only a fraction of all neutron stars are close enough to
be detected in outburst), then there are fr,,N, observable ORB sources in the Galaxy.

If one can assign some sort of mean recurrence time, z , to ORBs as a population, then the
observed ORB detection rate (of the order of 30 yr" ) can"Ce compared with the exp- ted rate
fa ftS . From this comparison, it is clear that if every neutron star is a potential site 01 A detect-

1NdW(fon - 1), the mean recurrence time is - 1 years. On the other hand, if the recurrence time
of about one year calculated by Schaefer and Cline (1985) is correct, the value of forB is - I0-.IShklovskii and Mitrofanov (1985) point out that typical pulsar peculiar velocities ae high (- 100-
200 knits) and that, therefore, the galactic population of old pulsars is spherically distributed within
100-200 kpc of the center the Galaxy. It is not clear whether this statement can be made of neutron
stars in general. First, the observable pulsars make up only a small fraction (<I0%) of the expected
number of young (age < 106 years) neutron stars in the Galaxy. Second, Tremaine and Zytkow (1985)
have suggested four scenaria for the production of neutron stars with low peculiar velocities (cf section
3.12.2), implying that not all neutron stars are born with velocities typical of pulsars. Neutron stars as
a group have some intrinsic velocity function: the validity of the use of pulsars as a tracer of this func-
tion is questionable.

Shklovskii and Mitrofanov have used the arguments listed above and suggested that GRBs belong
to a class of "switched-off" radio pulsars. These old pulsars all have high peculiar velocites (>100
knits) and populate an extended halo about the Galaxy at a mean distance of 100 kpc. The old pulsars
create ORBs through the mechanism proposed by Mitrofanov (1984), described in section 3.2.3.3.
Shklovskii and Mirofanov suggest that high peculiar velocity, early pulsar activity and late GRB
activity are intimately related. only fast, old pulsars are capable of bursting. Because the fast pulsars
are far away from the plane of the Galaxy before they start their bursting phase, no nearby ORBs can
be expected. In this case, the value of f is just the fraction of all neutron stars capable of pulsar
activity and, therefore, of ORB activity. ithis value is roughly 0.05 (from the ratio of the number of
known pulsars to the number of neutron stars expected to have been created in one pulsar lifetime (- 10
years)), then there ae roughly 107 GRB sources; the average recurrence time is, then, - 5x 10' years.

On the other hand, perhaps most (>'50%) neutron stars are potential ORB sources, and the
observed ORBs are distributed close to the Earth. The fraction, f, of all neutron stars capable of ORBs
would be dictated by the mechanism of the burst: if, for example, all ORB source are in binary sys-
tess, then the value of f would be dominated by the fraction of binary systems which would allow and
survive the transformation of one member into a neutron star.

It is interesting to examine the specific case where T a I yr and f 10-7 * If all neutron stars
axe evenly distributed within 100 kpc of the center of le Galaxy, and-all neutron stars ame ORB
sources, then the nearest 10-7N ORB sources wv ld be located within 300 pc of the Earth. IffC = 10
yr, the distance scale increases to - 600 pc. Pacini and Ruderman (1974) have suggested that ORB
sources are distributed in a disk 2 kpc thick in the plane of the Galaxy. If the radius of this disk is 15
kpc, the nearest 300 ORB sources (corresponding to = 10 years) are located within 70 pc of the
Sun.

I
I
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3.3. Optical Radiation from Gamma-Ray Burst Sources

Since the discovery of transient optical radiation from outbursting GRB sources, several theories
have been published attempting to explain its existence. The number of theories has remained small to
date, much lower than the number of theories originally proposed to explain y-ray emission from GRBs.
The emission of optical light is much more strongly constrained by observations than the emission of
y-rays. Specifically, any theory of optical emission from GRBs must satisfy the following requirements:

1) The ratio of gamma-ray to optical fluence, F/Fo, must be of the order of 103.
This value was determined from the three archived optical flashes found by
Schaefer (1981) and Schaefer, et al. (1984a), assuming a short (<-5 second) opt-
ical burst time. This ratio could drop by a factor of several if the duration of
the optical flashes significantly exceeds a few seconds (Rappaport and Joss,
1985).

2) The quiescent blue magnitude of the object mB>23, based on various deep
searches of small GRB error regions.

3) The duration of the optical flash, 'r , must be less than - 500 seconds, based on
the limit of image trailing in the 0928 archived optical flash found in the error
region of GRBO1 16-29 (Schaefer, 1981).

The theories describing optical emission from GRBs describe the emission as being either 1) an
integral part of the burst emission spectrum, or 2) a by-product of the burst (such as in the absorption
of high-energy photons from the burst and their re-emission at optical wavelengths). Each of these
types of emission model brings new restrictions on the mechanism producing the optical radiation.

It has been noted by several workers in the field that if the mechanism of emission of optical
radiation is thermal, the radiation cannot be emitted at or near the surface of a neutron star because of
the neutron star's low surface area. (Katz (1985) calculated that the brightness temperature of the
archived 1928 optical flash was "1016 K (based on an estimate of mV=3 for C. -Is; if Cr - 500s, T is
still greater than 1015 °K). Because typical temperatures seen in GRBs are otlthe order io f 0 K, Katz
concluded that any mechanism producing optical radiation from the surface of a neutron star must not
be thermni in nature.)

Schaefer and Ricker (1983) calculated that if the optical emission process is thermal, the emission
must come from a region of radius Z 10' cm (for a GRB source distance of "50 pc) in order to be able
to explain the optical flux at the Earth. Katz (1985) also noted that if the optical light is the result of
thermal reprocessing of --rays from the burst in a neighboring object (a companion star and/or accretion
disk), the quiescent temperature of the reprocessing surface must be - 1600°K to be able to explain the
20 magnitudes difference between the quiescent and outburst visual magnitudes.

Several theories for the production of optical light from ORBs have been proposed to date:

(1) Tremaine and Zytkow (1985) noted that thermal optical and UV radiation would be produced by
the impact of a comet onto the surface of a white dwarf. This interaction would lead to
optical/UV bursts with no GRB counterpart.

(2) Woosley (1984) proposed that optical light could be produced by cyclotron radiation at a distance
of -10cm from a highly-magnetized, outbursting neutron star. Woosley's assumptions on the
structure and content of the neutron star magnetosphere are rather uncertain, yet are critical to the
details of his model. For this reason, Woosley states that his results are uncertain but that the
observational criteria could "in principle" be satisfied.

(3) London and Cominsky (1983) first investigated the reprocessing of y-rays from a GRB on a
main-sequence companion star. Their model, which did not work for a main-sequence
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companion, was improved by work of Rappaport and Joss (1985), whose model is able to explain
the observed characteristics.

All of these theories point to a local ( 100 pc) distribution of GRB sources. Some details of
these theories are listed below.

3.3.1. The Impact of a Comet onto a White Dwarf

An interesting possibility presented by the model of Tremaine and Zytkow (1985) is for the crea-
tion of GRBs from neutron star impacts of comets from a comet cloud about the neutron star (cf. sec-
tion 3.1.2). In the case of the formation of a neutron star by accretion of matter from a giant compan-
ion, impacts of comets onto the white dwarf remnant of the giant companion could give rise to bursts of
radiation in the UV and optical bands from the heated surface of the white dwarf. The gravitational
energy released in the impact is inversely proportional to the radius of the star impacted, so the ratio of
optical to y-ray burst energy would be RrWR w, or 10-3 , which is consistent with observations. Typi-
cal quiescent absolute magnitudes of white dwarfs of M-11-16 yield source distances of -250-2500 pc
(given that the minimum quiescent visual magnitude of a GRB source is "23). The intriguing aspect of
this theory is that optical and y-ray bursts would not be simultaneous, since comet impacts onto the

white dwarf are independent of impacts onto the neutron star. The impact rate onto the two stars would
be comparable, so the -ray and optical burst rates from the system would be comparable.

This theory can also easily be extended to solitary white dwarfs which have retained their Oort
cloud. The same analysis of event rates applies to a solitary white dwarf as to a solitary neutron star.
the average impact rate is - 10.1 yr1' , with periods of comet storms when an average impact rate of -1
yr" can easily be achieved.

3.3.2. Self-absorbed Cyclotron Emission

Woosley (1984) proposes that optical radiation emitted from a GRB is cyclotron radiation intrin-
sic to the GRB itself. In his model, gamma-rays from the burst strike and accelerate electrons in the
neutron star magnetosphere (whether from a burst wind or from accretion). These electrons then gyrate
in the magnetic field of the neutron star and emit cyclotron radiation. The v-ray emitting region near
the neutron star is optically thick to the cyclotron fundamental frequency and its first "100 harmonics,
leading to self-absorption of the cyclotron radiation. Due to Doppler smearing of the lines and the
magnetic field gradient (assuming a roughly dipole magnetic field about the neutron star), the emitted
radiation is the Rayleigh-Jeam tail of a blackbody spectrum, spanning the energy range from the cyclo-
tron fundamental to the "100th harmonic.

In a dipolar magnetic field with surface strength of - 1012 Gauss about a neutron star, the cyclo-
tron energy at a distance of 10' cm is 0.046 eV (27 tun), so the emitted spectrum, which spans a factor
of "100 in energy, covers the range of 2700 A to 27 pm, which includes the optical band. With this
model and taking into account the large uncertainties in the magnetic field strength and distribution and
the electron density distribution about the neutron star, Woosley states that the observed ratio of F F
of "101 could be achieved. The duration of the optical flash would be the same as that of the GRB
(c 100s), and the intrinsically faint neutron star satisfies the criterion of a faint quiescent source.

Because of its general applicability, the Woosley model of optical radiation from GRBs should be
valid in any case i.e., optical radiation should be emitted from virtually every GRB at some level. The
validity of the application of this model to the optical transient events detected to date depends on
whether he observed ratio of FYTF* can be achieved.

3.3.3. Reprocessed Gamma-Radiation

London and Cominsky (1983) have proposed that optical radiation could be produced by the
reprocessing of GRB ?-rays in a close companion star. They have roughly calculated the brightness of
the absorbing surface of a close (separation - 1011 cm) main-sequence or white-dwarf companion.
They concluded that although this scenario would indeed produce optical light, it was inadequate toexplain te observed quiescent criteria. Specifically, they found that their proposed binary companion
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object was too bright and should be detectable if it were a main-sequence star or white dwarf. (As a
reference, a star of mv - 23 at a distance of 100 pc has an absolute magnitude of 18. Typical white
dwarfs have absolute magnitudes of 11-16 and main sequence stars have absolute magnitudes of up to
M 9).

Rappaport and Joss (1985) improved on the analysis of London and Cominsky by considering a
low-mass brown dwarf as a companion. They found that this system could produce optical radiation
which satisfied the observed criteria over a range of companion masses, burst energies and source dis-
tances. Their model favors a companion mass of Mc<0.05 MIe quiescent temperature T..w <1800*

and b t 10 ! < v from. to <-250 pc for Schaefer's

3.4. Discussion

The previous sections have outline the various theories for the production of V-rays and optical
bursts. Many possible stellar systems were proposed to explain GRBs and optical transients. However,
only a few stellar systems were able to act as the source of both GRBs and optical transients. These
scenaria are the most important for instruments such as the Explosive Transient Camera, since one can
hope to learn about ORB sources from optical transients directly associated with the GRB itself.

The model of optical radiation from ORBs proposed by Woosley predicts optical burst radiation
from virtually all GRBs, regardless of the GRB production mechanism. The optical burst would have a
duration comparable to that of the GRB, and the optical light curve would be very similar to the )-ray
light curve, after accounting for the smearing of the optical light curve features ore the larger optical
emission region. The Woosley model of optical radiation from ORBs would therefore predict optical
transients of short duration (a few seconds) with light curves that track the y-ray light curve well.

On the other hand, the models of Rappaport and Joss (1985) and Tremaine and Zytkow (1985)
both predict optical burst durations of tens to hundreds of seconds. All of these models require y-
ray/optical burst sources to be in binary systems. The only scenario of the model of Tremaine and Zyt-
kow that allows GRBs and optical transients from the same binary system places the neutron star in a
wide binary orbit with a white dwarf. The optical and y-ray bursts are created by the impact of a comet
with the white dwarf and the neutron star, respectively. In principle, of course, the y-ray burst could be
created by many of the y-ray production mechanisms described above. The model of Rappaport and
Joss puts the neutron star in a close binary orbit with a low-mass dwarf star. In their model, ORBs are
created by virtually any mechanism described in section 3.3. The optical radiation would be y-radiation
from the neutron star, reprocessed in the surface layer of the companion star.

Both optical reprocessing models predict similar optical burst durations, consistent with the upper
limit of Schaefer (1981). The model of Rappaport and Joss predicts optical burst duration of <S00s. In
order to satisfy the constraint of FP/ = I0", the model of Tremaine and Zytkow predicts that the tem-
perature of the white dwarf surface during outburst is "9000* K, so that most of the thermal energy of
the burst emerges in the blue band. In that case, the burst duration would be "100s (based on a total
burst energy of 0P ergs and a white dwarf radius of 10' cm).

Both of these models explicitly predict that the y-ray and optical burst rates from such systems
should be sindlar. The main difference between the models is the timing of the y-ray and optical
bursts. Woosley (1983) and Rappaport and Joss (1985) predict simultaneous optical and y-ray bursts,
while Tremaine and Zytkow implicitly predict independent GRBs and optical transients. The prediction
of the model of Tremaine and Zytkow that isolated white dwarfs will not be able to differentiate
between the models, since the calculated optical transient rate from solitary white dwarfs is very low
(see Chapter 10).



CHAPTER 4

The Concept of the Explosive Transient Camera

Introductioni The discovery in 1981 of an apparent optical transient associated with a gamma-ray burst error

region (Schaefer, 1981) sparked the interest in trying to detect optical light from a GRB source in out-
bursL Specifically, it became clear that an instrument to monitor the full sky for optical tansient
events was needed to complement the y-ray detectors currently in operation in deep space. Data taken
from y-ray and optical transient detectors operating in parallel would provide useful information about
the nature and mechanism of GRBs.

In early 1982, George Ricker and co-workers at MT began the conceptual development of an
automated, wide-field instrument to detect celestial optical flashes from space. This instrument, dubbed
the Explosive Transient Camera (ETC), would be sensitive to increases of brightness of celestial objects
on timescales of 1-4 seconds. The design, construction and testing of a sub-unit of the plenary ETC
began in the Spring of 1983.

The ETC would be a very effective ground-based sky monitor, combining a large viewing solid
angle (- 1.5 steradians) with the large observing time available to a dedicated, automated instrument.
As a detector of celestial biightenings on timescales of 1-4 seconds, the ETC would investigate an
entirely new range of parameter space in astronomy, since most astronomical measurements are made
on timescales of minutes to hours (standard imaging or spectroscopic observations) or milliseconds
(photometric studies with photomultiplier tubes). It is quite possible, therefore, that the ETC may
detect optical transients with no astrophysical precedent.

The following chapters describe the ETC test instrument and the operations of the ETC in detail.
This chapter discusses the ETC as it will stand in its final configuration; a description of the operation
operation of the ETC will follow in Chapter 5. Chapters 6 through 9 describe the test instrument and
the details of the software-controlled operation, data flow and instrument control in the ETC.

4.1. The Plenary ETC
The plenary ETC will consist of 32 CCD cameras monitoring the night sky. Each CCD camera

consists of a wide-field lens illuminating a cooled CCD, resulting in a 15° x 20° field-of-view. The 32
CCD cameras will monitor 16 15° x 200 fields: two CCD cameras will monitor a given patch of sky. In
this way, the ETC will operate in coincidence: no optical flash detected in one camera will be con-
sidered real unless confirmed by the detection of a flash at the the same celestial coordinates in the
other camera monitoring the field. Operating the CCD cameras in coincidence virtually eliminates the

possibility of the detection of false optical flashes due to local effects, either in the CCD or in the
immediate vicinity of the cameras.

The two sets of 16 CCD cameras will be located on two sites separated by - 1.5 km on Kitt
Peak, near Tucson, Arizona. (Site I is located on the summit of Kitt Peak; Site 2 will be located on
the southwest ridge of Kilt Peak, near the picnic area and the NRAO 12m telescope: see Figure 4.1).
Sources of optical flashes located in the Earth's atmosphere can be recognized by virtue of the parallax
afforded by the distance between the two sites. The precision of localization of an optical flash by an
ETC camera is 1.5 arc-minutes, sufficient to recognize (and reject as non-celestial) sources of optical
flashes at altitudes of up to 3000 km.
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Site 2-o Site 1:

16 ETC Cameras 16 ETC Cameras
RMT

Intersite communications link
(Fiber-optic cables)

4. 1.4km

Figure 4.1: The proposed layout of the full-up ETC at Kitt Peak. Site 1, presently
the location of the ETC test unit, is the former Airglow Laboratory and
Twelve-Inch Schmidt Dome on the summit of Kitt Peak. Site 2 is to be
located on the southwest ridge at Kitt Peak, several hundred meters
east of the sites of the NRAO and McGraw-Hill telescopes. Intersite
data flow will likely be over fiber-optic cable. The Rapidly Moving
Telescope (RMT) will be located in the refurbished Airglow Laboratory
adjacent to the ETC dome at Site 1. Through the use of two sites,
terrestrial sources of optical flashes (such as satellites and meteors)
can be eliminated by the use of parallax afforded by the separation
between the sites.
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4.2. ETC Observations

The sixteen cameras at each site will be mounted on two sidereal drives, which will track the sky
in order to avoid the smearing of stellar images (see Figure 4.2 for an illustration of the layout of eight
ETC cameras on one tracking drive). Each set of eight cameras will begin observations at a predeter-
mined hour angle east of the meridian and monitor the sky for about two hours. The drives will then
slew back to their original hour angles and monitor a new patch of sky for the next two hours.

The plenary ETC will be entirely automatic. Operations will be initiated by a human user: the
ETC computers will then be in complete control of the the ETC instrument and operations. The ETC
will operate between evening and morning astronomical twilight, and then only under photometric or
nearly-photometric conditions. The continuous monitoring of weather sensors near each site will allow
the ETC control computer to know whether precipitation is present or imminent and thus whether the
protective dome should be closed or not opened. The ETC will be able to tell whether the sky is
cloudy from an analysis of stellar brightnesses in the CCD camera images; thus, the ETC will be able
to judge the quality of the night sky and from this, to be able to determine whether observations should
commence or continue. Synthesized voice communication will allow for telephone calls for human
assistance or intervention if required.

Observations with the ETC consist of a series of contiguous, short (1-4 second) exposures of the
night sky. The observations are controlled and directed by a small, powerful microprocessor known as
the Overseer computer; the real-time analysis of ETC image data (at a rate of 105 bytes/camera/second)
is done by a Trigger processor associated with each camera. The plenary ETC will consist of one
Overseer computer, 32 CCD cameras and 32 Trigger processors analyzing CCD image data in parallel.
During observations with the ETC, all CCD images are read out simultaneously at regular intervals of
1-4 seconds. Since the duty cycle of the ETC is 100% (i.e., a new integration in each CCD commences
immediately after the readout of an image), the ETC computer system must complete its analysis and
storage of image data in less than an exposure time. When the exposure time of an image has expired,
the CCDs are read out in parallel: the output of each CCD is amplified and digitized and sent to a dedi-
cated Trigger processor, which analyzes the image for sudden brightenings by an arithmetic comparison
of the imag to its immediate predecessor. The location on the CCD of any optical flashes detected by
a Trigger processor are sent to the Overseer computer, which calculates the celestial coordinates (right
ascension and declination) of the event from its location on the CCD. After all Trigger processors have
finished image analysis, the Overseer computer compares the celestial coordinates of the events reported
by the Trigger processors during the last analysis period. If the Trigger processors associated with a
pair of cameras pointing at the same patch of sky report events from the same celestial coordinates (to
a programned precision), the reports are considered to have come from a true celestial optical flash.

