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Abstract

A new photon counting detector, MIC, has been developed at UCL and is an enhanced
performance version of the highly successful IPCS in use at a number of large ground based
optical telescopes throughout the world. This detector is light weight, compact and has a
low power consumption making it suitable for Space as well as ground based applications.
In particular, a prototype version of the MIC detector, XMM-MIC, has been developed
for the Optical Monitor (OM) that is to be included in the ESA ’Horizon 2000’ X-Ray
Multi-Mirror Mission (XMM).

In this thesis details of the detector system are given along with the theory of oper-
ation. A description of those components which limit the detector performance in terms
of resolution, image quality, dynamic range and detective quantum efficiency is presented.
The performance is characterized both under laboratory and telescope conditions and
compared against theoretical data. In addition, computer simulations have been used
to compare the detector performance with other types of photon counting detector thus
defining the scientific applications to which MIC can most usefully be put. Finally, future
developments of the MIC detector are discussed in terms of both Space and ground based
applications.

Within the context of this thesis the author has been responsible for the theoretical
modelling of a number of detector characteristics, analysis of data and its comparison
with theoretical predictions. Computer models were also developed by the author in order
to simulate the dynamic range performance of other types of photon counting detector.
In addition the author has contributed towards the software development of the detector

system and participated fully in all the observing and laboratory trials.
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Chapter 1

Introduction

The human eye can gaze upon stars, planets and other galaxies but is unable to either
store or quantify most of the detailed information it receives. As far back as 2000 BC the
Chinese were the first people to make an indirect record of an astronomical phenomenas
by drawing what is thought to be the representation of a lunar eclipse. Then, with the
introduction of photographic plates in the 18*# century, man has been able to make a direct
record of what he saw. Today, modern astronomy relies upon increasingly sophisticated
detectors to both collect and accurately represent data from astronomical objects in order
that it can be permanently recorded and subsequently analysed.

Successive generations of detector have been able to capture and record astronomical
data with both greater sensitivity and accuracy but there is no such thing as an ’ideal’

detector. A detector which comes close to fulfilling this ideal should:

e be efficient in the sense that it is able to record a high proportion of the photons
incident on it, over as broad a wavelength range as possible. A measure of the
detectors efficiency in registering the presence of photons is given by its Detective

Quantum Efficiency (DQE).

e be accurate in the sense that the input signal can be derived reliably and precisely
from the detectors output signal. Ideally the output signal should be directly pro-
portional to the input signal in which case the detector is said to be counting in a

linear manner.

e operate over a wide range of input signal intensities without suffering from saturation

(where the input signal intensity is very high) or be swamped by detector noise

15



(where the input signal intensity is dominated by the detector noise). In either of
these extremes the detector will no longer count in a linear manner. The intensity
range over which the detector counts in a linear fashion is described by the detectors’

dynamic range.

e be capable of integrating and storing the image in any desired timescale i.e. it should
be able to both integrate for many thousands of seconds or, for applications where

the input signal varies rapidly with time, a small fraction of a second.

e be 2 dimensional with as large an imaging area as possible, have a high resolution,
i.e. be able to resolve closely spaced objects, and have good image stability and

reproducibility.
e have a simple operation, be reliable and robust.

The input signal detected by astronomical detectors are photons of electromagnetic
radiation. These detectors take many different forms depending not only upon the wave-
length range over which they are observing (from 7-rays to radio waves), but upon the
way in which photons of the same wavelength are detected. The detector output signal
may therefore take many different forms; for example, the blackening of a photographic
emulsion, the current from a photomultiplier or the charge packet contained in a CCD

pixel.

1.1 History Of Optical Detectors

Detectors observing photons at or close to optical wavelengths (200nm to 900nm) have
changed significantly since the development of the first photographic films. Fig 1.1 is a
diagram representing the types of optical detector that are used (to differing degrees) in
astronomy today. It also demonstrates the method by which photon events are captured

and recorded by these detectors.
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Fig 1.1. Optical photon detection methods used in astronomy

1.1.1 Photographic Film

Photographic film is the oldest image recording mechanism used in astronomy. It is still
the only mechanism which can fully utilize the wide angle view of a Schmitt telescope
which is why full sky surveys such as the Palomar Sky Survey are done with photographic
plates. It is capable of storing the equivalent of 10° bits of information on one plate and
having a resolution of 100 line pairs/mm [Eccles and Tritton] . However, photographic

film does have several drawbacks:

¢ The maximum DQE of a (hypersensitized) photographic film is ~4% [Mclean] and
each film has a slightly different wavelength response.

e Once a grain has been activated it becomes saturated and no further image infor-

mation can be recorded by it.

¢ Its resolution depends upon the grain size. Small grains produce a higher resolution

film with a better image contrast but require a larger photon flux to active them.
¢ Photographicimage quality is dependent upon the way in which the film is developed.

e A microdensitometer is required to put the data into a digitized form. This is

essential for software analysis of the image.
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1.1.2 Electronography

Some of these drawbacks were overcome with the development of the electronographic
camera. The process of electronography is one in which photons are firstly converted into
electrons using a photoemissive material called a photocathode. Each electron is then
accelerated towards a charge sensitive electronographic emulsion which stores a record of
the photoelectron image. This method of photon detection has several advantages over

using photographic film.

¢ Electronography has a higher quantum efficiency than photography due to the high
sensitivity response of the photocathode. Once the photocathode has emitted a

photoelectron, it is accelerated and easily detected by the emulsion.

¢ Electronography produces a more linear response at low light levels as single events
can be recorded on sections of the electronographic film. Electronography is therefore

a far better method for observing faint objects.

¢ Electronographic emulsions are fine grained with a large storage capacity. There is
a very low instance of adjacency effects (where the exposure of one grain affects that
of another), and the emulsion can give accurate representations of image structure

over a large density range and high density gradients.

e The difference in grain sensitivity across the field is very low so that only variations

in photocathode sensitivity are appreciable.
Despite some of these advantages over photography, electronographic devices have a
smaller field of view and still need a microdensitometer in order to digitize the data.

1.1.3 TV-Type Readout Cameras

TV-type detectors produce an output voltage level which is a function of the incident
photon flux intensity. Photons fall onto a photocathode, the photoelectrons from which
are accelerated towards a target area (usually Antimony Sulphide) in which a large number

of electron-hole pairs are formed leaving a positive charge pattern in the target (Fig 1.2).
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Fig 1.2. The principle components of a TV-type readout camera.

At the end of each integration an electron beam is raster scanned across the target.
Some of this beam recombines with the holes created by the image signal and produces an
instantaneous voltage change in the target. Some of the beam is scattered by the positive
charge signal but most is reflected back towards the anode. The image signal is measured

in one of three ways depending upon the type of detector used [ Walker].

1. The Orthocon Camera: Only the reflected beam is collected and amplified by a dyn-

ode chain. The output charge is a measure of the inverse photon image intensity as

the highest charge represents regions of the target in which there is no signal.

2. The Isocon Camera: Both the reflected and scattered portions of the beam are sep-

arately amplified by a dynode chain, the combined signal being a measure of the
inverse photon image. The Isocon is a more sensitive detector than the Orthocon
but is very bulky and some charge spreading can take place in the target during long

integrations.

3. The Vidicon Camera: In the Vidicon camera the instantaneous voltage change in

the target is measured as the beam is raster scanned across the target area. With a
knowledge of the beam position and the voltage change associated with that region

of the target, a measure of the photoelectron image across the target is made.

Like the photographic and electronographic recording devices, TV-type detectors also have

problems associated with them. Only the most energetic of the beam electrons manage to
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penetrate deep into the target and neutralize the small amount of positive charge produced
in regions in which there has been a low photon flux. This may mean that the target has
to be scanned ten or more times before all the signal is throughly discharged.

If the charge build up is too great then the potential across the target may decrease
so much that the incident electron-hole pairs do not separate but recombine again. This
produces a loss of linearity and can also decrease the detector resolution as areas of high
positive charge pull the scanning electron beam towards it, distorting the final image.

Most of these problems have been overcome by replacing the Antimony Sulphide target
with a Lead Oxide target. The type of camera which uses a lead oxide target is called
a Plumbicon camera and is the readout detector in the Boksenberg IPCS (described in

Section 1.2.1).

1.1.4 Solid State Devices

Solid state devices make use of the photoelectric effect where a sufficiently energetic photon
can excite electrons in the valence band of a semi-conductor into the conduction band.
The electron is stored locally to where it is excited in one picture element (pizel) of
the detector array. The photon flux at any particular pixel is then represented by a
proportionate amount of charge stored in that pixel. If the position of a pixel within the
array is known, and the quantity of charge in that pixel measured, then a representation
of the light intensity over the whole array can be made [Beynon and Lamb).

The most common type of solid state device used in modern optical astronomy is the
Charged Coupled Device or CCD. This is a 2-dimensional detector made up of an array
of pixels each of which can store free electrons produced by photon excitation. The basic
design and theory behind the operation of a CCD is described in Chapter 2. They have

several advantages over the TV-type detectors described above in that:

e Photons are converted into charge within the silicon lattice itself and so there is no

need for a photocathode.

e There is no electron readout beam and so the detector is more compact and simple

to operate.

e CCDs have intrinsic image stability as each pixel is fixed in the array.
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e When cooled, CCDs produce very small amounts of dark current and saturate only
after very long exposures to high light levels. Their linearity is thus maintained over

a large range of light intensities.

Most CCDs used today have a relatively small size (up to 5cmsx5cms) compared to
most other types of optical detector and have cosmetic defects associated with them. They
also have a readout noise of typically 5e~ rms when cooled [McLean] which means that in
order to detect very faint light signals the CCD must integrate for large time periods in
order to achieve the required signal to noise ratio.

CCDs also have other problems associated with their use. Because they produce high
levels of thermally generated charge which would otherwise swamp the image signal, CCDs
have to be cooled to temperatures of typically 130K. This involves placing the CCD within
a cryostat or on a Peltier cooled mount which complicates its operation especially in a
Space environment.

CCDs also suffer a loss of image quality if hit by cosmic rays. A cosmic ray striking the
CCD during an integration can typically introduce 500e~ into the affected pixel element(s)
and render the data in these pixels useless. During long integrations the number of cosmic
ray hits is appreciable, especially when used at high altitude where at 5000m there are
typically 25 cosmic ray hits/cm?/1000secs [ Walker].

1.1.5 Photon Counting Detectors

All CCDs and cameras mentioned previously can be run in what is called analog mode
where the image signal is built up and stored on the detection surface (be that a photo-
graphic film, an Antomony Sulphide target area or in the silicon lattice of a CCD) and
read out once at the end of an exposure. The output signal is formed from the accumu-
lative effect of photons arriving over the whole integration period. Analog integration is
distinctive from photon countingin that, with photon counting, each individual photon is
detected as a separate event. Only after the presence of an event has been registered is
it accumulated (usually in a computer memory array) with other events making up that
image (or spectrum in the case of 1D detectors).

Astronomical CCDs have a very high quantum efficiency (typically peaking at 70-80%
in the red) and are therefore very efficient in detecting photon events. But their readout

noise of typically 5 e~ is equivalent to the signal produced by at least ~ 7 photon events
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per pixel element. So if faint objects are being observed, and the input signal rate is small
compared to the CCD readout noise, large integration times are required to obtain the
desired signal to noise ratio.

To reduce the effect of detector noise, photon counting detectors have an event am-
plification stage where photon events are (charge) amplified before being detected by a
readout camera. Each amplified event has sufficient signal associated with it that the
event signal greatly exceeds the cameras’ readout noise and can therefore be easily de-
tected. Imaging charge amplification devices have, in previous years, been provided by
magnetically or electrostatically focussed intensifiers which employ a number of cascaded
phosphor/photocathode elements. Most modern photon counting detectors today use
proximity focussed intensifiers which employ microchannel plates to provide charge am-
plification.

The readout system can take one of two general forms. These are:

e a charge readout system which consists of one or more charge sensitive anodes.
Each anode is connected to a charge amplifier and all the amplifiers are connected
to some type of event detection electronics. Examples of this type of photon counting
detector are the Resistive Anode [Lampton et al] which employs a single anode and
the MAMA (Multi Anode Microchannel Array) [ Timothy et al] and Delay Line Anode
[Siegmund? et al] which employs wire like anodes on which events may be detected.
In these cases the readout system detects the charge cloud associated with each event

and produced by the intensifier.

¢ a photon sensitive readout system like a Plumbicon Camera, an array of photomulti-
pliers or a CCD. These types of detector include the IPCS (Image Photon Counting
System) [ Boksenburg] which employs a Plumbicon Camera as its readout system, the
PAPA (Precision Analog Photon Address) [Papaliolios et al ] detector which employs
an array of photomultipliers and MIC (Microchannel Plate Intensified CCD) [Ford-
ham et al] which employs a CCD readout system. For this type of photon counting
detector, the readout system detects not the charge cloud associated with each event,
but a scintillation of light. The charge cloud is converted into light by means of a

phosphor located at the rear of the intensifier.

All these types of photon counting detector are discussed in Chapter 8 where their per-
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formance characteristics are compared against each other.

1.2 History Of The MIC Detector

This thesis is primarily concerned with the characterization of the latest developments

in IPCS technology and it is appropriate here to give a more detailed description of the

history of this development.

1.2.1 The Image Photon Counting System (IPCS)

The IPCS, which is shown schematically in Fig 1.3,
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Fig 1.3. Block diagram of the IPCS

Real Time
Display

was conceived by Boksenburg and is made up of a detector head unit, consisting of a

4-stage cascade EMI intensifier lens coupled to a Plumbicon camera (shown in Fig 1.4),

and the associated detector control and event processing electronics.
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Fig 1.4. Sectional view through the IPCS detector head.

