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4 Microchannel Plate Detectors

1 Introduction

1.1 Background

Microchannel Plate (MCP) Detectors were built sinbhe early 1980s in the former Astronomical
Institute Tabingen (AIT), which is now the sectiéstronomy of the Institute for Astronomy and
Astrophysics. These detectors are photon countntyiaging detectors for vacuum ultraviolet light.
Later these detectors were built into encapsulgtads tubes together with a photocathode for \é@sibl
light. For this optical detector system a fast medctlectronics was developed (Digital Position Kxser,
DPA), which was connected to a PDP11 computer &a dcquisition. This camera system was used for
observations at large telescopes, amongst othefssiego (ltaly), on Calar Alto (Spain) and at the
European Southern Observatory (ESO) in Chile.

In the middle of the 1980s the space telesd@pE-EUS(Orbiting andretrievableFar- andExtreme-
Ultraviolet-Spectrometer) was established as project and finahlised. The AIT had the scientific
project management and also contributed with owdware to this project: The MCP detectors for the

Echelle spectrometer were
developed and built at the AIT, as
well as the corresponding

electronics and the onboard
computer for instrument control and
data acquisition. ORFEUS was
mounted on the reusable Germa
satellite ASTRO-SPASShuttle Pal-

let Satellite), which was built by the
former company MBB (now part of
Astrium). ORFEUS was flown on
two space shuttle missions 1993 (4
days observation) and 1996 (14 dayj
observation). Unfortunately during

Fig. 1.1
ORFEUS during the first mission 1993 (Photo: NASA)

the first mission no data could be

gathered with the Echelle spectrometer becausam@lfunctioning movable mirror in the telescopet bu
in total this mission was very successful, as #wsd spectrometer, built by the University of @afiia

in Berkeley, took many measurements. The se@R&EUSmission was a great success and gathered
during its 14 days lasting free flight a large amioof far ultraviolet spectra in the wavelengthgar@O -

140 nm with a spectral resolution of 10.000 (with7ldays in space this also was the longest shuttle
flight ever). More details about this project maye bfound under http://www. uni -

t uebi ngen. de/ def 4221.

Relatively short after the two flights it was cleéinat ORFEUSwould not fly again to space. In the
meantime theASTRO-SPASatellite is exhibited in thBeutsches Museuin Minchen. The telescope
and the Echelle spectrometer will be exhibited um mstitute, the section Astronomy at Sand 1. The
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detectors are working and are used for this praictiourse. We also are preparing now a participatio
with such detectors in future space projects.

In this experiment we will study the characteristiand applications of these microchannel plate
detectors.

Hints for the preparartion

To simplify your preparation to this experiment interspersed some exercises in the text of
the theoretical introduction. You should have ansdéhese questioreforehand, as these
questions will be part of the oral examination befgarrying out the experiment. The
solutions will be part of the protocol.

This manual was kept quite detailed in order tae gufficient background information for
this experiment. The following chapters are notee8al for the understanding of the
experiment and may be skipped in case of shortapadipn time: 1.2, 2.2.1, 2.3.3, 2.3.5, 3.4,
3.5, 3.6.But it is strongly recommended that you read chapte4.13, p. 53 before
carrying out the experiment!

It is also very helpful, if you make yourself farail with the functions of Excel, as part of
the data analysis of this experiment will be dorith Excel.

1.2 Results of the Echelle spectrometer of the ORFE  US Il mission

This section will show some of the most importaegults achieved with the Echelle spectrometer durin
the secon@RFEUSmMission.

Fig. 1.2

Echelle spectrum of the white dwarf HD 93521. Lefhand the orders of the Echelle grating are
shown, starting with order 40 at a wavelength of abut 140 nm (top left).
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Fig. 1.2 shows an original measurement of the Helsdectrometer, a spectrum of the white dwarf
HD 93521. This image is not quadratic, as the degige recorded in X-direction (main dispersion & th
spectrometer) with 1024 pixels, while in Y-directi¢cross dispersion) only 512 pixels were recorded,
which was sufficient to separate the individualct@ orders (numbered from 40 to 60 in this image)
The wavelength range starts at about 90 nm (ortiecéntre) and ends at about 140 nm (order 40, top

left).

An Echelle spectrometer comprises two differentiggs. The high spectral resolution is producedby
Echelle grating, which operates in high spectrdecs (here: orders 40 — 61). As these diffractialers
overlap each other, a second grating (cross dispeiss used to achieve dispersion with a low spéctr
resolution perpendicular to that of the Echelldigta Thus the overlapping orders of the Echelkigg
are arranged below each other on the detector ttendndividual orders run slightly tilted acrossth

image.

The image shows already quite clearly some absorfities as dark areas. You may also distinguigh tw
different kinds of absorption lines: broad and aarrones. The broad lines are broadened due to the
Doppler effect. They originate from hot gases armdtherefore of stellar origin (stellar atmosphefdje
narrow lines conversely originate from cold gasidg which are located somewhere in interstellacsp
between earth and the observed star. A closerriadals that some of the narrow lines are doubksli
These are Doppler shifted lines which means, tiatight passed through two different gas cloudilwh
move with different velocities relative to the darfig. 1.3 shows a plot of a section of this speatwith
absolutely calibrated flux and wavelength scalgetioer with many identified absorption lines. Aalatf
more than 300 different absorption lines were idfiext (Barnstedt et al. 2000). Very remarkablehs t
multitude of nearly 200 absorption lines of molectiydrogen Hin this spectrum, which originate from
at least two different interstellar gas clouds.i$iobservable only in thi©RFEUSwavelength range.
Even some stellar atmospheres contain molecularoggtd H and its ions K. These short living
molecules form at high gas pressure and are callesi molecules. WittORFEUSthey could be
measured for the first time in a wavelength ranglew 120 nm.
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Fig. 1.3

Section of the Echelle spectrum of the white dwatfiD 93521. The identified absorption lines are
marked: H2 = molecular hydrogen H,, O | = neutral oxygen, N | = neutral nitrogen, P | = single ionised
phosphorus, H | = neutral hydrogen (line of the Lynan series, Lymany = 972.537 nm, stellar line).
(Source: Barnstedt et al. 2000)
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Also in the spectra of stars of the two Magella@louds cold H could be detected. The absorbing gas
clouds are high velocity clouds in the halo of oum galaxy and therefore they have nothing to db wi
the Magellanic Clouds. In one case even absorfiti@s of highly excited states were observed, which
indicated an illumination of this gas cloud with UMht. Such high excitations were observed with
ORFEUSfor the first time.

Besides hydrogen in some of the spectra also dentenuld be found. Deuterium was produced during
the Big Bang and was dissipated later by stellanibg processes. Thus the amount of deuterium
decreases during the development of the univeréh. @RFEUS the abundance of interstellar deuterium
in the direction of two stars could be determinetbrthe first time from the measurement of 5 or 6
absorption lines. This allowed for the estimatidrih@ interstellar D/H ratio. The values were withine
range of previously known measurements.

From spectra of the Large Magellanic Cloud a loliait for the H,/CO ratio could be estimated. CO is
quite common in space and can also be observediiatfrequencies, in contrast t@.Hherefore CO can
be observed rather easily all over the space aschgsumed thattoccurs there, where also CO occurs.
So a direct estimation of the 8O ratio is important to deduce the amount of frbm CO
measurements.

By observation of emission lines of fivefold ionidsexygen (Ovi, visible only in the ORFEUS
wavelength range) of symbiotic stars it could disebe shown, that this radiation produces emission
lines in the visible spectral range by Raman sgatje The oxygen emission lines are absorbed as
hydrogen Lymarn line and the excess energy is emitted as lindénvisible range. This process was
already known, but it was the first time, thatoutd directly be observed.

In general by observation of @ very hot gases of about 200 000 K can be dete@&t. ORFEUSthis
detection succeeded also for gas clouds in thedfalar galaxy.

Finally for the first time it was possible to obgeHD molecules in the Small Magellanic Cloud.

A more detailed summary can be found on this weje fen German):
htt p://ww. uni -t uebi ngen. de/ de/ 4319
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2 Functional principle of MCP detectors

2.1 Introduction

The detectors we are dealing with in this experimanme photon counting, imaging detectors. They
register single photons, estimate the position athephoton and store the photons coordinates in a
computer.

The important parts of such a detector are one aremicrochannel plates (MCPs) and a wedge-and-
strip anode (WSA).

High Voltage 1000 V MCPs are plates which comprise microscopic small
1Photon  PUNdled electron multiplier channels. They are maide
glass. The upper and lower surfaces of these péates
metallised electrodes to which a voltage of typycal
1000V is applied. The inner surfaces of the
microchannels are semiconducting. A weak current
through the channel surface produces a homogeneous
electrical field inside the channel. A UV photoritihig
the channel surface will release a photo electuriér
Fig. 2.1 vacuum). The strong electrical field will accelerdahe
Functional principle of an MCP detector electron towards the back end of the channel. This
electron will hit the channel wall and may release
(or more) electrons. Thus an electron avalancheoedur in the channel and finally leave the ch&nne
About 1¢ electrons may leave one channel as electron cloud.

This electron cloud will hit the wedge-and-stripoda. The anode comprises a gold layer on a quartz
substrate, into which a pattern of 4 intersectilegteodes is etched. Thus the impinging electrauad!

will disperse over all 4 electrodes. From the b the amount of electrons hitting all 4 eleceésdhe
centre of gravity of the electron cloud can be neteed. This gives the coordinate of the registered
photon.

The charges collected by the 4 electrodes areretechlly amplified by sensitive charge amplifiensd
transmitted as bipolar voltage pulses to the airadyslectronics. The peak values of the voltagesemil
are digitised by analogue to digital converterse Tarther computation of the 4 charge values into
position coordinates is done digitally. The datquésition computer receives the values and stdrast

2.2 Microchannel plates and electron multiplier cha  nnels

The following sections cover manufacturing, functand characteristics of MCPs and electron mudtipli
channels.
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2.2.1 Manufacturing of MCPs

Microchannel plates are made by glass fibre tedgylBase material is a glass rod assembled from a

hollow tube of non-etchable glass and a core dfiadtle glass. These rods are heated and drawn to a

diameter of about 0.8 mm. Bundled to a

|

Soluble
care

)

Channet

rod and drawn again, the fina

hexagons are fused together to the desire

diameter (see Fig. 2.2).
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Fig. 2.4

Scanning electron microscope image of an MCP
surface before (left) and after (right) etching of

the channels (source: Wiza, 1979)

Fig. 2.2
Steps of the MCP manufacturing (source: VALVO,

Technische Informationen fiir die Industrie,

Microchannel plates, 1976)
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Fig. 2.3

Microscopic view of an MCP surface. The boundariesf the hexagon

the

vacuum

achieved. Under

metal electrodes are evaporate(bundles are clearly visible. (Source: Vallerga etla 1989)

onto the two surfaces to get

electrical

the

to

contact

individual channels.
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2.2.2 Electron multiplier channels

Each channel of a MCP works as an electron mudtigthannel.
The impinging primary radiation releases a seconéégctron at
the beginning of the channel which is acceleratgdhle applied
high voltage and will release 2 or more electrohgnvhitting the
channel wall again (Fig. 2.5). Thus an electronlaavghe is
generated in the channel which leaves the chamalectron
cloud and can be electronically registered as ehgmgse. So
called Channeltrons work accordingly (Fig. 2.6).eTbhannel
entrance of Channeltrons usually is funnel-shapeldrged to
enlarge the sensitive area. The channel itselirgzilar curved to

Fig. 2.6
Different Channeltron types

avoid ion feedback. lon feedback occurs, when teetn cloud (source: Galileo Electro-Optics

ionises residual gas atoms at the end of the chafiese

Secondary Resistive
electrons tube

Primary
radiction

Fig. 2.5

Electron multiplier channel (source: VALVO,
Technische Informationen fir die Industrie,
Microchannel plates, 1976)
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Fig 2.7
MCP configurations (source: Galileo Electro-
Optics Corporation)

tack Assembly

Corporation)

positively charged ions might be accelerated back t

the beginning of a straight channel where they aoul

release new pulses. This would result in an instabl

behaviour and should therefore be avoided. Curved
channels prevent ions from reaching the beginnihg o
the channel und thus prevent ion feedback.

2.2.3 MCP configurations

MCPs are available also with curved channels which
allow for a higher gain than normal MCPs without
occurrence of ion feedback. But usually severalkste
MCPs are used to achieve high gain. The channels of
each MCP are tilted (8° - 15°) against the MCP radrm
and the channels of successive MCPs are tilted to
opposite directions. 2 MCPs in this configuratiae a
called chevron configuration and 3 MCPs Z-
configuration (Fig 2.7). The angled arrangementhef
channels effectively suppresses the ion feedback.

