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Abstract

The CASCADEdetector provides a new conceptfor the detection of thermal and
cold neutrons. Cascaded GEM-oils coated with the solid neutron corverter 1°B
increasethe detection e ciency while preservingthe spatial resolution of the neutron
corversion.

In this diploma thesisseeral prototypesof the CASCADEdetector were designed,
manufactured and tested successfully Amongst them is a beam monitor for the
Small Angle Neutron Scattering facility (SANS) at the Paul-Sderrer-Institut (PSI),
Switzerland. In future this detectorwill be usedto monitor the neutronsin the direct
beam and will thus provide a normalisation to the scattering experimerts.

The electronicsto cortrol the detector and the electronicsto processthe detec-
tor signalswere replacedand standardisedcompletely in the courseof the work. A
systembasedon the VMEDbus yields full cortrol over the essetial operational para-
meters of the detector. A software library was especially designedfor that purpose.

Time of ight measuremets at beam site PF1 at the Institute Laue-Langevin
(ILL), France,demonstratedthe high rate capability of CASCADEdetectors. These
measuremets allow for an estimation of the neutron ux at , = 8:9A.

Zusammenfassung

Der CASCADEDetektor ist ein neuartiger Detektor zum Nachweis thermischer
und kalter Neutronen. Er basiert auf GEM Folien, die mit dem festenNeutronenkon-
verter 1°B besdichtet sind. Durch Kaskadierung dieserFolien wird die Nachweisef-
zienz fur Neutronen erhoht, wobei die Ortsinformation der Detektion vollstéandig
erhalten bleibt.

Im Rahmen dieser Arb eit wurden mehrere Prototypen des CASCADEDetektors
entworfen, gebaut und erfolgreich getestet, unter ihnen ein Strahlmonitor fir die
Kleinwinkelstreuanlage (SANS) am Paul-Sderrer-Institut (PSI), Schweiz. Dieser
soll in Zukunft die Messungendieser Anlage vervollstandigen.

Die Steuer-und Ausleelektronik desDetektors wurde wahrend dieserArb eit weit-
gehenderneuertund in diesemZuge vereinheitlicht. Ein System basierendauf dem
VMEDbus ermdglicht mit Hilfe einereigenseintwickelten Software-Bibliothek die voll-
standige Kontrolle Uber die wesertlic hen Betriebsparameterdes Detektors.

Bei Flugzeitmessungenam Strahlplatz PF1 am Institute Laue-Langevin (ILL),
Frankreich, wurde erstmalig die hohe Ratentauglichkeit der CASCADEDetektoren
unter Beweis gestellt. Aus diesenMessungenergibt sich eine Abschatzung desNeu-
tronen usses an diesemStrahlplatz bei , = 8:9A.
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1 Intro duction

The neutron was discovered by Chadwick in 1932. Sincethen the neutron has not
only beenof interest to fundamental physicsbut is alsousedasa tool to provide an
insight into the solid state of matter aswell asits dynamics. It hasprovedinvaluable
for today's scierti ¢ view of the world.

Currently seweral newintenseneutron sourcesare either planned or already under
construction around the globe: the EuropeanSpallation Sourcein Europe (ESS), the
Spallation Neutron Sourcein the United Statesof America (SNS) and the Japanese
Spallation Neutron Source (JSNS) in Japan. Compared to what is available to-
day with the most intense neutron sourceat the Institute Laue-Langevin (ILL) in
France,thesepulsedsourceswill o er peakintensitiesthat are about three ordersof
magnitude higher. Scierti c neutron scattering instruments at thesepulsed sources
will needdetectorswith an excellen time resolution to take advantage of the given
time structure in the beam. Moreover, detectors will needto cope with instanta-
neousintensities which are much higher than known today. All of these modern
neutron sourcesare projecting instruments with large-areaneutron detectorson the
order of 10m? ead. Current neutron detector technology either fails to full the
majority of these characteristics, or is it impossibleto manufacture detectors with
sizesof this scale.

The CASCADEproject aims to resole these issues. The CASCADEdetector
combinesreliable and establishedtechnology of Gas Electron Multiplier (GEM) foils
with a solid neutron corverter. GEMfoils are employed as a substrate for the
neutron corverter material boron-10 (1°B). Consequetly a GEMoil is opaquefor
neutrons while transparert for charges. This property allows to overcomethe usual
limitations with solid corverter materials: an insu cien t detection e ciency of a
single converter coating. Being transparert for charges,seweral suc coated GEM
foils can be cascadedsuccessiely. Thence an increasein detection e ciency is
achieved while chargescan be channelled through the layers and accunulated on
a readout structure behind the stadk. As the courting gasis not usedas neutron
converter but solely senesto transfer the charges, the detector can be operated
at ambient pressure. Furthermore, the rate capability of the CASCADEdetector is
inherertly high due to the micro-structures involved. In comparison,standard He
gas-detectorsneed high gas pressureto obtain an appreciable detection e ciency .
Thus, their rate capability is limited and heavy, bulky pressuretanks are needed.
Thesedetectors are not scalableto large area, high court rate detectors.

The concept of the CASCADEdetector is introduced in chapter 2. The under-
lying physical medanismsare explained. The comparisonto convertional neutron



detectors shows the advantages of this new detector concept. Chapter 3 describes
the medanical design of the detector and the detector infrastructure, including
hard- and software. It includes investigative neutron transmission and scattering
measuremets on GEMoils. Additionally the transfer of signal readout technology
from high energy physicsinto the neutron sectoris illustrated. In chapter 4 proto-
typesof the CASCADEdetector are describedin detail. Theseinclude the newbeam
monitor for the Small Angle Neutron Scattering (SANS) site at the Paul-Sderrer-
Institut (PSI). As part of this work detectorswere designedand built in Heidelberg
and characterisedat the PSI and the Institute Laue-Langevin(ILL). Furthermore,
the experimertal results of time-of- igh t measuremets at the PF1A site at the ILL
are preserted. Finally, chapter 5 summarisesthe results obtained in this diploma
thesis and describesthe plans for the future dewelopmern of the project.



2 Concept of the CASCADE Detecto r

The CASCADEdetector is designedfor detection of thermal and cold neutrons. It
is a gas detector basedon layers of solid 1°B as neutron corverter. GEM foils are
usedas a charge and neutron transparent substrate for theselayers. Sewral GEM
foils are combined to form a cascade. The design of the detector results in some
remarkable features:

~

a rate acceptanceexceedingl MHz cmi 2

large sensitive area of up to 30£ 30cm? per detector module with little blind
area

manufacturable on large scalesand robust technology
neutron detection e ciency of up to 50% for thermal neutrons
time resolution better than 1pus

These characteristics make it a promising candidate for application at the new
spallation neutron sources. These sourcesfeature high neutron uxes and their
pulsed beamsincreasethe demand on the time resolution.

This chapter describesthe conceptof the CASCADEdetector. It is comparedto
the 3He courter tube, which is a technology still widely in usetoday.

2.1 Neutron Converters

Neutrons do not carry an electric charge and can therefore not be detected directly
through ionisation processes. Instead, so called neutron cornverter materials are
used. The nuclei of these materials capture neutrons and in consequenceemit
chargedparticles asproducts of a prompt nuclearreaction. Theseparticles canthen
be detected by using well known techniques such as gas detectors or scirtillation

detectors.

Isotopes which have a large cross section for neutron absorption are listed in
table 2.1. This table also includes the correspnding nuclear reactions and the
energy of the corversion particles. For thermal and cold neutrons this energy is
independert from the energy of the incident neutron, whereasthe absorption cross
section ¥ scaleslinearly with the wave length , of the neutrons.

Two categoriesof corverters may be distinguished: gas converters like 3He and
10BF 3 and solid converters like 1°B, 6Li and the gadolinium isotopes.



SHe+ n j! 3H+ p+ 764keV ¥, = 5330barn

6Li+n ;! 3H+ ®+ 478MeV ¥, = 940barn
108 + n &1° 7Li + ®+ 2:79MeV ¥, = 3835barn
4 7L+ @+ 2:31MeV

I 7Li + ° (0:48MeV)

15Gd + n ! 156Gd" ¥, = 61000barn
| 156Gd + ° + e (29| 181keV)
5Gd + n ! 198Gd" ¥, = 254000barn
| 18Gd+ ° + e (29 181keV)
25y + n j!  ssion products + ¥ 160MeV ¥, = 680barn
2%Py + n j!  ssion products + ¥4 160MeV ¥, = 1017barn

Table2.1: Neutron convertersand the respective nuclea reaction. %, is the
crosssectionfor absaption of thermal neutrons(, o = 1:8A)

2.2 3He Counter Tube

3He is the corverter most commonly usedtoday. The most simple detector which
employs this converter is the 3He proportional courter tube. It is described here ex-
emplarily as a represetativ e for this category of neutron detectors, which includes
multi-wire proportional counters (MWPC) and microstrip detectors (MSGC). De-
tails on thesetechnologiesare givenin [ .

The 3He courter tube consistsof a metal tube lled with gaseous*He. A thin
wire in the middle of the tube is usedas an anode for a high voltage (which is of
the order of 1kV). The geometry of the counter tube can be seenin gure 2.1

The 3He gasis usedas converter and counting gasat the sametime. Neutrons

cathode

@ anode @ ”_< rs?;r?glm

1

field lines = +HV

Figure2.1: Schematioof the 3He proportional countertube. The typicaldiam-
eter of the tube is between2 and 5¢cm
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Figure2.2: Typical pulseheight spectrum of a 3He countertube. At the mini-
mum energyof 191keV the 3H ionsdeposit their energycompletely
in the countinggas. This is usedto setup a stableenergydiscrim-

ination.

captured by a 3He nucleus causea nuclear reaction as shown in table 2.1. The
products then ionise atoms of the surrounding courting gas. The resulting elec-
tron/ion pairs are acceleratedtowards the anode and the cathode, respectively, by
the gradiert of the electric eld. Closeto the anode the electronsare accelerated
su cien tly to causegasampli cation by ionisation of further gasatoms.

The resulting pulseis coupledout from the anode by a capacitor. A typical pulse
height spectrum can be seenin gure 2.2. The shape of the spectrum is causedby
socalled “boundary e ects', when protons and tritium nuclei only deposit a fraction
of their total energyin the courting gas before hitting the walls of the courting
tube. The spectrum hasa nite minimum energy This is the kinetic energy of the
3H nucleus. This limit is usedto discriminate safely betweendetection signalsand

badground noise.

To obtain high neutron detection e ciencies of ¥ 100%, the detector hasto be
lled with 3He at a pressureof up to 10bar. The drift velocity vq4 of the ionsin the
courting gasis anti-prop ortional to the pressurep of the gas. Therefore, a higher
gaspressureextendsthe signal duration time. A higher detection e ciency hasthus
to be traded against court rate acceptance.Typical 3He courter tubeshave a rate
acceptanceof the order of 10kHz. Additionally, the high gaspressuremakesdetec-
tors covering large areasimpractical, sincethey would require a massiwe detector
housing. Thick entrance windows of the detectors absorb and scatter neutrons and



thereby in uence measuremets.

The spatial resolution of the 3He courter tube s clearly limited by the sizeof the
tube. At presen prototypesare developed at the ILL which have a better spatial
resolution as a consequenceof the reduction of the diameter of the tube. The
resolution along the wire is increasedby application of charge division techniques.
Thesedetectors obtain a spatial resolution of » 7mm.

Another important feature of any detector is its time resolution. In neutron
physics good time resolution is required for investigations on the dynamical prop-
erties of condensedmatter (e.g. phonons)and is a necessiy for the e cien t usage
at spallation sourceswith their pulsed beams. For these purposesthe energy of
the neutron hasto be determined. This is commonly done by time-of- igh t (TOF)
measuremets. For accurate TOF measuremets, both, the ight time and the
exact ight path have to be known. Modern electronicsare capable of highly accu-
rate time measuremets, whereasthe determination of the ight path is limited to
the uncertainty of the location of the neutron corversion. This uncertainty is due
to the depth of the neutron corverter. Conversion processesan take place any-
where within the converter material. Therefore, the time resolution of 3He courter
tubesis limited to » 10us. This correspndsto the time it takesthermal neutrons
(v % 2000msi 1) to passthrough a typical courter tube with g= 2cm.

