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A complete image processing system based on a charge coupled device /{CCD' has heen developed at
TIFR, Bombay, for use in the optical astronomy programme of the institute. The system consists of a
P-8600/B GEC CCD chip, a CCD controller, a VAX 11/725 mini-computer to carry out the image ac-
quisition and display on a VS-11 monitor. All the necessary software and part of the hardwure were deve-
loped locally, integrated together and instailed at the Vainu Bappu Observatory at Kavalur. CCD as au
imaging device and its advantages over the conventional photographic plate is briefly reviewed. The ac-
quisition system is described in detail. The preliminary results are presented and the future research pro-

gramme is outlined.

1 Introduction

Optical emission is common to maost astronomical
objects and optical identification is a prere jasiie
for the understanding of the nature of a source dis-
covered in any other wavelength band. Like in any
other field, in optical astronomy too there is the ev-
er-present need for improved sensitivity, dynamic
range, spatial and spectral resolution. An obvious
way to achieve these is to build bigger and better
telescopes. This, however, is difficult, expensive and
time consuming.

In recent years, the need based research on the
improvement of the basic optical detector itself, has
led to the development of a solid state device, called
the charge coupled device (CCD). This combines
the virtues of the photographic plate, with those of
the photomultiplicr based systems and has a high
quantum conversion efficiency, dynamic range,
photometric accuracy, geometric stability and very
low noise level. It has become so popular especially
in optical astronomy—where faint object spectro-
photometric studies are involved—that it has practi-
cally replaced the conventional photographic plate.
Almost all the well-known optical observatories in
the world have at least one CCD based detector sys-
tem. In India, we proposed in 1985 to acquire and
use such a device in optical astronomy. There is a
great need within the country to develop the neces-
sary hardware and software techniques of using a
CCD based detector system in optical astronomy.

This paper describes the CCD image acquisition
system developed by us at TIFR and installed at the
Vainu Bappu Observatory, Kavalur.

1.1 Whatis a CCD?

A CCD is basically an array of charge storage
capacitors, capable ot storing the electrons gencra-
ted by the absorption of photons. The structure of a
front-illuminated CCD is shown in Fig, 1. This
shows two pixels in a single column of CCD array.
Optical photons pass through the electrode array
(polycrystalline silicon) and are absorbed in the un-
derlying silicon substrate, generating e*-e~ pairs.
The electrons then diffuse back towards the nearest
positive electrode, while the holes diffuse down into
the substrate which is held at earth potential. The
positive potential can be considered as a potential
well in which the electrons are stored. This 2-di-
mensional array of pixels stores electrons whose
number is proportional to the number of incident
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Fig. 1 —Basic structure of a charge coupled device (CCD)
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photons, which is nothing but the original image. In
order to read out the accumulated charge replica of
the image, after an exposure, each set of three elec-
trodes is fed with three separate drive pulse
trains — raising the potential in an adjacent electrode
down the column, then lowering the original elec-
trode potential — affecting a transfer of the charge.
This is described pictorially in Fig. 2. In other words
a CCD records a 2-dimensional photoelectron dis-
tribution which is proportional to the incident
photon distribution and this photoelectron distribu-
tion can be read out serially enabling one to recon-
struct the original image!.

1.2 How does a CCD compare with a photographic plate?

A typical CCD contains ~ 500 X 500=2.5x 105
pixels. The information capacity of a typical photo-
graphic plate (of size say 50 cm X 50 cm) is much
larger. It contains the equivalent of ~ 25000 x
25000=6.25 x 108 pixels, in the form of fine grains
of irregular size of typical dimension 10-20 um. But
to be useful the grain density in a photographic plate
must be converted to digital numbers using a com-
plicated and time consuming procedure employing
measuring machines (like a PDS machine). In prac-
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Fig. 2—Time sequence of potennials applied to the electrodes of
a 3-phase CCD effecting a transfer of charge to the adjacent
pixel
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tice, this is done for a small portion of the picture.
The image acquired by a CCD on the other hand is
available directly in the digital form, though the res-
olution is limited to about 15-22 um, this being the
typical size of a pixel. Unlike the photographic plate
a CCD has a very wide dynamic range (up to 104)
over which the digital output signal is directly pro-
portional to the incident light. The plate has thresh-
old and saturation effects and generally highly non-
linear response which means that it must be care-
fully calibrated?. Even then there is the problem that
the sensitivity may vary across the plate which is
very difficult to compensate for’. These problems
can be solved rather easily in the case of a CCD by
the flat-fielding technique.

