UCRL-JC-130017
PREPRINT

Instrumentation of LOTIS:
Livermore Optical Transient Imaging System;
A Fully Automated Wide-Field-of-View Telescope System
Searching for Simultaneous Optical Counterparts of
Gamma-Ray Bursts

H. S. Park, E. Ables, S. D. Barthelmy, R. M. Bionta,
L. L. Ott, E. L. Parker, G. G. Williams

This paper was prepared for submittal to the
Astronomical Telescopes and Instrumentation
Kona, Hawaii
March 20-28, 1998

March 6, 1998

Thisis apreprint of apaperintended for publication in ajournal or proceedings. Since
changes may be made before publication, this preprint is made available with the
understanding that it will not be cited or reproduced without the permission of the
author.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor the
University of California nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for advertising
or product endorsement purposes.



Instrumentation of LOTIS:
Livermore Optical Transient Imaging System;
A Fully Automated Wide-Field-of-View Telescope System Searching for
Simultaneous Optical Counterparts of Gamma-Ray Bursts

H. S. Park, E. Able$, S. D. Barthelm§, R. M. Biontd, L. L. Otf, E. L. Parke, G. G. William$

4Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94550
"NASA/Goddard Space Flight Center, Greenbelt, MD 20771
‘Clemson University, Physics and Astronomy Dept., Clemson, SC 29634-1911

ABSTRACT

LOTIS is a rapidly slewing wide-field-of-view telescope which was designed and constructed to search for
simultaneous gamma-ray bui€dRB) optical counterparts. This experiment requires a rapidly slewing (set),
wide-field-of-view (> 18), automatic and dedicated telescop®TIS utilizes commercial tele-photo lenses and
custom 2048 x 2048 CCD cameras to view a 17.6 x°Ifiel of view. It can point to any part of the sky within 5 sec

and is fully automated. It is connected via Internet socket to the GRB coordinate distribution networlaneiictes
telemetry from the satellite and delivers GRB coordinate information in real-time. LOTIS started routine operation in
Oct. 1996. In the idle time between GRB triggers, LO3yStematicallysurveys the entiravailable sky every night

for new optical transients. This paper will describe the system design and performance.
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1. INTRODUCTION

The origin and nature of gamma-ray bur€&RBs) remains an important unresolved problem in astropRy§éBs

are brief bursts of gamma-ray radiation that appear at random positions skythiuch of the difficulty in studying
gamma-ray bursts results from their short duration (< 100 sec) and the poor directional precisiofi {*o~si#tistical

error) available from current orbiting gamma-ray detection experiments such as BATSE on the Compton Gamma Ray
Observatory. Recently an Italian-Dutch satellite (BeppoSAXhas observed three GRBs with possible fadiagy

and optical counterpafts These counterpart observations were made many hours after the WRiBs.theseevents

gave data on their distance s€ad@d their interaction with interstellar medium, their actual production mechanism is
still very unknown. Anobservation of an optical signal simultaneous with the GRB, and its light curve, can provide
crucial clues to this mechanism of GRBs.

In an attempt to make such observations, we initiated an ambitious and innovative experiment to search for
simultaneous optical radiation associateith GRBs. The first instrumenatilized an existing widefield-of-view
telescope (60 field-of-view with 23 fiber coupled intensified CCBameras on a rapidly slewing Contraviesiex

table) at Lawrence Livermore National Laboratory (LLNL) programmed to respond to real-time coordinates issued by
the GRB Coordinates Network (GEN This first generation instrument did not find agyidencefor optical activity

dimmer than mV > 7% We constructed a second generation experiment with 250 times higher sensitivity than the first.
This experiment is called LOTIS (Livermore Optical Transient Imaging System) and has been operating since October
1996.

The design requirements for LOTIS were: 1) * 1iBld-of-view in order to cover the error circle of the rapid GRIBrt

derived from the satellite telemetry; 2) the capability of pointing to a position in the sky in < 5 sec since most of the
bursts last < 100 sec ; 3) a high sensitivity in order to set tight constraints on GRB models; 4) a light weight in order to
have fast slewing; 5) and a low cost. With careful optimization we were able to design and construct tisystatire

within a year. This paper describes some details of the components of this system.