2.3 Solid Neutron Converters in Gas Detecto rs

Neutron detectors which are basedon 3He as neutron cornverter have restrictions
on rate acceptanceand spatial resolution as described in the last section. These
restrictions can be lifted by using solid neutron corverters such as 1°B or °Li.

Solid neutron corverters have various advantages. They separate the neutron
corversion processfrom the detection of the corversion products. In cortrast to
counter tubes lled with 3He this allows the use of cheap courting gaseslike, e.g.
a mixture of argon and carbon dioxide instead of the precious3He gas. Hence,
a continuous ow of cournting gasthrough the detector is made a ordable. This
constart exchange of gasremovesall cortaminants from the courting gas. Ageing
e ects likeadecreaseén the detectione ciency dueto chemicalreactionsarereduced
considerably

In cortrast to detectors using gas converters the detection e ciency of neutron
detectors which are basedon solid converters no longer dependson the pressureof
the courting gas. It is only dependert on the thicknessof the corverter layers. For
the CASCADEdetector ambient gas pressureis su cient. It eliminates the need
for massiwe detector housingsand makesdetectors possiblewhich are cover a large
area.

Another advantage of solid corverters is their high density, which is about four
orders of magnitude higher than that of gascorverters. The location of the neutron
corversionis only limited by the thicknessof the corverter layer. This makesexcel-
lent time resolutionspossible. A thicknessof the corverter layer of » 1um resultsin



a theoretical time resolution of 0:5ns. The time resolution of the complete detector
systemis dominated by other processessud as drift times of the electronsin the
counting gas.

The nite range of the corversion particles within the corverter is one of the rea-
sonswhy solid neutron cornverters are not commonly used. An increaseof the thick-
nessof the conversion layer leadsto an increasedconversion probability, whereas
the probability that the conversionproducts leave the layer is decreased.This limits
the e ciency of a single corverter layer.

The maximum e ciency of a singlelayer of e.g. 1°B is » 5% for thermal neutrons
(, = 1:8A). This valueis very low comparedto the e ciency of 3He courter tubes
(up to » 100%). The CASCADEdetector solvesthis limitation by cascadingseweral
layers of boron with the help of GEMoils. This conceptis explainedin section 2.5.

The corversion particles lose energy by interaction with the converter atoms.
The discrete energyspectrum of the conversionparticles is turned into a cortinuous
spectrum. In cortrast to the energyspectrum of 3He, it doesnot have a minimum
energy

According to table 2.1 there are three practical solid neutron cornverters:

~ 6Lj: Lithium is chemically very reactive and thereforevery di cult to handle.
Its sensitivity to gammaradiation is low due to its low atomic number Z = 3,
as explained below. The crosssectionfor absorption of neutrons is low when
comparedto °B and Gd. However, the energy of the conversion products
is high, which results in a large range within the conversion layer. Hence,a
singlelayer of 5Li hasan e ciency slightly larger than a layer of 1°B. A major
drawbadk of the large energy of the corversion particles and therefore a large
rangein the counting gasis the low spatial resolution of the detector.

Gd: Gadolinium has an extremely high cross section for neutron capture,
which resultsin the highest corversione ciency of asinglelayer. Yet its large
atomic number Z = 64 makesthe emissionof electrons due to photo e ect
highly probable. Its conversion products are electrons of rather low energy
which may be dicult to distinguish from photo electrons (seetable 2.1).
Detectorsbasedon gadolinium are therefore expectedto be sensitiveto gamma
radiation. !

10B: Boron is chemically inert. The medianical and chemical properties of
theseboron layersdo not changein time becauseboron doesnot interact with
the substrate or with any courting gas. This leadsto stable conditions for
detectorsbasedon boron. The crosssectionof 1B ¥, = 3835barn for neutron
absorption is moderately large. Its sensitivity to gamma radiation is low due
to its low atomic number Z = 5. The lower energyof the conversion particles
leadsto a much better spatial resolution if comparedto SLi.

There is an ongoing researc project at the Hahn-Meitner-Institut, Berlin, on neutron detectors
which use gadolinium as converter material. [ ]
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Figure2.3: Microscopicphotographof a GEM-foil [Sau0]. The geometryof
the holesusedfor the CASCADEdetecta is currentlythe sameas
that usedby HERA-B:d; = 55um, d> = 95um and d3 = 50pum,
the copperlayersare ¥ 7 um thick. The distancebetweentwo holes
is| = 140um.

As a consequencef the positive and negative properties of the corverters mertioned,
the CASCADEdetector will uselayers of 1°B as neutron corverter.

2.4 Gas Electron Multiplier (GEM)

The GEMfoil was deweloped by F. Sauli in 1997 at CERN [Sau97. It is a thin
polyimid foil coated with copper on both sideswhich has beenchemically pierced
with a periodical grid of holes. The result can be seenin gure 2.3

The upper and lower side of the GEM have no electrical cortact. Application
of high voltage yields an electrical eld asrepresetted in gure 2.4. Within the
holes of the GEMssu cien tly high electrical elds can be generatedto causegas
ampli cation. Gain factors of up to 10* can be obtained [Ber9d).

In the CASCADEdetector these high ampli cation factors are not needed. Most
of the GEMsusedare operatedin transparert mode, i. e. with a gain factor of about
one. In this mode chargesare transferred from one side of the GEM to the other
without the lossof the information regarding the lateral positioning.

Only the GEMsadjacert to the readout structure are drivenin ampli cation mode
with a moderate gain of the order of 10. In this regime sparking doesnot occur.

The GEM is a robust technology which is employed successfullyfor a variety
of experimernts. HERA-B, for example, usesthem in combination with microstrip
readout structures to obtain high gain factors. In studiesto LHCb [Zie99 and in the
COMPASS experiment [Sim0]] it wasproventhat GEM-foils canalsobe successfully
usedin a cascadedsetup.

The GEMfoil hasprovento beinsensitive to ageinge ects and is capableof high
evert ratesof up to 10’ Hzcmi 2 [Bre99. Moreover GEMfoils are nearly transparert
for neutrons, as shawn in section3.1.2
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2.5 The CASCADE Detector

The CASCADEdetector is designedto be an e cien t and position sensitive detector
for thermal and cold neutrons on large areas. The detector concept is based on
solid neutron corverter layers in a common gas detector system. High detection
e ciency is reached by cascadingse\eral solid neutron corverter layers ead coated
onto a GEM foil, which is used as charge and neutron transparen substrate. This
setup is depictedin gure 2.5.

Incident neutrons can be absorbed by one of the boron layers in the detector.
One of the conversion products of the neutron capture, a ‘Li nucleusor an alpha
particle, leavesthe corversionlayer and enters the gasvolume. There it deposits its
kinetic energy producing electron/ion pairs. The electronsare transferred through
the stadk towards the readout structure by a drift eld. This is madepossibleby the
transfer-GEMs which are operatedin transparernt mode. The positional information
of the evert is not distorted and there is no overall gasampli cation.

The last GEMadjacen to the readout structure, the socalled gain-GEM, ampli es
the signal by a factor of » 10. An averageof about 10° electronswill reac the
readout structure per corversionevernt. A passiwe readout structure is su cien t to
extract thesecharges.

A remarkable feature of this conceptis the completeseparationof all stagesof the
neutron detection. The absorption and corversion of the neutrons does no longer
in uence the gas detection of the fragmentation products (independent from the
pressureand mixture of the counting gas). Additionally, the gasampli cation by
the gain-GEM is independent from the design of the readout structure. It can be
optimised for the needsof a speci ¢ application. Possibledesignsinclude stripes,
pixel patterns or circular ring patterns for the integration over Laue-di raction-
rings.
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Figure2.5: Sketch of a CASCADEdetecta with 3 GEM-foilsand 5 layers of
10
B.

The next sectionswill discusssomefurther details of the designof the CASCADE
detector. Measuremeits on the cournting gasesare preseried in [ ]. The spatial
resolution is discussedn detail in [ ]. Only brief explanation will be given here.

2.5.1 Detection E ciency

Figure 2.6 shows the e ciency of a single layer of 1°B on a substrate for thermal
neutrons. In the forward case the neutrons penetrate the substrate before ertering

the corversion layer. As the corversion products cannot penetrate the substrate,
they only leave the corversionlayer in the direction of the neutron beam. In the case
wherethe neutrons enter the cornversionlayer rst, the backwaid case this situation

is reversedand the corversion particles are emitted in the opposite direction to the
incident neutron beam. Detailed calculations on the neutron detection e ciency

in [ ] and [ ] show that the detection e ciency of a single layer of 1°B

is limited to » 5% for thermal neutrons. This is due to the nite range of the

corversion particles in boron.

In the CASCADEdetector both of the above casesare usedtogether. The boron
layer on the drift electrode, for example, is an example of the forward case The
combination of all boron layers results in an increasedtotal neutron detection ef-
ciency. For 20 layers of 1°B an e ciency of 50% is obtained. This correspnds
to 10 GEMHoils coated on both sides. For most applications in neutron physicsan
e ciency of 50% will su ce. Figure 2.7 depicts the detection e ciency obtainable
by di erent numbers of boron layers.

A plot of the wave length dependencyof the neutron detection e ciency is shavn

10
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in gure 4.9. It describesone of the prototypesbuilt as part of this thesis.

2.5.2 Spatial Resolution

The spatial resolution of the CASCADEdetector is determined by the range of the
cornversionproducts in the courting gas. This rangeis 2 to 6mm, depending on the
stopping power of the counting gasused. The transversal expansionof the electron
cloud is negligible comparedto the range of the conversion particles.

Preliminary tests, as described in section 4.2.2, showed that the resolution mea-
suredis consistert with simulations carried out in [ 1.

2.5.3 Counting Gas

The decouplingof the neutron corversionprocessfrom the detection of the converter
particles allows cheap courting gaseso be usedin the CASCADEdetector. Current
prototypes use the well known combination of argon and carbon dioxide or tetra
uor methane.

Experimens discussedin [ ] shaved that a mixture of argon and carbon
dioxide of 90: 10 yield a stable and e cien t conditions. No ageingof the detector
is causedby this gasmixture, even soat high courting rates [ ].

CO,, is preferred over CF4 for the prototypes,sinceits considerably cheaper. All
measuremets in chapter 3 and 4 usethis gascombination.

2.5.4 Readout Structure

The strong ionisation signalsof the conversionproducts of 1°B and the ampli cation

by the gain-GEM eliminate the needfor an amplifying readout structure, suc as
the microstrip technology. Instead a passiwe readout structure can be used, which
is much more robust and insensitive to ageingprocesses.

A simple printed circuit board (PCB) is usedas readout structure for the CAS-
CADEdetector. At the momert only onedimensionalstructures are available. These
consist of strip esof gold on a polyimid foil as substrate. The stripeshave a width
of 2:28mm and are separatedfrom ead other by 0:2mm. Two dimensional readout
structures are currently dewveloped. Thesewill have two separatesetsof stripes,one
for every readout dimension.

12
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Figure2.8: Sketch of the onedimensionafleadoutstructure of the CASCADE
detecta as usedfor the PSI and ILL prototypes. The readout
stripesin the middle are constrictedto the width of a standadised
connecto. In the future they will be directly connectedto the
readoutboard AS10[E\W] whichis shovnin gure 3.9 ].
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3 Detecto r Construction and
Infrastructure

The construction of a CASCADEdetector requires a careful selection of materials
and medanical setup to minimise neutron scattering within the detector itself as
well asto maximiseits detection e ciency . Section 3.1 describesthe current design
of the detector. It alsoincludesdetails on material tests that have beencarried out
at the Paul-Scerrer-Institute, Switzerland (PSI).