In the time between the end of the analysis of the image data by the Trigger processors and the
readout of the images being exposed concurrently, the Overseer computer will record and analyze data
from any celestial flashes detected in this or previous images. The data stored from a flash are taken
from both cameras detecting the event, and include 30'x30' image subarrays centered on the flash and
on several photometric standards near the flash. These data are moved from the Overseer computer's
volatile memory and stored on magnetic tape at regular intervals. If, in subsequent exposures, the
Overseer computer determines that the brightness of a flash has returned to its quiescent level or has
subsided below the detection threshold of the ETC, it will no longer store data from that flash event.

The celestial coordinates of any confirmed celestial flash will be sent upon detection to the
Rapidly Moving Telescope (RMT; Teegarden, et al., 1984) (presently under construction at the Goddard
Space Flight Center), which will be located in a building adjacent to the building housing ETC Site 1.
The RMT (see Figure 4.3) consists of a 7" telescope pointing down at a two-axis gimballed mirror,
capable of slewing to any spot on the sky within one second with an accuracy of one arc-second. The
RMT, with a one-second image sensitivity of m, " 14 (10Y significance), will take contiguous <Is expo-
sures of the event and store data from the event until the brightness of the event drops below the detec-
tion threshold of the RMT.I



Figure 4.2: A schematic layout of the future ETC tracking mount, showing
four of eight CCD cameras.
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Figure 4.3: Cross-sectional view of Rapidly Moving Telescope (RMT) presently
under construction at the Goddard Space Flight Center. The two-axis
gimballed mirror can slew to any part of the sky within one second with
arc-second accuracy. Light is reflected from the mirror into the aperture
of a standard 7" Questar telescope and then focussed onto a
thermoelectrically-cooled CCD. The field of view of theRMT isI5x8 arc-minutes. The sensitivity of the RMT is m = 14 in a one-second
exposure (ten sigma level-of-confidence).I

I
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4.3. The Sa/hVIty o th. Plery ETC
The sensitivity of the ETC can be described in two ways: 1) the sensitivity of a single camera in

imaging the sky and 2) the sensitivity of a single camera to the detection of an event. The sensitivity
of an ETC camera as an imaging device is given by the equation

Sqj = ($ 01 BT)" (4.1)

wher% is the significance of the detection in a single camera,
S is the signal at the CCD (in electrons)
OR.is the CCD readout noise (in electrons/pixel),
B is the sky rate per pixel at the CCD (in electrons/second/pixel)
T is the exposure time (in seconds)

An image of signal S electrons in one CCD pixel will be detected at a signal-to-noise ratio q in a CCD
camera of readout noise OR and sky brightness BT.

The sensitivity of the ETC to the detection of a brightening in a CCD image frame differs from
the qi because a difference measurement from two image frames is necessary to detect a brightening.
Because both images have an associated sky noise and readout noise, the total noise associated with the
difference between the images is larger than the total noise associated with a single image. In the cal-
culation of the total noise of the difference of two images, the sky and readout noises must be taken
into account twice. The formula for the significance of a difference detection is, then,

AS
qd = (AS + 2al + 2f1:)% (4.2)

where q. is the significance of a difference detection in a single camera, and AS is the signal level (in
electrons) above the sky+bias level in the CC. (This equation is a specific instance of equation 11.1
for the situation where the star is not visible before the event).

In order to relate the detected signal S to stellar magnitudes, one must have a complete under-
standing of the effects of absorption due to the various media between the star and the CC). A star
which is seen as N photons/s/cm21A at the top of the atmosphere will be measured as
eeA,e e,NAAX? electrons at the CCD, where !,, er, and e are the transmissivities of the atmo-
sphere, Cter, lens and window, respectively; ec is the efficiency of the CCD (in e'photon); e, is the
averaged effect of the reduction of overall lens transmissivity due to vignetting; A is the area of the
lens; and AX is the bandpass of the filter (in A). When the fact that the point-spread-function of the
lens spreads the image charge over several pixels is taken into account, the number of electrons in the
peak pixel of a stellar image is eeAe e eNAAM, where e is the fraction of a stellar image in the
highest pixel of the image (see Figure .4 for a schematic illustration of the transmissivity of the ETC
CCD camera system). Thus, given a detected signal of S electrons above the sky+bias level in a CC),
the value of N can be calculated as N - S/e e e e e AAX?. For visual magnitudes, the value of N can
be rehod to m, by the formula N - 1.05xl k n", 4 ,.,,A.

The sky rate, B electrons per pixel per second, can be calculated from the sky brightness, H
ph ot cm2lju"Z/A, as B - eee,e.AHCMA)X elecuons/pixel at te CCD, where AQ is the solid angle
subtended per pixeL The value of Vis 2.35x10' in V-band (SOO0A to 6000A).

The values of the above variables projected for the full-up ETC are tabulated in Table 4.1 along
with the expected ETC threshold sensitivity to detected evenS, as calculated from equation 4.2. The
plenary ETC can be expected to detect a flash at a signal-to-noise ratio of 10 at visual magnitude mv -
10.3 in a one-second exposure and at 11.3 in a four-secone exposure. (A 10oa flash detection in the
ETC is achieved by 7a flash detections in each of two cameras in the ETC; a 7a flash detection
corresponds to a level of confidence of 0.9999997 in a single pixel (this level of confidence does not
correspond directly to that given by Gaussian statistics: cf. Chapter 11 and Figure 11.3)). Note from
Table 4.1 that de a poserir signal-to-noise ratio of a detected event is greater than the detection
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(see Chapter 11).
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signal-to-noise ratio, because the signal electrons from the full stellar image can be taken into account.
These a poenrori detection sensitivities are also listed in Table 4.1, under "full image sensitivity".

4.4. The Sky Coverage of the Plenary ETC

The ideal arrangement of the ETC's sixteen 15x20 degree fields-of-view on the night sky is one
that maximizes the observed solid angle coverage of the CCD cameras while minimizing atmospheric
effects. The total solid angle is maximized by minimizing the overlap of adjacent fields. Atmospheric
effects, which include a reduction of atmospheric transmissivity and an increase in image and field dis-
tortion, increase with zenith angle. Atmospheric effects are, in general, minimized by minimizing the
mean angular distance of all fields-of-view from the zenith.

The mapping of the sixteen ETC fields-of-view is dependent on the structural constraints of the
ETC instrumentation. The sixteen cameras at each site are divided into eight pairs: each pair of cam-
eras is structurally required to point at the same right ascension. The relative right ascensions of all

CHARACTERISTICS OF THE CCD CAMERAS OF THE PLENARY ETC

Symbol Value

Focal length F 25 nun
f-number f 0.85
Area A 6.8 cm2

Anuasize a9.55 ,z

Bwapas AX 4500A -7500A
Sky brightness H 2.4x 104 ph/cm2/s/A
Atmospheric tranmissivity ea 0.85
Filter tranmissivity er  1.0 (no filter)
Le tranmissivity ea 0.8
Window tranmissivity e. 0.95
CCD efficiency e, 0.53 e/photon
CCD gain 1/g 12 e'adu
CCD readout noise " 25 e"
Stellar image splitting e. 0.7

10e event sensitivity (Is) 10.3
10O event sensitivity (4s) 11.3
10O event sensitivity (10s) 11.8

10 full imnage sensitivity (Is) 10.7
10 full image sensitivity (4s) 11.7
10a full image sensitivity (ls) 12.2

Table 4.1: Optical Characteristics of Plenary ETC
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Figure 4.5: Possible layout of the plenary ETC camera fields-of-view on the
night sky. The view shown is a zenith projection from Kitt Peak.
Coordinates inside each field are the coordinates of the field
center. Each field-of-view has an angular size of 15 x 20 degrees.
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pairs is continually variable, as is the declination of each individual ETC camera.

The problem of finding an analytic method to find the ideal orientation of the fields-of-view was
presented to a graduate mathematics seminar led by Professor Dan Kleitman, the chairman of the
mathematics department at MIT. This group concluded was that a simple analytic solution was not
possible: they suggested that an adequate solution could be found by trial-and-error, mapping the
fields-of-view onto the night sky by hand according to the structural constraints. Figure 4.5 shows the
result of such a trial-and-error analysis: the proposed layout of the sixteen ETC camera fields-of-view.

4.5. Survey Capabilities of the Plenary ETC
The ETC will operate under photometric conditions during dark and grey time (in the period

between third and first quarters of the Moon) at Kitt Peak. Thus, the ETC could potentially observe
180 nights per year. Given that the mean night is nine hours long, if half of these nights are clear

enough to allow observations, then the ETC will observe roughly 820 hours per year. Combining this
with the observed ETC efficiency of -75% (see Chapter 11) leads to the estimate of the time the ETC
is actually observing per year of 616 hours. The total observing solid angle of the plenary ETC is 16 x
2820 - 451202 = 1.37 steradians. The total actual solid-angle-time product of the plenary ETC, taking
all above considerations into account, is 850 sr-hours per year.

An estimate of event rates from known sources of celestial optical flashes can be made form the
estimate of the observing time per year of the plenary ETC and the analysis presented in Chapter 10.
Specifically, the value of 850 sr-hrs observed per year yields direct estimates of event rates from Figure
10.6. Given the sensitivities of event detection listed in Table 4.1, the ETC can be expected to detect
optical flashes from GRBs at a rate of 0.5 per year for one-second exposures, 4 per year for four-second
exposures and 8 per year for ten-second exposures* In addition, the ETC should detect 14, 420 and
3800 flare stars per year in one-, four- and ten-second exposures, respectively, assuming a mean flare
risetime of 30 seconds (see Chapter 10).

Amumning the durtimo of the optical but to be five secoads.
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CHAPTER 5

ETC Operations

I
Introduction

The plenary ETC is intended to be a completely independent, automated instrument completely
under computer control. It must be able to think and react with the flexibility of a human observer, but
more quickly and more consistently. In addition, the operation and data storage of the ETC must occur
smoothly and efficiently. As a result, controlling software for the ETC instrument is quite complex.
Through its interactions with the peripheral computers, the ETC software must control every aspect of
ETC operations. In addition, it must operate in a fashion that assures that any and every failure mode
which we can possibly anticipate is rendered "failsafe"

This chapter is intended to give the reader an overview of ETC operations, ranging from the
highest (day-to-day) level to the lowest (second-to-second) level. (Extensive details of the ETC
software are given in chapters 7, 8 and 9.)

5.1. ETC Instrument Control

All aspects of ETC operations are controlled by computer. In the plenary ETC, the control sys-
tem will be set into operation by a human user, and then operate for months at a time with no
significant human interaction. The only exceptions to this complete computer control are 1) when the
system detects an instrument failure and requests human help, 2) the periodic replacement of magnetic
storage media and 3) the periodic cleaning of optical surfaces.

The computers controlling the ETC are divided into three distinct units. Each computer has a
specific set of tasks and works independently of the others. The master computer is a small, powerful
Motorola 68000-based computer known as the Overseer computer. The Overseer computer is responsi-
ble for controlling and coordinating ETC operations and thus is in a very real sense the "brain" of the
ETC.

The Overseer computer controls ETC hardware operations and data flow through two sets of slave
computers. The first, the Instrunent Control Electronics (ICE), is the Overseer computer's link to the
system's CCD cameras and most of the ETC instrumentation. The ICE is truly a slave computer, hay-
ing no independent control over any part of the system: it simply executes commands given by the
Overseer computer.

The second, the Trigger prcessor, on the other hand, is more of an "idiot savant": its primary
responsibility is to analyze incoming CCD data quickly and efficiently. Each Trigger processor
analyzes data from a single ETC camera the plenary ETC will therefore include 32 Trigger processors.
Each Trigger processor accepts successive images from its associated canma and examines them for
flash events. Any potential events detected by a Trigger processor is reported to the Overseer computer
at the time of detection.

ETC operations consist of the reading out and analysis of contiguous, precisely-timed exposures
of the night sky. Data flow in the ETC is initiated by the Overseer computer, which, at the end of an
exposure, commands the ICE to read out all CCDs. The CCD image data is amplified and digitized in
the ICE and then sent to the Trigger processors, which analyzes the image for any significant brighten-
ings by, among other things, comparing it to the preceding exposure. Reports of brightening are sent
from the Trigger processor to the Overseer computer over RS-232 serial link, while image data is
transferred over a custom high-speed serial link (HSSL) at a rate of 250 kpixels/second. After the3 analysis and any data storage are completed, the next image is read out for analysis.

24
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5.2. A Typical Observing Night

A typical observing night for the ETC is moonless and nearly photometric, and is about nine
hours long. The ETC begins operations shortly before astronomical twilight, when an on-board clock
alerts the Overseer computer that it is time to observe. The Overseer computki then commands all
sidereal drives to slew to their designated starting points, generally two hours east of the meridian, and
then to begin tracking the sky. The Overseer computer then checks all weather sensors to make sure
that it is safe to open the protective dome. If so, the Overseer computer opens the dome with a com-
mand to the ICE (a flow diagram of the setup operation is given in Figure 5.1).

Once the dome is open, the Overseer computer analyzes images of the night sky for patchy
clouds or an extended cloud cover, since any clouds in the field-of-view can create false optical flashes
by briefly covering a star in an ETC field. The Overseer computer compares the brightnesses of stellar
images in a CCD exposure to their expected brightness: if the transmissivity of the atmosphere is high
enough (>'80%) and if no individual stars are significantly dimmer than expected (e.g., due to patchy
clouds), the Overseer computer initiates observations.

A single observation cycle consists of monitoring a given patch of sky for about two hours, after
which the sidereal drives will be commanded to slew back to their initial position. A new observation
cycle then begins, with all cameras observing a new patch of sky. This method assures that the cam-
eras will always be observing at or near the meridian, so that the effects of atmospheric extinction are
minimized.

5.2.1. An Observation Cycle

An observation cycle consists of a series of short (1-4s) contiguous exposures of the night sky
taken simultaneously by all CCD cameras. (A flow diagram of an exposure cycle is given in Figure
5.2; a timing diagram of an ETC exposure can be found in Figure 5.3). The exposures are timed by the
Overseer computer's high-precision countdown timer (the frame timer). Near the end of an exposure,
the Overseer computer notifies all Trigger processors that data transfer is imminent. When the frame
timer expires, the Overseer computer commands the ICE to read out all CCDs. The CCD images from
each camera are transmitted to the corresponding Trigger processor each Trigger processor then
analyzes its image for brightenings by, among other things, comparing the image to its direct predeces-
sor (see Chapter 8 for details). Any potential flash candidate noted by a Trigger processor is reported
to the Overseer computer in the form of a candidate report, which lists the location on the CCD of the
potential flash. The Overseer computer converts this location to celestial coordinates, and stores the
coordinates in a table. By comparing the celestial coordinates of all candidate reports from a given
exposure, it can use a coincidence requirement to determine whether a legitimate celestial flash has
been detected.

Any confirmed celestial flash is added to the Overseer computer's active flash list. In the time
after the analysis of a set of images by the Trigger processors and before the next set of images is read
out, the Overseer computer collects and stores image data from each flash in the active flash list. This
data, which consists of small subways (9x9 pixels) centered on the locations of the flash and several
nearby poonietvic standards, is transferred from the appropriate Trigger processor to the Overseer
computer at the request of the Overseer computer. If the Overseer computer determines that a flash has
subsided to its pre-event brightness, it removes the flash from the active flash list: after this point, no
further data from the flash is collected.

The Overseer computer will report the coordinates of any confirmed celestial flash to the RMT
(see section 4.1.2), which will immediately slew to the coordinates of the flash and collect data from
the flash until the flash brightness has subsided below the detection threshold of the RMT.

This series of exposures will continue until the end of the observation cycle. The Overseer com-
puter will automatically interrupt the observation cycle periodically in order to a) check the sky condi-
tions by measuring atmospheric throughput, b) recalibrate the mapping of CCD location to celestial
coordinates (see section 7.1.4.2) and c) store onto magnetic tape any data taken in the last observing
perod.
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m Frame timer expires Sift timer expires

IThe Overser Computer
Reports of any events detected may use this time to

by a Trigger Processor acquire image data from
are sent to the Overseer computer the Trigger ProcessorsI I cI I' "
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It cFrame timer expiresm CDrou complete
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The Overee Computer sends
an *end-queries" command to
all Trigger Processors and
then commands the ICE to

read out all CCDs.

Figure 5.3: ETC exposure cycle timing diagram. This figure schematically describes
the sequence and timing of events during a single exposure cycle. Soon after
the CCDs are read out, each Trigger processor begins the process of analysis
(sifting) of the incoming CCD image data. Any event detected by a Trigger
processor are reported to the Overseer computer, which tabulates and correlates
them as they come in. Sifting continues until completion or until the sift time
expires, whichever comes first. After the sift timer expires, the Overseer
computer has time to request data from the Trigger processors. Immediately
before the frame time expires and the CCDs are to be read out, the Overseer
Computer issues an "end queries" command to the Trigger processors,
notifying them of incoming data. (See text for details).
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In addition, observations can be unexpectedly interrupted for the following re

1) Data has been taken from the maximum allowable number of flashes. If more
than a certain number of flashes (presently 6) are detected in any observing
period, the Overseer computer must interrupt operations in order to store this
data on magnetic tape.

2) The weather sensor reports impending precipitation. A protective dome is then
automatically closed and the Overseer computer halts operations.

5.2.2. End of the night

When the Overseer computer's onboard clock reports that the observing night is over (generally
shortly after morning astronomical twilight), the Overseer computer will shut the system down. The
last data are stored onto magnetic tape, the mounts are slewed to the meridian and locked into position
and the dome is closed. The Overseer computer can then proceed with any daytime activities, which
potentially include some further reduction of stored data, the analysis of cosmic-ray interactions with
the CCDs or the transmission via modem of collected data to MIT. Otherwise, the Overseer computer
waits for night to fall, when the cycle begins anew.
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CHAPTER 6

The ETC Test Instrument

I
Introduction

The completed ETC will consist of 32 CCD cameras and their associated hardware located at two
sites on Kitt Peak. The instrument described in this this thesis is a sub-unit of the plenary ETC,
intended to test the concept and design of the Explosive Transient Camera as a whole. The expansion
of this instrumentation to the complete, 32-camera ETC requires the construction of several copies of
this sub-unit and their integration with the ETC system as a whole.

The test unit is a four-camera "nmni-ETC" set up at Site I at Kitt Peak (see Figure 4.1). The test
unit is controlled by a complete Overseer computer (the same Overseer computer which will control the
plenary ETC). The CCDs and ETC instrumentation are controlled by a set of Instrument Control Elec-
tronics (ICE), which respond to commands issued over RS-232 serial link by the Overseer computer.
Image data from the four CCD cameras is analyzed for sudden brightenings by four parallel Trigger
processors, which communicate with the Overseer computer over RS-232 serial links. (A schematic
layout of the data and communications paths in the prototype ETC can be found in Figure 6.1). The
ETC sub-unit is completely functional, and through the Overseer computer and Trigger processor
software is able to conduct observations in a semi-automatic mode.

The ETC Test Unit

The ETC test unit was constructed between May, 1983 and October, 1984, at the Center for
Space Research's Balloon Laboratory at MIT. The test unit consists of four cooled-CCD cameras
mounted on a sidereal drive, sharing a common vacuum and cooling source.

The test unit's CCD cameras were based on an existing LN2-cooled CCD camera used in X-ray
experiments at MIT. As the ETC is intended to be a completely automatic sky-monitoring instrument,
the use of expendibles (such as LN ) which require daily human maintenance must be avoided. As a
result, a closed-cycle refrigerator, which can run unattended for months or years without maintenance,
is used to cool the CCD cameras.

Detailed design for several important elements of the ETC test unit was performed by DFM
Engineering, Inc., of Longmont, Colorado. The cameras, support structure and sidereal drive were all
constructed by DFM Engineering, Inc. The test unit's CCD cameras, each with a field-of-view of 150 x
20, are mounted on a single sidereal drive in order to track the sky during an observation. The inter-
face between the cameras and the drive is the manifold: the cameras are mounted to the manifold,
which in turn is mounted to the sidereal drive. The expansion probe of the closed-cycle refrigerator is
situated on the axis of the manifold. the CCDs in the cameras are kept at a temperature of -- 850C by
thermal contact to the expansion probe.

