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Preface

We present the design, development and test ofvadegection system optimized to carry out
time-resolved x-ray diffraction experiments in theb-millisecond time scale at synchrotron
facilities. This work covers a part of the reseasttivities of the Ph. D training of the
Universitat Autonoma de Barcelona (UAB) which | basarried out at the Synchrotron Light
Laboratory (LLS). This research is supported by ‘thepartament d’Universitats, Recerca i
Societat de la Informacio, i el Fons Social Eurdpand by the “Ministerio de Educaciéon y
Ciencia” (Grant FPA2003-05050).

The document is organized as follows. The firstptéa contains an introduction to the
synchrotron light and their production. The requiemts for the new detector and the detection
technology for time resolved x-ray diffraction expeents are also presented.

The second chapter is concerned to the gas iomizathambers. It sketches the
characteristics of x-ray detection with these desjstudying in deep the non basic topics of this
field. An outlook of the past and present gasdilldetectors for x-ray detection is also
presented.

In the third chapter, the new detector is preserfedtly, an introduction of its structure and
principle of operation is given. Secondly, the Buify process is described, focusing on its
limitations and constrains. In the last sectiorthi$ chapter, the readout electronics and DAQ
that are going to be used for the detector araestud

The simulations of the new detector are addressetapter four. In it, the spatial resolution
is first simulated as a function of different paetars. Secondly, the 3D simulations are
presented. These cover the mesh transparencyatseg the avalanche and signal development;
and, the drift of the avalanche ions. The thirdtisacis dedicated to the simulation of the
detector capacitances. These concern the crosstdlihe pulse noise.

The fifth chapter is dedicated to the optimizatairthe new detector. The relations between
the detector parameters and the detector featueeéirst presented. After that, the decision
process of each parameter is explained.

In chapter six, the experimental work is presentédstly, the characterization work is
described. The second section covers the setupstiof the detector and the experimental tests.
In the third section, the x-ray detection tests #air results are illustrated. The forth sectisn i
dedicated to the simulation of the characterizedaer.

Finally, the conclusions of this work are summatizechapter seven.
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1.Introduction

The detector proposed in this work aims to increhsedetection capabilities required by some
experiments performed at synchrotron light fa@stiln this chapter we first briefly describe the
synchrotron light and its production. After thahetrequirements for the position sensitive
detectors used to carry o8mall Angle X-ray ScatterinBAXS) experiments at synchrotrons
are introduced. Finally, a brief introduction toetldetector technology for time resolved
diffraction experiments is given.

What is the synchrotron light?

The synchrotron light, or synchrotron radiation, tiee electromagnetic field radiated by
accelerated charged particles. This effect becompsrtant for relativistic particleg>>1 (y is
the relativistic constant). At relativistic energiethe radiation is emitted in a cone with an
opening angle ~3%/in the direction of the velocity. In order to halaege accelerations and
particles with small rest masses have to be usacelectrons

With the intention of driving the particles to thelativistic regime, high electric fields are
used. However, the energy that present devicegwvanto a charged particle that crosses the
electric field of the device one time is much smmallhan required to produce synchrotron
radiation. Therefore, the particle needs to bercatated through the electric field many times.
This can be done with high magnetic fields thaeterate centripetally the particles to confine
them in circular trajectories while an electriddielrives them to the required energy.

What is a synchrotron light facility?

A synchrotron light facility is an installation thaccelerates electrons to very high energies
(typically few GeV) and storages them in a closetitdoy means of magnetic fields with the
intention of producing synchrotron radiation.

The electrons are usually generated by an eleguwarwhich delivers the particles to a linear
accelerator; thénac. This device drives the electrons to an interntedémergy before injecting
them to the so-callelooster

The booster is an accelerator that acceleratesléicerons to their final energy usingaaio-
frequency Their trajectory is maintained during the inceead energy by different bending
magnets; whose field intensity is synchronized \ligh energy of the electron beam.

Finally, the electrons are injected in the storagg where the particles are confined in a
closed orbit. The accelerations they suffer prodheesynchrotron radiation. The loss of energy
of the electron beam due to the emission of syradmoradiation is recovered by radio-
frequencies. The storage ring is composed not oylpending magnets and radio-frequencies.
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It also has a set of magnets that focuses and amasnthe beam in its orbit. These are typically
the quadrupoles and sextupoles.

In order to enhance the radiation flux, many srhelding magnets can be placed one after
the other in straight sections. The magnetic fieldoriented alternatively to maintain the
electrons around the trajectory (approximatelyighty. These arrays of magnets are the so-
calledinsertion devicegID). The radiation of ID is emitted in the forwaditection adding the
flux generated at each magnet. Depending on thedkmgth and magnetic field, the radiation
of each period interferes with the radiation of ¢itleers gndulatoi) or not (viggler). In the case
of an undulator, the constructive interference poes very intense peaks at certain energies.

The synchrotron light produced at the bending mesgoeat the insertion devices is delivered to
the beamlines The beamlines are typically formed by three défé rooms: theptical hutch

the experimental hutcrand thecontrol room The first one prepares the radiation for the
experiment. In it, the synchrotron light is focalizand the desired energy bandwidth is chosen.
The experimental hutch is where the experiment stafkace. Mainly, it has the sample
environment and the detector. Finally, the conto@m is used to control the characteristics of
the radiation (optical hutch) and the experiment detection conditions (experimental hutch).

Requirements for the detector

The detector proposed in this work is designed @aaycout one of the most demanding

techniques used at synchrotrons, in terms of dateequirements: the time resolved SAXS.
SAXS is a useful and complementary method for deiteéng the size, size distribution and

structure of a wide range of non-crystalline (anserystalline) materials in the range of 2-200
nm (low scattering angles 1-10°). It covers a larggety of samples such as polymers, liquid
crystals, oils, suspensions or biological samples fibers or protein molecules in solution, it

can solve structures. Thanks to the high flux @& gresent synchrotron light facilities, the

technique can be used simultaneously with methioatsibfluence and/or change the samples’
structural characteristics in a time-resolved manmkis allows the observation of the changes
in the structural characteristics.

