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ABSTRACT

A.R. Hedge B.Sc.

A Novel Photodiode Array for Astronomical Spectroscopy

Imaging arrays can be constructed from photodiode
sensor elements using integrated circuit fabrication
techniques. Such imaging arrays have proved to be useful
in the field of observational astronomy, chiefly because
of their linearity and good spectral response in the near

infra red region.

A photodiode array has been developed by the Plessey
Co. Limited, in collaboration with the Royal Greenwich
Observatory; This array incorporates certain novel techniques,
including an "on-chip" charge amplifier on each element, and
a multiplexing scheme that allows correlated double sampling
and non-destructive readout. The array was originally designed
to be used in an electron counting mode, installed in an

electronographic tube.

The Nuclear Instrumentation Group of Durham University
has investigated the application of this array to direct

optical imaging, in particular for astronomical spectroscopy.

"The ‘characteristics of the array when used in the photon
integration mode have been investigated, and measurements have |
been made of responsivity, thermal leakage, linearity, noise

components, and other properties.

A CAMAC based computer control system has been designed

and constructed, and the required software developed, to operate

the array as an observing instrument.

The array has been used in observational tests at the Coudé
spectrograph of the 30 inch telescope of ‘the Royal Greenwich

Observatory, and a quantity of spectral data has been obtained.

o
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CHAPTER ONE

The Development of Silicon Detector Arrays

and their use in Astronomical Imaging

ASolid state silicon photodetectors possess several
characteristics which make them eminently-suitable for
astronomical use. These are chiefly a vefy high quantum
efficiency and a linear response to light in the visible
and near infra-red regions. Of equal importance is the
ability to fabricate large multielement detector arrays,
taking advantage of the enormous advances in silicon

integrated circuit technology made since the mid 1960's

This thesis describes such a multi-element array
based on photodiodes, manufactured by Plessey in

collaboration with the Royal Greenwich Observatory.

Firstly, the need for such a device within the
realm of astronomical instruments is established, and this
is followed by a review of the development to date of solid
state imagers. Following chapters describe the principles
of operation of photodiode arrays, the development of the
Plessey array and its computer based control system, the
initial 1aborafory experiments on the device'and the

incorporation of the array into an astronomical spectrograph.

1.1. The Detector in Astronomy

The growth of interest over the last few decades in
the development of detectors for use with telescopes can
be explained by considering the ways in which the "power"
or limiting magnitude of a telescope can be improved.
Simplistically, the limiting magnitude of a telescope is
defined by the detector sensitivity and by the light
collecting ability of the optical system. In order to
raise the system '"power'" by a factor of two, it is
necessary to double the area of the primary mirror. The
cost of constructing large telescopes tends to increase

BQa e of the primary mirror
SsCiEnCE & \}

somewhat faster than t

. Qo(
diameter. 22FEB 1982
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The same advantage can be achieved by a factor

of two 1mprovement in detective quantum efflclency,

usually at cons1derab1y lower cost.

1.1.1. Detector Requirements

Prior to the further discussion of the type of
detectors used in astronomy, some mention should be
made of the type of work for which such detectors are

required, and the constraints so imposed.

The two fields for which detectors are most
widely used in astronomy are Photometry and Spectroscopy.
Photometry is the measurement of the intenéity.of light
emitted from stellar and extended objects. A detector for
photometric work should therefore have a response as !
linear as possible. However, there .is usually no |
requirement for spatial imaging. In Spectroscopy, the
incoming .1light is '"'split" by some diffractive element,
usually a grdting, and the relative intensities of the
component wave-lengths are measured. This can be achieved
by mechanically scanning the. spectrum with a single
channel detector, but ideally the detector itself should
be capable of resolving the spectrum spatially. Such resolution

‘is usually only required in one direction, that is "along" |

the spectrum.

Many more fields of astronomy have developed as
suitable detectors have become available. Many of these,
such as polarimetry require detectors capable of

2 dimensional resolution.



One fundamental property of many (but not all)
astronomical detectors which should be mentioned here
is the ability to integrate a signal between readouts.
There is usually associated with a optical detector .
a certain amount of noise involved in the readout

process.

It is thus advantageous to integrate and store
the signal until the magnitude of the stored signal
is largé compared with the noise incurred by the readout
mechanism. This will obviously reduce the ability of
the detector to respond to time varying signals, but in
many astronomical applications, this limitation is not

critical.

As will be seen in a later section, the requirements
of astronomy are such ﬁhat a good detector for commercial
imaging is not necessarily suitable for astronomical use.
Solid state detectors are,however, .almost invariably
developed for commercial use, and the astronomical user

must often make the best of what is available.

1.1.2. Traditional Detectors

The traditional detectors employed in conjunction with
telescopes, are, in historical order, the Photographic

Plate,.the Photoelectric Cell and the Photomultiplier.

The Photographic emulsion, or plate, has been in
use now for astronomical observation for over a century

and is still probably the most popular and often used

detector. It suffers, however, from several inherent problems.

Photographlc plates have a quantum efficiency of usually }ess
than 1%, although values as high as 4% have been reported.

A further problem, and perhaps the most crucial, is that the
quantum efficiency 1is dependent on the light intensity, and
the image produced by a long exposure to faint light is
fainter than that produced by a short exposure to strong light



even when the total number of incident photons is

the same in both cases.

Despite problems associated with its use, the
photographic plate is still widely used. Its spatial
resolution is difficult to match, it is cheap and

relatively simple to use.

The photoelectric cell is the simplest of the
electronic detectors utilising photé%issive %§thodes.
The quantum efficiency can be as high as 20%, and the
linearity is extrémely good. The spectral response
depends on the composition of the photocathode, but
very few photocathodes have a significant.response above
about 10,000 Z . Figure 1.1. shows the responses of three

types of photocathode - known as S20, S1 and Ga As.

The short coming of the photoelectric cell lies
in its very low signal output. Each photoelectron emitted
by the photocathode produces only one electron charge at
the output, and the output current must be greatly amplified
before it can be recorded. Nevertheless, considerable
studies have been made in both photometry and spectroscopy
using such devices. An immediately apparent disadvantage
is that the photoelectric cell is a single element detector.
Consequently, for spectroscopy it is necessary to construct
either a multiplexed array of several tubes, a scanner in
which the detector is scanned along the direction of
dispersion, or alternatively a scanner in which the
dispersing element is rotated. The last two systems
obviously suffer the disadvantage that at any one time
only a small fraction of the available light is

presented to the detecting element.
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Photomultipliers, which have internal gain in
the dynode chain, can be considered as being éimilar to
a photoelectric cell with én integral, very low noise
‘amplifier having a gain of between 106 and 109. This'has
led to their extensive use in astronomy in situations
previously using photoeléctric cells. The statistical
fluctuations in gain in the dynode chain lead to a
" reduction in the signal to noise ratio, but this
can be overcome to a considerable extent by the use of
pulse counting techniques rather than simple current

integration methods.

There is clearly a.demand in astronomy for a
detector that will combine the linearity and dynamic
range of the photomultiplier with the spatial coverage
of thé photographic plate. A wide variety of approacpes
have been followed including electronography, image tube
scanners using both analog storage in the phosphor and
external digifal storage, and television type systems.
More recently, interest has been focussed on a variety
of solid state image detectors. A major problem in
the development of "high technology" astronomical detectors
is thaf even the most successful system is likely to be
operated at maybe a dozen sites at the most, and the
research and development costs méy prove prohibitive.
However, the enormous funding devoted to solid state
imaging by the military (for the development of
surveillance and guidance systems) and by commercial
companies (for the development of a television camera
replacement) has made such detectors available at relatively
low cost, and this has made them very attractive for

astronomical work.

The following section will describe the historical
development and principles behind the most promising

of these devices.



1.2. The Development of Solid State Imagers

The solid state multielement imager firsf became an.
attractive prospect, with the development of silicon integrated
circuit technology. By the use of integrated circuit techniques
it would be possible to implement both the detector elements
and their readout electronics using the same technology,
offering all the traditional advantages of low cost and high
reliability associated with integration. The variety of.
detector schemes which have arisen can be subdivided into
two families according to the mode in which information is
~extracted from the detector element and transferred to the
output. It is worth noting here that the vast méjority of
solid state imagers employ serial readout. Parallel
readout of.multielement detectors becomes uneconomic both
~in terms of leadouts and readout electronics for more than
~a few elements. In the first class of detectors,readout is
accomplished by ”interrogating” each element in turn.

- When selected, the output of the element is gafed onto a
video output line. These are termed addressed arrays.

Such arraYs can be constructed with a random access
organisation, but it is more common to implement the
addressing function with a shift register and thereby create

a sequential access structure.

The second class of detector array makes use of an
analog shift register into which theiélemenf signals are
loaded, and then clocked through to the output end of the
register. This technique was not feasible until the invention
of Charge Transfer Devices enabled the construction of good

analog shift registers.

The following sections review the development of each

type of array



1.2.1. Addressed Mode Arrays

(1) Photoconductive and Phototransistor Arrays

The earliest attempts at producing solid state
image sensors were begun before silicon integrated
circuit technology was well established. These first
devices employed thin film transistor shift registers
to scan arrays of photoconductive sensors. The circuit
of a single element of such an array is shown in
Figure 1.2. (a). As silicon technology improved, this
approach was abandoned, although not before working
arrays of 180 x 180 57, 256 x 256 %) and 512 x 512
elements had been demonstrated by RCA.

5)

. At about the same time, an alternative approach
was being followed using bipolar arrays. A 400 x 560
element array was manufactured by'Westinghouse 6),
using the circuif of Figure 1.2. (b) as the basic
element. Problems were encountered with wide variations
in transistor gain and with the non-linear emitter-base
characteristics, which led to a threshold effect at low
light levels. Meanwhile, improvements in MOS technology
caused a loss of interest in photoconductive and
phototrahsistor arrays in favour of the simpler MOS

photodiode arrays.

(ii) Photodiode Arrays

Interest in Photodiode sensors began when the
charge storage moae of operation was suggested by
Weckler 7). In this mode, a p-n~junction is first
reverse biased and then open circuited. In the dark,
the voltage across the junction will decay due to the
thermal generation - recombination current in the
depletion region. If the junction is illuminated,
photocurrent adds to this dark current and increases the

rate of discharge of the depletion layer capacitance.
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‘ If the photocurfent is very much larger than the
dark current then the rate of decay of.charge is linearly
related to the incident illumination, and hence the total
charge lost is proportional to the integral of the

illumination.

Early arrays consisted of photodiodes each with a
MOS transistor as the switch to open circuit the diode,
with each transistor scanned by an element of an external.
shift register, and single line arrays of several hundred
elements were constructed in this way. The next
development was the integration of the shift register onto
the same silicon chip. The circuit diagram of such an
array is shown in Figure 1.3. Linear arrays of this type
have been commercially available for several years, chiefly
from the Reticon Corporation 8), who at present market

arrays of up to 2048 elements.

In such linear arrays, the sensor elements are
often elongated to give a large area and therefore high

capacitance.

This leads to a large stored signal but without
reducing spatial resolution along the direction of scan.
Obviously this cannot be done in two dimensional arrays
where high resolution is required in both dimensions, and
the consequently small signal levels available have proved
troublesome. The addition of a voltage sampling MOS amplifier
at each element has been experimented with, but the
resulting strﬁcture is too complex and wasteful of active area
to be usable in large afrays. Howevef, 10 x 10 element
arrays of this type have been constructed by Plessey 9), and
100 x 100 arrays are available using simpler elements 8). For
area arrays, though, the simpler structure of charge transfer
devices has proved more competitive, and consequently development

effort in area diode arrays has largely been discontinued.
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1.2.2. Charge Transfer Mode Arrays

Historically the first practical charge transfer
device was the Bucket Brigade Device (BBD) developed at
10) in 1969. Considerable

interest arose in the potential application'to imaging

Philips by Sangster and Teer

devices. However in 1970, Boyle and Smith of Bell
laboratories proposed a device using the charge coupling
principle 1) These Charge Coupled Devices (CCD's)
rapidly overtook the BBD in terms of charge transfer
efficiency and have since completely dominated the BBD
in imaging applications. Consequently the CCD will here
be described first and then a brief comparison of the
BBD will be given.

(1) Charge Coupled Devices

The simplest type of CCD is the p-type 3 phase
surface channel device as shown in Figure '1.4. It is
essentialy an analog shift register in which a charge
packet is stored in potential wells in the MOS structure.
These potential wells are created under the electrodes by
applying a posigive voltage in excess of the threshold
voltage to the electrode. If an adjacent potential well
is made deeper by applying a higher gate potential, the
stored charge can be transferred from the first well to
the second. By using a three phase clock, charge can be
transferred along a linear arrangement of electrodes. Used
as an imaging device, carriers are generated thermally and
optically in an analogous way to in the reverse biased
diode, and similarly the accumulated charge is proportional
to. the time integral of the illumination (for illumination
levels greatly in excess of the thermal lea. kage). Thus a
linear C.C.D. imaging array can be fabricated which can be
compared with a linear photodiode array. The absence of
addressing circuits enables a higher packing density to be

achieved, and facilitates the construction of area arrays.




(ii) Bucket Brigade Devices

The circuit concepts behind the Bucket Brigade
Device as an analog shift register were described as

12), but at the time there were no’

long ago as 1952
physical components that could approach the idealised
switching circuits required. Their succeésful
implementation had to await the development of MOS

13)

technology , although some initial work was

0)

.carried out using bipolar circuitry

In contrast to the CCD, the Bucket Brigade Device
can be represented: by a network of discrete components
as shown in Figure 1.5. (a). Also shown (figure i.5 (b))
is the physical structure of a typical BBD array. Charge
is transferred from element to element under the control
of a two phase clock (the BBD is a unidirectional register
only). The transistors function és'source followers
which cut themselves off when the transfer to the next
stage-is complete. Each element of the shift register
comprises two transistors and two cépacitbrs. For use
as an imager, photosensors must be added to introduce a
charge pattern into the capacitors before the application
of the clock waveforms. In theory any type of photo-
detector can be used, but the photodiode is an obvious
choice since these already exist beneath the source and
drain diffusions in the MOS structure. It. is
interesting to note the similarities between the BBD

and CCD as shown on Figures 1.4 and 1.5. (b).

Two dimensional arrays_using BBD's were successfully
produéed at RCA 14),In the early stages of BBD imagers, the
CCD was developed which at the time Had a very much superior
charge transfer efficiency. Consequently interest focussed
on the CCD, and Bucket Brigade imager development was
abandoned.However, a novel -application of the BBD was
suggested 14) in which it is used as a scan generator for
an addressed mode device such és a ﬁhotodiode array. By the
use of suitable clocks the BBD can be used as a digital
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shift register with only a single transistor and
capacitor per stage, a reduction in component count
by a factor of about 5 over a conventional MOS register.

The development of CCD technology has made possible

the development of a third type of charge transfer device,

known as the Charge Injection Device (CID).

iii) Charge Injection Devices

This device combines the addressed mode readout of
the photodiode array with the potential well storage concepts
of the CCD. Thus although truly this device belongs under the
heading of addressed arréys, it is included here because the
concepts and technology associated with the charge injection

device (CID) are closely related to the CCD.

The.first of these devices to be reported was a
32 x 32 element array produced by General Electric 15).
The sensor element consists of two electrodes under which
minority carriers are stored, as in a CCD, connected by a
diffused link, as shown in Figure 1.6 (a). Potential wells
are created beneath the electrodes by application of gate
potentials, and charge generation.and storage mechanisms are
exactly as for a CCD. What .is different is the way in which
stored charge can be manipulated by varying the potentials
on the electrodes. If the gate potential is removed from
either electrode, the charge is transferred to under the
other electrode (Figure 1.6 (b)). When the potential is
simultaneously removed from both electrodes, the charge is
iﬁjected into the substrate (Figure 1.6. (c)) By measuring
the injection of charge into the substrate, an area scanned
array can be made, in which the element to be read out is

selected by "row" and "column" electrodes being simultaneously

teturned to zero volts.

The structure of a simple 4 x 4 element CID imager of

this type is shown in Figure 1.7.
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A further development of the CID concept has been
demonstrated in General Electric's 244 x 248 element
imager 16), which they have termed parallel injection.
In this mode, the signal charge at each elément is measured
by an "intracell" transfer between the two electrodes. After
completing readout the array can be cleared of accumulated
charge by injection into the substrate (or epitaxial layer).
This operation can be illustrated by considering the circuit
of a 4 x 4 parallel injection array as shown in Figure 1.8.
Initially, all "row" elements have a gate potential applied
to them,and the "column" elements are charged to a potential
V¢ and then allowed to float. A row is selected for readout
by removal of the control potential from that row, and all the
charges under the electrodes of that row are transferred to
the column sites. Since the column lines are floating each
experiences a voltage change equal to the signal charge

divided by the column capacitance.

The horizontal scan register then connects each
column potential (in turn) to the video amplifier. At
the end of the line scan, the column potentials can all
be returned to zero through the switches S1 to S4, resulting
in injection of the charges in the selected row. Alternatively,
the row potential can be re-established, returning the signal
charge to under the row electrodes. This last option
constitutes a non desfructive read out (NDRO) and as will be

seen, this has considerable advantages for astronomical

imaging.

1.2.3. Current Trends in Solid State Imaging

Of the various types of solid state imager described,
only three are still currently attracting inteﬁ%t. These

are the linear photodiode array, the CCD and the CID.

For applications requiring only sihgle line detectors, the
diode array is still in many cases the most attractive choice

because of the low cost, ready availability and simplicity.




‘Devices of up to 2048 elements long are
available "off the shelf" 8), and manufacturers are
offering complete kits for such applications as
industrial process control 17?L

For area arrays, photodiode x-y addressed devices
are available with moderate numbers of elements
(up to about 100 x 100).

For larger area arrays, CCD's take the lead
over diode arrays and experimental devices of 800 x 800
have been demonstrated by Texavanstruments:” General Electric
are still pursuing their CID imager technique and

have produced an array of 400 x 300 elerments 19);




1.3. An Evaluation of the Suitability of Solid

State Arrays for Astronomical Imaging

' The astronomical community has shown interest in
all three of the detectors listed above, the diode array,
the CCD and the CID, and it is of interest to compare
their performance and limitations with special reference
to astronomical application. The critical tests of
performance are spectral response, dark signal, noise,
detective quantum efficiency, linearity, lag and detector

geometry. These will be treated in turn.

1.3.1. Spectral Resgpnsé

The Spectral Response of all three devices is,
as would be expected, very similar. The response is
limited at the red end by the silicon band gap
‘energy E4, and at the blue end by the opacity of the
silicon to short wave-lengths, and by the_tendency for
electron-hole pairs to recombine with the surface states
near the surface of the silicon. Typical quantum
efficiency curves obtained from diode arrayszo), CCD's21’22)
and CID'SZB) are shown in Figure 1.9. Of the two curves
presented here for the CCD, curve (b) shows the interference
effects encountered in front illuminated CCD's, due to
the polysilicon electrode structures on~the‘front surface.
Curve (c) shows the smoother response obtainable from back
illuminated CCD's if the device is thinned in the sensor
area. 'ThiS'technique is being developed primarily by R.CA ¥

Texas Instruments and is virtually a necessity.if CCD's

are to be Jsed in astronomical spectroscopy. The CID shown
' here has a transparent metal oxide electrode structure and
therefore exhibits a higher‘quantum'effiéiency than CID's

with polysilicon electrodes.
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The mechanisms contributing to the spectral B
response of diode array detectors will be discussed in more

detail in the following chapter.

1.3.2. Dark Signal

All siliéon devices suffer from dark leakage currents
caused by thermally induced eiectron—hole pair production.
In the photodiode, the majority of the signal is generated
in the depletion layer region and the leakage current is
largely dependent on the junction perimeter. Typical
current densities encountered are of the order of 40,A.cm -2
at room teymperature. The leakage current in CCD's and CID's
is lower, with a value of 10pA.cm =2 or better. The dark
current decreases by a factor 2 for every decrease in

temperature of about 10° c.

The low light levels encountered in-astronomy
necessitate long total exposure times in order to achieve
a reasonable signal-to-noise ratio, and it is generally
necessary to reduce the dark signal by cooling in order to

be able to achieve suitable integration times.

An early approach to the problem, as used by Tull and
Nather 24) with Reticon diode arrays, is to cool the array by
liquid nitrogen boil-off to -20° to -40° C.
Following a star exposure,a second, dark, integration is made
for an equal time, and this exposure is then subtracted from
the first. Three problems arise here. Firstly, observing
times are effectively doubled, secondly, there is a need for
extremely close control of the operating temperature,
.'and thirdly, there is a shot noise component on the leakage
current itself. All these problems can be removed by
cboling to below about -100° C, where the thermal leakage is
so reduced that it can be ignored completely 25). Cooling,
however, causes a slight decrease in band gap energy Eﬁ, which

leads to a reduction in red end response. This will be treated

in more detail later.




1.3.3. Noise

It is in the evaluation of noise characteristics of
Silicon detector arrays that the differing: requirements
of commercial video imaging and astronomy are best
illustrated. Noise sources can be categorised into two
types, spatial and temporal, also, and perhaps better,
known as fixed pattern noise and random noise respectively.
For the commercial video system designer, light levels
are usually high enough to dominate a moderate amount of
random noise. However, fixed pattern or spatial noise
is visually extremely objectionable, resulting in a striped
or speckled appearance on the final displayed image 6).
The astronomer however, is able to spend computing time
and effort either on-line or in post proéessing of data to
reduce the fixed pattern noise on a signal, whereas the
random noise level determines direcfly the dynamic range
availabie and consequently the exbosure times required and

the signal-to-noise ratio's achievable.

a) Fixed Pattern Noise

Fixed pattérn noise is the term used to describe the
way in which individual pixels (picture elements) possess
different characteristics. It is a time invariant phenomenon
and can, given sufficient calibration data, be "computed out"
of the raw signal. It has three forms,'offset variation,

responsivity variation and synchronous noise.

Even for an array in the dark, the output signal is
not identical for all elements, and this is know as offset
variation. In most types of array this is chiefly due to
variations in thermal leakage current. As described. above,
in some applications this can be reduced by cooling and

also by subtraction -of 'dark integrations".




It can also be reduced by a technique known as

7)

to reduce reset noise (a random noise source).

correlated double sampling , originally introduced

This technique measures the signal level on éach

element before and after reset during a scan.

_ Variations in individual pixel responsivities
are caused by differences in quantum efficiency and device
geometry. Responsivity variation can be corrected for by
comparison with an integration on a well defined source,

such as a flat field exposure.

Synchronous noise, the third form of spatial noise,
arises from capacitative feed-through from the addressing
circuits, and appears in the form of spikes on the output

wave-form at times when the clocks change states.

CCD imagers are much less prone to synchronous noise
than are diode arrays and CID's because there is only a
single clock electrode from which coupling to the output
gafe can occur. In diode arrays, synchronous noise cén be

8)

minimised by subtraction of successive scans

With the exception of synchronous noise, diode arrays,
CCD's and CID's all have similar sources and levels of fixed
pattern or spatial noise. As mentioned above, however,
for the astronomer it is not the spatial noise which

ultimately limits performance, but the random noise.




(b) Random Noise

Noise sources in diode arrays will be discussed more
fully in the next chapter. The noise sources of major
interest when comparing arrays are the amplifier noise
arising from the video line capacitance, capacitor reset
noise and dark current shot noise. The shot noise on the
dark current is not a significant noise source if the array

is cooled and will therefore not be described further.

The video line capacitances of CID's and diode
arrays are high (and related to the number of pixels)
because of the addressing structure, and this leads to
high levels of amplifier noise when compared with CCD's
-which have an output capacitance due to a single element

only.

Capacitor reset noise is a noise caused by the
uncertainty in the level to which a capacitor is recharged,
and will be described in greater detail in the following
chapter in connection with diode arrays. It occurs in all
three types of array, but can be minimised by correlated
double sampling as mentioned abdve, a technique applicable

" to ccp's 27) and cID's 19, and, as will be shown,to
some types of diode array. ‘ '

Typical reported noise figures for silicon imaging
arrays show the inherently higher noise levels of diode
arrays and CID's. Order of magnitude estimates are
:1000 electrons for a photodiode array, 500 electrons for
a CID and 100 electrons for CCD's. It may be possible to
approach a figure of 10 electrons for cooled CCD's using
buried channel technology. The implications of random

noise levels can be seen when the detective quantum

efficiency is considered.




. 1.3.4. Detective Quantum Efficiency

One of the most useful figures of merit. for an
astronomical detector is the Detective Quantum Efficiency

(DQE).

The DQE can be defined as :-

2
DQE = (S/N,)
2
(S/N;)
where
S/No = signal to noise ratio of the output
signal,

and :
S/Ni = signal to noise ratio of the input

signal.

The method of calculatihg the DQE is described-in

Appeﬁdix A.. Several interesting-points arise.

(a),Figuré 1.10 shows the DQE plotted against
total exposure for silicon detectors with noise levels
of 1000 e~ (reprééenting.a diode array), 500 e  (a CID),
100 e"(a CCD), and 10 e which is representative of the limit
obtainable with CCD's. The DQE is calculated at a wave-
length of 7000"K and is compared with the DQE of a photon
counting system employing a S-20 photocathode. In a photon
counting system the incoming photon is converted by a
photocathode and the resultant photoelectron is accelerated
through say 20 - 40 kV. When detected, the signal produced
by the photoelectron is greatly in excess of any detector'
readout noise and consequently the DQE approches the quantum
efficiency of the photocathode. DQE»isllimitedfto about. 0.8 of RQE
by multiple- events and backseattering -of electrons. As ‘can be
seen from the“graph,fhe photon_counting,éyétem has a‘superior
performance at lowilight levels. Af high'light~1eve15'(or long

exposures) the  higher quantum-effiéiency of the silicon

detector dominates.
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For a detector with a noise level of 1000 e; this
break point comes at an exposure of 105 photons. 1In
Figure 1.11, this "break point'" exposure is plotted-as a
function of the readout noise of the detector for different
wave-lengths. There is of course no reason why a solid
state array should not be used to detect the photoelectrons

in a photon counting detector, as will be described later.

The usefulness of a detector with a non destructive
readout (NDRO) facility can be seen in Figufe 1.12. By
averaging successive non destructive readouts at the
end of an exposure, the random component of readout noise
can be reduced. The graph shows the improvement possible
in DQE for a detector noise of 500 e and a wave-length
of 7000 1, for 5,20 and 100 samples of the signal

Note that the reduction in noise assumes that

~ there is no correlation in random noise between samples.

1.3.5. Linearity and Dynamic Range

It appears that there are no inherent sources of
non-linearity in the signal generation process in either
diode arrays, CID's or CCD's. In CCD's charge transfer
inefficiency is signal dependent and can cause non-linearity
at low charge levels. The transfer inefficiency is largely
due to the existence of traps and can be reduced by the use
of a "fat zero.". The fat zero is a technique by which
sufficient' "background" charge is maintained in the array

elements to fill the traps even in the absence of photosignal.
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Saturation levels are determined in dibde arrays by
the diode capacitance and in CCD's and CID's by the site
storage capacity. For a photodiodé of 1pF capacitance biased.
to 5V, the saturation level will be about 3 x 107 electrons
Coupled with a noise level of 1000 electrons this represents
a dynamic range of 3 x 104. For a CCD the saturation level
is that which reduces the surface potential to zero, and for
a'Zme X 20um element this can be shown to be about 0.3 x
107
100 electrons, the CCD has a similar dynamic range to the

electrons. Considering the lower noise level of about

diode array.

1.3.6. Lag

- Lag is the term used to describe any tendency for an
imager to retain a part of the image. from a preceeding frame

or readout and superimpose it on the current frame.

In diode arrayé, this could occur due to incomplete
recharge through the multiplexing transistor, and in the ‘
CCD from charge transfer inefficiency. In practical imagers,
such problems have generally been found to be negligible, and
the lag is usually quoted as zero. With the wide dynamic range
of exposures encountered in astronomy evén very small lag
levels can be a problem, for example, when.changing to a
faiht star after a calibration exposure on a bright standard
star. ‘Tull et al 24), found for example that because of the
long time constant in their preamplifier feed-back loop, a
residual charge of 1% was present after recharge from saturation.
" Even so, this class of detector sufférs very much less from

"lag than most t.v. type detectors which use an electron beam

for readout.




1.3.7. Detector Geometry and Spatial Resolution

Of interest to the astronomical user is both the
total number of pixels in a detector and the geometry

of the individual pixels.

For the observation of extended objects such as
galaxies, it is obvious that area arrays are required, and
with as many pixels as possible. This dictates the use

of CCD's or CID's.

Ih'astronomical spectroscopy, however, the image to

| be detected is elongated and very narrow, with the
information content along the long axis, and the linear

diode array appears fo be eminently suitable for such
applications: Single line CCD or CID arrays might appear to
offer the same geometricai characteristics but with

reduced noise. However, most commercially available single
line CCD arrays have element sizes in the region of Zth

X 20um, with a trend towards reducing this. Whereas this
gives high resolution in the direction of dispersion, it
poses considerable optical and mechanical problems of
accurate alignment of the image onto the array. Diode arrays
are now becoming-available with more suitable element
geometries, such as the ‘Reticon "H' seriés with a centre-to-

centre diode spacing of 15fn.and a diode width of 300 .m.

The spatial resolution of silicon detector arrays is
approximately the geometrical size of the element at short
wave-lengths where the absorption depth is small. At longer
wave-lengths the carriers generated deep in the substrate
can easily diffuse to adjacent elements, thus
intréducing crosstalk between elements. Studies have recently
been made at Hewlett Packard 29) into reducing this
crosstalk by incorporating subsurface electric fields that
accelerate the carriers towards or away from the surface, thus

minimising the chances of collection by a neighbouring site.