The advantages of a CCD compared to a conven-
tional photographic plate are:

(@) Quantum Efficiency—A very important par-
ameter in imaging is the photon conversion efficien-
cy. This is defined as the ratio of the number of
photoelectrons to the total number of incident
photons of a given wavelength. In the case of a
photographic plate the quantum efficiency is not ea-
sy to define; however, the average value is = 1-3%.
This may reduce to as low as 0.05% at low light le-
vels. A back illuminated CCD could have a peak
quantum efficiency of 85%: see Fig. 3 for typical
wavelength response functions of various optical
devices. It is clear that a CCD is the best imaging de-
vice available today*. Even the best electronic imag-
ing device based on the principle of television, avail-
able today, viz. image photon counting system
(IPCS) has a maximum quantum efficiency of about
15%.
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Fig. 3—8pectral response of various optical devices used in as-
tronomy compared to that of the human eye (The CCD imager is
superior at all wavelengths except those in the ultra-violet region
of the electromagnetic spectrum. The broken line represents the
effect of coating the CCD with coronene, an organic phosphor
that converts photons of ultra-violet radiation into light photons)
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(b) Noise—This is a parameter which determines
the faintest object one can image. Photons are quan-
tized and hence their arrival in space and time is
represented by a distribution functior. This contri-
butes to the statistical noise in the number of photo-
electrons received by each pixel. Addition of noise
to an image introduces granularity, thus obscuring
fainter details. In any clectronic device thermal
noise is the most dominant source of noise. How-
ever, in the case of a CCD this noisc is kept to a min-
imumn by cooling the device to liquid nitrogen (LN,)
temperature. The only other noise in a CCD is con-
tributed by the on-chip electronics. The signal
charge from each pixel dumped across the node
capacitor is amplified 4nd measured using the corre-
lated double sampling technique. However, some
amount of electronic noise is being added in this
process. This is less than 10 photoelectrons per
read-out for the TIFR CCD. This is called the read-
out noise, which decides the faintest object one can
image using this device,

(¢) The Dynamic Range—The dynamic range for
a device is defined as the ratio of the maximum to
the minimum detectable light intensity. A large dy-
namic range is needed for measuring faint objects in
the presence of bright ones, e.g. if one wants to study
the faint outer regions of a quasar or a galaxy with a
bright, active nucleus, one needs a device with a
large dynamic range. In the case of a CCD this is de-
termined by the full well capacity of a pixel (which is
~ 10°) and the read-out noise, giving a figure of ~
10* for dynamic range for our CCD. In the case of a
photographic plate this is ~ 100. For IPCS this va-
lue is severely limited by the maximum count of ~ 5
pixel =1,

(d) Colour Response—CCDs have a rather wide
band-width of colour response from blue to near in-
frared. This makes the CCDs ideal imaging devices
in the near infrared and this property has some spe-
cial advantages in optical astronomy.

The quantum conversion efficiency of a CCD re-
duces to zero at wavelengths <4000 A. However,
recently this limitation has been partly overcome by
coating the CCD surface with a wavelength shifter
(an organic compound called ‘coronene’) which
gives an efficiency of =20% even in the range
2000 A<1<4000 A (Ref. 4). UV flooding is an-
other technique used to improve the blue response
ofa CCD?,

(e) Geometric Stability—CCDs have a good
geometric stability enabling one to identify the opt-
cal counterpart of a source in a crowded field. This
is in contrast to the IPCS which depends on electron
beam focusing and hence is likely to show geometric
distortions.

(f) Photometric Accuracy—This is another im-
portant property of a CCD. It responds in a known
and reproducible manner so that a given light input
always yields the same output, This is important in
tpe accurate measurement of brightnesses of celes-
tial objects. In addition CCDs have perfectly linear
response like the electronic devices.

2 Hardware

2.1 CCD and its controlier

From the point of view of developing a CCD
based image acquisition system, it was decided to
procure the electronics like the CCD controller and
develop the necessary software in house. A CCD
controller system developed at Cambridge (UK)
was acquired. The system contains a GEC PR600/B
CCD with a very low read-out noise of <10 elec-
trons and a spectral response as shown in Fig. 4.
The CCD having 576 X 385 pixels is mounted on a
LN, dewar so that it can be operated at tempera-
tures in the range 100-180 K to reduce the thermal
noise and dark current. The electronic hardware to
operate a CCD in such a system has several func-
tions:

(i) to generate appropriate bias voltages and
clock signals to drive the CCD properly;

(it) to process the analogue signal output by the
CCD so as to minimize the overall system noise and
to digitize the signal accurately;

(ii1) to organize all communications with the host
computer; and

(iv) to permit easy diagnosis and maintenance of
system operations and performance.