Furthermore, the large amount of readout channels, high courting rates and the
continuous gas ow demand a more sophisticated infrastructure than neededfor
3He counter tubes for example. Section 3.2 explains the concept of the detector
infrastructure, including soft- and hardware. Figure 3.1 gives an overview of the
functional modules.

HV CASCADE counting gas
supply detector module supply
readout
electronics /
software

Figure 3.1: Overviewof the infrastructureof the CASCADEdetecta

3.1 Detecto r Construction and Design
The current designof the CASCADEdetector addressesse\eral aspects:

~ All parts of the detectorthat will be exposedto neutrons, with exceptionof the
boron conversion layers, should not scatter or absorb neutrons. More criteria
for material selectionare given in section 3.1.1 Se\eral materials considered
for usagein the detector were tested. The results of thesetests are discussed
in section3.1.2
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neutrons

drift electrode
coated with boron

transfer-GEM
coated with boron

transfer-GEM
coated with boron

gain-GEM

readout structure

4 ”””

Figure3.2: Modular designof the CASCADEdetecta. The GEMs(and the
readoutstructure) are gluedto frames.

~ Ageing e ects, which have direct impact upon detector stability and life-time,
strongly depend on hydrocarbon or silicon contaminants [Cap01]. Thus min-
imising ageinge ects implies the avoidanceof any outgassingmaterials in the
detector.

" The mechanical setup of the detector should take manufacturing aspects as
well as serviceaspectsinto accourt.

The construction of the CASCADEdetector is basedon a modular concept. The
basic units of the detector are GEM-foils which have beenstretched and glued onto
frames. This conceptis demonstratedin gure 3.2 The foils labelled transfer-GEM
are coatedwith boron on both sides,whereasthe foil labelled gain-GEM is coated
on the opposite side of the readout structure only, or not even coated at all. The
readout structure currently consistsof a simple, exible, printed circuit board which
is also glued onto a frame.

The resulting modules are stacked one upon another to form a detector stack.
This stack is held in place and pressedtogether by screws. Between every two
frames a thin te on foil of the sameshape as the frame is placed to prevent gas
leakage. The resulting detector is not necessarilygastight. It does not have to
be, since the detector is operated with gas o wing through it continuously. This
removesany undesiredcontaminants from the detector and thereby prevents ageing
of the detector. Continuous purge of courting gasis a feasible alternative as the
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HV distributor multipin HV base plate gas valve readout
and filters connector (Aluminium)  (Teflon) structure

gas connector gas outlet gas inlet stack of frames
(glass and GRP)

Figure 3.3: Prototype usingGEMfoils gluedto GRP(glass- berreinfacedplas-
tic) and glassframes. The electricalshieldinghas beenremoved.
The entrancewindaw for neutronsis at the bottom side and not
visible.

CASCADEdetector does not require any precious courting gasesas discussedin
section2.3.

Figure 3.3 shows an early prototype basedon the frame concept. Its electrical
shielding has beenremoved to make the componerts visible. The stadk of frames
is mounted on a base plate made of aluminium which also carries parts of the
electronicsand connectors. This detector was tested at the PSI and is described in
more detail in chapter 4.

3.1.1 Material Selection for Neutron Detectors

Interactions of Neutrons with Matter

Neutrons do not carry an electric charge and can therefore only interact with the
electrons of atoms via their magnetic dipole momert or weak interactions. The
dominant interactions with matter are therefore scattering and absorption by nuclei,
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elemen Y [barn] % [barn] Y [barn] Y4 [barn]
H 1:7568(10) | 80:26(6) 82:.02(6) 0:3326(7)

10 0:144(8) 3:0(4) 3:1(4) 3835(9:)

g 5:56(7) 0:21(7) 5:77(10) 0:0055(33)
C 5:550(2) 0:001(4) 5:551(3) 0:00350(7)
N 11:01(2) 0:50(12) 11:51(11) 1:90(3)

F 4:017(14) 0:0008(2) 4:018(14) 0:0096(5)

Al 1:495(4) 0:0082(6) 1:503(4) 0:231(3)
Si 2:1633(10) 0:004(8) 2:167(8) 0:171(3)
Fe 11:22(5) 0:40(11) 11:62(10) 2:56(3)

Cu 7:485(8) 0:55(3) 8:03(3) 3:78(2)

Table3.1: Crosssectionsbetweenthermal neutrons(, = 1:8A) and a selec-
tion of elementsin their natural isotope composition. %, % and
Y are the coherent,incoherentand total scatteringcrosssections,
respectively % is the crosssectionfor absaption. [ ]

which are causedby the strong force.

Coherert andincoherert scattering processesire distinguishedamongstscattering
processesor neutrons. Coherert scattering meansthat thereisa xed phaserelation
betweenall partial waves scattered by a sampleand constructive interference may
leadto Bragg peaks. Di erences in the scattering behaviour of di erent isotopesand
varying spin orientations of the scattering nuclei may causeincoherert scattering of
the sampleas a whole.

Absorption processednclude all interactions where neutrons are captured by a
nucleus,i. e.radiativ e neutron capture (n; °), decay processegn; ®), (n; ) and(n;p)
and ssion (n;f).

The crosssectionsfor absorption %, and the crosssectionfor incoherert scattering
¥ both depend heavily upon the neutron energy From a classicalpoint of view,
they scalewith the interaction time t of the neutron and the nucleus:

1
%l t/ v ) = \:/—0%)2 ’—0?/@;

where % is the crosssection for thermal neutrons of wave length , o = 1:8A or
Vg = h:(mN s 0) Y,2200ms 1:

Table 3.1 displays crosssectionsfor coherert and incoheren scattering and ab-
sorption. These cross sectionsvary signi cantly between di erent elemers and
isotopes.
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Material Selection

Dierent parts of the CASCADEdetector imposedi erent restrictions on the at-
tributes of the materials usedto build them. Three di erent componerts can be
distinguished:

1. the sensitive neutron detection area
2. framesthat carry GEM-foils, the drift electrode and the readout structure

3. the badkside of the detector, which carries various connectorsfor power and
gassupply, signal readout and parts of the readout electronics.

Neutron Sensitive Area

The restrictions on the choice of material for the sensitive areaare very tight. Apart
from the neutron corversionlayersmadeof 1°B, all other materials employed should
not interact with the incident neutrons. Yet, absorption is tolerable as it only
decreaseghe number of detectable neutrons by the CASCADEdetector and leads
to areduceddetection e ciency . Thermal and cold neutrons scatteredincohererily
are emitted into 4% as this is a s-wave only scattering process. The fraction of
the latter consequetly limits detection dynamics of the detector and degradesthe
position information of any ewvent considerably The dynamics is de ned as the
maximum ratio betweenthe count rate of two adjacert readout channelsand is a
measureof the maximum cortrast obtainable.

As a consequencehydrogen in particular and any other material with a large
crosssectionfor incoherert scattering, have to be avoided. This certainly comprises
any material that contains hydrogen, such as plastics or other organic materials.
GEMHfoils, the basisof the CASCADEdetector, consistof Kapton and copper. They
have beentested for their suitability for neutron detectors as part of this diploma
thesis and the results are shawvn in section 3.1.2 These experimens suggestthat
other materials might be preferableto Kapton. Future developmerns on this subject
are planned.

Frames

The choice of material for the framesis much lessproblematic. They neednot be
irradiated by the neutron beamincident on the detector. This is achieved by shield-
ing with neutron absorbing materials. Since neutron beamsare always divergert,
any hydrogen cortent should be kept to an absolute minimum.

Currently, the framesare either made of insulators like GRP and glassor of met-
als like aluminium or stainlesssteel. Insulators automatically provide the insulation
betweentwo adjacert GEMfoils, whereasmetal frames implicate the needfor ad-
ditional insulation layers. GRP frames are simple to produce and handle. Due to
their hydrogen content they are not consideredsuitable for the nal designof the
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CASCADEdetector. Silica glasspromisedto solve this problem, but the glassframes
have proved to be sensitive to damage.

Detectors covering large areasof up to 30£ 30cm? are only possiblewhen using
metal frames. If shaped in a special way, these frames will provide the necessary
tensionto stretch the GEMoils glued onto them. This prevents saggingof the foils
and ensuresa constart distance betweenthe GEMs

Since the depth of the frames does not have to be increasednotably for larger
frames, detectors using larger frames have a better ratio betweenthe size of the
sensitive area and the size of the complete detector including the frames.

The adhesives usedto glue the GEMHoils onto the frames always contain large
portions of hydrogen [ ]. Hence,their usageshould be reducedto a minimum.
Indeed detector tests have shawn that the frame areascattersneutrons considerably
if irradiated by neutrons.

Backside of the Detector

For the backside of the detector materials of any kind can be used. This part of the
detector is shieldedfrom the neutronsby a neutron absorbingmaterial like cadmium
(Cd), gadolinium (Gd) or a thick layer of boron (1°B). An additional absorber for
gammaparticles emitted by the neutron absorbers might prove necessanto protect
the readout electronics.

3.1.2 Material Testing

For a position sensitive detector, like the CASCADEdetector, it is vital that incoher-
ert scattering within the detector itself is minimised, as scattering processesvhich
emit into 4%would degradethe positional information of any event detected. There-
fore someof the materials usedto build the detector were tested at the small angle
neutron scattering facility (SANS) at the Paul-Sderrer-Institute (PSI), Switzerland.
This facility is described in detail in section4.1.1

As of today, GEMsare made of copper-coated Kapton, a polyimid produced by
DuPont | ]. Its exact composition is not known to the public. To get an
estimate of the usability of Kapton-foils in neutron detectors, the transmission coef-
cient for neutrons was determined using the 2-dimensionalwire chamber at SANS.
The samplewas placedin front of the detector and irradiated by a monochromatic
and collimated neutron beam. The incident neutrons can be scattered, absorbed
or transmitted unperturbed by the sample. The transmission coe cien t Tsampie Of
the sample can be found by comparison of data from the sample and data of the

reference.

T _ Isample .
sample — —I )
reference

provided that the incident neutron intensity doesnot vary. | denotesthe intensity
as detected, which was normalised to the integrated counts of a beam monitor
installed at the beam line to satisfy this condition. A thin aluminium foil was
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Figure3.4: De nition of the region of interest (ROI) of the imaging SANS
detecta. The ROl includesthe imageof the direct neutronbeam.

used as referencesample. According to table 3.1 aluminium is almost completely
transparert for neutrons. Only athin layer of water on its surfacescattersneutrons.
It is assumedthat this layer is the samefor all samplesand it therefore has no
in uence on the determination of the transmission coe cien t.