A picture of the ETC test unit is shown in Figure 6.2, and a sketch of the manifold and cameras,
giving views of the insides of both, is in Figure 6.3. A sketch of the ETC prototype building and the
layout of the instrument in the building can be seen in Figure 6.4. Detailed descriptions of each aspect
of these figures can be found in the figure captions and in the text of this chapter.

The following sections describe each part of the ETC test unit in some detail.

I
27I



CAMERA
A

Overseernsru n
Computer Control

Electronics B

TriggerC
Processors

D

Key:
CCD Clocking Signals

CCD Output Signals
High-Speed Serial Link (HSSL) 4

RS-232 Serial Link

Figure 6.1: A schematic view of the ETC test unit command and data
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Figure 6.3: Cross-sectional view of the ETC prototype instrument. View is
of manifold and four cameras, showing various aspects of
the instrumentation.
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6.1. The ETC CCD Camera
The ETC CCD camera consists of a cooled CCD placed at the focal plane of a 25mm lens. A

vacuum-tight aluminum camera body houses the CCD, its thermal-control heater unit, its protection
electronics and an output signal preamplifier. Signals from the Instrument Control Electronics (ICE)
reach the CCD through the connectors in the camera back plate. (A sketch of an ETC CCD camera is
included in Figure 6.3).

6.1.1. Camera Body Construction
The camera body is cylindrical, measuring 7" length by 6" diameter. Four bolts through the side

of the cam= body fasten the camera body to the manifold. Small (1.5 inch) holes in the camera body
and manifold at the camera/manifold interface allow the manifold and camera to share a common
vacuum cavity as well as create room for a thermal path from the CCDs to the cooling probe inside the
manifold.

The CCD rests on an aluminum cold sink, which makes thermal contact with the cooling probe
through a braided copper strap, as described in section 6.3. The temperature of the cold sink (and
therefore of the CCD) can be measured with a thin-film, temperature-sensitive resistor mounted on the
cold sink. The temperature of the cold sink can be raised by passing current through a 25 ohm, 10
Watt power resistor mounted on the cold sink.

A thin, Liangular aluminum plate with a rectangular opening for the CCD imaging area presses
the CCD against the cold sink, assuring good thermal contact. This triangular plate is mounted on a
structm of thin-wailed stainless steel tubing extending up from the back plate of the camera. The thin-
ness of the wall and length of the tubing create a large thermal resistance between the CCD and the
back plate.

Electrical connections to the camera contents are made through two hermetically-sealed connec-
tors in the back plate of the camera. A 32-pin connector feeds the CCD clocking signals, power to the
preamplifier and the signals to and from the CC) temperature sensor and heater from the ICE to the
CC camera. A 6-pin connector feeds the preamplifled CCD output signal out of the housing.

6.1.2. The ETC Optical System
The CCDs are Texas Instruments virtual-phase devices, consisting of an array of 390 x 584 22.3

pn pixels. They are divided into imaging and memory halves, and are operated in "frame-store" mode.
In frame-stoe mode, an exposure made in the imaging area can be clocked quickly (in a few mil-
lisaconds) into the memory area. TheM, as the first image is being read out into the processing circuitry
at a slower rate (in about 0.5 seconds), the imaging area can be collecting photons from the next expo-
sure, assuring a duty cycle of nearly 100%.

The camera lens used in the ETC survey is a commercial 25mm, tY.85 CCTV lens manufactured
by Kowa, Inc, of Jpm. It is a wide-field lens (focal plane scale - 2.3 degrees per millimeter) with a
large cicting ma (6.8 cm2) due to its low f-number. Its back-focal-distance, unfortunately, is quite
low (4.5 non), thereby requiring that the CCD imaging area be within 1.5 mm of the front plate of the
camera.

Th chromatic aberration of the lens allows good focus to be achieved only with the use of a
filter (typical A - 1000 A). Even then, the point-spread-function of the lens is such that a point source
is imaed onto two to four pixels at image center. The off-axis reduction in response of this lens is
also sis cant: the vignetting of the lens is "30% at an image radius of 5 mm. The average loss of
trnsmisivity over the CCD due to vignetting is "15%. Typical images made by the ETC are shown in
Figure 6.5.

6.13. The lateral Electromics of the CCD camera
CCD clocking signals entering the camera body pass through the internal protection electronics.

The protection electroics prevent voltage spikes on CCD clocking lines from reaching the CCD. The

I
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CCD output signal is fed directly into the preamplifier inside the CCD camera. The preamplifier has a
gain of "25, and its output travels to the analog signal processor board in the ICE through the 6-pin
connector in the camera back plate.

6.2. Manifold
The manifold is a hollow aluminum cylinder, 24" long by 4" diameter, flattened on two sides.

Two holes in each flattened side locate the camera mounting points. A unique design of the interface
between camera body and manifold allow for a continuous rotation of the cameras parallel to the
flattened face while holding vacuum, so that the declination of each camera is continuously adjustable.

The cooling probe of the closed-cycle refrigerator is located along the axis of the manifold. The
mounting flange of the expansion probe of the closed-cycle refrigerator mounts with an O-ring seal to
the southern end of the manifold. To prevent cantilevering, the northern end of the expansion probe is
supported by means of a short thin-walled stainless-steel tube (for a large thermal resistance) between
the tip of the probe and the end cap of the manifold.

The manifold is bolted to a short aluminum spacer which is bolted onto the disk of the sidereal
drive. The flexible hose from the cooling probe is wrapped once around this space to assure that the
stress on the hose from the motion of the drive is longitudinal, since the hose is very sensitive to axial
twists.

63. CCD Cooling System
The cooling probe is the expansion head of the MFC-100 freon-based closed-cycle refrigerator

manufactured by FTS Systems, Inc. The MFC-100 is a 1/2 horsepower, two-stage closed-cycle refri-
gerator, quoted to deliver "200 Watts of cooling power at -80 C. The MFC-100 pumps liquid freon
through a flexible line to the expansion head, where it evaporates and cools the head. The gaseous
freon returns along a second, parallel flexible line to the refrigerator's condenser.

Thermal contact from the expansion head to the CCD cold sinks is made at four points on the
expansion head which appear at the camera mounting ports on the manifold. Short (4") threaded
copper rods screw into tapped bosses on the expansion head and extend -2" into each camera housing.
A short metal strap completes the thermal path from the end of the copper rod to the CCD cold sink
(see Figure 6.3).

6.4. Vacuum System
The ETC camera and manifold system is kept at a pressure of "4x10"6 Torr by a 20 I/s Vacion

pump. Rough vacuum (75 microns Hg) is achieved using a standard LN2-trapped oil roughing pump; a
sorption pump reduces the pressure to "10 Tor, where the ion pump is safely started.

The pressure of the system is reduced significantly when the refrigerator is in use, since the
expansion probe acts as a cryopump, adsorbing many of the molecules leaking into the system. On the
other hand, when the electronics inside the camera head are powered up, the outgassing of the warm
elements of the electronics raises the pressure a small, but noticeable amount ( 2x le0' Tort).

The ion pump is mounted at the back of the sidereal drive. A flexible metal hose connects it to
the manifold. Vacuum access to the manifold is a 2.75" Conflat flange located at the southern end of
the manifold.

6.5. Sidereal Tracking Drive

The sidereal drive is a polar-mount tracking drive for small telescopes designed and built by
DFM Engineeng of Boulder, Colorado (this drive is in its concept a twin to the 2.4m telescope
recendy constructed at the McGraw-Hill Observatory on Kitt Peak). The unit has a 14" steel disk
which is friction-driven by one of the two rollers upon which it rests: one roller is driven by the track-
ing motor, the other by the slewing motor. The manifold bolts directly to the steel disk.
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The tracking drive motor is a standard 1 RPM DC motor. The rate of tracking can be varied by a
thumbwheel switch mounted on the drive. The slewing motor is a 0.88 amp Slo-Syn stepper motor,
which is controlled by a stepper motor controller circuit in the ICE. The maximum slewing rate is
greater than 40 degrees/minute. Both motors and the clutches associated with each are controlled by
the Instrument Control Electronics.

The angle of the friction disk about the polar axis can be measured through a synchro shaft
encoder mounted directly onto the southern end of the polar axis of the drive. The shaft encoder
delivers three 400 Hz signals, mutually 1200 out of phase, to a synchro-to-digital converter (SDC) in the
ICE. The SDC can calculate the absolute angle of the shaft encoder to 14-bit precision from the rela-
tive amplitudes of the three signals.

Electrical connections between the ICE and the tracking drive pass through a 14-pin cable. This
cable contains signals for clutch control, motor control, synchro input and output. The drive is powered
with standard 115 VAC; the stepper motor is powered by a 24 Volt, 6 amp power supply located near
the sidereal drive.

6.6. Thermal Analysis of the ETC
The operating temperature of the CCD is determined by the cooling rate of the closed-cycle refri-

gerator and the ambient warming of the chips and how each varies with temperature. The rate of cool-
ing is determined by the cooling power of the MFC-100 and the thermal resistance of the metal strap
between the cold copper rods and the CCD cold sink. The ambient warming of the chip is due to heat
gain through conduction and radiation from the walls of the camera. The final temperature of the CCDs
cannot be calculated exactly because the variation of the cooling power with final temperature is not
known. The various rates of heating and cooling are analyzed in Appendix F. This analysis shows that
the heat gain by the cold surfaces in the CCD cameras is insignificant when compared to the cooling
power of the MFC-100 at -80C. Therefore, the minimum temperature of the CCDs should be wellbelow -800C.

3 6.7. ETC Site 1
The ETC test unit is located in the former twelve-inch Schmidt observatory, a two-story circular

building on Kitt Peak, near Tucson, Arizona. The second story is covered with a 16' dome with a 42"
slit. The angle subtended by the open slit is -240, (as seen by the ETC cameras), which is slightly
smaller than a single ETC camera's field-of-view. Because the diagonal angular length of an ETC field
is 250, partial occultation by the dome can occur for some camera orientations. The ETC test instru-
meat views the sky through this slit: the dome is rotated at appropriate intervals to prevent substantial
occultation of a camera's field-of-view by the doe. For the plenary ETC, the dome will be replaced
by a roll-off roof to allow coverage of the entire night sky. Schematic views of the ETC dome and

contents can be seen in Figure 6.4.
The ETC instrument is mounted on a 2' x 2' concrete pier in the second story. The Instrument

Control Electronics and ion pump are located near the test instrument in the second story. The vacuum
roughing stages an located on the first floor and are plumbed to the upstairs vacuum through a network
of vacuum plumbing. The closed-cycle refrigerator is located on the first floor the flexible hose to the
cooling probe feeds through a 6" hole in the floor between.

The first floor is primarily occupied by the Overseer computer, Trigger processors and all user
peripherals (e.g. color graphics display, printer, terminals, magnetic tape drives, etc.). Cables leading to
the ICE ae fed through holes in the ceiling.
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Figure 6.5: Two ten-second exposures made with ETC camera C. The images
were made through a) the ETC 25 mm lens, as described in section

I6.1.2, and b) a high-quality 75mm lens. The vertical streaks visibile
in Figure 6.5a are due to a column defect in the CCD in camera C.,I
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CHAPTER 7

The ETC Overseer Computer

Introduction

The Overseer computer is a fast, powerful microcomputer that is the center of organization for
the ETC. It controls the ETC through software written in C. Through RS-232 serial links, the Overseer
communicates with and controls the peripheral instrumentation of the ETC. The Overseer computer is
capable, through its sophisticated control software, of making the ETC a completely automated observa-
tional instrument.

This chapter describes the Overseer computer hardware and software some detail. The full
complement of Overseer computer software is located in Appendix A.

7.1. Overseer Computer Hardware and Peripherals
The Overseer computer is a powerful microcomputer based on the single-board, Motorola 68000

microprocessor. It is the third "generic" computer developed and constructed at the Center for Space
Research at MIT for use in X-ray and optical astronomy. The Overseer computer consists of eight
Multibus computer boards, which, together, control the Overseer computer operation, data flow and
several peripheral units responsible for data storage and display.

The Overseer computer consists of the following hardware:

1) A PM68K 8 MHz, 68000-based CPU board.

2) A Rodime R0204 20 Mbyte, 5.25" Winchester disk.

3) A Konan Taisho disk-controller board, which controls the system's Winchester
and floppy-disk drives.

4) A Texas Instruments TMM40020-04 512 kbyte memory board, used as CPU core
memory.

5) A high-speed serial link (HSSL) receiver board, used for the high-speed (2
Mbits/second) acquisition of image data from the Trigger processors.

6) A second TMM40020-04 memory board, used as dedicated memory for the
HSSL

7) Two Central Data Corporation octal serial I/O boards. Through these boards, RS-
232 serial connections can be made to sixteen peripheral units, including termi-
nals, modems and other computers (specifically, the ICE and Trigger processors
- - see chapter 5). Data rates can be varied between 110 and 19200 baud.

8) An Omnibyte OB68K230 parallel 1/O board, which allows for communication
with any peripheral over parallel interface.

9) A Ciprico Tapemaster tape drive controller board, which controls the Cipher tape
drive used for mass storage of image data.
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10) An AED 512x512 color graphics monitor for the inspection of CCD image data.
Images are transferred to the AED over parallel interface.

11) A GC-1000 WWV receiver. The GC-1000 receives WWV signals and can com-
municate the time to the Overseer computer via serial link.

12) A Tandon 101-4 5 1/4" floppy disk drive.

13) A Cipher F880 1600 bpi streaming magnetic tape drive.

The Overseer computer runs Pacific Microcomputer's Unix Version 7 operating system. Pro-
grams written in C and 68000 assembler control all aspects of the Overseer computer. The high-speed
serial link (HSSL) receiver card, the only completely custom-built card in the Overseer computer, is the
receiving end of a high-speed data link developed at MIT. The transmitters are mounted on the
Triggers and are used to transfer image data to the Overseer computer at -250 kpixel/second. More
details on the Multibus HSSL can be found in section 8.1.2. The HSSL has its own 512 kbytes of

RAM for image data storage.

Three custom-built circuits on the OB6RX230's prototyping area play key roles in the operation
of the ETC. One circuit is used to transmit image data to the AED color graphics uniL A second cir-
cuit makes use of signals available on the OB68K230 board. These signals, when sent to a Trigger pro-
cessor, reset the Trigger processor to its start-up state. The third circuit taps a high-precision (4 ps)
timer on the OB68K230 board and makes it available to the Overseer computer for the precise timing
of CCD images (the frame timer).

7.2. Interprocessor Communication

The Overseer computer communicates with both the Instrument Control Electronics and the
Trigger processors in its execution of ETC operations. All communication with the ICE and the
Trigger processors takes place over RS-232 serial link at 4800 baud. The Overseer computer has the
control software for the ICE and the Trigger processors stored on disk: when necessary, the Overseer
computer downloads the software to the particular unit over RS-232 serial link. A schematic diagram
listing possible Overseer computer commands or requests to the Trigger processors and the ICE is given
in Figure 7.1.

7.2.1. Overseer computer-ICE communication

The primary communication between the Overseer computer and ICE is in the form of commands
to the ICE. Most Overseer computer commands to the ICE require no response from the ICE. In the
interest of time, there is no handshaking between the Overseer computer and the ICE in time-critical
situations (since the Overseer computer can generally establish independently whether a command to
the ICE was properly executed). The only situation where a handshaking by is used is to inform the
Overseer computer that a command which takes substantial time to execute (such as the slewing of the
sidereal drive) has been completed.

7.2.2. Overseer Computer-Trigger Processor Communications

Communications from the Overseer computer to a Trigger processor are divided into two types:
those during the analysis of image data by the Trigger processors ("sift" mode - - see section 8.3.1) and
those after the analysis, where the Overseer computer can make requests for data from the Trigger pro-
cessors ("query" mode).

Sift mode in the Trigger processors is initiated by a command from the Overseer computer
immediately before reading out the CCDs. In sift mode, the Trigger processors analyze incoming data
and report any events to the Overseer computer via serial link. The Overseer computer's job during sift
mode is to listen and wait for "candidate reports" and the analysis-ending "sift-termination report". (For

I
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more detail on Trigger processor analysis procedures, see Chapter 8). A single handshaking byte is
returned to the Trigger processor after every candidate report for efficiency.

After transmitting the sift-termination report, which marks the end of sift mode in the Trigger
processors, the Trigger processors are automatically in query mode and are open to requests from the
Overseer computer. The commands from the Overseer computer now take the form of requests for data
or organizational commands. The requests for data include:

I 1) Send an image subarray of any size from any part of the CCD.

2) Send 9x9 image subwrays from a predefined location corresponding to either a
flash or a standard star.

3) Send an entire image.

1 4) Send the row and column vectors whose vector sum make up the threshold image
(cf. section 8.3.2.1 and Appendix E).

I All image data is transferred to the Overseer computer over the high-speed serial link at 2
Mbits/second.

The orgaizational commands from the Overseer computer to the Trigger processors include the
following:

1) Assign to a given location (x,y) on the CCD a number corresponding to a standard
star image located at that spot on the CCD.

2) Calculate a threshold frame from the frame presently in memory (cf. section
8.3.2.1 and Appendix E).

3) Set the parameters used in the analysis of image data by the Triggers: sift time,
threshold offset, and brightened delta (see Chapter 8).

7.3. Overseer Computer Utility Routines
Overseer computer utility routines are larger subsections of the ETC Overseer computer software

which are too detailed to be included in the general overview of chapter 4, yet play a major role in the
operation of the Overseer computer during observations. A description of these routines follows.

7.3.1. Timekeeping
The Overseer computer has two system clocks. The first clock, associated with the CPU board of

the Oveneer computer, keeps year, month, day and time to a precision of 5 milliseconds. This clock is
used for recording the time of events. It can be set by the user or, via software, with the GC-1000
WWV receiver. The GC-1000 clock receives WWV time signals and can transmit the precise date and
time over RS-232 serial link on command. Thus, the Overseer computer can set the day-date clock
from information received from the GOC-1000 WWV clock.

The second system clock is used for timing CCD exposures: the Overseer computer's day-date
clock is inadequate for this task because of low precision and its long access time. For these reasons,
the 10 MHz clock from the Overseer computer's parallel I/O board (the OB68K230) is used for expo-
sure timing. The OB68K230's timer has a precision of 4 microseconds and can act as a countdown
timer, so that once the timer is set (for example, at the beginning of an exposure), it will count down
until the time has expired, and then restart itself. The Overseer computer only needs to watch the timer
and read out the next exposure when the frame timer expires.
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Time in the ETC is stored in "modified Julian day" format for simplicity: a four-byte modified I
Julian day gives the year, date and time to a precision of one second. The modified Julian day is the
Julian day minus 2400000.5 (Nautical Almanac, 1985): for reference, 12.00 UT on I June 1985 is
modified Julian day 46216.5.

7.3.2. Astrometry
The Overseer computer must have a precise knowledge of the mapping of pixel location to celes-

tial coordinates in each CCD in order to judge the validity of an optical flash based on whether it has
the same celestial coordinates in two cameras. The Overseer computer can make a reasonably good
estimate of this mapping given the details of the optical system. the focal length of the lens, the pixel
size on the CCD, any first-order distortions in the lens and the angle of the rows and columns of the
CCD with respect to lines of right ascension and declination. The sub-pixel precision necessary for the
ETC is achieved by calculating the parameters of the astrometric mapping using the centroided location
of several ("20) SAO standard stars in the field of the CCD and the celestial coordinates of those stars.

The mapping used in the ETC is a simple linear relation between pixel coordinates (x,y) and the
reduced coordinates ( ,i). The reduced coordinates are calculated from the celestial coordinates (cB)
in the tangent-plane approximation, given the celestial coordinates of the field center (co,k), as in
Podobed (1965, p. 180).

cos(8o)sin(a-ao)

sin(8)sin(8o)+cos(8)cos(8o)cos(oz-a.)

sin(6)cos(8o)-cos(8)sin(o)cos(cz(-a.)
sni(6)sin(o)+cos()cos(8o)cos( x-a(,)

The mapping of pixel coordinates (x,y) to reduced coordinates (4,q1) is

x = a1+b14+c1'q (7.2a)

y = a2+bA+c21 (7.2b)

The values of the parameters of the mapping (a and bl.,) can be roughly estimated from
details of the CCD optical system. For example, if a has one axis oriented east-west, then (aa 2)
are the coordinates of the center of the CCD, b, and c2 are the focal-plane scale and b2 =cI - 0.