So far the discussion of the~application of
these silicon detectors has been restricted to use
in a light integrating mode. There is a second, very
powerful technique of imaging useful particularly at low
light levels, known as image intensification. Image
intensifiers alone are not strictly detectors, but can

be combined with a variety of optical and electron

detectors.




1.4. The Use of Solid State Arrays for’

Intensified Imaging

The concept of the intensified detector has been
in existence for a long time and has been applied to most

forms of detector from the eye upwards.

Two modes of intensification are possible. The
first retains the principle of detecting photons and
uses an image intensifier comprising an input
photocathode, an amplifying tube and an output phosphor.
A conventional detector records thé light pulses from the
output phosphor. Variants include devices with fibre
optic: input and output windows to facilitate cascading
of tubes, and image tubes with various magnetic and '
electrostatic focussing schemes. Detectors employed to
record the light output range from thtograéﬁc plates
to‘television type sensors. The principle éhortcoming of
such systems is the degradation introduced by the output

phosphor and its coupling lens or fibre optic window.

In the electronographic type of intensifier the

" output phosphor is eliminated and the detector is located
.eithér inside the image tube or behind a thin, usually

mica window. The detector records directly the impact of

the photoelectron which typically has an energy of 20 - 40 KevVv
after accelefation.. When used with a photographic emulsion
this has an added advantage, in that when used in this fashion
the emulsion has very much improved linearity and dynamic range,

and does not suffer reciprocity failure 30).




'Silicon detectors are attractive for use in such a
mode since high energy electrbns incident on a silicon
detector will liberate one electron hole pair for every
3.6 eV of energy lost. Thus a s1ngle 20 KeV electron
stopping in an array will generate a signal of about
6000 electrons, which is in excess of the readout noise

of virtually all silicon array detectors. Before the

advent of self scanned arrays such as diode arrays, CCD's
and CID's, "digital image tubes" employing silicon diode
readout had been constructed. These tubes, known as
DigiconsBl) have a leadout from each diode and the

external electronics consists of one channel of discriminator
and scaler for each diode, with sequential readout of the

scalers by computer. Digicons with greater than 200 elements

have been manufactured. With the development of self scanned

arrays, the possibility of incorporating these into a
digicon was realised. Such "self scanned digicons" have
been manufactured by Electronic'Vision Corporation using
diode arrajs (Reticon 1024 element linear devices) and

100 x 100 element Fairchild CCD' rg32)

Two modes of operation are applicable when such
detectors are used in the intensified mode. Photon

counting can. be achleved by 51mp1e discrimination of the

B e e e I

. output signal (photon/no photon) Some resolution of

multlple photon events is achievable with multi level
discrimination. The count rate per channel. will be limited

by the scanning rate. Alternatively, the charge can be

7 integrated on the diode and an analog measurement made of

the total charge collected in each channel. Systems employing
Reticon based Digicons operated in this fashion have reached
within 15% of shot noise limited performance, i.e.

DQE  0.75 RQESS).




Problems have been encountered with radiation
damage when using . " digicons, which has the
effect of increasing the dark current. This has been
minimised with diode arrays by protectively masking the

scanning circuits, but this is not possible with CCD's,

-which can have a life expectancy of as little as.107

e1ectrons/e1ementf?4). Damage mechanisms are complex
and still under investigation, but it has been shown
that under some circumstances damage can be reversed
by an annealing process involving bombardment with

low energy electrons?s)It is also hoped that backside
illuminéted CCD's will be more robust, since it appears

to be the Si—8102 interface at the top surface that

is most susceptible to damage.




1.5. Summary

It has been shown -that three types of self
scanned silicon imager have emerged from the many
projects followed in the late 1960's and early 70's,
namely the MOS diode array, the'charge coupled device
and the charge injection device. They have the
édvantages over other existing detectors of higher
quantum-efficiency, absolute geometrical stability,
zero lag and good linearity. They are especially
useful in the near infra-red region where most

photdcathodes have reached their limit of usefulness.

When used in the direct mode they are unable
to compete with photén counting Systems at>very low
light levels, but at moderate and high levels their
high quantum efficiency'makes them attractive,

especially at near infra-red wave-lengths.

| The importance of reducing readout noise has been
seen, and two techniques employed to reduce this have
been méntioned, namely correlated double sampling and
non destructive readout. Neither technique is applicable

to conventional MOS arrays of the Reticon type.

This thesis describes the development of a novel
diode array incorporating both these techniques and

also on-chip pre amplification.

It is necessary to consider in more detail the

principles behind diode array operation.
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CHAPTER TWO

A Study of Linear MOS Photodiode Arrays

The operational characteristics of an MOS
photodiode array can largely be separated into those
relating to signal generation‘and those concerned
with readout of the stored charge, and these will be
treated in turn. It will be seen that in fact the
mode of readout can significantly affect the signal
generating process, and the effect on overall
performance will be shown. . The influences of these
characteristics on the development of diode arrays

will be discussed.

2.1. Signal Generation

All photodiode array detecfors of the type
described here are based around a reverse biased
p-n photodiode. For the purpose of this discussion
it will be assumed that the diode is a p+ type
diffusion in an n-type substrate, which is usually

the case.

The signal in a photodiode of this type has two
origins. There is a photocurfent, generated by
light incident on the diode, and a thermal leakage
“current. Both have the same sign and are '"leakage"
currents which tend to discharge the junction
capacitance of the reverse biased diode. The
characteristics of these two components will be described
as a funclion of the physical properties of the junction,
the intensity and wave-length of the incident light, the

reverse bias voltage applied to the diode and the operating

temperature.




2.1.1. Photocurrent and Quantum Efficiency

If a photon of sufficient energy is incident on
silicon, it is absorbed and the energy is given up to
excite an electron from the valency band into the
conduction band. Excess energy and momentum appear
in the form of a phonon. Such excitation can also be
achieved thermally. The optical absorption and sub-
sequent production of a photon are shown in Figure
2.1. When in the conduction band, the electron and
the associated hole are free to contribute to the
conductivity of the material. The electron will
eventually recombine with a hole in the valency band.

Only incident photons with én energy greater
than E - the band gap energy, are capable of causing
such transitions. .Photons with an energy <:Eg
will not be absorbed. For silicon at room temperature

"E = 1.09 eV, which corresponds to a photon wave-

length of 1.1/um

In a reverse biased diode, the photocurrent is
generated by the diffusion of the minority carriers
towards and across the junption. In a typical photodiode
~the junction depth.is 1—2‘Fm. The depth at which the

photon is absorbed is wave-length dependent.

Consider an incident photon rate Fo entering the

surface of the silicon. The density of electron hole pairs

.created at a depth x is :-
Ap = Fo Lexp (-ox) (2.1)
for n-type material, where

concentration of excess holes

Dp
and &K

absorption co-efficient.
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The absorption co-efficient of silicon is shown
as a function of wave-length in Figure 2.2. for room
temperature (300°K) and liquid nitrogen temperature
(77OK) 1). In the region of interest,‘tﬁe absorption
depth (1/o) varies from about O.ljun at wave-lengths
of 0.4 pm to 96 pm at a wave-length of 1.0},..m _at
room temperature. Thus carriers are generated throughout
the depth of the diode, in the bulk of the substrate
at long wave-lengths, in the depletion layer for
intermediate wave-lengths, and in the p+ diffusion
at shorter wave-léengths. The three components of the
photocurrent that correspond to the absorption in these

regions can be treated sepdrately.

It is convenient to treat the photocurrent as
being the sum of the individual photocurrent contributions

from these three regions. Thus :-

where JT is the total photocurrent density,

Jdep‘is\the contribution from the carriers generated

in the depletion region,

J from those generated in the substrate and

sub

Jp+ from those generated in the p+ type diffusion.

Also, the photocurrent can be related to the quantum

efficiency by :-

JT = qFOTL

where q is the electronic charge
7 is the quantum efficiency

.and FO is the incident photon rate

The contribution from the three absorption regions

can be expressed as quantum efficiency components, thus :-




Jp = QF, (Mgep *MNgyp Mps)  (2:2)

This is the most convenient form in which to
work, since the properties of the three regions can
be ‘described independently of variables such as Fo’ the

incident photon rate.

The derivations 2) of the quantum efficiency
components are lengthy and will not be included here.
The expressions will be quoted, and the physical

significance of the various terms will be described.

(a) The céﬁﬁdﬂent of quantum efficiency from the
depletion layer is given by :-

= (exp (-xx;) (1 - exp(-dd)) (2.1 (a))

1\dep

where X. depth of depletion'layer edge in p-type -

Jp
material (see Figure 2.3.)

d = depletion layer width

= X, - X, '

( -~ Jn JP)

It is interesting to note that this expression
contains absorption terms only, and no terms representing
the recombination of carriers. The electrostatic fields
inside the reverse biased depletion layer are so high
that any carriers generated therein are rapidly drifted
out in a time very much less than the carrier life time,

and thus recombination is negligible.

(b)Y For- the n-type substrate, the:component of quantum

efficiency is given by :-
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(2.3(b))
| sz ' exp(-oL) - exp(;dxjn) coéh(p—xjn) / Lp}
N sub = ——3;254 deXdexjn) o . ‘ :
P12 T L, sinh ((L-x5) /L) J

diffusion .length of holes in the n-type material

£
=3
o
-
o
=

I

.
Il

total depth of substrate (see Figure 2.3.)

For an infinitely deep substrate (i.e. as L= <0)
this component becomes proportional to Lp at longer
wave-lengths. The physical significance of this is that
only carriers which are generated within about one diffusion
length . of the depletion layer boundary contribu%e to the
photocurrent. . Thus forigoodAred response, high lifetime
(ite. large diffusion length) silicon is essential.

(c¢) For the p+ diffused region, sﬁrface recombination
becomes significant and limits the duantﬁm=efficiency at
the blue end, as carriers generated near the surface recombine
before they can diffuse to the junction.  The partial quantum

efficiency of this region is :-

2
. = dLn J ‘otexp (—ox )'—
N . ip
L0 p 1 -~ 2L2 . ' N
L. n . .
\ (2.3 (c))
1
1 Ln (s+Dn) - exp(—dxjp) (sLn cosh(xjp/Ln) + Dn 51nh(xjp/Ln))
L s Ln 81nh(ij/Ln) + Dn cosh(xjp/Ln)

n
whefe Ln is the diffusion lgngth for electrons

s 1is the surface recombination velocity

and Dn is the diffusion co-efficient for electfons

The boundary depths ij and xjn are a function of the

reverse bias voltage applied to the junction and can be

3) o »

expressed as




2€ (Vo + V) Na (2.4 (a))
a 'Na (Na + N

X . = . -
Jp Jo

for the boundary in the p+.diffused region, and

x5y = x5y + 20 T V) Na (2.4 (b))
a Nd (Na +'Nd)

for the boundarj in the n-type substrate, where

xjo = physical junction depth

€. = permittivity of silicon
v, = equilibrium contact potential
\' = reverse bias potential

N, = acceptor density

' Nq = donor density

Figure 2.4. shows the partiél and total quantum
efficiences calculated from the above, for a typical
p-n junction with‘a junction depfh of 1.5/um, a substrate
thickness of 200 pm and a reverse bias»potentialfof 10V.
Other parameters used in the calculations are listed in

the figure.

- . For any‘given p-n junction, two external variables
will affect the photoresponse curve, these being bias

voltage and temperature.

‘As the reverse bias, changes, it is apparent from
Equations (2.4.) that the boundary depths will vary with
reverse bias potenfial. It is also apparent that the
changes will be gréater inside the material with the lower
doping density, in this case the n-type substrate. Thus
as the bias voltage increases, the depletion region extends

further into the substrate, boosting the partial quantum

efficiency of this region.’
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How significant this increase will be to the
overall response depends upon the parameters of
the particular device. For example, the red response
of the junction of Figure 2.4. is strongiy dominated
by the substrate contrlbutlon and will not be grossly
affected

Of course, some extension of the depletion region
into the p+ diffusion will also occur at higher voltages.
Geary has suggested 4) that this will improve the blue
response, but such an effect has not yet been reported.
Temperature changes have a significant effect on response,
especially at the red end of the spectrum.

As temperature isAreduced, the mean free path of
lower energy photons increases dramatically, and the band
gap energy Eg increases. There isia twofold effect at
low temperatures. Firstly, low energy (red) photons will be
absorbed deeper in the substrate than before, and will have
less chance of diffusing to the depletion layer without
recombination, lowering the partial quantum efficiency
of the substrate at the red end. Furthermore, because of
the increased band gap energy, the cut off wave-length is
also reduced. The variation in band gap energy with
temperature is shown in Figure 2.5 5). At room temperature
(3000K) cut off wave-length for silicon is 1.11‘pm, and

reduces to 1.07 um at 77°K.

The decrease in red end response at low temperature
has been measured by Vogt et al 6) for a Reticon diode array,

and the results are shown in Figure 2.6.
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So far, the calculation of photocurrent has
been based on the incident photon rate entering the
surface of the silicon. The'way in which this is
related to the incident flux on the detector is
modified by reflection and interference at the

surface.

The refractive index of silicon is approximately
3.9 and the reflection co-efficient R at the surface

can be calculated from 7):—,

2 .
R =] "si - "air (2.5)

Ng. n .
Si + Tair

This gives a co-efficient of R = 0.35

If the presence of the thin (fMBym) silicon
dioxide surface layer is considered, the situation is

improﬁed slightiy.

Silicon dioxide has a refractive index of 1.45,
which gives reflection co-efficients of 0.034 and 0.21
at the Air—SiOz.and~ 8102
Thus only about 80% Of incident light is expected to

-Si interfaces respectively.

enter the surface of the silicon. This agrees with the
peak quantum efficiences of about 0.8 observed in Figure

1.1.

The thickness of the substrate (several hundred
microns) used in diode arrays eliminates the problems of
interference in the substrate which have been encountered
with silicon targets in electron-beam addressed tubes.
Howéver, the silicon dioxide surface layer is typically
a few microns thick, and it is possible for interference
to occur between incident light and light reflected from
the SiOz—Si boundary. Such interference effects are
visible as modulations of the quantum efficiency in

Figure 1.9.

o



2.1.2. Thermal Leakage Current

In classical p-n junction. theory, it is assumed
that thermally generated carriers contribute to the leakage
current if they are generated within one diffusion length
of the depletiQn layer boundary. The width of the depletion
region,d, is usually small in comparison with the diffusion
length and thus carrier generation is negligible inside this
region. Thus the leakage current would be largely independent

of bias voltage.

The above treatment assumes that all electron-hole
pair géneration is due to transitions from the valency band
to the conduction band. Howevef, in the depletion region,
the scarcity of free carriers can lead to a net generation oi .

carriers from recombination centres.

Normally, the emission of carriers from a recombination
centre is balanced by corresponding capture processes, but
in the reverse biased depletion region the lack of free
carriers, and the speed with which generated carriers are
swept out, inhibit the recombination process. Generation
from such centres is most significant in materials with a
large energy gap, Sﬁch as silicon, for which band-to-band
transitions are rare[, Narrow gap materials such as;germanium

however, follow the classical theory closely.

The implication of this is that for silicon diodes, the
leakage current is dependent on the width of the depletion
layer (and thus on the bias voltage), and also on the number

of trace element impurities and lattice defects.




It has been found that three geometric properties of

.the diode contribute to the leakage current, these being :-

(a) diode area
(b) diode periphery

(¢) number of corners

Table 2.1. shows the leakage currents measured by
Chamberlain 8) for a 1.4 pm deep p-type diffusion. He found
that the peripheral leakage currents can be reduced by
covering the junction wifh an aluminium ring electrically
connected to the p region. The optimum diode geometry for
minimum leakage current has the fewest corners and least
periphery for a given area, that is;circular. .This conflicts
with packing density and imaging geometry. requirements, so

rectangular diodes with rounded corners are usually preferred.

Because leakage is predominantly a depletion layer
effect, it will have some voltage dependence. The exaqt
beha%iour is complex but the empirical formula of Equ. 2.6.
below has been found b& Chamberlain 8) to hold for bias

voltages between 5V and 25V.

J -

io (1 -0.06 (V -V)) (2.6)

7

ILovy

where JL(V) = leakage current density at a reverse bias V

\' = reverse bias
Vo = voltage to which the diode is initially charged
and J = leakage current density at V = Vo'

Lo

' The dependence of the leakage current on temperature
is also rather ¢omp1ex. The simple theory predicts the leakage
current to be'proportional to the square of the thermally

generated equilibrium charge density for intrinsic silicon.
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Now 9)

(2.7)
3/2 3/4 ;
n. = p, =2 kT (m mp) exp(—Eg/ZkT)

onh 2

e

electron density in intrinsic semiconductor

where n.
i

p; = hole density in intrinsic semiconductor
m, = effective mass of electron
m

p = effective mass of hole
and thus we predict a leakage current density of the form

JL(T) = const. T3 exp‘(—Eg/kT) (2.8)

Geary 4)_suggests that this relationshipAholds only
at high temperatures, and that at room temperature and below
this is dominated by surface leakage and by charge generation
in the depletion region. He suggests an empirical relationship

of the form.

g (T-T ) /e

I1.(T) =-JL(T0) (2.9)

where the leakagé current at temperature T

I

and & is an empirical constant generally between 6° and 10° c.

Figure 2.7. shows the leakage currents of a number of

actual devices as a function of temperature,as reported by
Chamberlain 8), Vogt et al 6), Livingston et al 10), and
Campbell 11). In order to enable a direct comparison between
devices of different areas, all currents have been quoted in
terms of carriers/s/cmz. It is interesting to note how these

various sets of experimental data fit the two models suggested.
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Chamberlain quotes his data as fitting a
relationship of the type of Equ (2.9.) with a value of
A= 10° C. He unfortunately does nof publish individual
data points, and so it is not possible to see how closely

his original data fits this relationship.

Livingston's data is also a good straight line fit,
indicating a relationship of the type of Equ (2.9.), but

with a value of o= 7°C.

_ However, the data from Vogt et al, and from Campbell,
do not convincingly fit to a straight line. The solid lines
drawn through these sets of points are curves obeying the

"classical" leakage current iaw of Equ (2.8.).

A possible explanation for these discrepancies is
suggested by the fact that it is the devices with lower
leakage currents.that seem to behave according to the
"classical" theory. This may be because in these low
leakage devices, surface leakage currents have been
reduced by improved process technology, and are no longer

dominant.




2.2. Signal Samﬁling Techniques

When operating a reverse biased p-n photodiode
in the integrating mode, the diode is initially biased
to a voltage Vo’ and is then open circuited. The photo-
currents and leakage currents as described in Section 2.1
will then decrease the charge stored on the depletion

layer capacitance.

ItAis then necessary to measure either the charge
ldst or the charge remaining after a suitable integration
period. There are two ways of doing this. The first is
.to re-bias the diode to its initial potential v, through
a suitable switch, and to integrate the current flowing
through the switch during this recharge operation,  thus
‘obtaining a measure of the charge lost during the integration
interval. This techhiqueJis known as recharge or current
sampling. The alternative is to measure the open circuit
voltage on the diode, usually via a high impedance
amplifier. This determines the charge remaiﬁing on the

junction capacitance, and is called voltage sampling.

2.2.1. Recharge Sampling

This is the simplest mode of operation in terms of
element complexity. Various types of switching device have
been employed including diodes,lz) but the MOS. transistor
is now more popular. The circuit, structure and operating
cycle of a simple element are shown in Figure 2.8. The reset
pulse gates the MOS transistor "on",reverse biasing the diode
to VDD?
reset pulse the diode is open circuited.

the supply voltage, and at the trailing edge of the

N
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The time interval until the next reset pulse is
called the integration period. During this time the
junction is discharged by a combination of leakage
currents and photocurrents. At the next reset pulse,
current flows through the MOS transistor to recharge the

junction to V Thus by integrating the current in the

DD’
supply line during the reset pulse, the charge lost during
the integration period can be measured. Note that the

"video'" line here is also the supply rail.

The charge "lost" during.the integration (the signal

charge) is given by.

£

Qg =| (3, + Jpy A.dt (2.10)
)

Where Qg "= signal charge.

Jp- = .phétocurrent density

JL = leakage current density

A = photodiode junction area

ti = Jntegration time

The signal charge is inherently linear with respect to
discharge current. However, the diode bias voltage varies
according to the remaining charge. Equation 2.6 shows that
the leakage current is therefore dependent on the integrated
signal and that its value will change during an exposure.
Equations 2.3 (a) - (c) describing the photocurrent contributions
from the three regions of the ‘diode also show a dependence on
the depths of the depletion’layer edges, and thus the

quantum efficiency will vary during the exposure.




The saturation level of the recharge sampling
element is reached when the diode is completely discharged,

and is therefore given by :-

o 4
= 2.11
Q (max) Cp -dv (2.11)
VDD
where C_ = diode junction éapacitance

D

Assuming a typical mean junction capacitance of
4 103 pF cm _2, the stored charge for a diode of area
25 pm X 25'ym with an initial bias of 10V would be 0.25 pC,
and thus the saturation would correpond to about 1.6 .106

electron/hole pairsﬂ

Note from the above and from Equation (2.10) that
both the sensitivity and saturation level of a recharge

sampled element are proportional to diode area.

2.2.2. Voltage Sampling

The circuit diagram of a s%mple voltage sampling
element is shown in Figure 2.9 (a). The transistor T1
performs the same recharge function as in the recharge
sampling array. However, the output signal is derived from
the diode bias potential at the gate of the source follower
stage T2. T3 is a multiplexing transistor which gates
the output of the source follower onto the video line when
enabled by a scan pulse. The operating cycle is illustrated
in Figure 2.9 (b). One immediate contrast with recharge
sampling is evident.in that the output from a voltage éampled
element is in the form of a dc level, rather than the transient

output associated with recharge elements.
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The analogous equation to equation (2.10), describing
the output voltage as a function of photocurrents and

leakage current, can be derived to various levels of complexify.

By assuming that the diode capacitance is voltage
independent, and that the gate capacitance of the source
follower T2 is negligible, we can describe the rate of change

of voltage across the diode by :-

dv - _ dQ

Cpb at = @

- (Jp + JL) A (2.12)
-Integrating the above we obtain :-

'V ti
CD | dv =~ (Jp + JL) A.dt

v 0
o

and hence
A" =V 1l - A (J_. + JL) .dt (2.13)

(t) DD p
CDVDD o)

The capacitance of the junction can be expressed as

cC_ =€A
D d
Where d = depletion layer width
€ = permittivity of silicon

This removes the area dependance and Equation 2.13 becomes

t
J +d
( p

.dt (2.14)

<
|
<
[u—y
|
[o N

= )
t DD e L




Non linearity is introduced into this response
function because of the voltage dependence of the depletion

layer width.

This voltage dependénce can be seen from Equations
2.4 (a) and (b). By assuming that the doping density is
very much higher in the p+ region than in the substrate,
then the movement of the deplétion layer into this region
can be neglected.and from Equations (2.4) the depletion
layer width can now be expressed as :-

3
a = |2€ TtV

N

d

This expression is valid only for an abrupt junction.

. . . 13)
An approximate general expression is
d=k Vv  (2.15)
where k = a constant incorporation some junction parameters
p = % for an abrupt junction

1/3 for a linearly graded junction

This assumes that V is significantly larger than

the contact potential Vc (=20.6v).

The diode capacitance now becomes :-

= { -p
Civy = A&V -

Substituting this into Equation (2.12) and integrating,

we obtain :-

- (Jp + JL) A.dt
o)




Now k= d, v P .
where do is the depletion. layer width at V=V

(0]

and thus ' ' : (2.16)

Vigy = Vo |1 - (1-p) 4, (J_+ J | .dt
eV P

o o

L)

Compare this with Equation 2.14 for a voltage
independent'capacitance,'which can be seen to be a

special case of the above with p = O.

It should be noted that additional non-linearities
also occur as in the recharge sampling element, due to the
dependépce on depletion.laye; width of Jp and JL’ the
photocurrents and thermal leakage currents respectively.

Figure 2.10 shows the decay of voltage as a function

of time for constant (Jp + JL) with p = O, 1/3 and %.
A more precise treatment would use
= 7 P
d k (V + Vc)

in place . of Equation 2.15, and this would accentuate the

deviations at low output woltages.

Two points are of interest when comparing the response
characteristic of thé voltage sampling element with that of
the recharge sampling element. The non linearity displayed
in Equation 2.16 can be considered to arise from integration
of the signal on a non-linear element (i.e. the diode
capacitance) rather than on the external and hopefully linear

integrator capacitor of the external amplifier.
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Secondly, it can be seen that the area dependence of
the responéivity has been‘eliminated, and therefore no signal
"gain" 'is achieved by'the use of larger diodes. Conversely,
small element sizes are feasible for use in- high resolution

arrays without loss of signal.

\

So far only the potential across the diode has been
described. The transfer characteristics of the MOS source
follower (T2 in Figure 2.9) is strongly dependent on the
type of external load used;_Three types of load can be
envisaged, namely a resistive load, a virtual earth load and
a constant current load. The following analyses.follow the

techniques of Dickson et al 14)

The three cases are shown in Figure 2.11 (a) - (c).
In all the analyses to be given, the multiplexing transistor
T3 is replaced for simplicity by a resistor R3 of value equal'
to its "on" resistance. The two characterstics of interest are
the output voltage as a function of -diode voltage, and the
risetime 6f the output voltage in response to a step function

of diode potential.

a) - - Resistive Load

Referring to Figure 2.11 (a) and‘using the terms as

defined there, then the equilibrium output voltage is

given by :-

7 = . ‘

‘o,‘ ;ds RL (2.17)

' . . 3)

Now for an MOS transistor at saturation

I =8 (V —V)Z.

ds 5 gs T
where B = is a parameter of the device defined

by the process
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/

Vgs is the gate-source voltage

\Y is the threshold voltage

T
Applying this to the situation in Figure 2.11 (a)

2
- Vg - V'I‘)

where B, is the B .associated with T,. This gives a

gquadratic equation for Ids of :-

2

(R;, + R3) T2 -(2(Vp-Vy) (Rp+Rg) +1/85) Tyg + (Vp-¥p)? = 0

Solving for Ids and substituting into Equation 2.17 gives

the equilibrium output voltage Vbias a function of diode voltage

V..as :- '
D ‘ - (2.18)

vo=_ B v -] ~N(1+ 28, (R, * By) (Vp - V)
3 L RBo(Rg + Ry)

The transient response of the circuit can be

derived by observing that at equilibrium :-

VO - VE 5"Y§
gR3 RL
where V. = V_ - V.. and is the effective diode voltage

E D T
and noting that all voltages are defined negative and thus;

= 2.19
R Vg (R, + Rg) V, ( )

In general though, at a time t the output voltage V
will be given by :-




where Ic is the' instantaneous current in the video line

capacitance CL'

Now

and the general case of Equation (2.19) is

(RL + R3) vV - RL VE = - RL R3 CL %%

Integrating and substituting for RL VE from Equation

2.19 we obtain :

V. -V - R, + R
log (o] ’ = — L 3 t
Vo RL RS CL
and
R, *R :
V=V |1-exp |- ﬁIiT‘%‘ t (2.21)
° L 3 L

which describes the response to a step change in_VD which

would produce an equilibrium voltage Vo..

b) Virtual Earth Load

The expression for the equilibrium output voltage for
the virtual earth example of Figure 2.11 (b) can be derived
in a similar fashion to that for a resistive load by
noting that

Vo = - Igs Rp

where Ry is the feed-back resistance of the amplifier, and

that RL is now zero.




" Thus
(2.22) >

VD,"V'1~+1"‘{~1~+ 2R3 (Vp - Vp)
L PR3

The derivation of the transient response also closely
follows that for the resistive load, using the equation

corresponding to equation (2.20) which is :-

(A+1)pv
—_— R + I .
R3 RF c

and the expression for the output voltage V at time

t becomes :-

| . _A
V = .V_ |1 - exp ( = t) (2.23)
. o RpCy

c) Constant Current Load

The expression for the equilibrium output voltage is
soméwhat more straightforward for the constant current case.

The drain.current is now equal to IL’ the load current, and

therefore
I =%(VD—VT—VS)
Now VS = VO + IL R3

L .
= - - P 2.24
Hence V_ =V \ I, Ry 2. ( )

The transient response analysis is similar to the two
previous derivations, using the expression for the output

voltage (cf. Equations 2.20) :-




The output voltage at time t then becomes :-

vV = Vo (1 - exp (- t/R3 CL)) (2.25)

In order to compare the linearity of response of the
three types of load, we can write the equilibrium output

voltages in a common form.

All the equations (2.18, 2.22, 2.24) are of the

form :-

V =K (VD -V

o T~ VERm)'

so for the resistive load, from Equation (2.18)

VERR"

_ 1 -1+ 28, (R + Ry) (Vp - Vi)
Bo (B3 + Bp) |

and Similarly‘for the other loads.

The extent to which the load degrades the output
A s

response is shown in Figure 2.12. Typical values have
been taken for the relevant parameters and a family:s of

oﬁtput curves plotted.

The ideal situation is where the load resistance is

infinite, equivalent to a constant current load of zero.
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For the resistive load case, as the load resistance
decreases, attenuation and non-linearity increase until the

limiting situation of the virtual earth amplifier is reached.

The constant current load exhibits good linearity, but
the dynamic range deteriorates because of the imposition

of what is efféctively an additional threshold voltage.

Expressing the dynamic range quantitively in terms of

signal charge, we obtain for the resistive and virtual earth

loads.
VT
Qs max v CD av (2.26)
DD
and for the constant current load
Q [T Ve gy
S max D . (2.27)
VoD S
where Vo, = I, Rg + J(ZIL/FZ)

The time response of each output circuit can be

expressed in a common form, from Equations (2.21, 2.23, and 2.25)

VE = VO (1 -exp (-t/))

where for the resistive load for example, from Equation (2.21)

L i T,

Ry -4 Rg L
and similarly for the other loads. These time constants, and
their values under a range of typical conditions are shown
in Table 2.2.