Characteristic Required specification
Spatial resolution  250n x 25Qm
N° of pixels 1800 x 1800

Global count rate  fHz
Local count rate 5.PHz/mnt

Frame rate > f0Hz
Dynamic range > 1o
Sensitivity 1 photon/pixel

Typical energy 10 keV

Table 1. 1 Detector requirements for x-ray
diffraction experiments [WALENTA1991].

In contrast to the rapid development of sourcesdeleelopment of detectors for synchrotron
radiation has been more modest. Therefore, theaegiap between the capabilities of modern
synchrotrons to produce high photon fluxes andathibty of detectors to measure the delivered
photons. In 1991 guideline specifications for d@ahle detector for synchrotron x-ray diffraction
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were written in the European Workshop on X-Ray Detes for Synchrotron Radiation Sources
[WALENTA1991]. These are shown ifiable 1. 1 At synchrotrons, a detector satisfying these
specifications would fulfill the requirements, notly of x-ray diffraction but also for x-ray
scattering and imaging for dynamic experiments [UER2003].

Detector technology for time resolved diffraction gperiments

For more than 90 yeaMulti Wire Proportional Counter§MWPC) have served as a detector
for x-ray diffraction experiments requiring 2D pbotcounting. However, the distances between
wires limit the count rate and spatial resoluti@apabilities of these devices. This limitation is
reduced irMicro Pattern Gas Detectoi®PGD).

“Introduced at the end of 1980s, micro-pattern dgtectorgerform much better that classic
wire chambers (...) They possess unique combinatideatures such as: spatial resolution of
less than 10@m, rate capability of higher than 21®iz/mn? at a gain of about 10000, time
resolution down to 3ns and good aging propertiéeseé set of features together with cheap and
reliable manufacturing technology makes MPGD a goandidate to fill the gap between solid
state vertex detectors and large wire chambersEJSHTMAN2002]. However, two recurrent
problems arise with MPGD: a slow degradation urm@rtinuous irradiation (aging) and the
rare but often damaging discharges [SAULI2002].hBeifects must be reduced prior to routine
use of MPGD at synchrotron light facilities.

In the last years a candidate to fulfill the reqoients mentioned above has appeared: the
pixel detectors. They are based on a chip congiam array of semiconductor diodes bump
bonded to another chip containing an array of ratgbixels. Each pixel has the necessary
electronics to store the intensity during he expesind read it out. The PILATUS detector has
demonstrated recently its capabilities for its use protein crystallography diffraction
experiments [BRONNIMANN2006]. However, these detestare far from being used for
SAXS experiments in the sub-millisecond time s¢meause the readout technology limits their
frame rate.






2.Gas ionization chambers

Gas ionization chambers, and specially the propaati counter, are deeply studied in the
literature [KNOLL2000; LEO1994]. They are versatdetectors able to detect, depending on
their characteristics and modes of operation, taxtiaand particles of a wide range of energies.

In this chapter we describe the principles of openaof the gas ionization chambers
focusing on the most relevant mechanisms involveithé detection process. This knowledge is
necessary to understand, simulate and optimizprthgosed detection system. We first describe
the primary electron production, looking in deep thechanisms involved in the photoelectric
effect. After that, we describe the transport ofarged particles in gases, the electron
multiplication process, the requirements of the g@gure and the features which concerns to
the signal. As a final point, we illustrate how th@nization chambers are used for two
dimension detection, covering tidulti Wire Proportional CountefMWPC) and theMicro
Pattern Gas detectoréMPGD). We study the MPGD in deep since the detegeometry we
propose in this work belongs to this family of dxtes.

Principle of operation

A gas ionization chamber consists of a closed velditted with the adequate gas containing
anode/s and cathode/s. When a particle comeshatedlume, it interacts with the gas ionizing
the atoms of the gas. The generated electrprisiary electronsdrift to the anode which
detects the signal. If thedectric field(E) is intense enough, the electrons are hightglecated
and they ionize again the gas. Under these conditithe number of electrons grows rapidly
forming what is known aswvalanche The gas proportional counters have a constamnd rat
between the initial and final number of electramghie avalanche.

2.1.Primary electron production: the photoelectric effect

The particle can interact with the gas via différarechanisms depending on different factors
such as: the detected particle; its energy; orgteemixture. We are interested in detecting x-
rays of energies between 8keV and 12keV. In tmgeaof energies and for typical gases like Ar
the interaction process that prevails isphetoelectric effectseeFigure 2.1).

In this section the basics of the energy deposaienfirst described. The generalities of the
photoelectric effect, the photoelectron charadiessand the ion de-excitation mechanisms are
described in subsections 2.1.1., 2.1.2 and 2.4 Bait order.
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Figure 2.1 Photon interaction coefficients with Argon
[NIST2003].

Mean number of electron-ion pairs created

The number oprimary electron-ion pair§No) depends on thenergy that the detected particle
has deposited on the g&sEnergy) and on thaverage energy per ionization of the d¢).

N = AEnergy 2.1)
w

Note that W is not equal to the ionization potdntfthe gas because part of the energy
deposited in the gas is lost in excitation (seeld&bl). The ionization potential is the lowest
binding energy of the atom. It corresponds to thieioatom shell; (seable 2. 3.

Gas W [eV] Excitation potential [eV] lonization gottial [eV]

H, 37 10.8 15.4
He 41 19.8 24.6
N, 35 8.1 15.5
0O, 31 7.9 12.2
Ne 36 16.6 21.6
Ar 26 11.6 15.8
Kr 24 10.0 14.1
Xe 22 8.4 12.1
CGo, 33 10.0 13.7

Table 2.1Mean ionizing energy, excitation potential and #aion potential for
various gases [LEO1994].

If a gas mixture is used, W is calculated througheighted average of the W of the different
gas molecules. However, if the excitation potentillone gas component is higher than the
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ionization potential of another one, an excited enale of the first component can ionize a
molecule of the second component. Under these tonslj W presents a lower value than the
weighted average of W. This is the so-caRahning effeciPENNING1934].