Configuration Max. Gain Pulse height
Voltage distribution
Single-MCP 1000V | 1910* |exponential

Curved Channe] 2400 V 1a0® |50% FWHM

Chevron conf. 2000 V falo’ |120% FWHM

Z-configuration | 3000V | 1010° |80% FWHM

Table 2.1
Properties of MCP configurations (source: Galileo
Electro-Optics Corporation)
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Excercise 1:

Give two reasons for the fact, that MCPs can beated only under vacuum. (What would happen, if you
would try to operate a MCP under atmospheric press)

2.2.4 Gain and pulse height distribution

Single MCPs are operated best in an analogue nodtéhis mode the output current of a MCP is
registered, which is proportional to the incomidmn flux. With this method one can not detecgkin
photons; it corresponds to a standard

photomultiplier operated in a conventional analogu 10"
mode. Analysing single pulses in this mode one wi 100
find that the pulse height distribution shows ai | //
exponential decay (Table 2.1), i.e. weak pulse 19 7-’
occur very frequent, whereas strong pulses arequ ., | E// THREE‘STA;GE_
rare.

107 ‘/
For a counting mode, which registers preferably 8z //TQO-STAGF
incoming photons, a configuration is needed thi& 10 & /’
produces in an ideal case a fixed pulse height f 103 A
each event. In practice you will get pulse heigt ) P
distributions which show a more or less pronounce " /
maximum. Such pulse height distributions ar 4o SINGLE-STAGE
achieved only with very high gain configurations ; // [
In that case the electron density is very highhat t Vo T
end of the channel such that a counter electric 10 |

500 600 700 800 9S00 1000 1100 1200

field builds up and the electron avalanche will nc
APPLIED VOLTAGE PER STAGE (V)

increase further. This results in a saturationhef t Fig. 2.8
gain in this channel and thus all pulses nearly gRelation between Gain, pulse height distribution,

the same amount of electrons. Such a pulse heigvoItage and MCP configuration (source:
Hamamatsu)

by = PEAK distribution is characterised by the full width eif
[+—PEAK CHANNEL —* VALLEY . . .
oHR — - FWHM maximum (FWHM, see Fig. 2.9). Usually the width

~ PEAK CHANNEL

is related to the peak position of the distribution
(modal gain) and given in percent of this posititbre

value of which may be larger or smaller than 100%.
Alternatively the width may be related to the mean
gain. It should be noted to which kind of gain the
width is related if given in percent, as these two
values are not identical if the distribution is not

OCCURRENCE

FWHM

PEAK

VALLEY
e— ; PEAK

PULSE HEIGHT
Fig. 2.9 symmetrical — which is the normal case for pulse
Pulse height distribution: Definition of Full ; ST
Width at Half Maximum, FWHM (source: height distributions.
Hamamatsu)
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Small relative widths are usually desired, as thgger threshold of the pulse detection electromiesy
be set well above the noise level while still datecpractically all pulses.

2.2.5 Sensitivity

Fig. 2.10 shows details of the surface characiesisif the imery ~MCP Cross Section
MCP channels. Electrons may be released from ahdgpto
200 A (20 nm). MCPs are therefore sensitive to Siog N

radiation with a penetration depth between 1 nm 2Gdm.
This can be ultraviolet and X-ray radiation as vesllelectrons - T
and ions. For UV radiation the long wavelength fingi at

about 150 nm (about 8 eV), for longer wavelengtbtphs the TS0 meins
sensitivity rapidly decreases. The high energytliioi X-rays Primary / gicecrin

is at about 0.1 nm (12 400 eV), as photons witihérigenergy

o o o o
200A 100A ~200A ~1500-\3000A
T

will penetrate deeper into the material than 20amd will Surface i
10-15 o= !
therefore hardly release electrons (Fig. 2.11). Thiek :
The feature that MCPs are not sensitive to vislight is B Condbcting
called “solar blind”. This is for UV and X-ray deters used i

in space a quite essential characteristic. Surt Iglusually

present as stray light in the optics of the insenta and also Fig. 2.10
. int b lord f itudbasadiati Detail of the surface of a MCP channel
is more intense by several orders of magnitudea@sadiation o, rce- Galileo Electro-Optics

to be measured. Therefore stray light suppressi@ssential Corporation)

as well as using solar blind detectors to deteetkwdV or X-

ray radiation.

A Buffer Layer

The sensitivity for UV photons may be increasedhgto cathodes. Usually the photo cathode material
is applied directly onto the MCP surface. Importaimbto cathode materials are shown in Table 2.2.

A disadvantage of these photo cathodes is thesitsgty against air. They are hygroscopic and may
react with oxygen. As a rule of thumb, the matsrede more sensitive to air the longer the waveteng
limit of their UV sensitivity is. KBr may be expodeo air for several hours before a degradaticgeen.
Csl will degrade after a few minutes, while,Re und Cgl'e may not be exposed to air at all.

Csl Coated ‘ 30
/

20

Uncoated "\\

Detection Efficiency (%)
5
Detection Efficiency (%)

10 102 10° 104 o 500 1000 1500 2000 0.1 1
Energy (eV) Wavelength (&) Wavelength (A
Fig. 2.11

Sensitivity of MCPs for electrons (left), UV photors (middle, with and without Csl photo cathode) andK-ray
photons (right) (source: Galileo Electro-Optics Coporation)

10
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A further increase in sensitivity may be achievgdapplying an electrical field in front of the MCP.
Electrons, which are released on the MCP surfateds® the channels, will be forced back into the
channels by this field — otherwise they would lethe MCP surface in the opposite direction and aoul
be lost. Thus the sensitivity of the detector mayiricreased by 30 %. In case of DRFEUSdetector
the electrical field is applied by a mesh mounteffént of the MCPs. This mesh causes a photondbss
about 10 %, leaving a total gain of about 20 %einsitivity.

Material long wavelength limit [nm]
potassium bromide (KBr) 155
caesium iodide (Csl) 200
rubidium telluride (RbkTe) 300
caesium telluride (G3e) 350
Table 2.2

Photo cathode materials

2.2.6 Dark current

Even an absolutely dark MCP will produce pulsess Hark count rate is typically 0.2 - 1 countschg.
About 90 % of this dark current is caused by racliva decay of components of the MCP gldssiécay

of “K, half life 1.28 - 18years, Fraser 1989). As these pulses are relemsahly at the beginning but
arbitrarily within a channel, the pulse height dimition has no maximum but shows a roughly
exponential trend.

2.2.7 The MCPs of the ORFEUS detector

The MCPs for the ORFEUS detector were custom-mgddamamatsu Photonics. Three MCPs in a Z-
configuration are used. This configuration achieaegain of 10to 1 electrons per photon. The first
two MCPs have a thickness of 1.0 mm, while thedtiMiCP has a thickness of 0.6 mm. The diameter of
the MCPs is 60 mm. The channels have a diametE2 pfm and a centre to centre distance of 15 um (see
also Exercise 2). With a MCP thickness of 1 mmiéngth of channels) the ratio of length to diameter

the channels is about 80:1. The first MCP carri&Ba photo cathode. The size of the sensitive afea
the detector is limited by a specially designed M&#trode to 40 x 40 mm? (Fig. 2.12).

A special feature of th©RFEUSdetector is, that the MCPs are insulated agaiash ether with a
distance of 0.3 mm. This allows for an individu@jt voltage supply of the single MCPs and also to
apply an acceleration voltage between the MCPsvaiation of the high voltage of the third MCP the
gain of the detector is adjusted.

1 cm in front of the MCPs a mesh is mounted to Wiaicvoltage of 500 V with respect to the first MiSP
applied. This produces an electric field of 50 V/nmmfront of the photo cathode. This electric field
causes photo electrons, which are released on @ie 8dirface between the channels, to be deflected in
the channels.
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2.3 The anode

2.3.1 Introduction

The anode is mounted behind the MCPs. It has elbesr
that collect the electrons leaving the MCPs. Thefion of
the anode is to code the incoming charges in sushya
that it is possible to estimate the position of trginal

photon that released the charge pulse. Fig. 2.12
ORFEUS detector: View onto the

. . backward electrode of the first MCP which
The originally by H.O. Anger (Martin et al., 1981) restricts the sensitive area of the detector to
developed wedge-and-strip-anode (WSA) is basedhen 140 x 40 mm2. Additionally the insulated
electrode of the second MCP can be seen.

principle of charge division, which allows for the
calculation of the position coordinates from thigosof the
collected charges.

The distance between MCP and anode is about 7 netweBn MCP and WSA there is a very

homogeneous electric field, which accelerates thetrens onto the WSA. Due to the relative large
distance between MCP and WSA the electron cloudrm such that the diameter of this cloud is a few
millimetres.

Exercise 2:

Calculate the fraction of the channel openings witbpect to the total MCP area (open area ratio,R)An
percent.

2.3.2 The principle of the wedge-and-strip-anode

A wedge-and-strip-anode comprises a quartz plate avihin gold layer into which a periodic struetuf
four different interlaced electrodes is etched. Tefathese electrodes form a pair of complementary
wedges, while the other two form a pair of stripg, summed height of which is constant, but thie it
their heights varies over the anode. Fig. 2.13fiarhow the X-position is coded by the wedges hog

the strips code the Y-position.
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wedges code the X-coordinate strips code the Y-coordinate

v v v v
few electrons many electrons  few electrons many electrons
weak pulse strong pulse  weak pulse strong pulse

N 4

> Y1 X = X2/(X1+X2) Y2 «
> X1 y = Y2/(Y1+Y2) X2 <

Fig. 2.13
Functional principle of a wedge-and-strip-anode. Tk coordinates (x,y) of the centroid of the chargdaud
are calculated from the ratios of the charges X1, X Y1 and Y2.
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A precondition for a linear encoding of the
position by the anode is that the width of the
electron cloud is about twice the period width o
the anode structure. By choosing the corre:
distance and the correct field strength betwee
anode and MCP the width of the electron clou
can be adjusted accordingly. If the width of the
electron cloud is too small, periodic distortions
will appear in the recorded image, which reflec
the periodic structure of the anode. If the width ¢
the electron cloud is too large, distortions in th

border area of the image will be larger. Fig. 2.14
Principle of a wedge-and-strip anode with optimised

The distortions in the border area can ncdesign. The active anode area is indicated by the
. dash-dotted line.
completely be avoided; they are caused by the

necessary width of the electron cloud. The desigth@® anode of th©RFEUSdetector largely avoids
these border distortions, as the active anodeiarabout 10% larger than the active imaging arethef
detector. The border distortions may be furtherimised by extending the anode structure beyond the
active area with constant parameters (Fig. 2.14).

Exercise 3:

For achieving a good imaging quality it is importdo keep the capacitance between the 4 electraslamall
as possible. Why should the substrate of the atiatefore preferably made from quartz instead dfirwairy
glass?(Quartz of trademaikuprasilwas used.)

2.3.3 Alternate anode designs

A disadvantage of the 4-electrode anode desigmatsdiectrical contacts are needed on the anoéecsur
for bridging the conductor paths of the strips aoheside of the anode (see Fig. 2.13). FOIQREEUS
anode this problem was solved by the use of bondings, a technique known from micro electronic

. Fig. 2.16
Fig. 2.15 . , Principle of a 3-elektrode wedge-and-strip anode.
Wedge-and-strip anode of an optical MCP detector.  ~giculation of the coordinates:
The bonding wires are visible, which connect the X = 2Queqee (E Q)
- edge

wedges with their conductor path. B
(Source: Barnstedt 1985) Y =2Qup / (ZQ)
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fabrication (Fig. 2.15). This could be avoided
by using a 3-elctrode anode design, in whic
one wedge electrode and one strip electroc
are combined to one common Z-electrods
which runs in a meandering course across t
anode (Fig. 2.16). For calculating the positio
coordinates it has to be considered that in t
original design of the 4-electrode anode thg
area of both wedges is the same as the area
both strips. Thus both the two wedges and t
two strips get half of the total chard€. A  Fig. 2.17

disadvantage of this 3-electrode design is th‘Wedge-and-strip-anode of the ORFEUS detector.

the above described method of optimising the

anode design by extending the anode structure blefte active area cannot easily be applied, as the
width of the Z-electrode becomes nearly zero inupper left corner. Therefore the resistance of the
conductor path cannot be neglected, which resuligrther image distortions.