The Overseer computer calculates the precise values of the astrometric parameters from the
estimated values of these parameters in the following way. The Overseer computer has a rough idea of
the celestial coordinates of the center of each CCD, since the declination of each camera is specified in
software and the right ascension can be calculated from the hour angle of the camera and the sidereal
time. The hour angle of the camera is easily calculated from the value of the synchro shaft encoder
mounted on the polar axis of the drive: the mapping of shaft encoder units to hour angle is specified in
software and does not change. Given these celestial coordinates of the center of a CCD, the rough cal.
culation of the parameters of the astrometric mapping is sufficient to allow Overseer computer to esti-
mate the locations on the CCD of several ('20) SAO stars to an accuracy of '10'. In order to deter-
mine the locations of these stars on the CCD more precisely, the Overseer computer then acquires small
image subamrys of each SAO star from the appropriate Trigger processor. The Overseer computer can
then determine the location of each standard star on the CCD to a precision of '0.1 pixels with a sim-
ple interpolation algorithm (see Appendix D). The Overseer computer is now able to calculate the
values of the astrometric parameters from a least-squares fit of the precise locations of the SAO stars to
the celestial coordinates of the SAO stars. If the least-souares fit yields an rms deviation of predicted
steilar coordinates from actual stellar coordinates of more than 0.5 pixels, the star with the highest resi-
dual to the fit is discarded and the least-squares fit is repeated. After iterating the above procedure until
the nm deviation is below 0.5 pixels, the celestial coordinates of any stellar image on the CCD can be
calculated by 1) determining the location of the image on the CCD precisely and 2) inverting equations
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7.1 and 7.2 to map the precise image location onto its celestial coordinates with a final precision of
beter hm 0.5 pixel.

The celestial coordinates of the SAO stars used in the above procedure are found in a file on disk
which contains a portion of the SAO catalog. The celestial coordinates in the SAO catalog file are
epoch 1950.0; therefore, all celestial coordinates used in the ETC are epoch 1950.0 for simplicity. The
effects of stellar proper motions of the stars and differential precession across the field are insignificant
when compared to 3' pixels. The effect of precession is ignored, since precession only introduces a
rotation into the astrometric mapping, which is accounted for by the cross terms in the fit parameters.

7.3.3. Data Storap by the ETC
The data from flashes detected by the ETC is stored in an extensive data storage structure,

diagrammed in table 7.1. The stored data includes:
I 1) Mx pixel subarrays about the fBash event and local photometric standards from

immediately before the detection and for the course of the flash.

I
FLASH EVENT DATA STORED BY THE ETC

I Data stored per Number of flashes detected.
observation cycle Data from all detected flashes.

Data stored from each Number of exposures taken of the flash.
detected flash Data from the flash.

Data stored from Subarrays from standard stars
each flash from old, recent and current frames.

Coordinates and position of flash
in both cameras detecting.

Threshold frame information
(see Appendix E).

Data from all exposures.

Data stored from Time of the exposure
each exposure Data from each camera

Data stored from Subarrays around flash location.
each camera Subarrays around locations of

standard stars.

Table 7.1: List of data stored from a flash event detected by the ETC.



2) Flash infomation, including the time of the flash, which CCD cameras detected it,
the precise location of the flash on the detecting CCDs and the calculated flash
coordinates.

During observations, the ETC stores data onto magnetic tape at thirty-minute intervals, including
any data taken from detected flashes in that thirty-minute period. In addition, the ETC will always
store data indicative of the operating conditions of the ETC in that period, regardless of whether flashes
were detected (see table 7.2).

This archived information includes all pertinent information about the configuration of the CCD
cameras, readout and sift times, and throughput and vignetting information. The ETC also regularly
stores subarrays around five standard stars in the field of each CCD at the beginning and end of each
thirty-minute observing period as an after-the-fact check of sky conditions.

ETC OPERATIONAL DATA STORED AT REGULAR INTERVALS

Archives All system constants (see section 7.1.5.3.10)
Start and end times of cycle
Coordinates, positions and magnitudes

of all SAO standards used in each FOV
Subarrays about all SAO standards at start

and end of cycle

Camera data Right ascension, declination of field center
Focal length, f-number, area of lens
Angle of CCD, angle of camera to north-south
CCD gain, noise, bias level, total noise
Trigger processor constants
CCD temperature

Trigger processor data Sift time

Mount data Synchro units to hour angle
calibration information

Right ascension of mount
Hour angle at start and end of observations

System data Exposure time
Interval at which to slew the mounts
Interval at which to redo astrometry

Table 7.2: Instrmnt Status Data Stored by ETC



I

I 37

7.3.4. The ETC Overseer Computer Software

The Overseer computer software is completey written in C. It is divided into 19 modules, each
restricted to a particular aspect of the Overseer computer software. Some overlap of functions is, of
course, unavoidable. Nonetheless, the modulization of the code is an attempt to enhance the organiza-
tion, readability and maintainability of the code.

This section will describe each module in some detail: further details can be found in the code
and documentation found in Appendix A. All module names begin with two capital letters in order so
that subroutines can be identified with the modules they are found in. (The ".c" suffix indicates a
module written in Q).

The modules are broken up into control, I/O and utility routines. Control routines are primarily
concerned with the actual operation of the instrument and the flow of the data, and use utility routines
to assist them. I/O routines are used to communicate with other processors.

7.3.4.1. Control Routines
The ETC control routines ae listed and briefly described below:

•) STart.c is the execution module: it simply executes ENtry, which is the real
entry-level module.

*) ENtry.c is the primary user-interation module. Here the user chooses whether to
start automatic observations (through OPerations) or human-aided observations
(through USer), or to do some preliminary image location work (Wage).

o) OPerations.c is the node at which the Overseer computer software is directed into
its various day-to-day modes. For example, during the day OPeratiom will exe-
cute the "wait until dark" routine. When it gets dark, OPeratiom will first exe-
cute the "set up the mounts" code, followed by the observation code. Any panic
or failure flags in the observation code will return control of the code to OPera-
tions.

i) OBservations.c is the module which controls all aspects of observations. It coordi-
nates exposures, sets up and reads from Trigger processors, watches the and
looks for peripheral failures. At the end of an observation cycle, it returns con-
trol to the module from which it was entered.

*) USer.c is the semi-automatic observation control code used in observations with
the ETC test unit It executes the observations automatically, but requires user
assist e during setup to position the mount, to line up the cameras properly
and to determine observation thresholds.

m) Magec is a collection of user-interactive code used in determining the celestial
coordinates of a CCD field center, in focussing a camera and in testing certain
sift parameters.

7.3.4.2. /O Routines

The three I/O modules in the ETC Overseer computer software ame:

*) COsmacIO.c contains all software used in communication with the ICE, including
downloading software.

*) TRiggerlO.c contains all software used in communication with the Trigger
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processors, including downloading software.

*) EXternal IO.c contains code to communicate with external instruments, such as
the RMT.

7.3.4.3. Utility Routines
The ETC Overseer software's utility routines are a collection of useful subprograms which are

used during the execution of ETC operations.

*) AStrometry.c consists of all astrometry routines for the ETC, including code to
calculate the astrometric mapping parameters, given precise locations and coor-
dinates of astrometric standards, as well as code to calculate celestial coordinates
of a stellar given the precise location on a CCD, and vice versa (see section
7.1.4.2).

o) DAytime.c contains code to determine whether it is day or night and code to wait
for night if it is day.

*) DEclarations.c contains lbok-up tables regarding the cameras and their operating
parameters.

*) DOme.c contains code to move and read out the location of the ETC building's
dome.

) JPD.c is a module devoted to the software contributions of John Doty. These rou-
tines include faster algorithms for time-critical ETC operations, such as a fast
median-filtering routine and a fast standard star choosing algorithm.

,) PHotometry.c contains the system's photometry routine, which calculates the
brightness above background of any array passed to it. It returns the sum over
all pixels in the array of the difference between the brightness of the pixel and
the sky+bias level in the same pixel.

*) SAo.c contains all code pertaining to the SAO stars used as standards by the ETC.
It is primarily used to select SAO stars for use as standards in a given field.

•) UTility.c is a collection of various routines with general applicabiE.y. The reader

is referred to Appendix A for more detail of its many features.

*) WEather.€ contains weather-detection software and is presently not implemented

*) WWv.c is a module designed to read the precise time from the GC-1000 clock
into the Overseer computer's day-date timer.

*) The modules Globals.c and extem.h contain all initial declarations of system glo-
bal variables.

*) The module constants.h contains all system-wide fixed constants.



CHAPTER 8

The ETC .*rigger Processor

I
The ETC Trigger processors are responsible for real-time data reduction of in ETC. The Trigger

processors are powerful microprocessors dedicated to the quick, efficient analysis of CCD image data
taken by the ETC. Each Trigger processor is responsible for the analysis of the image data from one
CCD camera: the job of a Trigger processor is to cull through the CCD image data and report
significant brightenings to the Overseer computer. Through the Trigger processors, the rate of data
leaving the ICE C 100 kbytes/second/camera) is reduced by four to six orders of magnitude before
entering the Overseer computer. This efficient, dedicated method of data analysis is what makes the
ETC a viable instrument for real-time astronomy at the one-second tinescale.

8.1. Trigger Processor Hardware
A Trigger processor in the ETC test unit consists of three Multibus (reference) boards in its own

enclosure:

1 1) An Omnibyte OB68KIA 10 MHz microprocessor.

2) A Texas Instruments TMM40020-04 512 kbytes memory board.

3) A custom Direct Memory Access (DMA) board with a High Speed Serial data
receiver/transmitter Link (HSSL).

The data from each ETC camera is transferred to Trigger processor memory over the HSSL receiver at
250 kbytes/second. Image data from the CCDs is processed as it streams in. Information about an

event detected by a Trigger processor is sent to the Overseer computer via an RS-232 serial link on the

OB68KIA board.

8.1.1. The Omibyte OB68K1A
The Onnibyte OB68KIA single-board processor is a Motorola 68000-based microprocessor and

supports code written in C and 68000 assembler. Two on-board EPROMs provide the OB68KIA with
a power-up operating program, known as ETRM (ETC Trigger ROM Monitor), accessible by the
Overse computer via RS-232 serial link. Through ETRM, memory locations and I/O registers in the
Trigger processor can be accessed by the Overseer computer or a human user. The Trigger software is
stored as a file in the Overseer computer and is downloaded using ETRM: the executable Trigger
software is stared in RAM on the OB68KIA board. via RS-232 serial link.

The Omnibyte OB68K1A board also includes a timer chip with which the Trigger processor times
the dat analysis process (the sift timer: see section 8.3.1). The precision of the on-board timer is better
than 0.01 seconds.

I ~ ~8.1.L, The M~uln DMA/HSSL board
The Direct Memory AccessHigh Speed Serial Link receiver/transmitter board consists of discrete

circuitry linked to DMA circuitry which interacts through the Multibus with the Omnibyte OB68KIA
Iboard. The DMAHSSL board is used for fast. uninterrupted transfer of data to and from the Trigger

39I
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processor's memory. Direct Memory Access (DMA) circuitry makes possible the hardware-controlled
storage of data without wait states or software control. The High-Speed Serial Link (HSSL) allows for
transfer of image data at a rate of 2 Mbits/second. The Trigger processor HSSL receiver circuitry
accepts image data from the ICE, while the transmitter sends requested image data to the Overseer
computer. Together, the DMA and HSSL are an efficient method of mass data transfer and storage
which does not require any software intervention. This leaves the Trigger software free to analyze
CCD image data as it streams in. making it possible to detect events before all the data has been
received.

The DMA controller is based on the Motorola 68450 DMA chip. The controller has four
transmitteifreceiver channels and is controlled by bitwise manipulation of the 68450 registers. In the
case of incoming data, the DMA circuitry is responsible for the control and organization of data and
address bytes, making sure that each incoming byte goes where it is supposed to be in RAM. For out-
going data, the DMA circuitry must acquire the data from the requested memory locations and feed
them to the data transmitter circuit in the correct order.

8.13. Trigger Processor Memory

The Trigger processor memory is broken up into the following sections:
1) Eight kbytes of read-only-memory (ROM) on two ROM chips on the Omnibyte

board. ETRM firmware (sectin 8.1.1) is located in this ROM, so that the the
Overseer computer can communicate with the Trigger processors through ETRM
immediately after power-up.

2) 32 kbytes of RAM on the Omnibyte OB68K1A board. The executable Trigger
software is stored i this memory.

3) 512 kbytes of RAM on the TMM40020-04 Multibus memory board. This memory
is used for frame and data storage and is large enough to hold four full 400x292
byte ETC frames.

8.2. Overview of Trigger Software

The software for the Trigger processors was written as part of a senior thesis project by Steven
Rosenthal of MIT. It includes the code setting up the OB68KIA environment, the DMA control code,
the ETRM firmware (the ETC Trigger ROM Module, described in section 8.1), as well as all of the
real-time analysis software.

8.2.1. Trigger processor memory allocation

The Trigger processor memory is large enough for four 400x292 CCD images. The Trigger pro-
cessor 512 kbyte memory is broken up into four image regions, with the remaining 45 kbytes of
memory used for data storage. The four image areas are named the current, recent, old and threshold
frames. In the current frame is stored the most recent image to enter the Trigger processor (data
flowing into the Trigger processor is always stored in the current frame). The recent frame generally
contains the image taken immediately prior to the current frame. During sifting, the current frame is
compared to the recent frame. After sifting, as is explained below, the current frame becomes the
recent frame, and the recent frame is overwritten with an incoming image.

The old frame is a frame of data taken at some point and set aside in memory, expressly desig-
nated to be the old, or archival, frame. It can be used as the comparison frame during sifting, but it
generally is viewed as archival information. The threshold frame is a construction which is used in the
first level of sifting (see section 8.3.2.1). It consists of a sky frame with the stars artificially removed.
Frames being analyzed are compared to the threshold frame. The method of calculating the threshold
frame is explained in detail below and in Appendix E.
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he frame labels (current, recent, old and threshold) are not fixed to a memory location in the
Trigger processor, but rather are names which can be dynamically attached to any of the four areas of
memory. For example, in the sifting process, the current frame is always being compared to the recent
frame. When the analysis of the current frame is over and a new image is to be read in, the current
frame becomes the recent frame. Rather than move the data from the current frame into the memory
locations associated with the recent frame, the names of the memory locations are simply swapped: the
next image read in goes into the current frame, overwriting the old recent frame, while the old current
frame is the new recent frame. In this fashion, the analysis of consecutive images can proceed quickly
and without lengthy transfers of data within Trigger processor memory.

8.3. Trigger Processor Operations
The Trigger software runs in one of two states. In sift mode, the Trigger processor waits for CCD

image data to come in across the HSSL from the ICE. As soon as the first byte of data enters the
Trigger processor, analysis of the data begins. If, during the analysis, the Trigger processor discovers a
candidate flash event, it will report the event (in the form of a candidate report) to the Overseer com-
puter over the RS-232 serial link. The analysis continues until the entire image has been analyzed or
the time allotted for analysis has been exceeded. In either case, the Trigger processor issues a sift-
termination report to the Overseer computer the sift-termination report indicates any errors that
occurred in the analysis.

After the issuance of the sift-termination report, the Trigger processor automatically enters query
mode, its other mode of operation. During sift mode, no communication is possible between the
Overseer computer and Trigger processors, except for candidate and sift reports, since any communica-
tion can slow the processing of incoming data by the Trigger processor. The only exception to this is a
handshaking byte sent from the Overseer computer to the Trigger processor after a candidate report. In
query mode, the Trigger processor awaits commands or requests for data from the Overseer computer.
During this period, the Overseer computer can check or change the operational parameters of the
Trigger processor, as well as request transmission over the HSSL of arrays of data from any of the three
data frames stored in Trigger processor memory. When appropriate (usually immediately before the
next CCD image is to be read into the Trigger processor), the Overseer computer returns the Trigger
processor to sift mode with the issuance of an "end queries" command.

If for some reason the software in a Trigger processor halts, the Trigger processor is left in a
non-communicative, non-productive state: the Trigger processor will have to be reset, the Trigger
software re-downloaded and re-executed. A signal on the RS-232 serial link acts as an Overseer
computer-activatable reset. The reset is generated on the parallel I/O board of the Overseer Computer
(see section 7.1), and is sent to the halted Trigger processor over an RS-232 serial link, followed by the
reloading of the Trigger software.

8.3.1. Sift Mode

In sift mode, the Trigger processor single-mindedly devotes itself to the analysis of incoming
CCD data. As soon as the Trigger software recognizes the reception of the first byte of data from the
CCD, it begins the process of data analysis; the DMA hardware in the HSSL stores the data automati-
cally as it streams in. At the same time, the Trigger processor starts an internal countdown timer (the
sift timer) which indicates the time at which sifting will be terminated, whether all the data has been
analyzed or not. The sift timer, in conjunction with the Overseer computer's frame timer (section
7.3.1), assures that a known amount of time is spent in both sift and query modes, and that these times
v . I not change from exposure to exposure.

At the onset of sifting, the Trigger processor allows data from several rows of the CCD image to
stream into memory before -beginning actual data analysis, to permit the sift algorithm to reference data
in adjacent rows. The analysis of CCD data then begins. Because the HSSL transfers CCD data by
DMA, the continuing storage of CCD image data proceeds without interrupting the analysis processes.I
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The analysis of a CCD image consists of sequentially passing each pixel of the image through the
"sifter", which is described in the following section. The analysis of this image, known as the current
frame, requires a threshold frame (see section 8.3.2.1 and Appendix E), as well as an image against
which to compare the current frame to detect any brightening. This image, the recent frame, is the
image taken immediately before the current frame.

If any portion of a CCD image is considered an event by the Trigger processor, the Trigger pro-
cessor issues a candidate report to the Overseer computer over RS-232 serial link. This report consists
of seven bytes and communicates the column and row numbers of the event, interpolated to a within a
fraction of a pixel and reported in centipixels (.01 pixels), as well as the value of the triggering pixel in
both the current and recent frames. The format of this report is included in Table 8.1. Upon receipt of
the candidate report, the Overseer computer transmits a handshaking byte to the Trigger processor. The
Trigger processor must receive this byte before it can issue any further reports. The handshaking byte
is implemented to avoid having so many candidate events report to the Overseer computer that the
Overseer computer falls behind in receiving incoming bytes and, as a result, does not receive all the
report data.

When the Trigger processor's internal sift timer expires, the Trigger processor issues a sift-
termination report to the Overseer computer over the RS-232 link and enters query mode, regardless of
whether the sift has finished. If the sift is still in progress, it is terminated immediately. Use of DMA
by the HSSL assures that any data still coming in over the HSSL are stored correctly in the Overse;r
computer memory. A sift-termination report consists of three bytes which indicate the type of sift and
the status of the sift when the sift timer expired. The format of the sift-termination report is included in
Table 8.1.

The first byte of the sift-termination report includes a three-bit binary error code which indicates
any errors in the sift. Each of these bits, the lowest three bits in the byte, indicates an error in the sift
when it is transmitted in the high state. The information passed is 1) the sift was aborted before com-
pletion (bit 0), 2) too few bytes were received (bit 1) and/or 3) no sifting was done (bit 2). (See
Appendix B for more detail). The possible errors are:

0: Sift completed, no errors. The Trigger processor received all the image bytes and
successfully completed the sift procedure in the allotted time.

1: Sift incomplete. The sift process was interrupted by the sift timer. The last two
bytes of the sift-termination report indicate the number of rows successfully
sifted.

2: Not enough data. The number of bytes received by the Trigger processor is not
the same as the number of bytes expected. This error usually indicates a prob-
lem with the ICE or, more likely, the HSSL.

3: Sift incomplete and not enough data (see 1 and 2).