]

From this, it can be seen that the virtual earth load

has by far the fastest‘response time.




1 GENER ’
TYPEOFLOAD | expression |conbitions [TIME consTanT"
= BLRa =
RESISTIVE | T =g~roe Ri=IMa | 9.9 €L =S
‘ Re=fooka | 94 cuL wS
VIRTUALEARTH| ¥ = 'B.FTCL' A -10°, Re.50Kn 5 % so'ch wS
A =10’ R¢ = 10kRa 102C, S
ConsTanT CURReNT| Y = AR3 C. _ {0 c.wS
Ry= 10Ka
1) C_ = VIDEO LINE CAPACITANCE, (pF)
TABLE 2.2 OUTPUT TIME CONSTANTS FOR

VARIOUS EXTERNAL LOADS




So far, the discussion has been restricted to the

operation of a single element, whether recharge or voltage

sampled. In order to produce a useful detector many

elements  must be incorporated togéther in some way.



2.3. Scanning Techniques:

It is theoreticaily possible to operate any form of
addressed structure such as a memory or an imaging array
in either a sequential or a random access mode. Although
diode érrays have been constructed with a random access
organisation 16), these have not been based on the
integrating mode of operation. A problem arises with
arrays df’the type described in the earlier sections of this
chapter in that if a random addressing sequence is employed,
the integration periods experienced by each diode can all

be different, making signal analysis very complex.

The simplest form of sequential addressing structure
is the shift register with parallel outputs, and it is
obviously desirable to implement the shift register "on-chip"
and with the same processing technology as used for the
light sensing elements. This miniﬁises the number of

interconnections, thus minimising assembly cost and enhancing

yield and reliability.

~ Given that the shift register is to be manufactured
on the same chip, it becomes essentiél to minimise the thermal
dissipation of the register, otherwise the operating
temperature of the array wiil-rise‘and thermal gradients may
occur. This leads to an increase, or worse, a non—unifofmity,
in dark current. Historically, the first on-chip registers
were of the static MOS type. However, dynamic registers with

lower power dissipations are now available.

2.3.1. Static MOS Shift Registers

Most shift registers are based on the -concatenation of

. inverter stages, with some form of storage element between

stages. Each MOS inverter requires a load, and this can be
simply a diffused resistor. However, diffused high value resistors
are extremely costly in terms of area, and it is preferable to

use a suitably biased MOS device as an active load.




A single element of a static shift register designed’
by Chamberlain for use in a diode array is shown in Figure
2.13. '

Note the similarity between this circuit and the
traditional bistable. Here T3, TS and T9 are the load
transistors. The feed-back transistor T6 is used to maintain
the stored charge on the gate of T2 during @2. This register
is capable of driving loads in éxcess of 15 pF and can be
operated at arbitrarily low speeds. However, there are 9
devices per stage, the power dissipation is about 3mW
per stage and the maximum scanning frequency is limited to
about 50 kHz. For higher operating speeds, dynamic registers

are required.

2.3.2. Ratio Dynamic MOS Registers

A simpler shift register can be achieved by
eliminating the feed-back tranSistor,andrfelying on
temporary chargé storage on the transistor gates. The
storage time is then no longef infinite and.the clock
period must be made smaller than this. The simplest
form of such a register is shown in Figure 2.14 (a).
The loads are still MOS transistors which are always

held conducting.

The power dissipation can be reduced by using clocked
load devices that are turned 'on" only as required. In the
circuit of Figure 2.14 (b) power is only dissipated in an
inverter during the relevant ciock phase, and thus the power
dissipation is now proportional to the duty cycle of the
clock phase. Typical scan rates achievable with dynamic
registers of this type are about 10 MHz, and the power
dissipation is about 0.5 mW/stage. One problem which occurs
with shift registers of the clocked load type is that the
output zero levels are not well defined and~low amplitude
pulses are present synchronous with one clock phase. Although
these are of insufficient amplitude to address an array element,

they can contribute to clock breakthrough on the video line.
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Both registers described above use the ratio of
the load and input device resistances to define the output
logical "1'" state. The load transistor is required to
have a resistance 10 to 20 times larger than that of the
input trahsistor, and therefore occupies a correspondingly
larger area. The maximum operating frequency is also limited
by the large time constant associated with the load transistor.

\

2.3.3. Ratioless Dynamic MOS Registers

The above problems are solved by the use of ratioless
inverter circuits in which the output level is defined
by the discharge of a capacitor. Such a shift register
element is shown in Figure 2.15 ;7). The clock line
loading in this circuit is high, since these are used also
for grdund and power connections. No d.c. paths exist and the

power dissipation is thus given by :-

2

P =Cvft
where - C = clock line capacitance
= clock voltage
f = clock frequency

The dissipation at 1 MHz for a typical ratioless

register is about 0.1 mW/stage.

2.3.4. Dynamic CMOS Registers

Further reductions in.power dissipation can be
achieved by using complementary transistor pair (CMOS)
circuitry. Dissipations of about 0.01 mW/stage at 1 MHz
are achievable 17) with registers of the type shown in
Figure 2.16. The CMOS technique, however, requires
complex processing with large 'p-well" diffusions to
accommodate the n-channel devices. This leads inevitably

to large element areas and reduced yields. Consequently,
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although some applications have been reported 18),

the use of CMOS registers in diode arrays has

not been widespread.

2.3.5. Bootstrapped MOS Registers

So far, all the registers described have used
as the basic element two inverters. It is also possible
to implement a shift register with source followers rather
than inverters. Usable outputs are then obtained from
every "half-stage'", resulting in an effective halving of

area requirement and power dissipation.

In an MOS followerlstage, however, there is a
voltage drop between input and output of one threshold
voltage, and thus the construction 6f such registers was
'_not feasible until the déﬁelopment'of»the "bootstrap"
technique 19) for eliminating this drop. The bootstrap.
element can be either é capacitor or an MOS varactor,
énd a circuit developed for diode array scanning using

the latter is shown in Figure 2.17.

2.3.6. Bucket Brigade Device Registers

A further departure from conventional, inverter based
registers is the use of a digital bucket brigade delay line.

20), a p-channel MOS

In tests carried out by Weimer et al
bucket brigade delay line was operated with double and single
clocks, and negative and positive inputs. The two most
interesting modes of operation were found to be the

double clock with a negative input, which produces a useful

scan pulse at each output, and the singlé clock with a

positive inpuf, which gives a scan pulse at every alternate
outpdt. These two modes of operation are illustrated in

Figure 2.18. The switching transients at the outputs are
conéiderably worse than from more conventional registers,

and this seems to be the reason why little interest has been
shown in the techhique since, despite the considerable reducfion

in device count.
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2.3.7.Register Organisation

Figures 2.19 (a) and (b) respectively illustrate
the way in which recharge and voltage sampling arrays
‘are scanned by a suitable register. In order to initiate
a scan, a start pulse must be loaded into the first
element of the shift register. If the shift register
input is made availab;e this can be carried out by
external logic and this is the most‘versatile‘mode of
opéfation. ‘The register can be either cycled continually,
in which case the integration time experienced by each

element is given by :-

tI = nf
"where n = no. of stages in the shift register.
f = scan rate of register in stages/second

Alternatively, the array can be’ scanned once-and
then allowed to integrate for.a period to,before a
second scan initiate pulse is sent to the'register. In

this case the integration time becomes :-

and the integration can be made arbitrarily long without

reducing the clock frequency.

In many applications where simple repetitive scanning
is sufficient, it is more attractive to implement 'a self-
initiating ring counter on-chip and thus minimise the
external logic. Such a circuit is used in the Reticon

64 element circular geometry array, type RO64 18).
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2.4, -Noise Sources

So far the two basic types of diode array element,
and the way in which they can be scanned, have been
desgribed, and the response characteristics have been
studied. Any comparison of performance must also include
an evaluation of the noise sources for recharge and
voltage sampling arrays. The classification of noise into
fixed pattern noiseAand random noise has been deécribed in
Chapter 1. The‘two types of noise will be described

separately for each mode of array sampling.

2.4.1. Fixed Pattern Noise in Recharge Sampling Arrays

Responsivity fixed pattern noise (f.p.n.) in
fecharge sampling arrays is caused by variations in quantum
efficiency and diode area, whereas offset f.p.n. arises
'frquvariations in thermal leakagé current and in the
level of MOS charge pumping in the éddressing transistors.
Synchronous noise is present on the output waveform because
. of clock breakthrough onto the video lines. These three

contributions to fixed patterﬁ noise will be described

separately.

(a) Responsivity F.P.N.

The quantum efficiency of a diode, as seen in
Section 2.1, is aAfunction of such parameters as carrier
lifetimes, -diffusion co-efficients, junction depths and
doping concentrations. Variations in these can be expected
from one batch of chips to another, but from point to
point on a single chip variations should be. negligible,
and the contribution to the total responsivity f.p.n. from

quantum efficiency variation is probably less than 1%.




A much larger contribution comes from variations
in diode area. Such variation is a function of the
photoengraving tolerances, which are continually being
improved, and for a given tolerance, the responsivity
variation will be more severe for smaller area diodes.
Taking for example a dimensional tolerance of + 0.5 um and
a nominal area of 250‘ym X 40_Fm, the responsivity f.p.n.
would be about 1.5% of the signal

(b) Offset F.P.N.

The fixed pattern noise due to variations in offset
level is independent of signal, and it is therefore convenient
to express the noise sources as an equivalent noise charge

(ENC) in either picocoulombs or electrons.

Thermal leakage currents arise not only in the
photodiode as described in Section 2.1., but also in the

drain diffusions of the addressing transistors.

The leakage current densities will be of the same
order in both the photodiode and the drain diffusion, and
typical drain areas are about 5.10—6 cmz. Thus for a large
diode of GOOme x 25 pm the contribution from the drain
diffusion would be only about 3% of the total leakage,
whereas the drain leakage would be dominant for a small

"diode of 20_»m X 20)un.

The thermal leakage currents measured for various
Reticon devices were shown in Figure 2.7 and for example,

the leakage current at room temperature for a GOO‘pm X 25‘pm

diode was measured 4) to be about 106 - 107 electrons/sec.

The variation from diode to diode in leakage current is

typically of the same order as the magnitude of the current 5)
10

and can thus be estimated to contribute a noise of about 5.10
electrons;@ec/cmz. Note that although signal independent, this
source of offset f.p.n. is proportional to the integration time.




An effect known as charge pumping was discovered
in MOS transistors by Brugler and JesperSZI)‘in 1968,
and this contributes to offset noise in diode arrays.
Briefly, charge pumping is a net flow of current into
the substrate from the drain and source diffusions which
occurs when the gate voltage is pulsed. When a gate pulse
is applied, carriers are drawn into the channel from the
drain and source diffusions. When the pulse is removed,
not all the carriers return to the diffused regions, but
some diffuse into the substrate and recombine there, leading

to a net injection or "pumping"'" of charge into the substrate.

This effect occurs in thé addressing transistors
of a recharge sampling array, and differences in its
magnitude from transistor to transistor contribute to offset
f.p;n.- The variations are largely determined by the
dimensional tolerances of the channel, and assuming a tolerance
of + 0.5 um on a channel of ZO_pm'x 5 pm, such variations will
be about 10% r.m.s. of the nominal area. The charge pumped
per cycle for a channel of this area is typically 10—2 pC 14),
so the offset fixed pattern noise due to charge pumping is

likely to be about 1073 pC. or about 6 x 10° electrons.

c) Synchronous Noise

Synchronous noise occurs in recharge sampling arfays
due to the coupling onto: the video line of the address pulse

via the gate to drain capacitance of the addressing

transistor.

.Assumiﬁg coincident address pulse edges, the charge
removed at the fall of address pulse m would be exactly
cancelled by the charge injected at the rise of address
pulse m + 1. This assumes identical gate-drain capac1tances
(Cd ) for the transistors of both elements, and it is the
variation from device to device of Cdg that leads to imperfect

cancellation and hence to synchronous fixed pattern noise.




The feedthrough capacitance is typically 0.01 pF, with

14)

a r.m.s. variation of 10% For a 10V address pulse

then, the charge injected or removed will be 0.1 pC, and the
fixed pattern noise contribution will be about 10_2 pC, or

6 x 104 electrons.

Further synchronous noise can be introduced if a
shift register of either the clocked load or bootstrapped type
is used, where low amplitude feedthrough pulses are present
on the non-selected outputs. Typical pulse amplitudes are
2V-and these will be coupled to the video line by the
transistor gate-drain cépacitances. Thus the injected
signal will be about n (0.02)pC or n (1.2 x 105) electrons.
The contribution of this to synchronous noisé is difficult
to estimate, since this injected signal will, in a large array,
be approximately constant irrespective of the element being
addressed, since any variations in C(k;will be averaged out

by scanning over the (n-1)addressed elements.

Table 2.3. shows typical levels of'fixed pattern
noise contributions from the above sources, computed for an
array with characteristics as above, and with an element
sizé of 250)un X 40jum. Shown for comparison is the

typical saturation signal.

2.4.2., Fixed Pattern Noise in Voltage Sampling Arrays

“ As: in recharge sampling arrays,quantum efficiency
variations are a source of responsivity fixed pattern noise.
Responsivity is however no longer dependent on diode area.
There are additional sources of responsivity f.p.n. peculiar
to voltage sampling arrays, namely variations in the gate
capaciiance, threshold voltage and p of the source follower

transistor T2, and in the "on" resistance of the multiplexing

transistor T3.




xype_ | oR1GIN_ . ..| vaLue Y | uNiTs
RESPONSIVITY | DIODE AREA 5 %
OFFESET I, (5 xlOe)tl ELECTRONS
Qp 6 x10® |ELECTRONS
SYNCHRONOUS Coe, 6 x10% |ELECTRONS
SATURATION SIGNAL 25410° |ELECTRONS

DIODE AREA = 250umx 40um
1)ty = INTEGRATION TIME (s)

TABLE 2.3 TYPICAL FIXED PATTERN NOISE
COMPONENTS AND SATURATION SIGNAL IN A

REGHARGE SAMPLING ARRAY AT ROOM TEMPERATURE




Offset variations ériginaté from leakage current
variations, and from charge pumping variations in T1,
and also from variations in capacitive: feedthrough in T1,
B and threshold voltage in T2, and in "on" resistance of
T3. It will be seen that offset and responsivity variations

are to an extent interdependenf in voltage sampling elements.

A Synchronous noise is not a significant problem in
voltage sampling arrays, since the output is a series of
d.c. voltage levels, whilst .the synchronous noise appears
as transients between these levels, coincident with the

rise and fall of the clocks.

The above sources of fixed pattern noise will now

be examined in more detail.

(a) ‘ Responsivity Fixed Pattern Noise

Quantum efficiency variations, as in recharge
sampling arrays, are small and typically contribute less
than 1% of the total responsivity fixed pattern noise.

The gate capacitance of the source follower transistdr
shunts the diode capacitance consequently.slightly reducing
the responsivity. Variations in this gaté capacitance are
due to dimensional tolerances, and for a gate area of 12)Lm
X S_pm and a tolerance of O.5ﬁpm, capacitanée variations of
10% would be expected. The gate capacitance of such a
transistor is about 0.04 pF14), and for a diode area of
250)Lm p:4 40)Lm with a junction capacitance of 4 103 pF/cmS,

then the variation in the small signal responsivity G: is
given by :-

A. (Cp) *_ AC, (2.28)

G CD + C

= 0.01

This term will be correspondingly larger for smaller

area diodes.




The effects of variation in source.followér ﬁ and
threshold voltage, and multiplexing transistor "on"
resistance are dependent on the type of output load used.
As might be expected from the transfer characteristics
described in Section 2.2.2., the virtual earth amplifier
suffers from the worst responsivity fixed pattern noise.
This noise contribution can be derived starting with

Equation 2.22 to describe the equilibrium output voltage :-

R Vp - Vg + 1 -{1+2(3233(VD-VT)

Vo.= __F
B3 Fa B3
and differentiating with respect to VD to obtain the small
signal gain G :-
G = - P {1+m-1 (2.29)
RB 1 +m
where m = 2P2R3 (VD _ YT)

AG, the peak-peak fixed pattern noise

in G due toﬁ,and'R3 variations is given by :-

= /! 2.
NG (B, Ry) PG aB, + gg AR,  (2.30)
B2 3

where Aﬁl and ARB are the peak to peak variations inﬁ2 and R3

respectively.
Now G = - SE- (VD - VT)'R3
362 R3 (1 + m) 3/2
. R _ i _ +
and ¢ = - EE Ry (Vg = V)t (1 +m) (1 {1 m)~
@RB R3 | RS (1 + m) 3/2

Inserting the above into Equation (2.30) and dividing

by Equation (2.29) gives the responsivity f.p.n. :-




(2.31)
Ac (B Ry) = m ARy, ofa| _ OF
G 2(1 +m) dl +m - 1) f3 B2 f3
Similarily, considering the effect of threshold
voltage variations in T2,
AG (V) = m RN (2.32)
¢ 2(17%m) @ +m=-1) ['o7Vr
A similar analysis applies for the resistive load
output circuit, starting with Equation 2.18 for the
equilibrium output voltage :-
v_ - Ry Vp - Vo + 1-~1+2B, (Rg + R)(Vy - Vp)
R, + R : :
3 L f3>_2(R3 + Ry
which leads to ' (2.33)
. n '
86 (@, Ry ~ |6Bz + ARy |_ ARy
< = 3 e R, + R R_+R
2(1 +n) 1 +n - 1) 2 3 'L 3L
where n = 2?2 (R3 + RL) (VD - VT)’
~and AG (V) = n o [AVTe (2.34)

G 2(1 +n) dl v -1 )LVD - Vp

As would be expected it can be seen that the virtual

earth solutions are a_special_case of.the:above-with RL = 0.

For the constant current load, starting with Equation

V. =V, -V, - IL R3 - ZIL

P2

The gain is given by, G = AYO
dVD




and therefore

A_g (Bg Ry, Vp) = 0 (2.35)

Thus there is no contribution to the responsivity

f.p.n. from these variations in transistor parameters

in the case of the constant current load.

(b) Offset Fixed Pattern Noise

Assuming, as in Section 2.4.1., a room temperature

10 electrons/s/cmz,

leakage current density equivalent to 5.10
then for a diode of area 250 pm x 40‘»m with a capacitance
Cp = 0.4 pf, the decay rate will be about ovs~! at the diode,
with an offset variation, 'Vos’ of a similar magnitude.

Therefore
AVOs (IL) = 2 tI .V

where tI = integration time

Charge pumping offset noise now depends on diode
area, as the resulting offset voltage i inversely
proportional to the sum of the diode and source
follower gate capacitances. For a pumped charge of 10—2 pC
and a variation in this of 10%. the array element described
above would have

AV -(Q-p) = 2mV '

os’

' There exists a coupling capacitaﬁce, CF, between the
diode and the gate of the charging transistor T1l. Feedthrough
of the charge pulse occurs, reducing the potential to which
the diode is biased at the start of the integration.
Variations in the feedthrough capacity lead to an offset

f.p.n. component of .-




AVos (Cp) = Vo ACy | (2.36)

CD + CG

where Vc charge pulse voltage

variation in feedthrough capacitance

AcC

F

CF is typically 0.0l1pF, with a tolerance of 20% and
assuming ch = 10V.

AV (C % 50mV

os F)
The contribution from the spread of source follower
ﬁ'é & thresholds, and multiplexing transistor 'on'
resistances is again a function of the load used. For
the virtual earth load, from Equation 2.22, the offset
voltage referred to the diode potential can be written as :-

VOS = - VT +1-41 +m (2.37)
| Bz B3
, _ oV ov
Now AV (B, Rp) = ©Vos Aﬁ + os AR
: 0s 2, '3 2 —_— 3
'aﬁz , ’E)R3
and OVos = 1 141 +m -1 - Yo~V
Of. P2 | Fg B3 A1 +m
Similarly 3
QNos = 1 1 +m -1 - VD VT
kg R3 By R V1 +m

and therefore

AVos (Bg:Bg) =MLy *ARy 11 41 -~ Vp
- 9 Rq ﬁz Ry ll + o




- 70 -
Also
OV, (Vp) = Mos AVy
Vi
= 11 - 1 AVT (2.39)
1 +m
For the resistive loads, the corresponding expressions
become -
’ (2.40)
AVos (Ba,R3) = [ABy ARy | N1+ -1 V-V
: @2 Rg+Rp @2(R3+RL) N1 +.n
.and
,Av'oé (VT) =11 - 1 AVT (2.41)
41 +n ’

For the constant current load, the offset voltage,

from Equation 2.24, is

Vog = - Vp - I By - _[2T
[
giving
AVos BoiRy) =1 ARy & I, AR, ' (2.42)
20, By

and

AV (V) = AV, (2.43)



 Values for the offset f.p.n. contributions
described above are given in Table 2.4., calculated for the
element as described‘there. It is interesting to note that
the supposedly '"fixed" offset noise does in fact have a
signal dependence (Equations (2.38 and 2.40) except when

a constant current load is used.

The situation becomes further complicated becéuse
of these offset variations. Due to the non-linearities
inherent in the responsivity of a voltage sampling element,
the offset variations themselves contribute some
responsivity fixed pattern noise. An example of this
problem is the variation of diode capacitance with diode
potential. Vafiations in diode potential,; usually classed
as a source of offset noise, will also affect diode
capacitance,which. contributes to variations in responsivity.
The sitﬁation is extremely complex and there is probably

little to be gained from a detaiied quantitative analysis.

2.4.3. Random Noise in Recharge Sampling Arrays

In Chapter One it was noted that for astronomical
work, or indeed for any measurement system in which extensive
post-readout processing was permissible, the fixed pattern
noise could be reduced or even eliminated, and that the
random noise was the limiting factor which determined the
"sensitivity" of a detector array. The origins and
characteristics of this random noise will now be described,

firstly for recharge sampling arrays.

Leakage current is caused by events (i.e. thermal
generation of electron hole pairs) which occur at random
times.‘ Because of this random timing, the leakage current
will have an average value, but there will be a fluctuation
in the instantaneous current. This fluctuation is known
as shot noise. The shot noise is defined as the standard

deviation of the instantaneous current.
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Assuming a Poisson distribution for the
instantaneous leakage current, then the standard
deviation is simply the square root of the time
averaged current. Since we are interested in comparing
noise levels with signal levels in terms of a number
of detected photons, it is conveniént to express the
r.m.sS. noise terms in units of electronic charge or

"equivalent noise charge" (ENC).

The total leakage charge, QL, expressed in

electrons is :-

Iy, *1
a

N3

where IL combined leakage current of photodiode and
drain diffusion (See Section 2.4.1.)

o] the electronic charge

The r.m.s. noise term due to shot noise on the

leakage current is given by

ENC (leakage) = IL tI . (2.44)

q

Shot noise will also be present on the charge
injected via the charge pumping effect, and again will

be simply the square root of the injected charge.

Thus )
ENC (charge pumping) = [ ] (2.45)

\ L

nkf)

‘where Q, = mean charge pumped per cycle




During the recharge operation, there will.be an
uncertainty in the level to which the diode capacitance
is charged. This arises because of Johnson (thermal)
noise in the "on" resistance of the addressing

transistor.

Thermal noise in resistors is a random fluctuation
in voltage across the terminals caused by the random
motion of electrons within the resistor, each having an

average .kinetic energy of % kT.

It can be shown 18), that this noise term is :-
| | _2t/RC.. | ?
ENC (reset) = kTCD (1-e D)
2
where . _ ' q

ct
I

the length of the recharge pulse
R = the series "on" resistance of the

addressing transistor

Typically, R = 10K and for a diode capacitance of
0.4 pF, the time constant RCDX 4nS. The recharge pulse
will usually be several microseconds long, and thus the

above reduces to :-
ENC (reset) =|° D (2.46)
2
q

The above noise sources are shown in the noise model
of Figure 2.20. Here, the noise components are represented
as current sources. The leakage'current shot noise has two
components, iL and iﬁ representing the leakage currents in
the photodiode and the addressing transistor drain diffusion
respectively.. Charge pumping shot noise is shown as a noise
current i from the subsfrate, while reset noise is
represented by a thermal noise current inT in the addressing

transistor resistance. Table 2.5. lists the magnitudes of
the various noise components for an array with the parameters

as described there.
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SOURCE | TERM VALUE UNITS

1)

LEAKAGE cunnsnﬂ '
ENC (1)) ZZOOJti electrons

SHOT NOISE
CHARGE PUMPING ENC (0 .
SHOT NOISE ( p_) 250 electrons
RESET NOISE | ENC(reset) 250 - electrons

1) t; = INTEGRATION PERIOD (s)

Cy= 0°4 pf 1,=0-8pA DIGDE AREA = 250 ym x 40 pm

TABLE.2.5. TYPICAL RANDOM NOISE
COMPONENTS IN A RECHARGE SAMPLING
ARRAY AT ROOM TEMPERATURE




2.4.4. Random Noise in Voltage Sampling Arrays

The three noise compohents described. above in
connection with recharge sampling arrays are also presént
in voltage sampling arrays. However, whereas it is convenient
to express noise in terms of charges for a recharge sampling
array where the output signal is in the form of a charge, it
is convenient for voltage sampling arrays to describe the

noise as an r.m.s. noise voltage.

Thus the shot noise on the leakage current becomes :-

3
Vo (I) = 1 (a Iy ty ) (2.47)

C.+C

Similarly, the charge pumping':shpt noise becomes :-
, - 0 3
V. Q) = %% (2.48)
- 2
+
(Cy*Cy)

The reset noise on the diode capacitance is now due to
the Johnson noise arising in the series resistance of Ti, the
recharge transistor. This becomes :-

é .
V_ (reset) = kT (2.49)

CD+CG

There is now also Johnson noise in the combined series
resistances of the source follower and multiplexing transistors

T2 and T3 (and of the video line itself). This can be expressed

as -

Vn (series) = -V4kT RS B (2.50)




where

total series output resistance

=¢}
I

os]
Il

bandwidth of observation

In practice, the bandwidth is often determined not
by external filtering ‘but by the low pass filter
composed by the series output resistance RS and the video

line capacitance C and therefore :-

L’
B = (2nR c)‘1
s L
and thus
3 .
Vn (series) = | 0.64 KT (2.51)
CL

Generation - recombination noise occurs in the source
follower transistor T2, and appears as a modulation of the
drain current. Generation -recombination (g-r) noise arises
frdm the exchange of carriers between defect centres in the
depletion region, and thé channelzz). This exchange results
in a fluctuation of the carrier density in the channel, and
consequently of the drain current. This noise component is
a low frequency phenomenon with a noise spectrum that is
generally flat up to a cut off of about 100Hz. The magnitude
of the generation-recombination noise depends on the
impurity concentration, since the defect centres are usually
impurity ions. It is also temperature dependent, and the
effect of temperature on the noise spectrum as measured by

Yau and Sah23) is shown in Figure 2.21.




4)

)

Plessey have found1 that the magnitude of the
g-r noise varies as the rate of change of gate voltage,

and have determined the empirical relationship

‘ - ' 3
. - -6 av ‘ '
vV’ (g-r) = (0.4 10 G
n T (2.52)
In this case, dVG represents the discharge of
dt .

the diode capacitance.

A further source of noise in MOS transistors is
known as 1/f noise because of its reciprocal frequency
dependence. It is also known as interface noise. The
-méchanisms behind this noise are not fully understood,
and a variety of models to account for it héve been suggested
The significance of this type of noise in diode arrays has been
. described elsewhere24) and the equation below has been

derived which gives the likely;range of the noise voltage.

22)

| “11_ -7 | t
v (1/f) = [(107 % 1077) 10g.  [fmax (2.53)
n € [fmin

where

fmax,fmin = the upper and lower frequency limits of

observation respectively.

The noise model of the voltage sampling element,
incorporating the above noise sources, is shown in Figure
2.22, It can be seen that all noise sources except the
Johnson noise in the series output resistance are referred
to the diode voltage. This latter:-source appears in series
‘with the output resistance and ifs contribution dependé on
the characteristics of the output stage. Table 2.6 lists
the magnitudes of these components for a typical voltage

sampling array with the parameters shown there.
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VALUE

SOURCE TERM UNITS
LEAKAGE CURRENT) " 4
SHOT NOISE n(l 8201, w
CHARGE PUMPING]
SHOT NOISE n{Qp) 9 »n
RESET NOISE V,(reset) 97 pv

‘ 2) -
SERIES RESIST- ) 51
ANCE NOISE Vn(series) e, W
GENERATION -
RECOMBINATION | V,(g-r) 860 v
NOISE ' '
: 3)
1/f NOISE | V,(1/f) 4848, pv

1) t;=INTEGRATION PERIOD (s)

2)Cy =VIDEO LINE CAPACITANCE (pF)
3)B,,=BANDWIDTH OF OBSERVATION (DECADES)
4) FOR COMPARISON ONE ELECTRON CHARGE DEVELOPS~0-36pV

TABLE 2.6. TYPICAL RANDOM NOISE
COMPONENTS IN A VOLTAGE SAMPLING
ARRAY AT ROOM TEMPERATURE




2.5. " The Summary

Signal generation processes are essentially the
same for both voltage sampling and rechafge.sampling.arrays.
The overall characteristics of the two types of array
differ considerably, however, largely due to the extra non-
linearities inherent in the voltage sampling array. Given
these non-linearities, and the extra chip complexity of the
voltage sampling array, at first sight the recharge sampling
array is more attractive. There are some advantages to the
"voltage sampling array. One of these is that the output is
in a much more conveniént: form. The other advantages lie
in the opportunities for on-chip amplification and correlated
~double sampling. The next chapter describes a diode array

with these facilities.
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-CHAPTER THREE

The Plessey /RGO Diode Array and the Principles of

its Operation

In this chapter, the design and development of a
new type of linear MOS photodiode array will be described.
. This array is closely related to the voltage sampling
arrays described in Chapter 2, but possesses a number of

advantages over these.