Fano factor

In gas ionization chambers, the energy of the dedeparticle is proportional to the number of
primary electron-ion pairs () Therefore, theariance of N (c(No)) sets a limit for the energy
resolution of the detectoEquation 2.1 implies a variation of Blequal to zero. Nevertheless,
every ionization or excitation is ruled by Poisstatistic, that implies a variation ofpqual to
the square root of N TheFano factor(F) is an experimental value between 0 and 1oduiced
to correct this discrepancy

o(N,) = FN, 2.2)

F varies from 0.05 to 0.20 for most gas mixturee{&able 2.9. The gas mixtures which have
the lower values of F are the ones that preseatge IPenning effect. This is because the larger
the proportion of energy used in ionizations isgéaPenning effect); the lower the amount of
energy ruled by the Poisson statistics is.

Gas Fano factor
Ne 0.17
Ar 0.17
Xe 0.17

0.995-Ar+0.005-¢H4, 0.09
0.995-Ne+0.005-Ar 0.05

Table 2.2 Fano factor for different gas
mixtures [KNOLL2000].

2.1.1. Generalities of the photoelectric effect

The photoelectric effect consists on the absorptioan x-ray by an atom. The energy deposited
is given to an electron of a bound shell that ecejd from the atom. This electron, called
photoelectronjs released with the energy of the x-ray minustimeling energyand interacts
with the gas molecules ionizing and exciting thefhe atom that has absorbed the x-ray
rearranges its electron configuration to fill theér shell vacancy. The de-excitation mechanism
generates more electron-ion pairs (see sectior3)2.At the end, the x-ray energy is totally
transferred into excitation and ionization of thersunding atoms.

The binding energies of the K, L, M, N, and O sloélithe Ar, Kr, and Xe are shown Trable 2.
3. The data is given for these gases because, aglhsee in section 2.4, the gas mixtures we
are interested in are mainly composed by Ar, Kr dad
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Element K1 L 2 Lo2o1p L32psp M 3 M23p12 M33p3p Ma3gzp Ms3gsp

Ar 3205.9 326.3 250.6 248.4 29.3 15.9 15.7
Kr 14326 1921 17309 1678.4 292.8 222.2 214.4 95.093.8
Xe 34561 5453 5107 4786 1148.8 1002.1 940.6 689.076.46

Element N4, No4pio  Nsdpzo  Nadgz,  Nsdgsp  Ne3wsp  N73mp O 5 0,512 O35p32
Kr 27.5 14.1 14.1
Xe 213.2 146.7 145.5 69.5 67.5 - - 23.3 13.4 12.1

Table 2. 3Electron binding energies, in electron volts, far Kr and Xe [THOMPSONZ2001].

Cross section

The photoelectric effect is found to be predomirfantelectromagnetic radiation of low energy
and atoms of high atomic number. pisoton interaction coefficierf) is

u = P1Z° | Energy’ (2. 3)

where b and m are constants that depends ox-ttiig energy(Energy) and have typical values
of 5 and 3 respectively. P1 is a constant (diffefeneach shell regime). llrigure 2. 2, Figure
2. 3andFigure 2. 4we show the Ar, Kr and Xe, respectively.

In Figure 2. 2, Figure 2. 3and Figure 2. 4 some discontinuities in the photon interaction
coefficient can be observed at Engrgynergy; where Energyis thebinding energy of the
electron on its atom shellThis is because if EnergyEnergy the interaction with an electron
of a shelf is possible. But if EnergyEnergy, this interaction can not take place.

Figure 2. 2 Photon interaction coefficient with Argon
[NIST2003].
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Pratan Trerdy., W

Figure 2. 3 Photon interaction coefficient with Krypton
[NIST2003].

Figure 2. 4 Photon interaction coefficient with Xenon
[NIST2003].

Decay constant

The photoelectric effect attenuates the beam iriteegponentially (sed-igure 2.5 because
this interaction absorbs the incident x-ray. Thiganential decay is characterized by the
probability of interaction per unit length of theray in the gas mixture. This is obtained from
the photon interaction coefficient)(
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Beam intensity [Y]

Listance travelled [cm)

Figure 2.5 10 keV x-ray simulated beam intensity as a
function of the distance traveled in Ar 90% + 1%
(1atm). The curve follows an exponential decay with
decay constant 0.09228m The author has made the
simulations with Garfield and Magboltz
[VEENHOF2001; BIAGGI2000].

Proportion of shell photoionization

The photoelectric effect can occur for all the #&laas in the atom, but the probability of
interaction is higher for electrons of inner shellfie photon interaction coefficient of the
different shells and subshells is required for ¢hmulation of the s-ray detection. They can be
found in the literature [YEH1985] for Energy8keV. This range of energy is lower than the one
of our interest. Therefore, the author computesdhepefficients extending the known data.
Firstly, the photon interaction coefficient is étt with Equation 2.3 for each shell regime (see
Figure 2. 6. After checking that the m constants are the saheedifferent values of P1 are
obtained. The calculated proportions between phisti@naction coefficients for the K, L and M
shells are shown imable 2. 4for Ar, Kr and Xe.

Phalon mberaction cosScient [omig|
-

Photon interaction cosficient [cmig]

Phaton energy [MeV]

Figure 2. 6 Photon interaction coefficient of Xenon for two gas of x-ray energies (data obtained from
[NIST2003]).In the left figure, the x-rays can produce photokle effect with electrons from all the shells Il

K. In the right figure, the x-rays can ionize etects from all the shells. The proportion betweea fhoton
interaction coefficient of K and the other shedg0.00504-0.00099)/0.00504=0.8.
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Element K shell L shell M and other shells
Ar 0.89 0.11 0.00
Kr 0.85 0.13 0.02
Xe 0.80 0.16 0.04

Table 2. 4 Photoionization coefficient proportion between &hel
for Ar, Kr, and Xe.

Similarly, the author computes the photoionizaticness section proportions between the
different L subshells for Kr and Xe (s@able 2. 5. It is not possible for Ar since the energies
are out of the energy range of the data.