The badkground signal was estimated via the intensity on the outer parts of the
position sensitive detector which was not directly irradiated by the beam. This
badkground includes neutrons scattered incohererily by the air betweenthe end of
the neutron guide and the entrance window of the SANS detector, badground of
the hall and neutrons scatteredincohererily by water on the surfaceof the sample.
If Aget is the sensitive area of the detector and A,y is a region of interest, then the
badkground in the signal on A can be estimated as follows:

. . Ao . .
hbadkground in Argii = Am' ¢hbadkground in A geti
Adet u A 1‘[
roi det . o .
= ¢hintensity in Aget i Aroil
Adet Adet 3i Aroi y el ol
= " Hntensity in Ageti j hintensity in A
Adet i Aroi

The badkground to signal ratio is ¥ 3 ¢10' 4 which is negligible comparedto the
statistical error of 3¢10' 3. Therefore, it is not takeninto accourt for further analysis
of the data. The error on the transmission coe cien t is given by:

S . «

H T2 H T2
¢ Tsample _ ¢ Isample + ¢ Ireference

Tsample I sample | reference

Table 3.2 summarisesdata and transmission results obtained for two sets of 10
GEMfoils eah. The secondset had the copper layers removed by etching with
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10 GEM foils with

Aluminium | 10 GEMfoils
copper removed

courts in ROI 259923 123405 124196
courts on detector 263506 125536 126320
beam monitor 32474 17638 17594
Transmissioncoe cien t 1 0:8758 0:003 0:8828 0:003

Table 3.2: Data on transmissiorcoe cients accading to the measurementat
the PSI. The area coveringthe direct beam is denotedregion of
interest(ROI), Ao = 255pixels, Ager = 214 pixels.

nitric acid.
T = (98:678 0:03)% for a single GEMHoll
T = (98:758 0:03)% for a single GEMHoil without copper layers

This meansthat lossesfor a single GEM-foil are limited to 1:33%. Removal of
the copper layers leadsto a minor improvemert of the transmission coe cien t by
0:08%. This clearly shows that the lossesin the GEMfoils are mostly due to the
Kapton itself. They are most likely to be attributed to the hydrogen cortent in the
Kapton. The calculated transmission coe cien t includes unperturb ed transmission
aswell as small angle scattering. Basedon these measuremets thesecortributions
cannot be distinguished.

Incoherent Scattering

The fraction of neutronsthat are not included in the transmissioncoe cien t derived
in the last section, are either absorbed or scattered incoherenlly. The percertage
of incoherertly scattered neutrons Sis can be derived by subtracting the integrated
intensity of the aluminium referencemeasuremen from the integrated intensity of
the sampleasfollows:

I sc = hintensity of scattered neutronsin (Aget i Aroi)i

hintensity in (Aget i Aroi) Of samplé j

hintensity in (Aget i Aroi) Of reference
=lsi Iy

This intensity hasto be normalisedto the area of the spherewhich is covered by
the SANS detector and the incoming intensity:

Adet i Aroi hintensity of scattered neutronsin (Ageti Aroi)i

Sis = @ hincoming intensityi (3.1)
_ Adet i Aroi|i= Adeti Aroilsi Ir, '
M2 1, T T
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Figure3.5: Sampleholder for the transmissionand scattering experimentsat
the SANSinstrumentin front of the entrancewindow of the 20m
long evacuatedheutron ight tube.

where d is the distance from the sampleto the detector. The statistical error is
given by:

P
Adeti Ari Is+ Iy

¢S o

(3.2)

The application of equations3.1 and 3.2 to the measuremets at the PSI did not
lead to signi cant results. This wasdueto very poor statistics and large badkground
noise. Future measuremets should increasestatistics with neutron beamsof higher
intensity and extended measuremen periods. Figure 3.5 shows the sample holder
of the experimert described above as supplied by the SANS responsible. The en-
trance window of the ight tube (see gure 4.1) wasnot completely covered by the
sample holder. This allowed neutrons, scattered incoherenly by the air between
the end of the neutron guide and the sampleholder to erter the ight tube. These
scattered neutrons are the reasonfor a large badkground in the scattering signal.
A proper shielding of the entrance window could easily avoid this and make future
measuremets more sensitive and accurate.
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scattering signal
of the air in front of
the sample holder

image of the
beam stop
area to the right
of sample holder

adjacent openings of scattered neutrons
the sample holder which penetrated the
sample holder

Figure 3.6: Imagestaken by the 2d SANS detecta for a sample(left) and a
cadmiumabsaber (right). The sampleholdershavn in gure 3.5
wasused. The blackrectangula areain the middleis shieldedrom
the neutronsby a beamstop.

Conclusion

The area density equivalent D for hydrogen in the GEMfoils can be calculated
accordingto

- ¢
T=exp |D S Y ()= Yt Y (3.3)

5

whereT is the neutron transmissioncoe cien t asdiscussedabove, ¥4 the combined

crosssection of incoherert neutron scattering %, and neutron absorption ¥., by

hydrogen, my = 1:673¢10' 27 kg is the massof a hydrogenatom and , o = 1:.8A is

the wave length of thermal neutrons. Solving the equation 3.3 for D yields
myg¢T

my
D= —InT; ¢D= 12
= Yy T

Substituting ¥y = 80:59barn, %y, = 0:332barn, T = 0:9875(3)and , = 8A
resultsin

Lk
D = 5:8(4) ¢10 4%2:

This may be partially attributed to water on the surface of the GEMHfoils as the
referencefor this measuremen consisted of a single aluminium foil whereasthe
samplewas a stadk of ten GEM foils. The hydrogen cortent in the Kapton limits
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the maximum cortrast obtainable by the CASCADEdetector. In the future, Kapton
may therefore be replacedby other materials which scatter neutrons less.

Scattering experimerts at the SANSinstrument currently require careful measure-
merts of referencesamples. Beam monitors installed along the beam line have to
be usedto match the number of incident neutrons on the samplebetweenmeasure-
merts of the sampleand the reference. This intro duceslarge uncertainties. Direct
measuremets of the number of neutrons which penetrated the sampleunperturbed
would be desirable. They could be usedto normalise the scattering measuremets
and could thereby eliminate the needfor referencemeasuremets.

These measuremets are impossiblewith the current setup of the SANS instru-
mernt becausethe direct neutron beam would saturate the SANS detector. There-
fore, the beam s absorbed completely by a beam stop. Section 4.1.1 describesthe
SANS instrument in more detail and presers a solution to this problem, namely
the CASCADEbeam monitor.

3.2 Electronics and Software

The demands on the CASCADEdetector concerning its infrastructure are much
higher than those of e.g. single3He counter tubes. A CASCADE module in its nal

stage (as planned today) will contain 10 GEMoils in a symmetrical setup. This
meansthat neutrons will be exposedto a total of 20 boron layers. It will have
an active area of 30cm by 30cm and will o er 10 pixels combined in 200 readout
channels, 100 for every dimension. Each channel will be capable of evert rates
on the order of 10°si 1. Moreover, sewral of these detector modules may be used
together to cover large areas. This leadsto challenging demandson the readout
electronics which are yet unknown in neutron physics. The technical solutions to
sud challengeshave been found in high energy physics. The following sections
describe the infrastructure for the signal readout and the way it was transferred
from high energy physicsto the neutron sector for the CASCADEdetector.

3.2.1 The New Hardware Concept

The transfer of technology and hardware dewveloped for high energy physics makes
advancedand reliable electronicsavailable for the CASCADEdetector. It will form
the basisof the readout electronics. Future dewvelopmerns will take care of an even
better adaption to the needsof the CASCADEdetector. Figure 3.7 givesan overview
of the infrastructure.

The certral and most important elemert of the electronicsis the processingof
the readout signals. The primary processingof the detector signalswill be done by
an integrated circuit, the CIPix chip. This chip integrates many readout channels
using very little space.lIts functionality is described in the next section.

The CIPix chip is complemerted by electronicsto program the chip as well as
electronics for further processingof its digital output signals. The latter is done
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Figure3.7: Sketch of the detecta infrastructure

by programmable electronicsthrough FPGA?® technology. It will be con gured to
make primary trigger decisions,to sumup event counts and to compresseven data,
depending on the actual application of the CASCADEdetector.

The detector is completely cortrolled via the VMEbus. This bus has proven
its reliability as an industrial standard for yearsand plenty of modules are readily
available, e.g. the DL535 summingboard describedin section3.2.3[EW]. Currently,
a PCI? to VMEbus interface by WIENER[Wie] connectsthe detector systemto a
standard PC. Should the demandon data throughput increase,it will eventually be
replacedby a VME PC module.

Up to 16 high voltage channelsare provided by the isegEHQ F025 power supply
[Is€]. This appliance was developed for the ATLAS project. The output voltage of
every single channel can be cortrolled and monitored independertly via a CAN bus
interface. A VMODF CAN CAN bus cortroller by Janz [Jan] connectsthe power
supply to the VMEDbus.

The gassupply is implemerted using standard gas o w cortrollers, one for every
componert of the counting gas. These are driven by analog signals provided by
DL629 DAC VMEbus modules. The actual gas ow is also monitored by DL626
ADC VMEbus modules [E\WV].

!Field Programmable Gate Array
2peripheral Componert Interconnect

26



The electronicsdescribed above replacea hugevariety of systems,sudh asCAMA C
basedreadout electronics, PCI cards built into the PC and sewral NIM modules.
Thesesystemswere cortrolled via an even greater variety of interfaces. The control
over the electronicswas simpli ed by the introduction of a single interface between
the PC and the rest of the hardware: the VMEbus. As part of this thesis almost
all of the electronicswere replaced. An extendible software library was developed
which allows easyaccesdo the featuresprovided by the new hardware. This library
is described in section3.2.4

3.2.2 The CIPix Chip

CIPix is an ASIC? chip deweloped by S.Léchner [ ] and D. Baumeister| ]
at the ASIC-laboratory of the University of Heidelberg. It was originally intended
to be the readout chip for the proportional chamber of the inner tracker system of
H1 at the storagering facility HERA. The CIPix was derived from the HELIX128
chip, which is usedfor the inner tracker system of HERA-B at DESY. It corntains
the sameanaloguefront end deweloped by U. Trunk.

This ASIC integrates 64 analogue readout channels, ead of which consists of
a low-noise preampli er, a shaper, a buer amplier and a discriminator. The
digital discriminator signalsare generatedsyndronouslyto a clock of 10MHz. They
are then combined into 16 signals plus a syndironisation signal by a time-division
multiplexer. All necessaryreferencevoltagesand currents are generatedinternally
and can be programmed via an |2C-interface. An internal test pulse generator
facilitates testing of the chip aswell as of its carrier board.

Figure 3.8 shaws a block diagram of the CIPix 1.1 chip internals. The charge
sensitive preampli er has a gain of ¥ 40mV=10° electrons= 2:5mV=fC. Its noise
level dependslinearly on the capacity at the input. Measuremeits yielded a noise
level of 380el + 38el =pF | ]. The shaper forms an asymmetric pulse with
a longer tail and a peak time in the range of 50 to 70ns, again depending on the
capacity at the input. A complete description of the technical details of this chip
can be found in [ ) [ 1, [ ] and [ ].

Figure 3.9 shaws the CIPix-chip bondedto the current test board. Theseboards
are cortrolled by a DL641 submadule, which is a mezzanineboard mounted on a
DL600 VMEbus module. This systemwasdewelopedby A. Rausd at the electronics
workshop of the Physics Institute [EVW]. It provides the necessaryclock signals
(10MHz and 40MHz), the required resetlogic (hard- and soft-reset) and o ers an
I2C-interface to support and control seweral CIPix-modules.

These test boards are currently ewvaluated. Seeral modules have already been
programmedyvia the 12C bus and the characteristics of the analoguefront end of the
CIPix are analysed. Next to comeare real life tests of the CIPix asreadout system
of the CASCADEneutron detector.

3 Application Speci ¢ Integrated Circuit
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Figure 3.8: Block diagramof the internalsof the CIPix 1.1 chip

Figure3.9: Testboard AS10for the CIPix chip



3.2.3 FPGA Board

The multiplexed digital output of the CIPix-chip is connectedto a FPGA via a
LVDS* link asdepictedin gure 3.7. The FPGA is mounted to a DL541 VMEbus
board. This board was initially designedas a summing board for the H1 CIP2000
upgrade project. It featuresa powerful FPGA (Apex EP20K400 [Alt]) which con-
tains about 4 ¢10° gatesand facilitates complex processingtasks.

The FPGA code will include a demnultiplexer for the multiplexed data from the
CIPix, the trigger logic, courters or bu ers for the event data and the VMEbus
interface logic. Depending on the actual application of the CASCADE detector
the exibilit y of the FPGA can be usedto implement custom tailored electronics
without changing the hardware. The generation of time stamps for time-of- igh t
measuremets is one example for this. Moreover, this board may detect multiple,
simultaneous events and reject them. This might be necessaryfor 2-dimensional
readout structures which are not basedon single pads, but rather usestripesin x-
and y-direction to reducethe number of channels. In this case,the coordinates of
multiple events cannot be determined in a non-anmbiguous way.