4: No sift. The Trigger processor had no image against which to compare the current
image during the sift. Sifting was not attempted, but the image was placed in
memory for use in future sifts.

5: Not possible.

6: No sift and not enough data (see 2 and 4).

7: Not possible.
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I
5 Format of Trigger Processor Reports to the Overseer Computer

Column number of event in centipixels
Row number of event in centipixels

Candidate Report Value of event pixel in recent frame
Value of event pixel in current frame
Value of threshold offset

Sift-termination Three-bit error flag (see section 8.3.1)
Report Row number of sift termination

(0 if sift completed)

I Table 8.1: Format of Trigger processor Reports to the Overseer computer

8.3.2. Sifting

The real-time analysis, or sifting, of the CCD images is done with a series of sift algorithms
which, together, represent all of the criteria for recognizing an event in the ETC. Each algorithm, or
level of sifting, is a test of whether an image pixel meets a certain criterion. A pixel meeting the cri-
terion of a given level is passed to the next level for further testing; a pixel rejected by any level is not
analyzed further and the sifter proceeds to examine the next pixel. Any pixel passing all sift levels is

considered by the Trigger processor to be an event candidate and becomes the subject of a candidate
report to the Overseer computer.

Since an ETC image of W bytes must be analyzed in about one second, an average of 5-10
microseconds of sifting time is allowed per pixel. Because this time is so short, the first level of sifting
is a quick, simple algorithm which rejects most pixels in an ETC image. The small fraction of the
image pixels which pass the first level of sifting are analyzed in increasing detail (at the cost of a
higher analysis time per pixel) by the next levels of the sifter.

The following subsections describe each level of sifting in detail, proceeding in the order of lev-
els encountered by a triggering pixeL

8.3.2.1. Level 1: Threshold Comparison

The first level of sifting is a check of whether the brightness of a pixel exceeds the expected sky
brightness in a statistically significant way. This level is passed if the value of the current image pixel
is greater than the value of the same pixel in the threshold frame. which is located in a specific area in
Trigger processor memory. The value of each pixel of the threshold frame is the sum of the sky-plus-
bias level in de image frame (in the absence of stars) and a constant integer offset, the threshold offset
(specified by the Overseer computer).

The threshold frame is constructed at the request of the Overseer computer by the Trigger proces-
sor before the beginning of an observation cycle from a normal ETC image through the process of
median filtering. This method, described in detail in Appendix E, removes all high-spatial-frequency
images (such as stars) from the CCD image, leaving an image of the sky without the stars. The value
of the threshold offset reflects a statistical criterion programmed into the ETC software. The value of
threshold offset is determined by the level of statistical significance: the Overseer computer calculates
the value of threshold offset from the total noise per pixel of the CCD image. The value of threshold3 offset is added to the value of each pixel of the median filtered image to create the threshold frame.
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Use of a threshold frame permits high speed processing of incoming CCD image data. Because I

the threshold offset is already added to the median filtered image, the Level I test consists of a single
comparison of single-byte values. The Level I test requires a processing time of 4.8 microseconds perpixel.I

The pixels which pass Level I have a value exceeding the starless sky value by a few ADU.
These pixels are usually a part of a stellar image, a "hot" CCD column or a cosmic ray. The fraction
of a full image's pixels passing Level 1 and thereby reaching Level 2 is dependent on the value of
threshold offset and the number of bright stars in the field of the CCD: the fraction is of the order of
"0.01 to -0.03.

8.3.2.2. Level 2: Brightening Test

The second level test checks whether a pixel is significantly brighter than the same pixel in the
recent frame. The second level is passed by those pixels whose value in the current frame exceeds
their value in the comparison frame by an amount greater than a constant known as brightened delta,
which is specified by the Overseer computer. The value of brightened delta is calculated in the same
way as the value of threshold offset (see above). The pixels that pass Level 2 are potentially very
interesting to the ETC: they consist of cosmic rays, hot pixels and, hopefully, flash events. The frac-
tion of incoming pixels passing Level 2 depends very much on the value of brightened delta and the
total noise associated with the image: it will generally be <"0.005.

8.3.23. Level 3: Centering Test

A flash event may cause several adjacent pixels to brighten enough to pass Level 2. Since the
sifter should only issue one candidate report per event and report the center of the event, the Level 3
test checks the pixels neighboring the current pixel to determine whether the current pixel is the center
of the event.

The third level of sifting is passed if the current pixel brightened more than any of its immediate
neighbors. The fraction of incoming pixels passing Level 3 is -0.5.

83.2A. Level 4: Anti-streak Algorithm

The fourth level of sifting is a test of whether the current pixel is part of a streaked image. This
tests for meteo trails and perhaps fast satellite or airplane trails. The Level 4 sift tests all pixels on the
perimeter of a seven-by-seven pixel box centered on the pixel under consideration: if any of these pix-
els pass the Level 2 brightening test (section 8.3.2.2), the image is considered a streak and the pixel
being analyzed is rejected. If any part of the box is off the edge of the CCD, the pixel is rejected.

Estimates of the rate of meteors which have trails short enough (in angular size) to falsely satisfy
the anti-streak algorithm are given in Chapter 10.

83.U3. Level 5: Bright Star Test

This level was devised when it was noticed that pixels surrounding bright stars were frequently
the subjects of candidate reports. These brightenings were interpreted as being due to a shifting of the
stellar image on the CCD, perhaps due to of local atmospheric effects or the effects of high shot noise
near bright stars in the CCD. In order to recognize this effect, Level 5 checks whether the value of any
of a pixel's immediate neighbors exceeds the value of the pixel by more than three times brightened
delta (generally "20 ADU).

8.3.3. Sift Parameters

The performance of the Trigger software can be controlled by the Overseer computer by changing
one of several sift parameters during query mode. These adjustable parameters include:

1) The variable threshold offset is the criterion used in the first level of sifting (see
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section 8.3.2. 1).

2) The variable brightened delta is used in the second and fifth sifting levels (see sec-
dons 8.3.2.2 and 8.3.2.5).

3) The sift time is the upper limit on the amont of time allowed for sifting. The
amount of sift time needed is dependent on the values of threshold offset and
brightened delta, and should be sufficiently shorter than the exposure time to
allow time for requests for data by the Overseer computer.

8.3.4. Query mode

Query mode is the free time between the termination of sifting and the next "end-queries" report.
This time is available to the Overseer computer for 1) changing Trigger processor parameters, 2) mak-
ing requests for data. or 3) requesting calculation of a threshold frame. A list of possible requests was
given in section 7.2.2 and Figure 7.1.
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CHAPTER 9

The Instrument Control Electronics

Introduction

The Instrument Control Electronics (ICE) are a set of custom-built analog and digital electronics
which control the instrumentation of the ETC. Through the ICE, the Overseer computer or a human
user can interface with and control the ETC instrument (e.g., read out the CCDs, measure and adjust the
CCD temperature, slew the telescope drive and read the hour angle of the mount). Such software mani-
pulation of the instrument hardware is essential to the automated ETC.

9.1. Instrument Control Electronics Hardware

The ICE are controlled directly by a single-board microcontroller, known as the "COSMAC"
board, which is based on the RCA 1802 "COSMAC" microprocessor. Overser computer communica-
tion with the ICE occurs over an RS-232 serial port on the COSMAC board.

The ICE are divided into two groups: the "digital" and "analog" electronics. "Digital" electron-
ics consist of all those boards sharing a common bus with the COSMAC ocessor board. The
COSMAC bus is a well-defined standard, allowing for 16-bit wide memory addresses, 8-bit data and
eight I/O lines for communications with other boards sharing the bus. All boards sharing this bus are
directly controlled by the COSMAC.

The "analog" electronics are primarily concerned with CCD clock generation and CCD signal
processing and transmission. The CCD clock generation ("driver") and CCD signal processing ("ana-
log") boards are very noise-sensitive, since any noise present on these boards reduces the quality and
consistency of the CCD images. For this reason, the analog electronics are physically separated and
RF-shielded from the digital electronics to reduce the extent of infiltration of digital noise. The output
and input signals from the Analog Electronics to the CCDs are wired directly from the analog back-
plane to the cable connectors leading to the cameras.

The sections that follow give a general description of the function and layout of each board in the
Instrument Control Electronics. More attention will be paid to the Analog Electronics, since they are
more specific to the operation of low-noise CCD cameras and generally the more intricate boards of the
ICE. A schematic diagram of the boards and the data and signal flow in the ICE is given in Figure 9.1.

9.1.1. Digital Electronics

The ICE digital electronics consist of several boards which are necessary for primary computer
and CCD control (the COSMAC, memory, sequencer and DAC boards). In addition, the digital elec-
tronics include boards which control details of the ETC instrumentation (CCD temperature controL shaft
encoder readout, clutch control, stepper motor control and dome control boards).

9.1.1.1. COSMAC Board

As mentioned above, the COSMAC controller board is based on the RCA 1802 "COSMAC"
microprocessor. The COSMAC is an eight-bit, bit-level controller higher-level control is made possi-
ble by a FORTH-like language developed for the COSMAC. This code is stored in a set of four "boot
ROMs', so the COSMAC is in a user-accessible state immediately after power-up.

The COSMAC board contains a UART (Universal Asynchronous ReceiveulTransmitter) for serial
communication at data rates from 300 to 9600 baud. Higher level instruction code cm be created for
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the COSMAC and loaded into the COSMAC from another processor (e.g. the Overseer computer) over
the RS-232 serial link. The collection of higher-level code for the ETC's Instrument Control Electron-
ics, known as the operating system, contains intermediate level building blocks, the Sequel compiler
(see section 9.1.1.3) and upper-level instrument control code. A copy of the basic operating system and
command definitions can be found in Appendix C.

9.1.1.2. COSMAC Memory Board

The COSMAC memory board provides 16K of RAM to the COSMAC board through 8 2K RAM
chips. The COSMAC memory board also houses the four 2K "boot ROMS" which store the COSMAC
start-up instructions. The memory available to the COSMAC is allocated in part to certain peripheral
boards of the Digital Electronics: the major portions of the COSMAC memory are reserved for the boot
ROMs and the Sequencer compiler (see section 9.1.1.3). In addition, many smal control functions of
the Digital Electronics are accessed through memory locations, rather than through the available I/O
lines. A map of the functions of memory locations of the ETC four-camera test unit is shown in Table
9.1 (see the appropriate subsections for details of the control functions).

9.1.13. Programmable Sequencer

The Sequencer is responsible for the creation of the timing of the CCD clocks (see discussion of
the CCD clocking in sections 9.1.2 and Figure 9.2). The sequencer, based on the Signetics 8x300 bipo-
lar microcontroller, is run at 8 MHz, producing pulses 250 ns wide. The sequencer can produce up to
16 distinct stream of programmable timed pulses. The stream am generated by the sequential reading
and execution (in 250ns steps) of 16-bit memory locations. The state of each of the 16 bits reflects the
state of the appropriate stream in any given 250 ns time period: if a bit is high, the stream level is high.

The programming and sequential execution of the sequencer memory locations is done through a
high-level language called Sequel, developed at MIT by John Dory, which runs in the COSMAC
environmuent. The Sequel program as well as the stream execution memory are stored in fast-access
RAM on the sequencer board.

In addition to the creation of the three clocks used to drive the CCDs, the sequencer is also
responsible for timing operations in the analog processing of the CCD signal. The timing of the hold
pulse in the analog processing chain is controlled by a sequencer stream (see Figure 9.2).

The signals from the Sequencer are fed to the Analog Electronics through a 26-pin flat ribbon
cable to any of the driver boards. Since all the CCDs in the ETC test unit are timed identically, the
sequencer signals am bussed along the Analog backplane to all the driver boards. Sequencer signals to
the Analog boards are fed from the drivers along the backplane.

Memory location (hex) Function

0000 - IFFF Boot ROM
7300- 73F7 DACs

EOOO - EFEF Sequencer compiler
FF00 - FFFP Device control I
Table 9.1: COSMAC Memory Map I
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3 9.1.1.4. DAC Board

The DAC board produces the analog voltages used in clocking out the CCDs (see section 9.1.2
and Figure 9.2). It is filled with 24 Digital to Analog Converters (DACs), each of which will produce a
0 to 10 Volt analog DC output based on an eight-bit digital input. The 24 DACs provide voltages to
two cameras (three DACs per each of three ti-level CCD clocks and two bias voltages per CCD). The
DAC signals are brought to each driver board on 26-pin fiat ribbon cable connectors.

9.1.1.5. CCD Temperature control

The CCD is cooled to -90 C by a closed-cycle refrigerator. The temperature of the CCD can
be held constant by passing a controlled amount of current through a power resistor mounted on the
CCD cold sink. The temperature of the CCD is read via a thin film detector (a temperature-dependent
resistor). The temperature of the CCD is controlled by an analog feedback loop which regulates the
current through the power resistor to within ±10C.

9.1.1.6. Stepper motor driver board

The slewing of the ETC telescope mount is done with a 0.88 amp stepper motor mounted on the
telescope drive. The stepper motor driver board is designed to provide power to any winding or any
combination of windings of a stepper motor given the appropriate low-level software command. Thus,
the motor can be stepped by a series of commands powering the windings of the stepper in the correct
sequence. The stepper motor in the ETC is stepped as quickly as the software will allow (500
steps/second), which is sufficent to slew the mount at a rate in excess of 40 degrees per minute.

9.1.1.7. Synchro readout board.

The synchro readout board services the synchro shaft-angle encoder on the ETC tracking mount.
It utilizes a CMOS synchro-to-digital converter, which converts the three 400 Hz signals from the syn-
chro shaft-angle encoder on the polar axis of the telescope mount to a single 14-bit absolute shaft angle.
This angle can be calibrated to give the absolute hour angle of the telescope mount. A 14-bit S/D gives
an angular resolution of 1.3 arc-minutes, which is comparable to the angular size of an ETC pixel.

9.1.1.8. Clutch control board

The clutch control board controls the motor clutches in the telescope drive. The drive has a slew-
ing motor, a tracking motor and a clutch associated with each. In order to prevent both clutches from
being engaged at the same time, they are controlled by a single double-pull, single-throw relay on the
clutch control board.

9.1.1.9. Dome Control Board

The dome at ETC Site I is equipped with an incremental encoder designed and built by Gerard
Luppino of MIT. The output of the incremental encoder is monitored by circuitry on the dome control
board. The dome encoding circuitry allows the determination of the location of the dome to 10-bit pre-
cision (21 arc-minutes). The dome control card also includes circuitry which controls the two relays
controlling the motion and direction of motion of the dome.

9.1.2. Anaf Electronics

The primary function of the analog electronics is the acquisition, processing and transmission of
image dam from the CCDs. The clock signals used in reading out the CCD are created on the driver
board using the timing signals from the sequencer and the voltages from the DACs. Each clock requires
thre DAC signals and two sequencer streams. When the CCDs are read out, the CCD output signal is
amplified by a preamplifier inside the camera housing and sent to the analog processing board. Her
the signal is sent through a delay line and several stages of amplification and digitized to 12 bits.
These 12 paral bits are sent to the High Speed Serial Link (HSSL) where they are convened to eight

I
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serial bits and transmitted to the appropriate Trigger Processor. A schematic layout of the analog pro-
cessing circuitry can be found in Figure 9.2a.

9.1.2.1. Driver Board
The driver board creates CCD clocking signals by combining voltage levels from the DAC board

according to timing signals from the sequencer. The CCD clocking signal is created by combining
three analog voltage levels. One voltage level is always present in the clocking signals: the other two
voltage levels are added to the clocking signal depending on the states of the two sequencer streams.
The combination of the sequencer streams' timing and the three analog voltages allows for the produc-
tion of the ni-level clocks used in reading out the CCDs. (See Figure 9.2c for a simplified schematic
illustration).

Each driver board includes drivers for three separate CCD clocks and a bias voltage for the on-
chip PET circuit. DAC and sequencer signals travel to the board over two fiat ribbon cables. The CCD
clocking signals are taken directly from the analog backplane to the cable connectors leading to the
Ca) cameras.

9.1.2.2. Analog Board
When a Ca) is read out, the output signal is passed through a preamplifier in the CCD camera

housing. The preamplified CCD signal is then fed directly to the analog processing board. The Ca)
image information in the signal is separated from the signal background by an analog delay line and a
balanced difference amplifier via correlated double sampling (see Figure 9.2b). The image signal is
then passed through a software-controlled programmable variable-gain amplifier (PRAM), the gain of
which is controlled by a sequencer stream, which is controlled by the COSMAC. The signal out of the
PRAM is re-amplified, digitized to 12 bits and passed to the High Speed Serial Link.

9.1.23. High Speed Serial Link (HSSL) board

The HSSL board accepts the 12-bit digital output from the Analog processor and converts it to an
eight-bit serial stream readable by the HSSL receiver in the Trigger processor (see section 8.1.2). The
twelve-to-eight-bit conversion is done through UV-erasable Programmable Read-Only Memory chip
(EPROM) on the HSSL board, which maps its 12-bit input onto its 8-bit output based on a lookup table
stored in its memory.

The high-speed serial link is based on the National Semiconductor DP834213 serial
transmitterfreceiver pair. The transmitter accepts 8-bit parallel data and transmits in a serial form read-
able by the receiver in the Trigger Processor. The receiver then translates the serial data back into
parallel data. The transmitter/receiver pair in the ETC are run at 20 MHz, resulting in a 2 Mbit/second
data transfer rate.

9.2. ICE Software
The Instrument Control Electronics are entirely controlled by low-level commands to the COS-

MAC i. A bit-level operating language was developed for the COSMAC microprocessor
by Robert Goeke of MIT. This FORTH-like language was built upon to form a mid-level language,
whose commands form the basis of the ICE software operating system.

The ICE control software consists of about four dozen mid-level commands to other boards on
the COSMAC bus. Most commands involve the movement of data to and from locations in the ICE
memory. The rest are commands to the sequencer, either to read out the CCDs or to change the CC)
signal creation and analysis environment.

The ICE operating system and working software can be found in Appendix C. The bulk of the
code defins the COSMAC software environment and the Sequel compiler ETC control code is
located near the back of the file.
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CHAPTER 10

I Expected Results

Introduction

Historically, it has generally been true that important scientific discoveries are made after the
introduction of new instrumentation that opens the door to the investigation of an as-yet-unexplored
physical regime. As a detector of optical flashes with risetimes of the order of one second, the ETC is
investigating a relatively untouched region of parameter space in astronomy. The ETC has the potential
to discover an entirely new class of astrophysical phenomena, characterized by brightness changes on
the timescale of one second.

While the potential new discoveries of the ETC cannot be predicted, the detection of fast optical
transients from astrophysical objects can be foreseen. The rate and brightness of optical flashes from
GRBs and flare stars can be estimated from previous theories for expected transient optical radiation
from the sources. By the same token, the rate and brightness of optical flashes from terrestrial sources,
such as meteo and satellites, can be estimated.

As a bank of solid-state, electronic detectors, the ETC is also susceptible to local events which
mimic optical flashes, such as cosmic rays and shot noise in the CCD. This chapter includes a discus-
sion of the sources of events as seen by the ETC and estimates their expected rates. The results are
graphed in Figures 10.3-10.7.

10.1. Rate of Optical Fhashes from Gamma-Ray Burst Sources

The expected rate of optical events from GRB sources is very uncertain at present, due to the
lack of solid data on optical flashes from GRBs. A rough estimate can be made by convolving 1) the
logN-logS curve for detected GRBs (Jemings, 1982), 2) the ratio of F./FD = 750 (for short (-5 second)
optical bunts; Rappaport and Joss, 1985), 3) an estimate of the B-V for such a burst (Rappaport and
Joss, 1985) and 4) an assumed fraction of GRBs which emit optical light.

The convolution of the log N(>S)-log S curve for GRBs (see section 2.1.4) and the ratio of
gamma-ray to optical fluence is straightforward, as it is a simple recalibration of the axes of the log
N(>S)-log S curve, based on the duration of the optical flash. Since the burst duration is rather loosely
constrained by observation (,t <500 seconds), the optical event rate was calculated for burst times of
1, 5 and 30 seconds. The calcuated rates of optical transient events from GRBs, assuming B-V - 0.0,
are plotted in Figure 10.1.