2.2 Computer system

Due to a large amount of data (= half a megabyte
per picture) to be handled while using the above de-
vice for imaging purposes, one has to necessarily use
a fast digital computer to control the device anfi to
acquire data. From the point of view of compatibil-
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Fig. 4—Wavelength response of a GEC P8600 CCD compared

to that of a phototube. The change in the long wavelength e

sponse for two operating temperatures is also shown. ‘Ijhe solid
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perature of 140K
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ity and service, a VAX (UNIBUS based) system
with its own tape drive for data storage and trans-
port, and a image monitor for data display was ac-
quired. The system consists of:

(a) a VAX 11/730 CPU, 1 MB RAM, a RC25
compact disc storage system with a storage capacity
of 52 MB (of which 26 MB is removable while the
rest is fixed) and.a TUS58 cartridge for booting and
system diagnostics;

(b) a DR-11 K parallel 16 bit interface card for
data i/o from/to the CCD controller interface;

(c) a VS-11 raster-scan image display monitor (16
colours);

(d) aVT-220 VDU used as a console;

(e) a LA-50 dot matrix printer; and

(f) a TU-80 streamer tape drive for data storage
and transport.

3 Software Development

The complete software package required for test-
ing and operating the CCD, data retrieval, storage,
image display, image transport and preliminary ana-
lyses were developed by us. The basic software re-
quired to acquire the image and store was written in
the VAX/VMS MACRO in order to cut down the
operating system overheads. For example, FOR-
TRAN-callable assembly language routines for gett-
ing the image from the CCD camera and re-scaling
the image were too slow. Hence they had to be writ-
ten in MACRO. This is mainly because Fortran rou-
tines make use of the system “QIO” service calls, of
the VAX/VMS operating system which are not fast
enough for the large number of data i/o operations.

3.1 MACRO routine

The Macro routine encapsulated the input/out-
put operations and the mandatory delays necessary
for the optimum functioning of the CCD controlier.
For example after requesting a parallel transfer a
settling time of ~ 120 us had to be allowed for; sim-
ilarly a serial transfer needs ~ 70 us to complete.
The ADC needs 10 us for 16 bit conversion of data.
In addition one has to allow for the propagation
time to and from the controlier to the computer in-
terface. These delays have to be allowed for after re-
spective operations in order to achieve best possible
charge transfer efficiency. The image acquiring
Macro routine also had the built-in provision of
hardware, on-chip summing of charges from a re-
quired (a maximum of 16) number of rows and/or
columns. This facility is particularly useful for a
quick read-out of an image at the cost of resolution.
It is also a useful feature for a fast acquisition of a
pre-determined window on the image while the rest
of the image is summed, acquired and rejected. It al-
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so has the provision of acquiring a specified window
of the image. This feature is also useful for the initial
focusing of the star image on to CCD. This program
takes these inputs in the form of parameters and
executes the following sequence of routines:

(i) On entry it accesses the device registers by
mapping the physical page containing the i/o ad-
dresses into a dynamically allocated virtual memory
page.

(ii) Before transfer it clears the transfer gate re-
gisters of the CCD by reading and rejecting the data
once.

(iii) It resets the camera controller. This transfers
the multiplexer control to the double correlated
sampling (DCS) module.

(iv) It reads the specified window or full image. It
sums the required number of rows and columns as
mentioned in the input parameter list and fetches
the digital pixel data.

(v) Onexit it deletes the virtual page mapping de-
vice registers from program space.

This routine provides a much faster way of read-
ing in the image than via “QIO” system service calls
of VMS.

3.2 FORTRAN programs

The image display software package consists of a
series of FORTRAN 77 programs and subroutine
libraries. Various features of the VAX/VMS operat-
ing system have been used to make the use of the
programs simple. As a result, an observer who is not

‘familiar with the details can simply use the programs

by typing in just a few simple instructions at the con-
sole to obtain the required exposures, to store and
display them and also to monitor the system per-
formance. No knowledge of the details of the sof-
tware package is required for this purpose. The pro-
grams are menu driven and user friendly.