2.3.4 The ORFEUS anode

Table 2.3 shows the technical data of the anodeedDRFEUSdetector. This anode was manufactured
by the company Heidenhain GmbH according to oucifipations. Fig. 2.17 shows tH@RFEUSanode

in its mounting. The four electrical connectiongevglued with an electrically conductive adhesinéoo
the gold coating.

Substrate Quartz (Suprasil)

Size (length x width x thickness) 70 mm x 70 nxmb mm

Active area 44 mm X 44 mm

Width of passive area 7 mm

Period width (2 wedges + 2 strips) mm

Distance between electrodes 20 pm
Conducting material Gold, 2 um
Table 2.3

Technical data of the anode of the ORFEUS detector

The ORFEUSanode comprises two additional electrodes on #o& kide of the quartz substrate with an
area of about 4 cm? each. They are located at pposite corners of the active anode area. They form
capacitance with the anode so that rectangularpigses could be coupled onto the anode by these
electrodes. The falling edge of such pulses siraglan impinging electron cloud while the rising @dg
produces inverted pulses which are suppressed Ihiging evaluated by the electronics. The test pulse

Exercise 4:

Calculate the capacitance of a test pulse electmwwitle respect to the anode (thickness of the ansde:Table
2.3). What voltage must a test pulse have to sitmalaharge cloud with T@&lectrons?




18 Microchannel Plate Detectors

electronics can selectively produce pulses on drieeotwo
electrodes (bottom left LU #nks unten or right top RO =
rechts obepwith 3 different pulse heights. (

RESISTIVITY
o

d
2.3.5 Other types of anodes ) BORDER RESISTOR

R

For the sake of completeness further position Heasi 3 4
anodes for MCPs shall be presented here (withautncig
real completeness).

RADIUS Q

Resistive anode Fig. 2.20
The geometry of a resistive anode (source:
Lampton et al., 1979)

The resistive anode comprises a homogeneous vesis
layer on a supporting substrate. It covers a quiadaaea,
but the borders are made from circular shaped Hine
resistors which have a defined resistance per hengit.
The charges are collected from the four cornerg. (E20).

calculated from the ratios of the charges. Disathges of
the resistive anode are:

e Sensitivity against inhomogeneities of the are
resistance

W\

) o 7 A

* Resistive noise is amplified by the charge ampbfie R

and degrade the signal to noise ratio

Fig. 2.19
» The active area of the anode cannot used complietely anstruction of a MAMA detector
imaging (source: Fraser, 1989 — courtesy J.G.
Timothy)
MAMA detectors
i . F2 E2Z RIIZ 7 gf/g 7|
MAMA detectors Niulti Anode Microchannel Arrays) i Z S m%i
comprise a MCP with curved channels and as anode a NRHANENE
AN
dimensional array of 1024 electrode strips. The 410: ‘%:

electrodes (in both X- and Y-direction) are intencected
into 66 groups, so that a 1024 x 1024 Pixel anaaels 132
charge amplifiers. A coincidence logic determinesf the
amplifiers that are hit at the same time the reditmn of
the event. The rather complex manufacturing ofahede < tzzzmmm

(2]

o

N
NN~

and electronics make this type of detector intergstor < ¢ ' 227

. . . . . . ALLOWED: FI +CI 2 FOLD
space missions only. For the time being this detdgpe is Flecierz 3o
used in theSpace Telescope Imaging Spectrogr&BiilS) G Farez 3fow
on board theHubble Space TelescoElST) (Danks et al. REJECTED: C2+F3+CI+F4 4FoLp

etc.
1992) F3+C2+F4+C2+FI S FOLD
Fig. 2.18

. . Principle of th iti di f th
Fig. 2.19 shows the construction oMBAMA detector. Key: Mrmlpp‘ géectgrp(g(s)'u'g;.c gr;rslgro 1959 _

@® MCP with curved channel€ Coincidence anode array, courtesy J.G. Timothy)
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® Quartz substrate® upper electrode layer(® lower
electrode layer® insulating layer of Si@

Delay Line Anodes

Delay line anodes make use of the principle oflantenic

R-C circuitry which is able to slow down the proptgn of
pulses. The propagation time of electronic sigreteduced
so that it can be measured even at small distaiites. the
distance covered by a signal may be estimated fitoen

travelling time of that signal. If a signal is iofed at a
certain position of a delay line, the difference drrival

. . . Fig. 2.21

times at both ends of this line can be used tonasé the Principle of a Double Delay Line Anode
exact position of the injection of this signal. Tgrecision in  (source: Siegmund, 1992)

the position determination depends only on th
characteristic propagation time of the signal andhe precision of the time measurement, but ndhen
length of the line.

A double delay line anode was developed by $8pace Sciences Laboratoof the University of
California at Berkeley. The anode allows for a &wensional position encoding, at which one axis is
coded by the delay line principle and the othes axicoded by a wedge anode. The advantage of this
design is a planar geometry of the anode structumgsh avoids crossing tracks like tNeAMA detector.
Another advantage is the high spatial resolutiodiiiection of the delay line.

Fig. 2.21 shows the layout of this anode. The ¥ @&xicoded by wedges, but the ends of those wexdges
connected by R-C elements. These R-C elementsn@ilemented as meandering conductors and are
directly etched into the anode surface. Thus theeetwo delay lines, one for the upper and oneffer
lower wedges. A critical point is that both delagek have to have exactly the same characteristic
propagation time.

Such detectors can be favourably used for appieativhich need a high spatial resolution in just on
axis while for the other axis a lower resolutionsisfficient. A typical application is a detectorr fo
spectrographs which need high resolution in disperslirection (high spectral resolution), while
perpendicular to this direction a low resolutiomieded only to distinguish between different gpéct
orders or for a simple spatial resolution if a l@mgrance slit of the spectrometer is used.

Such detectors were used amongst others in thendeiostrument of theORFEUStelescope, the
Berkeley Extreme and Far-Ultraviolet Spectrome®ERS (Hurwitz et al., 1988), and in thEUSE
satellite.

2.4 Readout electronics

The readout electronics registers the charge piisesthe anode and calculates from the ratiohe$e
charges the position of the centre of gravity & tharge cloud which is registered as positionhef t
incoming event. This electronics comprises chargplifiers which convert charges into voltage pulses
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These voltage pulses are fed into the Digital Rosiinalyser (DPA), which digitises these pulsed an
digitally carries out the calculation of the pawiti The data are finally transferred to a computer.

2.4.1 Theory of operational amplifiers

The three-cornered symbols in Fig. 2.22 represpetational amplifiers (short: op-amp). These op-&mp
are electronic standard components. They are #lgilia countless designs with optimized charadiesis
for very different applications. The theory of thexp-amps however is very simple:

They have two inputs and one output. The inputsvaeked with a plus and a minus symbol (,+“: non-
inverting input, ,—“: inverting input). The righthgle of the triangle is the output. The theoretfaalktion
of an op-amp is the following: It amplifies the tage difference between the two inputs by infinity
(practically the amplification factors are verydaj. This fact leads to a simple conclusion: A niegfal
output signal can be achieved only, if the voltdiéerence between the two inputs is zero, i.dadth
input signals are at the same potential. Theredpramps are wired such that there is a feedbaaok tine
output to the inverting input, so that a change
in the input voltage will be compensated
subsequently. In a frequently used circuitry

Integrator Ry ! Filter

the non-inverting input (+) is connected oo
directly to ground (zero potential). Thus the TAnode
inverting input (=) will actively also be put to I

zero potential (virtual ground). The charge -
amplifiers described in the following operateFig. 2.22
according to this principle and are wired a:Principle of the charge amplifiers: Integrator circuitry

_ _ with electronic filter
integrators (Tietze/Schenk, chap. 12.4).

2.4.2 Charge amplifiers

Fig. 2.22 shows the principle circuitry of the dpaamplifiers. The anode is a capacitance whiclects!
the charge of an incoming pulse. The voltage &t @dhiode capacitance increases instantly as thgechar
impinges, i.e.if a charg® impinges onto the anode the voltagig.q. is produced:

=-_Q
U Anode T Cpnoge (2.1)

The voltageUanoge iS also the input voltage, of the operational amplifier. The operational aifigal of
the entrance stage is wired as integrator withedldack capacitandgs (resistorRs will be neglected at
first). As explained previously the operational difigrs will adjust their output such that the \aie
difference between the two inputs is zero. As thie-imverting input is connected to ground the \gdtat
the inverting input must be also 0 V. If a chag@npinges onto the anode, a voltage dtgmnust occur
at the output which compensates the anode charge:
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U,=-& (2.2)

Simply explained it is such, that the chaf@es transferred from the anode capacitance todhdldack
capacitanc€r.

Exercise 5:

Estimate from Eq. (2.2) the formula for the chaageplification of the entrance stage (1. operatioamplifier)
of the charge amplifier shown in Fig. 2.22 in [V@lbulomb]. Calculate the output voltage of thisetator
stage for a feedback capacitancg-€3 pF and an impinging charge of 16lectrons.

The entrance stage is named integrator, as theitoutftage is proportional to the time integraltbé
incoming current. In other words, the output vodtag proportional to the sum of the incoming charge
Without further measures the output voltage wouotmease until it is clipped by the supply voltagey(
2.23). To avoid this, the feedback capacitance mestischarged slowly to bring the output voltageko
to 0 V. This is the task of the feedback resifqrRr has to be chosen large enough, thawill not

A

U without
a

B discharge restistor Rg

\]\

T~ with

time
| | ‘ :
MCP pulses
v v v >
\[ v charge amplifier pulses

Fig. 2.23

Principle of charge amplification: At the output of the integrator stage the incoming MCP pulses
produce a voltage | which rises in steps for each pulse. Without feeditk resistor Rg, which
discharges the capacitor &, the output would result in an ever increasing vaage until the maximum
voltage would be achieved. With discharge resistdhe output voltage results in a saw tooth like cowge
(the linear decline is the beginning of an exponeiatl discharge curve). The information about the
amount of charge is stored in the voltage steps. Tae able to process this information in a more sinip
way, a filter stage is added to the charge amplifis, which produce the bipolar pulses shown at the
bottom (see also Fig. 2.25). The amounts of chargan now be evaluated from the peak voltages of the
bipolar pulses.
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Fig. 2.25

Form of the output pulse after the filter stage:
Maximum at 1.1 us, zero crossing at 2.3 ps. Time
span shown: 10 ps.

View of the charge amplifiers of the ORFEUS

detector
change within the time span that the electroniexiado register a pulse. On the other higatias to be
chosen small enough that the output voltbigewill not be clipped at the highest expected putges.
The timing course of the output voltagk is such that a voltage step occurs at each impingharge
pulse which is followed by an exponential decaye Moltage will not drop to 0 V until the next pulse
occurs, depending on the time when the next pulsesa.

The information needed for registering one pulseastained in the voltage step, i.e. in an extrgmel
short change at the output of the integrator st&geh a voltage step within an otherwise exponkntia
decaying course cannot be registered with furtremsuares. Therefore a final filter stage is needeidiw
forms the voltage step into a well defined voltpgdse (Fig. 2.25). These pulses have the advantage
show a pronounced maximum (proportional to the fiteadj the voltage step) and to achieve a stable zer
level again within a few microseconds. As the milaee bipolar with the same areas enclosed by the
positive and negative part, these pulses can Isrigted capacitively without shifting the zero dév
when the count rate changes. The capacitive cayiimportant, when the pulses are to be tranechitt
over longer distances. The DC part could be shiftkdn the signal is transmitted over long cablethe
resistances in the power supply cables cannot glecated.
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2.4.3 Digital Position Analyzer

The detector transmits four bipolar voltage
pulses to the analyser electronics for furthe
evaluation of the event. The flight electronics o
the ORFEUS mission comprised this analyse
electronics which determined the position o
each event, as well as the onboard computer 1
data acquisition. Both, the analyser electronic
and the onboard computer system wer
developed and built by our institute. In Fig. 1.1 \
|
the cover of this electronics can be seen as bla
rectangle below the Echelle Spectrometer, whic Fig. 2.26
ig. 2.

protrudes from the telescope. Determination of the maximum of the signals:

attenuated summed pulse (gray) and delayed
Our current experiment makes use of asummed pulse (black) are fed into the two inputs cd
comparator. The upper curve shows the output
signal of the comparator.

analyser electronics which was built originally
for an optical detector: The Digital Position
Analyzer (DPA). This electronics performs the
following tasks:

» Recognition of pulses
» Digitising of the maximum values of the voltagegmd (X, X,, Y1, Y2) with a resolution of 12 bit
» Calculation of the sums X;, XY,
e Calculation of the positions = X,/ X X; , Y =Y,/ X Y; with a resolution of 12 bit
e Calculation of the pulse height
Z=XX; +XY,
» Acquisition of the time for each event

» Transmission of the data to the computer

The pulse processing is controlled by ar
electronic control circuitry, which uses
as input the sum of the four charge
amplifier signals. The most important ==
task is to determine the maxima of the se \
pulses which have to be digitised. @?
Therefore the signal is split into an /
attenuated (gray, Fig. 2.26) and a =
delayed (black) part. Both parts are fec
into the two inputs of a comparator.
With a potentiometer the attenuation is_
adjusted such that the delayed puls?r%'nf'vzizw of the DPA
crosses the attenuated pulse exactly in

Digital Position Analyzer

L]
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Fig. 2.28

Block diagram of the DPA (source: Barnstedt 1985)

its maximum, causing the comparator to producesimgiedge. This triggers the analogue to digital
converters which hold the maximum values of the fignals and digitise them. This approach has the
advantage, that the estimation of the maximum fanstindependently of the actual pulse height. Two
further comparators allow the adjustment of a loawd an upper discriminator threshold, which irthibi
the acceptance of pulses which are too weak orhndnie overloaded. Fig. 2.27 shows the front view of
the DPA; a block diagram is shown in Fig. 2.28.edarate manual exists for the DPA.