An estimate of the B-V value of an optical burst from a GRB source requires an asqumption of
the mechanism for the production of optical light from ORBs. If the optical radiation is gamma-
radiation reprocessed on the surface of a companion star, an assumption of the burst temperature of the
companion is sufficient to give a value for B-V. Rappaport and Joss' (1985) value for a typical burst
temperatue, T - 8500 degrees K, yields the value for B-V of -0.15; the resulting curve is not
significantly diferent from the B-V - 0.0 curve which is plotted in Figure 10.1.

Finally, since no observer can make a statement at present about the fraction of GRBs which emit
optical light, the plots in Figure 10.1 assume that all GRBs produce optical light.

10.. Rate of Optical Flashes from Comet Impacts onto White Dwarfs

Tremaine and Zyktow (1985; see Chapter 3) have proposed that optical burst events could be
created by the impact of a comet onto a white dwarf. The comets, which are bound in a cloud about
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I the white dwarf, impact the white dwarf at an average rate of 1.2xlO"3 yr'. If, as proposed in a
scenario by Tremaine and Zytkow, the impact of a comet (mass - 1016 g) heats the surface of a typical
(M - 0.5M white dwarf to 30000, resulting in a burst duration of - 10s, the absolute magnitude of

* the burst wd be M 9.9 (Lang (1980), pp. 564-5). Given that the space density of white dwarfs is
0.03-0.1 pc 3 (say 0.05 pc 3), the rate of optical flashes with my<9.9 is 2.3x10"6 sr' hr1 . Assuming the
white dwarfs are isotropically distributed, the log N(>S) - log S relation for white dwarfs will follow an
S"W dependence. The rate R(m<m) of optical flashes brighter than magnitude m. from white dwarfs is
included in the plots in Figures 10.7, 10.8 and 10.9.

The rate of optical flashes exeted from white dwarfs increases if one assumes that the missing
mass in the Galaxy (-0.1 M t. c) consists solely of 0.5M,_ white dwarfs. In this case, the space
density of white dwarfs is O.rpc , and the rate of optical flashe swith m. < 9.9 is - 105.

10.3. Rate of Optical Flashes from Flare Stars
Flare stars are a class of red (primarily M) stars which exhibit frequent brightenings with rise-

times of from a few to hundreds of seconds. These flares are brightest (in magnitudes) in the UV
(where the star is not very bright), decreasing in brightness with increasing wavelength, until they are
virtually undetectable in the red. The frequency of the flares has been empirically determined to be an
exponential function of the quiescent absolute magnitude of the star, with fainter flare stars flaring more
frequently (Gu'zadyan (1980)). Observed flare stars have absolute magnitudes ranging from 8 to 15 and
are generally found within 50 pc of the Sun. (A complete review of flare star observations and theory
can be found in Gurzadyan (1980)).

Observed flare stars have the following properties, based on information given in Gurzadyan
(1980):1 1) The rate of flares from a given star is a function of its absolute magnitude M.: log

fu- 1.78 + 0.t48Mv fares/hours.

2) The probability of a flare star flaring by more than an amount AV can be roughly
modelled as In P(AV) - -a AV, where 1.4<ca<2.2.

3) The rate of flares of a given Am in V-band is roughly one-quarter of the rate in
U-band.

3 4) Most flare stars ae of spectral type M.

5) About 40% of all M stars within 6.5 pc of the Sun have been observed to fare;
about 3% of all M stars within 20 pc have been observed to flare. This is evi-3 dently a selection effecL

Given these observational constraints, an estimate of the rate of flares versus peak flare magnitude
can be made with a simple Monte Carlo analysis. In this procedure, the volume of space inside 20 pc
is randomly filled with 1000 M stars, according to the density distribution of M stars in Allen (1976).
Each star is assigned an absolute magnitude M, distance r, apparent magnitude m (based on Mr) and a
flare probability (per hour) based on the absolute magnitude M. In the Monte Carlo simulation, all stars
are checked at regular time intervals (small compared to the smallest fie period). It is established
whether each star flared in the preceding interval by comparing a random number to the individual flare
probability. If so, the change in visual magnitude during the flare is determined from the rough proba-
bility distribution quoted above. The magnitude, distance, flare magnitude and time of each lare are
recorded: after the Monte Carlo simulation has ended, these data are used to determine the rate of flares
(in sr'h(" ) above a threshold magnitude ILI

I
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Such a Monte Carlo simulation of flare stars was executed, based on the observed flare star
characteristics fisted above. The value of a was assumed to be 1.8, and the fraction of M stars that
flare was assumed to be 0.5. The simula on was executed in shells of volume about the Sun in order
to observe the dependence of flare rate on distance from the Sun. The shells used were 0-20 pc, 20-50
pc, 50-100 pc and 100-200 pc, with each shell being observed for 100000 flares. The flare rates from
the various shells were summed to give flare star rates for populations of stars within 20, 50, 100 and
200 pc of the Sun. The results of these simulations are included in Figure 10.2. The straight line in
Figure 10.2 represents an extrapolation of these curves to an infinite spherical distribution about the I
Sun. It is interesting to note how quickly the various curves converge to the infinie-distribution (S"3,2)
rate: for the sensitivity of the ETC (mv11-12), the majority of flare star events will come from stars
within 100 pc of the Sun.

In order to account for instrument sensitivity, the Monte Carlo simulation was modified to calcu-
late the rate of flare events exceeding 400e' (a sensitivity of m" 10.8). This curve is displayed in Figure
10.3.

The uncertainty in the flare star event rate reflects the uncertainty in the observed flare star
characteristics. The fact that the value of x is seen to lie between 1.4 and 2.2 affects the event rate by
a factor of - e°4= 1.2. An additional elemen of uncertainty is introduced with the assumption that 50%
of all M stars exhibit flares: the fraction is seen to be at least 0.4, yet could be as high as 1.0, so the
flare rate calculated by the Monte Carlo simulation could be low by a factor of 2 because of this
assumption.

A factor which has not been included in these calculations is the fact that the ETC is sensitive to
changes in brightness in of the order of 1-4s. If the risetime of an optical burst is significantly longer
than this, the sensitivity to the burst will drop, since only a fraction of the increase in brightness will be
observed in a single exposure. If the rise of brightness to peak is roughly linear, the effective magni-
tude of the burst (as seen by the ETC) is increased by -2.5log(te/t,,), where tex and t.. are the expo-
sure and risetimes, respectively.

This effect is potentially greater for flare stars, which have typical risetimes of 10-60 seconds,
than for optical flashes from GRBs, which may have risetimes of the order of seconds. If we take a
typical flare star risetime to be 30 seconds, the decrease in detection sensitivity of a one-second expo-
sure is 3.7 magnitudes. The effects of the typically long flare star brightening times is taken into
account in Figure 10.4, which assumes a flare star risetime of 30 seconds. (It is important to note that
30 seconds is a rough median risetime and that actual event risetimes vary over almost two orders of
magnitude (Moffett, 1974)).

This effect is, in principle, the same for optical bursts from GRB sources; yet, because of the
absence of reliable data on GRB-related optical transient risetimes, the magnitude of the effect is
difficult to estimate. This effect is taken into account in Figure 10.7, 10.8 and 10.9, assuming an opti-
cal burst time of five seconds.

10.4. Terrestrial Sources of Optical Flashes

The primary known sources of terrestrial optical flashes are satellites and meteors. These flashes
would be a particular problem for a single-site ETC, which would not be able to use parallax to discern
the terrestrial origin of optical flashes from these sources. The streak-rejection algorithm in the Trigger
software (section 8.3.2.4) is capable of rejecting fast satellites and most meteors. However, any source
of optical transient radiation with an angular speed small enough to pass the streak-rejection test, such
as slower satellites or head-on meteors, would be considered real events by a single-site ETC.

This section describes the rough calculation of event rates due to these sources.

10.4.1. Meteors

A meteoroid is a particle or group of particles, ranging in size from 0.001 cm (micrometeoroids)
up to tens of kilometers (asteroids). A meteor is produced when such a particle enters the Earth's
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atmosphere and is partially or totally vaporized, creating a luminous trail sometimes visible with the
naked eye. Upon entry into the Earth's atmosphere, the meteoroid is heated by contact with air
molecules and begins to melt and evaporate at a rate dependent on the meteoroid temperature and
mass. The rate of emission of meteoroid vapors determines the luminosity of the meteor rail.

A meteor can create a false trigger in the ETC if the angular size of the portion of the trail bright
enough to trigger the ETC is smaller than the streak criterion in the Trigger software (section 8.3.2.4).
The angular length depends on the angle of incidence of the meteor into the atmosphere, the peak
brightness of the meteor, the meteor velocity and the image exposure time. The rate of triggering
meteors is a convolution of the probability of a meteor of a given brightness creating a false event in
the ETC and the flux of meteors of that brightness entering the atmosphere.

10.4.LL Meteor light curve

The "typical" meteor light curve has been modelled by Oepik (1958). (Since meteors come in a
variety of types, sizes and brightnesses, no one type can be considered "typical"; however, most of the
meteors in the magnitude range of -2 - 10 are considered to created by the steady ablation of matter
from a melted meteoroid, the rate of which was roughly modelled by Oepik). From his model the
meteor light curve has the form j a X(I-X), where j is the brightness of the meteor and X = e-iFa,
where Al is the change in altitude of the mteor and a is the scale height of the atmosphere at the alti-
tude of ablation. From this light curve, Oepik calculates the relative intensity of the meteor to be j/jmu

272- -X(l-X . Expressed in magnitudes, Am - m - m - 2.51og(X(1-X)) + 0.83. Observations of

meteo light curves have substantiated this model (Bronshten, 1983).
From the above relation, given a detector sensitivity p, and the peak effective magnitude, in, of

the memor as seen by the detector (taking image exposure time into account), one can calculate the
length of the trail (in scale heights) that has a magnitude brighter than g; i.e., the length, Ah/a, of the
trail with Am< ni -

10.41 Meteor Geometry

The geometry of the incident meteor is shown in Figure 10.5. A meteor which enters the atmo-
sphere with zenith angle Z which creates a visible trail over a range of altitudes Alt at a mean altitude
H will create a trail of angular size 0 - tan.l(Ah tan(ZH). The probability of a meteor entering the
atmosphere with a zenith angle Z is proportional to cos(Z)sin(Z) (Oepik (1958), p. 67): the probability
of the meteor entering the atmosphere with zenith angle less than Z is sin2(Z).

Given a detection threshold magnitude, V6 some vertical length, Ak of the trail of a meteor of
peak effective magnitude m will be brighter dn L In this situation, there will be a range of zenith
angle Z which creates a vile trail length 0 < 0.. For a given threshold magnitude pa, the rate of
meteors with trails brighter than lt yet with an angular size O less than a threshold 0P is determined by
convolving the rate of meteors of effective magnitude ma with the probability associted with the zen-
ith angle Z.

10.4.1.3. The Effective Magnitude of a Meteor Trail

The effective peak magnitude of a meteor of actual peak magnitude m is given by mde - m
- 2.5log(t/t), where t is the time the meteor spends in a single pixel and T ihe image exposure time.
The time spent by a meteor in a single pixel depends on the velocity V of the meteor: the value of t is
Vsin(Z)Ho, where a is the angular size of a pixel. The value of meteor velocity V is typically "40
km/s; the value of H ranges between 80 kn and 100 kn.

10.4.1.3.1. Meteor flux

The flux of meteors in the magnitude range -2.4 to +12 has been measured by Cook, et al. (1981).
The result of the observations is consistent with those of Hawkins and Upton (1958) and is
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Figure 10.5: The geometry of a typical meteor trail. A meteor entering the
atmosphere at altitude H with a zenith angle Z will subtend an
angle e a arctan(L sin Z /H), where L is the length of the meteor
trail. If the angle is less than the anti-streak criterion for the ETC
(presently 13 arc-minutes), the meteor will trigger a single-site ETC
as an event. A two-site ETC will be able to reject the meteor by virtue
of its parallax over the 1.4 km baseline between the sites.
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log If (cm' - ) = -17.89 + 0.534mn

(This equation is consistent to within a factor of -2 with values found in Allen (1976)). This value can

be converted to metors/frame/second by assuming a typical altitude of 90 kn:

fa g71w 1) = 8.35x 1o0 1 o s3%

Given the typical colors of a typical meteor (B-V = -1.41 (Allen, 1976)),

fv a-is-) = 1.47x10 " 10 S34n

For the ETC, one frame has a solid angle of .086 steradians, so the calibration of ftrme's "1 to sr

1hr' is a multiplicative factor of 41900. The flux of triggering meteors in sr'h"' are
f# (Sr-lhr-t) = 0.350 x I0z"yn&

fv ( -') m 0.062 x I033..

10.4.14. The Net Rate of Head-om Meteors
The totad flux of triggering meteors was calculated by considering the threshold magnitude, I, and

effective magnitude of a meteor, mar based on the zenith angle Z and its associated probability. The
results for a typical meteor velocity and several exposure times are graphed in Figure 10.6.

It should be noted that a meteor can create a trigger not only if it comes into the atmosphere with
a low zenith angle Z, but also at larger values of Z, when the section of the meteor trail brighter than
the threshold magnitude is small enough o trigger she ETC. This effect is noticeable as an increase of
20-30% in the event rate at fainter theshold magnitudes (IL > 10).

10.4,2. Satltes
The impact of satellites on the ETC could be very large, yet the magnitude of their effect is

difficult to calculate. A tumbling satellite can create a false optical flash in the ETC by momentarily
reflecting sunlight and appearing to d ETC as an optical glint. The ETC would also consider a mov-
ing, non-glinting sawllite to be an event if the length of the satellite trail in a single exposure is less
than the ETC ami-steak criterion.

The problem of glinting or moving low-Earth-orbit satellites will presumably disappear once the
ETC has spread to two sites at Kitt Peak. (The 1.5 kn baseline between the two ETC sites on Kitt
Peak allows the recognition of eestria sources of optical flashes at altitudes of up to 3000 Ion). A
single-site ETC, however, would possibly have to contend with a major fraction of satellite-induced
events without de benefit of parallax. Presently, a non-glinting, moving satellite will be detected as an
optical flSub by a single-site ETC if its angular motion in a single exposure is less than 13 arc-minutes.
This mom that faster satellites (those in lower orbits) are more likely to be rejected by the and-steak

One method of reducing the event rate due to moving satellites might be to increase the exposure
time., so that low-Earth-orbit satellites would always be rejected. Another possibility is the a posteriori
rejection o satellite events based on three or more collinear glints in a single frame. Nevertheless, the
problem of glinting satellites remains a problem until the second ETC site is ready, since, to a single.
site ETC, a short glint looks like a point flash of light.

10.43. Imutrumet-relaed Spurious Events

Them is a finite probability of the detection of spurious events due to non-optical effects in the
CCD detectors. One source of such false triggers is statistical fluctuations due to shot noise in the
CCD: a thorough discussion of this effect is given in Chapter 11. A second source of non-optical false

I
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Figure 10.6: The calculated rate of false events due to head-on meteors (see

section 10.4.1). The rates assume a meteor velocity of 40 km/sec
and exposure times of is, 4s and lOs. The criterion for being
detected as a head-on meteor by the ETC is an angular extent of
less than 13 arc-minutes.
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triggers is the interaction of cosmic-rays with the CCDs in the ETC cameras. A cosmic ray passing
through a CCD ionizes the silicon it encounters, thereby freeing typically "400 electrons (for a 3t m
path length in silicon). A cosmic-ray interaction can mimic an optical flash in a single CCD camera
(400 electrons corresponds to a star of m = 10.j): properly placed cosmic rays in two CCD cameras can
therefore create a false event in the ETC.

The calculation of the rate of false events due to coincident cosmic rays in two cameras is
straightforward. The flux of cosmic rays on Kitt Peak is 5-10 per cm2 per minute. The rate per
22.3lum pixel per hour is 1.49xlO' s. The probability per CCD (of 10W pixels) of a false trigger is
2.23x10" /hour. At 0.086 steradians per CCD, the cosmic-ray spurious event rate for the plenary ETC
will be 2.6xlO4/hr/sr, independent of sensitivity. This rate is included in Figures 10.7, 10.8 and 10.9.

10.5. The Rate of Events Due to AN Considerations

The total rate of events due to celestial and terrestrial sources of optical flashes is presented in
Figures 10.7, 10.8 and 10.9. The exposure times assumed in these figures are one, four and ten
seconds. The duration of optical flashes from GRB sources is assumed to be five seconds in all three
figures. Superimposed on each of these graphs is the sensitivity of the plenary ETC to optical flashes in
one year of observations. Also included in each figure is a curve representing the sensitivity of the
observations made by Schaefer, Vanderspek, Bradt and Ricker (1984), which had been the most sensi-
tive wide-field search for optical flashes before the ETC.
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Cantion to Figures 10.7. 10.8 and 10.9I
I

Figures 10.7, 10.8 and 10.9 display the expected rate of optical

transients from known terrestrial and celestial sources in one-, four-

and ten-second exposures in the plenary ETC, as described in Chapters

4 and 10. Included are the rates of optical transients due to GRBs (as

discussed in section 10.1), assuming both one-second and five-second

I burst durations, flare stars (section 10.2), assuming a thirty-second rise to

peak, and comet impacts onto solitary white dwarfs (section 10.3). In

addition, the rates of "false" optical transients due to head-on meteors

I (section 10.4.1) and cosmic rays (section 10.4.2) are included. The

three-sigma Poisson sensitivity of the plenary ETC in one year of observations

is indicated on each plot (see Chapter 4), as is the sensitivity of the

I Two-Schmidt survey of Schaefer, Vanderspek, Bradt and Ricker (1984).

I
I
I
I
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Figure 10.7: The expected event rates in one-second exposures in the plenary ETC.
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Figure 10.8: The expected event rate in four-second exposures in the plenary ETC.
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i CHAPTER 11

Results of Observations with the ETC

Introduction
The ETC test insument was set up at Kitt Peak in October and November of 1984. During the

following December, January, and early March, the Overseer software was tested and refined. In late
March and mid-May, 1985, observations of portions of the night sky were made with the ETC test unit.
The goals of the observations with the ETC test unit were 1) to test the concept and operation of the
Trigger and Overseer software, 2) to explore the limits of operation of the ETC software package, 3) to
test the durability and reliability of th, 1. instrument itself, and, of greatest astronomical interest, 4) to
carry out de most sensitive wide-fiel., *ical flash search to date. These goals were achieved during
the observation period. The following .ections describe the tests of the ETC hardware and software; in
addition, the observations with the El C test instrument and the results of the observations are dis-

* cussed.

11.1 Obervatons with the ETC Test Unit
The "shakedown" observations with the ETC test unit were made in December, January, March

and May, 1985. The quality of the observations software progressed from "very crude" in December to
"working and useable" in March of 1985, to "quite satisfactory" in May of 1985. Observations made
after 23 March 1985 are particularly useful in the sense that the software was working well enough that
events could be detected and all data would be stored. Before 23 March 1985, the quality of the data
stored made its astronomical use very difficult.

I.L1. DescIptio, of the ETC Test Unit Hardware
The test observations were made with just two of the four available cameras (cameras B and C of

A, B, C and D) due to a malfunction in camera D's support hardware. Camera A, though useable, did
not have a coincidence "mate", so that it could not be used to survey an independent part of the sky.
Each camera was equipped with a 25 mm lens and a filter covering either the V-, R- or I-band. The
filters were necessary because the chromatic aberration of the lenses made wide-band focus impractical
(even with the filter, the point-spread-function of the lens was such that a stellar image was smeared
over three or four pixels).