The main programs in the software package are
the following:

(a) CCDTEST—This program is invoked at the
very beginning of an observing session. This pack-
age makes use of the system “QIO” calls of the VMS
and the software driver for DR-11K i/0 operations
available in the operating system. The program
checks all the commands as well as data. The main
function of this package is to ensure the proper
functioning of the CCD controller and the commu-
nication channel between it and the computer inter-
face. The controller can operate in the ‘ECHO’
mode when it echoes all the commands sent from
the host computer. With the controller in this mode
program compares all the information sent with that
received and informs the user of any discrepancy at
any stage. Proper reception of the instructions to the
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controller can also be ensured by examining the
LED display on the controller.

() MONITOR—In the CCD controller various
potentials to the CCD drivers are critically tuned to
ensure best performance. This includes various
power supplies, clock and bias levels, time cons-
tants, amplifier gains, etc. Invoking this program in-
itiates the reading out of these DC levels on differ-
ent modules of the controller, as well as the temper-
atures at various points on the dewar. It is necessary
to do this periodically during an observational ses-
sion to ensure the integrity of the system, to ensure
the constancy of the various system parameters and
also to monitor the temperatures, The results ob-
tained are printed with the date and time for a per-
manent record.

(¢) CCDRUN—This program is used to obtain
an exposure and acquire the image data from the
CCD. When it is invoked, various prompts are re-
quested, and the responses are maintained as a
header which identifies the data file and provides in-
formation about the object observed. The informa-
tion includes the source name, source coordinates,
filter used, exposure time, date and time of observa-
tion, data file name, etc. The program also atlows
the required number of CCD flushing operations to
be performed — this is necessary to prepare a CCD
for an exposure—and then carries out an exposure
for a requested duration and then stores the result-
ant data in binary form in a file with a chosen name.

(d) DISPLAY—This program uses the image file
to create a new file in a form suitable for use by the
VS-11 display system. It then displays the image on
the colour monitor. This program has the provision
to use the user defined dynamic range as the display
uses only 4 bits while the data has 15 bits. This pro-
gram also has the facility to pan the image up and
down, and zoom a selected window of the image, so
that various features of the image could be exa-
mined. Once an image is displayed, it is possible for
the data from a chosen portion of the image to be
displayed as digital numbers. The chosen portion
can either be a 2-dimensional region, or a single row
from the frame. It is also possible to print out a se-
lected length of a row of the image in the form of a
histogram. This is useful in estimating the width of a
point source image. Numerical display allows the
finer features of the 16-bit data, not discernible on
the 4-bit colour display, to be examined. This en-
ables the image size and shape to be estimated
(FWHM of a point source for example), which helps
in fine focusing.

(€} FITS—For image data transport an interna-
tional standard is available for writing the data on to
a magnetic tape®. It is called flexible image transport

system (FITS . Many professional image progessing
Packages like IRAF, SDAS, AIPS, etc., accept dati
in tl}e FITS format directly which makes it very con-
venuent for processing the acquired images. This
Fortran package translates the image data in the bi-
nary form into FITS format and writes on a magne-
tic tape.

Each of the above programs, and several other
minor ones, can be invoked by simply typing in the
name of the program at the console. The prompts
requested by the program are self-explanatory and
the actions taken by it are displayed from time 10
time.

Acquisition of single frame from the CCD re-
quires about 80 seconds, apart from the time spend
in the exposure and in flushing, Every flushing oper-
ation requires about 6 seconds. The DISPLAY pro-
gram requires about 90 seconds to display the ac-
quired image on the image monitor. Much of this
time is spent in converting the 16-bit data 10 a 4-bit
form required by the VS-11 display system.

4 Final System Integration and Testing

As the saying goes the proof of the pudding is in
the eating! One has to integrate the whole CCD sys-
tem to ensure a proper functioning. Using our own
hardware and software system we had to ensure that
the image is properly acquired and displayed on the
monitor. For tHis purpose a camera was designed in
order to generate an image of a transparency on a
plane such that when the CCD dewar is placed on
the camera the focused image would fall on the
CCD surface. This camera was so designed as to
take any transparency like a photographic slide or a
microscope slide and produce an image on the
CCD. There is a shutter in front of the lens such that
the CCD could be exposed for a required amount of
time while a light source, whose intensity could be
controlled, was placed below the slide to illuminate.
Images of various types were acquired and display-
ed using this system ensuring that the whole system
was performing as per design. The data were written
on the magnetic tape, readsback into the computer
and redisplayed.