2.4.4 Data acquisition with the computer

For data acquisition a PC with Windows 2000 is uddds computer comprises 2 interfaces: one multi
purpose interface with analogue and digital in@utd outputs for controlling of the detector and tirgh
voltage supply and one fast 32 bit parallel integfdor the acquisition of the detector data. Softwa
exists which allows to control the high voltage dinel test pulses as well as software for data attipun.
Data acquisition may be run in several modes:

« Image integration (X, Y): Recording of the coordasawith 10 bit (image size 1024 x 1024 pixels)

« Integration of a pulse height distribution (Z)

« Integration of an image and of a gain map (X, Y, 2)

e Serial recording of all events including time infation for each photon with microsecond time
resolution (X, Y, Z, T)

Separate manuals exist for these programs.
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2.5 Characteristics of the detector electronics

This chapter deals with those imaging charactesstf the detector system that are caused by the
electronics. These comprise the noise of the changgifiers, unequal amplification factors of thauf
charge amplifiers and capacitive cross talk betwikerfour anode electrodes.

2.5.1 Noise

As the position of a photon is calculated for eagls from two charge amplifier signals, the noige o
these signals has direct influence on the positaolution of the detector. The noise may be desdri

by a Gaussian distribution of the measured volagend a mean value with a standard deviation (mean
squared erroryy. If a valuex is calculated from the voltagés andU, asx = Uy/(U;+U>,) at which the
voltagesU; andU, are superposed by a noise with standard deviatipit can be shown (Knapp 1978)
thatx also is Gaussian distributed around a mean vahe standard deviation &fis calculated as

0, =22 -2x+1 (2.3)

with z = U+U,. The expressiony2x®> —2x+1 becomes unity fox =0 andx =1 (i.e. at the anode
border), while forx=0.5 (i.e. in middle of the anode) a minimum wahvalue ofl,/\/E: 071 is
achieved. The distribution in X direction corresgseno a cut through an image of a point sourcen{poi
spread function). For a description of the resohutit is better to use the full width at half maxim
(FWHM) than the standard deviatien

FWHM =g [2y2[n2 = 235[& (2.4)

The FWHM can be regarded as resolution limit, i.e. the Esatlistance at which two point images still
could be distinguished. The resolution in line paier length unit is thus calculated aSVWHM.

2.5.2 Partition Noise

The electron cloud impinging onto the anode conegris finite number of electrons. These electroas ar
distributed onto the four electrodes. This pantitig results in statistical fluctuations of the rhen of
electrons that arrive at each of the four electsoddese fluctuations are called Partition NoiséidV
influences have such fluctuations on the accurétlyeocalculated position?

To simplify matters it could be assumed that theitign encoding in the two axes is independentache
other. The two wedge electrodes or the two stegteddes each obtain half of the total charge iagiat
the anode. Let's have a look at the wedge electradleich encode the x direction. At positian
(normalised, & x<1) a charge cloud with a total char@eimpinges onto the anode. Both wedges
together obtain the charg¥2 and the number of electroN&2 with N = Q/q andq = electron charge. In
the average wedge electrode 1 will et= x-N/2 electrons and wedge electrode 2 will §et (1-x)-N/2
electrons.
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Statistically each of th&l/2 electrons will hit electrode 1 with probabilipf =x and electrode 2 with
probability p, = 1x. Such a situation, in which one event may achmwe of two states, is statistically
described by a binomial distribution (Weinzierlvd3g 1970):

P.o(K) = (EJ (" [@-p)"™ (2.5)

The distributionP, (k) describes the probability, that aftetrials exactlyk positive events are registered,
if the probability for a positive event s In our case the number of trialsns N/2, i.e. the number of
electrons impinging onto the wedge electrodes. Aitpe event is the arrival of an electron at
electrode 1, thup = p; = %, andk is the number of electrons that were collectedlbgtrode 1.

For the standard deviatianof the valuek around the averagdg; the following equation is valid for a
binomial distribution:

o=, pl-p)h-= x[(l—x)[—!; (2.6)

The left square root shows the general case andighe square root is valid in our case with the
definitions given above.

c becomes zero at the borders of the anade( andx = 1), while it becomes maximal at the centre
(x=0,5): 0, =051/N/2. This value refers to the actual number of eledrdo calculate the variance
of a relative positionx (0<x<1), this value has to be divided by the numberelgictronsN/2.
Additionally we use Eg. (2.4), to convert the stamddeviation approximately intoRNVHM. Thus the
following equation is valid for the FWHM of a poimage in the centre of the anode which is broadlene
by partition noise:

- 23501 = 16603 e

part /_2 N m

The inverse of this value is a measure for the rarmalb image points that can be distinguished in one
axis. This gives the following numbers: fdr= 1¢: 600, forN = 10": 1900 and foN = 1¢*: 6000. Thus
partition noise does not play a significant role dodetector with 1024 pixels per axis, if we havere
than about 10electrons per electron cloud.

FWHM

2.5.3 Cross talk

The electrodes act as capacitances against eaeh dthe charge amplifiers have a dynamic input
capacitance. Corresponding to the ratio of inppacaance to electrode capacitance, a part oftiaeges
impinging onto the electrodes will couple capaeityvonto the other electrodes (cross talk). Hovectff
this the calculated positiofi?
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Let us consider first the ideal coordinate in oris,&or example the X axis, which is calculateohfrthe
two wedge charge®; andQ; (the total charge iQ = Q:+Q>):

x=—2 =2 2.8)

Q+Q, Q

X may receive values from O (= left anode borden {& right anode border). The measured voltages
andU, are calculated with the amplification factoand a cross talk fractidmasU; = v-(Q:+ bQ,) and
U, = v+(Qx+ bQy). Thus we get fox":

oo Us __ Q+bQ
U1+U2 Q1+bQ2+Q2+bQ1

(2.9)

If equation (2.8) is resolved f@p, and inserted again into (2.9), will cancel down and the following
relation between the measured positiband the real positioxis obtained:

,_x(1-b)+b_ _1-b . b
X = =X +
1+b 1+b 1+b

(2.10)

Consideration of plausibility: x =0: X' = b/(1+ b)
XxX=% X =%
x=1. X' =1-b/(1+b)

Thus the cross talk causes the registered imasferitak, as both borders are shifted towards theedry
the amounb/(1+ b).

2.5.4 Amplification differences

To achieve an exact linear imaging it is necestaat/the two charge amplifiers, whose signals aexlu

to calculate the position in the respective axe/ehexactly the same amplification (and also thmesa
temporal behaviour). This means, that all electrmamponents of the circuitry shown in Fig. 2.22éa
exactly the same values. As electronic compondntaya have a certain tolerance with respect ta thei
nominal value, it is necessary to measure the iiddal values of many components and use the best
matching ones at the same positions of the twogehamplifiers. With electronics used in the labomat

it is possible to adjust resistors with potentioangt This is also possible with capacitors by usipecial
trim capacitances. But this possibility does noisteXor electronics which is to be used in space
applications, as potentiometers are not shock pnofi have to use one or two additional adjustment
resistors which are fixed after soldering them itlte circuitry. This usually achieves accuraciely am

the percentage range. Therefore one has to ddaltiwatfact, that the amplification factors are iotsai
only within a few percent. This leads to nonlingasi in the imaging which have to be consideredngur
data reduction.

What is the formula for this nonlinearity? The reakitionx is defined in equation (2.8). Ideal charge
amplifiers produce voltage pulsels undU, which are exactly proportional @, undQ,. But in practice
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the two amplification factors will be slightly défent. We thus assuntk = v-Q, andU, = v-(1+a)-Q; a
is a small corrections value for the amplificatii@ctor which might be also negative. The electrenic
calculates actually the positiodi:

,_ U, _ Qfi+a)
X = =
U,+U, Q+Q,l+a)

(2.11)

If equation (2.8) is resolved f@, and inserted again into (2.11),will cancel down and the following
relation between the measured positibmnd the real positionis obtained:

" 1+ a
X' =X
1+ xa

(2.12)

Check for plausibility: Fora= 0 the identityx" =x is obtained. In all other cases the values for the
borders remain unchanged= 0 results inx" = 0 andx = 1 obtainsx" = 1. Thus the image is distorted
such that the image borders remain unchanged bwkthire of the image is somewhat shifted.

Like cross talk this effect too has to be correcethe stage of data reduction. It has to be densd,
that cross talk occurs before the different amgaifion factors go into the calculation of the posit

Calculating the derivative of' with respect tok, one will get a measure for the number of pixeds p
length unit at anode position(if X" is given in pixels and in real anode size):

a&x" 1+a

dx - (1+ xa)2 (2.13)

The reciprocal value would be a measure for thelpsize at the anode position A value of 1
corresponds to the nominal value, which one fongx{a also gets witla = 0. There always exists an
position with a derivative of 1, as at both bordamg value is larger and the other smaller than 1.

Setting ((jjx =1 and resolving fok, one obtains:
X
(oN1ta-1_ 1 1
-  ~ 3734 2.14
a 2 8 (14

The last term results after series expansion oktjuare root up to the quadratic term. As expetited
nominal pixel size is obtained near the centrdefiinage.

Exercise 6:

Derive equation (2.13) from equation (2.12).
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2.5.5 Offset

As described in chapter 2.4.1 (p. 20), the pulséhedcharge amplifiers may be capacitively trartadi
without any shift in the zero level of the signiaels. But such shifts of the zero level may occuthie
further course of the signal processing, especiaitii the analogue-to-digital converters (ADC). $he
shifts are called offset voltages. Therefore eaEfCAcircuitry of the DPA comprises a potentiometer,
which allows adjusting the offset voltage to zero.

How is such an offset error visible in the imagesaséme a constant offset voltage on the secondlsignha
which would correspond to an offset cha@g. With U; = v-Q, andU, = v-(Q,+ Q.) one obtains for
the calculated positioxi":

Xm U 2 QZ + off

= = 2.15
U,+U, Q+Q,+Q, (219

With the same definitions ofundQ as in the previous chapters this can be conveérted

Xm _ l + QOf‘f

1+% Q+Q, (2.16)
Q

Assuming thaQ.« « Q, the first fraction can be expanded to the firsteo in a series and in the second
fraction Q. could be neglected agairi3t

mo__ Qoff Qoff
X'=x1- 9 + 9 (2.17)

Considering the borders: Xx=0: X"=Qu/Q
1. x"=1

X

While no change is seen at the right bordet (), the left borderx(= 0) is shifted byQ.«/ Q. The shift
therefore also depends on the total charge aratgedt for small pulses. This shift occurs at baatler,
at which the signal affected by the offset eri@s i this example) is small, as the relative e@g¢ / Q.
is particularly large.

2.5.6 Dead time

The electronic effect of dead time affects thecedficy of the detector. Dead time means those sjpa@s
during which the electronics is not able to procassving pulses. The reason could be that the
electronics is busy with processing of a pulse.(8I3 conversion), or that a measurement would be
distorted (e.g. during the settling of a pulse, Bige 2.25).
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The DPA processes an AD conversion within 2 uschviig much faster than the settling of the charge
amplifier pulses. Also the digital calculation dfet position is quite fast with about 0.5 ps. Thos t
charge amplifier pulses are the slowest elemetiténsignal processing chain, as they need about 10
13 ps for settling. Only after complete settlingOt a new pulse can be processed again, as oeerwi
the signal would be distorted by an offset error.