Element Iy L, L3
Kr 10% 28% 62%
Xe 14% 28% 58/

Table 2. 5 L subshell photoionization
proportion for Kr and Xe at x-ray energies
close to the L binding energy.

2.1.2. Photoelectron characteristics

After a photoelectric effect, a photoelectron ideased. We describe in this chapter its
characteristics: energy; emission angle; and, rafhigese characteristics determine the primary
electron cloud size after the photoelectric efféctill be seen that this magnitude conditions
the spatial resolution of the detector.

Photoelectron energy
Thefinal kinetic energyEnergy) of the photoelectron is

Energy, = Energy, — Energy, (2.4)

Photoelectron direction
The angular distribution of the emitted photoeleasris ruled by the conservation of energy and

momentum. Therefore, it depends on the Enerfiye distribution of thangle formed between
the directions of the incident x-ray and the phtgo&on (¢) is proportional to
do . sin® ¢

—p——2Ff (2.5)
dQ (1- B-cop)

wheref is the ratio between the velocity of the relegsieotoelectron and the speed of light.

The author computes the distributiongofor different x-ray energies with Ar (s&ggure 2.7).
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Ey=5hkeV
=== = Ey=10kel
Ey=20kaV

Figure 2.7 Angular distribution of the photoelectrons for
different incident x-ray energies. The target is Angon
atom. The angles of maximum probability are
Omax=80°(280°), 72°(288°), and 63°(297°)  for
Energy=5keV, 10keV, and 20keV respectively.

Electron range

An electron that is released with a given kinetiergy travels along the gas ionizing and exiting
the gas atoms. Thadectron rangeR.is the distance between the starting position efdlectron
and its final position; where it is completely thetlized. The path of the electrons is chaotic due
to the multiple scattering. Thereforee B two or three times shorter than the lengthhef t
electron path.

Different approximations of Rbased on experimental data can be found in theatiire
[KATZ1952; BATEMAN1980; WEBER1964]. Among all thetd, the one provided by Weber
(seeEquation 2.6, Figure 2.8and Table 2. § covers the range of energies we are interested in
5-20 keV.

(2.6)

R =05371E, 1- 09815
1+3.123Energy,

where Energyis the electron kinetic energy expressed in Mel Bsis given in g/crh

The author computes the electron ranges for elestwith kinetic energy from 0.3keV to
12keV in pure Ar, Kr, and Xe gases ($&gure 2.8andTable 2. 9.
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Figure 2.8Electron range for different gases at normal
conditions (1 atm; 290°K) as a function of theiait
electron kinetic energy (Energy

Energy(keV) Rangein Ariim) Range in Krm) Range in Xeym)

0.3 18 8 5
0.5 30 14 9
0.75 47 22 14
1 65 31 20
2 148 71 45
3 249 119 76
4 368 176 112
5 505 241 154
6 660 315 201
7 832 397 253
8 1021 487 311
9 1227 586 374
10 1450 692 442
11 1691 807 515
12 1947 930 593

Table 2. 6Electron ranges in different gases at normal camdit(latm and 290°K).

2.1.3. lon de-excitation processes

The photoelectric effect leaves the atom with aptgrplace on its shells. This excess of energy
can be released through three different proceskedtuorescencethe emission of auger
electron,or theCroster-Kronig effect

In the first process, the empty place is filledaly (<10%s) with an electron of an outer
shell of the atom, what generates a charactexsty; the fluoresence. The energy of this x-ray
is equal to the difference of binding energies # two shells. For Argon, the fluorescence
emission lines have energies of 2957.70eV, 295¥.68=d 3190.5eV for K;, Ka, and Kz,
respectively [THOMPSON2001]. Krefers to the energy difference between shejlanid K,
Ko, refers to the energy difference between shejlsahd K and Kz refers to the energy
difference between shellsMnd K. A scheme of these transitions is showrFigure 2.9 In
Table 2. 7the energies of the Ar, Kr and Xe x-ray emissiord are presented.
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Figure 2.9 Fluorescence transitions
scheme [THOMPSON2001].

Element lu (eV) ko, (eV) KBi3(eV) Lagp (V) LB (eV)
2957.70 2955.63 3190.5

(100) (50) (10)
" 12649 12598 14112  1586.0 1636.6
(100) (52) (14) (111) (57)
e 20779 29458 33624  4109.9
(100) (54) 27) (100)

Table 2. 7x-ray emission energies for Ar, Kr and Xe. The tige&line
intensity is shown between brackets [THOMPSONZ2001].

In the second process, the shell vacancy is filtedugh a rearrangement of several electrons
from higher shells ending up with the emission wffuger electron. The energy of the Auger
electron is approximately equal to the differenteinding energies of the initial and final shell
vacancies minus the binding energy of the Augesteda. InFigure 2.10we show the principal
Auger electron energies [THOMPSON2001] and [AKSEBRS&A4].

Finally, the Coster-Kronig transition involves thapid transition of an electron between two
adjacent levels within the same shell with the egagf energy being removed through emission
of another electron, from a higher energy statis. $imilar to the Auger emission, but the initial

and final vacancy belongs to the same shell. Thizgss is usually not considered as “de-
excitation” since it does not fill the shell vacgnc
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Figure 2.10 Principal Auger electron energies. The
different families are denoted by labels of form WX
where W is the shell from in which the original sacy
occurs, X is the shell from which the W vacancyilisd,
and Y is the shell from which the Auger electrorjiscted
[THOMPSON2001].

=]

Fluorescence, Auger and Coster-Kronig yields
The lifetimet of a de-excitation is related to the natural wibtof that level by the uncertainty

principle
rr=n (2.7)

I' is the sum of the partial de-excitation procesBasrescence, Auger and Coster-Kronig.
F=r +T, +, (2.8)

Yields for the various processes are defined dgvisl

w =TI /T (2.9) Radiative/fluorescence yield
a=r,Ir (2.10) Auger yield
f,=r.Jr (2.11) Coster-Kronig yield

where i refers to the initial vacancy shell (K, LLE or L3). In the Coster-Kronig yield, j=213
refers to the final vacancy shell (L2 or L3). Fonplicity we only consider de-excitations from
the K and L shells. This simplification is justifiesince the probability of photoelectric effect for
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the other shells is very low (<3% s€able 2. 4. In Table 2. 8we show the different yields for
Ar, Kr and Xe are shown.