The intensifier consists of an input window which is highly transparent to incoming
photons down to 300nm. A photocathode grown on the inside face of the input window is
used to convert the incoming photons into photoelectrons. The photoelectrons are initially
accelerated through the intensifier towards a thin mica membrane on whose near side is de-
posited a phosphor and on whose opposite side is deposited another photocathode. When
the phosphor is hit by a photoelectron, a number of photons are emitted which strike
the photocathode liberating further numbers of photoelectrons. This process is repeated
through three other cascade stages whereupon a light scintillation of typically 108 pho-
tons emerges from the intensifier P11 output phosphor. The event position is maintained
throughout by magnetically focusing each photoelectron as it passes through the intensi-
fier. Magnetic focussing requires the use of a large, power consumptive solenoid which is
placed around the intensifier body and cooled using circulating water. The intensifier is
coupled to the Plumbicon camera by means of a fast lens having a magnification of 0.59
and a transmission efficiency of ~ 1%.

The Plumbicon camera is a high performance vidicon camera whose lead oxide target
has a spectral response which wavelength matches the peak emission from the P11 output
phosphor. It has a very low lag which means it can be read out with one scan of the
electron beam, and there is a very low degree of lateral charge spread through the target.
Each event typically produces 7x10%¢~ in the target which is easily detected above the

camera readout noise.
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The advantages of employing an image intensifier in photon counting mode and sampling

each event with a fast scanning Plumbicon camera are that:

e only the central position of each event is recorded. The IPCS has the facility to
find the centre of an event produced by the image intensifier. By causing the event
to spread over more than one scan line of the camera, an event may be centroided,
whereby its centre is found from its distribution of event energy in each target pixel

over which it spreads. This gives the detector a very high resolution capability.

e it enables a choice of pixel size to suit the application. The pixel size is set by
the scan waveforms applied to the Plumbicon camera and can be varied. Thus, for
example, in spectroscopy a 30um pixel can be used in the spatial dimension if the
seeing is good or an 80um pixel used if the seeing is poor. This optimizes the signal

to noise ratio.

e it can be used to measure rapid time varying effects. Depending upon the camera

format the target can be scanned once every 30-100ms.

e data can be displayed in real time. An image can be seen to build up during an
observation ensuring efficient use of telescope time. By watching the image as it
builds up, the astronomer can tell at which point the required signal to noise ratio

has been reached and thus when to stop the integration.
but the IPCS does have certain problems associated with it.

1. The IPCS is not perfectly stable i.e. there are small drifts in the pixel positions
because of small drifts in the waveforms applied to the Plumbicon camera. Image

flat fielding’ is therefore made more difficult.

2. As a result, the IPCS used to suffer from the effects of granularity noise, a pixel
to pixel sensitivity variation deriving from the granular nature of the first phosphor
within the intensifier. In order to drastically reduce this effect the intensifier is
"dithered’ [Jorden and Fordham] using a scan coil placed around the gap between the
first cathode and phosphor in such a way that an image is stepped across many pixels
in order to average through the granularity. The event position is then corrected for

by using another scan coil at the rear of the intensifier.
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3. It suffers from a characteristic S-distortion caused by distorted magnetic field lines

within the intensifier.

4. In terms of system performance the most important restriction in using the IPCS is
its low bright limit on dynamic range i.e. the count rate at which the detector has

significant numbers of coincidence losses, (Chapter 4).

The performance characteristics of the IPCS which is currently used at the Isaac Newton

Telescope (INT) and the Anglo Australian Telescope (AAT), are shown in Table 1.1

Detector Resolution 25um in the blue (but is wavelength dependent)
DQE 14%
Point Source 0.05 cnts/pix/sec on full format 2048 x512 pixels

Dynamic Range 1-2 cnts/pix/sec on spectroscopic format 2048x32 pixels
Dark Count (S20) 30-50 cnts/cm?/sec

Table 1.1 Performance characteristics of the Boksenburg IPCS
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Fig 1.5. Block diagram of the CCD-IPCS
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The CCD-IPCS [Fordham ? et al] uses a CCD readout camera instead of a Plumbicon
camera, Fig 1.5, and the same 4-stage cascade intensifier as that used with the IPCS.

The first CCD-IPCS employed an RCA CCD which had 320 x256 active imaging pixels
while the CCD-IPCS at the WHT has an EEV CCD with 384x288 pixels. The CCD is
run in frame transfer mode and its operation is overseen by a CCD controller. This can
allow partial readout of the CCD to take place, increasing the detectors dynamic range
for reasons explained in Chapter 4. The CCD-IPCS is able to centroid events to %,% or
% of a CCD pixel. By applying a centroiding algorithm to the event profile, the result of
the algorithm is the channel (or sub-pixel) in which the event is centered.

The CCD-IPCS has a frame store in which each frame of data is stored before being
processed. This enables the current CCD frame to be subtracted from the previous one
(called frame subtraction). Not only does this allow the CCD bias to be subtracted from
each frame of data but also ensures that any persistence of the P11 phosphor over two
contiguous frames of the CCD does not result in any event being double counted.

Employing a CCD camera has several advantages over a Plumbicon camera:

1. The CCD can be run at faster frame rates, typically 2ms for spectroscopic formats

and 15ms for the maximum format.

2. The CCD provides high image stability as each pixel is physically fixed to its neigh-

bours.
3. A CCD is smaller, lighter and less power consumptive than a Plumbicon camera.

Because the CCD can be run at such fast frame rates the CCD-IPCS was expected
to have a considerably larger bright limit of dynamic range than the IPCS. Although this

was true to a degree the bright limit was only increased by a small amount, Table 1.2.

Detector Resolution 25um in the blue (wavelength dependent)
DQE 14%
Point Source 1 cnts/pix/sec on full format 3072x2304 pixels

Dynamic Range 7 cnts/pix/sec on spectroscopic format 3072x32 pixels
Dark Count (S20) 30-50 cnts/cm? [sec

Table 1.2 Performance characteristics of the CCD-IPCS

There are thought to be two separate reasons for this:
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1. the dynamic range of the CCD-IPCS is limited mainly by the 4-stage cascade in-

tensifier and not the CCD. The long persistence time of each phosphor within the
intensifier causes multiple events which are closely coincident in both arrival time

and position and are therefore mistaken as a single event.

. the method of frame subtraction also restricts the detectors bright limit of dynamic

range. Any event which arrives in the same position as another event in the previous

frame is not counted, as these two frames are subtracted from one another.

1.3 The Ground Based MIC Detector

The third generation IPCS uses an intensifier with a completely different design. This new

type of intensifier has increased the detectors’ dynamic range performance and made the

detector suitable for use with both small ground based telescopes and Space telescopes.

After the development of the CCD-IPCS another type of intensifier using Micro-
Channel Plates (MCPs) was jointly developed by Imperial College London, RGO and
Instrument Technology Limited (ITL). This type of intensifier was used with the third
generation IPCS called MIC (Micro-channel plate Intensified CCD). A schematic of the
MIC detector is shown in Fig 2.1 where the major difference between the CCD-IPCS and

MIC is the intensifier design.

The MCP intensifier has several advantages over the 4-stage cascade EMI intensifiers.

1.

It allows flexibility in the detectors scientific application, allowing the use of dif-
ferent types of window materials (Sapphire, Quartz and Magnesium Fluoride) and
photocathodes (multi-alkali, bi-alkali or Gallium Arsenide). The choice of intensifier
window and photocathode determines the wavelength range over which the detector

is sensitive to light.

. It employs proximity focussing instead of magnetic focussing and so negates the need

for a solenoid and its associated water cooling components. It is therefore far less

power consumptive than magnetically focussed intensifiers.

. There is no granularity noise or S-distortion associated with the MCP intensifiers.

. It employs a P20 output phosphor which is more appropriately wavelength matched

to the peak QE of the CCD.
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and the red/infra-red (using a peltier cooled CCD). The XMM mission is one of ESAs
’Horizon 2000 projects due for launch in 1999.

In order to develop a Space qualifiable version of the ground based MIC detector several

factors had to be taken into account:

e The physical size and mass of a Space based detector should be kept to a minimum.

The origi  nal intensifiers used a cold weld for vacuum sealing the tube. This has now
been replaced by a hot, solder, seal. The development of the ’hot seal’ intensifier
tube has decreased its size and weight, and by re-designing sections of the event
processing electronics the Space prototype system is nearly half the size of the ground
based system. Most of the electronics may eventually be ’surface mounted’ reducing
the physical size taken up by each chip and the accommodation requirements even

further.

o The detector should have a very low power consumption, most of which is consumed

in the event processing electronics. The power consumption has been reduced by:

1. Employing a 3-pixel centroiding algorithm instead of a 5-pixel centroiding al-
gorithm (Chapter 2).

2. Not using any charge transfer correction electronics used by the ground based
system. With the development of CCDs with a high charge transfer efficiency
the Space prototype detector does not require this correction.

3. The use of low power CMOS electronic components.

Additionally, for Space applications, particular circuits may be incorporated
into low power Actel chips (programmable logic devices) to further reduce the

power consumption of the electronics.

¢ The detector should have a long lifetime and be resistant to radiation damage. Ex-

tensive lifetime tests are to be carried out on the image intensifier as their lifetime
properties are as yet unknown. Research into the effects of radiation damage on
CCDs are being carried out by Thomsons and EEV, and on optical materials such
as the intensifier input window and the fibre optics by UCL and SIRA.

e A Space based detector will have different performance requirements to that of a

ground based detector.
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e A system by which the satellite can be tracked across the sky.

1.4.2 Performance Required By The XMM-OM Blue Detector

In order to achieve these goals a set of performance targets have been set for the XMM-
OM photon counting detector. These, together with the expected background and stellar
light intensities, are described in Table 1.3.

White Light (150-650nm) | B-Band
Zodiacal Light Background (cnts/sec/arcsec?) 0.2 0.04
Count Rate from B=15'* mag star (cnts/sec) 200 60
30 detection limit in 1000s (equiv. B mag.) 24.0 23
Maximum Point Source Count Rate (cnts/sec/object) 1000
Detector Dark Count (cnts/sec/arcsec?) 4x10~4
Brightest Star Observable (Mag) 13.2 12.0
Brightest Star Observable With Electronic Defocussing ~9
Magnitude At Which 10% Variation Detectable in 1000s 20.5 19.5
Spectral Range 150-650nm
Detector Lifetime 10 years

Table 1.3 Performance Required By The XMM-OM Photon Counting Detector

These performance targets require that XMM-MIC have the characteristics shown in

Table 1.4.
Detector Resolution <20pum
Image Intensifier Diameter 25mm
Active Detector Area 17.7mm x 17.7mm
Maximum Pixel Format 2048x2048
Pixel Size 8.8um

Table 1.4 Required Characteristics The XMM-OM Photon Counting Detector

A count rate of ~0.05 cnts/sec from a 24t* magnitude star defines the detectors faint
limit. The bright limit is required to be 1000 cnts/sec allowing the detector to count
linearly on a 15 magnitude star. Because the detectors’ field of view is 16 arcmins?

the expected zodiacal background light will typically be 0.042 cnts/pixel/sec. This is far
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Chapter 2

Description Of The MIC Detector

2.1 Introduction

The MIC detector consists of 4 main components, a microchannel plate intensifier, a fibre
optic taper, a CCD and the associated control and data processing electronics. A picture

of MIC is shown in Fig 1.7 and drawn in schematic form below in Fig 2.1.
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Fig 2.1. Schematic of the MIC photon counting detector
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The intensifier is coupled to the CCD using a fibre optic taper. The fibre optic taper
is coupled to the rear window of the intensifier using Gurr optical oil 1, which minimizes
optical losses at the interface between the two surfaces. The taper is held in place by
clamping it to the intensifier.

The CCD is mourted on a circular shaped PCB which contains the driver electronics.
A fibre block is bonded to the surface of the CCD which enables it to be coupled to the
fibre taper by simply making a physical contact between the two surfaces. The CCD is
lowered onto the fibre taper using three micrometers on a kinematic mount, tension being
provided by three springs. Care must be taken to ensure that the faces of the CCD fibre
block and the fibre taper are parallel, in order that light spreading does not occur at the

interface.

2.3 The Microchannel Plate Image Intensifier

An image intensifier can be likened to a multichannel photomultiplier, producing light
amplification, whilst also maintaining its input spatial position. Individual photons of
light are firstly converted into charge (a single photoelectron) with the use of a photoe-
missive material called a photocathode. The photoelectron is accelerated towards the first
micro-channel plate, through which there are cylindrical shaped pores whose walls are
semi-conducting. When the photoelectron strikes a pore wall it ejects more electrons from
its surface. These are accelerated down the pore, striking the pore walls and ejecting even
more electrons as they do so. A charge cloud of typically 5x10* electrons emerges from
the rear MCP which is converted back into optical photons by means of a phosphor. This
produces a small scintillation of light from the rear of the intensifier which is then captured
by the CCD. The intensifier maintains the input position of an event by employing prox-
imity focussing between the photocathode, MCPs and output phosphor, and by physically
containing the charge cloud in the MCP pores.

The intensifier body is a ceramic cylinder through which electrodes penetrate to con-
nect the photocathode, MCPs and phosphor to a constant current power supply. The
intensifier is sealed at each end by a window. The front, input window, is made from a

transparent material such as quartz or magnesium fluoride on which the photocathode is

! With a refractive index of 1.52, close to that of glass
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deposited. This window is sealed in place using an Indium Tin solder having a melting
point of only 130°. The solders’ low melting point ensures that the photocathode is not
damaged during the sealing process. The rear intensifier window consists of a 1:1 fibre
optic stub on the inside of which the output phosphor is deposited. A vacuum is main-
tained within the intensifier so the seals bonding the windows to the intensifier body, are
vacuum tight.