Because of the smallest {/d ratio at the prime fo~
cus (3.25, for VBT), the angular resolution of the
CCD is the lowest, i.e. 0.6 arcsec pixel "'. As a result
the CCD covers a field of 5.76 arcmin X 3.85 arc-
min in the sky. The night sky brightness at 4 =650
nm, is 4.5%x 10" ¥ ergs s ™' em™? st™! Hz™* (Ref. 7}
and the red luminosity of typical point source (a
star)=10 "R ¥ 9w em -2 A1 where R, is the
red magnitude of the source. From these, we calcul-
ate the faintest point source one can see at 3 ¢ level
during an hour’s observation, using the CCD at the
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prime focus of the VBT to be, R,~ 25.8 (Ref. 8).
This is based on the assumption that the seeing is
= 1 arcsec and a broad band (A4 = 1000 A) R-filter
is used. The limiting magnitude for a photographic
plate on the other hand is = 19.0 (Ref. 9). For an ex-
tended object the limiting magnitude is = 24-25
arcsec ™. This depends on the image size, photon
distribution in the image, etc.

5 Image Processing

When a human being receives and uses visual in-
formation we refer to the process as sight, percep-
tion or understanding. When a computer receives
and uses visual information we call it computer im-
age processing and recognition. An important need
for image processing is simply to improve the image
quality for human viewing'®,

5.1 Software techniques

Software aspects of image processing can be clas-
sified into two parts:

(a) pre-processing and (b) post-processing.

(@) Pre-processing—Some of the important
aspects of pre-processing are:

(i) Flat fielding to remove the effects of pixel to
pixel sensitivity variations: This is generally done by
dividing the frame by a high signal-to-noise expo-
sure of an evenly illuminated field, called the flat
field. The flat field has to be generated by imaging a
uniformly illuminated surface like the illuminated
dome, or the dawn sky or the late evening sky and
choose the best among them. We tried all these tech-
niques and found that the dome illumination gives
fairly satisfactory flat-field without any systematic
spatial gradient in the field. This flat-field was used
in the preliminary analyses of the selected area im-
ages. Fig. 5 shows one such pre-processed image of
NGC 4261. This was taken on the prime focus of
the Vainu Bappu Telescope in January 1987 using a
broad-band R-filter in a 5-second exposure. Image
processing was done at the National Image Process-
ing Centre at the Radio Astronomy Centre, Ootaca-
mund.

(ii) Bias subtraction: or subtraction of a constant
number which is a sum of the rms read-out noise
and the bias level, if any.

(iii) Dark current subtraction: using a mean or
median dark current frame from a large number of
similar long dark exposures, scale if necessary: This
takes care of the dark current contribution to image
during the exposure.

(iv) Cosmetic correction: There are certain de-
fects in any CCD due to the technical difficulties of
making it. As a result there will be a few isolated pix-
els and/or columns. which.always show high/low
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counts irrespective of the signal. Also, certain pixels
or group of pixels record large counts due to cosmic
ray interactions. Cosmic ray rate depends on the
sizc of the device and it is around 6 min~' in our
CCI. These defects have to be identified and re-
moved by several software methods.

(b) Post-processing—Post processing of an image
is to subject the image to enhance or highlight cer-
tain aspects of the image. For example, applying a
low-pass filter enhances slowly varying (across the
field-of-view) features of the image, whereas a high-
pass filter enhances the image contrast. Similarly,
edge enhancement, interpolation techniques to take
care of the defects, image restoration, etc., are some
of the specialized techniques used in post-process-
ing.

It is not necessary to develop these techniques
from the scratch for professional image processing
packages are available—like 1IRAF (image reduc-
tion and analysis facility, developed by the National
Optical Astronomy Observatories), SDAS (science
data analysis software, developed for the analyses of
CCD data from Hubble Space Telescope), STAR-
LINK and MIDAS. Two of these packages, IRAF
and SDAS were procured free of cost and installed
on the VAX 11/780 at TIFR. A SUN/IRAF image
processing system also is now available at TIFR,
Bombay, and the analysis will be done there in the
future.