3.1. The History of the Plessey/RGO Array Project

With the introduction of commercially available
linear photodiode arrays in the early "Seventies", the
astronomical community began to investigate the applications
of such devices to optical astronomy. The most readily .
available devices were those produced by the Reticon
CorporatiOnl) in the U.S.A., and these have been used by
many workers both as a direct optical imager and in
inteﬁé&fieﬁ"iéfﬁif’?ﬁé”kﬁB&ﬁ“ﬁEEEé"tB*déie (March-1979) are
listed in-Table 3.1. “° o '

Dr D.McMullan and others at the Royal Greenwich
Observatory were-interested in using a diode array for
readout of electronographic tubes, and were concerned that
the signal level from a single photoelectron event would be
insufficient to overcome the readout noise. The use of higher
pre-array gain was not attractive because this would entail
substantial re-design of the electronographic tube. There were
also doubts about the lifetime of an array under Bombardment
with higher energy electrons. The alternative was to introduce
amplification into each element of the array, between the diode

and the readout multiplexing transistor.
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This dictated the use of voltage sampling elements.
A single element "array'" was developed for the RGO by Plessey
at the Allen Clark Research Centre, and this was mounted for
evaluation into a Kron Electronic Camera tube. Tests on
this device showed that single electron counting was feasible;B),
and the development of a linear array using such elements

was commenced.

Some of the early linear arrays were installed in
electronographic tubes with a certain amount of success,
but after a while it was decided to carry out investigations

into the use of the arrays for direct optical imaging.

At the time that such teéts were being started, the
Nuclear Instrumentation Group at Durham University, under
Dr. J;M. Breare, were exploring the possibility of moving
i from their previous field of detectors_for'highfenérgy
physics into the development of detectors for astronomical
imaging. It was agreed that the Durham Group should co-operate
with Dr. McMullan on the further development of these arrays,
and in the February of 1977, the author visited the R.G.0O. for
préliminary~evaluation of the project, and returned to Durham
with four of the prototype arrays. Since that time, the’
development work has been carried out within the Nuclear
Instrumentation Group at Durham. The remainder of this chapter
describes the design characteristics of the arrays themselves.

The array possesses a number of novel features. These can

be subdivided into 3 regions, namely on-chip amplification,

multiplexing and scanning techniques, and array organisation.




3.2, The Amplified Array Element

The circuit diagram representing the single element
"array'" manufactured for ihitial tests is shown in Figure
3.1. along with its idealised operating cycle. The multi-
plexing transistor that would be required in a multi-element
array is not shown. Thus T2 here corresponds to T1, the
charging "switch" of the conventional voltage sampled
element_(Figure 2.9), and T3 is the source follower "buffer"
stage. The amplification takes place in T1. It was seen in
Section 2.4.2. that for a diode element ofA250 Jm x50 M,
a typical value for the diode capacitance CD is 0.4 pF, whereas
the gate capacitance of the source follower is around 0.04pF.
The action of T1 is such that the diode potential VD is main=
tained at a constant voltage Vref - VT where VT is the threshold
voltage of the amplifying transistor T1, and Vref is ‘the .
. gate potential applied to T1. First consider the effect on the

responsivity and linearity.

3.2.1. Responsivity and Linearity

Any diode current, from either thermal leakage,
photocurrent or from absorbed photoelectrons, discharges
not the diode capacitance itself, but the gate capacitance
of the source- follower, which being smaller, consequently
develops a greater voltage change. Thus the equation for the

diode‘voltage, which was previously (Equation 2.13).

t
V(t) == VDD 1 - - éC S v (Jp + JL) .dt
DG DD (o}
now becomeé, for the gate voltage VG’
‘ t
=V 1 - A J +J .dt
Ye(t)” Voo| t T & (Jp + Ip)

G o)
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Several points arise from this. Firstly, there is

an effective voltage gain of CD+CG, which from the example

above is typically 10. : CG

Secondly -any benefits of larger diode area are no
longer negated by the associated increase in diode

capacitance.

Some of the inherent non-linearities of conventional

sampling arrays are removed.

In the conventional array, variations in diode
capacitance with diode voltage introduced non-linearities.
In this.element, theVSignal voltage is developed acoss CG’
the gate-capacitance. This is a MIS (metal-insulator-silicon)
capacitance rather than a depletion layer capacitancétéﬁd 

as such is not voltage dependent.

Another problem in the conventional array is the

" variation in depletion layer width with diode voltage,
which makes both the leakage current and the quantum
~efficiency functions of the integrated signal. 1In the
amplified element, the diode bias is constant. Furthermore,
the diode bias may be kept small, in order to reduce the

leakage current (refer to Equation 2.6).

The above advantages are not obtained without draw-
backs, however. The chip complexity is increased, not only
by the additional device per element, but also by the
addition of a extra supply rail (Vref)' This will inevitably

reduce yields. We must also consider the noise characteristics

of the new element.




3.2.2. Noise Characteristics

Responsivity fixed pattern noise is increased when
compared with the conventional voltage sampling array. In
the conventional array, responsivity is independent of
diode area. From Equation 3.1. this can be seen to no
longer be true, and variations in diode area will now
contribute to responsivity variation. 1In the conventional
arrgy, variations in responsivity due to variations in CG’
the gate capacitance of the source follower, were
"damped'" by the presence of the larger diode capacitance

in parallel. From Equation 2.28,

and this now becomes for the amplified element,

86 (cy) = %% (3.2
G

Cs

Thus this component -of responsivity f.p.n. is

incréased»byrthe "gain'" factor,

Random noise is also affected. Referring noise sources
now to the gate voltage of the source follower, then the
thermal leakage shot noise and the charge pumping shot noise

now becomes (cf. Equations 2.47 and 2.48).

Va7 Ut (3.3)

O

and

| Vn(Qb) = 1 Jagq (3.4)

C P




_ Thus these noise components have simply been
increased by the "gain'" factor, so there is no change in

signal-to-noise ratio.

For the reset noise, however, Equation 2.49 now

becomes : -

Vn (reset) - WI%I (3.5)
G

an increase equivalent to only the root of the "gain" factor.:

There is now an additional MOS tfansistor in the
signal chain (the "amplifying" transistor, T1) in which
generation-recombination andAi/f noise arise. These components
will be similar to those arising in the source follower
transistor 14), and referring back to Table 2.6, it is

apparent that this more than offsets the reduced reset noise.

In general then, both fixed pattern noise and random
noise are worse in the amplified element than in the

conventional counterpart. The time response of the circuit is

also worsened. It will be shown (p.89) that double sampling

can be used to reduce the random and fixed pattern noise.

3.2.3. Response Time

The time response of the element is best illustrated
by considering a step injection of carriers into the diode,
such as would be caused by sudden exposure to light, or by the

absorption of a photo-electron.

In general, the current through T1, that is the
current through the diode, can be described by the usual

ideal MOS equation, as :-




Ids : @2— [Vref_vD_VT]'

where VE is the effective gate voltage.

With only leakage current flowing in the diode,
then the effective gate voltage has a steady value VE(o)
given by :- ' ‘

VE(o) TY_L

A step injection of carriers into fhe diode will result
in .a loss of charge AQ from the charge stored on the diode
capacitance. This charge will be replenished by an increase

in the current through Ti1.

If at a time t, a certain fractioh X of this charge
has been replaced, then the instantaneous effective gate

voltage will be :-

VE(t) = VE(O) + (1- &) %Q
D

and the current through T1 is now :-

I =I. "+ d Aa
2
= B_ A% + (1-0) é(,_)
g | E(0) C
D .
Integrating the above to obtain £, the fraction of
charge transfered at a time t, gives 15)
: t : . B
« = ((exp "/B) -1) (1 + 7). (3.6)

(1 + B)(exp °/B) - B
A A




where
- 2 -
A= ZCD and B = CD B
AQ -JZIL@
when I. = 0O, this simplifies to

(*/B) (1+ B)
A

(1 +B)(1+t)-B
A B A

-1 (3.7)
1+ (A/t)

~The absorption of a photoelectron of energy 20 keV
would be expected to generaté a step signal of about
- 6000 carriers (assuming 3.5 eV/electron hole pair). Figure
3.2. shows the fraction of such a charge transferred after
time t for a diode capacitance of 0.4 pF, B = 4‘PA/V2'and
leakage currents of 5 106, ) 104 and O carriers/second.
This figure indicates time constants of the order of
hundreds of micfoseconds. For smaller injections of charge,
the transfer is slower. This points to a possibility of
lag problems for small signals in cooled arrays. In fact at
low temperatures additional slow time constants come into

effect. These will be mentioned later.
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3.3. Multiplexing and Scanning Techniques -

The multiplexing of the Plessey array is rather
‘unique, in that diodes are addressed as pairs. This will
be explained in detail in a later section; as to include it
now would obscure discussion of some of the other techniques

to be described.

In a conventional voltage sampling array, the recharge
pulse for an element, m, is taken from the (m+1) th bit of
the scanhing:register, as shown in Figure 2.19. 1In other
words, recharge and readout are inseparable, with each element

being recharged immediately after it has been readout.

In the Plessey array, the recharge can be controlled
independently of the readout. This considerably'increases fhe
versafility of the array and givés rise to two useful
techniques, namely-double sampling and pbn:destruttivé readout.

3.3.1. Double Sampling

The concept of double sampling is illustrated in ‘
Figure 3.3.. A recharge pulse aﬁd‘an address pulse are applied
to the element during the same phase of the shift register
cycle. Thé iechérge pulse is shorter than:the .address pulse

and occurs within it, as shown.

During the first part of the output waveform, from

time to to tlrthe output voltage is approximately proportional
to the integrated light flux since the last recharge. At time

ti’ the gate capacitance CG is recharged to VDD’ and for time
'té to té,
light state.. There exists some slope on these output levels

due to the effects of illumination and thermal leakage currents

the output voltage represents the recharged, Oor no

during the address pulse. The output signal has now been
sampled both immediately before and after the recharge pulse.
By subtra¢ting -the two signals in the external processing
eledtronics;‘all fixed pattern offset noise can be removed from

the dutput signal.
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A further and potentially more valuable benefit is
derived from double sampling, namely the reduction of low
frequency components of random noise. Components of noise
with a period of greater than .the width of the charge pulse
(or more strictly in any practlcal system, greater than the
sampling interval) will be highly correlated between the two
samples and will thereby be reduced by the subtraction of

the two samples.

Double sampling will not reduce the shot noise components
~of the leakage current, nor the Johnson noise on the series

|
output resistance, as these have an essentially "“"white"

spectrum. -

Charge pumping shot noise and reset noise are functions’
of the rechafging mechanism itself, and are quantised at the
falling edge of the recharge pulse, resulting in random offsefs
which are time invariant until the next recharge pulSe. Thus'
neither of these can be reduced by double sampling.

3.3.2. Non Destructive Readout

\
Independent access to the recharge pulse leads

to the possibility of non-destructive readout of the array.
Provided‘that.the frame time, that is the time taken to scan

" the array once, and which hitherto has.neceséarily been equal

to the integration time, is small compared to the time taken

for the array to saturate, then the recharge pulse can be omitted
. for 6ne or more such frames. Such a sequence for a single

element is shown in Figure 3.4.

. In this way, the decay of voltage on CG can be monitored
without recharging, and the integration time can be adjusted
to provide maximum signal without saturation, and therefore a

high signal-to-noise ratio.




Furthermore, it was shown in Chapter One and
Appendix A, that by averaging a number of successive
non-destructive readouts, that the effective random
noise can be reduced, phereby improving Detective

Quantum Efficiency.

3.3.3. Multiplexing Circuitry

The circuitfy by which double sampiing and non-
destructive .readout are facilitated is shown in Figure"
3.5. As in the conventional array, the select pulse
from the’scanning register switches a multiplexing
transistor (in this case T5), connecting the output of
the‘source;f0110wer T3_ont6 the video line. The same
select .pulse also switches transistor T4, which connects
the charge pulse line through to the gate‘of T2, the
re-charge transistor. Af the aﬁpropriate time, a pulse is
applied to the charge pulse line. recharging the selected

element.

Non destructive readout is achieved simply by not

applying the pulses to the charge pulse line."

3.3.4. The Scanning Register

The scanning register used in. the Plessey array is
of the ”bodtstrapped” MOS variety as-described in Chapter 2.3.5.
The circuitry of this register is shown in Figure 3.6., and is
a design developed by Plessey 14). The "bootstrapping" is
achieved usiﬁg a capacitor rather than with a varactor as

in the circuit of Figure 2.17.




B ¢ Ov

Veggo—| T4 T3
T2
Voo
T4 Ts
|
1
d VIDEO
CHARGE
- PULSE

T6
Ty
I 1L
h‘
Te + ? @1
— &2

\

Fia 3.5 SINGLE ELEMENT WITH MULTIPLEXING

AND ADDRESS REGISTER C\RCU\TRY







ConSider'Sé, the output from the second stage,
assuming there has been as output from the previous
stage (S,) during @ 1. This will have charged up
capacitors C, to V', which will hold T8, on. Without
bootstrapping, during @2, S, would charge up to v/ - Vo
through T82. The bootstrap capacitor feeds through a sufficient.
fraction of the voltage swing to overcome the threshold,
and 82 is_charged up to the full clock voltage V¢. Meanwhile,
) T72 will have charged up Cs;the capacitor of the next stage,
to V¢'— VT' At the end of @2, 82 is discharged through T82,
which conducts until C2 is discharged by T62, T92 prevents
build up of excessive potential on 82 due to charge pumping
in T72.

There are a number of reasons why this circuit is
particularlyAsuited to diode array applicatiohs. Power
dissipation is limited to P = CV?f (that'is, there is no. d.c.
dissipation). The only power lines required are the clock
lines themselves, hence reducing layout complexity. High
scannihg rates (up to 10MHz) are achievable. Also, the
sganning pulses supplied to the array elements have the
same width and amplitude as the clock phases, allowing

considerable extefnal control over the operation of the

register.
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Note that each '"side" of an array is served by a
different charge pulse line. O0dd numbered elements are

connected to line CP1, and even numbered elements to line

CpP2.

Now'consider the scanning of Line 2, that is diodes
Bl to B256. Scanning is initiated by a Load Shift Register
(LSR) pulse. Both the upper and lower registers then clock
at the same rate and simultaneously. Thus during the
first @1 clock phase, diodes Bl and B2 are addressed togefher.
Their video lines are common, however. The way in which the
information content of the two diodes is seperated is
discussed in the next section. Howevef, before leaving the
subject of chip layout, it is interesting to éompare the
schematic of Figure 3.10 with the x-ray photograph of
Figure 3.11. This shows a small portion at the bottom left
corner of the chip. The various lines and areas of interest
are marked on this photograph. Note the device between the
bonding pad for V__. and the line itself. This is a gate ‘
protection diode to prevent damage to any gates brought out
to external pins from floating potentials or static charges.

3.4.2. Diode Pairing

Because of the.interlacing described above, the
video outputs of adjacent elements such as Bl and B2 are
presented onto a commoh video line simultaneously. Individual
signals can be recovered by appropriate timing of the charge
A pulses CP1 and CP2. This is illustrated in Figure 3.12. The
following discussion assumes that .the video line acts as a true

voltage summing junction. The validity of this assumption will

be examined later.
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At the beginning of the rélevant clock phase
(@1 for diode elements Bl and B2), the output voltages
from the two elements are added together and therefore

the voltage on the video line is :- .

=V + Vv

v xa ¥ Vxs

1

where V, is the voltage on the video line until time t, .

‘VXA is the voltage at the output of element A

(in this case Bl1) following an exposure.

VXB is the voltage at the output of element B

(in this case B2) following exposure.

At a time ti inside the clock phase 91,
a charge pulse on line CPl1 recharges the element A

to its recharged potential VRA'

The voltage on the video line is now

At a later time t,, still within the clock phase @1,
a charge pulse on line CP2 recharges element B up to its
recharge output potential VRB’ and thus now the voltage
on the video line is :- '

The individual signals can be recovered by subtracting

levels from each other. For example, the signal level on

element A is :-

SA XA. RA

=V, -V (3.8 (a))




and for element B

sB - YxB ~ VmB
(3.8 (b))

_As mentioned previously, this treatment assumes that
the video line acts as a true voltage summing junction. Now
consider how valid this assumption is for some practical

output circuits.

~The general case is represented by Figure 3.13 (a).
This shows the outpuﬁ circuits of the two elements as source
followers with a gate voltage W;,'connected to the external
load through resistors Rm; representing the "on" resistance
of the video multiplexing transistors. We wish.to derive
the output voltage VO in tefms of~the two gate voltages VGA
and VGB’ In order to simplify the derivations, we replace

GA’ VGB with effective gate voltages

the gate voltages V
-VA and VB,fwhere

VA= Vsa ~ Vra

and VB = VGB - VTB

where VTAiand VTB are the threshold voltages of the two

source followers. We will also assume that the two

elements have identical characteristics thus.

BA =BB
Vra = Vg

and RmA = RmB =0
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These are obviously never true in practice. However,
the results of the derivations will serve to illustrate
the relative merits and demerits of the three possible
types of external load, namely the virtual earth, the
resistive load and the constant current load.

First, the virtual earth load as illustrated in
Figure 3.13 (b).

Recalling the ideal MOS Equations

. 2 . 2
i, = ﬁ -V and i, = 3 Vv
A 3 A B 5 B
now,i
= AR 2 2
PRy v, 2+ v% (3.9)

This result 'shows two points of interest. The first
*is the square law relatlonshlp This in fact arises from
the over simplification of maklng R "zero. The true
relatlonshlp is closer to that derlved in Chapkr 2
(Equation -2.22). However, what is apparent is that the output-
voltage ié in fact a true sum of the voltages that would be
obtained from.each element separately. A more precise treatment,
including the non-zero value of R has been derived by

A.W. Campbell 16)




The resistive iOad case is illustrated in

Figure 3.13 (c). Here

= 2 .o ' 2
i, = (%_(VA - V)" and 13‘% (Vg - V)
and ‘ Vo = (iA + iB) RL -
This gives the quadratic equation
v 2 1 2 2 _
2Vo -2(VA +VB+§§Z) Vo +VA + VB =0
Solving for VO;Awe have (3.10)
2V, V) :
vV =1 V, + V, + 1+ - A B, 1 (V. - V)2
o 5 A B Vo R . 2R 2 A B
PRy, Ry, s

' For the constant current load as in Figure 3.13 (a),

A 2 . _ 2
iy =8 (V3 - V)%, ig =£ (v, - V)
2 2

givihg the quadratic equation

2 . 2 2 21
Wo 20Ny + V) Vo + ¥y + Vg - _ﬁo! =0
Solving for'Vo,

. -1 41 _ 2

'Vo = % VA + VB - 1J @o - (VA VB) (3.11)

‘Note that as would be expected,the limiting case of the

resistive load as le'aOIeads to the same result as. the

constant current load as Io—+ 0.




Referring to Equations 3.10 and 3.11 above, note
the presence of the (VA - VB)2 term. This seveﬁiy limits
the summing ability and dynamic range of the resistive and
constant current loads. The physical constraints on the-
circuit do not pefmit the output voltage Vo to be opposite

in sign to V or to be complex.

DD

The cpnstraints imposed by the above are; for

the resistive load.

2(VA_+'VB) . 1 9 (3.12)
—=— " 3 (V, - V)
IBRf, {52R 2
' L
and for the constant current load
2 2 (3.13)

410' + 2VA VB ZVA + VB > 21o
£ ‘ | @
An illustration of the summing abilities of these

various loads can be seen in Figure 3.14

The situation represented here is shown in (a). VDD
is 10V, VT is 4V. The two elements A and B have been
discharged by equal amounts to VGA = VGB = 8V, or an effective -
gate voltage VA = VB = 4V. The'first'recharge pulse restores
the gate voltage of element A to VDD (VA = 6V, VB = 4V). " The
second recharge pulse restores the gate voltage of element B

to Vpp (V, = 6V, Vy = 6V).

For the cases shown it can be :seen - that the constant
current load (Figure 3.14(b))'and the resistive load
(Figure 3.14(c)) both underestimate the second voltage
change. As expected, the virtual earth load behaves as

a perfect summing junction.
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It appears then that the nature of the diode-
pairing in the Plessey array will force the choice of.
a virtual earth output circuit in order to permit correct
extraction of data from both diodes.

A further point arises from the diode pairing.
If the“array is used in the non-destructive read mode
‘as described in Section 3.3.2., then the diode sSignals
are available only as pairs because of the absence of
charge pulses. Thus although NDRO is still feasible,

the spatial resolution is now worse by a factor 2.
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3.5. Manufacturing Process Parameters

The Plessey arrays, also known as the H509 array
within Plessey, were manufactured on 2 inch slices, with each

slice containing about 12 complete 4 x 256 arrays,

The process used in manufacture was Plessey's MNOS-1B
processl7), some of the parameters of which are listed in

Table 3.2. 

The physical sizes of the devices used in the array
are listed in Table 3.3., using the terminology of Figure 3.5

for identification of devices.

From these parameters, the diode capacitance CD can .
be calculated as approximately 0.9 pF at 0V. Plessey quote
a typical value of 1+ 2 pF, with a value of CG’ the gate
capacitance of the source;follower as typically one-tenth

of this 187,




CAPACITANCE

| PARAMETER | MIN. TYP. | MAX. | UNITS
V., 12 25 v
Temp Coeff Vg -0-2 %/°C
By 4 8 pA/V?
Temp Coeff B, -0-33 %/°C
GATE CAPACITANCE 3x107* | pF/pm?
FIELD CAPACITANCE 4x10° | pF/pm’
AReA N 1x10* | pF/jm’

TABLE 3.2. MNOS 1B PROCESS PARAMETERS




DEVICE | LENGTH | WIDTH | UNITS
D 222 40 | pm
T 1 12 g ‘pm
T2 | 12 8 | pm
T3 S 8 pm
T4 12 24 | pm
T5 : T pm
T6 12 8 ym

17 12 8 | pm
T8 2 | 24 | pm
TS 2 | 8 pm

TRANSISTOR DIMENSIONS REFER TO CHANNEL

TABLE 3.3. DRAWN DEVICE SIZES
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3.5.-. Summary

The Plessey arrayidemonstrates a number of novel
features, including on-chip ampl{&ation at each element,
double sampling and non-destructive readout. The two latter
techniques are .extremely . promising when considering the

suitability of the array for optical imaging.

The array was designed for the detection of photo-
electron events, and was intended to be used in a simple
counting mode to discriminate between hevent"/”no—event”.
It was fearéd that the signal produced by a single photo-
electron would be insufficient to permit gating directly
by the shift register. For this .reason, the amplifier

was added to the basic element.

The amplifier is of mixed benefit when used for

optical imaging. There is some increase in noise. The

diode bias véltage is held constant throughout exposure,
eliminating some of fhe non-linearities inherent in
conventional arrays. The charge transfer rate

through the amplifier transistor is slow at low signal levels

and‘could possibly lead to lag problems.

Thé pairing of diodes alsQ has drawbacks when aiming
for good linearity. A virtual earth amplifier at the output is
essential to achieve correct summing. In Chapter Two,‘it
- was seen that the virtual earth output circuit contributes to
non-linearity and an increase in fixed pattern noise. None of
these problems of course would affect the operation of the

array for its designed purpose of photoelectron counting.

"It is interesting to note that single photoelectron

counting has since been demonstrated with unamplified recharge

. 10, 11)
sampling arrays .

Uniy, '
o Crsy
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CHAPTER FOUR

The Control and Data Acquisition System

Prior to undertaking any experimental work on
the Plessey arrays, it was necessary to develop some
control and readout system for operating the devices.
Some of the electronics required was already in existence.
at the time the Durham group became involved in the project.
This had been developed for the "intensified" array work at
the R.G.0., and much of this was used in early experiments
at Durham. It was obvious, however, that a new control
and acquisition system would have to be developed in order.
to apply the array to optical imaging work. Design and
development was started on this system at the commencement
of ﬁhe project, simultaneously with experimental work on
the array itself. Consequently much of the early laborafory
testing of the devices was done with somewhat crude control -
equipment and almost exclusively with oscilloscope
observation of the array outputs. The computerised control
system described here was completed only a few days prior
to operation of the afrqy at the 30 inch telescope of the
R.G.O. during August 1978. For completeness, brief mention
will be made at the end of this Chapter of the system
configurations used prior to the implementation of the

"full control and acquisition package.

4.1. System Requirements and Specifications

Diode arrays, and other solid state imaging devices
are frequently operated purely under hardware control, with
analog signal processing and an ahalog final output. Such
systems are often entirely adequate in applications such

as thickness gauging and television type imaging. In our
applications, the requirements of the experiement dictate

the use of a rather more complex system. Also, the requirements
are very different according to whether the array is to be
used in the intensified electron-counting mode, or in the

direct photon-integration mode.
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4.1.1. Operation in the Electron Counting Mode

In the electron counting mode envisaged at the
R.G.0., each photo electron would liberate about 6000
electron-hole pairs, and an array element would be fully
discharged by about 800 such photo-electrons. In order
to achieve a larger dynamic range, the "integration"
was to be performed external to the array, in a
manner similar to the Digicon described in Chapter One.
The system as originally devised at the R.G.O.l) is

shown schematically in Figure 4.1.

The array is scanned repetitively with a frame
time (the time taken for one complete scan) of slightly
over 1ms. The array output is processed by an analog
double sampling processor, which extracts from the
waveform the difference between signal levels before
and after a recharge pulse. Thusfthe processed output
waveform now consists of a train of 256 pulses whose
‘amplitude is representative of the signal on each array
element. This wavefofm is now level-discriminated, With
the threshold set such that leakage currents and other noise
signals produce a logical "zero" output, whereas for the
larger signals due to photoelectrons, the output is a logical
"one'". The signals are then stored and integrated in a
recirculating memory. This consists of a 16 bit by 256 word
long shift register memory, which is clocked synchronously with
the array. If a logical "one" is present in the array output,
then the word in the corresponding register address is incremented
by one. The data in this memory is periodically transferred to

the memory of the data processing computer.

This system handles one video oufput waveform from
the array. Four such systems are used if all the lines on

the array are to be utilised.
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4.1.2., Operation in the Photon Integration Mode

The operating sequence for the array is somewhat
more complex when running the array in the photon
integration mode. Primarily, it must be possible to

achieve long, and variable integration times.

It is possible to adjust the integration time
over a limited range simply by reducing the clocking
rate and thereby increasing the frame time. This is
impracticél for very long integration times where the
operation of the dynamic on-chip shift register would
be impaired by leakage. A neater solution is to run
the shift register at the same rate for all integration
reriods, but to control the rechargé function. Thus the
sequence of operation-becomes firstly a frame during
which the recharge function is enabled;'followed by a
number of frames of integration, when the recharge function
is disabled, and then a final frame during~which recharge

is enabled and the output waveform is sampled.

4.1.3. The.Design of the Control System

A control syséem of the type required can be implemented
in one of two ways. All control can be achieved by suitably
designed hardware, or the control function can be undertaken
by computer software. Since some form of computer is necessary
to store, process and display the data derived from the array,
it was decided to adopt the second course, and in the system
to be déscribed the computer has full control of the
integration cycle of the array, functioning under interrupt

control.

' The block diagram of the control and acquisition

system developed at Durham is shown in Figure 4.2.
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_ The operation of the system will be described
in detail module-by-module later, but a few points of

interest will be mentioned here.

The five signals required by the array itself are
generated by the CLOCK PHASE GENERATOR (CPG), these being
the two clock phases @1 and @2, the charge pulses CP1 and
CP2 and the load shift register pulse (LSR). The signals
reqpired by the data acquisition circuitry are generated
by the DIGITISATION SEQUENCE GENERATOR (DSG) and control
the operation of the Sample and Hold, Analog to Digital

Converter and Buffer Memory.

The "heart" of the system is the INTEGRATION
CONTROL MODULE' (ICM). This is interfaced to.the
computer via CAMECz), a modular interface system. The
"ICM gates the charge pulses and LSR pulse to the array,
~and also the control signéls to the buffer memory. The
ICM generates an interrupt to the computer at the
beginning of each frame. An interrupt_routine in the
operating program then commands the ICM to enable or
disable the appropriate signals to generate the desired
type of frame. Thus any type of integration cycle can
be "assembled'" by the computer program, which gives the
user maximum control over the operation of the system.

4.1.4. Interfacing and Module Standards

At the outset of the project, it was decided that
all the instrumentation would be constructed around the
CAMAC standard. ' This is an international standard for
computer control and acquisition systems, originally
developed to serve the needs of the High Energy Physics
community. Several advantages are offered by CAMAC,
including independence of the type apd model of computer

used, and the availability and interchangeability of a large
number of standard modules. Two further factors influencing

this decision were :-
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1. 4Experience within the Nuclear Instrumentation
Group of CAMAC from previous work in High

Energy Physics Instrumentation.

and 2. The growth of popularity of CAMAC within the

* astronomical community.

Consequently, CAMAC has been adopted wherever
transfer of data to or from the computer has been necessary.
This includes all peripheral interfacing which would
normally be done with computer-specific interface boards.