The process of detection and amplification is best explained by individually describing

each of the intensifier components, as well as their function.

2.3.1 The Intensifier Input Window

The intensifier is sealed at the front end with a window through which photons pass in

order to reach the photocathode. The functions of the input window are to:
1. vacuum seal one end of the intensifier.
2. allow as many photons of as broad a spectral range as possible to pass through it.
3. provide a smooth substrate on which a uniform, high QE photocathode can be grown.

Two types of window are currently being considered for use with XMM-MIC. These are
magnesium fluoride (M gFz) and sapphire. Both windows have a high transmission over
the spectral range required by XMM-OMs’ blue detector, but because of its more regular,
defect free lattice structure, sapphire is thought [Ref 1] to provide a better substrate on
which photocathodes can be grown.

Of equal importance when choosing between the two types of window are their lifetime
characteristics, where sapphire is thought in some cases to lose its good transmission
properties once exposed to high doses of radiation (Chapter 7). Additionally sapphire
windows have been found to phosphoresce if the sapphire lattice contains certain types
of impurity [Siegmund! et al]. Impurities, such as 4°K, radioactively decay producing a
spray of photon events within the window, considerably increasing the intensifier dark
noise (Chapter 4).

The merits of employing either window are discussed in Chapters 4 and 7 where their

effect on detector dynamic range and DQE are examined.
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2.3.2 The Intensifier Photocathode

The MCP intensifier is a charge amplification device, with each photon of light at the
input to the intensifier firstly being converted by the photocathode, to a photoelectron.
The conversion of a light photon into a photoelectron, (Fig 2.3), is one example of the
photoelectric effect, where if the photon energy E, is greater than the photocathode work

function ¢p, a photoelectron is liberated from the photocathode surface.

Lead Oxide Glass

First Micro-Channel

Incident
Photons

Photocathode Pore Topk\
Spacing

Fig 2.3. Small section of the photocathode and first micro-channel plate

The photocathode is grown on the inside of the input window and maintained at
a potential of O0V. A potential V] is applied across the intensifier front gap so that any
liberated photoelectrons are accelerated towards the first MCP. Because the photocathode

is the first detection surface encountered by an event, it is required to have:

1. a broad spectral sensitivity which extends from the near infra-red through to the

UVv.

2. ahigh sensitivity in the blue/UV, the wavelength region for which MIC has primarily
been designed.
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3. a uniform QE response across the whole active imaging area.

There are several photocathodes which satisfy these first two conditions (discussed in
Chapter 7) and the third condition is satisfied by the manufacturer having adequate control
of the chemical deposition processes and maintaining a high degree of cleanliness during
manufacture.

In addition, the rate at which events are liberated due to thermal excitation, should
be kept to a minimum. These thermally generated photoelectrons contribute to what is
known as the intensifier dark current which determines the faint limit of the detectors’
dynamic range (Chapter 4). Because the photocathode isn’t temperature controlled the
dark current mainly depends upon the photocathodes red response.

The photocathode should also have a QE response which does not vary greatly over
long time periods [Beaver et al] especially in the high radiation flux environment expected

in space [Fowler et al].

2.3.3 Microchannel Plates

When a photoelectron is released from the photocathode it is accelerated towards the front
microchannel plate (MCP), as shown in Fig 2.3. The function of each MCP is to provide

charge amplification whilst still maintaining the spatial position of the event.

Physical Description

The MIC intensifier has circular shaped MCPs whose diameters are larger than the active
imaging area of the detector and extend into the ceramic body of the intensifier. A MCP
has a thickness of typically between 0.5mm and 1.5mm and is made of an insulating lead
oxide glass. Through the glass are etched a series of cylindrical shaped pores (as shown in
Fig 2.3), the walls of which are semi-conducting.

The face of each plate is covered with an inconel electrode which also extends into the
body of the intensifier and which is either connected to another plate, or connected directly

to the power supply (see Fig 2.1 for the electrode structure of the 40mm intensifier).

Manufacture

MCPs are manufactured by a process similar to that of fibre optic bundles, where
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e A number of glass rods are clad with a lead silicate.

¢ Both the rods and the cladding are then drawn to such a length, that each rod is of
the required diameter, (the pore diameter) at which point, they are fused together

in hexagonal bundles.

e The hexagonal bundles are packed together and fused, to form a glass plate, which
is then cut to the required thickness (that of the MCP), ground and polished.

e The glass rods are then etched away to form pores through the glass plate, and then
dilute HCI is used to leach lead oxide from the surface of the pore wall.

e The resulting silica rich, lead oxide layer is hydrogen fired, reducing the remaining
lead oxide at the surface, to oxygen (which is liberated as a gas) and lead (which

remains in situ).

e The presence of a thin layer of lead on top of the lead oxide glass, produces a semi-
conducting region which coats the inside of each MCP pore and has a characteristic

secondary electron emission curve.

e A thin layer of either Nichrome or Inconel, is then vacuum deposited onto each face
of the MCP, providing an electrical contact to the external power supply. By con-
trolling the penetration depth to which the electrode enters the pore, the emerging
charge cloud can be somewhat focused, by capturing those electrons with the highest

transverse velocity components.

Scrubbing

During manufacture MCPs are fired in hydrogen, a percentage of which becomes embed-
ded in the pore wall. If the hydrogen is not removed then high energy electrons can ionize
the gas which is then accelerated back towards the front end of the intensifier and dam-
ages the photocathode. To reduce the amount of hydrogen embedded in the wall, each
plate is electron scrubbed subsequent to its manufacture. High quality tubes are typically

irradiated with an electron flux of ~ 0.8uAcm~2 over a period of 300 hours [Ref 3).
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Detection Of The Photoelectron

Charge amplification takes place by firstly accelerating the photoelectron released from
the photocathode towards the front MCP. The photoelectron will either enter a pore or
strike the inconel electrode on the MCP front face. If it strikes the inconel electrode, the
electron has a small probability of ’bouncing’ into a surrounding pore (Chapter 5) or most
usually becomes absorbed into it.

When the semi-conducting pore wall absorbs energy from an energetic photoelectron
it can release a varying number of secondary electrons from its surface. The number of
secondary electrons it emits is defined by the materials’ Secondary electron Emission Coef-
ficient (SEC or ¢) at any given photoelectron energy [Hill ]. The variation in the number
of secondary electrons it emits for different photoelectron energies has been described by
Frazer 2 et al. They calculated that the SEC for a semi-conducting pore wall material
peaks at a value of ~ 3 for a photoelectron energy of 300eV. Therefore, in order to maxi-
mize the probability of a photoelectron liberating secondary electrons the intensifier front

gap voltage is typically set close to 300V.

Charge Amplification Through A Pore

Secondary electrons are accelerated through the MCP by applying a potential across the
plate. The electrons travel through a MCP pore until they eventually collide with another
section of the pore wall. These electrons then liberate further numbers of electrons which
are, in turn, accelerated along the pore. Each time an electron collides with a section of
the pore wall increasing numbers of electrons are liberated and so charge amplification

takes place along the pore length.

A secondary electron liberated close to the front of a microchannel plate will typically
travel in a parabolic path through a pore and strike the pore wall a distance ! from where
it emerged. The amplification process will continue along the pore length (L) with n=-€‘-
collisions between electrons in the charge cloud and the pore wall.

If we assume that a potential V,, is applied across the MCP and the SEC (o) of the
pore wall material is & for an incident electron energy of V, eV (i.e. o(V,) = ) then in

this simple model the MCP gain will be:
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G=ao" (2.1)

where V, is the average electron collision energy l:f-

Because [ is a function of the pore diameter d, n is x f‘[, the pore length to diameter
ratio. The greater the % ratio is for a particular MCP the greater the number of collisions
there are between secondary electrons and the pore walls. Manufacturers define the length
of a MCP by quoting the pore diameter and the MCP % ratio which also gives an indication
of the MCP gain.

The intensifier used with any photon counting detector is required to have a large enough
gain such that the output event (be that a charge cloud in the case of charge sensitive
readout detectors, or a light scintillation in the case of light sensitive readout detectors
like MIC) be easily detected above the camera readout noise.

The signal to noise ratio of an event captured by the CCD is typically set to 60:1 by
obtaining sufficient photon gain from the intensifier. Taking into account the quantum
efficiency of the CCD (Chapter 7), optical losses in the fibre taper and the intensifier output
phosphor electron to photon conversion factor, the intensifier charge gain is required to
be ~5x104. This is achieved by stacking MCPs in series and applying the appropriate
potentials across each MCP in the stack.

Charge Saturation

Photon counters, like MIC, employ an energy threshold as part of the readout system
above which events are assumed to be real, and below which events are assumed to be
due to detector noise (Chapter 7). An event captured by the readout system must have a
peak height above this threshold in order for it to be recorded. If the output event height
distribution from the intensifier is very broad then a large proportion of real events will fall
below the threshold and are not counted. This has the effect of decreasing the detectors’
counting efficiency. So not only must the intensifier produce a large gain but it must also
produce events with a narrow gain distribution.

For the intensifier to produce a narrow event gain distribution events are charge satu-
rated in order that, at some critical charge density within a pore, the event gain ceases to

increase. An event becomes charge saturated when the charge density in a pore becomes
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so large that the SEC of the pore wall falls to a value of 1. This occurs when the energy
reqﬁjred to excite an electron from the valence to the vacuum level of the semi-conducting
glass approximates the energy transferred by the striking electron to the semi-conducting
layer. In effect, the pore wall acquires a positive electron affinity raising the vacuum energy
level.

By saturating the charge associated with each event the intensifier produces an event

height distribution like that in Fig 2.4.
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Fig 2.4. MCP intensifier event height distribution recorded with a photomultiplier
tube

Arrangement Of MCP Pores

To maximise the number of photoelectrons which travel directly into a MCP pore, the
’dead space’ between each pore is made as small as possible. The most efficient way
of packing cylindrical shaped pores is in a hexagonal structure. The ratio of the area
subtended by the pore openings to that of the total area of the MCP face, is defined as
the Open Area Ratio or OAR. For example, hexagonally packed cylindrical pores whose
diameters are 12.5um and whose centre to centre spacings are 15um, have an OAR of ~

63%. This means that ~ 63% of photoelectrons incident on the front MCP travel directly
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into a pore.
The axes along every pore is parallel and set at a bias angle of typically between 8°
and 12° to the normal of the MCP face (shown as 3 in Fig 2.8). This ensures that:

1. electrons incident on a MCP strike the pore wall close to the front face of the MCP,

thus increasing the charge gain.

2. positively charged ion events produced in subsequent MCPs within the stack are not

accelerated back towards the photocathode.

Microchannel Plate Stack Configurations

By employing a stack of MCPs and allowing the event to spread into more than one pore
the event can be charge saturated at a higher gain. The V-chevron stack configuration
consists of two MCPs, the angle between both pores axes being twice their bias angle (Fig
2.5). In order to produce charge gains of typically 5x104, the first channel plate is used
as a medium gain plate, while the second plate is used as a high gain plate. Because the
front MCP is not a very low gain stage, most V-chevron intensifiers, have an ion barrier
film [Norton? et al] made of Si0,. This is required to prevent gas, originally trapped in
the pore walls (and not removed by scrubbing) and ionized by higher energy electrons,
being accelerated back to the photocathode. These films are typically 50um thick and are
placed across the input to the first MCP. Ion barrier films suppress the number of ions
traveling back towards the photocathode but they also decrease the intensifier DQE by
absorbing photoelectrons from the photocathode [ Niescmidt et al]. Intensifiers employing
an ion barrier film also suffer from an effect known as halation which is thought to be

caused by two mechanisms [Norton? et al]:

1. Electrons having initially struck the inter-pore wall of the front channel plate, are

subsequently scattered back off the ion barrier film and into neighbouring pores.

2. Photons which initially passed through the photocathode are reflected by the ion

barrier film, back towards it.

The affect of halation is to cause, for example, bright emission lines in a spectrum to be
surrounded by low level wings and to cause the infilling of absorption lines. As a result,

halation reduces both the detector resolution and image contrast (Chapter 5). The more
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recent 40mm and 25mm intensifiers do not have ion barrier films and as a result, halation

has not been observed in data taken with either of these types of intensifier.

The MIC intensifier employs three MCPs in what is called a Z-stack. The three plates
are placed in series, each separated by a distance of ~ 50um. When the charge cloud
reaches the end of the first MCP (as in Fig 2.5) it travels across the inter-plate gap and

spreads out in a transverse direction as it does so.
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Fig 2.5. Interface between two MCPs of a V or Z-chevron intensifier

For the Z-stack, the first MCP is used as a low gain ion barrier (with an % ratio of
40:1), protecting the photocathode from ions produced in the high gain second and third
channel plates (which both have & ratios of 80:1).

Because the front channel plate is used as a low gain stage the electron energy within
the pores is small and because it is highly scrubbed very few ions are created in the front
plate itself. Large numbers of hydrogen atoms are ionized in the second and third channel
plates, where the electron densities and energies are much higher. The ions travel back
towards the front end of the intensifier but become absorbed in the previous channel plate.

Another alternative to the V and Z chevron configurations is the Curved straight stack

configuration [Boutot et al], Fig 2.6, which consists of two MCPs, the front plate having
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pores with a curved axis and the second plate having pores with a bias angle of 0°.

-— Curved Channel -_— <«— Straight Channel __
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Fig 2.6. Schematic of the Curved-straight MCPs

In this configuration, the curved pores of the front plate, act as a medium gain ion
barrier, while the second MCP produces the saturated event [ Timothy!]. This type of stack
is used infrequently due to the curved plate being difficult to manufacture and therefore

costing a large amount.