To inhibit the signal processing during the sedtlof a charge amplifier signal the control logictbé
DPA uses a monoflop which is triggered by the zmassing of the pulses at about 2 ps. It inhilbits t
pulse recognition for about 11 us. Pulses whiciveuduring this time will retrigger the monoflopei the
active state of the monoflop is lengthened agairibys. In total the dead time of one pulse is abou
13 pus.

Pulses that arrive within one microsecond (up #rtfaximum of the first pulse) cannot be distingedsh
by the electronics. Such nearly coincidental pubsesprocesses as one pulse. This effect is cpiled
up. Most of these pile-up pulses are large enoogtrigger the upper discriminator threshold and are
therefore suppressed.

Which influence has the dead time on the electrefficiency of the system? The registered eventsuof
detector are statistically independent of each rothieey therefore can be described by a Poisson
distribution (Weinzierl / Drosg 1970):

P = (2.18)

This gives the probability to obserxgositive events, if the mean value of this prolighilistribution is

m. In our case positive events are the number afgsubccurring during the observation titn&Vith a
mean count rate,, m is calculated asn=ny-t. The probability that no event occurs during the
measuring time is therefore (with 0! = 1):

P=e™ (2.19)

The probability that one pulse is observed in tofing time interval betweehandt + d is exactly
ny - d (by definition ofny and with d « 1/ny). As the probabilities are independent of eaclemtiney can
be multiplied to obtain the probability, that exgaine event occurs after the tirha the time interval
dt:

dR =n, & dt =e™d(n,t) (2.20)

Therefore short time intervals between the regstepulses are exponentially more frequent. It is
therefore principally impossible to obtain losslessasurements with an electronics that has a dead t
Thus pulses are registered by electronics with dieaelt only, if their interval to the previous pulse is
larger thart. By integration of equation (2.20) one obtainstfar probability of pulse intervats> 1 :
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R, = [dR=n[e™dt=¢™ (2.21)

t=r

As the mean pulsen, arriving per time unit are statistically indepengethe number of events
registered by the electronics is given by

n=n, @& (2.22)

For very large count rategy(— ) n tends to zero, i.e. practical all pulse intenaals smaller than the
dead timer. Therefore a maximum exists for the curve defibgaquation (2.22). By differentiation of
(2.22) with respect tm, and subsequent root-finding, the maximum is foahd, = 1/t and thus the

maximum number of events that can be registered are

1

Moy = ——
max = g (2.23)

With T = 13 pus one obtains for the maximum rate of regist event®,. = 28.300 g at an incoming
rate ofny = 76.900 8; the efficiency is 1/e = 37 % (Fig. 2.29).

To estimate the real incoming ratg from a measured rate with known dead time usually the

Counting Efficiency for a Dead Time of 13 ps

30.000 : : : : : : : : : 120
25.000 100
20.000 / \ 80
15.000 X \\ 60
10.000 / 40
5.000 /

20

_1]

Efficiency [%]

Outputrate N [s

0 ———t—t e e ()
0 25.000 50.000 75.000 100.000 125.000 150.000 175.000 200.000 225.000 250.000

Input rate N o [s'l]

‘—Output rate N — Efficiency‘

Fig. 2.29
Output rate and efficiency for a dead time ofr = 13 us in relation to the input rate
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following approximation is used, as equation (2.@)not be analytically resolved fiay:

n

AT

(2.24)

This approximation obviously can be used only atntaates that are significantly smaller than 1ff
N < 14% of 1t (n < 12%), then the error made with this formularmmaber than 1%, witmy, = 44% of 11
(n= 28%) the error is already 10%.

A more accurate approximation can be derived, égoation (2.22) the exponential function is exgahd
in a series. Considering in this series expandierstmmands up to the quadratic term and resotkimg
equation fom,, one obtains after longer calculation:

X 21—13(2+3\/X'+\/X'Tf8 +%/x'—«/x‘27+8j (2.25)

The following definitions applyx’ = (27x-10); x andx, are normalised count rates= nt andx, = nyt. If
N < 0,33t (n < 0,24t) this correction gives an error of less than 1% waith ng < 0,62t (n < 0,33t) the
error is less than 10%. With both given formulas ¢hlculated value af is smaller than the real value.

For the sake of completeness it should be notatl electronics with other dead time characterisidst
also. Such electronics can process a new eventdmieéy after the end of the dead time, irrespectf/

the number of pulses that arrived during the daad.tAn example would be a detector system witly ver
short analogue pulses which could be neglectedhsigdie time span needed for AD conversion. Pulses
arriving during AD conversion would not interferéthvit (the analogue voltage to be digitised isallsu
stored in a sample-and-hold circuitry). The pulaesving in this time span would be ignored, but
immediately after AD conversion a new pulse cowddpbocessed. With this dead time characteristic the
maximum achievable output rate tends towards ataongalue o= 1/1.

In our ORFEUSdetector however the analogue pulses are the stoslement of the signal processing
chain. Therefore an optimisation of the detectectbnics in future projects should aim in usingchu
faster charge amplifiers.
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3 Experimental setup

The experimental setup comprises four components:

» Detector with high voltage supply and vacuum pump
e Optical bench
» Rack with DPA, storage screen, pressure gauge stifograph

« Computer

3.1 Detector with high voltage supply and vacuum pu mp

Fig. 3.1 shows the detector with high voltage
supply. On the left is a vacuum connection whicl
leads to the vacuum pump. The vacuum valv
mounted at the detector always must be full
opened, i.e. the actuation screw of this valve mu:
be completely unscrewetihis has definitely to be
checked before switching on the high voltage!

As the pumping down of the detector takes quite
long time, the vacuum pump should be running a
the time and the detector thus should be kept awa
under vacuum.

Argon. The detector valve has not to be closed un—
a slight over pressure is achieved. This prevdrmds t
detector to be filled by air through small micrake
which are always present in vacuum systems. TrFig. 31
humidity of air would destroy the KBr photo Detector with high voltage supply and diffusion
cathode by and by. Under a pure Argon atmosphefisC
the detector can be stored without any changesini¢iector characteristics.

The pressure gauge mounted in the rack measuresréseure directly at the pump. The pressure is
shown in millibars (= hPa). The pressure insidedatector housing is about a factor 100 worsehas t
pumping cross-section through the flexible tube #ral valve is very small. If the detector is not in
operation, the pressure reading is about 5nmbar. The high voltage may be switched on onlihéf
pressure reading is below 1 1fbar.

When the detector is switched on, the pressurerisgél The reason is that all surfaces under vaauiim
adsorb molecules of the residual gases and sosdala surfaces of the channels of the MCPs. Hethe
surfaces are bombarded by electrons the gas metewll be released and the surfaces are cleaned by
this process. This outgassing leads to an incrgassgure until the walls are clean.
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Exercise 7:

Calculate the total surface of all channels of aREEUS MCP which has a thickness of 1 mm (see Ch2ag,
p. 13).

3.2 Optical bench

The optical bench (Fig. 3.2) comprises the follayvin
optical components:

e Mercury lamp: The lamp emits an emission line a
254 nm, for which the detector is sufficiently
sensitive. In front of the lamp an UV diffusion dliis
mounted, which assures a homogeneous angu‘

distribution of the emitted light.
e Small iris diaphragm

* Quartz condenser lens: By variation of the distanc
of the condenser lens to the lamp the light intgnsi
falling onto the detector can be adjusted.

+ Resolution test mask

* Quartz lens with large iris diaphragm: The lens &as
focal length of 20 cm (for visiblight).

» Mask support with further test masks

Not all components are needed all the time on giea

bench. Fig. 3.2
Optical bench with all components (from
back to front): lamp, small iris diaphragm,
lens with large diaphragm, test mask,
condenser lens.

Exercise 8:

What is the smallest possible distance betweemtask and detector, which still allows imaging witie given
lens? Which reproduction scale is achieved? Whytlegdenses used in this experiment made from zfRiart

Note:

UV light may be irritating to the eyes; therefoteshould be avoided to look into the light souroe f
longer time, although the light intensity is veoyM. This is valid especially when the lamp is opeda
without the diffusion disc (spectacle wearers ngmore this hint). To avoid sunburn, you also shawtd

expose unprotected parts of your skin (hands) tjrec front of the lamp for longer time. The larhps
to be switched off if not needed.
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3.3 Digital Position Analyzer

The Digital Position Analyzer (DPA) comprises afijortant operating controls needed for the detector
electronics (see also Chap. 2.4.3, p. 23). Thesérag. 3.3):

» Pulse counter with selection of counting time (118 s).

» Selection switch for the pulses to be counted:

o Total Pulses counts all pulses; Countrate display Image window  Integration time
the trigger threshold is adjusted b e
to a positive value which lieS counting time
0ap ! e T
just above the noise level. &

0 Active Pulses counts only  setection '5 efeslion
pulses, which are processed by counted = lnfegration
the electronics. During

integration this are only those
pulses, which are transferred to
the computer.

Power
switch

e

o Lower Discriminator Thresh- e B i
old: counts all pulses which Pusee  oruis Naladte S e
trigger the lower discriminator
threshold of the electronics. Fig. 3.3

o Some important operating controls of the DPA (seelso Fig.
o Upper Discriminator Thresh- 2 27),

old: counts all pulses which
trigger the upper discriminator
threshold of the electronics.

» Output of the analogue pulses for connection adsaillograph

» 3 connections for a storage screen for real-timpldy of the registered events
» Power switch for the high voltage supply unit

» Connector for detector cable

» Switch to stop the integration

» Power switch

» Selection switch for integration modes:

o Position 1 Z): Only the sum of the pulse heights Z is transeditto integrate a pulse height
distribution.

o Position 2 X, Y): The position coordinates are transmitted tograte an image.

o Position 3K, Y, T): The position coordinates and the time are trattsdfor serial recording of
the data. A later data reduction may reconstruetithing behaviour.

o Position 4 X, Y, T, Z): Transmission of all data which allows all kind$ integration. In
particular only in this position an integrationafain map of the detector is possible.

o Position 5 HWI) has no function in the current configuration.

» Display of the integration time: The time is shoiwrmilliseconds; a mark shows the decimal point
for seconds. The time displayed is corrected faddéme, i.e. the internal clock is only running, i
the electronics is ready to process new events.

» Selection switch for image window: This switch eleshthe selection of a partial image from a 4x4
matrix. These partial images are recorded withifLRegolution, but the size of the recorded images
Is also 1024 x 1024 pixels. Valid values for X afhdange from O ... 3.
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A separate manual fort he DPA is available.

3.4 Storage screen

The storage screen (Fig. 3.4) shows the real titectbr image. Each registered event is showrghs li
dot via X/Y control on the screen. Two modes arailable: Normal mode (buttoB8TORENot pressed)
and storage mode (butt@TOREpressed):

« Normal mode: Each event produces a short flashigig dot which is not stored. This mode is
usable for fast varying images at high count rdtlssially the beam intensity has to be increased in
this mode (turning knotNTENSIT Ybehind the cover).

e Storage mode: Each short
flashing dot is stored for a
certain time. The persistence ca
be adjusted with the turning
knob PERSISTENCEWhen this
knob is pulled the current image
remains stored. The turning
knob OPERATE LEVELladjusts
the brightness of the stored
image. The buttoERASEerases
the stored image.

As this storage screen has a limite
life time it should not be operated
longer as necessary in storage mod
When the beam stands still theFig- 3.4 _ _ _

. . ., Storage screen with real time detector image.
intensity should be lowered to avoid

burning in of the beam spot.

3.5 Oscillograph

The oscillograph (Fig. 3.5) displays the summed@sibf the detector. The best settings are:

* Y-Amplification: 1 V/DIV

e Time base: 0.5 ps/DIV

» Trigger: small positive voltage, rising edge
When test pulses are displayed also inverted puaesesisible, as test pulses are produced by square
pulses, which have a rising and a falling edge @iy the falling edge simulates normal electrorud®

on the anode. The inverted pulses are triggerethgluhe (positive) zero crossing of the undershoot,
resulting in two different pulse forms visible dretoscillograph screen.
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Fig. 3.5
Oscillograph with detector pulses.

3.6 Computer and software

Two programs are needed for the operation of thtectlr and for data acquisition. ProgratdV-
Kontrolle” controls the high voltage of the detector ana @lows for different testing methods with test
pulses. ProgramErfassung is needed for data acquisition and allows for ititegration of the events
registered by the detector. Both of these programesshortly introduced here, a detailed manual is
separately available.