The hardware (including Overseer computer, Trigger processors and ICE) in the test unit were as
described in chapters 6 through 9. The HSSL transmitter in the ICE was equipped with an EPROM
which mapped Ithe 12-bit output of the analog processing board to an 8-bit format according to a half
linear, half logaithmic mapping known as the "linlog" mapping (see section 9.1.2.3). The linng func-
tion maps the values 0 '50 on de input to 0-150 on the output (linearly) and the values 151-4095 on th
input to 151-255 on the output in logarithmic steps, such that each output step above 150 ADU
corresponds to 0.0341 magnitudes. (A plot of this mapping can be found in Figure 11.1.) The linlog
mapping gives the ETC a full 12 bits of dynamic range: with this mapping, the ETC is sensitive to faint
events, which would have peak brightnesses of less than 150 ADU (150 ADU corresponds roughly to
an 8* magnitude star in a ten-second exposure), while retaining sensitivity to flare events of Am >

0.25 from bright stars (m < 8). In order to utilize the full range of the linear portion of the map-
ping, the Overseer software adjusts the sky+bias level in each camera to be between 20 and 50 ADU
prior to each observation cycle (see section 11.2.1).
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Figure 11.1: The mapping of the 12-bit output of the analog processing
board to the 8-bit image data used in the ETC. The mapping
is stored on a UV-eraseable programmable read-only memory
chip (EPROM). The 12-bit input to the EPROM (in units of
linear ADUs) is mapped onto its 8-bit output (in linlog units)
with the linlog mapping. Input values between 0 and 150 are
mapped linearly onto output values 0 to 150. Input values between
151 and 255 are mapped logarithmically onto 151 through
255, so that each output step corresponds to 0.0341 magnitudes.
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U 1I.I.I.I. ETC Camera Sensitivity and Gain

The sensitivity of the ETC test unit to detected events can be calculated from equation 4.2. How-
ever, in order to have a good understanding of the system sensitivity, the gain (in ADU/e-) and readout
noise (in e) of each CCD camera must be well determined. Therefore, the gain and readout noise of
each CCD camera was measured in three different ways: through a light-transfer curve (LTC), from the
brightness of stars of known magnitude in the CCD, and from the dark-sky brightness.

The light-transfer curve (LTC) method requires the measurement of the total noise in the CCD at
various light levels (the noise is the standard deviation of the values of the difference between two con-
secutive frames at the same light level). Since the total noise is given by oT = Signal(ADU)/g +

several data points allow for an estimate of the system gain (g) and readout noise (d,..).
The second method involves calculating of the relation of the brightness of stellar images (in

ADU) to their visual magnitudes. This was done with SAO standard star images on a ful CCD image
recorded at Kitt Peak for both cameras B and C, and both analyses yielded mappings of the form
log(#ADU) - constant - m*(0.4±0.02), as was to be expected. Given the transmissivities of the atmo-
sphere and the CCD camera optical system, and the efficiency of the CCD, the system gain can be cal-
culated from this mapping.

The third method requires measuring the brightness of a moonless sky, also on a stored image.
From a comparison of the measured dark sky brightness (in ADU/pixel/second) with the actual sky
brightness (in photons/pixellseconds) the gain can be calculated, given the tranmissivity of the optical
system and the CCD efficiency.

These three methods were used in the calculation of the gain and readout noise of each CCD
camera. The results are summarized in Table 11.1. From the analysis, the values of 62 e/ADU and 51
e'/ADU were adopted for cameras B and C, respectively. The readout noise was determined from the
LTC to be 70 e" in camera B and 52 e- in camera C.

The values of the various parameters of the ETC optical system implicitly used in the calculation
of the sensitivity of the ETC test unit (equation 4.2) are listed in Table 11.2. The values of I-band lens
throughput and CC efficiency are estimates, due to incomplete data in that wavelength band. The
values of atmospheric characteristics (transmission and sky brightness) were taken from Allen (1983):I

Method Camera B gain Camera C gainI
LTC 62 ± 5 e'/ADU 46 ± 7 e'/ADU

(Ua = 1.15 ADU) (cr,,dA = 1.01 ADU)

Stellar 67 + 15 e'/ADU 48 ± 18 e'/ADU
brightnesses

Dark sky 63 ± 6 e'/ADU 58 ± 6 e'/ADU
brightness

Table 11.1: Results of Gain Calibration of the ETC Cameras

I
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these values are for sea level and differ somewhat from the values at Kitt Peak. The window transmis.
sivity was calculated from the Fresnel equations, which give the reflection losses at each surface of the
window. The values for the sensitivity to a detected event in each of the cameras at a signal-to-noise
level of 10 are also listed in Table 11.2.

11.2. Testing and Operation of the ETC Software
During testing of the ETC test unit, the Overseer software was run in "user" mode, which allows

for automatic observations and data storage after human-aided setup. User mode allows the observer to
change observational parameters in order to test the performance of the instrument. The following sec-
tions describe "user" mode in detail: the methods used in the testing of the limits of the Overseer and
Trigger software are described in section 11.2.2.

11.2.1. User Mode
The "user" mode of ETC observations was developed as a preliminary to full instrument automa-

tion. User mode allows the observer to specify every aspect of the ETC observations, in order to test

Optical Characteristics of the ETC Test Unit

Focal length 25 mm
f-number 0.85
Area of lens 6.8 cm
Pixel angular size 3.09 arc-minutes
Camera C gain 51 e'/adu
Camera C readout noise 52 e
Camera B gain 62 e/adu
Camera B readout noise 70 e

V-band R-band I-band

Sky rate (e'/pixel/second) 138 602 1046
Filter bandpass 1160 A 1200 A 1600 A
Atmospheric transmission .82 .92 .95
Filter transmission .71 .80 .77
Lens transmission .85 .80 .70
Window transmission .91 .91 .91
CCD efficiency .45 .60 .38
Image splitting .5 .5 .5
One-second event sensitivity 7.5 8.4 8.0
Four-second event sensitivity 9.0 9.7 9.3
Ten-second event sensitivity 9.9 10.5 10.0

Table 11.2: ETC Prototype Optical Characteristics
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the quality and speed of the Overseer and Trigger software, whereupon the ETC observes the sky
without further interaction by the observer. An example of the observer's interactions with the ETC
software's user mode is shown in Figure 11.2: the details of user mode are given below.

Upon entering user mode, the software asks the observer to move the telescope drive (manually
or through the slewing motor) to the right ascension appropriate to the observations. Once the right
ascension is correct, the software asks the observer to input the exposure time, sift time and the statisti-
cal criteria used in the calculation of the thresholds used in the Trigger software (see section 8.3.2).
The Overseer computer then measures the sky+bias level of each CCD from images taken by each cam-
era: the bias level is adjusted (if necessary) until the sky+bias level is between 25 and 60.

Once the sky+bias level is correct, the observer has the opportunity to save full images from all
cameras onto disk files. The observer is then asked to rotate the dome slit until the cameras view the
slit center. The relationship between the dome azimuth and the dome encoder value can then be cali-
brated. Next, the Overseer computer then calculates the values of threshold offset and brightened delta
(see Chapters 7 and 8) from the observer-specified statistical criteria and a measurement of the total
noise per pixel in each camera.

At this point, the observer participates in precisely calibrating "pixel address" to celestial coordi-
nates for each CCD camera in turn. The Overseer computer roughly calculates the coordinates of the
center of a camera field from its knowledge of the date, time and location of the site, the hour angle of
the sidereal drive (through the absolute synchro shaft encoder mounted on the drive) and the declination
of the camera (specified in the software). The Overseer computer then calculates the expected locations
of 16 SAO standard stars in the field based on these rough coordinates: these locations are circled over
an image of the sky taken by that CCD camera and displayed on the color graphics monitor. The
observer is requested to tell the Overseer computer how far the circles are from the actual locations of
the SAO standard starn This is an iterative process, which ends when the observer reports that the
SAO stars are all circled. The Overseer computer then calculates the precise position of the stellar
images on the CCD and calculates the precise ast-ometric mapping of the CCD location to celestial
coordinates (see section 7.1.4.2).

Once all the CCD fields are calibrated, the threshold frames are calculated by the Trigger proces-
sors from actual image frames. The Trigger processors are then initialized- at this point, the sequence
of observation cycles can begin. The observation cycles run completely automatically, so no observer
need be present. An observation cycle consists of twenty minutes of observations, followed by data
storage (see section 7.4.2), a check of the sky+bias level, a recalculation of the astromeuic mapping and
a recalculation of the threshold frames. If the sky+bias level in a CCD has changed significantly, the
bias level in the CCD is adjusted automatically. The recalculation of the astrometric parameters is
necessary due to a slight ( 30') misalignment of the polar axis of the telescope drive; however, the
misalignment is small enough that the Overseer computer can recalibrate the mapping without the assis-
tance of an observer. This periodic recalibration is also necessary because of the effects of atmospheric
refraction, which vary with hour angle.

The sequence of observation cycles continues indefinitely until 1) sunrise, or 2) the hour angle of
the mount exceed six hours. In all, the net efficiency of ETC observations, including starup and recali-
bration pauses, is 75%: i.e., three-quarters of the time the observation software is running in the
Overseer computer, the ETC is taking and analyzing images of the night sky. An individual observa-
tion cycle is halted when data has been taken from six prospective candidate events: the data are then3 stored and the observation cycle is immediately restarted.

11.2.2. The Testing of the ETC Software

During testing of the ETC software, the values of threshold offset and brightened delta were
varied to determine thei effect on the performance of the software. No attempt was made to unduly
minimize the rate of "false" (statistical) events: the values of threshold offset and brightened delta were
set as low as possible to maximize the chance of detecting a real event. The lower limit on the values
of these two variables (which were generally set equal to one another) was the point where the sift
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algorithm was unable to complete the sifting of a typical frame in the time allotted, because of the large
number of pixels passing the first level of sifting (see section 8.3.2.1). The sift time was then increased
to allow further decrease in the values of the detection variables until the amount of time left to the
Overseer computer for data transfer (data transfer time - exposure time - sift time) was too small and
exposure time limits were exceeded when the Overseer computer attempted to collect data from the
Trigger processors. It was determined that the present Overseer software requires "0.6 seconds per
flash to acquire data from two Trigger processors. The bulk of actual observations was performed with
ten-second integrations, with sift times of four to six seconds. The values of threshold offset and
brightened delta were adjusted until the rate of single events from a given camera was between 10 and
20 per exposure. These observation settings assured that >90% of all exposures were "good" (an expo-
sure was considered "good" if the sifting completed with no errors and the Overseer computer had
sufficient time to collect all the image data).

11.3. Details of Observations with the Test Instrument

The observations with the ETC test instrument were conducted between 24 March and 1 April
1985 and again between 12 May and 28 May, 1985. The observations were made primarily in V-band,
with some bright-time observations in R- and I-band. A list of the times and filters of observation can
be found in Table 11.3.

Cameras B and C were used in coincidence with a total field overlap of 236 square degrees (after
accounting for imaging area lost to CCD defects, pixels disregarded by the Trigger processors, a small
degree of misalignment between the cameras and an average of 5% of the imaging area lost to dome

i UT date Filter Time observed
(hours)

24 March 1985 V 2.67
25 March 1985 V 5.17
26 March 1985 V 2.31
27 March 1985 V 3.08
28 March 1985 V 1.18
30 March 1985 R 2.46
31 March 1985 I 3.49

1 April 1985 I 3.36
12 May 1985 R 1.44
13 May 1985 V 3.45
14 May 1985 V 4.75
15 May 1985 V 3.85
18 May 1985 V 3.04
19 May 1985 V 4.26
20 May 1985 V 1.35
21 May 1985 V 1.22
24 May 1985 V 1.77
25 May 1985 V 3.45
26 May 1985 R 3.08
28 May 1985 R 1.34

i Table 113: Dates and Times Observed with ETC Prototype

U
l
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occultations). A total of 41.1 hours were observed in V-band, 8.3 hours in R-band and 6.9 hours in I-
band. The solid-angle-time product observed, dan, was 2.95 steradian-hours in V-band, 0.60 steradian-
hours in R-band and 0.50 steradian-hours in I-band.

The choice of fields observed by the ETC test unit was affected in part by the potential for detec-
tion of possible sources of optical transients. The declination of the center of each camera was +250±
20: the right ascensions of the center of the fields observed were within a few minutes 10b, 12h, 15h and
17h. Generally, the fields were chosen to be near the meridian at certain hours of the night, (in order to
reduce the effects of occultation by the dome and extinction by the atmosphere) but some effort was
made to include potential sources of optical flashes. One of these fields (12") contained the error circles
of three gamma-ray bursters (GRB1200+21 (24 November 1978), GRB1152+20 (1 January 1979) and
GRBI140+20 (2 May 1979); Baity, et aL, 1984), while another (17h) contained the flare stars V475 Her, \ U
Ross 867 and Ross 868 (Gurzadyan, 1980). -

Observations were made primarily during dark or grey time (roughly six days on either side of
new moon). The sky brightness during bright time was found to be so high that the vignetting of the
lens (see section 6.1.1.2) becomes significant. If the sky brightres at the center of the CCD is 200
ADU per pixel (a typical value during bright time), the sky brightness at the edge of the CCD is 140
ADU, due to the 30% vignetting of the lens. Since the Overseer Computer will set the bias level of the
CCD to a point where the sky+bias level at the center of the CCD is -40, alar gearea near the edge of
the CCD will have sky+bias levels less than zero, rendering it useless for observations. Raising the bias
level to bring the values of the edge pixels above zero would bring the values of most of the CCD pix-
els close to the logarithmic section of the linlog mapping, thereby reducing the sensitivity of the CCD
as a whole. In addition, the increased sky noise during bright time significantly reduced the overall

, sensitivity.

11.4 Results of the Observatioas with the ETC Test Unit
A total of 725 coincident events were reported during the observations with the ETC test unit.

These events were categorized by hand, primarily through the analysis of the 9x9 pixel image subarrays
of the event location from before and during the flash event. The data fell into several categories,
based on the event profiles. The event categories are:

1) Satellite events: a satellite passing through the field-of-view created the event A
satellite is confirmed by second and third triggers from its trajectory. (see sec-
tion 11.6 for a further discussion)

2) Inconsistent coordinate events: the events in the two cameras were obviously unre-
lated. This is usually determined by the relative positions of bright objects in
the 9x9 image subarrays of the event from the detecting cameras.

3) Cloud triggers events: the events (always in groups of five or six, because the
maximum allowed number of events per observation cycle is six) were due to
patchy clouds. These events were recognized a) because of the low number of
"good" integrations in that observation cycle and b) from notes made at the time
in the observations log.

4) Occultation events: the event occurred in a portion of camera which was partially
obscured by the dome.

5) General brightening events: the event was induced by a sudden increase in the
background light level in the CCD, due to such causes as a flashlight in the
dome, a passing car with its lights on, or distant lightning.

6) Streak events: the image has a streak-like appearance, but no second trigger to

I
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U confirm it to be a satellite.

7) No trigger events: the data stored show no evidence of an event having occurred.
This is currently an unsolved bug in either the Overseer or Trigger software.

8) Statistical events: the event was created by statistical variations in the brightness
of a corresponding pixels in both detecting cameras.

A breakdown of the freqency of these types of event is given in Table 11.4, based on 16,700 exposures
i taken during the test observations.

11.4.1. Statistical Events
After the events of types 1-7 had been identified in the ETC data bank, a total of 355 statistical

events remained. These events are subclassified into four groups, based on their morphology:

1) Class I events occurred when the brightest pixel in a stellar image brightened in
both detecting cameras.

2) Class li events occurred when the brightest pixel of a stellar image brightened in
one detecting camera while an immediate neighbor pixel brightened in the other.

13) Class I events occurred when a pixel neighboring the brightest pixel of a stellar
image brightened in both cameras.

3 4) Class IV events occurred when background pixels brightened in both cameras, or
when a pixel near, but not immediately neighboring a very bright star triggered
in both cameras.

IMast of these events barely exceeded the event thresholds, and all but a few of these events showed no
appreciable light curve in both cameras. Because of the high CCD readout noise (50-70 elpixel), it is
probable that most, if not all of these events were caused by statistical fluctuations in the CCDs. The

Type of event Number detected % of total Number/exposure

I Satellite 159 21.9 0.0095
Inconsistent coordinates 34 4.7 0.0020

Cloud trigger 110 15.2 0.0066
Occultation 5 0.7 0.0003

General brightening 13 1.8 0.0008
Streak 17 2.3 0.0010

No tigger 14 1.9 0.0006
Statistical Class I 194 26.8 0.0116
Statistical Class H 46 6.3 0.0028
Statistical Class 11I 92 12.7 0.0055
Statistical Class IV 43 5.9 0.0026

Total 725 100.0 0.0434

Table 11.4: Breakdown of Events Detected by the ETC Test Unit

I
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rate of these events (355 events in 16,700 exposures, or -.021 events per exposure) are shown below to
be comparable to the expected rate of correlated events due to statistical fluctuations in the CCD. The
calculation of the expected false event rate is based on the fact that the ETC software does not detect
sudden brightmings of image pixels, per se, but rather large differences in the value of image pixels
from one image to the next.

11.4.1.1. The Difference-Sensitivity of the ETC

When discussing the statistics of an ETC event, one must take into account that the ETC instru-
ment is not level-sensitive, but d4erence-sensitive. The ETC is not an instrument monitoring a sky of
static brightness levels with a noiseless CCD, waiting for a part of the sky to increase its brightness by
more than a certain amount in a single exposure time; rather, the ETC is monitoring a sky where the
brightness levels vary from frame to frame due to shot noise and readout noise, waiting for the
difference between two frames to exceed a certain amount in a single exposure time. The difference-
sensitivity of the ETC has significant implications for the sensitivity and expected statistical trigger rate
of the ETC. I

The first implication of the ETC's difference-sensitivity is the fact that the event sensitivity is
lower than the sensitivity of a camera to the detection of a stellar image by a factor of " , as briefly
mentioned in chapter 4. This is due to the fact that the readout and shot noises must be taken into I
account twice in the calculation of the total noise associated with an event, because two frames are
involved in the event detection. The equation giving the level of significance, q, of a detected event iss.,. I

q = (S&,.+,O, + 2oj)%'

where S., d S~e are the total signal above the bias level (in electrons) in a given pixel in two
consecuuve images.--ubsituing S... - Sw.. + S, where AS is the amount of brighening in the

event, one gets
as

(2($S.f. + 01) + ASP(a~x

The second and more important implication of the ETC's difference-sensitivity is that the
significance of a detected event is not simply that determined by Gaussian statistics: that is, an event
that showed a brightening corresponding to a statistical significance of No, where a is the total noise
(the denominator of equation 11.1), cannot be assigned a confidence level associated with the Gaussian
probability of an No event occurring randomly. The problem, again, is the fact that the ETC detects im
event when the value of a pixel increases by a certain value from one exposure to the next. This means
that an Nd event can be created if, for example, the pre-event pixel value is No/2 below the mean
value and the event - is Na/2 above the mean value. The probability of this situation occurring
randomly is (pa(N/2)) (where p (x) is the probability of an event of >xa occurring according to Gaus-
sian statistics), which is signiicanty grear than p0(N) for most values of N. In assigning a
confidence level to an event, one must therefre not use the Gaussian probability function po(x). but
rather the pombability function pA(x), which is defined as I

p*(X) = fprob(<y)prob(>(yl)dy

where prob(<y) is the Gaussian probability of an event being less than ya (including the probability of I
an event being below average) and prob(>(x+y)) is the Gaussian probability of an event being greater
than (x+y)a. The function pA(x) gives the probability that the difference between a pixel's value in
consecutive images will have a significance greater than xa. The value of pA(x) exceeds the value of
po(x) significantly for more values of x, as can be seen in Figure 11.3. I
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Figure 11.3: The relative probability of a random event in the ETC. The curve
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value being N sigma above its mean value. The curve marked
"Difference probability" indicates the probability of the difference
in the value of a pixeFin two consecutive measurements being
greater than N sigma (see section 11.4.1.1 ).
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11.41.2. Calculation of the expected statistical event rate

The expected rate of false ETC events due to Gaussian variations of the values of image pixels
can be estimated, given the function p&(x) and the distribution of the pixel values in a typical ETC
image. The distribution of pixel values in a CCD image can be divided into three populations, each
with a different rat of statistical brightening. The pixels with values between a few ADU above the
median of all pixel values in an image and "140 ADU an parts of stellar images and, because of their
larger shot noise, we more likely to create a statistical event than pixels with values near the median
value. However, 90% of the image pixels have values within 5 ADU of the median, so the net rate of
statistical events from these two populations is balanced somewhat. (Empirically, it was determined
that the mnqority of statistical events occurred near stellar images; cf. Table 11.4). Those pixels with
values greater than 150 are in the range of pixel values where each step is logarithmic, and therefore g
significantly larger than those in the linear range: statistical events with values greater than 150 are
therefore very rare.