In order to economise on.crate space and power requirements,
all modules not requiring connection to:the CAMAC dataway
have been implemented in NIM format. All logic levels
throughout the system are TTL, and circuitry is constructed
wherever possible using 74LS family IC's. The drive signals
required by the array are converted from TTL to the required

levels by appropriate level translafors.
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4.2, Descriptions of the Modules of the Control System

In the folloWing section, the modules designed
and built for this project are described briefly in
terms of their functions. Where the design is of
particular interest, further details of the circuitry
are given as appendices. The modules can be classed
as belonging to the control chain.- or to the signal
processing chain. The control chain will be described

first.

4.2.1. Clock Phase Generator

- The function of the Clock Phase Generator (CPG)
is to provide, at TTL level, the two clock phases @1 and
@2 and the charge pulses CP1 and.CPZ. In addition it
generates a Load Shift Register(LSR) command-which overlaps
the last @2 phase of the previous frame, thus initiatiﬁg
another scan. The timing relationship of these pulses is
shown in Figure 4.3. which illustrates the end of one
frame and the start of the next. There is an overall
similarity betweeh this module and that designed by the RGO
V/Plessey to be used in the electron counting system. This

used'fully complementary clock ‘phases Ql!and @2, but these
Were found_tp cause some instébilita on the output video
waveform which disappeared when using clock phases with a
shorter duty cycle. The ability to control the size and shape
of the scan pulses by tailoring the clock waveforms was

described in Chapter 3.

The length of the charge pulses is determined by a
74121 monostable, and this is adjustable from the front panel
from less than 1‘ﬂs up to about 200 Ms, there is a front

panel switch to disable the recharge pulses.
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Clock Phase Generator requires an input clock
the desired frequency of @1 and (2. This is

provided from the Digitisation Sequence Generator.

The

Clock Phase Generator, with an appropriate

input clock and suitable level translators, can be used

alone to provide the signals required to operate the

array in a repetitive scan fashion with an integration

timé of one frame time.

This module is constructéd as a single width NIM

module.

4.2.2, Digitisation Sequehce Generator

In designing the Digitisation Sequence Generator

(DSG) it was intended to produce a digitisation system

that could

handle a variety of video waveforms and

control different types of Sample Hold and Analog to

Digital Convertors. The digitising system is therefore

applicable
the future.

to other types of array which may be uséd in

A typical video waveform from the Plessey array

is shown in Figure 4.4. There are four information levels

in this waveform for each diode pair. These are :-

i)
ii)
iii)

iv)

the baseline level
the sum of the two diode signals
the signal on the second diode only

the reset level
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Of these, i), the baseline level,contains no
information relevant to that diode pair, but by
digitising this we can monitor drift and noise in

the signal chain.

Sampling and d1g1tlsat10n is therefore required
at 8 points per @1 or ¢2 cycle, or once per cycle of
the clock input to the Clock Phase Generator. Each
digitisation will require a sequenceof four control
signals., First of thése is a Hold éommand to the Sample and
Hold circuit, followed by a Convert command to the
Analog to Digital Convertor to start. the conversion. After
the end of the conversion, when the data at the ADC
output has settled, the data must be transferred into a

- Buffer Mémory. This is achieved by the Strobe command.

The memory address counter is then incremented by the
increment command so that the next digitised level will
be stored  in the next highest memory address. A typical

sequence is shown in Figure 4.5., along with some of

‘the timing constraints.

The four control pulses (Hold, Convert, Strobe and
Increment) can be programmed by front panel switches to
start and finish at any time within a 16 bit cycle. That
is, the rising and falling edges of each control pulse can -
be set to coincide with any falling edge of the Master
Clock shown in Figure 4.5., a clock which has 16 cycles
during each digitisation cycle. The circuit of the

Digitisation Sequence Generator is described in Appendix B.

The Sub-Clock shown in Figure 4.5. is output to the
Clock Phase Generator Module to derive the rest of the

system timing.
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The Master Clock input to the Digitisation- Sequence
Generator is supplied externally from a Hewlett-Packard
HP 8004A pulse generator, although it is planned to replace
this with a crystal controlled clock. The timing is such
that the scan raté of the array in elements per second is
£/32 where f is the Master Clock frequency.

The Digitisation Sequence Generator is built as

a 4 wide NIM module, this width being dictated by the

front panel switches. The circuitry is on two boards.

4.2.3. Integration Control Module

The Integration Control Modulé; (ICM), as explained
in Section 4.1.3. operates under control from the computer
‘wia the CAMAC dataway. The principle of operation is as

follows, referring to Figure 4.6.

On the falling edge of a LSR command, indicating
the start of a new frame, the module sets a LAM (Look -at-Me)
on the CAMAC dataway, which .issues an interrupt to the
computer. This interrupt requests a control word which is
then transmitted to the module via the dataway and is
loaded into a mask register within the I.C.M., clearing
the interrupt. Bit 2° of this register masks (that is,
disables) the LSR commands. Bit 21 masks the CP1 and CP2
pﬁiSes, and Bit 22 masks the Strobe and Increment commands.

The mask is not enabled until the last @2 clock
phase of that frame. Thus the mask required during a
frame N is set up during the prebeeding frame, N-1. This
was done so that:the interrupt handling routine

has one whole frame time in which to decide upon and load

the appropriate status mask.

The most useful mask words are listed in Table 4.1.,
along with the actions associated with them. Integration
can be achieved with a mask of 0 or 1 depending on whether

the load shift register command is required. A zero
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will disable the LSR command, ana so the array elements will
not be scanned and there will be no video waveform.

A mask word of 1 will enable the LSR command, and the array
will be scanned but not recharged..A video output waveform
will be present, and will be digitised by the ADC, but
because the Strobe and Increment commands are disabled,
nothing will be.loaded into the Buffer Memory. A mask word
of 3 causes a recharge operation, but again with no data being
loaded into memory. A 5 causes a non-destructive read, by
enabling the LSR command in order to scan the array, loading
the digitised video into the Buffer Memory, but supressing
the recharge pulses CP1 and CP2. A mask word of 7 enables
all three groups of commands and causes a conventional

destructive readout.

Thus an integration period of two frames could be
achieved by a recharge frame (3), an integration frame (1).
and a readout frame (7). Such a'scheme,'and the timing
cycle associated with it is illustrated in Figurei4.7.
Note that the integration period is always one frame
longer than the combined number of integration and NDRO
frames because of the 1 frame integration that is achieved

anyway by'continuéué readout.

So far, the operation of the Iﬁtegration Control
Module has been described only in terms of control by the
computer program. During a long integration on a light
source of unknown intensity, there must be provision for the
user to monitor the progress of the integration by requesting.
a Non-Destructive Read Out. When the desired exposure has been
made, the_user must also be able to terminate the integration.

To permit this user control, two front panel buttons are provided.
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These set up interrupt status flags, but do not
generate an interrupt themselves. This is in order to avoid
any possibility of overlap of interrupts which could lead to
one being '"'lost". On receiving the interrupt generated by
the falling edge of the next LSR pulse, the computer tests
these status flags. If set, fhe program leaves the
selected sequence and takes the appropriate action. Obviously
these two front.panel buttons can be used for any functions
desired, their acfual effect being determined by the

interrupt handling routine.

The Integration Control Module is constructed as
a triple width CAMAC unit. Further details of the circuitry

‘are given in Appendix C.

‘4.2;4..Leve1'Traﬁslator Module

~ The final component in the control signal chain is
the Level Translator Module, which converts the @1, 02,
CP1, CP2 and LSR TTL signals into the levels required by
the array. The timing of the signals is not changed. The
output 1e§e1s are typically logical "O" = OV, 1ogica1 "t o=
-14V, but are adjustable. The chief requirements are very
stable output.voltages, fast rise and fall times and clean
pulse shabes. The circuitry of this module is to be described

in another work by A.W. Campbelis).

" 'The Level Translator is built as a single width NIM
module. The power rails are supplied from a separate 24V
power. supply in order to avoid any possibility of noise on

the output waveforms due to other moduleé in the same NIM

crate.
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4.2.5. The Video Preamplifier

The 'signal path”'of the system consists of a
Video Preamplifier, a Sample and Hold Module, an Analog

to Digital Convertor Module, and the Buffer Memory.

The Video Preamplifier is based around a Burr Brown
3550, a high slew rate operational amplifier, used in an
inverting, virtual earth configuration. The use of a virtual
earth load is dictated by the summing limitations discussed

in Chapter 3.

The feedback resistor used in the preamp is 68ka.
The output swing pér carrier generated in the photodiode
can now be estimated. From Chapter 2, we have the small

signal gain referred to the source follower gate

.voltage of :-

Yo _ - Fr 1. _1
dVG Ron N1 +m
where m = 2 p(VG - VT) Ron

Assuming the following parameters

B opan

VT = 2V
Ron= 4k“'
VG = 5V

Then this becomes

o = -1,11
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The voltage change at the gate of the source foilower,
for a single carrier discharging the photodiode depends

on the gate capacitance.

Assuming a value of CG = 0.1pF, then

av, o %Q
G
and dVo is 1.7 pV/carrier

daqQ

The Video Preamplifier is mounted in a small diecast

box and is hormally mounted close to the array. The design
3)

of the preamplifier is discussed by A.W. Campbell
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~4.2.6. Sample and Hold Module

Two versions of the digitising system have been
constructed. The first was a low cost 8 bit resolution
system used for initial work and to prove the system.

For the work at the 30 inch telescope at the R.G.O.

a 12 bit system was constructed. Consequehtly there are
two types of Sample and Hold Modﬁle. The first 8 bit
system uses a Hybrid Syétems S/H 703 monolithic sample
and hold circuit, whereas the 12 bit system employs ' the
more accurate S/H 730 Hybrid circuit. Otherwise the two
modules are similar. The S/H circuit is configured as
inverting with a unity gain. This is followed by a non-
inverting bperational amplifier stage with adjustable
offset and gain, which are used to match the video
signal range to the ADC input requirements. Both modules
are packaged as single width NIM units, and are described

in greater detail by A.W. Campbell 3).

4,2.7. Analog to Digital Convertor Module

The 8 bit digitiser module is constructed around a
Hybrid Systems ADC 540-8, with a conversion time of 5 ps,
The'.12 bit version was originally designed around another
Hybrid Systems unit, the ADC-593-12 with a 4 us conversion

time. Due to delivery problems however, the slower Burr Brown

ADC 80-12 had to be substituted,with a conversion time of

'25_»s.

The effect of this on the usable frame time is as
follows. Four digitisations are necessary per diode pair,
that is 512 digitisations per frame. This implies a
minimum frame time of 12.8 ms uSing a 25 ms digitiser,
without allowing for the extra time overheads of S/H

settling time and memory write time, which are short by

comparison.
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Both modules have parallel output with straight
binary coding, and have an input range of 0 to + 10V. The
12 bit version also has a jumper selectable option for
bipolar input with either 2's complement or offset binary

output codes.

There are front panel inputs for Convert, Strobe
and Increment commands. These latter two are not used
functionally within the module but are passed to the output

connector (25 way'D—type)'to the memory module.

Two LED's are provided on the front panel for
monitoring. A green display is driven from the Busy
_ signal of the convertor, and a red display indicates the

status of the Strobe command.

The circuit of the 12 bit ADC Module is shown in
Figure 4.8. The monostable on the Convert command is
necessary because the ADC 80 AG-12 requires a convert

pulse of less than 2 ps.

Both modules are packaged as'single width.NIM

units.

.4.2.8. The Buffer Memory Module

The Memory is the last module in the signal chain.
Whilst it would have been possible to load data from the
ADC directly into the computer for storage in main memory,
under interrupt control, it was decided that external buffer
storage was preferable. Thié choice was made principally

to simplify interrupt handling.
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Two Memories have been constructed, organised as
512 words of .either 12 or 8 bit word length, based around
256 x 4 static RAM chips. The 8 bit memory is now obselete
as clearly.the 12 bit memory can be used in its place by
ignoring the most significant 4 bits. There are some small
differences between the 8 bit and 12 bit versions, chiefly
in the CAMAC function decoding. The design of the memory
will be described in detail by A.V. Campbells), but its
operetion from the users point of view will be described

here.

The DATA IN/DATA OUT modes are selected by a CAMAC
F25 command (EXECUTE). The memory is addressed by a 9 bit
counter, and the counter is set to zero by either the DATA
IN or DATA OUT commands or by»a CAMAC initialise (Z) command.
In the DATA IN mode, the address counter is incremented by
the increment signal from the ADC module; whereas in the
DATA OUT mode it is incremented during a CAMAC READ cycle

( FO command).

) In order to tranefer data in or out of the memory
chips, their chip enable (CE) lines must be set high.
This can be achieved either by the Strobe signal from the
ADC, or by a CAMAC F26 (ENABLE) command. The chips are
disabled by Strobe, by a CAMAC F24 (DISABLE) command, or by
a CAMAC INITIALISE (Z) command. These functions are

summarised in Table 4.2,




ACTION

CAMAC COMMANDS

FRONT PANEL

COMMANDS
CHIP ENABLE F26.A0.52 STROBE
CHIPDISABLE F24.A0.52 +2.52 STROBE
SET DATA IN F 25.A0.51
SET DATA OUT F25.A1{.51
ZERO ADDRESS CounTer] F 25. (AotA1).S1+Z .52
INCREMENT ApDRESSCounTER] FO. AO.S2 INCR

READ DATA FO. AO

TABLE 4.2 12 BIT BUFFER MEMORY

FUNCTIONS AND COMMANDS
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4.3. Peripherals and Interfacing

At the outset of the project it was, decided that
all peripherals should be interfaced via the CAMAC system,
in order that the experimental package should be as independent
as possible of the host computer in use. This would facilitate
its easy integration with existing computer systems at other

laboratories and observatories.

The requirements of the experiment call for a
communication terminal for program development and control,
a permanent mass storage system for programs and data, and
some form of graphical display for the observation of spectra,

preferably with some hard copy facility.

Initially an ASR 33 teletype was used as the sole

peripheral, and was convenient for three reasons :-

a) It was available within the N.I. Group already.

b) It combines a keyboard, hard copy printer, and

paper tape reader, punch and copier all within

the same unit,

and ’c) Some type of console device is required by the
computer (this will be explained later).

The ASR 33 is severely limited in speed, and
was eventually augmented by a Visual Display Unit, a fast
Paper Tape Reader, fast Paper Tape Punch and a Storage

Graphics Display.
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4.3.1. Visuai-Display Unit

) The VDU chosen was the Lynwood DAD-1, largely for
its reputation of robustness and reliability ét a reasonable
price. The unit is directly teletype compatible, but also
has some extra facilities such as cursor addressing, blink mode,
protected field and printer control. It is interfaced to
CAMAC via a Nuclear Enterprises 7061 TTY interface. The
7061 is a somewhat ageing unit now considered obsolete by
Nuclear Enterpfises. Their replacement, the NE 9047 has
been obtained, but at the time of writing has not been
satisfactorily incorporated into.the system, requiring some

software changes.

4.3.2. Paper Tape Reader

The paper tape reader used is the Lynwood ATR 2,
a Véry fast unit with optical character reading and optical
sprocket hole detection (rather than the slower but more
common toothed sprocket wheel driven by a stepping motor).
The'CAMAC interface is a GEC TRO0801 unit, developed from a
'DNPL;(Daresbury Laboratory) design.

Some problems have been encountered with persistent
'misreading of certain characters, but these have been traced

to crosstalk in the connecting cable and have been eliminated

by careful screening.




4.3.3. Paper Tape Punch

Thevpaper~tape punch is a Facit 4070, capable of
punching at 75 characters per second, and is interfaced
via a GEC TP0801 module. As previous experience had led
us to expect, this has proved extremely reliable and
robust. Th}ee modes of operation are available from the
interface. The first produces a length of leader (sprocket
hole only) fape, whilst the other two enable the punching
of an 8 bit word as a single character or a 16 bit word
as two successive characters. These facilities considerably

simplify programming.

4.3.4. Storage Graphics Display

For economy, a small storage display was chosen.
This is the Tektronix 603 Storage Monitor, with a 4 inch
by 5 inch screen, and a resolution of 80 x 100 line pairs.
Two CAMAC interface modules are used with this display.
The first is the Nuclear Enterprises 9028 Storage Display
Mode Generator. As its name suggests, this module supplies,
under CAMAC control, the control signals neceésary to select
the mode of operation of the display. The modes available

are store, non-store and erase.

The X and Y deflection signals, and Z podulation
(intensity) for the display are generated by a Nuclear
'Enterprises 7011 Display Driver. This provides facilities
for plotting lines in X or Y, and for plotting of points
either by X,Y addressing or by automatic increment of X
(i.e. spectrum plotting).3 levels of spot brightness can

be programmed.
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4.3.5. CAMAC Test and Display Modules

Three CAMAC modules are used for development work

and system monitoring.

The Nuclear Enterprises NE 9554 Dataway Display can
be used to monitor the status of all the CAMAC lines via
LED's on the front panel, or can be used as a binary
display register and written to in the same manner as a
conventional CAMAC module. The firsf function is primarily
useful 1in hardware testing, whereas the second finds use
in some programs for displaying the status of variables or

flags.

‘ The DNPL EC326 System Checkout module enables all
the address, data and control lines in a CAMAC crate
between its station.and the Crate Controller to be tested
under program control. This is useful in locating bus
probléms. Front panel indication of the status of all

power lines is provided.

V The GEC TC 2403 Dynamichest Controller, when used,
occupies the control station of the crate.It provides the
facility for generating two CAMAC commands which can
be stepped through manually or free run. Its main use is

.during the design and testing of modules.



4.4, The Computer System

‘ The computer system itself has three components, the
computer hardware, the crate controller linking the computer
to the CAMAC system, and the programming language/operating

. system.

Several approaches were considered towards the problem

of obtaining a computer.

Conventional minicomputers of the PDP 11, Nova, or
HP 21 series were, at the time, the traditional machines
used for experiments  of this size. The cost of purchasing

such a machine was prohibitive however.

An IBM 1130 was in use in the Durham Physics department,
but this was shared aiready by two groups, and fortunately this
could be rejected on the grounds of there being no
.commercially available CAMAC interface for this machiﬁe.

The purchase of a second hand machine was considered,
but at the time PDP-8's were the only readily available second

hand machines, and these were already somewhat obselete.

- Microprocessors were beginning to become available,
but this market was very new, with.little’ in the way of
commercially available software or hardware support. The
packaged microcomputers now available such as PET, Apple and

TRS 80 were yet to be released.

Recently announced was a new minicomputer from
Digital Equipment Corporation based on the PDP 11 range,
but using a microprocessor as the CPU. This was available
in board form as the LSI 11 microcomputer or packaged as
a complete small computer as the PDP 11/03. A commercial
CAMAC controller was available for this machine, and others
were known to be under development. Also, a CAMAC oriented
programming language was avilable for PDP-11 machines which
would soon,bé available for implementation on the LSI 11. The

following sections describe this computer, the crate controller

and the programming language.
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4,4.1. The PDP 11/03 Computer

The configuration chosen is the 11/03 KB, consisting
of a KD 11-H CPU board, and a MSV - 11CD 16k word dynamic
RAM memofy board. Two interface boards éfe fitted. First
is the DLV 11 serial interface used to interface to the
ASR 33 telet§pe, and secondly the interface card to the
Crate Controller. This configuration is shown in
Figure 4.9 and leaves a full width slot available for the
addition of extra memory to expand up to 32k words, for
the addition of.extra peripherals such as floppy disks,

or for a bus extension box for a larger system.

One feature of the LSI 11 system is that there is
no provision for the traditional programmer's panel, used
for manual entry and verification of machine code programs.

‘These functions are carried out via the "console device",
in our case the ASR 33 teletype, through a command code
called ODT. The teletype is also used for entering short .

loader programs.through its tape reader.

4.4.2. The CAMAC Crate Controller

The Crate Controller is of somewhat unusual design,
and some discussion of the various Crate Controller concepts

in CAMAC is worthwhile prior to a déscription of the unit.

The original concept of the Crate Controller was the
Crate Controller A-1. This is a standard controller and is
driven from a branch highway, the structure of which is defined
in EUR 46004). A branch driver, external to the crate,is
used to connect the branch highway to the computer bus. A
‘multiple crate configuration based on such a system is shown
in Figure 4.10. This system is ideal for large multicrate
and multibranch systems, but as CAMAC became considered for
small experimental systems, the cost of a branch driver becane

unacceptable when only a single crate was to be used.

~
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The Crate Controller used for the Durham system
is unusual, in that it consists of a System Crate Executive
Controller,with a Command Source also built into the same
double width module. It offers therefore full System
Crate capability while outwardly appearing in a single
crate syétem to be a simple Dedicated Crate Controller.
This controller, the Hytec 1100, interfaces to the LSI 11
backplane through the 1104 interface card. This card also
provides the functions of the DEC REV 11 card, that is DMA
memory refresh and space for bootstrap and diagnostic ROM's.

4.4.3. The CATY Programming Language

The programming language chosen for initial development
work is ACSL's CATY 26).
with Daresbury "Laboratory for the testing of CAMAC modules;
but is sufficiently flexible to allow the writing of quite

complex control and acquisition programs. CATY 2 is both

This was developed in conjunction

a language and a resident operating system, with facilities
for creating, editing, reading and dumping source program files.

The statement set of CATY 2 is a subset of BASIC, with
a number of restrictions, and with the addition of CAMAC I/O,

control and interrupt handling statements.

An example of the CAMAC héndling ability of CATY 2 is
shown in Figure 4.13. This lists four versions of a section
of program to read a single character from a paper tape
reader: The reader is in station 2 of a single crate system.

- In example 1, the program issues a CAMAC F27 (test if ready)
command to the reader, whose location is branch O, crate O,
station 2, sub-address O. If the response is ''ready', the
module sets the '"Q" line on the dataway, and the program
responds by issuing a CAMAC F2 (read and clear) command to the
reader, and placing the returned data into variéble I. Example
2 shows the same routine, but with easily understood mnemonics
‘replacing the CAMAC command numbers (e.g. TST for F27).

Example 3 goes a step further by defining a mnemonic for the



>

1,

e

CHARACTER FROM A TARPLZ READER

GOl ReM CATY COMANDS TO 2EAD A SINGLE

. T 7/
1990 . :
g1 .
1029 .

1150 F27 0,%.,2,0 -

1150 IF N@TQ GO TO 1150

1170 F2 0,052,051

1180 . .

1199 .

1200 .

0002 REN AS 1| ABOVE,BUT WITH FUNCTION CODES REPLACED. 3Y WNEMOJICS
1000 .

lgrg .

192G « .

1150 TST 0,0,2,0

1160 IF NOTQ GC TO 1150

1170 RC1.9,9,2,051

1187 .

1195 .

lagg

G003 REM AS 2 ABOVE,BUT WITH READER ADDRESS DEFINZD AT LINHZ 1000
1600 RDR=9,0,2 |

1919 . :

1029 « )
1150 TST RDRLO .

1160 IF NOTQ GO TO 11595

117% RC1 RDR,G,I

11809 .

lyog .

1200 .

no04 REM - aAS 3 ABOVE,3UT ILLUSTRATING THE USE OF THE GOSU3 STATEMEWT
1900 2[DR=0,0,2

1910 .

1020 .

1150 GOSUB 2090

1169 . :

1170 « -

o600 REM.SINGLE CHAR. READ

210 TST RDRLO

2025 IF NOTA GO TO 2010

2039 RC1 RDRLT,I

2540 RETURN

2050 .

20560

FIG.4 13

EXAMPLE OF A CATY ROUTINE
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reader address. TST RDR,O is'much more readily understood
by a user unfamiliar with CAMAC than is F27 0,0,2,0.
Examplé 4 shows how this routine can be written as a short

subroutine to be called by the main.progfam.

There is an important difference between CATY and
BASIC. BASIC is an interpretive language. That is, at
execution time, each statement in the source code is
translated into machine code and executed before passing
on to the next statement. It is therefore slow in
" execution and not ideally suited to real time systems.
CATY source code is compiled prior to execution, producing
a more efficient object code with a reduced execution
time. To the user, there is no added complication, since the
CATY source program is compiled and executed by a single
instruction. The utilisation of memory is rather inefficient,
since at run time, the operating system, the source code,
the compiler and the.compiled éode are all resident in memory.

A suite of CATY programs was developed for the
observational work at the R.G.O. 30" telescope. This suite
includes the online program, various routines to read, reduce
and display data gathered by the online program, and cdde
conversion programs to produce output paper tapes suitable
for reading by mainframe computer system. These programs
will be described in more detail in Chapter 6, which

deals with that observational work.
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4.5. Stand Alone Hardware Configurations

As mentioned at the beginning of this chapter, a
large émount of the work on the array was done . before.the
computer controlled system had been cémpieted. For this
work, a '"stand alone'" system had to be put togéther; It
would be misleading to suggest that one sinéle such system
was:uéed,since obViously different modules and components
of the system were available at different times during the
work. One system will be described which is representative

of the approach used.

The_configuration is shown in Figure 4.14. The
Clock Phase Generator, Level Translator and Video Preamplifier
are exactly as used in the computer controlled system.
The waveform is observed by an osciiloscope with triggering
derived_.from the LSR pulses. A delayed time base facility
is used for'observing_whichéver diodes are desired. Overall
timing is again derived from an-HP 8004A pulse generator. The
integration control is achieved by the two additional modules,
the Programmable Divider, and the Stand Alone Controller. The
functions of these two modules is as follows. The
Programmable Divider is used to gate the LSR pulses. Two
front panel thumbwheels,designated m and n, set up a counting
cycle Qf m x 103, which:.is used to divide the incoming LSR
puises.' Thus Figure 4.15 shows the effect on the pulse

timing of a count cycle of 3 (m =3, n = 0).

This module alone permits repeated exposures with

identical integration times.

Further control is achieved by usiﬁg the Stand Alone
Controller. This enables the user fo scan the array onee per
frame time until the front panel "START" button is pressed.

At the next frame, the integration period set by the
Programmable Diyider begins. This selected period is repeated
until sucﬁ timé.as the "HALT" button is pressed, whereupon
SCahning resumes once per frame time. The usefulness of this
type of operation will be shown in the following chapter.
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4.6.. Summary

. A complete computerised control and data acquisition
system has been designed and constructed‘for the Plessey
diode array, based on the requirements of the optical
imaging project.. The system is modular and based on the
CAMAC concept. Control is by a small PDP 11/03 miérocomputer
running the CATY 2 programming language. Provisions have
been made for operating a part of this system under manual
control, primarily to enable experimental work on the

afrays to continue before the system development was

complete.
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CHAPTER FIVE

Laboratory Measurements on the Characteristics of

the Plesséy Diode Arrays

In this chapter, a programme of tests carried out on
the arrays is described. Most of the tests were carried
out at Durham prior to the operation of an array at the
30 inch telescope at the R.G.O., (the exceptions being
tests on spectral tesponse and the response to a pulse
input of light). Tests include observations of responsivity,

leakage current, random noise, linearity and lag.

5.1. Equipment used for Laboratory Tests

As was described in Chapter Four, for most of these
tests a simplified hardware - only control system was
used. Also of interést are a simplified charge pulse
scheme used for some early work, and the cryogenic
system used to cool the array. These will be described
briefly in the following sections. Other equipment used

for specific tests will be described along with these tests.

5.1.1. Charge Pulse Timing

Figure 5.1 (a) shows the conventional charge pulse
timing and its relationship to the.videélwaveform, as has
been described in Chapters Three and Four. To recap, the
first level of the video waveform is the sum of the integrated
signal on both diodesvof a pair} After CP1, the first diode has
been recharged and the second video level now represents the
signal on only the second diode. Following CP2, the second
diode has also been recharged and the third level of the
video represents the fully charged state of both diodes.
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A simpler timing scheme is shown in Figure 5.1 (b).~
Note that the mark/space ratio of the twoclocks @1 and @2
has been reduced. This is not particularly important and
has been done to simplify the sequencing logic. CP1 and CP2,
the two charge pulses, are now coincident. This results in
a. simpler video waveform, where the first level corresponds
to the sum of the signals on both diodes in a pair, and the
second level results from charging both. This leads to some
degree of simplification when carrying out measurements with

only an oscilloscope available.

'

5.1.2. Cryogenics

The cryostat uséd throughout this work is a simple
"cold finger" system. It is described in detail by
A.Humrichl), and will only be mentioned briefly here.
Cooling is by means of'a brass finger, the bottom end
of ‘which is immersed (usually) in liquid nitrogen. The
array is mounted on a brass block at the upper end of the
finger. A heating resistor and a copperrconstanfan
thermocoﬁple are mounted adjacent to the array. The cryostat
is evacuated by a simple rotary pump iniorder:td reduce
heat influx from the walls of the enclosure. Temperatures
of down to about -120° C have been measured at the

thermocouple.
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5.2, Preliminary Evaluation of the Available Devices

Four packaged arrays were made available -for tests
at Durham. Each array has four video 1inés, but it was
necessary to determine how many of these were functional.
The arrays were tested one line at a time. The arrays were
operated in the dark at room temperature, free running
(one scan every frame time) with a two charge pulse system
and a frame time of 10 ms. Figure 5.2. shows the outputs
obtained from the video preamplifier for the video lines
found to be operational, and Figure 5.3. summarises the
availability of working lines on each of the arrays

(designated as arrays no. 300 to 303 by Plessey).