3.2.4 Hardware Access Library

To simplify accesdo the newhardware describedin the previoussections,an e cien t
and easyto usesoftware library hadto be developed. An object-orientated approac
hasbeentakento map hardware modules, bus-typesand interfacesto object classes
o ering a layer of abstraction over the pure hardware access.

The implemenation was done using C++ under the Windows operating system,
being the common standard of the working group at the momert. The portabilit y
was not one of the major goals of the dewelopmen, although care was taken to
ensureportabilit y to other operating systemsand di erent VMEbus interfacesand
drivers.

The usageof an object oriented languageintroducesa slight run-time overhead
comparedto procedural languageslike C. Modern highly optimising compilers help
to minimise this e ect. SpeedcomparisonsbetweenC++ and C code have not shown
any measurablee ect on VMEbus accesstimes via the PCI to VME interface by
WIENER.

The next sectionwill describe the major designprinciples of the library. As the
complete sourcecode comprisesabout 5000lines of code, it is not included here.

Implementation Details

Error detection and handling is an essetial part of this library. Thereforeall classes
directly or indirectly inherit from the ErrarLib® class,which o ers a genericinterface

to error handling and error messageetrieval. It seresasthe root of the inheritance

tree which can be seenin gure 3.10.

“Low Voltage Di eren tial Signaling
Salways add a C pre x to get the actual classnames
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The library de nes sewral abstract classesthat are not meart for instantiation
but rather de ne common interfaces, methods and data elds. The CANbusLib
VMEBusLiband 12ChusLibclassedor example provide common methods and inter-
facesfor the accesf di erent bus systemswhile retaining hardware independence.
Di erent hardware implemenations are represerted by classeswhich are derived
from thesevirtual baseclasses.This allows for polymorphism® to be usedand en-
suresthat di erent classegepresening di erent hardware implemertations may be
usedinterchangeably

Description of the Library Classes

ErrorLib is the root classfrom which all other classesare derived directly or indi-
rectly. It o ers acommoninterfaceto error codesand error messageetrieval.
Derived classesnherit virtually from this classto ensurethat only one copy
of the object including data and interfaces is stored in any derived classin
the caseof multiple inheritance.

VMELIib abstracts the interface to the VMEbus. It de nes methods for read and
write access,interrupt handling and registration of VMEbus boards. Spe-
cialised methods for block transfers and transfersfrom FIF O bu ers are avail-
able.

PCIVMELIb inherits from VMELIb. It is the actual implementation for the Win-
dows 9x driver of the WIENER PCIVME interface that is usedas a PCI to
VME bridge at the momert. It usesthe classVMEWindaow internally, which
is of no direct useto the user. PCIVMELIbis the only classthat is dependen
on PC hardware and drivers. It is therefore the only classwhich hasto bere-
placed by another driver and hardware speci ¢ implemertation for operating
systemslike Linux and Windows NT etc., or other hardware interfaces.

VMEBoardLib de nes a generalisedinterface to boards on the VMEbus. All in-
stancesof VMEBoadLib or its descendats, respectively, automatically register
with a given instance of VMELIib. This simpli es the handling of external bus
resetsand initialisation of all boards.

DL600Lib derives from VMEBoadLib. It represerns the mezzaninemodule car-
rier board DL600 deweloped by the electronics workshop of the Physics In-
stitute [E\W] and handlesall functionality commonto all submadules. This
board may carry up to four submodules of various types and functionalities.
The DL635Libe.q. is derived from this classand represens a DL600 board
equipped with one DL635A and three DL635B submaodulesto build an array
of 11 synchronous courters.

®In object-oriented programming, polymorphism (from the Greek meaning having multiple
forms) is the characteristic of being able to assigna di erent meaning or usageto something
in di erent contexts - speci cally, to allow an ertit y such as a variable, a function, or an object
to have more than one form. [de nition found at www.whatis.com]
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DL600SubmoduleLib is designedto be the base classfor all DL600 mezzanine
boards represemations. It implemens some methods common to all sub-
modules and automatically registersthe instance with its carrier board class
instance.

Plenty of classedlerive from DL600SubmduleLibascanbe seenin gure 3.10
The following table givesa brief description of all subclassesmplemerted at
the momert:

DL618LiIb  RS232interface

DL626LiIb  ADC module with 8 input channels

DL629Lib  DAC module with 8 output channels
DL635ALib courter module and cortrol unit with 2 courters
DL635BLib counter module with 3 counters

DL641Lib  CIPix control module (clocks and 12C interface)

VMEIRQHandler abstracts the interface for interrupts generatedon the VMEbus.
At the momernt none of the hardware in use depends on interrupts, so that
no classinherits from it. It has been added for completenessand future
extensions.

CANbusLib abstracts the interface to the CANbus. It is an abstract classwhich
only de nes an interface for the bus access.The VMODFCANLIib implemerts
this interface for the VMOD-F CAN module from Janz Automationssyste-
me AG [ ]. This is a mezzanineboard for the VMOD-IO card which is
represerned by the VMODIOLIb class| ]

I2CbusLib o ers an abstract interface to the 12C bus. The 12C bus is a two wire
serial bus and de ned in [ ] and [ ]. The current implemertation of
this classsupports the 10 bit addressingscheme and is limited to interfaces
which give direct accesgo both lines of the bus.

CIPixLib serwesto abstract the interface to the CIPix chip. The internal registers
of the chip are controlled via a 12CbusLibinterface class. Methods for hard-
and soft-resetsof the chip are provided.

EHQLIib is the software represemation of the high voltage supply EHQ. Seeral
methods give accessto a broad subset of the functionality of this device,
including voltage cortrol and monitoring. Commandsare sert to the device
via an implemenation of CANbusLib

GasControllerLib controls oneof the gas o w cortrollers via aninstanceof DL629Lih
Monitoring of the actual gas ow is donevia an instance of DL626Lih
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4 Detecto r Protot ypes and
Measurements

This chapter givesa detailed description on prototypes of the CASCADEdetector,
which were built as part of this thesis. Details of the construction as well as the
demandson these prototypescan be found in section 4.1. Their main characteris-
tics, namely neutron detection e ciency , spatial resolution and rate capability were
tested at the PSI and the ILL. Section 4.2 describes these measuremets. As a
rst application, time-of- ight (TOF) measuremets were performed at the beam-
line PF1A at the ILL. These measuremets are described in section 4.3. They
clearly show the enormousadvantages of the CASCADEdetector over cornventional
detectors.

4.1 Detecto r Protot ypes

4.1.1 The Beam Monito r for SANS at the PSI

During the tests of the CASCADHEdetector at the Paul-Sderrer-Institut, Switzerland
(PSI) which took place prior to this work, it becameevidernt that a beam monitor
for the direct neutron beamwould be of great bene t for the Small Angle Neutron
Scattering facility (SANS).

The requiremerts on this beam monitor were de ned in discussionswith the
instrument responsible J. Kohlbredcher as part of this diploma thesis. The monitor
was then designed,built and tested successfullyin accordanceto these technical
demands.

The following sectionsdescribe the SANS instrument itself as well as the CAS-
CADE beam monitor built for this instrument.

The Small Angle Scattering Facility at the PSI

The SANS instrument at the PSI is a typical small angle neutron scattering facility.
A sketch of its layout can be seenin gure 4.1 Its main purposeis to measurethe
coheren scattering signal from a sample. Its 2-dimensional neutron detector is a
position sensitive 3He-wire chamber with 128£ 128elemerts of 7:.5£ 7:5mm?2. The
detector is located in a 20m long evacuated igh t tube and is laterally displaceable
within the tub e. By repositioning the detector alongthe tub e, the angular resolution
can be adjusted to the desired value. Samplesare placed in front of the ight
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Figure4.1: Main componentsof the small angle neutron scatteringfacility at
the PSI[ ]

tube and irradiated with an intense neutron beam. A collimation system allows
collimation lengths ranging from 1m to 18m. Dierent apertures may be inserted
into the neutron beamto reduceits intensity. A helical-slot velocity selectorwith
adjustable rotation speedis used as monochromator with a resolution of ¢ .= Y
10% (FWHM). The neutron spectrum at the SANS site can be seenin gure 4.2
It hasa wave length range of 0:45nm < | < 4nm.

Neutrons are generated in the Swiss Spallation Neutron Source (Spallations-
neutronenquelle, SINQ). This is a corntinuous source with a total ux of about
10 cmi 28 1. Neutrons are emitted by spallation processesf a lead target which
is irradiated by a pulsed proton beam of about 1:3mA at an energy of 570MeV.
The neutrons are then moderated by heavy water. This moderator forms the source
for thermal neutrons. Further moderation by liquid deuterium at 25K cools the
neutrons further down for the cold neutron source. This sourceis used for the
SANS instrument.

The neutrons are transported to the SANSinstrument and to other experiments
with the help of neutron guides. Figure 4.2 shows the neutron ux at the specimen
position of the SANS instrument as a function of the neutron wave length. It is
linearly dependert on the proton current.

Samplesnormally scatter only a small fraction of the incident neutrons. The rest
is either absorbed or transmitted unperturbed. At a proton current of 2mA the
neutron ux will be ashigh as10’si 1cmi 2.In the current setup of the instrument
the unperturbed fraction of the neutron beam is absorbed completely by a beam
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Figure4.2: Neutron ux at the sampleposition of the SANSinstrument. Re-
sults were obtained by activation measurementof a gold foil.
The ux is linealy dependenton the proton current of the SINQ.

[ ]

stop. It is mounted on a movable aluminium arm which is positioned directly in

front of the 2d detector. Measuremeits of the direct beam are impossiblebecause
they would saturate the 3He wire chamber detector. These would be desirable,
however.

Along the beamlineseeral beammonitors areinstalled. They monitor the proton
current of the SINQ, the intensity of the "white' and the monochromatic neutron
beam. Thesemonitors can be usedto normaliseall count rates of the SANS detector
to some measureof the incident neutron ux. However, none of these monitors
can entirely replacea monitor for the direct neutron beam. The CASCADEbeam
monitor described herewill completethe setup. It is designedto be placedin front
of the current beam stop where it will detect the neutrons which penetrated the
sampleunperturb ed, eliminating the needfor referencemeasuremets to normalise
the data.

Design of the Beam Monito r

In order to minimise the changesto the SANS instrument seweral conditions had to
be taken into accourt. Theserequiremerts have been extracted from seweral dis-
cussionswith the responsible of SANS instrument, J. Kohlbredher, and technicians
of the PSI:
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The location of the beam monitor in front of the 2-dimensionalwire cham-
ber necessitatesthat no incoheren scattering of neutrons is causedby any
materials which were usedfor its construction. This is especially true for the
high voltage ‘cable” and the signal readout connection as those have to be
positioned in front of the detector (see gure 4.1).

The detector must be absolutely gastight asit will be placedinto a vacuum
of about 10 mbar. A constart gas ow through the detector is currently
not possible becausethis would require additional gas pipesin front of the
2d detector. These would increasedamping and scattering of the neutrons,
which were scattered by the sample. Additionally, a medanical feed through
for the gassupply would be necessary

The preampli er for the readout signal cannot be placedon the badside of the
beam monitor becausethis would require additional cabling. The ampli er
would have to be placedin the vacuum, which could lead to overheating.

The active area of the detector should be quadratic with a width of 40 to
50mm. The width of the housing must not exceed75mm and its depth must
be smaller than 80mm.

This meart that the SANS beam monitor had to di er considerablyfrom all other
prototypes(e.g. those described in section4.1.2and 4.1.3). The result can be seen
in gure 4.3, which shaws the interior of the detector.