Element  w & Wy & fio  fuz W & fr13 W3 &

Ar 0.118 0.882 0.00018 0.066 0.31 0.62 0.00022 1 - 002P 1
Kr 0.643 0.357 0.0041 0.199 0.27 0.52 0.02 0.88 0.1 0220. 0.978
Xe 0.891 0.109 0.046 0.488 0.19 0.28 0.083 0.736 0.1540.085 0.915

Table 2. 8Fluorescence, Auger and Coster-Kronig yields ferkhand L shells for Ar, Kr and Xe [KRAUSE1979;
SLIVINSKY1972; BAMBYNEK1972].

A scheme of the possible ways the energy can besited in a photoelectric effect is shown.

An x-ray enters into a volume filled with pure Aagy(latm and 290°K)=0.1137crit. Through photoelectri¢
effect they ionize:
0 89% the K shell. A photoelectron is ejected: Engr@@000eV-Energy6794.1eVpma=100° or 260°
and, R=796um. The K shell vacancy is filled through:
* 88% Auger electron. An Auger electron is emittedefgy=2660.5eV. R=217um.
The L, 3 shell vacancy is filled.
e 12% fluorescence from subshells:
0 63% Kuy. Characteristic x-ray: Energs2957.70eV and.=0.305cnT. The
Lz shell vacancy is filled. The characteristic x-repnizes the L shel
(=100%) of another atom. Therefore a photoelectron ejscted:
Energy=2957.70eV-E and R=244um. The L shell vacancy is filled.
0 31% Ka,. Characteristic x-ray: Energs2955.63eV and.=0.305cnT. The
L, shell vacancy is filled. The characteristic x-repnizes the L shel
(=100%) of another atom. Therefore a photoelectron ejscted:
Energy=2955.63eV-E amd R=244um.
0 6% KB,3 Characteristic x-ray: Energs8190.5eV andh=0.255cnT. The
M,13 shells vacancy is filled. The characteristic x-iagizes the L shel
(=100%) of another atom. Therefore a photoelectron ejscted:
Energy=3190.5-EnergyeV and R=270Qum.
0 11% the L shell. A photoelectron is ejected: Engri9000eV-Energy=9750eV;pma=110° or 250°.
and, R=1393im. The process starts again with initial x-ray gyerqual to 9750eV.

In this example, the L shell vacancies are effetyivilled ~100% through Auger electrons. Even though |the
probability of Coster-Kronig effect is higher fdret L de-excitation, they end up in Auger electrons jrot_Ls.
The probability of a L shell de-excitation throujie emission of a characteristic x-ray®02%.

2.2. Transport of charged particles in gases

A charged particle under the effect of an eledtald is accelerated along the field lines. In this
section the drift velocity of electrons and iongldhe diffusion of electrons are described. The
mechanisms of recombination and attachment of pyirakectrons are also described.
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2.2.1. Drift velocity

A charged particle that is moving under the effd#fcan electric field impacts the gas molecules.
The particle has an average velocity catleit velocity (u).

The electron drift velocity depends on both, thectlc field (sed~igure 2.11) and the gas
mixture characteristics. The drift velocity is, mmany gas mixtures, 5cps for electric field
intensities from few hundreds V/cm to thousandsw/c

o, P e,

EIV/eml]
Figure 2.11 Simulated drift velocity of electrons as a functiohthe electric

field. Gas mixture characteristics: Ar 90% + £0D%; T=300°K; and, latm.
The author has made the simulations with Garfiaed agboltz.

Figure 2.12 Simulatedion mobility as a function of the electric field. Sa
mixture characteristics: Ar 90% + GQ0%; T=300°K; and, latm. The author
has made the simulations with Garfield and Magboltz



18 Gas ionization chambers

The drift velocity of the ions is orders of maguiéu lower than the drift velocity of the
electrons, in the same conditions. For the major giathe gases used in proportional chambers
and E/p values lower than few thousand V*atm?, u/E is found to be constant (sEigure
2.12.

At this point it is useful to define thmobility (u)

-u
= = (2.12)
2.2.2. Diffusion

In a gaseous environment and absence of elecéid, firee electrons diffuse uniformly from
their original position. The rms longitudinal spae#Xx) is

o(x)=,2D,t (2.13)

where 0 is the diffusion coefficientin the x coordinate and t is the time. The diffunsi
coefficient can be computed using the kinetic tiieor

D, =94 (2.14)

whereg is themean free patlof the particle.

Under the effect of an electric field, a travelglgctron cloud is diffused

o(x) =,/2D,l /u =+/20/D, /u (2.15)

where | is thedistance traveled by the particend u the drift velocity. For convenience we
define the longitudinal and transverse diffusion coeffitsieB. and G

D;, =./2D,/u (2. 16)

The reduced diffusion coefficients have unitgiof/cmt as they are expressed as rps] for
square root of traveled unit length [tfh For example, a group of electrons under an etectr
field of 10°v/cm drifts in an “Ar 90% + C@ 10%, T=300°K and latm” environment. The
transverse reduced diffusion coefficient is @9@cm? (seeFigure 2.13. After having traveled
2cm, the electron cloud presents a Gaussian distribuiibn w

O ansvrse ™ 29332 = 415 (2.17)
Roughly speaking, the higher the electric field is,|tveer the mean free path is; and therefore,

the lower the value of D is. However, ligure 2.13 some peaks can be observed. They are
produced by the resonances in the cross section ofettteom multiple scattering.
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Figure 2.13 Simulated reduced diffusion coefficients as a
function of the electric field. Gas mixture chaeadtics: Ar
90% + CQ 10%; T=300°K; and, 1atm.The author has made
the simulations with Garfield and Magboltz.