Considerable variations are obvious in the level of
fixed pattern offset noise between the arrays, from the
reasonable (Figure 5.2. (a), Array 302, Video 3) to the
appalling (Figure (b), Array 300, Video 2). | '

Video line 1 of device 300 exhibits a very interesting

fault. The first 66 (approx) diodes appear to function

"satisfactorily. Diodes 67 to 165 do not receive CP2,

presumably because the CP2 line is broken by a defect at diode
66. Thus the second diode of each pair is permanently fully
discharged. From diode 165 onwards, the CP1 line is also
broken. TFor early experimental work, the first section of
diodés of ‘this video line .was used, so that in the event of
any inadvertent.damage, a scarce, fully working video line
would not be lost. Video line 3 of array 302 was chosen as
the line to use for observational work. Note that regretably

there is no array which has a line of 512 working elements.
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Also note that the fixed pattern offset noise is
not entirely random. That is, there is some definite local
correlation. of offset. This is perhaps best illustrated by
Figure 5.2. (d), showing Video line 3 of érray 301. It will
be recalled from Chapter 2 that the chief sources of fixed
pattern offset noise are variations in thef and threshold
voltage of the source follower, énd in the "on" resistance
of the multiplexing transistor. These are process dependent,
and in the case of the "on" resistance, geometry dependent.
The process parameters may well change slowly over the length
of the array, but are unlikely to vary much from element to
element. This probably gives\rise to the distinct shape

of the offset variations.
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5.3. A Measurement of Photoresponse

It was calculated in Chapter Four that an output
change of approximately 1.7 PV is expécted for each carrier
contributing to the leakage current (of either thermal or
photon origin), this using a virtual earth output amplifier
with a feedback resistance of 68 ka.. A simple expefiment
was carried out to see if this was the case, although the
accuracy of the experiment was really only sufficient to
prove that the responsivity was or was not roughly as it

should be.

A Centronic 0OS1-5K phototransistor was used as a
reference detector. This was calibrated by the manufacturer
at three wavelengths, and is also supplied with a 'typical
device'" . .responsivity . curve. A crude "optical bench"
was constructed out of brass tube with a light source at
one end, and either of the two detectors (the array or the
phototransistor) could be placed at the other end. The
light source was-a domestic torch bulb running from a
variable power supply, and a narrow band filter of wavelength
54343 (Barr and Stroud 09D26). This set up produced an
output of 4mV from the phototransistor, and from the

manufacturers data, this was calculated as an incident light

flux of :-
3.48 10°% w.m™2 -

For photons of this wavelength, this corresponds to

an incident photon rate of :-

14 -2

9.51 10~ photons 5_1 m

By using the array in place of the phototransistor,
an output of 3.4V was observed (from a diode pair) for a
30 frame integration at a frame period of 11.2mS. At the

time of the measurement the feedback resistance in the

' Video Preamplifier was 47kn. Using these figures yields a

voltage decay rate of :-

u,/‘h"




- I S, e o

5.05 V s ! for a single diode

corresponding to.a responsivity of':—
0.67 fV/incident photon

Two factors must be applied to compare this with
the 1.7 uV/carrier predicted in Chapter Four. The feedback
resistor is here 47ksn rather than 68k a. Correcting for this

brings the responsivity to :-

0.96 ﬂN/incident photon (for RF = 68kn)

This is in terms of incident photons and takes no '
account of the quantum efficiency of the array. . Published
data for other arrays suggests a quantum efficiency of'around

60% at this wavelength. This would give a responsivity of :-
1.6.#V/detected photon

" Thus the predicted (1 7_»V/carrier) and measured
(1. G‘FV/detected photon) Values for responsivity agree

remarkably closely, espec1a11y since in both cases a
fair amount of (hopefully) educated guesswork is involved.




5.4. Thermal Leakage Current Measurements

The use of these arrays for astronomical imaging
-work depends very much on whether the thermal leakage
Qurrent can be reduced to an significant level by cooling
in.order to achieve long integration'periods. For this
reason, some studies were carried out into the
behaviour of the thermal leakage current. Two
characteristics are of inteﬁ%t. First is the way in which
the video levels decay with time, and second is the way in
which.the leakage current behaves as a function of

temperature.

5.4.1. Thermal Leakage Signal as a function of

Integration Time

I1f we wish to study the signal produced by the
thermal leakage current as a function of integration time,

there are two possible approaches.

A The first method is to scan the array with a given
integration period, measure the signal levels, and repeat
the measurement with different integration periods until
sufficient data has been obtained. This is a suitable approach
when the integration periods involved are short. Figure 5.4.
shows the results obtained for a pair of diodes in array 300,
at room temperature (23O C). The frame period was 11.2mS,
and the points obtained represent integrations of 1 frame

2 frames, 3 frames etc. The upper line represents V RESET’
the voltage to which the diode pair is recharged by the
charge pulse. VSIGNAL is the level on the diode pair prior

to recharge, and as expected, decays with time.
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The decay is approximately lipear'at first, until
the array output appears to saturate at a total voltage

swing. of around 7V (3.5V per diode).

The decay rate at room temperature due to thermal

leakage, from the above measurements, is 33 V s“1 per diode.

These figures can be translated into terms of carriers
from the results of the previous section. The feedback
resistance is 47k a for these measurements, so we have a
responsivity of about 1.14 PV/carrier, and thus the

dyndmic .~ output range becomes about :-

3.1 =« 106 carriers

3

and the thermal leakage at room temperature becomes about :-

6 -1

29 x 10 carriers s

This method of observing the leakage current becomes

‘lengthy and difficult for long integration times (at low

temperatures). The'sepond method that has been used, for

longer integration times, is to scan the array at a

-constant frame time, but to disable the charge pulses

simply. by switching them off. The video level corresponding
to a diode pair now has no reset level of course, but the

signal level on'.the diode pair can be observed.

The results of two such observations at different

" temperatures are shown in Figure 5.5. The upper graph (a)

was obtained at a temperature (measured at the thermocouple)

of 2330K, and the lower graph (b) at a temperaturé of 206OK.

The shapes of the two carriers are similar, an

initial period of slow decay, followed by a linear decay

-until the signal begins to reach saturation. This is a .

commonly observed shape when carrying out this type of

observation.
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The presence of this plateau at early times
appears to indicate a threshold affect. It seems
that the leakage current does not begin toraffect
the output signal until the integrated dafk'signal
has exceeded a certain vaiue. The investigation
of this plateau region proved extremely difficult,
as accurate repetition of the effect was not possible,
probably due to lack of repeatability of the thermal
conditions with the rather crude temperature control

system.

5.4.2. Leakage Current as a function of Temperature

The thermal leakage current has been measured
over a wide range of temperatures using the methods
described above. The leakage rate has been taken
as the gradient'of the linear part of the decay,
measured in V éqper diode: This has then been converted
to units ofvoarriers/sec/cmz to enable comparison with
published results for other arrays. Figure 5.6. shows the
leakage current calculated in this way and plotted as

a function of temperature.

The points marked as solid circles were obtained
using the heater in the cryostat to generate the desired
temperature. As mentioned, this is not a very satlsfactory
arrangement and probably accounts for the spread in the data.
" The three data points plotted as crosses, however, were
obtained without the use of the heater, and are better

defined and more repeatable.

The high temperature point is room temperature (297°K)

obtained with the cold finger of the cryostat in free air.
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The low temperature point (1550K)-was achieved by
immersing the cold finger in liquid nitrogen and without
using the heating resistor. The intermediate point (2300K)
was obtained by immersing the cold fingerAin a freezing

mixture of dry ice and acetone, again with no heater.

The solid 1line dréwn on the graph is a visual
"best fit" to the data. Two other lines are shown for
comparison. Line (b) is a fit to the data 6btained by
Livingston et a12) according to the empirical

relationship by Géarys).

(T-T,) /X

and is taken from Figure 2.7. Also from Figure 2.7. is the
curve plotted as line (c) in Figure 5.6. This is a fit
to the data of Vogt .et a14) according to the relationship

IL = ‘const. T3/2 exp (-7015/T)

derived by Campbells);

The data for this array clearly does not fit the
empirical relationship of Geary, as this would plot
as a straight line on Figure 5.6. It is also seen to
deviate from the behaviour predicted by Campbell. It
does however have a similar order of magnitude in the
room temperathre region to the leakage currents qbserved
by these workers. G.R. Hopkinson6) has shown this
experimental data to fit well to the relationship,
-2000/T

IL = const. 10

In the region around room temperature, the leakage

current approximately halves for every 8° drop in temperature.
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The decay rate due to thermal leakage at the coldest
point measured was 1.08 puV s—l per diode. From Section
5.4.1., this would saturate the array in about 3.24 x 106
seconds, or 900 hours! Thus by cooling tﬁe cryostat with
liquid nitrogen, we can easily reduce the leakage current

to the point where it is negligible.
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5.5. Spectral Response

The measurement of spectral response was not
bossible at Durham due to the (at that tiﬁe) very
limited optical test facilities available. Following
the completion of the observational tests at the R.G.O.,
a monochromator belonging to Dr Mc. Mullan's group was
made available to us for a short period. Transporting
the entire system from the dome of the 30" telescope
for the tests was impractical, and therefore the
measurements were carried out with the minimum of
supporting electronics. The Clock Phase Generator was
ﬁsed opérating in a stand alone fashion, so the
integration period was eQual to a single frame period.
The frame period was adjusted to give a ”sensitivity"
suited to the available light levels, by varying the
input clock frequency. Signals were monitored by én
oscilloscope at the output of the'Video'Preamplifier.

The usable range of the .monochromator was 400 - 1000 nm.
The measurement was done twice, once with the array at

room temperature (ZOOC)‘and again with the cryostat

cooled by liquid nitrogen to about -120°C. The

relative spectral responses obtained are plotted in

Figure 5.7. This demonstrates the increase in sensitivity
at the red end of the spectrum at the higher temperature.
This was described in Chapter 2, and is due to the increase

in the silicon band-gap energy with temperature.

No interference effects are visible in this data.
However, the light was not well collimated and the measured
points are at intervals of 50nm. It is possible that such
effects 'will be observed under more carefully controlled

experimental conditions.
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526. _ Random Noise Measurements

The preliminary investigations into the random noise
characteristics of the array have been described in
detail in an Internal Report 7). A brief mention will

be made here of some of the findings.

’Due to the wide variations in offsets from diode
to diode, it is possible to select a diode and amplify
its video level such that with a suitable D.C. offset on
the oscilloscope, that video level is the only trace visible
on the oscilloscope screen. Fof example, at a vertical
gain of 5mV/DIV\(50mV full scale), if the mean video
level for the desired diode is displayed at the centre
of the screen, an uncluttered trace can be obtained as
long as no other video level ih the frame is within
25mV. Then by running with a time base that is very
slow compared to the frame time; a "history" of a particular

video level can be built up over a large number of frames.

By "pairing" the charge pulses, and running the
array in the dark and cooled by ligquid nitrogen, there
is a difference of a few millivolts between the signal level
and the reset level of a pair of diodes. This difference is
in fact of the opposite sense to that expected, but this will

be discussed in Chapter 6, and is not important here.

‘ . This difference of a few millivolts works to our
benefit, as it is possible to display simultaneously the
signal level and the reset level of a pair of diodes.
Figure 5.8 shows such a '"history" of the two levels with
the array operated at a frame time of 11.3 mS. The levels
appear as wide bands rather than lines because of the
ringing and switching transients that are superimposed on
the video. From this trace, it can be seen that there is

indeed a correlation between the variations on the two

- levels, with a correlation time of the order of tens of

milliseconds.
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The r.m.s. noise on the signal level is measured in
this way to be 2.2mV.
about 2000 carriers r.m.s.
and the noise on a single diode should be 2000/V2 , %

This corresponds to a noise of
This is for a pair of diodes,

1400 carriers r.m.s.

An estimate of the effectiveness of double sampling
can be obtained by calculating the r.m.s. variation in the
differences between'the signal and the reset levels. In this
noise is reduced to about 0.5 mV or about

This yields

case the r.m.s.
440 carriers for the diode paired operation.
an estimate.of about 310 carriers r.m.s. for a single diode,

double sampled.

These figures must be treated with some caution,
especially in the way in which the results from a diode
pair are extrapolated to the single diode case. They '
do however serve to demonstrate the use of double

sampling in reducing correlated noise.

For comparison, random noise figures observed
. . 8
by other workers for Reticon devices are shown below ) T

Geary 4700 detected photons
Campbell 3800 detected photons
Livingston et al - 950 detected photons
Vogt et al 750 detected photons
~ Walker et al 1100-3600 detected photons
Smithson . 7000 detected photons
Dravins 2000 detected photons

" Many of thése quoted noise figures include noise
generated in-the external electronics and d0'n6t-a1ways

represent true potential device performance.
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5.7. Linearity and Lag

The linearity of a detector is of prime importance
in high accdracy spectrographic work. Techniques do'
exist to remove non-linearities, and these are applied
to data obtained from photographic plates. However,
the strength of the diode array such as the Reticon
has been in its unquestioned linearity, and no measurable
deviation from linearity has been reported for a recharge
sampling array. Similarly, diode arrays have always
been put forward as devices that are freé from image

retention or lag.

In the case of an integrating detector, there
are two rather different aspects of linearity to be
investigated. The first is the behaviour of the output
signal when the light intensity is constant, and the
integration period is varied. Secondly is the case where

the intégratioh period remains constant and the light

intensity is varied.

The initial laboratory measurements on linearity
have been described in an Internal ReportG) and will not
be repeated here in detail. Some important aspects will
be described which have a bearing on later sections of

this work.

A problem became apparent. when investigating the
output signal as a functlon of integration time for a
steady light 1nten31ty. The array was belng operated with
the Stand Alone Controller and the Programmable Divider
described in Chapter Four. The frame time was
approximately 11mS, and with the weak illumination used,
the single frame integration period produces only a very
small, insignificant output. Then, after the "START"
button is pressed, the selected integration period was
repeated indefinitely. The problem noted was that the
readout following the first integration was noi identical

to the readdut after the second ‘and so on. This occurred
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for light levels that cause a discharge of about 100mV s._1

per diode pair, but was not noticeable at higher light
levels. The typical behaviour of the video levels of a
diode pair is shown in Figure 5.9. Readout O is the state

of the video waveform before beginning the integration, after

the array has been recharged repeatedly.

Readout 1 is the video waveform at the end of the
first integration period. The array, having been recharged

once during_this readout frame is allowed to integrate for

another, identical period.

Readout 2 is the video from the readout at the end of
this second integration period, and similarly Readout 3 is
the video from the readout at the end of the third
integratioh period. Subsequent readouts are similar to
Readout 3, that is, the video.levels seem to have stabilised.

.Several points arise from this :-
(a) The recharge levels are not consfant.

(b) If the signal is derived by double sampling,
that is subtracting the signal level from the
recharge level, then the first measurement
of the integrated signal (VB in Figure 5.9.) is
an underestimate of the final, equilibrium
integrated signal as measured by double sampling
in Readouts 3 and 1ater,(VC). This (Vb) appears
to be a good estimate of the integrated signal,
as it is usually equal to VA’ the amount by which .
the "signal" video dropped between Readout 0 and
Readout 1. This (VA) is the signal that would be

measured by a non-destructive readout.
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(c) This behaviour cannot be expldined by ”lag” in
the traditional sense. There has been no step

change in the illumination level.

The effect of this underestimation of signal on the

' linearity of the detector can be seen in Figure 5.10., which
shows the initial (Vp) and final (V) estimates of the
integrated signal plotted as a function of integration time.
The plot of the final estimates displays the good linearity
hoped for. |

The implications of this are disturbing. It appears
that the correct value is only obtained after a number of
identical integration frames. For long integration times
this is an impractical way of arriving at the cofrect value.
Alternatively, the first "signal" video level can be
comparéd with the preceeding "recharge" video lével. This
destroys the advantagés of double sampling, and can only"
be used when recharging with '"paired" charge pulses

(i.e. poorer spatial resolution).

The situation becomes even worse at lower light
levels. More readouts are required before a stable
situation is reached, and also the '"mon-destructive"
signal estimate (VA) is no longer equal to the equilibrium

value (Vb).

Other problems of this type have been described
in detail in the Internal Report6), and are still under
investigation at the time of writing. The sources of the
problem appear to be slow charge transfer through the

amplifying transistor, and incomplete recharge.
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Linearity of the array when operated with a constant
integration time and variable light input has also been
shown in the Internal Report, although this linearity is
conditional on the readout chosen for plottlng as for the

measurements above.
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5.8. Impulse Response

In the hope of clarifying some of the problems of
threshold, lag and non-linearity encountéred in previous
measurements, an attempt was made to obserne the detection
and integration process on a single element as it was
exposed to a pulse of light. Previous tests had all been
done under steady state illumination conditions.
Unfortunately, the design of the array does not allow
direct access to a single element, because the shift registers
are dynamic and cannot be halted to display the selected
element. The following scheme was devised to simulate

such a situation.

The readout sequence and pulse timing is shown in

Figure 5.11. The integration - Control Module is used under

prbgram control to define this sequence.

The frame time is 4 seconds (the array is cooled
with liquid nitrogen). The charge pulse lines are held
high for five frame times to ensure complete recharging.
'The charge pulses are then enabled for the next frame.
Simultaneously, a spare output from the Integration Control
Module is used to trigger a LED (light emitting diode) via
two adjustable monostables (pulse delay and pulse width).
This LED pulse is adjusted by the pulse delay monostable
to ”fife” during the first signal level of the video
waveform of the element under investigation. In Figure

5.11 this is_shown as the second video waveform (i.e.

diode pair 3, 4).

The long frame time was chosen to enable LED pulses
in the region of lms wide to be used. The LED illuminates
the array and produces a characterstic slope on the waveform

due to the integrating nature of the array.
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The video waveform is displayed on a storage
oscilloscope, triggered via a delayed timebase by the
Integration Control Module. Figure 5.12 shows a set
of six traces obtained with LED pulse widths of 50 js
to 5 ms,and a constant LED voltage. The upper trace
in each photograph is the VideO'leVel, and the lower
trace is the timing of the LED pulse (thé height of
the lower waveform is not representative of the

magnitude of the LED voltage however).

These photographs all show a linear decay of signal
during the flash, and show the element as a perfect
integrator. The decay rate in all these is approximately

78 Vs'l.

The second series of photographs, shown in Figure
5;13.; was obtained with a larger voltage on the LED and
consequently a higher light intensity. The decay rate
is approximately 480 Vs_l. The decays displayed in this
sequence are obviously non-linear, and as the exposure
time is increased, the voltage change under-estimates

the actual integrated light intensity.

The magnitudes of the signals involved in this
éequence are very similar to those shown in Figure 5.12.
(d, e and f), so this does not appear to be a saturation

effect, but rather an inability to transfer at a high

rate of discharge.

Also, the exposure times involved in this sequence
are similar to those in Figure 5.12 (a, b and c¢), so it

does not appear to be a simple problem of a time constant

in the output circuit.
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A further point of interest is the behaviour after
the end. of the LED flash in the photographs of Figure 5.13.
The video level seems to continue to disgharge after the
end of the LED flash. '

The rather limited evidence so far seems to
suggest that at high light levels, signal transfer
from the diode to the storage capacitance is slower
than the signal generation in the diode, and consequently,
even after the end of the light impulse, some signal is

still being transferred.

Unfortunately, the use of a storage-scope in this
application is far from ideal, and the sequences of photo- -
graphs shown in Figure 5;12. and 5.13. took a good many
days to obtain. A fast transient recorder is more suitable
for this type of investigation, and such an instrument has
since been obtained by the group. Furthermore it would be
inétructiQe to have a fast (non-integrating) photodetector
mounted alongside the array in order to observe the actual

shape of the LED output pulse.

This type of experiment could, if pfoperly instrumented,
be very valuable in investigating the properties of the array
element, as it gives us-a insight into the integration process
taking place. It also demonstrates the versatility of the
computér control system for conducting experiments that would

otherwise not be possible.
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5.9. Summary

Some initial measurements on the characteristics
of the Plessey arrays have been carried.out. The
photoresponse of the array has been shown to agree with
the figure predicted from the device parameters. Similarly,
the épectral response behaves as expected and demonstrates
the reduction in red-end sensitivity at low temperature that
was predicted in.Chapter 2. Thermal leakage current can
be reduced to insignificant levels by cooling the array, and
the behaviour of the leakage current with temperature agrees
roughly with the observations of other workers using Reticon

devices. Tighter control of array temperature is needed

before repeatable measurements on thermal leakage characteristics

can be made, but some sort of threshold effect is apparentl

The random noise has been measured crudely as about

1400 carriers, for a non-destructive readout, reducing to

about 310 carriers for a double sampled read. These figures
compare favorably with those obtained by other workers usiné
Reticon devices.

When attempting to measure linearity, a number of
problems havé arisen. These seem to be related to slow
charge.transfer from the.diode to the integrating capacitance
and to incomplete recharge by -the charge pulses. Attempts
have beén made to identify these problems by investigating the

impulse response of an array element. Initial results are

‘encouraging, and further investigations into the sources of

"non-linearity and lag are continuing.

Some further points regarding the above characteristics
érose during the observational trials at the R.G.0. 30 inch

telescope. These will be discussed in the following Chapter.
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CHAPTER SIX

Operation of a Plessey Array at the 30 inch

Telescope of the R.G.O.

By the end of July 1978, the control and acquisition
system described in Chapter 4 was sufficiently near
completion to begin tests of the array on a telescope
spectrograph. While the author and AW, Campbelll) had
been developing the electronics systems, A. Humrichz) had
been designing the mechanical and cryogenic systems required
to mount the array. The experiment was transported to and
set up at the 30 inch telescope at the R.G.O. during the
last days of July, and was operated there throughout August.

This Chapter describes the experimental set up, the
operational software developed for the acquisition and display‘
of stellar spectra, some of the problems encountered during
operation,and presents some of the initial results which are
of interest from the systems and device aspect. A detailed’
description of the observing programme, the analysis techniques
used and the astronomical results obtained will be presented

by A. Humrichz).

6.1, The Instrument

There are three distinct parts to the observing
instrument, these being the telescope, the spectrograph
and the diode array mounting. These will be discussed
briefly in turn. Detailed descriptions will be given

by A. Humrich?).
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6.1.1, The Telescope

The 30 inch telescope began its operational life
as part of the Thompson equatorial telescope group
installed prior to the turn of the century at the
Greenwich site. Thé Thompson group also contained the

26 inch refractor.

When moved to the HerstmoncegZux site after the
war, these two telescopes were separated and the 30 inch
reflector was installed on a new mount in "A" dome,

its current location.

After some initial work on photoelectric photometry,
a coudé focus spectrograph was proposed. Such a permanent
spectrograph,wodld be much more stable than a demountable
Cassegrain focus instrument, and would provide an éasily

accessible test-bed for new instruments such as image tube

systems.

The.convenfional approach to the provision of a
coudé focus is shown in Figure 6.1. The light is reflected
down the polar axis of the mount via a plane mirror on the
declination axis. Such a configuration was not possible
on the 30 inch telescope due to mechanical constraints and
instead.the light is reflected up the polar axis, and then
down onto the spectrograph slit. The layout of the 30 inch

telescope and the coudé focus is shown in Figure 6.2.

6.1.2. The Coudé Spectrograph

A coudé spectrograph is a very useful tool for high
dispersion sﬁectroscopy. The physical size of a high dispersion
instrument prohibits its use at most Cassegrain focus positions.
Similarly, the mounting of a detector at a Cassegrain focus

imposes weight, access and mechanical constraints on the

mounting system.




COUDE ROOM

FIG.6.1 CONVENTIONAL COUDE FOCUS
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The coudé spectrograph at the 30 inch reflector is
. arranged with the dispersion in a vertical axis at the
final focus. The grating is ruled at 830 lines/mm to
give first-and second order dispersions of 10 and 5 X/mm
respectively. Th1s translates for the Plessey array to,
for first order a resolution of 0.45 g/dlode and a range

of 115 8 and for second order a resolution of 0.225 g/dlode
and a range of 58 R..

Two rails are available, set in concrete, for the

mounting of detectors.

6.1.3. Diode Array Mounting and Cooling

The mechanical mount for the diode array permits
movément of the array hqrizontally and vertically, and also
allows for rotation:‘of the -array. Thése three adjustments
are by micrometer. The entire mounting trolley can

slide backwards and forwards on the rails in the spectrograph.

The array mount incorporates a cold finger cryostat

and a liquid nitrogen dewar. The cryogenic system has been

3)

described in an Internal Report by A. Humrich
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6.2. Observational Software

With the control hardware developed and constructed,
and the mechanical mount for‘the array complete, it
remained to developA a suitable integration scheme and a
suite of programs to implement and support it. In the
following sections, a complete exposure, starting with
initialisation by the user and ending with return of control

to.the user will be referred to as a run.

' 6.2.1. Integration Scheme

In order to ensure that prior to an integration,
recharging is as complete as possible, the starting sequence

of a run is a number of frames (typically 25) during which

' the recharge pulses are enabled. Referring to Chapter 4,

Table 4.1., this requires a Mask word of 3. The last of
these frames is digitised and stored (Mask 7), and this readout
will be used later to subtract fixed pattern noise from a

non-destructive readout. For this reason, this readout is

named FPN1.

The integration period now begins. It will be seen
from Table 4.1. that two conditions are available to achieve
integration. As long as the charge pulses and memory load
pulses are both disabled, the LSR pulse can be either enabled
(Mask 1) or disabled (Mask 0). The LSR pulse decides
whether or not a bit is to be loaded into the shift register.
It has been Suggééted by other workers4) using Reticon arrays
that the temperature of an array can change significantly '
between when it is clocked and when it is not, due to the
power dissipation in the register. 1In theory, the power
dissipation in the shift register of the Plessey array is due
solely to the capacitance of the clbck lines and is independent
of the state of the "data'" in the register. Even so, it was
felt that it would be advisable to avoid any changes in the
register clocking dur%ng an exposure, so the LSR pulse is

kept enabled throughout integration frames.
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The integration period is selected by the user at
the start of a run. At any time during the integration
period the user can request a non-destructive read or a
run termination by means of the front panel buttons

on the Integration Control Module.

When a request for a non-destructive read is
identified, the memory load pulses are enabled for one
frame (Mask 5), and the digitised video loaded into memory.
The memory contents are then transferred to the computer.
The raw data from the non-destructive read is rather
meaningless to the operator because of the fixed pattern
- offset noise superimposed on it. The reset values from
FPN1 are subtracted from this data, resulting in a 256
point spectrum in which only 128 points are.independent.
This is because of the diode pairing in" the NDRO data.
Following this subtraction, the raw data and the "subtracted"
spectrum are displayed to the user simultaneously on a
split screen. When the display has been written the NDRO
request button is re-enabled. A second NDRO overwrites the
computer memory space reserved for the first. Thus the
computer memory allocated to NDRO always refers to the

most recent non-destructive read.

At the end of the requested integration period, or when
thé user requests a run termination, a double sample read. frame
(DSRO) is effected by enabling the charge pulse and memory

load commands (Mask 7).

The DSRO is then transferred, "subtracted" (using its
own reset levels) and displayed as for the NDRO. Meanwhile,
for the next 50 frames following the DSRO, the charge pulses
remain enabled. Then a second DSRO frame is taken, and this
is known as FPN2. This is used to monitor drifts in
~amplifier gain and offset, since in the absence of these it

will be identical to FPNI1.
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'During the run, the user's VDU screen displays
the current frame number and the frame number of the last
non-destructive readout. Audible signals are generated
by the VDU to signal the starf and end of the integration.
At the end of the run, control is returned to the user's

VDU.

6.2.2. Display, Inspection and Dumping of Spectra

At the end of the run, the user has the facility
to view on the storage display any of the four.recorded
"spectra'" (FPN1, NDRO, DSRO,and FPN2), to display
" subtracted" spectra, to obtain VDU or hard copy listings
of raw or subtracted data, or to obtain a dump of the data
on punched paper tape. At any time, the user can escape
from these inspection routines to begin a new run. The
dumped data can be obtained in iong or short format. 1In
both formats, a 20 word run header is punched following an
"all-ones" start of dump character (216—1). The run header
contains data relating to the run, such as run number,
integration time etc. The long format dump follows the
header with the 2048 data words describing the raw data
(512 each for FPN1, NDRO, DSRO and FPN2). Each word
requires 2 (8 bit) punched characters and the dump is thus
4138 characters long - some 35 feet of paper tape in all.
The short format dump follows the 20 word header with only

256 words describing the "subtracted" double sample readout.

The CATY program written to perform the above on-line
functions is listed and briefly described in Appendix D.

Figure 6.3. is a simplified flow diagram of:.this program.
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6.2.3. Additional User Programs

Further programs have been developed in CATY for
execution on . the PDP 11/03 to assist the ﬁser. The most
interesting of these is-the spectrum division program,
which divides the subtracted DSRO spectrum by.a subtracted

DSRO spectrum from a tungsten calibration exposure.

As has been described, the raw DSRO data has had
removed from it the fixed pattern offset noise by sub-
traction of the second video level from the first, and
the reset level from the second video level, for each diode
pair. The: fixed pattern responsivity noise is’ however

still present in this ''subtracted" spectrum.

This can only be removed by a knowledge of the
individual diode responsivities at the particular wavé—
length imaged by each diode. Thée most practical method-
is to image the spectrum of a black body radiator onto
the array, and to divide the "subtracted" stellar spectrum
by the the "subtracted" black body spectrum. In this way
diode-to-diode variations in responsivity are removed,
as are some types of imperfection in the spectrograph.

The "folding in" of the black body spectrum must be taken
into account when analysing the resultant spectrum. A
reasonable approximation to a black body sourde is a
domestié tungsten light bulb, and such a bulb is installed

in the spectrograph for this purpose.

In use, after the stellar exposure has been made,
and a short dump obtained of the subtracted spectrum, a
short exposure is made on the tungsten spectrum and a
short dump produced. The off-line Division program is then
used to divide the two dumped spectra and display the
result. A scale factor can be-applied to the division to

produce the resultant spectrum in useful units.
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Operationally it would be of more value to the user if
such a tungsten division routine could be incorporated '
into the online data acquisition program. At the time,
insufficient memory was available in the PDP 11 to implement
such a program. In fact, the on-line program as listed in
Appendix D will not execute in 16K words, and many of the
remark (REM) statementé included thgre to make the listing

more readable have to be deleted.