Fig. 5-~Image of an elliptical galaxy NGC 4261 (total apparent

photographic magnitude = 11.7) taken using the TIFR CCD on

the 2.34 m VBT at Kavalur, using broad-band R-filter (Expo-

sure =5 5. The vertical lines seen in the image are due to the bad
columns in the CCD)
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6 Future Programmes

Obscrvations which are planned to be carred out
can be classified into three categories:

{a) Direct Imaging

(b) Photometry and

{c) Spectroscopy

6.1 Direct imaging

This involves determining the light distribution
across extended objects using different filters. The
prime focus of the 2.34 m VBT is ideally suited for
this purpose, because of the availability of a good
quality image with least loss of light as well as the
plate scale which provides a field-of-view which is
larger than that available at other foci (see section
6.2). Since the prime focus was the first to be avail-
able. our observing programme has initially concen-
trated on imaging. Following are some of the pro-
jects to be carried out using direct imaging tech-
nique using a CCD:

6.1.1 Swrfuce Photomeitry of Galaxies—The surface
photometry of galaxies is of great value in the inves-
tigation of various properties like mass-to-light ra-
tios, the photometric characteristics of bulge and
disk components, the relationship between the pres-
ence of an active nucleus and the structure of the
galaxy, etc, The determination of the correlation be-
tween various parameters, ¢.g. mean surface bright-
ness as a function of Hubble type, can be used to
place constraints on various models of galaxy for-
mation and evolution. The distribution of various
parameters as a function of galaxy environment can
provide vituable insight into the effect of galaxy-gal-
axy interaction as well as galaxy morphology and
other properties! 4,

6.1.2 Surface Photometry of Galaxies in an X-ray
Cluster—The X-ray emission from some clusters
like 2A0335 + (096 has been recently studied in de-
tail using the EXOSAT and Einstein Observatories.
Except for the spectroscopy and marrow-band
photometry of the central D-galaxy (on which the
X-ray emission is also centred), no optical data are
available. We propose to undertake a detailed opti-
cal study of the cluster. In the first phase the surface
brightness profiles of the galaxies will be studied us-
ing broad-band filteres. At the distance of the clus-
ter (z=0.035 for the cD-galaxy in 2A0335+096),a
typical galaxy of 30 kpc size could have an angular
size of = 30 acrsec, which will occupy = 50 pixels in
our CCD. The entire cluster could be covered in
=~ 30 exposures of 20 min for each filter. The data
on colour distribution among the galaxies of the
cluster, as well as colour gradients in the more
prominent galaxies ~ould allow the study of the ef-

fect of increasing density of the hot inter-cluster gas
as one moves towards the centre. Cooling flows in
the cluster are likely to drive star formation inside
the accreting galaxies, thereby producing strong co-
lour gradients in them. Our proposed optical study
would help explore this possibility in detail ', '

These observations will be followed by narrow-
pand imaging of some of the more prominent galax-
ies in .the‘cluster, as well as detailed spectroscopic
nvestigations to measure red-shifts, velocity disper-
sion, luminosity function, etc. '

6.1.3 Morphology of Extended Emission Line
Regions Associated with Radio and Other Active
Galaxies—During recent years a close connection
has been established between radio jets ang optical
emission line regions in the galaxies. The combina-
tion of detailed optical and high resolution radio
studies have shown that interstellar clouds may col-
lide with radio jets causing the jet to bend and the
radio emissjon to flare-up!*"", Optically emitting gas
regions (of the size of a kpc) have been found in a
number of elliptical galaxies.

Associations between radio features and emission
line features are planned to be studied using nar-
row-band filteres at [O III) 44959+ 25007 or
H, +[N I1). The bands are only =10 nm wide, and
hence only a few hours of observing time is required
for each galaxy, including two filters for line and
continuum images. A sample of different kinds of
galaxies is being prepared and a formal observing
proposal is being written.

6.2 Photometry

Because of its high sensitivity, the CCD is ideally
suited to performing photometry on faint objects.
During the course of calibration, it should be possi-
ble to reach similar magnitudes with broad-band fil-
ters in a few tens of seconds of exposure. We plan to
use the CCD to obtain colours of"a large number of
stars in open clusters. We will use these to obtain the
H-R diagram for these clusters, providing clues to
the evolutionary history of the clusters, their age,
metallicity, etc. The study of globular clusters is of
special importance at the present time, because of
important theoretical work on the dynamical evolu-
tion of their cores which has been done recently, as
well as the realization that their cores are fertile
grounds for the production of exotic binary systems
and millisecond pulsars.

6.3 Spectroscopy

This requires spectrogrpahs which are more con-
veniently mounted at the Cassegrain focus of an
optical telescope. We plan to initiate a programme
of spectroscopy of planetary nebulae, HII regions,
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Active Galactic Nuclei (AGN) and quasars. Here
again the high sensitivity of the CCD will allow 2-di-
mensional spectroscopy across an extended object
to be performed. These studies could be used to
complement the narrow-band imaging described
earlier.
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