2. LOTIS OPTICS

In order to have the required field of view we needed very short focal length optics. We chose a conehteptiato
lens, the Canon EFL f/1.8 which has a focal length of 200 mm. With our 3.1 x 3.1 cm CCD focal plane thde@anon



gives an 8.8 x 838field-of-view. Their unique multi element design, correcting both spherical and chromatic aberration,
produced higher optical qualitior stellar point sources than other similar lensesilable commercially irour tests
utilizing a table-top off-axis collimator and night sky images. Gaussian fits tantge of point sources with the
Canon lens yielded d&-widths of 0.4 pixels.

3. LOTIS CCD CAMERA AND READOUT ELECTRONICS

The LOTIScameras use Loral42 CCDs which areommercially available atffordable prices in variouslasses

based on their defect quality. We developed readout electronics using lower quality CCDs and replaced them with
higher quality onedor astronomical observations. These CCDs have 2048 x 2048 gaelswith 15 x 15um size
providing a focal plane area of 3.1 x 3.1 cm.

The readout electronics was designed and fabricated Mit. Figure 1 shows a block diagram of the LOTd&mera

readout electronics. It is composed of a stacked array of 3 PCBs (Printed Circuit Board) and thehoasiega The

three boards are the CCD board, the ADC board, and the Computer Control board. The housing provides a mounting
mechanismfor the electrical connectors, cooling faghutter as well as a means of mounting the camera to the
telescope.
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Figure 1. LOTIS Camera Readout Electronics Design

The CCD board is composed of three parts. There is a socket for the Loral CCD imager, CCD clock drive circuitry, and
the first stage CCD signal amplifier/buffer. The clock drive voltages are regulated anvéie are resistor
programmable. This feature was used several times as new batches of CCDs were pueghégegl differentclock

voltage levels. The CCD signal amplifier provides the first stage of fyam the CCD. The amplifier gaimalue was
selectedfor the desired sensitivitfrom the CCD. The amplifier provides a lampedancedrive of the CCDsignal

which is routed to the ADC board. The CCD board also provides temperature monitoring of the CCD.

The ADC board provides the second stage of CCD signadlification, CDS (Correlated Double Sampling)cuit,
and ADC (Analog-to-Digital Converter). The 12 bit ADC sampling rate is fixed at 5¥0Hples/sec as a compromise



between low noise operation and speed of reading out of the CCD. At a read out rate piXad9Kec it takes 8 sec

to read out the 4 million pixel image from the CCD. The parallel digital output of the ADC is buffered and routed to the
Control board. The ADC board also converts the anédmgperature data of the CCD to digital and routs it to the
Control board.

The Control board provides all the control signals for the CCD and ADC boards. The Control boasdrialipes the

CCD pixel data and sends it to the host computer. The Control boagpts a suite of commanféfem the camera
computer and returns status information about ¢hmera via a modified SASI (Synchronous Addressebégial

Interface) serial buss protocol. The SASI protocol is an 8 bit serial buss and was modified t@d®rbénd/status

words. The control board receives the parallel image data from the ADC board and serializes it then sends it to the host
computer over a separate buss at 6 Mega bits/sec rate. No portion of the image data is stored in the camera.

The mating interfacdrom the camera controboard on thecamera to the camera computer is a custom SB&E

with PLDs (Programmable Logic Devices). A pair of Altera PLDs are programmed to handle thespeséic
commands and control functions. These are easily changeable to accommodate new or modified camera requirements.
Some computer controllable functions are: 1) integration times; 2) data traesBdle/disable; 3) video
enable/disable; 4) FPA temperature measure; 5) Bias level (offset) control; 6) shutter control; 7) fast flush; 8) test gray
pattern generation.

The camera housing is approximately a 6 inch cube. It contains the cooling system for the electronics and CCDs and a
mechanical shutter mounting fixture. We use Melles Griot 53 mm aperture shutters éammmuas. The CCD board is
mounted with 3 spring loaded 100 turns/inch screws from the front panel allowing us to adjust the CCD focus including
tip and tilt. The various component of the camera are shown in Figure 2.

Figure 2. The LOTIScameral/lens assemblyhe first panel is a Loral 442 2048 x 2048 CCD. It ha’3.Jax 3.1 cm
imaging area. The second panel is the set of 3 CCD readout electroarcls. The third panel is an
assembled camera with a Canon /1.8 200 mm lens.