Other programs available include the Long Dump Analysis
which is essentially the latter part of the acquisition program
with the addition of the necessary read routines to input the
data tape. Also available are routines to convert the binary

output tape into ASCII coded formats acceptable to other

computer installations.

6.2.4. Data Analysis

The mathematical abilities of the CATY language are
severely limited and for this reason only very crude data
reductionss are attempted on the PDP-11. More sophisticated
analysis.is left to machines capaﬁle of ruhning FORTRAN. At
the time of writing, the hardware configuration of the
PDP 11/03, as described in Chapter Four, will not support
FORTRAN, although a compiler is available.

FORTRAN routines have been written to input data tapes
into the NUMAC (Northumbrian Universities Multiple Access
Computer) facility at Durham. Routines have also been written
to input the data tapes into the ICL 1905 computer at the RGO
although these had not been fully proved before the end of the
observing run at the Observatory.

11

The analysis techniques used to further "clean-up
: 2)

the spectra are to be described in detail by A. Humrich™ 7,
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6.3. - Performance of the Plessey Array under

Observational Conditions

Some problems were encountered when operating the
array during the observing programme, some of which had
not been encountered previously. These will be deséribed
here, but first some specimen. data is described,

illustrating the operation of the array.

During all observational work, the array was
operated with no heater supply, and with liquid nitrogen
cooling, so array temperatures were around -120°C. The

frame time used was 100mS.

6.3.1. Specimen Data from Observations of Vega

" The sequence of readouts and displays obtained during
a run was described in Section 6.2. The photographs in
Figure 6.4. are from an exposure on Vega in the region of the
oxygen lines at 77708, Run 196.. Figure 6.4. (a) shows the
raw data from the FPN1 readout at the start of the integration
sequence. The vertical axis is 4096 ADC units (10V) full
scale, with the fully charged state towards the top of the

. screen. The baseline levels can be seen at the bottom of

the trace. The presence of considerable offset fixed pattern

noise can be seen..

Figure'6.4. (b) shows the raw data from a NDRO frame
after an integration of 1811 frames (3 min. 1 sec). Little
information can be seen in the data when presented in this way.
The general accumulation of signal is evident from the decrease

in the video levels, but any features are masked by the offset

fixed pattern noise.
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Figure 6.4. (c) shows the display presented to the
user after the NDRO readout. The lower trace is simply a
repeat of the raw NDRO data of Figure 6.4. (b). The upper
trace shows this data after the subtraction of the FPN1
reset levels. The full scale here is 1024 ADC units (2.5V).
The presence of spectral features is evident. In general,
the exposure is terminated when the signal level in this
upper trace reaches close to full scale in order to ensure

the array does not go into the saturation region.

Figure 6.4. (d) displays the raw data from the double
sample readout (DSRO) which was requested following the
inspection of the NDRO data. The integration period is
1843 frames (3:min 4 sec). The four Vvideo levels per diode
pair (see Figure 4.4.) are readily viéible. Again it is

difficult to visually extract any useful - information.

' Figure 6.4. (e) shows the raw data from FPN2, and

this is approximately the same as FPN1.

The data from the DSRO frame has its offset
variations removed by subtraction of appropriate levels
within this data as described in Chapter 3. The resulting
spectrum is illustrated in Figure 6.5. (a), with a full scale
of 512 ADC units (1.25V). This data is still very "noisy",
although some features can be clearly distiﬁguished, such

as the large absorption feature at about 1/3 of the way along

the array.

Section 6.2.3. described the removal of responsivity
variations by division of the subtracted stellar spectrum
with a subtracted tungsten spectrum. Figure 6.5. (b) shows
a subtrécted spectrum obtained with a 30 frame exposure on

the ‘tungsten - source, (Run 201). Full scale is again 512

A.D.C. units.
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Figure 6.5. (c) shows the results of this division.
Full scale here is a ratio of 2.048. The data has been
considerably improved, especially at the right hand (red)
end; The poor quality of the smoothed data at the left
end is due to the misalignement of the tungsten specfrum

on the array, evident also in Figure 6.5. (b).

The wavelengfh scale on this spectrum is approximately

0.458/diode, or 1158 full scale, with the blue end on the left.

In order to be able to accurately identify the features,
a wavelengfh calibration is required. This can be achieved by
an exposure with a neon discharge lamp illuminating the spectro-
graph slit. Figure 6.5. (d) shows a display of the stellar
spectrum of Figure 6.5. (c) in the upper trace, and a neon
spectrum on the lower trace. A detailed description of the use
of neon spectra for the identification of stellar spectral

features is to be given by A. Humrich )

Some idea of the ''collecting rate'" of the system as a
whole can be deduced from above data. The spectrum of
Figure 6.5. (a) was obtained with an integration time of
3 min 4 sec, and the mean signal level in the continuum is
about 330 ADC units or 0.8V. The magnitude of Vega is 0.03
Thus for Vega (m = 0.03) the collecting rate is approximately
1.79 ADC units/sec. 1In general, for a star of magnitude m,
the collécting rate is given by :-

1.79 (2.512 ~(m - 0.03),

= 1.83 (2.512™™) ADC units/sec

or 4.46 (2.5127™) mV/sec
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6.3.2. Fixed Pattern Noise

The data described above can be used for performing
a statistical analySis of fixed pattern noise, an exercise
that would, be extremely lengthy and laborious without the

computerised acquisition system.

a) Fixed Pattern Offset Noise

An analysis has been made of the distribution of
reset levels in the FPN1 data of Run. 196 (Figure 6.4. (a)).

Figure 6.6. shows this distribution of reset levels.

The range of reset levels encountered is 1594 ADC
units, compared with the full output swing of the array
(from the highest reset level to the baseline) of 3775
~ ADC units. '

The magnitude of the offset fixed pattern noise
places considerable limitations on the digitisation step
size. For example, ih the exposure of Run 196 described
above, the average signal level in the continuum was 330
ADC units. Thus the "resolution" of signal level is only
1 in 330 despite the use of a 12 bit ADC. This arises
because we choose here 1o digitise the baseline level
also. Consider the situation if we were not tb digitise
the baseline. The signal could be amplified further before
input to the ADC, but only to point where the range of
offsets matches the input range of the ADC. The average
signal would then be around 850 ADC units. Thus the resolution
of the digitising system is being greatly degraded by the need

to accommodate the range of offsets present in the video

waveform. .
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Various schemes have been suggested for removing
some of the fixed pattern offset prior to digitisation.
A1l such systems involve the use of a differential amplifier,
with one input signal representing the offset. This offset
can be obtainéd in real time by delaying the video and
feeding back the appropriate 1evelé, or can be synthesised
from previousl& stored digital data via a D to A convertor.
Figure 6.7. presents a sketch of a system of the latter type.

The merits and limitations of various schemes are currently

being investigated.

b) Fixed Pattern Responsivity Noise

In order to measure Variaﬁions in responsivity,
.ideally a perfectly uniform illumination over the length
of the array is required. Such an exposuré proved very
difficult to obtain, and instead the tungsten exposure
from Run 201n(Figuré 6.5. (b)) has been used. Before
the responsivity distribution can be measured, the variation
in illumination along the array must be '"removed". In
order to do this, it was assumed that the illumination would
be a smooth function, and a third order polynominal fit
was made to the data. This function was then assumed as
unity responsivity, and the deviations from this were
computed. The distribution obtained is shown in Figure 6.8.
The sféndard deviation of the responsivity is calculated as

o= 4.9%.

This will inevitably include some deviation caused
by the error in assuming the illumination function to fit
the third order polynominal, but serves as a useful

preliminary indication of the level of responsivity noise.
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6.3.3. Random Noise

The digitisation step size throughout the work at
the RGO was approximately 2.5mV. From the estimated I.QfV/
carrier of Chapter 5, this step represents a "quantisation
noise" of some 1500 carriers, which we would expect to mask
the random noise.. Thus we expected the following experiment
to show us that the only observable noise was due to

the quantisation step size.

In order to measure the random noise, the'plan was
to.make a large number of identical exposures in
succession, in the dark. The random noise could then be
computed from the distribution of a particular level from
exposure. to exposure, and the double sampled noise computed
from thé distribution of the difference between an

appropriate pair of levels.

Attempts to measure the distribution of a given'level
over several exposures were largely unsuccessful. As
expécted, the difference between levels (double sample noise)
from exposure to exposure did not show more than 1 ADC unit
variation either side of the mean. The levels themselves
however, in the exposures for which we took the data,
exhibited a slow rise from exposure to exposure with time.

Some typical data exhibiting this effect is shown in Figure

6.9.

This effect will be described in the next section,

which includes other seemingly related problems.:
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6.3.4. Lag Problems

It was noted in Chapter 5 that there were apparent
problems with image lag, probably due to'a dombination of
incomplete recharge and inefficient transfer. The behaviour
as shown in Figure 6.9. seems to be further evidence of
similar problems. The data of Figure 6.9. Was gathered
over a timespan of roughly one hour. Prior to the
exposures; the spectrograph had been opened in order to
fill the liquid nitrogen dewar, and so the array had been

exposed to light.

Some interesting points arise
(a) The baseline levels are stable, and so gain or
offset drifts in the external electronics can

be ruled out.

(b) The first video level of a diode pair is higher
(more charged) than the second, and the second
~is higher than the third (reset) level. This is
in fact a commonly observed phenomenon at low.
temperatures and very low light levels. A.

possible explanation for this is charge pumping.

(c) The differences between levels do not change with
' time, although fhe levels themselves increase, as
if there is some slow change in some internal
parameter leading to a drift in output level

following exposure to light.

- The feasibility of charge pumping as a candidate for
the effect as described in (b) above can be tested by
inserting some typical values. As the gate of the recharge
transistor is pulsed, charge will be injected into the
substraté, tending to reduce the charge on the gate capacitance
of the source follower transistor. Assuming, as in Chapter 2,
a pumped charge of 10—2 pC, and a gate capacitance of say 0.1 pC,
this would lead to a step in the region of 100mV, compared

to the 25mV or so observed. Thus charge .pumping could produce
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an effect of the correct order of magnitude. If it

is responsible however, it remains to be seen why, as
can be clearly seen from Figure 6.9., the second step
(as the second diode is recharged) is smaller than the
first step (as the first diode is recharged). This is
perhaps peculiar .to this particular video line
(Array.- Number 302, Video Line 3), but this has yet to

be investigated.

A further problem became apparent when investigating
the behaviour of the array during the exposure on Vega
described earlier (Run 196). Figure 6.10 shows a printout
for Run 196 which lists the video levels for the first
five diode pairs for FPN1 (Block 0), DSRO (Block 2) and
FPN2 (Block 3). The first video level is the baseline, the
second the signal on both diodes of a pair, the third the

signal on the second diode only and the fourth the recharge

level.

‘The situation is shown graphically in Figure 6.11.,

for the first diode pair.

In the DSRO readout, the recharge level has dropped
significantly, by about 150 ADC units, compared to a
"signal" level of about 300 ADC units. The FPN2 readout
is made 50 recharge frames later. Theﬂrebharge level is
now higher, but still some 30 ADC units lower than it was
in FPN1. This, combined with the behaviour noticed in
Chapter 5 (Figure 5.9.) casts considerable doubt over the

validity of the double sampling process.

6.3.5. Reciprocity Failure

Suspiciohs were aroused about a possible non-
reciprocity effect when it was noticed that during

observational runs on faint objects, no strong features

had been detected. The following observations were made

in an attempt to demonstrate such a reciprocity failure.
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. Exposures were made on the H, lihe-in Vega, as
this is a very wide and strong feature. An exposure
was made on this line for 2.5 minutes (Run 312). This
was followed by a second exposure (Run 314), this time
with a 10.5% neutral density filter insefted between the
telescope and the spectrograph slit, but with an exposure
time of 25 minutes. Thus these two exposures should have
been similar in terms of integrated light. The continuum
level of Run 312 (no filterj proved slightly lower than
that of Run 314, possibly due to guiding problems or
incorrect calibration of the filter. The two continua
were normalised by simply scaling the data of Run 312 by
a constant factor (1.24). The two spectra, so matched,
and divided by the tungsten spectrum of Run 201 (Figure
6.5. (b)) are shown in Figure 6.12. (in the region of the

.H4 line only).

The feature is shallower in the spectrum from

the weaker signal than in the spectrum from the stronger

signal.

This supports the suspicions that led to the experiment.
It is not clear from these observations whether the effect
is due to a genuine reduction in responsivity at low light
levels, or to a threshold effect, or to a combination of
both. There is eVidencevfor both in previous data (Chapter
5.4). A threshold has been observed during observations of
thermal leakage, but this has yet to be satisfactorily
investigated. Support for the responsivity being a function
of signal level also comes from thermal leakage current
measurements. Consider the leakage current density curve
of Figure 5.6. This shows a downward trend at low temperatures.
This coilld be explained by a reduced responsivity at low

temperatures ( small signal levels ).
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More work is necessary to isolate the factors
contributing to this reciprocity failure. Suggestions
have been made that the effect is cauéed by the "inversion"
of levels at low light levéls as seen in Section 6.3.4. This
would contribute about 5 to 8 ADC units, as opposed to the
threshold of 30 or so ADC units required to explain.this

example of non-reciprocity.

6.3.6. 0dd-Even Effect

‘ On many exposures, a difference in responsivity
between odd and even numbered diodes has been observed.
An'illustration of this effect can be seen in Figure

6.13. The photograph of Figure 6.13 (a) shows, on the
upper half of the screen, a "subtracted" spectrum of Vega
Showing a strong absorption feature (Run 175). On the lower
half .of the screen is a tungsten exposure (Run 174), taken
immediately prior to the exposure. The result of dividing
the upper spectrum by the lower spectrum is shown in

Figure 6.13 (b). .

The differences in responsivity between the odd and
eVen diodes is clearly visible, especially at the left
hand end of the spectrum. Note however, that if this effect
"had the same magnitude in both the stellar and the tungsten

spectra, then it would be removed by the division.

 Observation of the phenomenon has led us to believe
that it is dependent upon the alignment of the slit image
onto the diode array. Where the image spills over the

edge of the diode area, excess signal appears to be generated.

In this array, because it was not designed for optical
imaging, the circuitry on either side of the'active diohe area
is not masked from.light. Odd and even numbered diodes have
their readout electronics-situated on dpposite sides of the
line of diodes. Therefore, if there is some mechanism whereby
signal can be generated in the supposedly insensitive electronics,

a misaligned slit image will cause this -odd-even effect.
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Figure 6.14 .(a) shows the conventional circuit
diagram for the elements. However, each reverse biased
diffusion will of course act as a photodiode. Figure
6.14. (b) shows this circuit redrawn to include these

additional sources of photocurrent. Each has a somewhat

different effect.

D1 is the large area photodiode. D2 is the drain
diffusion of T1l, and is in parallel with D1. The area
of the drain diffusion is not known, but is probably about
10 pm x 10 pm, that is just over 1% of the area of DI1.
Thus its contribution to the responsivity will be

Vefy small,

‘Diodes D3 and D5 are formed by the drain diffusion
of T2 and the source diffusion of Tl respectively. These
are of similariarea to D2. These photocurrents will
discharge direétly the gate capacitance CG of T3, the source

follower transistor.

The photdcurrents of D1, D2, D3 and D5 are thus
all integrated on the source follower gate capacitance.
The drain of T3 acts as a photodiode (D4) but this photo-
current is not integrated and its effect will therefore

be small except at very high light levels.

The source diffusions of T2 and T3 also act as
photodiodes, but their effect is only to create a leakage
current from the VDD line to the substrate and this will not
affect responsivity. Sources of photocurrent exist within
the shift register, but their effect is difficult to predict

and will hopefully not degrade the array characteristics.
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Iﬁ was noted earlier that this odd-even effect, or
"splittibg”,had different characteristics in the tungsten
and stelﬁar exposures.- This has been attributed'to the
alignemebt of the spectrograph. The slit image from
the tunggten lamp is not accurately coincident with the
slit imﬁge from a star. Further problems arise because
the pos;tion of the slit image moves as the grating

incidenée is changed.

These difficulties make it essential that array
align¢mqnt is checked, and if necessary, corrected,
periodically. Problems arise on long integrations on

stellar [objects.. The position of the slit image on the

array is dependent on the position of the stellar image
on the ?ntrace slit. As the hour angle of the telescope
changesjduring guiding, the position at which the
autogulder places the image moves. Also, it has been
found that the array position moves slightly as the 1eve1
of the 11qu1d nitrogen in the dewar ‘drops. Thus even
with cafeful; aligngment, some '"splitting" is usually

' |
found on long exposures.

|
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6.4. Summary

- The array haé been operated with a certain degree'of
success at the 30 inch telescope at the RGO. The operation
of the computer controlled electronic system has been
.proved, and a suite of programs has been developed in CATY
covering on-line operation, data inspection and limited data
reduction. The techniques of non-destructive readout,
subtraction of fixed pattern noise and responsivity correction

by division of spectra have all been developed and proved.

The minimum digitisation step is too large to enable
noise iimited performance, but excessive fixed pattern offset
noise prevents significant reduction of this step size.
Possible '"feedback" systems for reduping the offset noise

'prior to digitisation are being evaluated.

Some "odd-even" variation in diode signal has been
observed, and this has been traced to light spillage onto

unmasked, photosehsitive areas of the on-chip electronics.

"Considerable problems have been encountered with
variation of recharge levels and with image retention.
Reciprocity failure has also been demonstrated, in that
the array -is less responsive to faint light than to strong,
and consequently strong spectral features have not been
found in exposures on weak objects. These problems confirm
many of the findings of Chapter 5, which described the

initial laboratory testing.

The implications of these problems for the project

as a whole are discussed in the following Chapter.
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CHAPTER SEVEN

A Review of the Plessey Array Project, and

some Comments on Future Development

This Chapter sets out to review the important
features of the work so far carried out by the Durham
group in the period from their first involvémentwith the
project in February 1977, until the end of the first
observing period at the R.G.O. in August 1980.

The concepts underlying the design of the array
will be reviewed briefly prior to a discussion of the

results so far.

7.1. The Design of the Plessey Array

The interest in diode arrays for astronomical
imaging has been demonstrated by the number of groups
using Reticon arrays. These have all been recharge
sampling arrays. The benefits offered by such
detectors have been the high quantum efficiency
characteristic of silicon detectors, the absence of
image retention or lag, and the linearity of response,

coupled with simplicity of use.

The Plessey array was developed in conjunction
with ~the RGO not for use in direct optical imaging
applications, but for installation as a photoelectron
detector in an electronographic tube. Various novel

techniques were included in its design.
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It was thought that the signal produced by a
single pho%oelectron would be insufficient to overcome
readout noise, and‘so the "on-chip'" amplifier transistor
was included. This has the effect of integrating the
photocurreht (and the leakage current) not on the photo-
diode capacitance, but on the smaller gate capacitance
of the source follower, thereby producing a greater
voltage swing.. The source follower output is then
gated onto the video line by a multiplexing transistor.
The source follower gate capacitaﬁce can be recharged
after readout by a charging transistor. Thus the array
has considerable similarities ih principle to a
conventional voltage sampling array ' and of course also
inherits its problems of an output characteristic that
is critically dependent upon fhe type of output load

~in use.

There is a further speciai feature of the Plessey
array. There is separate.access to the recharge line, ‘
and this leads to the possibility of double sampling.
which can be used to remove.. offset fixed pattern noise.
and reduces low frequency random noise. Furthermore,by
not enabling the recharee line during a readout, a non-
destructive read can be performed. Averaging a number of
successive non-destructive readouts can be used as a means

of reducing random noise,

The expected advantages of the Plessey array therefpre
are chiefly an improved signal-to-noise ratio due to the
amplifying transistor and to the double sampling and non-..
destructive read techniques; Some problems are predicted

to arise from these techniques, however.
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7.2. Predicted Problems arising from the Design

of the Plessey Array

Conventional voltage sampling arrays have been
shown to have non-ideal output characteristics when
driven into real loads. The worst case load has been

shown to be the virtual earth circuit.

The situation for the Plessey array becomes
even worse. Because of layout constraints, outpufs
from adjacent diode elements are gated onto the video
line simultaneously. Extraction of the separate diode
data is achieved by the use of two charge pulse lines.
Linear operation relies upon a correct summing action
on the video line when connected to the output loéd.
Such a summing action occurs only in the case of the

Virtual earth load.

Further problems arise' when the charge transfer
mechanism through the amplifying transistor is considered.
Signal transfer has.been predicted to be slow at low

signal levels.

Such then are the anticipated problems based on
simple linear circuit analysis. Further problems have

been encountered in practice.
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7.3. Observed Problems with the Operation

of the Plessey Arrays

Dufing laboratory tests, it was discovered'that
the double sample read operation fails to give a

representative measure of the integrated light signal.

This . appears to be due to incomplete recharging by

the charge pulses. The non-destructive read seems a
better estimate, but by using this the spatial resolution
is degraded by a factor of two,. and any advantages of

double sampling to reduce random noise are lost.

The responsé time of the output to changes in
light intensity was found to be slow. Furthermore,

there seems to be evidence that the integrating action

‘of the detector fails at high light levels.

During operafion at the R.G.O., the same problem
of the double sample readout underestimating the integrated
signal was noted. Image retention over a considerable period
has been observed, and reciprocity failure has been

demonstrated.

Two other problems have been encountered, but
these promise to be relatively easy to overcome. The
first is the excessive fixed pattern offset noise which
limits the digitisation precision. This should be reduceable
by pre - ADC signal processing. The second is the odd-even
effect which is due to stray jllumination of the on-chip

readout electronics. This should be eliminated by masking.
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On the merit side, tests have shown a random
noise figure lower than that observed in Reticon
devices. The spectral response characteristics

are also very promising.

So far, the causes of the problems observed
have not been satisfactorily identified, and this must

form a major part of future work plans.
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7.4. A Suggested Outline for Short-Term Future Work

7.4.1. Laboratory Measurements

The laboratory measurements described in Chapter Five
were restricted by a lack of suitable equipment. In particular,
thé integration control and data acquisition system was still
under development. Temperature control of the array was
poor and no optical test facilities existed. Furthermore,
many measurements would have benefited from the use of a

transient recorder.

A major problem has been to isolate one aspect of
array operation from another. Some steps were made towards
fhis in the impulse response experiments (Chaptef 5.8.).
This experiment was only possible with advent of the computer
bésed control system. The use of the control system, in
conjunction with the transient recorder, has beeh shown in
recent measurements on fandbm_hoise characteristicsl),
measurements which would not have been possible without

this equipment.

With the equipment now available, along with a
good optical imaging system, it -should be possible to
carry out detailed investigation into the effects so

far discovered.

There appear to be three main functions of the

element that are worthy of investigation.

The transfer of signal from the diode and its
integration on the source follower gate capacitance
needs to be investigated. The method of using short
light impulses seems promising, as this enables the

process to be monitored in isolation from the recharge

- function.
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The recharging function also requires further
investigation. Again, a system using short light impulses
enables a single recharge operation from any desired signal

level to be monitored.

There is an apparent reciprocity failure and possibly
a threshold effect. A study of theée requires a light
source capable of imaging accurately related and very
small light intensities onto the array in order to observe

its behaviour with small diode currents.

Even using such techniques it may prove impossible
to isolate one mechanism from another. It would be very
useful, for such work, to have available a single element
device such as the device used by the RGO for initial

tests in the Kron camera.

7.4.2. Improvements to the Control and Acquisition System

The system as described in Chapter Four is well suited
to experimental work of the type proposed above. For the
full potential of the array to be realised for astronomical
work,"some additions to the system are required. The first
of these in terms of priority is the pre—ADC offset

reduction system.

The usefulness of the computer is limited by its
shortage of addressable memory, and the absence of a
rapid access mass storage device. An extension to 32K words
of main memory and the addition of a twin floppy disk unit
is worthwhile, and this has been done already. This permits
the use of the powerful RT-11 operating system and the use
of high-level languages such as FORTRAN IV for data analysis.
As mentioned previously, CATY is ideal for the type of on-line
control being done at present. More powerful languages are
worth considering for future use, but the programming ovefheads

associated must be carefully evaluated.
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Two useful surveys of the CAMAC oriented languages

on the market have been published 2’3?

It is not possible with the preSenf system to
.exploit the possibilities of averaging successive non-
destructive read outs. To do so requires either an
extremely large buffer store, or some sort of recycling
memory into which successive frames can be added. These

two alternatives are sketched as Figures 7.1. and 7.2.

The above, then, is a recommendation for the immediate,
short term work, and consists of some extensions to the
control and acquisition system and a detailed investigation

into the device characteristics.

" 'A long term development programme 1is much more
difficult to suggest. The following section puts forward
the author's personel vieWs and recommendations, and these
- do not necessarily represent the opinions of any other

members of the group, past or present.
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7.95. Suggested Long-Term Development Plans

The following suggestions are based on the premise
that the goal of this project is to produce a detector
system capable of generating good astronomical observations.
Implicit in this is that it should have a performance better
or at least equal to other systems currently in use. The
discussion really hinges on the type of device to use, as no
major re-think is required concerning the structure of the
electronic/computing system. The options available for the
type of device to be used include the existing Plessey array,
a custom designed device, or a commercially available diode

array, CCD or CID.

7.5.1., The Plessey Array

The most immediately attractive policy is to continue

observational work with the Plessey Array.

The observational period at the R.G.O. was extremely
valuable in revealing problems associated with the devices.
Much work on identifying the sources of these problems remains

to be done before further observing work can be attempted.

‘Even then it is difficult to see how a good detector system

can be built around a device known to have these problems
of image retention, non-reciprocity, incorrect estimation

of signal, and non-linearity.

The one outstanding feature of the array is non-
destructive readout, but even this is achievable only with

a reduced spatial resolution.
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7.5.2. A Custom Designed Array

‘ This is in some ways the logical extension of the
project, in that a custom designed array has been built,
tested and its deficiences identified, and so the
experience gained could be put into an improved design.

It is possible to put forward tentative suggestions for

a voltage sampling array which might possess some of the
advantages of the Plessey array but without some of the
problems. For example, the circuit of Figure 7.3. would
still provide for non-destructive readout and double
sampling. The transfer transistor has been removed and
the signal is now integrated on the diode capacitance.

The elements are no longer paired and thus non-destructive
readout is now possible without loss of spatial resolution,
and the summing problem is removed. The inherent non-

linearities of voltage sampling arrays are still present.

Before such a project could be started, an in-depth
“knowledge of the mechanisms within the Plessey array would
be required. Close collaboration with a semi-conductor
manufacturer would be essential and considerable funding
would be required. It is difficult to see from where
sufficient interest could be generated in order to sponsor
such a project. It is also not clear that the device

would out-perform existing commercially available arrays.
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7.5.3. Reticons and CCD's

Other groups have had succéss with Reticon arrays,
and these appear to suffer from none of the problems
we have encountefed. These arrays, being recharge sampled,
do not offer the possibility of non-destructive readout.
Similarly work has been done with CCD's and these seem
to offer a lower noise level than recharge sampling
diode arrays. Both types of device are readily available.
Of particular interest is the Reticon CCPD, a diode

array with a CCD readout register.

Using such devices would enable a working system,
usable for astfonomy, to be constructed within a relativel§
short time. It has been done before, and holds little
technical interest as a.research project, but may be of
value as a "bread and butter" project to maintain
credibility and generate enthusiasm within the
astronomical community. If the aims of the group were
simply to 'do some astronomy", it would probably be the

best option to follow.

7.5.4. The CID Array

0f much greater technical interest is the potential
of the CID device. CID's are capable of performing a non-
destructive read operation. A CID array has been purchased

by the. group, but SO far 11tt1e work has been done on this.

The device size is 342 elements by 42 - elements and thls

will lead to some signal processing problems. The storage
required for a single frame is slightly less. than 16K words.

In order to benefit from averaging repetitive non- -destructive
readouts, a large recirculating and adding memory is required.
For example, to sum 64 frames of 12 bit resolution would
feduire a 16K x 18 bit buffer memory .
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The investigation of the CID is worth considerable
effort, and it seems to be here that the future of the
group lies, rather than in continuing astronomical

observations of dubious quality with the Plessey array.

7.5.5. Intensified Imaging with the Plessey Array

The Plessey array was developed for use in
the photoelectron counting mode. All the problems that
have so far hampered its use as an optical imager
would be unimportant if the array was used in this mode.
Some consideration should be given to this, and the
interest within groups using devices such as the electrono-

graphic tube should be assessed.
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7.6. Conclusion

At the outset of the project, the Nuclear
Instrumentation Group had no experience of optical
imaging systems. In the 18 month period between
the first visit of the author to the R.G.O. to
acquaint himself with the arrays, and the end of
the first observational trials at the R.G.O.,
considerable progress has been made. A powerful
computer controlled acquisition system has been
developed from scratch, and a number of properties
of the arrays have bgen evaluated. The group as a
whole has built up .a considerable expertise in imaging
systems work, both in terms of knowledge and experimental
facilities. The Plessey array has exhibited a number of
shortcomings when used for optical imaging, and these
~cast some doubt about its ultimate usefulness as a
detector for astronomy. The characteristics of the
device are worth further investigation, but consideration
must be given to other types of solid state imaging array.
The CID seems to be the most promising, but a Reticon
device would probably lead to an operafional observing

instrument in a shorter time.
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APPENDIX A

Definitions and Derivations of DQE for an Integrating Detector

The usual measure of quantum efficiency quoted for
a detector is its Responsive Quantum Efficiency (RQE). The

RQE is defined simply as :-

RQE _ no. of detected photons (A.1.)

no. of incident photons

A more useful measure of the performance of an
integrating detector is its Detective Qﬁantum Efficiency

(DQE). This is defined as :-

DGE (s/M? out . (A.2.)