2.2.3. Recombhination and Attachment

It is important to have a highumber of primary electron®) because the energy resolution and
the amplitude of the detected signal are proportional @uting the transport of the electrons
two main processes decrease the number of primaryrariec therecombinationand the
attachment

The recombination is the capture of a free electron pysitive ion followed by a photon
emission. The recombination rate is proportional to the & electrons densities

=y, 0 (2. 18)

where R and nare the electron and ion densities, and the recombination coefficient.
The electron attachment is the capture of a freetren by an electronegative atom followed by
a photon emission. This process is characterize¢tidgttachment coefficierthat is the average
number of attachments per traveled unit length aledtron (seeFigure 2.14. The most
common electronegative gases arep H,O and CQ. Noble gases present zero
electronegativity.
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Wi i |

Figure 2.14 Simulated Townsend and attachment
coefficients as a function of the electric field. the next
section we introduce the Townsend coefficient. Gas
mixture characteristics: Ar 90% + GQA0%; T=300°K;
and, latm. The author has made the simulations with

Garfield and Magboltz

2.3. Electron multiplication

In many cases, the signal generated by the priglaptrons is not intense enough to be detected
by the readout electronics. Consequently, the ehaifgthe primary electron cloud must be
augmented. This is done through the so callealancheprocess. In this section the basics of
this process are firstly described. Later four afight aspects related to this process are
described: the space charge; the “avalanche tars@eto spark” process; the gain vs. incoming

rate; and, the resistive layer effects.

The primary electrons can ionize the gas, if thecteic field is intense enough. Under these
conditions, the number of electrons grows rapidlyesery new electron ionizes again the gas
and therefore an avalanche is formed (Segere 2.195.

Figure 2.15 Avalanche drawing. The electrons and
the ions drift in opposite directions

If the electric field is constant along the elenggath
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X

n=N-e (2. 19)

where n is the number of electrons collected byahede, N is thewumber of electrons that
reach the anode regigand¢ is themean free path

At this point is useful to define tiBownsend coefficierfty). o is the number of electron-ion
pairs generated by one electron for a traveled lenigth. It depends on the electric field (see
Figure 2.14), thetemperaturgT), pressure, and the composition of the gasurext

a=¢&m (2. 20)

Thegain (A) is

A has a variance(A). For a constant electric field, the probabildfhaving a gain A is ruled
by the Fury distribution [KNOLL2000].

P(A) :(1‘—;3_)— (2. 22)

When the avalanche takes place, the electric ieldistorted by the electric field that the
electrons and mostly the ions generate. The etefigld around each electron is different
because it is affected by a different charge distion. This effect is the so callsgace charge
(see subsection 2.3.1). Consequentlyaries as the avalanche growths. Under these tomsli
the Polya distribution[BYRNE1969] rules the gain

P(A) %#j .eXF{LAW)j 2. 23)

wheref is a parameter in the range @<1. The variance of the Polya distribution is

(%} =A"+@+0)? (2. 24)

2.3.1. Space charge

The space charge effect is the reduction of thetridefield in the multiplication region due to
the presence of the electrons and ions. The spange effects can be classified into voltage or
rate induced [IVANIOUCHENKOV1998].

The voltage induced space charge effects refdreteffect that the avalanche ions produce to
their avalanche. When an electron-ion pair is peeduin an avalanche, the electron joins the
avalanche head that moves in the opposite directicdhe electric field. The ion drifts in the
same direction of the electric field. The ion vatpds orders of magnitude lower than the
electron velocity. It implies that the ion cloudeistended forming aion tail, while the electron
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cloud travels and growths in a compact shapeRgpee 2.16. The ion tail reduces the electric
field at the avalanche zone. As a result, the spheege limits the avalanche charge. Under
these circumstances, the proportionality betweenrttial number of ion-electron pairs and the
detected charge is lost [PESKOV2001].

The rate induced space charge effects are relatduetelectric field reduction generated by
the ions of all the avalanches. This effect canrdmuced, without decreasing the incoming
particle rate, decreasing the ion drift time.

|

F :‘_-‘ " .-. - ..
:.|_|=' - '_ _I' -

Figure 2.16From left to right, four moments of the avalanclegelopment.

When simulating an avalanche, two assumptions adento simplify the calculation of the
voltage induced space charge effects [LIPPMANN200Te first approximation only takes
into account the electric field that the ions gaterThe electron cloud has a uniform ball shape.
The electrons in the front part of the ball are enaccelerated downwards but the ones in the
rear part are less accelerated and therefore véralbeffect is neutralized.

The second approximation consists on consideriag ttie ions are fixed in their original
position. This is justified since the ion velocitytwo or three orders of magnitude lower than
the electron velocity. Consequently, during thelavehe it is considered that the ions do not
move.

2.3.2. “Avalanche to streamer to spark” process

It is experimentally well demonstrated that thelanehe growth is stopped at0® electrons;

the so calledraether limitfRAETHER1964]. When the avalanche have reachedRthether
limit, the electric field at the head and tail bétavalanche induces the fast growth of secondary
avalanches (sefeigure 2.17). At this point, a long, filament-like forward atdckward charge
propagation namedtreamerappearsBERG2000b; BRESSAN1999a]n a uniform, strong
electric field, the streamer propagates all the waygh the gap. The outcome of the process is
the creation of a densely ionized channel betwbherahode and the cathode cakgirk The
dielectric breakdowns are a critical problem in MPG@s they are characterized by small
structures with high electric fields that exteneoa gap between the anodes and cathodes.
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Figure 2.17Drawing of an avalanche-to-streamer process.

The streamer can be self-quenched if the eledéid in the head/tail is decreased enough. This
self-quenching effect is typical for proportionaunters, where the electric field is very intense
only near the anode wire.

2.3.3. Gain vs. Incoming rate

In absence of incoming particles, ty@ontaneous field emissiol®it the maximum voltage the
detector can reach [BRESSAN1999a; IVANIOUCHENKOV&RI9If the incoming rate is
increased, the discharges become more frequenindpa drop of the gain.

At low incoming rates, the sparks appear due ton ghiictuations and dielectric
imperfections. The presence of dielectric mateisatritical for the discharges because the
electric field is increased between the head ofatbedanche and the dielectric material due to
electric polarization. This excess of electricdiglan end up in a streamer that can promote a
dielectric breakdown [FONTE1997].