The Event Size And Position

As an event travels through a MCP it is contained within the confines of a pore. If the
intensifier employs a stack of MCPs, each of which is separated from the next, then charge
spreading can take place between the plates. The degree to which charge spreading takes
place depends upon the size of the inter-plate gap which is made sufficiently large to allow
the charge cloud contained in a single pore of the first MCP to spread into typically three
pores of the second channel plate [Eberhart!]. If, like in the Z-stack intensifier, there are
three MCPs in the stack then the second inter-plate gap is made large enough such that
an event contained within three pores of the second plate, spreads into typically seven
pores in the third plate. Although the event is allowed to spread its centroid position is
maintained throughout the MCP plates.
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By allowing charge to spread between MCPs the event saturates at a higher gain than
if no charge spreading took place. The charge density/pore at the front of the second
MCP will be lower than the charge density/pore at the end of the first MCP because the

event spreads into more pores of the second MCP.

Defects

Because of the highly successful technique of drawing glass fibres into bundles, MCPs
have few defects associated with them. The hexagonal packing structure of the pores is
highly regular (as may be seen from SEM photographs [Wiza]), as is the consistency of
pore sizes. Most of the defects occur during the final processing stages when the intensifier
components are put together and housed in the ceramic body. The most common problems

are:

e Switched On Channels: If a grain of dust becomes trapped in one of the pores
during processing then a similar effect occurs to that on the photocathode where
a field emission point is created. Here, field emission is contained within a single
pore and is called a switched on channel. Because each event associated with the
switched on channel derives from a single pore, their output profiles are constant and
are centroided into a single channel of the detector. If MCPs are processed under

clean room conditions then usually no switched on channels occur.

e Ion Feedback Events: In order to decrease the probability of ion feedback occur-
ring, the MCPs are scrubbed during their manufacture, whereby they are continu-
ously bombarded by a high electron flux. A perfectly scrubbed plate is one where
the electrons have dislodged all the gas particles present on, or close to, the surface

of the MCP and its pores.

e Signal Induced Background: SIB is also associated with ion events which, when
accelerated back towards the photocathode strike the previous MCP and release
further numbers of electrons. These electrons produce low gain events whose spatial
positions are typically between 15-45um from that of the primary event but can be
as far as 300pm away. Fig 2.7b shows an event with signal induced background. In
order to visually image the signal induced background events, Fig 2.7b was taken
with a 1:1 coupling between the intensifier and CCD.
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spread out due to both the transverse velocity components of individual electrons and
the electrostatic repulsion between them. The potential across this back gap dictates the
average event size and is set such that the average event FWHM becomes ~100um at the
phosphor. An event of this width is subsequently centroided with the highest accuracy
(Chapter 5) hence optimizing the detector resolution.

The purpose of the phosphor is to convert the charge cloud into photons of light which
are then imaged onto the CCD camera. In order to do this most effectively, the phosphor

is required to:

e Emit light with a wavelength close to the wavelength at which the CCD has its peak

QE response.

e To have a high electron-photon conversion factor in order to produce the necessary

photon gain whilst keeping the required charge gain to a minimum.

e To have a uniform electron-photon conversion factor to ensure that there is a low

gain variation across the intensifier.

e To have a fast decay time (one that is small compared to a CCD frame period), to
ensure that an event does not appear in two successive CCD frames. The typical
transit time of an electron cloud through an MCP is ~1ns while the transit time
spread is 500ps [ Wiaa], so the phosphor decay characteristics govern the time over

which an event is captured by the CCD camera.

The P20 phosphor satisfies the first of these criteria, emitting light at a wavelength of
560 nm, very close to the CCDs QE peak. It also satisfies the second criteria by having
an electron to photon conversion factor of typically 50eV = 1 photon. In order to obtain
an output event whose size is ~ 100um in diameter the intensifier back gap voltage is
typically 5kV. Individual electrons in the charge cloud bombard the phosphor with an
energy of typically 5keV producing ~ 100 photons at the phosphor.

The only potential problem associated with the P20 phosphor is its long decay time
components which are thought (under certain circumstances), to cause a single event to
be captured in two successive frame of the CCD. Only the P46 and P47 phosphors emit
light at a similar wavelength to the P20, and have fast enough decay constants (5 times

faster than the P20 [Jaanimagi et al]) to produce no double counting of events, but they
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have electron to photon conversion factors only 500eV = 1 photon. If these phosphors
were used with the MIC detector then the intensifier would have to be run with ~10 times
the charge gain. This would not only decrease the detector dynamic range performance
(Chapter 4) but also the intensifier lifetime.

The effect of having long phosphor decay components is described more thoroughly in

Chapter 4, where their effect on the detectors’ dynamic range discussed.

2.4 The Fibre Optic Taper

The intensifier output phosphor is imaged by the CCD camera which captures each event.
Previous generations of the detector, like the CCD-IPCS, have used a fast relay lens to
couple the intensifier to the camera. The CCD-IPCS employs an EMI intensifier whose
rear window is made of glass and as a result the light from each event is emitted into a
solid angle of 27 steradians. The lens is used to focus the light associated with each event
onto the CCD but because the lens has a mass of ~ 3Kg, a transmissi_on efficiency of only
1%, as well as producing image distortions, it is far from ideal.

Instead of a glass window, MCP intensifiers are sealed at the rear with a 1:1 fibre optic
stub, which collimates light from the phosphor and allows the use of a fibre optic device to
couple the intensifier to the CCD camera. Because of the large size difference between the
intensifiers and the typically 9x 7mm sized CCD the fibre optic coupler is tapered. The
fibre taper acts as a light guide, transmitting light by means of internal reflections through
a glass core which is surrounded by a cladding of lower refractive index. The advantages

of coupling with a fibre optic taper over that of a lens are:

1. The transmission efficiency of the fibre taper is ~ 6 times higher than that of a lens

(see Chapter 7).

2. The distortions associated with a fibre taper are lower than those of a lens (see

Chapter 6).

3. A fibre taper is physically less bulky (weighing typically 120g instead of 3Kg), easier

to mount and less prone to mechanical shock.

Fig 2.8 shows the relative sizes of both the fast relay lens used with the CCD-IPCS,
and the 3.08:1 fibre optic taper used with the MIC detector.
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2.5.2 Fast Scan CCDs

The MIC detector and similar CCD readout photon counters [Carter! et al] use a CCD
which is operated in a different mode. Here the CCD is run in fast scan mode where,
instead of reading the charge out once at the end of an integration, it is read out at
frame rates of between 1ms and 50ms (one frame period) depending upon the CCD pixel
format and the number of pixels used for data acquisition. The image is not integrated
on the CCD itself, but externally, for instance, in computer memory. In photon counting
applications the level of thermally generated charge/pixel (~ 4000 electrons/pixel/sec at
300K) is small compared to that from a captured event and may be subtracted using black
level clamping, thus negating the need for cooling.

For CCDs run in this mode only half the pixels are used for imaging, those in the
imaging area, while the other half, those in the storage area, are used for temporary
charge storage and are therefore covered with an aluminium coating to shield them from
light. After accumulating events for one frame period, the charge stored in each pixel of
the imaging area is transferred to the corresponding pixel within the storage area. The
time taken to transfer the imaging area into the storage area is called the frame transfer
period. At the end of a frame transfer period the next frame period begins and events are
once again integrated on the image area. At the same time, the charge captured in the
previous frame period, and now in the storage area, is transferred into the readout register

one row at a time in order that it may be sampled.

2.5.3 Interline Transfer CCDs

There are two different ways in which the layout of the image and storage areas can be
constructed. One of these, in which columns of image and storage areas lay side by side,
is called an Interline Transfer CCD, Fig 2.9. In this type of CCD, charge from the
image area is transferred just one pixel into the adjacent storage column at the end of
a frame period. During the next frame period, the charge in each pixel of the storage
area is measured, by transferring it into the readout register one row at a time, and then
reading from the readout register one pixel at a time. Because the transfer from image to
storage area is just a single pixel, the frame transfer time is very small (typically 0.1us),
but it means that alternate columns of the image area are insensitive to light, lowering

the quantum efficiency of each pixel.
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Fig 2.9. Layout of an interline transfer CCD

2.5.4 Frame Transfer CCDs

The other type of CCD layout is one in which the image and storage areas are at opposite
ends of the CCD, Fig 2.10. This type of CCD is called a Frame Transfer CCD. The

charge accumulated in the image area is transferred from one end of the CCD to the other.
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Fig 2.10. Layout of a frame transfer CCD
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2.5.5 Comparison Between Interline And Frame Transfer CCDs
Advantages Of Interline Transfer CCDs

Interline and frame transfer CCDs with a similar number of CCD pixels use different
numbers of pixels for imaging. Because half the pixels of a frame transfer CCD are
completely insensitive to light an interline transfer CCD has twice the number of active
imaging pixels. Interline transfer CCDs have frame transfer periods (of typically 1us)
which are very much smaller than those of frame transfer CCDs (typically 100-200us). A
small transfer period thus reduces the probability of any event arriving whilst the image
area is being transferred to the storage area and hence reduces the number of events which

become smeared during a frame period.

Advantages Of Frame Transfer CCDs

Because a fibre optic taper is used to couple the intensifier to the CCD the active imaging
area of the detector is not limited by the size of the CCD (provided that the taper ratio
is not too large). A CCD imaging area of typically 7mmXx 7mm, for example, can be used
to image an area of 2lmmx21mm if a 3:1 fibre optic taper is coupled to it. Therefore, for
MIC, the imaging area of the CCD is not important when comparing interline and frame
transfer CCDs in this application.

Although frame transfer CCDs do have frame transfer periods which are far higher
than interline transfer CCDs we now believe that this has little detrimental effect on its
DQE performance. Events captured during a frame transfer period are smeared across the
imaging area and are not detected in that frame. However, because the intensifier output
phosphor has long term decay components which emit light during the next frame period,
the event can still be detected in the next contiguous frame of data. This means that so
long as the frame transfer period is small compared to the time taken for all the intensifier
phosphor components to decay to a low level, its effect on CCD DQE is relatively small
(Chapter 4).

For photon counting applications the most significant difference between an interline
transfer CCD and a frame transfer CCD is that their pixels have different QEs. All the
pixels of an interline transfer CCD are half covered over with aluminium making them

insensitive to light. This means that an interline transfer CCD would capture half as much
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energy from an event as a frame transfer CCD. To compensate for this, the intensifier would
have to have twice the event gain which would be detrimental to the detectors dynamic
range. This is the reason why the MIC detector uses a frame transfer CCD instead of an

interline transfer CCD.

2.5.6 CCD Operation
Charge Storage

Most CCDs made today are Buried Channel CCDs (BCCDs), meaning that charge is
stored in the silicon bulk, buried in a narrow channel within the lattice. This greatly
enhances its charge transfer performance. Silicon has a band gap energy ,E,, of 1.12eV
at 295 K [McLean] which means that photons with a wavelength less than A,4,, where
Amaz = %f, can promote an electron from the valence to the conduction band. For silicon
at 295 K the value of A,z is ~ 1100nm, although in practice this is not a sharp cut-off
wavelength as defects and impurities in the silicon alter the energy levels within the lattice.

When an electron is promoted to the conduction band of a BCCD it is attracted
towards the buried channel region where the potential energy of an electron becomes a
minimum. The channel is created in a layer of n-type semiconductor which is sandwiched
between a layer of p-type semiconductor and an electrode having a positive potential. The
electrode is insulated from the n-type material by a thin layer of silicon oxide. Photons of
light (with a wavelength § Amaz) incident on the CCD create an electron-hole pair in the
silicon. The opposing *ve potentials of the electrode and the p-type semiconductor are
a maximum in the buried channel and so the electron migrates towards it. The electron
is confined to the buried channel whilst the electrode maintains its positive potential.
The electrons stored under an electrode cannot (during the integrating period) travel
freely through the silicon. The charge is trapped on two sides by channel stops which
form a potential barrier against any movement of charge, and on the other two sides by
a potential barrier created by the potential applied to other electrodes within the same
pixel (Fig 2.11).
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Fig 2.11. Electrode structure at the storage area and readout register boundary

Charge Transfer

In order to transfer charge from one pixel to the next a potential energy difference has
to be created in the direction of charge transfer. This is done by changing the potential
difference between both successive electrodes of the same pixel and neighbouring electrodes
in adjoining pixels. The CCD shown in Fig 2.12 has four electrodes associated with each

pixel element.
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During a frame period two of the four electrodes associated with a CCD pixel have
a large positive potential and so free electrons in the vicinity of these electrodes become
trapped under them. At the end of the frame period the charge is passed from one pixel
to the next by, in this case, decreasing the potential on electrodes 1 and 2 and increasing
the potential on electrodes 3 and 4 (Fig 2.12b).

Each of the four electrodes are connected to a separate clock voltage. To ensure a
smooth transfer of charge the voltage at which two successive electrodes cross over during

charge transfer is half way between the minimum and maximum electrode potentials.

Charge Sampling

At the end of each frame period all the charge captured in the image area is transferred

to the storage area. During the next frame period;

o Each pixel in the storage area is moved down by one row, the first row moving into

the readout register.

o The readout register is clocked horizontally pixel by pixel, the charge in each pixel
being sampled by the charge sensing amplifier.

o Each pixel of data in the storage area is moved down by another row, and the whole

process repeated until the whole storage area has been read.

When sampled, the accumulated charge (Q) in each pixel causes an instantaneous
voltage change (V) of V = Q/C on the signal output, where C is the capacitance of the
input to the output amplifier of the CCD.