The gastight housing is made out of aluminium and sealedby an O-ring. The
drawings for the housing can be found in appendix B. The two feed-throughsfor
the high voltage and the readout signal are made of tungsten and glass. The GEMs
are glued to frames. Theseare made out of glassand are cut out using a water jet.
A simple aluminium plate is usedas a single pad readout “structure'. As a result,
the detector is not position sensitive. The drift electrodeis an aluminium foil coated
with boron.

The detector includes a total of three boron layers: two GEM-oils, which have
beencoated on the upper side only, and the drift electrode, which is coated on the
lower side. The detector stadk is completed by a non-coated GEMoil that is used
for signalampli cation. The stack is held in placewithin the housingby 4 threaded
bolts, which are screwed to the baseplate.

Cabling

A major issuein the designof this detector was the cabling of the high voltage as
well asthe readout signal. Thesecableshave to be positionedin front of the SANS
detector. To ensurethat they do not interfere with the SANS measuremets, they
have to be transparert for neutrons.

As a simpli cation, the number of voltage cableswas reduced to one by the
introduction of a potential divider within the detector housing. This was made
using standard high voltage resistorswhich were embeddedinto a Te on support.
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Figure4.3: The interior of the beammonitar built for the SANSinstrumentat
the PSI. The neutronentrancewindow is at the top.
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aluminium tube

silica glass tube

aluminium wire

Figure4.4: Sketch of the neutrontranspaent coaxialcable.

It provides all 7 voltages neededfor the detector stadk. The connection to the
voltage supply was establishedby an aluminium cableisolated with a Kapton Im.
This Im is only 25um thick and its in uence on the neutrons scattered by the
sample should therefore be tolerable.

The solution for the readout signal wasdi erent. A 70cm long coaxial cable was
built out of an aluminium tube, a fused silica glasstube and an aluminium wire.
A sketch is showvn in gure 4.4. The characteristic impedanceZg of the resulting
cableis determined by

r r . r __
L 1 Ty b L b
Zo= E: o, qlnal/mo 5 Ina;
where b is the inner diameter of the aluminium tube, a the outer diameter of the
wire and ! and 2 are relative permeability and permittivit y of silica glass,which is
usedasdielectric. The chosenvaluesarea= 1mm;b= 4mm;! = 1;2 = 4.6, which
yields
Zo= 388-:
The input impedanceof the preampli er has beenmatched to this value. Tests of

the detector have shawn that there is no signi cant in uence of the long connection
betweenreadout structure and preampli er on the signal to noiseratio.

Results and Conclusions

Due to delays at the PSI this beam monitor hasnot yet beeninstalled. The instal-
lation is planned for the next shutdown period of the SINQ in spring 2003. The
detector itself hasbeentested and its characteristics are outlined in section 4.2
The signal to noiseratio of this detector is about an order of magnitude. This
is comparableto what is achieved by other prototypeswhich do not use suc long
readout "cables'.
During the tests at the PSI the proton beamof the spallation source* wasinstable.

!seechapter 3 for a description
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Figure4.5: Prototype testedat the PSI. The entrancewindow of the detecta
is at the bottom side.

The neutron beamdid only have a quarter of its normal intensity. Neverthelessthe
beam monitor already shawed its high rate capability. A maximum of 1:13MHz
was detected by the CASCADEbeam monitor.

For the rst time, glassframeswere usedto built a CASCADEdetector. Glassis
a weak neutron scattererand it is a very good insulator. Glassframescan be easily
manufactured using a water jet cutting process.Consequetly, it was consideredto
be anideal material to be usedfor the frames. Surprisingly, theseglassframescaused
intense sparking in the detector. Only the insertion of an extra insulator between
ewvery two glassframesinhibited these sparks. The exact causeof this is unclear.
The insulators insert surfaces,which are perpendicular to the eld lines betweenthe
GEMs Sparksalongthe rough surfaceof the glassframesareinhibited. Further tests
have to show wether glassframes produced using alternative production processes
behave similarily .

4.1.2 PSI Protot ype

The PSI prototype in cortrast to the beam monitor described in the last section
was not intended for a permanert installation. It was designedas a test casefor
the modular designusing framesand for the constart o w of cheap courting gases
through the detector housing.

The detector stack consistsof 2 GEMHoils, eat one coated with boron on one
side, a non-coatedgain-GEMand a boron coateddrift electrode made of aluminium.
The GEMoils have an active area of 10£ 10cm?. The frames carrying thesefoils
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weremadeof insulators: glassand glass- ber reinforcedplastic (GRP). Theseframes
provide electric isolation betweenthe GEMfoils automatically and are easyto manu-

facture. Clearly the GRP frameswill not be usedin the nal designofthe CASCADE
detector as their hydrogen cortent causesa huge deal of scattering of neutrons if

exposedto the neutron beam.

The courting gasmixture is provided by an external gas o w cortroller. The gas
connectorand pipesmade of Te on can be seenin gure 4.5. The valve to control
the gas ow is made of Te on and mounted onto the baseplate.

The readout structure is a simple printed circuit board (PCB) with Kapton as
substrate. 33 stripesof a thin gold layer createa one dimensionalreadout structure.
The stripes have a width of 228 mm and are separatedby 0:2mm. For the tests
at the PSI, 16 stripeson the left and 16 on the right side of the detector were
connected,leaving a single stripe in the middle. Each channel was connectedto a
VV50 preampli er. This charge sensitive ampli er was designedby the electronics
workshop at the PhysicsInstitute [EVW]. It hasan integration time of about 200ns
and a gain of about 10mV fCi *. These ampliers were mounted onto a circuit
board which was attached to the baseplate.

A new multi-pin high voltage connector replacesthe SHV cabling of previous
prototypes. It integratesall necessarypower lines into one cable. This systemwas
initially deweloped for the ATLAS project. The high voltage for the detector was
provided by a NHQ205 power supply by iseg[ls€]. The voltagesfor the GEMswere
generatedby an A356 cortrollable voltage divider [E\V].

Results

The prototype shovn in gure 4.5 wastested at the PSI. The details of thesetests
can be seenin section4.2

The PSI prototype was built as a test casefor the modular concept. Initially ,
its designdid not include any electrical shielding. The tests at the PSI approved
the functionality of the modular design, yet they clearly showved that proper elec-
tromagnetic shielding is a necessiy.

This prototypewasthe rst CASCADEdetectorto measurea court rate exceeding
1MHz.

4.1.3 ILL Protot ypes A and B

The two prototypestested at the ILL are direct successordo the PSI prototype
described in the previous section. One of them can be seenin gure 4.6. They dier
from their predecessoponly slightly:

" As a result of the experience made at the PSI, the electrical shielding was
improved signi cantly. The detector is completely shieldedby an aluminium
housing. This housingis made of a 0:5mm thin aluminium sheet material,
which was cut to shape by a laser and was then bert into the correct shape.
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Figure4.6: CASCADEdetecta that wastestedat the ILL in di erent con g-
urations
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This designprovides an e cien t shielding against electro-magneticwavesand
is very easyto build and attach.

The readout structure is directly connectedto the preampli ers at the backside
of the detector. These preampli ers are charge sensitive ampli ers with a
reducedintegration time of ¥4 150ns. They will be replacedby the CIPix chip
in the near future asdescribed in section 3.2

Detector assenbly was greatly simpli ed. This makesfast disasserbling and
reasserbling in a di erent con guration possible. During the testsat the ILL,
seweral di erent detector con gurations were tested.

The rst prototype (A) was completely assenbled in Heidelberg and remained
unchangedduring all tests. The secondprototype (B) was modi ed seeral times.
This included opening of the housing, exchange of GEMs and variations of the
distance betweentwo GEMoils.

4.2 Characterisation of the Protot ypes

4.2.1 Eciency Measurements

The total detection e ciency E of a neutron detector is de ned as

_ humber of neutrons detected
hnumber of incoming neutrons

To determine the e ciency the number of incoming neutrons has to be known.
This can be achieved by referencemeasuremets, e.g. using a detector with known
detection e ciency E and known deadtime ¢, or by activation measuremets of
gold foils.

In the caseof the referencedetector, the detection e ciency of the test detector
can be easily calculated as:

E= £,
I,

wherel denotesthe intensity detectedby the test detector or the referencedetector,
respectively, and E denotesthe detection e ciency of the referencedetector.

SANS Beam Monito r and PSI Protot ype

The SANS beam monitor and the PSI prototype were both tested at the sample
position of the SANS instrument at the PSI. A 3He courter tube provided by
the instrument responsible was used as reference. The wave length dependenceof
the detector e ciency was determined by successie irradiation of both detectors
with the same monochromatic neutron beam. Each cournt rate was normalised
to an integrated signal of a beam monitor, which monitored the intensity of the
monochromatic beam. This was done to compensatefor the varying intensity of
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Figure4.7: E ciency of the SANS beam monitar. A 3He counter tube was

usedasreference.At , = 1.7nm the geometryof the setupwas
changed.

the neutron beambetweenthe measuremets of the test and the referencedetector.
A deadtime correction as described in section 4.2.3 was applied to the intensities
measured. The deadtime of the referencedetector was given to be ¢, = 2:4ps, the
dead time of the CASCADEdetector was assumedto be equal to the integration
time of the preampli ers as¢ = 0:2us. The deadtime of the CASCADEdetector is
dominated by deadtime of the readout electronics. The detection e ciency of the
3He courter tube was ¥4 90% for thermal neutrons (, = 1:8A).

The error on these measuremets has two major cortributions: the statistical
uncertainty of the count rates and an additional uncertainty of the measuremen
time due to manual syncronisation betweenthe start of the evernt counter of the
CASCADEdetector and the start of the data acquisition of the beam monitors.
This uncertainty was ¢t ¥4 2s, which is large compared to the duration of the
measuremenh of 60s. The wave length resolution of the velocity selectoris limited
to ¢ =, ¥ 10% (FWHM).

Figure 4.7 and 4.8 shaw the resulting wave length dependenceon the e ciency
of the SANS monitor and the PSI prototype. At , = 1:7nm the intensity of the
beam was changed. This was done by removing an aperture which was situated in
front of the collimation systemon the beamline. Additionally the collimation length
wasreduced,further increasingthe intensity of the neutron beam. Despite this, the
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Figure4.8: E ciency of the PSI prototype

geometry of the experimernt was not changed.

During the analysisof the data it becameclear that the changesto the geometry
had di erent e ects on the prototypesand the referencedetector. The data in gure
4.7 and 4.8 shaws a clear step at a wave length of 1.7nm. This made a meaningful
comparisonof the measuremen results and theoretical predictions impossible.

ILL Protot ypes

The CT2 site at the ILL wasusedto test the prototypesof the CASCADEdetector.
At this beamsite a monochromatic neutron beamis extracted from a polychromatic
beamby diraction o acrystal. Its neutron wavelengthis , = 2:5A, which cannot
be altered. Therefore only a single measuremen concerningthe detector e ciency

could be made.

The referencecounter wasa 3He courter tub e provided by the ILL detector work-
shop. Its detection e ciency wasE = 0:76 at | = 2.5A. The test equipmert
automatically correctedfor its deadtime. This correction wasalways kept at a level
below 1%.

Deadtime of the CASCADEprototype was measured. The results can be seenin
the next section. An e ciency of

E= (2368 1:.1)% for, = 2:5A
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Figure4.9: Neutron detectione ciency of the ILL prototype A

was determined for the prototype (A), a detector equipped with 8 layers of boron.
This measuremen is important for a further interpretation of the results of the
time-of- igh t measuremets described in section4.3.