3.6.1 Program HV-Kontrolle

The program MV-Kontrolle' is primarily — EESGCEEEETT —
needed for control and monitoring of the

high voltage supply of the detector. It alsc
monitors the pressure of the vacuum syster| |
and shuts down the high voltage or inhibits
its switching on if a pressure threshold is EEE =
exceeded. The most important functions an| [ so0 y| [ 3185 y | ¢
displays will be described in the following. .
The program setup (mentkefhstellunget)

is usually not changed during the practica &
course (except for changing the update rat !
of the protocol) and changes shoulc

therefore only be done by the assistant. AL-

. . Fig. 3.6
measured values are regularly written into p1ain window of the program HV-Kontrolle.

protocol file, the update rate may be
adjusted to the current needs.

HY1 aus |
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3.6.1.1 Main window

The main window shows the pressure of the vacuustesy, the four measured voltages of the high
voltage supply of the detector and the detectioarobver current (Bberstrond) in one of the four high
voltage modules. Also two temperature values amveh(outside of the detector housing and at the
charge amplifiers) as well as the current pulsentoate and time and date of the last protocolyentr

The high voltage is switched on by clicking thetbns labelled HV1 arf and “HV2 bis HV4 ah Before
these buttons can be clicked, they have to be ketbby clicking the button labelledHY Entsichern.’.

You then have to confirm that the vacuum valve le# tletector is opened (only then the measured
pressure is valid also for the detector) by seabgcthe option Das Vakuum-Ventil ist offén! After
confirming this, the buttons for switching on thighhvoltage are active (enabled) for 5 secondsy Onl
during this time it is possible to switch on thghivoltage. This prevents an unintended switchimg-o
which might have possibly catastrophic consequences

3.6.1.2 Test pulses

EleE

The menu item Testimpulsé switches on the test pulses (see
Chap. 2.3.4, p. 17). It is possible to change thisgpfrequency, lpulse: Frequens:
the rate at which the different pulse types ardchei, and the A tﬂ :ﬁ;; £ :J‘:&
selection of the 6 possible pulse types. The salieptilse types LU gro 100 kz

itched on i ith the i RO klein © 1000 iz
are switched on in sequence with the given ratengsone test ~ RO mittel 10000 Hz
pulse type can be active at the same time. ¥ RO grob 8| Hz

T Taktsate in Sekunden

If the test pulses shall be active during the irdaggn of an Stat || Schiieen |

image, the frequency should be 1 Hz or 10 Hz. With

frequency selection of 1 Hz also the switching shieuld be Fig. 3.7
h dto 10 d Window “test pulses” (Testimpulsg of
changed to seconas. the program HV-Kontrolle.

3.6.1.3 Test pulse display

The window test pulse display
(, Testimpuls-Anzeige shows

e v 867,40 DX=1,03
averaged values for the X, Y an _ _

values from 1000 test pulses of the __sw= | Y= 185’57 DY= 1’55
currently selected type. Also the Z= 1,0956 DZ= 0,001 5

standard deviation is calculated anc e
. Fig. 3.8
multiplied by a factor 2.35 shown a5 Window “test pulse display” (Testimpuls-Anzeigeof the
DX, DY and DZ. This is a measure for program HV-Kontrolle.
the FWHM of the point spread
function (see Eq. (2.4), p. 25). The X and Y valaes given in pixel units, while the pulse heighisZ

converted to Volts (see oscillograph display).

For this display it is important that the high vage is switched off, as alone the MCP dark evewoisidv
distort the evaluation of the test pulses.
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3.6.1.4 Test pulse check

[ Testimpuls - Check _ o] x|
s

The test pulse check Testimpuls-Che¢k shows the 4. &« ax v Y 0s. ¥ o0s. ¥
same evaluation of the test pulses as the tesepu [ [sei.45 [o.o0  [ios.23 1.0
. . . 3 868,37 0,33 183,46 (0,48 -0,57 -0,39
display, except that in this case all 6 test ptypes are 4+ a6l (1,30 [acai1o [1.07 -0z Jo,61
i i i 5 167,178 0,61 864,80 |0,46
switched on in sequence and the results are shown i © [*7-%7 (%0 [804.83 Jo.33 o.08 0.1
table. The number of the currently active test @uts = |

highlighted in yellow, so that it is easy to follotve Fig- 3.9 _
. Window “test pulse check” (Testimpuls-
current changes of the display. CheckK of the program HV-Kontrolle.

867,492 (0,98 185,23 |1,65 1,44 -1,38

Additionally the columnsOs. X and “Os. Y show the

differences between successive X and Y values:X(9.= X(2) - X(1), Os. X(3) = X(3) - X(2),
accordingly for X(4) ... X(6) and for Y values. Bhiighlights pulse height dependant variations twhic
are caused usually by offset errors (see Chapt,5527).

As with the test pulse display it is important alsohis case that the high voltage is switched off

This display was also contained in the softwarthefground station used during tH8 QRFEUSflight.
This helped in a fast functional verification oftlwhole detector electronics. In particular it cbbke
verified, that the electronic resolution was theeaas it was measured pre-flight.

3.6.1.5 Gain display

_iojxj| The gain display {’erstarkungsanzeifeshows the average
WrmReag ] i 4] of the Z coordinate of at least 1000 events (asrabove
3,2 87 1000 §' the measuring time is at least 1 second). The gain
value is given in Volts Verstarkung [V], corresponding to
F_Stﬁl the summed pulse signal shown on the oscillographi
ig. 3.

; PO » standard deviation is multiplied by a factor 2.886l ahown as
Window “gain display
(Verstarkungsanzeigeof the program a measure for the width of the distributioBigite [%]"). It
HV-Kontrolle. is given in percent of the gain value. Only in tase of a
Gaussian distribution this value would correspamdhe full
width at half maximum (FWHM). In real pulse heigtistributions this value is only more or less a
realistic FWHM.

This display is mainly used to adjust HV3 (see Bi§), which controls the MCP gain of the detector.

3.6.2 Data acquisition with program  Erfassung

The program Erfassung is used for data acquisition and the integratibdetector data. The main menu
item “Dateri (Fig. 3.12) contains several menu items to cdfecent kinds of integration routines. The
first four entries show the most important datauggition functions. The numbers shown in parenthese
correspond to the valid positions of the integratmode switch of the DPA (see Chap. 3.3, p. 38, an
Fig. 3.3). If the integration mode switch is nottive correct position, the corresponding menu itanss
gray and not enabled.



40 Microchannel Plate Detectors

| Einstellungen

Fig. 3.11
Program Erfassungduring the integration of an image.

3.6.2.1 Menu item Bild integrieren

Menu item ‘Bild integriereri starts the integration Of vatsi[vaen aneigen Fenster rir=

an image with a resolution of 1024 x 1024 pixelse T Enlw}w:hjhttgwm
currently integrated image is updated every 1 Verstarkungsbid (4
seconds in the main window (Fig. 3.11). During

integration the menu bar has the only entn

“Einstellungei (setup). Some menu items allow for

Integration in File (3,4
Integrationsfile aufarbeiten

Farbwetlauf Schvwarz-Weiss
Farbverlauf Gelb-Rot
Farbtabelle laden

<

Maximalsert arientiert

<

changing the image presentation on the screen (s
Fig. 3.12). The integration is stopped with thetdnut
“Integration Stop at the DPA (Fig. 3.3) or with the

<

Grenzwerte eingeben

Lineare Farbumsetzung
Logarithmische Farbumsetzung
Megative Darstellung

Impulshihemverkeiung

Lischen

corresponding menu item in menifistellungeh

Drabeninfio

3.6.2.2 Menu item Impulshéhe integrieren Fig. 3.12

Menu item Daten of the program Erfassung
Menu item ‘Impulsh6he integrierén starts the
integration of a pulse height distribution. Thereuntly integrated distribution is shown in a separa
window (Fig. 3.13) which is updated every 10 secodhe window may be drawn to an arbitrary size. A
linear or a double logarithmic layout of the axemyrbe selected.

3.6.2.3 Menu item Vollintegration

Menu item ‘Vollintegratiori’ starts the integration of an image and a pulsghtaistribution at the same
time.
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3.6.2.4 Menu item Verstarkungsbild

Menu item ‘Verstarkungsbiltistarts the integration of
a gain map. The gain map shows for each pixel tr .-
averaged pulse height as intensity level. Inteyniié o
program makes use of 3 image memories: The fir
one integrates a normal photon image, in the seco -»
one the Z coordinates of each event are summed
and the third memory holds the ratio of pulse heigh .. -—4———5———>— 1

sum to number of photons. Thus the averaged MCFjg 313
gain over the detector area is imaged. The digpiay Window of the pulse height distribution during
b led b . \VErstirk bil the integration (linear layout of the axes).
e toggled between gain mapVérstarkungsbilt) X = pulse height in Volt
and photon image Photonenbild). Y = relative occurrence
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4 EXxperimentation

4.1 Introductory notes

During experimentation you should record your meaments in such a way, that you (and also the
assistant) are able to understand the experimemt your records even much later. Therefore youlshou
mark your notes with the corresponding chapter rersibf these experimental instructions and exescise
These notes have to be added to the final protBeotead Chap. 4.13, S. 53, prior to carrying out th
experimentation and remember to note down all measured valuesthatin corresponding unit®lease

do not touch the lenses with your fingers!

4.2 Switch-on

Carry out the following steps in the given order:

« If applicable switch on vacuum pump (it usually gldorun already), the vacuum should be better
than 10° mbar. Check, that the detector valve is openerk\sshould be unscrewed to the stop
position, about 14 mm).

« If applicable switch on the Digital Position Anagyz

« If applicable switch on computeéindows XP!) and log in

e Start progranHV-Kontrolle

e Switch on power supply for the high voltage unitiish at DPA, Fig. 3.3)

« Switch on oscillograph (device at the bottom of ek, turning knob at left bottom)

e Switch on storage screen (device at the top ofabk, pull button at lower right, butt@TOREnot
pressed, if light point is visible: lower the beartensity)

 In programHV-Kontrolle Click to “Zuriicksetzen(reset) in box Uberstroni (over current)

* In programHV-Kontrolle Call menu item Protokolldatei I6schen ”.(delete protocol file), to start
with a new protocol file. Call menu itenkinstellungei (setup) and change in the boRrbtokoll-
Einstellungeithe update rate to 60 saKtualisieren alle Sekundgn

4.3 Test pulses

We start with a checkout of the electronics. IngpamHV-Kontrolle call menu item Testimpulséand
start the test pulses. On the oscillograph screersiiould see test pulses which change their heigiry
second. On the storage screen the test pulse sbbatdje its position from one corner to the opposit
one every 3 seconds. Measure the height of the@t#ses (value of the maximum) by selecting onlg on
test pulse in the windowTestimpulsé Pay attention that the knobs for fine VOLT/DIV adjustment
are latched in position “Cal”! Note down the maximum voltage values for all & pedse types.

Stop the test pulses and close the winddastimpulsé Call the menu itemTestimpuls-AnzeigeNote
down the Z value (shown in V) for each test pulgeet Stop the test pulses and close the window
“Testimpuls-Anzeige
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Exercise 9:

Enter your measured values and the Z values faeatlpulse types into a table. How good agree your
measurements with the Z values? Consider the rgaatinuracy on the oscillograph and calculate the
differences between your measurements and thespameling Z values.

Call the menu itemTestimpuls-Cheékand start the test pulses. After 2 (or more) rdasa snapshot of
the window Testimpuls-Che¢k Run programPaintShop Proclick to the camera symbol, then use the
right mouse button to click into the windowéstimpuls-Chec¢kbeforehand you should go to the menu
item “Datei / Import / Schnappschuss / Setd@and select the itemFenstet).

Connect the detector housing to the vacuum pump Wwitnana plug cables (normally the detector
housing is isolateétfom the vacuum pump). Observe the values fomttaiths of the test pulses dX and
dY. Make another snapshot and stop and close sheuése check.

Exercise 10:

Print out the snapshots for your protocol. Describe significant differences between the two meamsants
and mention the reason for these differencesdifiicant differences are visible).

Finally remove the banana plug cable connection agd

4.4  Switch-on of the high voltage

Remove all components except for lamp and conddrm@rthe optical bench and position the condenser
about 40 cm in front of the lamp. The diffusionadmust be attached to the lanfflease do not touch
the optical components with your fingers!