2.5.7 CCD Type Selection For MIC

The only two major companies from which the group could purchase CCDs for the XMM-
MIC detector were Thomson and EEV. The CCD is required to:

e be a frame transfer CCD.
e have a very high (> 0.999997) charge transfer efficiency.

e have at least 256x256 CCD pixels in order to give an event centroided format of

2048 %2048 pixels.
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e be radiation hard.

e be easy to operate i.e. have a simple electrode structure.

The Thomson7863A CCD

The CCD currently used with XMM-MIC is a Thomson7863A. It has 576 pixel rows and
384 pixel columns, and a 1:1 fibre optic output window which can be coupled to the fibre
optic taper. It is run in frame transfer mode and so 288 rows of pixels are covered with
aluminium to form the storage area, leaving a further 288 rows to form the image area.
Each pixel is 23umx23um, giving a total imaging area of 6.624mm by 8.823mm. The
clocks used for vertical transfer of charge (between rows), are run at 2 MHz so the time
taken to transfer a whole frame of data (the frame transfer period) is 140us, while the
clocks used for horizontal transfer of charge (in the readout register), run at 10 MHz.
The CCD has a peak QE of ~ 25% at 700nm, which is governed primarily by photon
absorption in the polysilicon electrodes [McLean).

The Thomson 7863A CCD was initially used with XMM-MIC because of its simple
(4-phase vertical and a 2-phase horizontal) clock structure which reduced the complexity
and power consumption of the CCD driver electronics. Additionally, the Thomson 7863A
CCD was believed to be radiation hard.

The EEV P8602 CCD

Another CCD which may, in future, be used in place of the Thomson CCD is the EEV
P8602 CCD. This has 578 pixel rows and 385 pixel columns of which only half the rows are
used for imaging. It has a pixel size of 22umXx22um providing an imaging area of 6.35mm
by 8.5mm. The EEV CCD is expected to have the same frame transfer and readout times
as the Thomson CCD but has a 3-phase vertical, 3-phase horizontal clock structure. The
two types of CCD also have similar QE responses.

The main reason for changing the Thomson CCD for an EEV CCD is their difference
in radiation hardness. The EEV P8602 CCD is now thought to be significantly more
radiation hard [Ref 2] than the Thomson7863A CCD making it of more use for Space

applications.
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2.6 CCD Camera Electronics

The camera electronics are responsible for both the control of the CCD camera and the
conversion of raw video data from the CCD into a digital output form. Fig 2.13 is a

block diagram of the individual components making up the camera electronics.

Video Processor

Black Differential
Level Amplifier
Clamp
Raw Vid {o Data [\ -
‘ x2 |—
cep Vv +
— Pre-Amp Sample And
Hold
Buffer
Buffers 8-Bit
T ADC
A
Sequencer Computer I/F Output
To Data Processor

Fig 2.13. Block diagram of the CCD camera and video processing electronics

The CCD is controlled by a sequencer, which contains two master clock generators and

the control counters.

1. The Horizontal Clock Generator has a frequency of 20MHz, from which the 10MHz

horizontal clock is derived. The horizontal clock is the baseline system clock.

2. The Vertical Clock Generator has a frequency of 16MHz, from which the 2MHz ver-
tical clock is derived. This clock drives the vertical transfer of data independently

in the image and storage sections of the CCD.

3. The Control Clock Counters These counters are used to control the readout of the

CCD and the generation of control signals such as line sync and frame sync.

The vertical clock which drives the storage section of the CCD and the horizontal clock

which drives the readout register are synchronized to ensure that when data is loaded into
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the readout register, it is immediately processed. The sequencing is controlled by a ’bit-
map’ loaded into a lookup table by the computer. The bit-map defines those pixels which
are to be used for data acquisition and those which are to be dumped. Those rows of data,
which are not used for data acquisition, are dumped in the readout register, one on top
of the other. The readout register is then read out and the data disguarded. If the CCD
is only partially sampled in this way, the storage area can be read at a much faster rate
thus decreasing the frame period. The consequence of partial scanning on the detector
dynamic range is discussed in Chapter 4.

The raw video signal from the CCD is firstly passed through an amplifier, after which
it is sampled and held. The DC bias measured by sampling data in the last seven pixels
in each row (overscan pixels which are not exposed to light). This bias signal is buffered
on one input of a differential amplifier, and then subtracted from data in each pixel of
the next row. An 8-bit ’flash’ analog to digital converter (ADC) then converts the analog
signal to an 8-bit digital output which is sent to the data processing electronics.

2.7 The Intensifier Power Supply

A typical 25mm intensifier used with XMM-MIC has working voltages of:

e Vj from the photocathode to first channel plate 300V
e V3 across first channel plate 1.2kV
¢ V3 across the second and third channel plate 2.4kV
¢ Vj from the third channel plate to the phosphor 4.5kV

These voltages are at present provided by a single 30kV Wallis power supply and individ-
ually tapped off using a divider chain. A large potential is placed across the divider chain
which consists of four pairs of resistors in series with one another. Each resistor pair is
made up of a fixed resistor and a variable resistor which are also in series. The potentials
V1.4 are tapped from each of the four resister pairs. Each individual potential is changed

by altering the value of the variable resister in the associated resister pair.
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2.8 Data Processing Electronics

The data in each pixel is analysed in order to recognise and position any events captured

in the CCD frame. If an event is recognised the data processing electronics, Fig 2.14,

Multiple Event
Recognision Circuit

Event Validate

Circuit
X Centroid | ]
Summation Address Photon
dd
Data From Data Centroiding FIFO ..A_l:"
ADC i ircui To
Analysis Circuit Generator Memory
Array Y Centroid -
Display I/F Display ] ]
Row Column
Counter Counter
CPU
Frame Store -+

Fig 2.14. Block diagram of the data processing electronics

calculates the event position and transmits its address to the computer for storage.
An event is identified by detecting a peak in the data, i.e. one pixel containing more data
than those surrounding it. In order to test for this condition, the data is systematically
passed through what is called the Data Analysis Array (DAA), where a small array of
pixels (neighbouring pixels on the CCD) can be analysed.

The ground based MIC system differs from that of XMM-MIC in the size of the DAA,
analysing data in a 5 X 5 array of pixels instead of a 3 x 3 array used by XMM-MIC. In
the next sections I shall describe how data from the larger, 5 X 5 DAA is analysed, and
then state how any analysis differs from that when using a 3 x 3 DAA.
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2.8.1 The Data Analysis Array

The DAA consists of five sequential shift registers, whose lengths are equal to the number
of horizontal pixels in the CCD (384 for the Thomson CCD), and which are connected
in series the first being the CCD readout register itself. The last five elements of each
register can be accessed and used in the detection of events. Thus, from Fig 2.15, it can
be seen that the data in row D is exactly one CCD row delayed from that in E and row

C delayed one row from that in row D and two from that in E etc.

Data From ADC

L E5 E4 E3 Ez El

Shift Register I Ds D, Ds D, D,

Shift Register Cs C, Cs C &)

L.
I__ Shift Register [ Bs B, B; B, B
L

Shift Register A5 A4 A3 A2 Al

Fig 2.15. Block diagram of the 5-pixel data analysis array

Thus the registers always contain data from five contiguous rows of the CCD which
are passed through the grid of 5 x 5 pixels. By reading successive rows into the registers
pixel by pixel, every event in the frame passes through the centre of this array and the
25 array elements are used to determine the presence, position and energy of the event.
XMM-MIC only has three shift registers, and only the last three elements of each one is

used for event analysis, as in Fig 2.16.
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Data From ADC

C3 CZ Cl
l__ Shift Register Bs B, By

L Shift Register A3 A, A

Fig 2.16. Block diagram of the 3-pixel data analysis array

2.8.2 Event Validate Circuit

This circuit is used to determine whether a valid event is central within the DAA. An
event is identified when the elements of the DAA meet certain criteria. These are tested
for using a number of comparators, each of which samples two elements of the array at
any one time. Let us consider the case of Fig 2.15, where the DAA is a 5 X 5 element

array. The presence of a valid event is found by determining:

1. Is An Event Central Within The DAA ? For this to occur the event must be central

in both the z and y directions. This is determined by comparing the data in the
central row and column of the DAA with data in the rows and columns surrounding
it. For example, to determine whether the event is central in y, C’ must be greater

than both B’ and D’ where:

B'=B1+ B+ B3 + B4 + Bs
C'=C1+ Ca+ C3 + C4 + Cs
D'=Dy+ D+ D3 + Dy + Ds

Similarly, to determine whether the event is central in z, the same condition holds

this time where:
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B'=A3+ B+ Cy + D2 + E,
C'=A3+ B3+ C3 + D3 + Ej
D'=A4+ B4+ C4 + Dy + E4

If the condition is true in both cases then the event is judged to be central within
the DAA. If however, C' is equal to B’, for example, we need to know whether the
event is centered in B’ or C’. In this case A’ and E’ are then compared. If E/ < A’
the event is central within the DAA. If however, C’ is equal to D’ then A’ and E’
are compared again. This time if E/ < A’ the event is not central within the DAA.

A similar method is used to determine whether an event is central within the
DAA of XMM-MIC. Because, in this case, the DAA is only 3 x 3 pixels, Fig 2.16,
an event is judged to be centered in y within the DAA if B’ > A’ and B’ > C' where:

A=A+ A+ A3
B'=B,+ By+ B3
C'=C1+ C3+ C3

Similarly, to determine whether the event is central in z, the same condition holds

this time where:

A'=A14+ Bi+ Cy
B'=A;+ B+ C;
C'=A3+ B3+ C;

If B’ is equal to C’ it cannot be judged whether the event is centered in B’ or C'.
In this case the centroid position is, by default, biassed towards the left hand pixel.

. Is The Event Real ? Two criteria are used in order to determine whether the event

is real or not. Firstly, the event peak must be greater than the lower event detection

threshold. This threshold is nominally set at ~ 30 ADU (analog to digital units) and
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discriminates against low energy noise events. 2

Secondly, to ensure that the event is not a noise spike, the four pixels directly ad-
joining the central (peak data) pixel must contain non-zero data. This discriminates
against defects such as a hot pixels and switched on channels which would produce

a large amount of charge in a single pixel unlike real events.

If the event is both central within the array, and judged to be real, the event validate flag

is set.

2.8.3 The Event Centroiding Circuit

The event validate electronics determine whether a real event is central within the DAA. If
this were the only information gleaned from the DAA then the event centre could only be
determined to an accuracy of 1 CCD pixel. In order to increase the resolution of the CCD
camera, the distribution of data values around the central peak pixel is used to estimate
the event centre to a higher accuracy. This gives an estimate of where the event centre is
within the central pixel.

The ground based version of MIC has the facility to centroid an event to 1, 1,1 or 1 of
a pixel, while XMM-MIC only employs centroiding to i or % of a pixel. The centroiding
electronics centroids an event by using an algorithm in order to find its ’centre of gravity’,
weighting the data in pixels surrounding the event peak. The solution to the algorithm
is the position of the event centroid from the centre of the peak pixel. The technique of
event centroiding is best illustrated by considering just one dimension at a time. Fig 2.17

shows a typical event profile, centered in Cj.

21t is assumed that the intensifier is set up in such a way, that the threshold lies in the valley of the

event height distribution.
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Y-Centroiding Using 5-Pixel Algorithm

145
Event Profile On A Section Of The CCD
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Fig 2.17. Centroiding an event on a section of the CCD

Its centre of gravity is determined, in the ground based system, by applying the 5-pixel
centroiding algorithm where, if C has the highest data, the answer is in the range -0.5 to

0.5 if the event profile is symmetrical;

2E+D-B-24 M
A+B+C+D+E N

Centre Of Gravity = (2.2)

The numerator and denominator of this equation are calculated discretely and are used
to define a 16-bit address within a computer loaded lookup table, Fig 2.18. An identical
circuit is used for z centroiding.

The numerator (M) and denominator (N) are used to define an address within the
centroid lookup table, where M defines the upper 8 bits of the address and N defines the
lower 8 bits of the address. For any given combination of M and N, and hence any location
within the lookup table, there is stored a 3-bit number defining the channel in which the
associated event centroid is located. Further details on loading the lookup tables can be

found in Section 3.3.4.
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Fig 2.18. The Y-centroiding circuit for a 5-pixel centroiding algorithm

XMM-MIC cannot employ a 5-pixel centroiding algorithm because the DAA is only
3 x 3 CCD pixels in size. Instead it uses a 3-pixel derivative:

c-4

AT BiC (2.3)

Centre Of Gravity =

Once again, the numerator and denominator are calculated discretely and are used to
define an address within a centroiding lookup table. The ground based system has the
option of using a 3-pixel algorithm by simply setting the values of A and E in Equ 2.2
and Fig 2.18 to zero.

Within the past couple of years two enhancements have been made to the centroiding

electronics, one in each of the two systems. They are:

1. The Coincidence Correction Circuit is an option for the ground based MIC detector.

Consider the case in Fig 2.19a where two events have landed so close together on

the CCD that their event profiles overlap.
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Fig 2.19. Centroiding using the coincidence correction circuit

Initially, event 1 is centred in the DAA but two clock cycles later event 2 becomes
centred in the DAA. If either the 3 or 5 pixel algorithms are used to centroid these
events without the use of the coincidence correction circuit, the calculated z cen-
troid value of both would be inaccurate. The coincidence correction circuit tests for
overlapping event profiles by determining whether;

i)C > Dand E > D or

il)C > Band A > B

When event 1 is centred in the DAA, case ii) is true. Here we need to determine
what the value of the data in B would have been if event 2 were not present. This
is estimated by calculating the ratio of data in C and A, and modifying the data in
B accordingly. If A is twice that of C (as it is in this case) then we assume that the
value of B due solely to event 1 is %B, with % the data in B belonging to event 2.