4. TELESCOPE MOUNT, HOUSING AND SITE

To obtain the > 15field of view necessary to cover the GRB trigger error box, we constructed a 2 x 2 atr@y|6f

cameras resulting in a total field of view of 17.4 x 27.Z4he 4 cameras overlap 0.th each dimension. Theameras

are mounted on an equatorial mount manufactured by Epoch Instruments, CA. This mount can point payloads up to 50
Ibs to any part of sky within 4 sec. The mount hasai&ec/min tracking stability an@.01° absolute pointing
accuracy. The performance of the mount is well matched to the camera resolution for 10 sec exposures .



Each camera was focused in the lab using an off-axis collimator with a pin hole whose anbstance wamuch

smaller than a pixel (15 arcsec/pixel) angular size. This off-axis collimator has a focal length of 5 m and was used with
a 100um pinhole. We adjusted the focus knobs at all 4 corners of the CCD and the Bmuw®use of theshortfocal

length of the lens, the focal depth was ~12@ equivalent to a halfurn of the focus screw. Agach location of the

CCD, the pin hole image was fitted to a Gaussian shape and the fitted sigma value was used as a figure of merit to
produce the best flat focus across the focal plane array. After installing the cameras outside, we repeated the procedure
using stars to validate our focus procedure in the lab.

The telescope is housed in a clamshell that permits sky coverage dowhaba@ the horizon. An electromechanical
actuator by Duyff-Norton, NC, which is capable of 1500 Ibs load, opens and closes the top shell. The bottom part of the
housing has a 19” wide electronic rack with the mount controller, power supplies, an Alan Bradley industrial controller,
and a small air conditioner to keep the electronics and cameras cool during the hot and dry summer days.

LOTIS is located at Site 300, LLNL's remote test facility, 25 miles east of Livermore, CA. We chose tHiw sitsy
access, establishedfrastructure, and because it has a mdehker sky than the Livermore city. THeur camera
assembly on the mount, and the final assembled system at Site 300 are shown in Figure 3.

Figure 3. Assembled 4 LOTISamera system on a rapidly slewing mount andL®&1S system atSite 300near
Livermore, CA.

5. LOTIS DATA ACQUISITION SYSTEM AND ON-LINE SOFTWARE

Figure 4 shows a block diagram of the data acquisition system. The system is as modular as fpossidg
maintenance. The system includes many features reqforectliable remote automated operation. Besides the
computer controllable mount and electro optical sensors, the system has computer controllable housing, various
diagnostic sensors and an UPC to handle power failu@$IS is fully automated: it starts automatically at night;
opens the telescope housing; initializes the hardware; starts surveying the night sky systematically; regaondsato

ray burst coordinates within 5 sec when triggered; archives data after the night's obsearalgnes diagnostidata

then notifying us of the status of the night's rundsynail, and handles various failure modes which happenaay

times including power outage, cable wrap around and tape errors.

The LOTIS on-line software has three major components: the communication link to the GRB Coordileationk

(GCN), the telescope management code, and the camera control and image acquisition cod@TISlemputer

system consists of a network of five SUN SPARC computers, one comijputdre supervisory functions and one
computer foreach of thefour cameras. The host computer is a SUN/SPARCstation10 and the camera computers are
SUN/SPARC station2's.



The communication link and the telescope conswftware run on the host computer. T¢@mmunication linkcode

has an Internet socket connection to the GCN distribution computer in NASA/Goddard, Maryland. This link is
maintained continually in order to avoid the time that would be required to establish a link when a GRB trigger occurs.
GCN sends a packet at one minute intervals and the LOTIS system echoes the packet@saidk tbeither system,

GCN or LOTIS,detects a break in the link, the codes automaticalyto re-establish the connection. When the
communication link receives a GRB trigger,Unix socket packet is sent to the telescope manager code if the
coordinates are within the LOTIS field-of-regard and if teescope is in observatianode. The manager moves the
telescopemount to the GRB coordinates and sends Internet socket messages to the camera compngghs to
acquiring images. All images are written disk. The timebetween receiving the GRB trigger and the firstage
exposure is about 4 sec; the time for the mount move is the limiting factor.