To determine the wave length dependent detection e ciency of this prototype
the thicknessof the boron layers was determined independertly. The transmission
coe cien t of 1°B layerscoatedon glasssubstratesin the sameproduction run asthe
GEMHfoils was measured. Together with the single e ciency measuremen at CT2
the lossin the e ciency due to the holesin the GEMswas determined. A result of
35% lossis in good agreemem with the geometrical fraction of area of the holes.
Thesemeasuremets were combined to calculate the detection e ciency asdepicted
in gure 4.9,

The GEM foils are currently not optimised for neutron detection. The number
and sizeof the holesin the GEMwill consequetly be altered to match the needsof
the CASCADEdetector, i. e. the dead areawill be reducedto about 5%.

4.2.2 Spatial Resolution

The spatial resolution of the CASCADHEdetector is basically determined by the range
of the deca products of 1°B, an ® particle and a ‘Li nucleus,in the courting gas.
As a practical estimate of the spatial resolution, the e ectiv e width of a stripe of
the one dimensionalreadout structure was determined. This was done by scanning
acrossa single channel using a narrow, collimated neutron beam.

The following measuremehwas carried out at the CT2 beamsite at the ILL. The
detector was placed on a table which was movable horizontally. This was usedto
successiely irradiate di erent parts of the detector with a neutron beamthat was

45



4.5 4

40-
35-
3.0—-
2.5—-

2.0+

count rate [kHz]

159 4.5mm

1.0

057 A B

0.0 L L L L L L L L L L L
160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175
X position [mm]

Figure4.10: Scanof a singlechannelof an 1d readoutstructurewith a neutron
beamwith a width of 0:5mm.

limited in its prole by an aperture of a width of 0:5mm.

The readouts stripes of a width of 3mm were oriented vertically. The readout
signal of a single readout stripe can be seenin gure 4.10. The prole of the scan
was approximated by a spline. The e ective width of the stripe was determined
by matching the areasmarked A and B. Numerical integration yielded a value of
4:5(1) mm. This value was usedto integrate the spectrum obtained by the time-
of-ight measuremets at the PF1 beamline. This measuremenh is described in
section4.3.

4.2.3 Eective Dead Time Estimation

The nite amount of time required by the detector and the readout electronicsto
processa single detection event is called dead time of the detector. Two kinds of
deadtime have to be distinguishedaccordingto the way the arrival of further evens
in uences the time of insensitivity of the detector. In casefurther everts prolong
the time of insensitivity the dead time is said to be extendible Otherwise, it is
called non-extendible

The court rate r,, measuredby a detector with purely non-extendible deadtime
¢, is related to the true court rate rg by

humber of true courntsi = mumber of measuredcourtsi +
haccunulated deadtimei £ hrue court ratei
roT = rmT+rmTéro=rmT(@A+ éro);
whereT denotesthe courting period. Solvingthe equation above for r, or rq yields:

fo _ Mm
o=
1+ rg¢

fm = —
li rmé
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Figure4.11: Experimentaldeterminationof the e ective deadtime of the ILL
prototypes. A t to the datayields¢, = (4508 120)ns. The
statistical errar bars are too smallto be shavn.

At low court rates of the CASCADEdetector its deadtime is likely to be domi-
nated by the readout electronics. From [ ] it is known that GEMbaseddetectors
show saturation e ects due to space-barge accurrulation not prior to an evert rate
of 10’ Hzecmi 2,

To measurethe deadtime of the CASCADEdetector the following approad was
taken: The detector was irradiated by a stable and monochromatic neutron beam.
Apertures of di erent areaswere successiely inserted into the neutron beam. By
that, the number of incident neutrons on the detector was varied. If the prole of
the neutron beamis reasonably at, alinear dependenceof neutron intensity on the
aperture areacan be assumed.Using slit shaped apertures with a width x the true
rate can be approximated as

o = Mmx:

Any deadtime measuredthis way obviously includes deviations from this assump-
tion. The proportionality constart m is a measurefor the neutron density in the
beam. It is speci ¢ to the beamsite.

Experimental Results

The e ectiv e deadtime of one of the ILL CASCADEprototypeswas determined at
the CT2 neutron beamat the ILL in the way described above. Under the assumption
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that the deadtime is non-extendiblethe e ectiv e deadtime ¢, of the systemis given

by mx
m= ——— + Iy 4.1
m 1+ mx=¢, b ( )
where ry, is the badkground court rate. The data measuredare presened in g-

ure 4.11 A leastsquarest of equation 4.1 yields

m = (111008 100) s' *mmi ?
¢ = (4508 120) ns:

The badkground rate r, wasestimatedfrom the count rate onthe part of the detector
that was not irradiated by the direct beam. Extrap olation to a vanishing aperture
width vyields:

p= (3508 150) s

The result for ¢, is of the expected order. The large error is due to the small
number of data points and the large uncertainty of the badkground rate ry, which
was apparertly not measuredsu cien tly accurate. The deadtime ¢, obtained here
constitutes an upper limit. A decline in intensity of the beam at larger diame-
ters would increasethe deadtime calculated sincethe incoming intensity would be
overestimated.

The deadtime of the CASCADEdetector is dominated by the readout electronics
asalready mertioned before. Therefore any changeof the electronicsrequiresexact
veri cation of its correspnding dead time. This measuremeh was done using a
VV50 preampli er, a D436discriminator, a G43 gate generatorand a DL630 courter

[EW].

4.2.4 Rate Capability Tests

The PF1 site at the ILL o ers a neutron ux A of the order of 10°s 1cmi 2. To
test the maximum rate capability of CASCADEdetector, the ILL prototype (A) was
irradiated by this continuous beam. An aperture of 20£ 3:4mm? limited the size
of the neutron beam.

The readout electronicsclearly wasnot able to cope with court rates higher than
a few megahertzdue to its large dead time, as shown in the precedingsection. A
current meter was used instead to monitor the incident currents on the readout
structure directly. It wascalibrated at low count rates by comparisonwith a digital
rate meter.

At a cournt rate of 342kHz a current of 10:5nA was measured. The exposure of
the detector to the full beamyielded a current of 3400nA, which correspndsto a
detection rate of about 110MHz. The sensitive area of the detector was5£ 10cm?
and covered most of the beam pro le.

The detector was subsequetly irradiated by this intensity for about two hours
without any in uence on the functionality of the detector. There wereno indications
of detector aging. For the future, further long term irradiation test are planned.
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4.3 Time of Flight Measurements at PF1

The PF1 beamline at the ILL is a site for fundamertal physics experimens. It
essefially is a bare beamline exit with no additional instrumentation. Currently
the neutron density ux dA=d, at this beamlineis under investigation for other ex-
periments prospected. This wastaken asa challengeto demonstratethe remarkable
features of the CASCADEdetector.

4.3.1 Time of Flight Measurements (TOF)

In this experiment the spectrum of the neutron beam was determined by a time of
ight measuremeh These measuremets use the fact, that neutrons of di erent
wave length travel with di erent velocities accordingto
h
v ——;
MmN,
whereh denotesPlanck's constart and my is the massof the neutron. By chopping
acortinuousneutron beaminto a pulsedbeam, neutrons of di erent wave length can
be distinguished by the time neededto traversethe ight path d from the chopper
to the detector. The wave length information can be extracted from the arrival time

t accordingto
d ht

t= ’ > mNd’
under the assumption that all neutrons started at the sametime, i. e. the pulse
is in nitely short. With a nite pulse length, the spectrum cornvoluted with the
pulse pro le can be determined. The detector is connectedto a TOF multichannel
scaler, which sums up the events occurring in equal time intervals the dwell time
taw Within  Ngy revolutions of the chopper.

(4.2)

4.3.2 Experimental Setup at PF1

The experimental setup for the time-of- igh t measuremets is shovn in gure 4.12
The neutron beam enters the setup through the window of the neutron guide shavn
on the left. The continuous beam is corverted into a pulsed beam by a chopper.
A stadk of paper is usedas attenuator, which reducesthe neutron ux by neutron
absorption and incoherert scattering. After a ight path d = 184cm, the neutrons
are detected by a CASCADEdetector. The strip es of the one dimensional readout
structure have a width of 3mm ead. The detector is displaceableperpendicularly
to the neutron beam and the readout stripe. This allows scansof the beam pro le
in x-direction, while integrating over the y-direction.

4.3.3 Neutron Flux

Each data point of the TOF spectra measuredrepreseis the number n of counts
registeredbetweentime t and time t + tgy, after the chopper opened. Ng,, of such
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Figure4.12: Experimental setup for the time-of- ight measurementsat PF1,
ILL
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Figure4.13: Instantaneousate measuredy the CASCADEdetecta on a sin-
gle channelof the 1d readoutstructure at various horizontal dis-

placements.
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sweepswere accunulated. This yields an instantaneousrate r; on the detector of

n

ri = :
I Nswtdw
The instantaneousrates, as measuredfor seweral lateral positions x, can be seenin
gure 4.13

The instantaneousrate r;, as a function of the ight time t-gn¢ of the neutrons,
is connectedto the neutron ux dA=d, asfollows:

A . : :
ri(teight) = 3— £ ?}It £ hconstart factorsi £ hcorrections dependert on | i

B

£ hcorrections dependert on incident rate roi :  (4.3)

The conversion factor from ight time t to wave length , is given by

h
d, = ——dt;
> mpd
accordingto equation 4.2, whered is the distance betweenchopper and detector.
The instantaneousrate r; denotesat any time t the rate detectedby the detector
during the revolution period ts, of the chopper. The constart factors therefore
include

" the open area of the chopper A,
" the revolution period of the chopper tg, and

~ the fraction of all incident neutronstransmitted by the chopper, the transmis-
sion coe cient Tg.

The wave length dependen factors include

the neutron detection e ciency E(,) of the CASCADEdetector,
the transmission coe cien t T4 of the attenuator usedand

the transmission coe cient Tair(, ), which is due to the attenuation of the
neutron beam by the air betweenthe window of the neutron guide and the
detector.

The only correction which dependsupon the instantaneouscount rate r; is the dead
time correction Cy(r;).

All of the above correction factors are discussedater in this section. The following
equation includes these factors and is used to calculate the neutron density ux
dA=d, :

dA _ d, 1
ri(t) = I £ at £ tenTehAch £ E(, )Ta(, ) Tar (L) £ m (4.4)
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Figure4.14: Geometryof the chopperusedfor the time-of- ight measurements.
The height of the rotating slit is a; = 3:4mm, that of the xed
slit a; = 4:0mm. The width b of the slits is 20mm. The radii
aeri = 54mm andro = 74mm.

The overall neutron ux A can be obtained by integration over wave length | :

zZ ..
A= S—Ad, (4.5)

5

The capture ux A. is a measurefor the neutron density in the beamand emphasises
contributions accordingto ight time through a given volume or, equivalertly the
wave length | : 7
. dA |
A= —-=d,; (4.6)
d .o

where | g = 1:8A is the wave length of thermal neutrons.

Chopper Transmission Coe cient T g,

The chopper consistsof two discswith slits, ascan be seenin gure 4.14. The discs
absorb any incident neutrons completely. One of the discsis xed in place, while
the other is rotating in front of it with a period of tg, = 23:12ms. The slits both
have a width of b = 20mm and their certre is located at a radius of r = 64mm.
They have slightly di erent widths of a; = 3:4mm and a; = 4:0mm, respectively.

The rotating chopper slit canbe thought of being composedof rectanglesof height
dr and width a;. The time dependenceof the fraction of neutrons transmitted
through ead of these rectanglesW (t; r) can be seenin gure 4.15 t; and t, are
given by

18.2] ap

ti(r) = > org Lo (4.7)
_ a
to(r) = t1 + 5 ten: (4.8)

52



W(t)

-, -ty ty t, t

Figure4.15: Fraction W (t; r) of neutronstransmitted by a chopper slit of in -
nite heightdr at radiusr asa function of time. The trapezoidal
shape is dueto the di erent heightsof the chopper slits. Identical
slits would leadto a triangula shage.

W (t) hasa plateau dueto a, > a;. The depth | of the chopper slits, which is of the
order of 1mm, hasbeenneglectedasit hasan in uence only if | A a.