More generally, if case ii) applies then the value of B used to centroid event 1 is ;

B' = 1% x Cs
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After two clock cycles when event 2 is centred in the DAA, case i) is true. The
same method is used to find the value of D due to event 2 only. This time the value
of D is modified by calculating D’ where;

D’=U%E-XD

The event is then centroided using a 3-pixel algorithm (setting the values of A and
E to zero), using the modified value of either B or D depending upon whether case
i) orii) applies, Fig 2.19b. So for case i) the event is centroided by applying
the 3 pixel centroiding algorithm;

D'-B

Centre Of Gra.vxty = m (2.4)
and for case ii)
. D-PB
Centre Of Gravity = B+CrD (2.5)

This method of centroiding gives a better estimate of each event centre, increasing

the centroiding resolution of the CCD camera.

The coincidence correction circuit is only useful when the probability of two or more
event profiles overlapping is high. A theoretical evaluation of its performance has

been made and is described in Chapter 5.

. The Summation Centroiding Circuit is an option for the XMM-MIC detector. Con-

sider the case where an event is centroided in z, using the 3-pixel centroiding algo-
rithm. Instead of simply using elements A;,B; and C; in Fig 2.16 to centroid the

event, this circuit uses the algorithm;

Y
Centre Of Gravity = ) ’C A (2.6)

T4
where

A'=A3+ B3+ C3

B'=A3+ B+ C,
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C'=A1+ B+ ¢4

Similarly when centroiding in y Equ 2.6 still applies but this time

A'=A1+ A+ Az

B'=B1+ B+ B3

C'=C1+ C3+ C3

The algorithm uses all nine elements of the DAA and thus all the information avail-

able to the centroiding electronics in calculating where the event centroid lies.

2.8.4 The Multiple Event Recognition Circuit

The profiles of two or more events landing directly on top of one another in the same
CCD frame will completely overlap, producing a single event peak. If the multiple event
recognition circuit is not enabled then only one event would be detected as there is only
one data peak associated with the multiple events. Because events from the intensifier
have a narrow energy distribution an upper energy threshold can be set where event(s)
having an energy greater than this threshold are treated as two events. The multiple
event recognition circuit is used to identify these multiple events by summing the energy
in the whole DAA when an event peak is detected at the centre. If the energy is above
the predefined threshold value (determined from the event energy distribution for single
events), then the data acquisition memory is incremented by two counts instead of one
count. By applying this threshold, a percentage of event profiles are recognized as being
due to multiple events and the detectors’ dynamic range is increased as a result.
Although the presence of a second coincident event is detected, the profile is centroided
as if it were a single event (Chapter 5). A description of how the multiple event threshold
is set, and what the corresponding increase in dynamic range performance is, are given in

Chapter 4.

2.8.5 The XMM-MIC Address Generator

After both the z and the y centroids have been generated they, together with the pixel
counter, are sent to the address generator. The pixel counter counts from 1 up to the total
number of data acquisition pixels. It is incremented each time a data acquisition pixel
is analysed by the processing electronics and thus records the current data acquisition

pixel being analysed, (Chapter 3). The address generator combines these three pieces of
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positional information, the pixel counter, the y centroid, and the z centroid, into a single

address of the form

. Y X
Pixel Counter Cent. Cent. Flag.
No. of bits 16 3 3 1

Fig 2.20. Form of an event address sent to the computer

where the pixel counter takes up 16 bits of the address and the z and y centroids take
up 3 bits each. The last address bit is used as a flag, which is set when the detected event
peak height is above the multiple counting threshold. The address is then latched to the
FIFO before finally being sent to the computer.

2.8.6 The FIFO

The number and position of events arriving in any one CCD frame is random so that the
rate at which an event address is sent to the FIFO is also random. The FIFO acts as
a buffer between the processing electronics and the computer, synchronizing the rate at
which event addresses leave the FIFO to the access time of the computer memory. An
event address is only sent to the FIFO if the event validate flag is set, and only placed
on the address lines when the computer has processed the previous event. Each FIFO is
256 locations deep. If the rate at which events arrive is greater than the rate at which the
computer processes the events, then the FIFO will start to fill up and eventually a loss of

data results.

2.8.7 The Frame Store

The frame store is a memory array of 128Kbytes (for the ground based system) and
64Kbytes (for XMM-MIC). It is used as a test facility by performing the following two

functions:

1. Individual frames of CCD data can be loaded into the frame store and the events
in those frames transferred to the computer for analysis. As a result, event energy,
height and width distributions can be built up. These aid in the set up of the

intensifier and ensure that the event detection threshold is set at the correct position.
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2. Pseudo frames of data can be loaded into the frame store and subsequently passed
to the processing electronics. The centroiding electronics can be tested by taking an
integration on the test pattern and finding in which memory addresses each pseudo
event is placed. By comparing the real centroided positions (known from the test
pattern) with the incremented memory addresses, the performance of the processing
electronics can be evaluated. The frame store is therefore also a valuable diagnostic

tool in finding faults in the centroiding electronics.
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Chapter 3

MIC Control System

3.1 Introduction

A VMEDbus computer acts as an interface between the user and the MIC detector, con-

trolling its operation and carrying out several important tasks which include
1. Controlling both the CCD camera and the processing electronics.
2. Providing a memory array for data acquisition.
3. Performing image processing and display functions.
4. Providing an interface with data storage media, e.g. floppy disks and magnetic tape.
5. Performing diagnostic testing of the data processing electronics.

A schematic of the computer layout is shown in Fig 3.1

VME Bus
| | | | | I
Control | | OPAL VME Data
CPU Storage DMA
Interface Card Memory | | 1, terface
R
4 S
2
¥ 3
2
Processing Tape Drive i
And Camera Monitor Terminal or Processing
Electronics Exabyte Electronics

Fig 3.1. Layout of the MIC computer system
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The user operates the detector by typing a series of commands from the computer
keyboard. These commands execute software routines most of which are written in C but
some of which are written in assembler (i.e those requiring fast execution). Each software
routine performs a task associated with the detectors’ operation or control and because the
detector is only in its prototype stage of development a foreknowledge of each command
and the task it performs is required.

The following sections describe the computer system presently used with the prototype

XMM-MIC detector. This is very similar to that used with the ground based MIC detector.

3.2 Description Of The Computer System

The operations carried out by the computer are split between different component boards
each of which has a specific function. These cards are housed together and interconnected
via a VME bus. The user communicates with the computer from a terminal which is
connected to the computer via an RS232 data link. The following section describes the

function of each card.

3.2.1 Function Of The Control Interface Card

The control interface card is used to communicate with both the data processing electronics

and the CCD camera, allowing the user to, for example:
e Set both the camera and data acquisition formats.
e Start and stop an integration.
e Set the multiple event threshold.

It is also connected to a button boz which can be used to stop or pause an integration as
well as allowing the user to gain access to the computer whilst an integration it taking

place.

Link To The Data Processing Electronics

The link between the processing electronics and the control interface card consists of an 8
bit command bus, which defines the hardware destination address to be accessed, and a 16

bit bi-directional data bus. The data bus carries either data to the processing electronics
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during write operations, or data from the processing electronics during read operations.
Both the command and data busses have designated VME bus addresses associated with

them.

Address | Function
0 Start an Integration (no data associated)

Stop an Integration (no data associated)
Defines the 10 bit double event threshold
Defines the 4 bit data to be loaded into the X centroid LUT
Defines the 16 bit address in the X Centroid LUT to be loaded
Defines the 4 bit data to be loaded into the Y centroid LUT
Defines a 16 bit address in the Y Centroid LUT to be loaded
Selects The Frame Stores’ Mode Of Operation

Data = 0 Default, Normal operation

Data = 1 Set Frame Store for computer access

W I O ot o W =

Data = 2 Test Mode, data in Frame store replaces real
data passing through processing electronics
9 Defines the Frame Store memory address to be loaded
10 Defines the 8 bit data loaded into the selected
frame store memory location
11 Sets The Data Acquisition Mode
Data (2 bits)= 0 Window Mode
Data = 1 Full format - high resolution mode
Data = 2 Low resolution mode
12 Enables/Disables The Multiple Event Recognition Circuit
Data =0 Enables multiple event recognition
Data =1 Disables multiple event recognition
14 Data sent to the MIC detector head
15 Defines to what use data in OC 14 is put
Data=0 Takes 8 bit data in OC 14
as the 8 LSBs of the Bitmap LUT address
Data=1 Takes 8 bit data in OC 14
as the 8 MSBs of the Bitmap LUT address
Data=2 Takes 4 bit data in OC 14
as the data to be written into the LUT address
Data=3 Enables writing to LUT.
If the data associated with OC 14 =0, Enable writing
If the data associated with OC 14 =1, Disable writing
Data=4 Resets the Camera to a default status.
If the data associated with OC 14 =0, Reset camera
If the data associated with OC 14 =1, Disable reset

Table 3.1. Command functions for the data processing and camera electronics
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Data is sent to the processing electronics by firstly placing it on the data bus using a
subroutine called WD ( Write Data). By executing "WD y’ the value y is placed on the
data bus. Secondly, the hardware destination address is placed on the command bus. A
subroutine called OC (Output Command) has been written to carry out this procedure.
It takes the form ’OC z’ where z is the hardware destination address. A list of all the
OCs’ are given in Table 3.1.

One example in which data is sent to the processing electronics occurs when the dou-
ble counting threshold is redefined. To change the double counting threshold, the new
threshold is placed on the data bus by executing "WD y’ where y is the new threshold
value, and then executing ’OC 3’ to define its hardware destination address. Not all OCs’
have data associated with them, like ’'OC 1’ which simply stops an integration.

In XMM-MIC only frame store data can be read from the processing electronics. It is

read from the data bus using the subroutine RD (the Read command).

Link To The CCD Camera

The link from the computer to the CCD camera consists of an 8 bit write only data bus
and a 3 bit address bus, defining to which location within the camera data is sent. So, for
example, to reset the camera the user inputs WD 0 ; OC 14 to define the camera default
status, and then WD 4 ; OC 15 to send the new status data to the CCD camera.
Most of the data sent to the CCD camera is associated with loading the bitmap lookup

table which defines those CCD pixels used for data acquisition. The bitmap lookup table
has 2562 memory locations (64K x 4 bits) associated with it, because the maximum CCD
format used with XMM-MIC is 2562. So in order to write to the whole range of lookup
table addresses, the address has to be sent in two halves, the 8 least significant address
bits (LSBs) first, followed by the 8 most significant address bits (MSBs). To load a value
2 into the bitmap lookup table location whose LSBs are a and MSBs are b, the following
procedure has to be carried out;

WD 0 ; OC 14

WD 3 ; OC 15  to enable writing to the bitmap lookup table.

WD ; OC 14

WD 0; OC 158  to define the 8 LSBs of the lookup table address.

WD b; OC 14
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WD 1; 0C 15 to define the 8 MSBs of the lookup table address.
WD z ; OC 14
WD 2 ; OC 15 to send z to this location in the bitmap lookup table.

3.2.2 The OPAL Graphics Card

The OPAL graphics card provides a suite of graphics functions which can be called from
within a C program, and are used in all the image display routines. The OPAL has 8 colour
planes (which give rise to a 256 colour palette), and a display buffer of 512Kbytes. It is
directly connected to a colour monitor via four coaxial cables (carrying the Red,Green,Blue

and Sync signals) whose display resolution is 768H by 577V pixels.

3.2.3 The CPU Card

The computer has a 68020 CPU which runs at 16MHz. The CPU card also contains a
SCSI interface for the two disk‘ drives, a real time clock, and an RS232 interface port.

It also has an 8Kbyte block of memory called the Global table which, when the user
logs onto the system, is loaded from the Winchester hard disk with the default value of
each global variable e.g. the default multiple event threshold and the default run number.
Each global variable has a status register associated with it. The status register contains
a pointer to a memory location within the global table and in this memory location is
stored the value of a particular global variable. By using a global table which can be read

from and written to by different software routines:

¢ a piece of software knows the present status of the detector and can decide whether
or not it is appropriate for the remainder of the program to execute. For example, if
the user tries to change the centroiding resolution while an integration is in progress,

the request will be rejected.

e a piece of software can change, for example, the display mode and hence change the
image display register. Thus any software run subsequent to this change is aware of

it.
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3.2.4 The VME Memory

Unlike direct CCD imaging where an image is built up on the CCD itself, photon counting
detectors integrate an image in computer memory. The VME memory is divided between
the data acquisition memory, in which the image is integrated, and a display buffer, in
which the image is stored in a form used by the display routines. The total size of the VME
memory is 16 Mbytes. The size of the data acquisition section of the memory is dependent
upon the camera format and the centroiding resolution but is limited to a maximum of
12Mbytes. Each pixel address is 16 bits deep and so the total number of available pixels
is 6 x 106.

As is explained below, the VME memory is split between the data acquisition memory
and the display buffer because the way in which data is stored in the data acquisition
memory is incompatible with that required by the graphics display routines. In order
to display an image it must first be unscrambled into a form required by the graphics
routines, and placed in the display buffer. Small images (usually up to 1024 x 1024 pixels)
can both be acquired into the acquisition memory and unscrambled into the display buffer
without any memory constraints. In this case the whole image can be updated on the
monitor all at once. After starting an integration the unscrambling routine is run as a
background task by executing UNSCRAMBLE.

Because of the present VME memory constraints an image as large as 2048 x 2048
cannot be both integrated in the acquisition memory and unscrambled into the display
buffer at the same time. Instead 2048 x 2048 memory locations are used for data acquisition
and the image is unscrambled one quarter at a time. In this case, the display buffer would
consist of 1024 X 1024 memory locations and data can be unscrambled and displayed using

the command MOSAIC which updates the display one quarter of the image at a time.