In subsection 2.3.1 it has been seen that at Imgbming rates, the gain is limited because
the electric field generated by the ions reduces riultiplication field to the point that
subsequent avalanches can not take place. Thist éffeeduced on the MPGD detectors since
their ion drift times are reduced. The dischargemaisms at high rates are under discussion.
The author have tried to select the most suppottiedries [PESKOV2001; FONTE1997;
FONTE11999b; BRESSAN11999a; IVANIOUCHENKOV1998; NMWOUCHENKOV1999].
They can be classified in two groups: generatiosemfondary avalanches, and the emission of
jetsandbursts

The total charge that the detector can afford withdischarging is limited. Therefore, the
generation of secondary avalanches decreases dingecbf the primary avalanches. Secondary
avalanches can be generated by both, UV photontteginfrom primary avalanches, or by
electrons ejected from the cathode thropgbton/ion feedbackd he photon/ion feedbacks are
mechanisms that consist on the extraction of elastiof the cathode by photons/ions which
come from primary avalanches. The photon feedbéektds significant if low quenching gases
are used and if the avalanche-cathode distant¢®is ss it is in MPGD.

The jets and bursts consist on violent electrorssimin from a metallic surface that has thin
dielectric deposits on it. Positive ions from thalanche are deposited in the thin films on the
cathode surface generating an extremely high é&e#ld; the so calledValter effect These
fields cause electrons from the metal to start engrate the dielectric films. After some
accumulation time, an “explosive” process occurgl the electrons are ejected from the films
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in the form of jets or bursts (s€&gure 2.18. This process occurs when the ion incoming rate
on the cathode is higher than the ion removing. reterefore, this mechanism sets a limit on

the product between the gain and the incoming iEte. avalanches generated by the jets and
bursts are likely to create photon feedback sihiseavalanches start close to the cathode.

Elmrm-'lml:lmn

Figure 2.18 Jets/bursts generation through the
Malter effect.

The rate and size of the rate induced dielectreakdowns are reduced using resistive layers
[FONTE1999a]. This solution is presented in thetrsesection.

2.3.4. Resistive layer effects

The frequency and intensity of the dielectric bk@kns can be reduced applying resistive
layers at the multiplication region. When a steamappears, the induced intensities on the
resistive layer generate an electric potential tedrease the electric field. As a consequence,
the discharges are quenched at an early stage.

The voltage reduction depends on the charge oataéanches, the resistivity of the layer,
and the incoming rate. The intensity that a sinal@lanche induces does not reduce the
multiplication filed significantly. Therefore, thgain of a single avalanche is only significantly
affected by this effect if a very large resistivisyused. Nevertheless, the voltage reduction can
be a significant drawback for high rate applicagigilarge induced intensities) are desired.
Different works of low resistivity materials haveund a compromise between protectiveness
and highlocal count rate(LCR) [FONTE1999a; CROTTY2003] (sddgure 2.19. LCR of
10°Hz/mnt can be achieved with gains up t&@,Ifaintaining a very low discharge rate.

A resistive layer can be also used to solve thaetepesition using theharge dispersioin a
resistive material grounded at their extremes [DRQA04].
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Figure 2.19Gain-rate characteristics of a detector for sdweslaes of the
anode plate resistivity and beam diameters of 2 amdim
[FONTE1999a].

2.4.Gas mixture

The gas mixture is very important for the detebiavior since it influences important features
such as: the x-ray absorption; W; the attachmedtranombination; the electron drift velocity;
the longitudinal and transverse diffusion; the gam the ion drift time. We briefly comment the
relevance of these features.

The x-ray absorption is an important characteristithe detector as the quality of the results
depend on it. This is because the more x-raysdotewith the gas; the more efficiency the
detector performs and the shorter the drift distarman be. Therefore, the detector can perform
a better spatial resolution (see section 4.1). €gumently, heavy gases are preferred (see
Equation 2.3).

The value of W determines the initial number otélen-ion pairs. A low value of W implies
a high number of primary electrons (N). This inse=athe final charge of an event, allowing the
decrease of the gain through a reduction of thetrédefield. As we have seen, the lower the
electric field is; the lower the discharges ratéha chamber is. The gas mixtures with lowest
values of W are the noble gases.

High values of the recombination and attachmenffictents force the use of a high gains
(high electric fields) in order to maintain the v@gd charge to detect the event. This increases
the probability of sparks. Again, gas mixtures loasa noble gases are the best option due to
their absence of electronic affinity. Moreover,itHew energy losses for rotation and vibration
decreases the value of W.

The longitudinal and transverse diffusion coefiitge are ruled by the gas mixture. The
electron drift velocity influences the time spreafl the primary electron cloud. These
characteristics of the electron transport can hemportant implications on the detector
performance, such as the spatial resolution orstgeal intensity (see subsections 4.1.4 and
4.2.3).

The gain is conditioned by the gas through the Tsamd coefficient. Gas mixtures with high
values of the Townsend coefficient are desired beeahey can perform higher gains at
moderate multiplication fields reducing the rate amtensity of the dielectric breakdowns.
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The ion drift time is conditioned by the ion mobjli Therefore, the election of the gas
mixture conditions the local count rate (see suiized.2.4).

2.4.1. Quench gas

Excited atoms formed in the avalanche are de-akgjitgng rise to high energy photons capable
of ionizing the cathode and causing further avdiasc This problem can be solved adding a
little concentration of a proper polyatomic gase tfuenching gasThese molecules act as
qguenchers by absorbing the radiated photons and thssipating this energy through
dissociation or elastic collisions.

2.4.2. Aging

The aging is the deterioration of the detectorradtéong usage. It is a very complex physical
and chemical process that decreases the gain andofes sparks [VRA2003]. The classical
explanation of the aging starts at the avalancivbsre free radicals are generated. These free
radicals are chemically active and form new crasseld molecules until they become large
enough so that the condensation occurs. Once tdlecttic material is deposited on the
electrode surface, it distorts the electric fieldiluthe point that the streamer becomes a spark.
Recent studies show that the Malter effect is thestmimportant mechanism generating
discharges [HOHLMANNZ2002].