(s/N)? in

‘'signal to noise ratio of the.output signal

where ~ (S/N) out

signal to noise ratio of the input signal

and (S/N) in

Consider this in relation to a diode array. We must
first calculate the signal to noise ratio of the output. In
order to do this, we assume that two readouts are made, one
after an integration on the light source, and the second
after a dark exposure. These are then subtracted to remove
offset noise. The array is cooled, so leakage current and

the shot noise on the leakage current are taken as zero.
The signal will be given by :-

Sout = RQE Np AT1
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I

where  RQE

N
p

AT1

Responsive Quantum Efficiency of the detector
Incident Photon Rate

Exposure time of first (signal) integration
The noise og the output has 3 components.

(a) the.shot noise on the input signal.

(b) the readout noise on the first integration.

(c) the readout noise on the second integration.

2.
Thus N, . = RQE Np AT, .+ 207, where o is the readout noise

and we have

(8/N) out RQE NpATl \ (A.3.)

) 2
Y RQE N AT, ¥ 20

The signal at the input is given by :-

S. . = N_AT
in= P 1

and the noise.on this is the shot noise, given by :-

N. =\]NpAT1'

An

and so

(S/N)y, ={Np ATy (A.4.)

This gives the.DQE, from Equation A.2., as :-

DQE = RQE (A.5.)

1 + [ 2° ]
RQE N AT,
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The advantages of non-destructive readout can
be seen by predicting the DQE obtained by averaging
a number of such readouts. The approach is similar,
but the readout noise is reduced because N samples

are taken.

This gives a new readout noise of :-

£ - O
=

21 is the noise resulting from N1 measurements

of the signal, and

é:z is the noise resulting from NZ measurements of

the dark integration.
The DQE becomes :-

DQE = RQE
: 2 2
i+ 2& + :22

RQE Np A T1

Now, if N, = N,, then%,; =%, and this becomes :-

DQE -~ =- "RQE - (A.6.)
2
1 20 _
N BQE N AT,
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"APPENDIX B

The Digitisation Sequence Generator

The circuit diagram of this module is shown in
Figure B.1. Only one of the four programmable channels

is shown in full, the others beihg identical.

The 16 cycle count sequence is generated by the
4 bit counter IC1 and the 4 to 16 line demulitplexer IC2.
Start and Stop pulses are synthesised by programming 16
to 4 line multiplexers(IC3A and IC8A), the outputs of
which feed a D-type flip flop (IC7A) which generates the
output pulse of the desiredllength and timing.

Four programmable outputs are generated in this way.

A fifth, preset output is generated by the flip-flop IC12.
This output has a duty cycle of 50% and is used as the
Sub-Clock to the Clock Phase Generator.

Programming of the Stop and Start Multiﬁlexers is
by a single pair of hexadecimal thumb wheel switches common
to all four output channels. Programming of each channel
is achieved by setting the désired start and stop times
on the thumb wheels and depressing the "SET" switch for
that par@icular channel. The next channel can then be
programmed in the same manner. Similarly the settings of
each channel can be observed on a[glr of hexadecimal LED
displays by depressing the "VIEW" switch of the desired

channel.

Figure B.2. shows a typical timing sequence and

‘thé thumb wheel settings required to program it.

Power for the module is taken from the NIM + 6V rail

via series transistors to reduce the TTL supply to 5.4V.

r/
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FIG.B.2. TYPICAL TIMING SEQUENCE
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APPENDIX C

The Integration Control Module

The circuit of this module is drawn in Figﬁres
C.1A. and C.1B. Figure C.1.A. shows the functional section
of the module, and Figure C.1B. shows the CAMAC decoder

and power supplies.

The MASK register is written to from the W1 -to
W3 lines on the dataway. W1 gates the Strobe and Increment
commands, W2 the Charge Pulses and W3 the LSR pulse.

There are 3 LAM sources, L1 set by the LSR pulse
each frame, and L2 and L3 by front panel push-buttons but

.generated coincident with L1 to simplify LAM handling.

These are monitored by the LAM status register.
The design rules of EUR 4100 specify that each LAM source
shall be independently maskable and testable. Outputs
enabled by the LAM Mask register are "OR'ed" to produce
the L request. Similarly, the results of the TEST functions

are "OR'ed" to produce the Q response.

Only even;numbered F commands are used, thus
simplifying decoder logic. Full CAMAC decode is implemented,
and the éommands are summarised in the table in Figure C.1B.
For the LAM handling commaﬁds, sub-address O forces a common
action to all three LAM sources, whereas each source can be

handled independently by using the appropriate sub-address.
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APPENDIX D

The On-Line Control Program

The on-line control program is listed in Figure D.1. (a) -

(m). This is the version for the 12 bit data acquisition system.

Lines 100 to 1060 define module addresses and storage areas.
Because of the limitation on the naming of simple variables, a
number of variables are gathered together in arrays W, A and U

for economy.

Lines 1080 to 1175 prompt the user and initialise

various counters and flags.

The main loop of the program is contained within lines

1185 to 1240. The current frame number is displayed on the
‘user's VDU by lines 1222 to 1226. '

On receipt of an interrupt, the program jumps out of
the main loop into the interrupt handling routine (lines 1250

to 2140). Decisions within the routine are made according to

_ the state of the frame counter, X, the '"readout in progress'

flag, L, and the L2 and L3 LAM requests.

Lines 2490 to 3650 are the memory transfer and display

routines for the four readout frames.

At the end of the run, execution passes to line 4000.
Interrupts are disabled and control is returned to the user. A

run summary is printed and a menu of options for display, prlntout

and dumping of data is presented.
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‘Lines 4580 to 4780 contain the print routines, and
lines 5000 to 5340 the graphics display routines. Lines 5360

to 5950 are subroutines called by the display routine.

Subtraction of spectra is handled by the Number

Crunching subroutine of lines 6000 to 6210.

Lines 7000 to 7610 form the punch routine. The
punching of some variables in the run header presents some
problems. CATY words have a 24 bit precision, but only
words of 8 bit or 16 bit length can be punched. A 16 bit
word can store an integer up to 65535, but some
integration periods (in frames) are larger than this. 24
bit words are split into two 16 bit words by lines 7120
to 7130, using the logical '"AND" énd "bit shift" facilities
of CATY.

‘Lines 7620 to 8800 contaiﬁ'somé short CAMAC subroutines
called from other parts of the program. Lines 8600 to 8630
~are a null subroutine, but a short routine to scale data is
included. here when using the 8 bit acquisition system. This

is the only change required.

On occasion, it is useful to be able to "free run"
the array (e.g. to set up amplifier gains), and a "free run"

routine is included in line 9000 to 9160.

This is called from the interrupt routine when the flag,
.0, is set. A variable P is read from the DATA list in line

. 9130. This variable is the required mask word. If a value other
than a valid mask work is returned, the RESTORE statement returns
the DATA pointer to the beginning of the iist. The free run
routine is halted by the~setting of the L2 LAM.



0100 RAEM kkk 12 IT DATA ACIUISITION PROGRAM.

0101

0110 YDU=D,0,1 H
0120 PTR=0,0,2

n130 ?Ui"JCH=OJOJ3
014as :‘4:’;‘.{‘1’:{:’:‘)018
9150 CuTL=0,0,7
n160 DRIVER=T,9,12
01779 MODE=0,0,13
180 CHECK=0,0,15
0195 DSPL=0,0,20

TOuiY el /8/T6 *¥x

MODULE DEFINITION

n220G

1510 REN STORAGE ALLOCATION

1025 DIMEN 2(2048), ‘

1930 DIMEN T(255) ;3 STOURAGE.FOR REDUCED SPECTRUM

1540 DIMEN #(2) ;5 STORAGE USED I REDUCTIUN ROUTIAE
1050 DIMEN AC4) 3 STORAGE USED IN PRINTOUT ROUTILNE
1555 DIMEN U4) 5 FRAME COUNTERS :

1965 DIMEN M(20) ; HEADER SLOCK FOR PAPER TaAPE (/P
1079

15875 LET 0=0 . ;5 CLEAR SCREEN AND PROMPT USER

1590 LET Y=1

1092 GOSU3 8750

1596 FOR A= 1 TO 109500

1798 NEXT 1

11205

1125 LET D=20

1130 PRINT "LENGTH OF INTEGRATION PZRIOD?Y
1132 I84PUT E '

1135 LET G=1

1140 LET 1=50

1145 PRINT " 'RETURN TO START RUN "

1147 WalT :

11453 REM PROGRAM RUNMING
1155 DRINT " "

1152 LET MC4)I=E -

1153 LET M(5)=§

1155 LET MC10)=9 .

1156 FOR 2= | TO 2948, 5 CLEAR Z
1157 LET Z1)=9 o

1158 HEXT QA _

1160 LET X=0 3 Fraliy couaTer

1165 LET k=9 ; INTEGRATION COUNTER
1177 LET L=0 FLAG

1171 LET J=0

1175

.o

A

F1G.D.1. LISTING OF ONLINE
(a) '

INITIALISE COUNTERS

PROGRAM

%

F LAt



1175
1176
1177
1189
1185
1199
1299
1210
1215
1217
1220
1222
1224
1226
1228
1239
1232
1240
1245
1259
1251
1269
1270
1280
1285
1290
1300
1310
1325
1325
1326
1327
1335
1349
1360
1399
1400
1429

1430

1440

REM ======-=-~- INTERAUPT DETECTION AND IDENTIFICATION

e

=8B CNTLLO

IF L=1 GOTO 2599

IF L=2 GOTG 3997 5 DOUBLE SAMPLE READOUT IN PROGRESS
IF L=3 GO T035%0 5 FPu2 I PA0GRESS

IF L=4.GO TO 275% 5 WDR0 IN PROGRESS

IF L=5 GO TO 3790 5 FIdAL ADA0 SENUZNCE

LET U=X-M(8)

PRINT " Y

LET Y="'15%

GOSU3 8750

FOR A= 1| TO 5990
NEXT 2
GO TO 1185

INTR 7 ; INTR FROM CONTROL MODULZ

LET X=¥X+1

T1 DSPL,O,X 5 CYCLE COUNTER

IF 0=1 GO TO 9959 5040 - FREE RUNNING
IF 0=2 GO TO 9165

GOTO 1500 3 RECHARGE WHILE FPul

IF L=1

IF L=2 GOTO 1500 RECHARGE WHILE D.SANMPLE
IF L=3 GO TO 1500

IF L=4 GO TO 1600

TLM CHTL,2 5 TEST FOR STOP SIGNAaL

IF CaMl GO TO 195G
IF X<D GO TO 1550
IF X=D GOTO 1892  FPul READ CYCLE

IF X=F GO TO 1903 ; DOUSLE SaMPLE READ CYCL: |
TLM CiTLL3 ; TEST FOR #DRO REIUEST

IF call GO TO 2190
IF X<F GO TO 18690 3 LSRR ONLY
IF %=M GOTO 2000 ;FPN2 READ CYCLL

(b)

ZHABLE INTERRUPTS FRUM CuTL 120DULE

; FPN1 READOUT 1# PROGRESS

IN PROGRESS
PROGRESS




1440 .
1480 REM ------=-===--=-=-- ACTION AFTER INTERRUPT ~------==-=------=-<
1499 : '

1500 WT1 CNTL,D,3 - : ; RECHARCGE

1510 IF X#2 GO TO 1530

1520 GOSUB 8550 "; SET #MEMORY FOR DATA IH

1530 EXIT

1540 :

1600 #WT1 CNTL,G,1 ; LSR PULSES ONLY

1610 EXIT ) .

1620 '

" 1700 WTL CNTLLO,0 3 DISABLE

17169 EXIT

1720 : :

1750 WT1 CNTL,G,7 - 5 READ ( FREE RUNNING)

1760 EXIT ‘

1770

1800 YTl CNTL,D.,7 3 FPW1l 1EAD CYCLE .

1810 LET UCl)=X+l : : ' '

1g20 LET L=1

1630 EXIT

1840 A

1956 WT1 . CNTLLO,7 ; DOU3LE SAMPLE READ CYCLE

1915 LET U(3)=X+1 :

1915 LET N=X+I

1920 LET L=2

1935 EXIT.

19405

1950 WTl1 CNTL,G.,7 ; DOUBLE SAMPLE READ AFTER STOP S5SIGNAL
1955 LET U(3)=¥+1

1967 LET N=X+1

1965 LET K=G

1967 LET L=2

1968 LET F=X-1

1970 EXIT

1980

o000 WT1 CHTLL,D.,7 5 FPW2 READ CYCLE
o010 LET Ua)=X+1

2020 LET L=3

2030 EAIT

2040 ~ , .
2100 WT1 CHTL,D,5 ; NDRO READ CYCLE
2110 DIS CNTL,3

2120 LET L=4

2130 LET U(2)=X+1

2140 EXIT

2150

(c)




2150

2800

1

2490 REM .............;.................................................
2500 REM MEMORY TRANSFER & DISPLAY OF FPNI
2510 TF X<=U(l) GO T0.2550; :
2520

2530 GOSUB 8500 5 EsAJSLE MEMORY FOR DATA OUT
2540 _ , :

o550 FOR A= 1 TO 512

2560 ]D1 MEMRL0,2(1)

2576 GOSUS 8600 ; SCALE LEVELS

0580 NEXT A

2590 '

2595 LET M(8)=UCl)-1

2600 LET R=0 ;5 BLOCK IDENTIFIER

2610 LET B=0

2620 GOSUB 5000 5 DISPLAY

2630 GOSUB 8550 ;5 SET MEMORY FOR DATA Lil

2660 LET L=0

0670 LET Y='7

5672 GOSUB 8750

2680
3685 LET M(8)=X

0687 LET F=X+E ; SET UP EWD OF INTEGRATION

2690 GOTO 1185 ; RPETURN TO MAIN PROGRAM

2790

2710 REM ....;..........................................................
0750 REM MEMORY TRANSFER OF WON DESTRUCTIVE READ
0760 IF X<=U(2) GO TO 2750

2765

0770 GOSUB 8500 3SET MEMORY TO DaTa OUT

2715

5730 FOR 2= 513 TO 1024 " TRAHSFER TO COMPUTER MEMORY
2785 D1 MEMR,T,2¢1) S

2790 GOSUB 35600 5 5CALE LZVELS

2795 WNEXT 2

2796 LET M(10)=U(2)-1

2797 LET V=M(10)- M(8)

5798 FOR 2= 1 TO 3

2799 LET Y='13

GOSUB 8750

28651 NEXT 2

ogn3 PRINT ' NDRO AT,V .

agng FOR A= 1 TO 4

ngns LET Y='16

2806 GOSUB 8750

2507 WEXT 2

2310 LET B8=2 ; 5PLIT SPECTRUM DISPLAY
2812 LET R=1 ;5 3LOCK IDENTIFIER

2515 GOSUB 5000 :

ogan GUSUB 8550 - ;5 32T MEMORY FOR DaATa I
2821 ENB CNTL,3 ; AE-ZWABLE INTERRUPTS

222 LET L=0

2§25 [F X<F GO TO 1185

og3n PRINT “RATS!H!Y ; MISSED PROGRAMMED END OF LaT.
92335 LET F=¥+!

2340 G0 TU 1185

2350

(d)




2850

DEOf REM o soeoesnssesnsssssssssosssssosassssssssnssasersnonstonsesrs ts?
30500 REM DOUBLE SAMPLE TRANSFER AND DISPLAY
3010 LET K=K+l A

3512 IF K>=G GOTO 3929

3914 LET L=0

3016 LET F=X+E

301% GO TO 1185

3020

3n25 IF X<=U(3) GO TO 3520

3530 GOSUB 8500 ; EWABLE MEMORY FOR DATA OUT
3040 o

350 FOR 1=1025 TO 1536

36060 ]D1 MEMR,0,2(Q)

3570 GOSUB 8600 3 SCALE LEVELS

3087 WEXT Q -

3090 _

3095 LET M(12)= U(3)>-1

3100 LET R=2 ; BLOCK IDENTIFIER

3110 LET 3=2 : S )

3124 GOSUB 5545 DISPLAY :

3130 GOSUB 8550 5 SET MEMORY FOR DATA 1IN

3135 LET L=0 |
3140 IF X<N GO TO 3160

3150 LET =X+l

3160

32204 GOTO 1185

3230

3490 REM S R LSOO
3507 REW FPii2 TRANSFER AND DISPLAY
3510 IF X<=U(4) GO TO 3550

3520 . :

3530 GOSUB 8500 ;5 SET MEMORY FOR DATA OUT

3540 A ’

3550 FOR 2= 1537 TO 2048

3560 RD1 MEMR,0,2()

3570 GOSUB 8600 . 5 SCALE LEYELS

3580 NEXT 2 -

3595

3595 LET M(14a)=UC4)-1

3500 LET R=3 4

36105 LET B=0 A 5 DISPLAY SELECTOR - Ra¥ SPECTRUNM
3620 GOSUB 5000

35650

e

(e)




3659
.3690
4500

4002,

q4010n
4015
4029
4021
4n22
4023
4025
4026
40217
4330
449
4n50
4070
4080
4090
4695
4100
4119
41205
4] 3%
414G
4150
4160
4162
4164
4166
4117%
4175
4189
4165
4190
42010
4509
4510
4500
4530
4549
45510
- 4560
4565
4570

4585

RE[".’ 0.!.".0-00-0ocoo...o.oo.lco'o.tolnooo-.oo.o.ooto

REM

END OF RUN

DIS CHTL,OD 3 DISABLE INTERRUPTS
LET V=MU12)-1i(3)
PRINT "RETURN TO PRINT RUN DATA"

WAIT
PRINT
PRINT
PRINT
PRINTH
PRINTH
PRINTH
PRINTH
PRINTH
PRINTH
PRINTH
PRINTH
PRINTH
PRINTH
REM
PRINT
PRINT
INPUT
IF Rx=

teet
e
reee
L
"
)
"

(1)

jod

3

INTEGRATION PERIOD LM 4)

NO. OF INTEGRATIONS "LMC5)

FPul AT FRAME "aM(6)

INTEGRATION BEGAW AT FRAME vLMC8)

LAST NOW DESTRUCTIVE READ AT vLMO10)
LAST IWTEGRATION FINISHED AT FRAME vLM(12)
FPHN2 AT FRAME vLMelad
INTEGRATION PERIOD ( ACTUAL ) FRY)

SELECT DISPLAYS,DUMPS 03 NEW RUN
DISPLAYS. FPN1=5,NDR0=1,D0UBLE SAMPLE=2,FPN2=3"
HARD COPY=4,LONG DUMP=5,5HORT DUMP=6,NEY RUN=T"

GOTO 4180

IF R=4 GOTO 4500

IF R=5 GO TO 7000
IF R=6 GO TO 7900
IF R=7 GO TO 1D&D
GO TO 4140 '

LET 8=
LET J=
GOSU3
GO TO
REN

PRINT
PRINT
INPUT

2
O
5%
41

00 H DISPLAY ROUTINE
47 : )
SELECT PRINTOUTS,DUMPS,OR NEW RUA

U"PRINTOUTS. FPNI=0;NDRO=1;D-SAMPLE=2}FPN2=3;REDUCED D.5=4""
wDUMP RUN=S5, DUMP.REDUCED SPECTRUM ONLY=6, NEYW RUN=T7"

q

IF R<=4 GO TO 4600
IF R=5 GO TO 7000
1F R=6 GOTO 7000
IF R=7 GO TO 1089
GO TO 4530

(f)



4580
4590
4600
4605
4610
4620
4630
4640
L5645
4650
4655
4660
4641
4662
4663
4564
4665
u6617
4670
4675
45805
4690
47070
4745
L4706
47917
4711
Q720
473%
4740

4759

4760
4765
477o
4780

REM  =====------- PRINT

LET S=R %512

LET J=9% :

PRINT "WO. OF POINTS?"
INPUT G
LET B=9
PRINTH """
PRINTH "
PRINTH """
PRINTH "
PRINTH "" .
1F R#4 GO TO 4665
LET J=1~ :
GosuUB 6000

LET 5=9

IF B<G GO TO04675

GO TO 45390

FOR Q=1 TO 4

LET C= B+Q

LET C=C+S

IF J#1 GOTO 4719
LET ACQ)=T(CI

GO TO 4729

LET A)=2(C)
WEXT 2

LET C= 3+l

PRINTH C,":",AC1),A(2),"

LET B= B+4

GO TO 4665,

BLOCK NUMBER='",R

vL,AC(3),A4)



4730
50070
5011
5520

5430

5040

5950
5060
3570
S0 &,
5090
5150
5110
5120
5130
5149
Sler
5160
5174

5180 .

51 9%
5200
5210
522r,
5231
5247
5250
5260
5270
5280
5291
5340
5310
5320
5330
5340
8350

REM  mmmmmmmmmmmmmmmmm—mmmmmmoe DISPLAY
YT1 MODE, D, ! 5 ERASE DisPLAY

TST ™ Uu.‘)

IF 40T GO TO 5030

CLl M(ODE,D

Rl PLOT AXES

F17 DRIVER,0,'2002 5 X-LINE MODE

GOSUS 5850 3oY=0

GOSU3 5850 o ov=1023

IF 3#2 GOTO05130 ; SPLIT SPECTRA

GOSUB 5900 ;5 Y=512

F17 DRIVER,D,'2003 ; Y-LINE MODE

COSU3 5800 3 %=0

GUSU3 5850 5%=1023

IF B=2 GOTO 5240

F17 DRIVER,0,'210 3 FULL PAGE, % SCALE=512
FS DRIVER,I :

GOSUB 5600 . ;5 512 POINT SPECTRUN
RETURN

REH SPLIT SPECTRUM

GOSU3 6000 ; COMPUTE RLDUCED SPECTRUM

RUUTIHES

F17 DRIVER,G,'10310 3 LOWE? HALF PAGE, 512 POINTS

F9 DRIVER.,I

GO5U3 5600 512 POINT SPECT“UN

e

F17 QQIJLR;O;'IQlOO 3 UPPER HALF PalE,s 256 DOINTb

F9 DRIVER,I
GOosSU3 5700 5 255 POINT SPECTRUH'

RETURN

(h)



5360

5590 REM  ==------------ m——mmme- DISPLAY SU330UTINES --------=-=-----°~
5595 .
5600 REHM 512 POINT SPECTRUL

5610 LET S$=R%512

5624 FOR 2A=1 TO Sl12

5630 LET H=2+53

5635 LET Y=4096-Z(H)

5647 F16 DRIVER,O,Y

5650 TLM DRIVER,D

5660 1F NOT2 GOTO 5550

5670 WNEXT 2

5680 RETURN

5690

5700 REM : 255 PQINT SP
5710h FGR 2A=1 TO 256

5714 LET Y=T(Q)

5716 IF Y<1G524 GO TO 5720

S71% LET Y=0

5726 F16 DRIVER,D,T(Q)

5735 TLM DRIVER,D

‘5740 1F WOTQA GOTO 5730

5750 WEXT Q

5760 RETURN

5775

5805 REM LINE PLOT
5810 Fl6 DRIVER,D,0 '
5625 TLM DRIVER,O

5830 IF NOT2 GO TO058&20

5847 RETURN :

1

- CTRUNM

Y=0

" 5845

5857 REM - LINE PLOT Y=1023
5¢60 F16 DRIVER,0,1023 -

5875 TLM DRIVER,D

53&7 IF WOTQ GOTO 5870

5890 RETURWN

5895 : _

5600 REM _ : LINE PLOT Y=512
5910 Fl16 DRIVER,D,528 o
5920 TLM DRIVERLOD

§93G IF NOT2 GO TO 5920

50475 RETURN

5950

(i)



5950
6000
610
6712
6020
6030
6040
6050
6060
6079
6080
6090
6100
6120
6122
6124
6130
6147
A1 50
61605

6170

6172
5174
5180
6182
6184
6190
6162
6194
6200
621
5280

NEM = esmmemmmmemm—m————--

IF J#l GOTO 6020

LET R=2

LET S=R%*512

FOR 2=1 TO 128

LET H=2-1 ,

LET H=H#4

LET H=H+S

LET H=H+3

LET W(1)>=Z(H)

LET H=H+l

LET W(2)=Z(H)

LET H=H+1

IF 2#1 GOTO 6130

LET H=H-S. ; FOR
LET P=2x%2

IF 2#128 GQTO 5170

LET T(P)>=0

GOTO 6180

LET T(P)=W(2)-Z(H)

IF Z(H)><W(2) GO TO 6180
LET T(P)=0

LET P=P~-1

IF R#1 GO TG 6190

LET W(2)=Z(H)

LET T(P)I=W(1)-W(2)

IF w(2)<¥(l1) GO TO 6200
LET T(P)=0

NEXT Q

RETURN

WDRO TAKE RESET LEVELS FROM FPil




T30

- m o m wm .

QUTPUT HEADER

J=0

IF R=6 GO TO 7118

M(1)=2058 ;

20 TO 7120

[M(l)=276 3 SHORT

M3 =rca) & 77600000

M(3)= HM(3) DOV

M7y = MEB)Y & 77600000
M(7)= 11¢7) DOYid L&

————— DUNCH ROUTINE -==-===-==-=-7==="

HEADER DEFINITION

FINST CHAR= "177777
pM(l)=N0e OF WORDS Iil DUMP
¥ (2)=nUs HUHMBSIR
M(3)=INT.PERIOD (HI WoRrD)
M(4)=INT.PEZRI0OD (LO WORD)
M(S)=M0. OF INTEZC

2 (56 )=FRAME NQO. OF FPHI
¥M(7)=13T BEGINS(HEI)
M(8)=I:T BEGINS(LO)
¥¢9)=LAST MNDROCHI)
M(10)=LAST NDRO(LO)
1M(l1)=D0OYUBLE SAMPLE(HL)
11¢12)=DOUBLE SaMPLECLO)D
M(13)=FPN2(HI)
M(14a)=FPN2(LO)
M(15)-1(20) 5PARE

LONG DUP

5 SEPERATE 24 31T VARIABLES IHTO 2%15 B

1(9) = M10) & ' 775600000

MC9) = M(9) DO
Mel1) M(12) &
MCL1)

MC13) = Mcla) 2

i

MC13)

A= 15 TO 20
M2 )=0

PRINT nUN NUMBER?'
INPUT #M(2)

6290
7007 REM
7001
702 REM
70565
7010 REM
Ty12 REM
714 REM
716 REM
7018 REN
7020 REM
7022 REM
70524 REM
7026 REM
70928 REM -
7030 REM
7932 REM
7034 REM
736 REM
703% REH
T4 REM
7111
7112 LET
7113
7114
7116 LET
7117
7118 LET
7119
7120 LET
7121 LET
7122 LET
7123 LET
7124 LET
7125 LET
7126 LET
7127 LET
7128 LET
7129 LET
7130
7132 FOR
7134 LET
7136 NEXT A
7140
71560
7170

77600000
M(11) DOUN
' 77500000
M(13) DOYN

(k)




7180 ’ ;
7185 REM PUNCH TAPE
7186 ;
7190 TST PUNCH,3 5 TEST FOR LOW TAPE
7200 1F WOTAQ GOTO 7230

7210 PRINT '* TAPE LOW "

7220 GO To 4120 '

7237

7240 GOSUB 7800

7250 F26 PUNCH,! ; PUIICH LEADER TAPEL
7260 GOSUB 7800

7262

7264 F24 PUNCH,?2 5 16 31T MODE

7266 )
7268 F16 PUNCH,0,'1777717 ;5 PUNCH START CHARACTER

7270 -

12380

7295 FOR Q=1 TO 20 ¥
7300 GOSUB 7800 - -
7310 F16 PUNCH,T,M(Q) o : .
7320 NEXT A

7330 :

7340 IF R’=6 GO TO 7500

7350

7367 FOR A= 1 TO 2048 3 PUNCH DATA
7370 GOSUB 7800

7380 F16 PUNCH,T,2(Q)

7390 NEXT Q

74005 GO TO 7570

7410
7500 LET R=2 :
7510 GOSUB 6000 ; COMPUTE REDUCED SPECTRUM

7520 FOR QA =1 TO 256
7530 GOSUB 7800

7540 F16 PUNCH,O,TQ)

7550 NEXT 2 :

7560 ' .

7570 GOSUB 7800 - ,
75840 F26 PUNCH,1 5 PUNCH TRAILER
7590 GOSUB 78097

7600 GO TO 4120

7610

(1)




7610

7620

7630
7800
7310
7820
7830
7840
8590
8505
8510
3515
8520
8540
8550
8555
8565
8575
8595

8600
8630
8640
8750

8760

8770
8780
3799
8800
900
10
9020
5530
040
9050
9552
9554
9560
9370
89
S 90
9150
9110
9120
9139
91 45
9169

REM
TST PUNCH.O

SUSROUTINES

TEST PUNCH READY

IF ®N0T1 GO TO 7310

RETURN

REM
DI5
XEQ
ENB
RETURN

MEMR, 0
MEMR, |

MEMR,0

REM
DIS MEMR.,O

XEQ MEMR,O

RETURN

REM

RETURN

REM
TST vbU.,2

SET MEMORY FOR DATA 0OUT

SET MEMORY FOR DATA Id

SCALE DATAC & BIT PROGRAM . ONLY)

VDU ROUTINE

IF NOTQ GO TO 8760

UT1 YDULO,Y
RETURN

ENS CNTL,O
REM

GOTO 95390
TLM CHTL.,2

RUMNNING

CYCLE

IF NOTQ GO TO 90605

LET 0=2
READ P
IFr P=0
IF P=1
IF P=3
IF P=7
RESTORE
EXIT
DATA 7,8

GOTO
GOTO
30TO
GOTO

STOP

1790
1600
1500
1755

(m)
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