Unscrambling Data

Consider the diagram in Fig 3.2 showing the position of three software defined data
acquisition windows in the CCD image area. In this example, windows 1 and 8 each
contain nine CCD pixels while Window 2 contains fifteen CCD pixels. After transferring
this data into the storage area of the CCD, each pixel contained within the windows is
read out in the order with which they are numbered i.e the bottom left CCD pixel of

Window 1 is the first CCD pixel contained within any window, to be read out. A pixel
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counter ¢ keeps track of which pixel is being read out and so if, for example, an event is
centred in the middle of Window 38, the pixel counter ¢ will equal eleven when the event

is centred in the DAA of the processing electronics.

IMAGE AREA

Window 2

c=31c=32lcsaal

c = 28|c = 29|c = 30

Window 3 c = 2bjc = 26|c = 27
c = 19jc = 20|c = 21 c = 22]c = 23|c = 24 Window 1
c = 10|c = 1l|e = 12 c = 13|c = 14|c = 15 c = 16|c = 17|c = 18
c=4d|c=8|c=86 c=T7|lc=8lc=9

e=1llc=2|c=3

Fig 3.2 Order in which pixels within data acquisition windows are read out.

Each event detected by the data processing electronics is sent to the computer in the
form of an event address which represents its centroided position on the CCD. The address

takes the form of that in Fig 3.3:

. Y X
Pixel Counter Cent. Cent. Flag.
No. of bits 16 3 3 1

Fig 3.3 Form of the event address sent to the computer

After testing the double event flag and right shifting by one bit to remove the flag
from the address information, the DMA card (as will be explained in Section 3.2.6) adds
a bias address to the event address, reads the data stored in that VME memory location
and increments it by one (or two if the double counting flag is set). It is then written back
to the same memory location from which it was read. As a result, if for example, events
were centroided to %— of a CCD pixel, all the data associated with events centroided in a

single CCD pixel (having a pixel counter value of c=z) will be mapped into 64 contiguous
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memory locations of the VME memory. The data associated with events centroided in the
next CCD pixel (having a pixel counter value of c=z + 1) are then assigned to the next
64 contiguous memory addresses etc.

For this reason, the order in which events are stored in VME memory is incompatible
with the display routines which instead require the data making up any one row of the
display be stored in contiguous locations of the VME memory i.e. the display routines

require that each event be stored according to the addressing system shown in Fig 3.4:

. Y . X
Y-Pixel Number Cent. X-Pixel Number Cent.
No. of bits 8 3 8 3

Fig 3.4 Form of the event address after unscrambling

The conversion from one form of addressing system to the other cannot be done in
hardware because of constraints placed on the detectors’ power consumption imposed
by the XMM-OM project. Instead, because data is displayed in real time, a software
unscrambling routine is run as a background task, updating and decoding data stored in
a scrambled form into data stored in an unscrambled form which can then be accessed in

the correct order by the display routines.

3.2.5 The Data Storage Interface Card

This card as its name suggests is the interface card to the Cipher tape drive and the

Exabyte tape drive. Either of these units can be used for permanent storage of data.

3.2.6 The Direct Memory Access (DMA) Card

The DMA card is used to gain fast access to the data acquisition memory in order to
store events as fast as possible during an integration. When an event address is sent from
the processing electronics to the DMA, the DMA carries out a read-modify-write on the
location within VME memory associated with that event. It does this by firstly taking
control of the VMEbus, allowing it to have access to the VME memory. It then adds the
VME memory base address, defining the start of the data acquisition array, to the event
address and reads from the location in VME memory associated with the detected event.

The data is incremented by one count unless the double counting flag is set in which case it
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is incremented by two counts. It is then written back to the same VME memory location

from which it was read and the VMEbus released.

3.3 Setting Up For An Observation Run

This section is intended to describe how to set up the detector for an observation run,
as well as describing those tests that must be carried out to ensure the best performance
from the detector.

The user controls the detector by entering a series of commands at the keyboard, each
command being the name of a computer program which carries out a specific function. In
order for the user to type the correct sequence of commands he must first be familiar with

the order in which each function should be carried out.

Pass events through the detector by setting the
camera format using the program Camera and
then powering up the intensifier

Analyse the event profiles using the
program FWHM

i

Correct any fixed pattern noise which might
be present using the program LOOKUP

{

Focus the detector

i

Take data by starting an integration using the
program GO and then unscramble the data into
a form used by the display routines (using the
program UNSCRAMBLE

l__,___ Display the data —’ﬁ
As a 1D spectrum ‘ As a 2D image using

using Buildup mode Image mode

as a 3D image using
3D mode

A

Analyse the data

[—,‘__ store the data ——v—l
on the Winchester 1 onto a floppy disk

hard disk onto magnetic or

exabyte tape

Fig 3.5. A typical sequence of events which occur whilst using the detector

Fig 3.5 shows a typical sequence of events which might take place whilst using the

detector. Some of these functions may not need to be carried out, for instance if the
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detector is already setup for use, but the diagram gives an idea of the order in which each
procedure should take place. Some of the procedures have words which are highlighted
and these represent just one of the many commands associated with that procedure.

The following sections describe each of these procedures in more detail giving a list of

all the other commands used in the control of the detector.

3.3.1 Logging Onto The Computer

After switching on the power supply to the processing electronics, the CCD camera and
the real time display, the computer can be turned on. Once it has booted up, the user can
log into the computer by firstly executing Ctrl D and logging in as XMM. This gives

the user access to all the system command routines.

3.3.2 Setting Up The MCP Intensifier

The first procedure to carry out is powering up the MCP intensifier and passing real
events through the detector. Initially the CCD camera format has to be set in order to
observe events on the real time display. This is done by executing CAMERA whereby

the computer prompts the user for:

e The first and the total number of pixel rows for the first data acquisition window.
When setting up the detector, the number of rows should be set to the maximum of

256.

e The first and last pixel column of the first data acquisition window. Once again,
when setting up the detector, the number of columns should also be set to the

maximum of 256.

e Whether there are any more windows to be defined. The user should reply NO as
only one window of the maximum format is required at this stage. Further windows

are only defined when using the multiple window facility.

e Whether the image stack should be cleared before making an image slot for this new
window. If more than one image is stored in the data acquisition memory at one time
they are said to be stacked in memory. Before another image can be stored an image

slot must first be created. The image slot defines the first memory location used to
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store the image and the number of memory locations required to accommodate the
image.
The user should reply YES to this question in order to make room for data contained

within the new window.

This sets the camera format to full size so that the maximum 256 x 256 CCD pixels
are used for data acquisition. The real time display now shows a display representing the
data acquisition area. As yet no events will be seen (when they are present, events appear
as small scintillations of light within the data acquisition area). After ensuring that the
voltage control dial on the main intensifier power supply is set to zero, both this and the
divider box can be turned on. By a series of adjustments to both the main power supply
and the divider box, the intensifier voltages V, 4 are steadily increased until they are at
their optimum values (see Table 3.2). The intensifier front gap voltage (V1) should be

kept at zero during this time.

Intensifier i) | va(V) [ s (V) | Va (V)
MCP3I Chevron (40mm tube) | 200 1300 4750
Hot Seal Z-Stack 300 964 2930 4660
MCP2910723 (25mm tube) 200 870 2840 4550
DEP (25mm tube) No.1 200 900 3100 4700
DEP (25mm tube) No.2 200 | 900 | 3040 | 4700
DEP (25mm tube) No.3 200 820 2850 4550

Table 3.2 Optimum operating voltages for six MIC intensifiers

The optimum intensifier voltages vary from intensifier to intensifier because of the
variability in channel plate characteristics and are initially found by changing each voltage
one by one until a tight pulse height distribution is obtained. The valley of the distribution
should lie at 30ADU and the mean event height is typically 60ADU (see Chapter 7).

Once these voltages have been set, the detector is illuminated with a very faint (typ-
ically 500 counts/sec) flat field light source. The front gap voltage V; is increased very
slowly, watching the real time display all the time. If the real time display shows a sat-
urated image, representing too high a light level, the front gap voltage should be quickly

decreased to zero and the illumination intensity reduced.
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3.3.3 Analysing The Event Characteristics

Now that MIC is detecting events, their height and width distributions can be analysed
to respectively ensure that the detector counting efficiency and centroiding resolution are

optimized. This is done using the following procedures:

1. Obtaining a CCD bias frame to subtract from frames containing real events. This
is done by firstly turning the intensifier front gap voltage to zero (so that no events
are amplified by the intensifier) and executing SNAP. The program SNAP, grabs
a single frame of CCD data from the frame store. The data is then placed on the
memory stack by executing PUSH. This bias frame is subsequently subtracted from

frames containing real data, during the event analysis.

2. Returning the voltage across the intensifier front gap to its normal operating value
and taking an integration of the intensifier dark noise. This is carried out in order
that when events are analysed later on, only events from a defect free area of the
intensifier and CCD are used, thus ensuring that the event height and width distri-
butions are not contaminated by noise events. Defects such as switched on channels
within the intensifier and hot pizels on the CCD (see Chapter 7) produce events
which have no relation to the image and do not have the same height and width

distributions as real events.

The procedure is carried out by firstly setting the integration time by executing
TIME and then specifying the integration time required (~ 300 secs). An integra-
tion is started by executing GO. To display the integratingimage UNSCRAMBLE
is executed and the display size defined by using firstly ROWS and typing in the
first data acquisition row to be displayed (in this case 1) and then the last data
acquisition row to be displayed (in this case 256). Secondly the number of displayed
data acquisition columns is defined by executing START and the start column (in
this case 1) and then typing LENGTH and the number of data acquisition columns
to be displayed (in this case 256). The data is displayed as an image by executing
RAINBOW to obtain a colour display, IMAGE to define the display mode, and
finally SHOW to display the image on the monitor.

3. Once the integration has stopped, the detector is illuminated with the same intensity

faint flat field as was used previously. The event height width and energy distribu-
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tions can then be analysed by running the event analysis program FWHM. This
program prompts the user for an area within the data acquisition area in which
events are to be analysed. By examining the dark noise image the user should select
the start and end CCD row/column (whose size is typically 50 x 50 pixels) of an
area free from the defects mentioned above. The program then asks if there is a
SNAP frame on the stack (which there now should be) and how many events are
to be analysed (typically 3000). FWHM then starts to analyse events captured in a
series of SNAP frames taken from the frame store. Once the total number of events
have been analysed each event distribution can be written to a file which are then

stored on the hard disk.

4. Once saved, each distribution can be displayed on the monitor by executing PLUP,
a program which is used to display 1D data. The program firstly prompts the user
for the filename of the 1D data and the minimum and maximum ordinate values.
Two data sets can be displayed simultaneously (each in a different colour to avoid
confusion) if they need to be compared. If any of the distributions show a marked
difference from that expected the appropriate intensifier voltage can be changed, and

the whole procedure repeated.

3.3.4 Correcting For Fixed Pattern Noise

Fixed pattern noise comes about because of small centroiding errors resulting from the
mismatch between event profiles and the centroiding algorithm (Chapter 6). As a result,
depending upon the severity of this mismatch, a certain fraction of the events are cen-
troided into the wrong subpixels in such a way that patterning with a period of 1 CCD
pixel is superimposed onto the true image (Fig 3.6a).
Each event is centroided by firstly determining the event profile’s ’centre of gravity’
using the 3-pixel centroiding algorithm
A-C

Centre Of Gravity = m

(3.1)

where B is the peak data value associated with that event. The algorithm outputs answers
in the range of -0.5 to 0.5. In order to place the event into one of eight channels (sub-
pixels) this range of answers is initially subdivided into eight channels using boundary

values which are separated by 0.125 CCD pixels. For example, an event would be placed
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into Channel 1 if the result of the centroiding algorithm lay between -0.5 and -0.375 or
would be placed in Channel 2 if the result of the centroiding algorithm lay between -0.375
and -0.25.

If the centroiding algorithm were to accurately centroid each event from a flat field,
equal numbers of events would be centroided into each subpixel and the output image
would appear 'flat’ (Fig 3.6d). However, fixed pattern noise typically causes unequal
numbers of events to be centroided into each subpixel if the subpixels have equally spaced
boundary values.

The centroid position in z and y of each event is defined in what are called the cen-
troid lookup tables (Chapter 2). The position of a subpixel can be redefined in software
by changing the data stored in these centroid lookup tables. By changing the subpixel
boundary positions (i.e. by redefining the centroid positions of events), the effect of fixed
pattern noise can be minimized. A subpixel in which events are preferentially centroided
can be made smaller by reducing the range of answers given by the centroiding algorithm,
which apply to that subpixel. Similarly, a subpixel in which few events are centroided can
be made larger by increasing the range of answers (from the centroiding algorithm) which
apply to it.

Finding by how much to change the position of each subpixel boundary is an iterative
process and involves firstly sampling a flat field image and analysing the count distribution
in each subpixel. From a knowledge of this and the subpixel boundaries, the boundary
positions can be changed in order that the next time a flat field is sampled a more equal
number of events are centroided into each subpixel (Fig 3.6b). A new flat field image
is then resampled and the subpixel boundaries are changed until eventually (after several
iterations) the ideal subpixel boundaries have been defined in the centroid lookup tables.

The fixed pattern noise can be corrected for by carrying out the following procedures;

1. Selecting a centroiding resolution of -g— of a CCD pixel so that data in each of the eight
subpixels is available. The centroiding resolution is set by executing FORMAT and
entering the number of subpixels/pixel required. This number is limited to 4 and 8

for XMM and so in this case the user should type FORMAT 8.