The expected rate of events was calculated with a computer program which, using a full ETC
frame from either camera, calculates the probability of detecting a correlated event in the two cameras,
based on the values of the total noise and the detection threshold in each camera. The program reads
the values of the image pixels in order, calculating for each the total noise, a, (based on twice the sig-
nal shot noise and readout noise) in both cameras (after converting the pixel value in the one camera to
the equivalent value in the other camera by multiplying by the ratio of the camera gains). From the
ratio of the detection threshold value to the total noise in a pixel the probability of a random fluctuation
in that pixel leading to an event in a single camera is calculated, using the pA(x) function described
above. The probability of a correlated event due to random fluctuations is just the product of the two
single-camera probabilities. The probability is calculated for all pixels and summed to give the proba-
bility of statistical triggrs per exposure.

A direct comparison of the results of this computer analysis with the observed rate of correlated
events is complicated for several reasons. First, the observations were made under many diffemnt sky
conditions (dark time, grey time, bright time) and at various values of detection thresholds in both cam-
eras (typical values were 7 ADU in camera B and 6 or 7 ADU in camera C). Those observations made
under bright sky conditions (partial moon) suffer from a higher sky noise and therefore would be
expected to have a higher rate of statistical events. Observations made under brightening sky condi-
tions (during sun- or moonrise) are also expected to have a higher event rate because the sky brightness
is increasing slowly during observations, thereby increasing the fraction of pixels able to pass Level 1
of sifting (see chapter 8 and below).

In addition, the rate of statistical events from pixels with values near the median value is
significantly reduced by the fact that there is a probability of '50% that the pre-event pixel value is
below its mean value, in which case a typical brightening will not pass Level 1 of sifting.

Nonetheless, in order to show that statistical fluctuations are sufficient to account for the rate of
correlated events observed in the prototype ETC, the program described above was run with a dark-time
image with both detection thresholds set at 7 ADU (so that a SW8 ADU will trigger - - a typical situa-
don during test observations). The rate of correlated events based on camera B and converting to cam-
era C was .063 per exposure and the rate based on camera C was .048 per exposure, averaging to .05
per exposure. Taking into account that about half of the pixels with values near the median value will
not trigger because they are not able to pass Level I of sifting (as discussed above) reduces the
expected event rate by - 20%, to 0.045 events per exposure. This is more than sufficient to account for
the bulk of the 355 "statistical", "stellar" and "other" events, which occurred at a rate of -0.02
events/exposure.

A final complication of this analysis process is that the Overseer software allowed fluctuations to
be considered a correlated event even if the celestial coordinates differed by up to two pixels. This
mea that a pixel in one camera can trigger not only with its direct counterpart in the other camera,
but also with neighbors of the counterpart. The program described above was modified to deliver the
probability of a correlated flare with the nine nearest pixels in the other camer the result was an
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I increase in the expected event rate by a factor of 2-3. Because the actual software allowed correlated
events to occur not from the nearest nine pixels, but rather from an area of <2xr pixels, the actual effect3 is more modest. The expected increase in event rate is -75%, raising the expected rate to "0.08 events
per exposure.

11.42. Satellite Detections by the ETC Test Unit
The high frequency of detection of satellites by the ETC was somewhat surprising. It had beenassumed that low-Earth-orbit satellites would be moving too fast to be accepted as ETC events, due to

the fact that their Ion& trails on the CCD would be noticed by the Trigger processor streak-rejection
algorithn (section 8.3.2.5). Generally, the detected satellite trails were indeed long enough to have
tripped the steak rejection algorithm, yet none of the perimeter pixels had brightened sufficiently. This
may be attributable to statistical fluctuations in the perimeter pixels. Indeed, the bulk of the satellite
trail across the CCD very likely was rejected as a streak; only those few images of the satellite trail
where the perimeter pixel was lower than it should have been due to statistical fluctuations escaped
rejection. (A typical satellite triggered the ETC an average of six times during its traversal of a field-
dun this tim, roughly 200 exposures were made of the field).

A total of 29 satellite trails were detected by the ETC during prototype observations. The satel-
lites were divided into those with a roughly east-west trajectory and those with trajectories making an
angle of roughly 60' with east-west. Judging by the times of detection and angles of the paths of some3 of the trails, several trails may have been made by the same satellite. Data from two typical satellite
detections are shown in Figure 11.4.

The satellite trails detected were made by satellites of visual magnitudes from 6 to 9. The angu-
lar speeds of the satellites at the time of detection were consistent with circular orbital periods of 4 to
12 hours: it should be noted, however, that no estimate of the orbital eccentricity was made from these
detections, so that estimates of orbital periods are uncertain.

The rate of expected satellite events (-0.01 per ten-second exposure) will pose a problem for the
plenary ETC, since the associated event rate is very large compared to celestial event rates. (The rate
is one event per 15 minutes, on the average, but the events are clumped in group and trigger at a rate
of one event per one or two minutes in these groups). One solution is to lower the streak-rejection cri-
terion from 7 to 5 pixels (cf. section 8.3.2.5): this criterion would have rejected a significant number of
the satellites detected during the observations with the test instrument. Another possibile means of
rejecting satellite events is for the Overseer computer to monitor the coordinates of reported events: if
any three are shown to be collinear, they would be considered having been due to a satellite crossing
the field.

11.5. Interpretation of Results
The observations with the ETC test instrument yielded no optical flashes which could not be

explained by local, termtrial or statistical sources of optical transient events. The total solid-angle-time
product observed by the ETC in the visual band is 2.9 steradian-hours. Given the ten-second sensitivity
of the ETC test unit to detected events (n, - 9.9: a lo criterion), the test observations were expected
to have detected 1.5 flare stars and 0.008 optical tnsients from ORB sources (see Figure 11.5). The
test results define a 3a Poisson upper limit of 2.2 optical flashes per hour per steradian at m, = 10
(GehWels, 1985). This result is superimposed on the graph in Figure 11.5.

The results of the observations with the ETC test unit have no significant impact on
difereniatin between the models of optical transient events described in Chapter 3. However, the
observations made with the ETC test unit make up by far the most substantial wide-field survey of the
night sky for shat-timescale optical transients. The 3q Poisson upper limit of <2.2 Bashes per hour per
stmdla is an order of magnitude lower than the 3o upper limit of 42 flashes per hour per steradian
determined by the previous best effort of Schaefer, Vanderspek, Bradt and Ricker (1984). It should be
noted that this upper limit result was determined with one-siarenth of Ae plknary ETC in five weeks of
oburva"ol The results achievable by the plenary ETC in one year of observation should be a factor
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Figure 11.4: Two views of ETC data collected during March and May, 1985. Figure 11.4a is a display
of all image data collected after the detection of an optical flash event. The data displayed
are 9x9 pixel image subarrays about the locations of the flash event and five SAO standard
stars in each camera. In Figure 11.4a, the left-hand six rows contain data from camera B and
the right-hand six rows contain image data from camera C. Of each set of six rows, the upper
five rows contain images of SAO standard stars and the lowest row, set apart from the
others, contains data from the flash location. The Images are order chronologically from I
the left. The far left column contains the 'old' images, taken at the beginning of the
observation cycle. The next column contains the 'recent' images, taken immediately
before the detection of the event. The remaining columns contain data taken at and after
the flashevent. All exposure times are ten seconds. Figure 11.4a shows the detection ot an
east-west-moving satellite; Figure 11.4b, a close-up of another set of flash data, shows the
detection of a satellite withan inclination of -60 degrees. Both satellites are of roughly 6th to
8th magnitude.
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I of 160 better than the results presented here, and a factor of 1600 better than the efforts of Schaefer,
Vanderspek, Bradt and Ricker (1984)!.

The observations with the test unit indicate that the flash background rate (the rate of flashes from
non-cosmic sources) is dominated by satellite events. The plenary ETC, with its capability of recogniz-
ing a satellite by its trail across a CCD as well as by the use of parallax, will be able to reduce
significantly the event rate due to satellites. The detection of these satellites indicates that the events
detected by Pedersen, et al. (1985), may have been created by a satellite. The angular speed of a typi-
cal satellite (detected by the ETC) is "70"/second. The longest dimension of the photometer aperture
used by Pedersen was -80": therefore, optical events with durations less than 1.2 seconds could be3 created in Pedersen's photometer by the passage of a typical satellite.

I
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I CHAPTER 12

I Future Work

I
Introduction

Although the four-camera ETC test instrument was able to operate successfully in a semi-
automatic mode during the test phase, there are a number of weak links in the ETC instrumentation.
These weak links must be corrected before the ETC can be expected to operate for long periods without
an observer on site. The general problem with the ETC instrumentation is that several of its com-
ponents are not reliable: under certain situations, the state of the instrument hardware cannot always be
consistently predicted. plans for the correction of the problems. In addition, the weak spots in the ETC
software, which all center around its operational speed, will be mentioned.

12.1. General Plans for the Improvement of the ETC
The observations made with the ETC test instrument revealed several areas for general improve-

ment in the ETC. These improvements include:

1) The Overseer computer disk memory will be upgraded by at least 20 Mbytes to
allow for more disk data storage, so that the interval between successive data
storage onto magnetic tape is longer.

2) The Overseer computer core memory will be upgraded to at least 2 Mbytes to
increase the speed of the Overseer software.

3) A Cipher Floppy Tape unit will be introduced as the medium for mass data
storage. The Floppy Tape unit stores data onto standard 1/2" cartidge tapes.

4) The Trigger processors will be replaced by Heurikon HK68 single-board micro-
computers with built-in DMA. The Heurikon board will include 1 Mbyte ofhard memory to allow for substantial data storage in the Trigger processors.

5) The HSSL will be replaced by a new, more reliable fiber-optic link.

6) The ETC CCD cameras will be replaced by thermoelectrically-cooled CCD cam-
eras designed by Gerard Luppino of MIT. The use of these cameras will elim-
inate the problem of the bulky coolant hose associated with the closed-cycle
refrigerator. In addition, since each camera is cooled individually, a single cam-
era can be warmed and brought to atmospheric pressure without affecting the
operation of the other CCD cameras. In addition, the preamplifiers, which had
been housed inside the CCD cameras, will be moved outside of the CCD hous-
in, removing both a source of heat and a source of noise from inside the CCDI housing.

7) The ETC CCD camem will be outfitted with new, better lenses. These custom-
built leases will allow one- or two-pixel focus over a broad band (3000 A) of
wavelengths, which will significantly improve the signal-to-noise performance of

* 68
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the ETC. U
The following sections will discuss specific problems encountered during the test phase of the

ETC instrument.

12.2. The ETC Electronics
The majority of the problems with the ETC electronics are related to reliability. Specifically,

1) Some parts of the Instrument Control Electronics, which are located in the second
floor of the ETC dome, tend to stop working correctly when the ambient tem-
perature drops below -0°C. The symptoms indicate that the problems are not
construction-related (e.g., a cold solder joint on a circuit board), but rather are
related to design flaws or the choice of chips used in the boards. The intermit-
tent nature of these problems has hindered their exact localization to date.

2) The High Speed Serial Link (HSSL) receivers in the Trigger processors occasion-
ally lose data. This problem is due to improper ground return wiring of the
receiver chips in the HSSL receiver. Although the rate of data loss has been
reduced (less than .1% of all frames are affted, and the presence of the prob- I
lem is always apparent), it still should be eliminated completely.

3) One of the Digital-to-Analog converter (DAC) boards has a tendency to drop out 3
of operation altogether every few weeks. This problem has not yet been
definitively located, but the application of pressure on one or more chips on the
board generally solves the problem. This problem is most likely due to the use
of a prototype construction technique in fabricating the DAC boards, a method
which has occasionally resulted in reliability problems in the past.

4) The ICE in general have a problem with the loss of static-sensitive CMOS chips
because of electrostatic discharges. Although the loss rate due to static electri-
city is low, it must be reduced to zero in the plenary ETC.

The solutions to these problems which have been proposed to date are:

1) Put the ICE in a warm place. The locations of the sources of the problems of
cold-sensitivity to date have not yet been found. Even if they were, the problem
could occur in other locations in the ICE. The best solution is to create a warm
area in the dome for the ICE.

2) The problems with the HSSL receivers is not so severe as to warrant major revi-
sions of its construction. However, the new fiber-optic HSSL should eliminate
all the problems associated with the present HSSL.

3) Recently, printed-circuit DAC boards were constructed for use at MIT. These
boards do not have the problem of loose sockets and should prove to be error-
free in use in the ETC.

4) Much effort must be yet put into static protection of the ICE. The carpeting in the
second floor of the ETC dome must be covered with static-free matting to guard
against accidental static discharges to the electronics.
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I In addition to the above reliability problems, two specific aspects of die ETC electronics should
be improved. First, the effective CCD readout noise is higher than specified for the CCDs. This
increased noise is due to improper "tming" of ite CCD analog electronics. Future ETC CCD camera
systems should be thoroughly "tuned" before they are sent out into the field. The latest generation of
CCD electronics has a much better noise performance than the present ETC cameras: system noises of
less than 20 e" with good charge transfer efficiency are being achieved regularly.

Second, the dome encoding scheme should be improved. Presently, it is a relative encoder, with
no absolute zero point. This situation makes it necessary to rotate the dome to a specific position regu-
larly in order to zero the encoder. This problem will be corrected in the Fall of 1985 by encoding the
dome absolutely.

12.3. The ETC Instrument Mechanical Hardware
The current ETC mechanical hardware also has a number of problems which will hamper pro-

gress towards automation. The major problems are:

1) The vacuum cavity which is shared by the four ETC camera and the manifold is
not leak-free. The system maintains a good vacuum (with the closed-cycle refri-
gerator on) for ten days to two weeks at a time, but then can spontaneously
return to near atmospheric pressure with little warning. Evidently, the cooling
probe acts as a cryopump when cold, adsorbing molecules leaked into the system
onto its surface. When the surface of the cooler is saturated, the pressure
increases slowly due to a leak in the system, until the ion pump shuts off, result-
ing in a rapid pressure rise.

I2) The telescope mount is misbalanced, primarily due to the weight of the coolant
hose wrapped around the axis of the manifold. The result is that it is veryI difficult to slew the telescope mount at hour angles of more than '3 hours.

Proposed solutions to these problems ame:

1) A new camera/manifold system will be used in future ETC cameras. The present
system relies heavily on rubber O-rings between flat aluminum faces. The
improved system will utilize steel knife-edge vacuum interfaces with rubber
gaskets, so the vacuum integrity of the system will be much improved.

2) The cooling system in future ETC cameras will not require stiff cooling hoses.
The new cameras, designed by Gerard Luppino, ae cooled by thermoelectric
coolers and will not impede the slewing of the mount. Without the coolant
hose, which tended to accumulate ice when cold, balancing the telescope will
also not be as difficult a problem as it is now.

Another advantage to the new ETC camera/manifold design is that access to the camera interiors
will be much simpler than it is now. The method of cooling individual cameras will allow one camera
to be taken off line without warming the others.

12.4 ETC Software
The main problem with the ETC software is that it is not fast enough to support one- to three-

second integration times. There are several bottlenecks in the software which slow it down substan-
I 1) Whenever a candidate report is received by the Overseer computer, the location of
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the event is converted into its celestial coordinates. The conversion of event
location to celestial coordinates involves calculating of -10 trigonometric func-
tions, with each function requiring 10 milliseconds. Thus, each candidate report
requires -0.1 seconds to be fielded.

2) The transfer of event image data between the Trigger processors and the Overseer
computer takes "0.6 seconds per flash event per exposure.

The next revision of the ETC software will transfer more of the computational burden from the
Overseer computer to the Trigger processors, which should improve overall system speed. Specifically,

1) Each Trigger processor will be given the parameters of the astrometric mapping of
its associated camera, so that it may calculate the celestial coordinates of each
candidate event itself. In this way, the Overseer computer will act as a book-
keeper of candidate events, and not as a calculator. In addition, the coordinates
will be calculated in the form of three-vectors, which avoids the calculation of
slow trigonometric functions.

2) Each Trigger processor will store image data in its own memory structure during
observations. At the end of an observation cycle, each Trigger processor can
then transfer its image data to the Overseer computer without time pressures.

Some general areas for the improvement of the ETC software ame:

1) The sifting algorithms do not reject signal fluctuations in bright stars. Some
method of recognizing the higher shot noise in bright stars must be devised.

2) The criteria for coincidence of celestial coordinates must be tighter than in the test
observations, in order to reduce the rate of statistical false triggers.

3) The calculation of the precise celestial coordinates of the center of each CCD,
presently observer-aided in "user" mode (see Chapter 11), must be made
automatic. A field-finding algorithm, used by the third Small Astronomical
Satellite (SAS-3), will be altered for use in the ETC.
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refinement of these aspects of the ETC is being assisted by him. The concept of how the Trigger
software should work was also developed by John Doty. His further contributions have been in the
form of streamlining the Trigger and Overseer software: the five days he spent at the ETC site at Kitt
Peak should be counted as some of the most critical time spent with the ETC by anyone, since he used
the time to remove an intricate system problem that would have made efficient execution of the ETC
software very difficult.

John Valerga and Gerty Luppino were indescribably helpful in teaching me how to build an
instrument. With their guidance, many mistakes in the construction and testing of the ETC electronics
were avoided or caught before they became critical. In addition, their ongoing efforts to improve the
CCD electronics proved very useful for the ETC ICE, which was developed in parallel with their
efforts.

In addition to the above four, several undergraduates at MIT have made significant contributions
to the ETC instrument. Steven Rosenthal was responsible for the development and implementation of
the DMA/HSSL transmitter/receiver boards (with Charles Kimball working some on the ICE HSSL
transmitter). Steve also wrote and tested the Trigger software as his senior thesis.

Dum Thresher was the primary builder and tester of the ETC's clock driver generation and ana-
log processing boards. His knowledge, patience, good humor and invariable presence at odd hours
made the construction of the ETC much more bearable.

Hownd Swam developed and built the ETC frame timer and the Trigger hardware reset. His
hardware implementations and Overseer driver code changes have worked almost flawlessly.

George Mitsuoka was significant in contributions to the writing of several drivers, not least
noticeably the HSSL driver. Erica Ellingson wrote her senior thesis on the ETC optical system and the
effects of cosmic rays on ETC observations.

Kip Dee Kuntz's efforts to observe with an underdeveloped ETC in December, 1984, are noted
with admiration and gratitude. His presence at Kitt Peak will be remembered by many.

Among the "cast of thousands" of undergraduates at MIT who worked on the ETC as UROP stu-
dents in a sometimes more, sometimes less effective way were Anna Franco, Carlos Montero-Luque,
Nancy Efiman and Geoff Enplistein.
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Several non-MIT persons were deeply involved in the ETC project. Dr. Frank Meisheimer of
DFM Engineering, Inc., was the primary designer of the ETC camera/manifold system and the interface
with the MFC-100 cooler. Cindy Reiter and Doug Fraser of FTS Systems, Inc., were very helpful in
the selection and testing of the MFC-100 cooler for the ETC test unit.

I would also like to thank Sidney Wolff, Buddy Powell, Bob Barnes, Dick Doane, John
Settlemyre, John Africano and the TA support staff at KPNO for their patience and help during the con-
struction of the ETC.

I would 61so like to thank Cheryl Simmons and Dan Calileo of MIT's Center for Space Research
for their patience and guidance in the management of the ETC budget.

I thank Claude Canizares and Paul Joss for a careful reading of this thesis and a bloodless thesis
defense. Saul Rappaport also provided useful comments and suggested the Monte Carlo approach to
the flare star calculations.

Finally, I'd like to thank the countless people who supported the ETC effort, and my family and
friends for supporting me as a person during the sometimes very trying moments during the construc-
tion and testing of the ETC.
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