The fraction of neutrons transmitted by the chopper, the transmissioncoe cien t
Teh, can be derived from W (t; r):

1 Z r Z tenh =2 W(t, r) Z ry a
TCh = — - dt dl’ = A
ten rlH ; tﬂhzz rai r r, 2Ybr
ap )
= 2y 2 4.9
Vb r ( )

1 1
= — H 1/, _— -
Ten 101/4(In 74i In54) Y, 100

The maximum open area A of the chopper is determined by the smaller slit:

A = a; ¢h= 0:68cm?: (4.10)

Neutron Detection E ciency E(,)

The ILL prototype A was used as detector for these measuremets. Its neutron
detection e ciency E(, ) wasdeterminedat CT2 beamsite at the ILL. Thesemea-
suremerts are discussedn section4.2.1 Figure 4.9 shows the resulting wave length
dependence.

Dead Time Correction Cy(r;)

Inspection of the time of igh t spectra showved saturation e ects of the instantaneous
rate at about 3MHz. Any further increasein the incident neutron ux did not lead
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to achangein rate. This is aclearsignfor non-extendibledeadtime of the electronics
(seesection 4.2.3 for description). The deadtime ¢4 was therefore estimated from
the maximum instantaneousrate obtained from measuremets of the non-chopped

beam:
1

max
The deadtime correction factor Cy(r;) for non-extendible deadtime is given by:

1
1i riég

rmax = (3:2+ 0:1)MHz ) éd = . = (3088 5)ns

Ca(ri) = (4.11)

Air Transmission Coe cient T (. )

Along the ight path betweenthe window of the neutron guide and the detector,
neutronsinteract with the constituents of the air. Two main in uences on the beam
intensity can be identi ed:

absorption of neutrons by nitrogen
" incoherernt scattering by hydrogenin water vapor.

Both cortributions lead to an exponertial decay of the intensity of the neutron
beam. The transmissioncoe cient T is given by
T(,)=¢ "7,
where D denotesthe area density of the absorber/scatterer and ¥ is the cross
sectionat , g = 1:8A.
Approximately 80% of the constituents of air are nitrogen moleculesN,. The
areadensity Dy of nitrogen in air can be estimated from the ideal gaslaw as
)¢
Dy = 2¢0:80¢——;
N ke T
where p is the ambient gas pressureof ¥2 101:3kPa, x = 1:99m is the distance
between the window of the neutron guide and the detector, kg is Boltzmann's
constart and T ¥4 300K the room temperature.
The hydrogencontent of air is dominated by hydrogencortained in water molecules.
The areadensity of thesehydrogen particles Dy is given by

PH X
Dy = 2¢h, ——;
4 "k T
wherepy ¥ 3:2(9) kPa is the vapour pressureof water at room temperature and h,
is the relative humidity of the air, which was about 80%.
The total transmission coe cient Tai(, ) which includes both of these cortribu-
tions, is given by
1/2 3/4
Tair(,) = TnG)CTH(,)=exp i (Dn¥Yan + Du¥%n) —

5
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Insertion of the absorption crosssection ¥%.n = 1:90(3)barn of nitrogen and the
incoherert scattering crosssection %y = 80:26(6) barn of hydrogen yields

© _ a
Tair(,) = exp_j (0:84+ 1:11)¢10' %, [A]

. 4.12
Yiexp j 20¢10 2, [A] : (4.12)

Transmission Coe cient of the Attenuator T 4

During the time-of- ight measuremets, two di erent attenuators had to be used
to prevent the detector electronicsfrom saturation. As is common practice for the
attenuation of neutron beams,many sheetsof paper were used. The attenuators 1
and 2 are two di erent setsof paper held together by staples.

The hydrogencortent in theseattenuators scattersthe incident neutronsincoher-
ertly, i. e. the neutrons are scattered into 4% This way the intensity in the direct
neutron beamis reduced. The transmissioncoe cien t T, is wave length dependert
and given by

Ta(,) = € -7, (4.13)

wherek is the attenuation constart speci c to the attenuator.

To determine the constarts k; and k, of the two attenuators, time-of- igh t mea-
suremerts have been taken for all possiblefour combinations of attenuators (in-
cluding no attenuator at all). These measuremets were performed using a single
readout channel of the one dimensional stripe. Low courting rates ensuredthat
deadtime e ects of the detector did not disturb the measuremets.

Insertion of two di erent attenuators into the beam should yield a transmission
coe cien t of the combination of

Taia(, ) ¢Ta2(,)
ei , (L=kg+1 :kz):

Ta;l+2 (, )

The transmissioncoe cien t of a singleattenuator canthen easily be extracted from
the measuremets using

Tane2 (L) _ T1+2(,).
Tai(.) i)

wherel (, ) is the measuredintensity at wave length , . Figure 4.16shaws the results
for both attenuators. From the data it is evidert that equation 4.13is not su cien t
to describe the attenuators.

Instead

Tai(,) =

Taj (L) = (Li ji)€ K +ji; i6]

which appearsto describe the data much better, was tted to the data. The data ob-
viously contains someconstart j; and the factor (1j j;) ensuresthat the stipulation
Tai(, = 0nm) = lisfullled. The t yields:
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transmission coefficient

a

1 — fit for attenuator 1
i «  Attenuator 2 .
— — fit for attenuator 2 L

0.01 +—+——+——+—7—"—"—"—"—F"—"—rT+ 11— 11—
0.0 05 1.0 15 2.0 25

wave length [nm]

Figure4.16: Transmissiorcoe cient of the attenuatas usedat PF1.

Ki Ji
Attenuator 1 2:2692 0:321
Attenuator 2 1:4209 0:068

4.3.4 Experimental Results

In equation 4.13 it is assumedthat all neutrons which are scattered by the at-
tenuators are emitted into 4% These neutrons should therefore no longer have a
signi cant in uence on the time-of- igh t measuremets. This is obviously not the
case. Instead a fraction of the neutrons is moderated and the TOF spectrum is
changedconsiderably Hence,further analysiswould not lead to reliable results.

Still thesemeasuremets revealedthe potential of the CASCADEdetector. Within
a few sweepsof the chopper, the same statistic was achieved as would have been
using a low pressure3He tube for hours. Additionally the complete beam pro le
was covered by the CASCADEdetector. With a two dimensional readout structure
equipped with the powerful CIPix chip the measuremei could have beendoneeven
more quickly.

The high neutron detection e ciency of the ILL prototype (A) made the use of
attenuators necessary In future measuremets attenuators basedon gadolinium
will be used. Thesewill attenuate the neutron beam by absorption only.

The neutron ux dA=d, at , = 8:9A is of interest with respect to future neutron
EDM experimerts. A value can be derived from the data showvn in gure 4.18 by
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Figure4.17: Instantaneousrates of the on the entire detecta surfaceusing
di erent attenuatas.
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Figure4.18: Neutron ux dA=d, as derivedform the measurementsvithout
attenuata. The two curvescaresmndto the data margin of one
¥%in deadtime carrection.
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extrapolation from very large wave lengths. This extrapolation will be insensitive
to deadtime corrections. The spectrum in this regionis expectedto fall asa power
law. A t to the data from 15A to 25A yields an exponert of j 6:23. Although
elemertary theory for a Maxwellian spectrum predicts an exponert of j 5 the dis-
crepancy could be attributed to the unknown in uence of the two experimenal
setupsupstream, which introduce a hole into the beamline. These experimers are
alsoresponsible for the structure encourtered in the spectrum at 4:9A and 6:3A.
Finally this extrapolation yields a neutron ux dA=d, of

dA=d, = (0:6§ 0:2) ¢1092; at 8:9A
cm-snm

The error on this result is dominated by the error in the air attenuation factor
causedby the uncertainty in the vapour pressure.
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5 Summary and Outlo ok

The CASCADEdetector experienced a rapid ewlution during the course of this
diploma thesis. At the beginning it had becomeclear that the concept of the
detector did indeed work. The transition to the modular design as described in
chapter 2 was on its way. Just now it becamepossibleto build, test and re ne
detectorsin quick succession.

Seeral prototypesbasedon the modular designhave beenbuild as part of this
thesis, ead oneimproving upon the other. Consequetly, the detector soon reached
a stage such that serioustests with high neutron uxes becamenecessaryto prove
its theoretical characteristics. Hence,they weretested with high neutron intensities
at the Paul-Sderrer-Institut (PSI) as well as the Institute-Laue-Langevin (ILL).
Thesetests showved that a small cascadeof GEM-foils coatedwith 1°B can achieve
a detection e ciency in the order of 15% for thermal neutrons. Consequetly, up
to 50% will be possible for an optimised and complete detector setup. Spatial
resolution is found in the expected order of 4mm.

The GEMtechnology hasdemonstratedits robustnessand stable properties under
the operating conditions of the CASCADEdetector. Even when exposedto the
highest neutron uxes available in the world, no sparking or destruction of the
detector occurred. Yet, a rate capability unknown to experimental neutron physics
could be demonstrated.

To demonstratethe featuresof CASCADEdetector, a small CASCADEbeammon-
itor detector for the SANS instrument at the PSI was designed, constructed and
tested as part of this work. It will yield valuable long term data on the CASCADE
technology, which will help to further improve the CASCADEdetector as a reliable
instrument for neutron physics.

The improvemerts on the stability and e ciency of the detectorsquickly revealed
that the electronicshad to be ewlved as well. Hence,parallel to the construction
and tests of prototypes, an detector readout concept from electronicsto software
was deweloped in the courseof this thesis.

The new infrastructure allows full control of all relevant operating parameters,
sud asthe gas ow and mixture, HV- and current-control on every single GEM-foil
as well asthe signal readout by an ASIC chip. All cortrol- and readout electronics
is integrated on a single VMEbus crate.

High energy physics pioneeredprocessingof highest data rates. The CIPix chip
dewveloped originally for H1 is now employed for the CASCADEdetector. It now
allows to processhighest count rates after being integrated into the supporting
infrastructure.
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The CASCADEdetector has con rmed its high potential to becomean general
instrument in neutron scattering applications.
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A Bus system glossary

A.1 VMEbus

The VMEbus in its original de nition is an asyndironous, non-multiplexed bus
which was de ned in 1980 by Motorola, Mostek and Signetics corporations. The
term VME standsfor VERSAmodule Eurocard, where VERSAModule is the origi-
nal electrical description of the standard and Eurocard the medanical form factor.
The VMEDbus o ers the following basic features:

" master/slave architecture, including bus arbitration and multipro cessing
addressrange of 16, 24 or 32 hits

" data path width of 8, 16 or 32 bits

" bandwidth up to 40MBytes=s

interrupt capability

up to 21 slots on a single backplane

It hasbecomeindustry standard, especially in the telecommnunication businessand is
widely in usein high energyphysics. Extensionsfor higher bandwidth, syncironous
transfers and a data path width of 64 bits exist. [ ]

A.2 CAN bus

The Controller Area Network (CAN) is a serial communications protocol originally
deweloped for passengercars by Bosd | ] and subsequetly usedin a wide
variety of automotive and cortrol applications. It o ers the following basicfeatures:

~ physical bus length up to 40m

" bandwidth up to 1 MBytes=s

" messagebaseddata transfer with an id length of 11 or 29 bits
" dierential serial bus

" multi-master capability
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" prioritised messages
~ guararteed latency times

~ bus error detection and tolerance

A.3 12C-bus

The 12C-bus is a simple bi-directional 2-wire serial bus for e cien t comnunication
betweenintegrated circuits (IC) de ned by Philips in 1992] 1, [ ]. Its basic
properties are:

~ two signal lines: a serial data line (SDA) and a serial clock line (SCL)
every deviceon the bus is uniquely addressableby a 7 or 10bit address.
true multi-master bus including collision detection and bus arbitration

transfer speedsof up to 100kbit =sin standard mode. Advancedmodessupport
transfer rates of up to 3:4Mbit =s
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