2. Run the program LOOKUP which is used to analyse the count distribution in each
subpixel and calculate the subpixel boundaries which are most likely to minimise

the level of fixed pattern noise. A menu appears which asks the user whether the
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subpixel boundaries should be equally spaced (E), reloaded from the last time they
were saved (R), individually entered by the user (O), or calculated from the subpixel
count distribution of a flat field image (C). The user has to firstly load the centroid
lookup tables with equally spaced subpixel boundaries in both z and y to provide the
initial starting boundary positions. The user types E at the menu prompt and then
z to specify in which direction the subpixel boundaries should be equally spaced.
LOOKUP is run again and at the menu prompt the user retypes E and follows
this by typing y to load the centroid lookup tables with equally spaced subpixel

boundaries in y.

. Carrying out an integration on a faint flat field image (to avoid a high proportion of
coincident events), using a small section of the CCD. An integration is started, and
continued until each subpixel has, on average, 10-20 counts in it. By co-adding rows

or columns a cross section through this image will typically look like Fig 3.6a.

. If, after imaging the flat field illumination, each subpixel does not contain an ap-
proximately equal number of events then the program LOOKUP is rerun in order
to calculate a new set of subpixel boundary values. The user types C at the menu
prompt and then enters an area of the CCD over which the subpixel count distribu-
tion is to be calculated. This area should be free of the types of defect mentioned in
Section 3.3.3 and have a size of typically 20x20 CCD pixels. The computer proceeds
to sum the number of counts in each subpixel of a CCD pixel using Modulo 8 addi-
tion (e.g summing counts in the first subpixel (in z) of every CCD pixel within the
specified area). By summing the counts in each subpixel over an area of the CCD,
the subpixel count distribution has good count statistics with which to calculate new
subpixel sizes. The program calculates the mean number of summed counts/subpixel
and then for each subpixel it estimates the change in boundary position required in
order to minimize the degree of fixed pattern noise. For example, after analysing the

count distribution in Fig 3.6a, the data shown in Table 3.3 might be presented.
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Channel Counts 0ld Boundary Values Suggested New Boundary Values

] 7600 -0.5 -0.5
1 7750 -0.375 -0.389
2 7785 -0.26 -0.282
3 7694 -0.128 -0.175
4 7350 0.00 -0.067
5 1064 0.128 0.047
[} 7410 0.25 0.277
7 7640 0.378 0.386
0.3 0.5

Mean Count/Channel= 6786

Table 3.3 Example of output from the program LOOKUP

It does this from a knowledge of the deviation of each summed subpixel count from
the mean and the present size of each subpixel. One of the two following algorithms

are used to calculate each new subpixel size.

(Mean-SubpixelCounts) (3 2)

New Subpixel Size = Old Subpixel Size + 1 / 8
Mean

Old Subpixel Size/Counts In Subpixel
3 (01d Subpixel Size/Counts In Subpixel)

New Subpixel Size = (3.3)

where the Mean refers to the mean number of summed counts per subpixel over the
area specified, and the Subpizel Counts are the number of summed counts in the
subpixel whose size is being changed. From experience, it is found that for certain
’chronic’ fixed patterns i.e. with one subpixel either having most, or almost none of
the counts, that the second algorithm is more able to correct the fixed pattern than
the first algorithm. The software recognises when one of the subpixel counts is > 2
SD’s from the mean subpixel count, and accordingly suggests the second algorithm
to calculate the new pixel boundary positions. The user can change the algorithm if
required, and once calculated, the old and new subpixel sizes are printed out. If the
user agrees to use the newly calculated subpixel sizes, the centroiding lookup table

is updated and the subpixel boundary values saved in the global table.

. Carrying out another integration of a ’flat field’ image using the newly calculated
subpixel sizes. The program LOOKUP is re-run, and new subpixel sizes calculated

once more.
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The whole process of taking an integration and recalculating each subpixel size should be

continued until the level of fixed pattern noise is unnoticable above that of the photon

noise i.e. the RMS subpixel count deviation is ~ /Mean Subpixel Count.
Fig 3.6a shows the typical level of fixed pattern noise for subpixels having equal
boundary values and Figs 3.6b,c and d show the typical level of fixed pattern noise after

applying three successive iterations of the correction algorithm.

(2) NENO

e

(c) (d)

st A Ly i bty ity

Fig 3.6. Level of fixed pattern noise for three successive iterations of the correction

algorithm

After the fixed pattern correction has been carried out, the centroiding algorithm and
centroid lookup table combine to correctly centroid each event so long as the event profile
remains constant. The correction is only valid for events whose profiles closely match those
with which the correction was carried out. If the event profile changes for any reason, the

fixed pattern correction no longer applies and fixed pattern noise is re-introduced.

3.3.5 Focussing The Detector

To visually measure the changes in an image profile introduced by moving the focus
position, and hence, decide the best focus position, histograms of slices (or cross sections)

through the image profile need to be displayed. The buildup display mode allows the user
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to select areas of an image from which individual rows or columns can be co-added to
produce a cross section.

In practice the detector is focused by maintaining a centroiding resolution of % of a
CCD pixel and imaging a point source illumination (or in spectroscopic applications, arc
lines). The focus position is then found by one of two methods, depending upon the

imaging optics placed in front of the detector. These are:

e At major telescopes such as the the AAT and the WHT the focus on spectrographs
can typically be found by using a Hartmann test. Fig 3.7.

HartmannA

Front Face
Of Detector

N Ip

LAMP ’ ><
Is

¢ T * HartmannB

1[

Fig 3.7. Obtaining focus using the Hartmann test

The method consists of taking two images of the point source illumination, one with
Hartman A blocking off half the image and another with Hartman B blocking the
other half of the image. If the image is focused, then the position of images I4 and
Ip coincide with one another. If the two images do not coincide the focus position
is easily found by observing the separation of I4 and Ip for changes in . The focus
position is changed by moving (in z) the telescope collimator, but if focus cannot
be obtained anywhere in the collimator range, either the detector has to be moved
closer to the collimator (by redesigning the detector mount) or stood off from the

telescope using shims.

To display image cross sections side by side, the user must first change the display
to buildup mode by executing RESET. This allows cross sections through an image
to be displayed. If the user wishes to produce a cross section parallel to the z axis
then the user types BUILD and then the build up number where up to 8 buildups
can be defined. The program BUILD prompts for the start row and the number of
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rows to be summed into a 1D cross section. This buildup definition is then saved,
and can be recalled at a later date by typing LOAD and the associated buildup

number.

Similarly, if the user wishes to produce a cross section parallel to the y-axis the user
types YBUILD to define how many columns are summed together to make the 1D
cross section. The program YBUILD prompts for the start column and the number
of columns to be summed. The ybuildup can be recalled at a later date by executing

LOAD as before.

Once a buildup is selected it is displayed by executing SHOW. The range over
which a buildup can be displayed is altered by either typing ROWS (and the row
start and end values) when displaying a ybuildup, or START and LENGTH, when
displaying a buildup. Up to six (y)buildups may be displayed on the monitor at any
one time (see the section on buildup commands).

Images I4 and Ig are displayed on top of one another by firstly taking an integration
using one Hartmann and then executing SAVE to fix the image on the screen. An
image is then taken with the other Hartmann and this becomes superimposed on
top of the previous image. Several such cross sections can be saved on the screen at

any one time.

e In thelaboratory or on instruments that do not contain Hartmann shutters, a simpler
but just as effective way of finding the focus position exists. This method also
involves taking a cross section through the a point source image, but this time
measuring its full width at half maximum (FWHM). Focus occurs when the image
FWHM is a minimum and so in the laboratory (where in our case the source of
illumination is provided by a Baum projector), the projector position from the front
face of the detector is moved until the image FWHM is a minimum. This is only
found by moving the image through the focus position and observing an increase in

FWHM either side of the focus position.

3.4 Taking Observations With The MIC Detector

An observing program may involve the observation of very different types of object having

vastly different sizes, wavelength coverage and intensity. The following procedures should
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be carried out in order to observe each of these objects most efficiently;

1. If the object or background illumination is expected to be bright, either neutral
density (ND) filters or narrow transmission band filters should be placed in front of
the detector. Before exposing MIC to light of an unknown intensity the intensifier
front gap voltage V; should be turned down to 0V. When exposed, V; is increased
slowly whilst watching the real time display.

2. Set the initial data acquisition format to its maximum size i.e. 256 pixel rows by

256 pixel columns.

3. Select the appropriate centroiding resolution using the program FORMAT. A high
centroiding resolution is required for closely spaced objects (like closely spaced stars
or in the case of spectroscopy, closely spaced spectral lines). It is also required in

order to adequately sample a single star profile, for example, or a single arc line.

4. If the double counting threshold (Chapter 4) needs changing then type THRESH-
OLD followed by the double counting threshold. If the user enters a value of -1 then
the double counting circuit is disabled. The threshold is preloaded with its optimum
value and so it should only be redefined if testing the system.

5. Move the image onto a defect free or 'flat’ part of the detector (usually the centre).

6. Place a data acquisition window around the object(s) in the field of view. Minimizing
the data acquisition area not only helps to decrease the amount of memory required
to store the image but also increases the detectors’ dynamic range performance by
decreasing the CCD frame time (Chapter 4). Prior to placing a window a short
integration of the field using the maximum data acquisition format must be taken
and then displayed on the monitor. Up to 16 data acquisition windows can then
be defined by calling the program BOX, which places a box cursor on the image
display and allows the user to define subsets of the image for future integrations.

The cursor can be moved around the image and its size changed.

7. Integrate on the image (by executing GO) until the desired signal to noise ratio
(Chapter 7) is obtained. The image can be displayed whilst being integrated by
executing UNSCRAMBLE to initiate the data unscrambling routine, and then
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choosing the display mode, which is described in more detail below. Whilst an
observation is taking place, a button boz may be used in order to gain access to the

computer keyboard. This could be used for one of several reasons;

e Stopping An Integration; The integration can be stopped prematurely by
pressing the STOP button. The duration over which the observation took
place, is displayed on the screen and the data collected within this time is held
in computer memory. An integration can also be stopped from the command

line by executing ABORT.

¢ Holding An Integration; The integration can be paused by pressing the
HOLD button. The data remains in memory, and the observation is restarted
by executing CONTINUE, whereby the newly accumulating data is added to
that stored in memory. This feature is helpful, for example, when cloud affects
an observing run. The integration can be held, and restarted as soon as the

cloud disappears.

e Changing The Display; By pressing the CHANGE DISPLAY button, the
computer prompt will appear on the screen. This allows the user to change the
display whilst the integration continues as a background task. The continually

updated image is returned to by executing SHOW.

8. If the detector is being used to directly observe astronomical objects, use the sky
background to obtain a flat field image using the same camera format, data acqui-
sition windows and centroiding resolution. This ensures that all objects are flat

fielded’ with sky background imaged over exactly the same area of the detector.

The detector status can be displayed on the VDU at any time by firstly obtaining the
computer prompt and then executing LIST. The program displays information about the

detector status obtained from variables stored in the global table e.g.
o The size and position of each data acquisition window.
o The current and previous integration times.
e The observers name, the current run number and the data destination.

e The current display status.
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3.4.1 Displaying Data

There are three different ways in which data can be displayed on the monitor. In IMAGE
mode, data is displayed as a 2-dimensional array of pixels, where the data associated with
each pixel is represented by a colour. The colour is related to the data value by a colour
bar placed across the top of the screen, whose colour scale is defined within the colour
lookup table. Up to four images can be displayed on the monitor at any one time. The
number of displayed pixel rows and columns are placed around each image together with
a label representing its associated window number.

In BUILDUP mode, cross sections through the 2-dimensional image can be displayed
as a 1-dimensional histogram. Up to six buildups can be displayed on the monitor at any
one time and each one has a set of axes, these being the channel number and the number
of counts in that channel.

In 3D mode small areas of an image can be displayed in a 3-dimensional format. Half
the monitor is used to display the 2-dimensional representation of the image while the
other half is used to display the same area of data but in 3-dimensions.

Many of the most simple commands associated with the image display have been
mentioned above, but there are many more display features that enable the user to view
and interpret his data. All the commands as well as their function are listed for each of

the three display modes.

1. Image Mode
o IMAGE. Used to set the display to image mode.

e DISPLAY. Allows the user to display up to 4 images on the monitor at any

one time.

e MOSAIC. Used to unscramble and display images larger than 1024 x 1024
pixels. The display is updated one quarter at a time.

e ROWS. Defines the first and last row to be displayed.

e START. Defines the first column to be displayed

e LENGTH. Defines the number of columns to be displayed.
e SCALE. Rescales the colour lookup table.

o AXES. Draws axes on display
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o IM_AVERAGE. If the data is scrunched (due to the acquisition format being
larger than the display resolution), then only the average data value from the
scrunched pixels is displayed.

o IM_SUM. If the data is scrunched, then the sum of all the data values from
the scrunched pixels is displayed.

o IM_MAX. If the data is scrunched, then only the maximum data value from
all the scrunched pixels is displayed.

e GREY. Changes the display lookup up table to a grey scale.
¢ RAINBOW. Changes the display lookup table to a colour scale.

e SQUARE. Optimizes the image size on the monitor to maintain the aspect
ratio.
e PICK. Displays a cross hair cursor whose row, column and data value are

displayed. A separate colour plane is used for the cursor.

¢ REDRAW. Redraws the image with a different colour lookup table in order
to clear the colour plane used for cursors. If REDRAW is typed again then the
image is redrawn using all the colour planes.

e 2COMPARE. Displays the top two images on the image stack.

o CLEAR. Clears the display as well as any overlay cursors.

o ASPECTRUM. Creates a box cursor which can be used to create automatic

buildups or define an area in which a statistical analysis of data within the box

can be carried out.

e SHOW. Displays an image on the monitor using the display parameters defined

above.
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