Click to “HV entsicherty make sure, that the detector valve is openesh ifselect optionDas Vakuum-
Ventil ist offen! and confirm by clicking OK". Now click within 5 seconds to the button
»HV2 bis HV4 eih (HV1 remains off). The high voltage is now swiechon and the detector should
produce pulses. Switch the count rate selectiotchwd positioriTotal Pulses

Switch on the lamp and press butteMOREof the storage screen. It takes about one minatié the
lamp lights up in full intensity. During this tinte count rate increases continuously. Adjust thent
rate to a value of about 10,000ty changing the condensers position.

In program HV-Kontrollg' open menu item Verstarkungsanzeiggain display). Also in program
“HV-Kontroll€’ click to button ‘Einstelleri (setup) belowHV3 and change the high voltage value in
steps of 10 V until a gain of 3.0 V is achieved.té&down the new high voltage value (also later yver
time you change this setting). Close the HV3 s&timgow and stop and close the gain display.

45 Dark current

Switch off the lamp and close the detector windgwirserting the blind into the slot in front of the
window. Switch the counting interval of the DPA oter to 10 s. Note down 10 counter values and
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calculate the average value. The counter displaglid when the green LED to the right of the caunt
display lights up; the value is displayed for 1set

4.6 What does solar blind mean?

Remove the blind in front of the detector windovaiag The detector is now exposed to ambient ligllt a
the count rate is higher than with absolute darknii®te down 10 counter values (still at 10 s ciognt
time). Again calculate the average value (i and subtract the dark current value. Finally swviback
the counting time to 1 s.

Use the lux meter to evaluate the illuminance atdéatector surface. Hold the measuring cell dyaatl
front of the detector and measure the illuminandeix.

The illuminance in lux (= lumen/m?) is a photometgquantity which takes into account the spectral
sensitivity of the eye (luminosity function, Figl14 The illuminance has to be converted approatgat
into a physical quantity (irradiance in Watt/m2phelconversion factor (in lumen/Watt) is called lnmis
efficacy and is wavelength dependant (Fig. 4.1).

Exercise 11:

Indicate the count rate produced by the ambiertttlig counts/s.

Estimate from Fig. 4.1 a reasonably averaged véduehe luminous efficacy under the given lightditions.
Also give a reasonable average wavelength for thbiant light. Evaluate from these values the nunalber
photons hitting the detector. Calculate from tthie fiveraged sensitivity (quantum efficiency) ofdibector for
visible light.

How many pulses would a 1 mW He-Ne laser thus apeadely produce on a detector with this sensitivit
the sensitivity were not wavelength dependant)?

Correlation of Light Quantities
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Fig. 4.1

Correlation between photometric and physical lightquantities

(source:htt p://www. rei t mayer. de/ phligroe. ht M (outdated), see also: Heinrich Reitmayer,
Dissertation, TU Minchen, 2000).
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4.7 Pulse height distribution

4.7.1 Fullimage

Exercise 13:

Show the chronological course of the gain and tlesgure in a diagram and print it. Comment on tbsut:
Why increases the pressure? Why decreases the @&iaPhappens when the count rate is reduced &gain
10,000 82

Switch on the lamp again and open the window gaplay (“Verstarkungsanzeige Adjust HV3 such
that the gain is at 3.0 V again. Note down the emlfor gain and widtbhefore and afterthe following
pulse height integrations. Switch off the gain thgmuring the pulse height integration.

Switch the integration mode switch at DPA to positd &, y, t, 2. Remember to reset the DPA time
counter prior to each integration. Call program Erfassun§) and start a pulse height integration (see
Chap. 3.6.2.2, p. 40). Stop the integration, whendurve is sufficiently smooth (about 200 s). Make
snhapshot of this window and print it. Don’t forgeé second measurement of the gain display!

Exercise 12:

Use the plots of the pulse height distributionegtimate the position of the maximum and the geamet
FWHM. You should draw these quantities in the ploisasure the values in cm and give a conversiciorfin
V/cm to calculate the values in V. Give the FWHMeéncent of the maximum position.

What is the reason for differences (maximum and FMj)between full image and partial image measuresfent
Compare the graphically estimated values for gaid aidth with those noted from the gain display y\Wfffer
the computer values (use averages of the measuteineiore and after integration) for gain and widitbm
the graphically estimated values? How calculatesdabmputer the values for gain and width?

4.7.2 Partial image

Select a partial image at the DPA (Image Window2X¥=0) and do the pulse height integration again.
Don't forget to note down gain and widbefore and after pulse height integratiofrinally select image
window again as X=9, Y=9 (full image).

4.8 Outgassing

In program HV-Kontrollg’ select menu itemEinstellungethand change the update rate for the protocol
file to 5 s (‘aktualisieren alle __ SekundgrStart the gain display Verstarkungsanzeigeand adjust
HV3 until a gain of 3V is achievedleave the gain display active during this measurenmg, so that
the gain values are automatically written into phatocol file.

Move the condenser slowly towards the lamp untibant rate (Total Pulses) of 50,00bis achieved.
After 5 minutes regulate the count rate back t®@a0s' and wait again 5 minutes (in the meantime you
might deal already with Exercise 14#)nally set the update rate back to 60 ®nd stop and close the
gain display.
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Open Excel fileProtokoll.xlsand run macroProtokollimport. This imports the current protocol file of
the program HV-Kontrolle'. The already prepared diagrams are automaticgitiated.

4.9 Flat field and gain map

Remove the large diffusion disc from its cover amalint it in front of the detector window. Reguléte
count rate to a value of about 20,000 Adjust the gain to about 3 V.

Start a gain map integration\(érstarkungsbil) (see Chap. 3.6.2.4, p. 41). Fill in the integrat
parameters in the start window and enter a unidgmaine.

The integration should last at least as long aakiés to achieve a signal to noise ratio of 10ther
exposed parts of the image. It is advisable tahimintegration during lunch time.

Exercise 14:

Which value per pixel do you need for a signaldse ratio of 10? Calculate the necessary integratime
from the rate of théctive Pulsegabout 900x900 exposed pixels). Use IDL and tlognam “auswertung”to
produce printouts of the images. (Set screen ptagseto 256 colours!)

4.9.1 Homogeneity
This data analysis may be skipped initially andiedrout after finishing all measurements.

Evaluate the small scale homogeneity of
the flatfield image. For that purpose
produce a histogram of an image sectio

Statistics: Histogram
T T T

250

which seems to be rather homogeneous

its intensity distribution (IDL program —so
“auswertung; menu item Auswertung/ £
Statistik fuer Bildausschnitf’and make a i
printout of this histogram (menu item
“Export/Plot-Hardcopy).

g
S

0 A I . ~
150 200 250 300 350 400

If the intensity variations from pixel to et wem X/t 403, 458) — oy (5, 99 Counts /Pt
pixel were solely due to statistical

>
@
-

Solid Curve: Meon volue = 294.2, Standord Deviation = 22.7, No. of Pixels : 9900
F:\flatfield 10.bil Created by IAA—ORFEUS (Mon May 19 11:50:03 2003)

variations, the histogram should coincide

with a Poisson distribution. As the mearF'g' 4.2

_ Histogram of the intensity distribution of an imagesection.
value is rather large (~100) and also th The dashed curve represents a Poisson distributiomith the
number of measured values is largeS@me mean value.

i ) The values printed in the plot refer to the measure values,
(=number of pixels), the Poisson not to the theoretical curve!

distribution may be approximated very
well by a Gaussian distribution (wittr = ,/mearnvalue).

Fig. 4.2 shows such a histogram. The dashed cimyessa Gaussian distribution with the same mean
value. One can see that the theoretical curve nloesxactly coincide with the measured histograhusr
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the intensity variations from pixel to pixel aretrsplely due to statistical variations. There also a
systematic errors; therefore the homogeneity iopttal.

Exercise 15:

Evaluate the homogeneity within the selected insagéon by comparing the measured histogram wigh th
theoretical Gaussian distribution drawn in the pl@ive the complet®rmula for this dashed Gaussian curve
plotted on your printout (3 parameters, which candstimated from the numbers printed on your phoit
check your formula by calculation of 2 numbers (onthe slope of the curve and the other near thgimum —
draw the values in your printout). Justify the nersused for the 3 parameters of your formula.

4.10 Determination of the focal length by the Besse | method

Position the condenser about 40 cm in front ofléinep, remove afterwards the diffusion disc in froht
the detector and position the optical componentdheroptical bench as follows:

» lamp with diffusion disc

» test mask, about 90 cm away from the front of stector housing

» condenser between lamp and test mask

e guartz lens between detector and test mask, isimetier 35 mm, closer to the test mask than to the
detector

The determination of the focal length by the Bessethod is based on the fact, that for a giveradise
between object and image plane, which is largen i@ fourfold focal length, there exist two lens
positions at which the object is sharply imagethimimage plane. If the distance between thesdens
positions is determined as the focal lengthi of a thin lens can be estimated from the followfognula
(Bergmann / Schafer, 1962):

e’ —d?
=

f (4.1)

First of all determine the distaneebetween test mask and MCP surface. For this parpos measure
the distance between test mask and front side ef(dold-coloured) detector housing (all distances
measured to an accuracy of 1 mm). Now add therdietérom the detector housing to the MCP surface;
its optical length of 25 mm is calculated as followwhe mechanical distance equals 26.7 mm. Theézyuar
window has a thickness of 5 mm; the index of reéfoacfor quartz is 1.5 at a wavelength of 254 nm.
Thus the optical path length is only 5 mm / 1.531@m, which is a shortening by 1.7 mm. Therefore
you get the value by adding to the distance test mask — front side a Igth of 25 mm

Next you have to determine the two lens positiangtdch a sharp imaging is achieved. Start with the
position near the test mask. Firstly focus the ienég observing the real time image on the storage
screen. Adjust the count rate to about 10,008y moving the condenser lens. Afterwards you start
image integration for a certain time (e.g. 1003tpp the integration after that time and make aestr
shot with PaintShop Pro from a relevant image sadfibeforehand you should call once the menu item
“Datei / Import / Schnappschuss / Settimnd select the optiorBereicl). Subsequently move the lens
by 2 mm and note down the corresponding lens posin the scale of the optical bench (you best use
the edge of the slider facing towards the lampedrate for the same time as before and again make



48 Microchannel Plate Detectors

shapshot of the same image section. Compare tleetierss and decide from this into which direction
you have to move the lens next. Repeat these sitgppyou have found the optimal lens position.

Do the same for the lens position located neard#itector. For this measurement set the count cate t
3000 §'. Determine the distance between the two optimdesipositions on the optical bench: This is
your valued.

In addition to this determine the focal length alspvisible light by displaying a very far objech a
screen.

Exercise 16:

Calculate the focal length of the lens for a wamglé of 254 nm according to Eq. (4.1). Compare Vhisie to
the focal length measured with visible light. Wisathe reason for the difference?

4.11 Dead time and efficiency

Move the condenser towards the lamp until a coatat (Total Pulses) of about 100,000is achieved.
The vacuum pressure should not exceed 1-2 far, otherwise the automatic pressure monitoring
would switch off the high voltage! In this casewsdjthe MCP gain to a value of about 2.0 V or reduc
the HV3 value by 20 V.

Note down the counter values for total pulsesyaqgiulses and both discriminator thresholds. Rethee
count rate (Total Pulses) in steps of 10,086@®y moving the condenser and note down each tihfeual
counter values (additionally measure also at 755300

Important:

During read-out of the counter values for the acthlses the gain display must not be
active!

Exercise 17:

Create an Excel table from the measured valuesuCate for “Total Pulses” and “Lower Threshold” aehd
time correction according to Eq. (2.24), p. 32,lnét counter dead time of 2 pus. Calculate the

efficiency = (active pulses) / (lower thresholdppear threshold).

Calculate theoretical values for the efficiency @ating to Eq. (2.22), p. 31 (see Fig. 2.29). Pregha values
in a diagram. Use the (detector) dead time as patam which is stored in a separate table cell. @pathis
value until the theoretical curve fits the measucadve well.

Determine R for this dead time with Eq. (2.23), p. 31. Compayg with your maximum value for active
pulses.
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4.12 Linearity calibration

4.12.1 Setup

Alter the setup of the optical bench as follows:

» Replace the diffusion disc in front of the lamp dyinhole aperture plate. For this purpose switch
off the lamp!

* Remove the condenser and position the lens 17 i& @mont of the lamp (iris diaphragm open!).

» Insert the test mask consisting of three vertical horizontal pinhole lines into the slot in frapft
the detector window. The line pattern of this testsk is composed from pinholes, which have a
diameter of 0.2 mm and a distance of 0.5 mm. Ireotd be able to identify the orientation of the
mask, the lettering\l T is added in the lower right quarter, also madenfginhole lines.