Camera E Buff
Interf: rame Buffer
Shutter Control, T terface - Ethernet

P, H,V Sync —@
@mi ‘ -

1SCol

D)k
= GCN
(L:anon Camera Analog SPARC 2
NS Electronics cPU Jape Drive

& ADC

Camera

Frame Buffer
Shutter Control, Interface -le

——— C D)k
I] DO - D11 BUS Scsi

Canon camera Analog SPARG 2
NS Electronics CPU JTape Drive,

& ADC

Ethernet

Internet

SPARC 10
Host Computer

Camera Clam Shell
Shutter Control ¢ Interface Fran_’lle Buffer

Ethernet [RS23p

LY NG i 9 GB Dpsk
-
R o S BUS Sos@RCED | o,

(L:anon Camera Analog SPARC 2 ( 14GB Bmm)
ens Electronics CPU
& ADC Weather
Camera Station
Interface Frame Buffer
Shutter Control, T /- Ethernet
kit A — -
- BUS SCSI
——0 R S —_—
Canon Camera Analog SPARC 2 T4GB 8mm
Lens  Ejectronics cPU ape Drive

& ADC

Figure 4. LOTIS data acquisition system

The on-line programs are scheduledrao at specific times eachight. The host code opens thelescope housing,
initializes the mount, and establishes the socket connections to the communication code and to eachnudriéne

control codes. The camera codes purge the previous ndgtes initialize the cameras and w&t commandsfrom

the host computer. While waiting for burst triggers which happens once ~20 days, survey images are taken periodically
at specific positions in the sky. These are called sky patrol images and aréomubadeline measurements. At regular
intervals during the night, theameras automatically adjust thaiffset tocompensateor changing conditions. The

host code monitors the weather and shuts down the telescope if rain is detected. The images and reports are written to
8 mm tape (14 Ghyte capacity) at the end of the observation.

6. LOTIS OPERATION AND PERFORMANCE

LOTIS started its operation in Octob&®96. Figure 5 shows partial image of the region around M31 taken with a
LOTIS camera using a 20 sec integration time. The field for this partial image is only 512 x 512 pixels (2)1 n 2.1
this image mV~14 objects are easily recognized. The theoretical sensitivity afQfES cameras without CCD
cooling is mV~13 complete magnitude (defined to be 100% detection efficiency) with 10 sec exposprastite,
mainly due to variable weather conditions and temperature dependent focus effects we have aomgplete
magnitudes of mV~11 to 12 for the interesting events we have recorded.

To date LOTIS has responded to 36 GCN/BATSE GRB triggers. Stkese triggers were recorded while tB&Bs
were still emitting gamma-rays. We have seen no evidence of simultaneous optical activity in therr@Ribxes
down to mV~11lcomplete magnitude leveThis limit is the lowest simultaneous optical flux limaivailable as of
today. The results are published in References 9 and 10 as well as at http://hubcap.clemson.edu/~ggwilli/LOTIS.



Figure 5. M31 taken with a LOTIS camera.

In addition to the optical counterpart search, we are interested in studying and classifying the brightness variations of
the large number of objects in the sky patrol images. The first health of Figure 6 shows the measured intensity of a
single star extracted from the sky patrol images from a single night. For fairly bright stars, we can ac@nsg#ivity

to brightness variations af,,y ~ 0.03 and for dim stars the sensitivityoigy ~ 0.09 level. The sky surveys produce 2
images per field, 4 times a night. This data will be valudbtestudying the variability of a large number albjects.

Work is currently under way on reducing the sky patrol images to a variable star database. One exh@pl8 of
variable star data, GP-AND, is shown in the second panel of Figure 6. The 113 min period and the vaealgign

mV~ 11.1 to mV ~ 10.5 of this star is clearly visible. In this plot, fluctuations due to sky background have beewet
corrected. More data analysis is in progress.
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Figure 6. Example of LOTIS photometry. The first panel shows that photometry is good toyy = 0.1 formV~10

objects. The second panel is a light curve measuredWS for GP-ANDvariable star. It has 113 min
period and varies between mV ~ 11.1 to 10.5.



7. SUMMARY

The LOTIS instrument is a fullautomatedwide-field-of-view telescope system dedicated to the sedarhoptical
counterparts of gamma ray bursts. The system is robust and has proven to be treliaigle long term operation. We

are currently upgrading the cameras with thermo electric cooling so that the system will be sensitive tolewghk16

this upgraded system will be operational by spring of 1998 when the rainy season is over in California.af¢e are
constructing a 0.6 ntelescopefor higher sensitivity calledSuper-LOTIS. Thissystem will be sensitive to mV~19
objects at 10 sec integration time and mV~21 with 60 sec integration times. While upper limits are useful for
constraining GRB models, the GRB light curves at early time will provide a cruciafdioahderstanding theentral

engine that powers GRBs.
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