Switch on the lamp. A count rate of more than 30Gkould be achieved. The intensity should be
preferably equally distributed over all lines (cken the storage screen).

4.12.2 Measurement

If necessary set MCP gain to 3 V again. Integratéreage for 15 minutes. Save the image in your grou
directory.

Hint:

As your measurements are finished with it, you &hawitch off the high voltage in
program HV-Kontrolle’ after completion of the integration. Afterwardsitch off the
oscillograph, the lamp and the HV power supplyreg DPA. Set the update rate of the
protocol file back to 3600 s.

For data analysis with the IDL prograrauswertung first set the screen setup to a colour depth5ff 2
colours, otherwise the colour display in IDL woulot work correctly.

Start IDL and Ca'II the prog ram " E‘ ‘ Z‘ ‘ ‘ﬂ ‘ ‘S‘ ‘ E‘ ‘ 1‘0 ‘ 'I‘Q ‘ ‘;A‘ "\5‘ “8‘ "ZE‘I ‘ Z‘Z I Z‘“ Z‘SI IQB‘ IEUI IS; IJL I JIS ‘ ;BI ‘A\-D‘E
“auswertunyy This program was originally AR RN AR RSN SRR AR R RN NN
used for the data analysis of tBRFEUS .- 1
measurements. Load the just integrate 8 1

image.

You should now determine the X positions
of the pinholes of the middle horizontal line
and estimate from these the (non-)linearit

of the detector. For this purpose you have t
extract intensity profiles piece by piece

along this line. Afterwards you fit a series olFig. 4.3

. Intensity profile along a pinhole line. 40 Gaussiarurves
Gaussian curves to each of the plotte were fitted to this profile. The background was fited as
intensity profiles. The centres of theparabola.

ofl 01 L L L
120 200 300 400 500
K—Pixel (Echalle order 51}
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Gaussian curves are the measured positions ofrthelps.

The program &uswertunj can plot an intensity profile Schnitt) for a given start and stop point. At
arbitrary points several Gaussian curves may bedfito this plot. The data of the Gaussian curves a
automatically written to a protocol file (you musit close the program and start it again, as tloiglav
create a new protocol file).

Plot intensity profiles which contain 40 pointstbé line. For each of these profiles you have &caie a
automatic Gaussian fit. Thus you can estimate #mres of all about 80 points along the middle
horizontal line. Proceed as follows:

e Check under menu itemEinstellungen/Plot-Eichurigthat the option X=Pixel, Y=Count} is
selected.

» Call the menu itemAuswertung/Schnitt

* In the image first click to the (left) start poifthich should be the last point, which was usedtier
previous Gaussian fit) and afterwards to the (jightd point (the 11.of the following points) of the
intensity profile to be plotted. This extracts atensity profile from the image, which covers asgte
width (to be selected with menu iter&ihstellungen/ Schnittbreife An odd width from 11 to 21
pixels is reasonable. This assures that the pirih@ges are captured in full width.

» Afterwards call menu itemAuswertung/Auto-Gaussfit ueber Schnitt

* In the plot window you first have to mark (usingthteft mouse button) the left position: The x-
position should mark the first (left) minimum arttetx-position should be at about half the height
between minimum and maximum. Then mark to the(fagit) position. The points you have clicked
are marked with tilted crosses (see Fig. 4.3). Msiee that the line connecting the two marks
crosses all peaks once. To end the definition ®fGaussian fit use thight mouse button to click
into the plot window. The fitted curve will be dravinto the plot window (Fig. 4.3). Check that all
maxima are fitted correctly. Erroneous fits mayjbgt repeated again. Therefore use menu item
“Auswertung/letzten Schnitt wiederhdlan update the plot window and afterwards repédm t
automatic Gaussian fitting.

After all pinhole positions are estimated stop pihegram and IDL and copy the filedfile.txt from the
root directory into your group directory.

4.12.3 Analysis

For each Gaussian fit carried out the followingiestare contained in filegfile.txt
Kurve Nr. 1:

Schwer punkt 97.196253 = 1107.9357 A
Ampl i tude : 58. 749829
Breite (FWHM: 5.2349586 = 0.15797641 A
W/ dw : 7013. 2984

Important for your analysis is only the entry matkeschwerpunKt this denotes the centre of the
Gaussian curve in pixels (and also converted toaselength in A). These pixel positions are your
measured values. The corresponding true positiantha centres of the pinholes in the mask, whakeh

a distance of 0.5 mm from each othdryou had repeated a certain fit, you have to remee the
invalid entries with a text editor. Check that all entries are available (all poiriteudd have nearly the
same distance; all points should be sorted in atcgrorder).
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For analysis open the Excel filkuswertung_Linearitaet.xlsvhich should be already in your group
directory. Use the macroLinearitaetsmessung_importiefeto import the file logfile.txt In column
“Pixel-Positiori all measured Gaussian centres are entered im@isceorder. ColumnWahre Position
[mm]” (true position) is filled with values increasiby 0.5 mm, starting at 0 mm. The other columns are
filled with formulae in the first row. These fornad are copied to the other rows for as many of rasvs
measured values are available. This applies téotlmving columns:

» “Gerade [Pixel] (straight line): This column shows values forteamght line used as reference for
the measured values. By calculating the differethee deviation of the measured values from a
straight line can be more easily seen. The two fiaeameters slope $teigund) and intercept
(“Randwert) are automatically determined and filled intolseB2 and B3. You also may change
these values and may later use the buttBarade bestimméno estimate the values again. Also
have a look to the shelbtagramm 2.

» “Differenz (Messung - Geradej]difference measurement - straight line): Here tfifferences
between measured values and calculated straightalie entered. This column is shown in the
diagram as Messung (measurement). If you change the line parametgrg, should select them
such that the measured values show a symmetricad @ the diagram (see Fig. 4.4). This curve is
shown in the she®iagramm 1.

Now you should produce a theoretical calibratiorvely selecting the two parameters cross tallsée
Chap. 2.5.3, p. 26) and gain differenee gee Chap. 2.5.3, p. 26). Vary the parameters that the
theoretical curve fits the measured curve as gsodassible. Note that paramete(*Ubersprecheh

cross talk) changes the slope of the theoretiaalecuvhile parametea (“Verstarkungsunterschigdgain

difference) determines its curvature. As the zaratpof the true position is selected arbitrardyfurther
parameter has to be envisaged: a zero point siNftlipunktsverschieburiy The following columns
calculate the theoretical values (comprehend tleeErrmulae at the screen):

+ “Theorie (Ubersprecheh)Theory, cross talk): This column contains thenfala from equation
(2.10). Asx is in this formula a normalised value between @ Bnwe have to relate the true position
to the active anode width of 44 mm. Thus the trogton is corrected by the zero position shift and
then divided by 44. To keep the formula more cletlie expressions h-and 1-b were put in cells
D5 and Fb5.

» “Theorie (Verstarkungsdiffereri)rheory, gain difference): This column contaihg formula from
equation (2.12). As input valuethe result from the previous calculation in columis taken, which
is already normalised. To make the final result parable to the measured pixel values, we have to
multiply the normalised result with the maximum pixel value of 1023.

» “Theorie - Gerade(Theory - straight line): This column corresporidsthe values (measurement -
straight line) and is shown also in the diagrame Parameters for gain difference, cross talk and
zero point shift are to be chosen such that bothesufit as good as possible. To be able to julge t
quality of the fit, the next column shows the diffiece to the measured values.

» “Messung - TheorigMeasurement - theory): This column is also shawthe diagram, but with its
own Y-axis. Thus differences between the two cucas be seen more clearly (see Fig. 4.4). The
three parameters should be chosen such that ttvis =uas closely to zero as possible.

Exercise 18:

Create the Excel file as described and select gtenal fit parameters (your diagram should look gimto
Fig. 4.4). Print out your diagram and note down gdirameters.
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As for each change of the parameteendb also the value for the zero point shift changas, alue has
to be adjusted regularly. For this purpose thetbasbutton Nullpunkt bestimménestimate zero shift).
A click to this button shifts the red differencenoeiback to the centre of the diagram.

Analysis of Linearity Measurement

10 - T2

[Pixel]

— .
L MM\\\

Difference against Straight Line
Difference Measurement - Theory

- 17— -2
0 5 10 15 20 25 30 35 40

True Position [mm]

—— Measurement Theory Difference

Fig. 4.4
Excel diagram of the analysis of the linearity meagement. Your diagram should look similar to this e, if
you have chosen the parameters correctly. Left axigray curves, right axis: red curve.

4.12.4 Carrying out the correction

For analysis of th®©RFEUS lldata not only the linearity calibration had to dsfried out, but also a
wavelength calibration, as the X axis of the deteghage was the dispersion direction of the Eehell
spectra. Therefore also a theoretical formula sextbe parameters of which had to be fitted as. Wl

fit was not done manually, but by a computer progrdor this purpose 814 narrow interstellar
absorption lines were identified in tRERFEUS IIEchelle spectra and finally 7 calibration paramsefer
the wavelength calibration were determined byrfit{Barnstedt et al. 1999).

For the ORFEUS spectra each X pixel value was assigned to a smoreling wavelength value;
redistribution to new “spectral pixels” was not essary. However, if the detector were used mamly t
record images, it might be necessary to straighibenimages, i.e. to calculate a corrected image.
Therefore you have to know the inverse functiorthef above mentioned calibration. Thus you have to
assign each pixel in thmeasuredimage to theriginal position in pixel units.

Actually it is not sufficient, to assign a new gasi to each pixel. Instead, the original posititrase to
be calculated for each of the four corners of &lpind then the measured pixel has to be projexita
the new pixel raster. The intensity of the measymadl has to be distributed pro-rata over all etéel
new pixels. Thus intensity variations caused bwlldmage distortions are also removed.
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Exercise 19:

Determine the formula for calculating a correcteasige. Starting with an x-value (pixel number) &f th
measured image the formula shall give the resultivglue in pixel units for the corrected imageeTarmula
sought-after is the inverse function of the forreud@sen in the Excel column¥érstarkungsdifferenz (gain
difference) and Ubersprecheh (cross talk) according to equations (2.10) and1(2).

4.13

Hints for writing a protocol

The following information should be given at theylmming of the protocol:
» Date

* Name of the experiment

* Number of your group

* Names (author of the protocol underlined)

The individual sections of the protocol should hanbered according to the chapter numbers of this
manual and the numbers of the exercises, resphctive

The following points have to be considered wheringotdown the measurements and carrying out the

calculations:

1.

10.

11.
12.

As a basic principle measured values have givaheaisoriginal reading (i.e. for oscillographs tteading

in scale units [DIV]), if applicable together witie corresponding calibration of the instrumeng. (i.
sensitivity of the oscillograph in [V/DIV]). In aesond column the estimated values with their
corresponding units have to be given (values in Yhe above mentioned example).

All measured values as well as all calculated \@hgve to be given with their corresponding uniiglfe
case of tables the units shall be given in the d&esalv).

For all calculated values the corresponding fornaumd all used values and constants (including usiitall
be given. The ansatz or method of calculation shbaldescribed shortly in words (unless obvious).

For calculated values only those decimals shallglwen, which correspond to the accuracy of the
measurement. (At 1% measuring accuracy a calculake shall not be given as 12.34567 but as 12.3,
and correspondingly a value of e.g. 23 as 23.0 .)

For the evaluation of diagrams all reference lihage to be drawn into the diagram. The readingeslu
(usually in centimetres) shall be given, togethé@hwa calibration factor, which has to be estimafi®an
the diagram.

The parameters estimated in Excel sheets havenotled explicitly in the protocol.

The diagrams printed out during the experimentldielabelled and shall be attached to the protatisb
the original notes written during the experimerdlshe attached to the protocol.

The results shall be presented in written text (elsentences!).
The text should refer to tables and diagrams. Eaidere headlines, diagrams have captions.

Before the protocol is handed over it should bedraad corrected, if necessary, by the other group
members.

It is very helpful, if the protocol is written prqatly after the experiment was carried out.

The original notes are part of the protocol — pdeadd these original sheets to the protocol (atreleic
submission of the protocol please add scans dfiilgenal sheets).



54 Microchannel Plate Detectors
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6 Appendix: Natural constants

Quantity Symbol Value

Vacuum velocity of light c 2,997924581(5?

Elementary charge e 1,6021773310°C
34

Planck’s constant h 6,6260755t0° J [$

Electrical field constant
(Permittivity of the vacuum)

4135669310 °eV [

8.8541878T. 102 ALS
VIim