It is accepted that the most aging-resistant megare Ar or Xe, plus GOStable operation up
to ~1C/cmi and ~5C/crh has been reported for Ar/GOand Xe/CQ, in that order
[ALTUNBAS2003; KANE2003; BONDARENKO1991]. Recent wa have shown that the
presence of COcan revert or cure Malter breakdown in the presesfchigh current density
[BOYALSKI2003]. Therefore, the use of GGas quencher gas is found to be the most
appropriate at high rate applications because tlhésmost aging-resistant. Nevertheless, some
organic gases have a better quenching power.

On the other hand, gradual decomposition of,@@n also occur and the resulting pure
carbon can be deposited on the cathodes. MoretherAr/CQ mixture has a lower photon
interaction coefficient than many gas mixtures.iniiplies that the avalanche fluorescence
photons can reach easily the electrodes surfacengiiog photon feedbacks. This effect is
enhanced with the short distances existing in MPGD.

2.5.The signal

The pulse signal on the electrodes of ionizatiomiads is formed by induction due to the
movement of charged particles towards the cathadeaaode, rather than the charge collection
in those electrodes.

The Shockley-Ramo theorem, used to compute thecewlgignals, is introduced in the first
subsection. In subsection 2.5.2 the origin of ttigrisic detector noise is studied. The crosstalk,
a common source of noise if narrow electrodes astidignals are used, is introduced in the last
subsection.
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2.5.1. Shockley-Ramo theorem

A complete derivation of the induced signals inaatlel chamber [KNOLL2000] and in a
cylindrical proportional counter [LEO1994] can bmufd in the literature. For more complex
structures, th&hockley-Ramo theore[BHOCKLEY1938; RAMO1929] is used, asgives a
solution to compute the induced signal on a givatteode by a given charge in a given
detector. The theorem states thatitteantaneous current induced on the electr@ylis

i =qU-E, (2. 25)

where q is thenoving charge i its velocity, andE,, the weighting field It follows that the
total induced charge on the electro@@) is

Q=0q4g, (2. 26)

where Ag,, is the weighting potential difference between beginning and the end of the
charge path. The weighting potential can be contpatdving the Laplace equation setting the
voltage of the electrode under study equal to umity the other electrodes to zero.

Resistive layer corrections

The design of the detection structure proposetigthesis includes a resistive layer. The signal
induction calculation must be modified taking irdocount the resistive material effects. C.
Lippmann and W. Riegler have published detailecufation works inresistive plate chambers
(RPC) [RIEGLER2002; RIEGLER2003; LIPPMANN2003; LIMANN2004a;
RIEGLER2004a; LIPPMANNZ2004b; RIEGLER2004b]. The RE@nsists of two, or more,
parallel metallic plates separated by a gas andsutive layer (se€&igure 2.20. When a
particle crosses the RPC leaving part of its enasgion-electron pairs, they are attracted to the
electrodes which detect the signal. The resistiyer protects the detector.

Conductive plates

Gas mixture

_ .dl
*®

Figure 2.20Scheme of a RPC.

The Shockley-Ramo theorem must be modified forste® electrodes. A moving charge (q)
with velocity (u) in aresistive plate chambdRPC) with resistive layer thickness)dresistive
layer conductivity §), relative permittivity §,) and a separation between plane$} (seeFigure
2.20 induces a current
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__ade [y, d g ) (2. 27)
d, +ed, d,-,
where
L= ﬁ{wj (2. 28)
o d,

The resistive layer introduces a time delay/digparsn the signal with decay constan®fter
a long time, but before the avalanche has readmednode, i is the same that for a parallel
chamber without resistive layers.

P - qidl-, {1_’_ d, }:...:q-|l]—1:q-|ﬁ|-ﬁ
teed, +£,4d, d,-,

2.5.2. Equivalent Noise Charge

The signal noise can be an important parameterdaeggpon the detector spatial resolution (see
section 4.1). It is typically expressed as the e@tandard deviation; the so calleguivalent
noise chargdENC) [RADEKA1988].

The origins of the noise are both, the fluctuatiasthe leakage current(lqe), and the
movement of charge carriers due to tt@peraturgT). The ENC is found to be proportional to

ENC=ATCZ+A,, (2. 30)

where A and A are constants andy@ thedetector capacitancelhe temperature produces
random fluctuations on the electrons movement. Thesmsity fluctuations have a Poisson
distribution on time. Nevertheless, it is the d&ieccapacitance what transforms these
perturbations into noise (sdggure 2.21). The detector capacitance and the leakage current
have to be reduced in order to optimize the ENC [[EKB1988; GERONIMO2001].

Figure 2.21 Noise formation. In the upper graph, the
impulses distribution is represented. In the logeph, the

output voltageV) is plotted.
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2.5.3. Crosstalk

In section 3.1 the detector proposed in this thissiiescribed. It will be seen that the cathode is
formed by narrow strips. The position is solveatlgh the signal of these strips.

When a signal is transmitted through one strip tlagrosignal is induced at the neighboring
strips. This effect is calledrosstalkand it is generated by the capacitance betwegs gBee
Figure 2.22. It is an extra contribution to the signal noisethe case of a detector that solves
the arriving position of the particle with diffefrereadout electrodes, this effect worsens the
spatial resolution.
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Figure 2.22Example of crosstalk: A signal generated in
strip  “A” induces a signal in channel “B”
[RIEGLER2002a].

The crosstalk can only be simulated if simple getvie® are considered in certain cases
[RIEGLER2002a]. For complex symmetries, very spergli finite element methods (FEM)
programs must be used (see subsection 4.3.2).

2.6.From MWPC to MPGD

We describe in this section the different 2D photmuinting proportional counters and their
characteristics as well as the state of the arthanfield. We start with the well established
Multi Wire Proportional Counter (MWPC) and we conté with its natural evolution to

detectors with short distances between electradesdvlicro Pattern Gas Detectors (MPGD).

2.6.1. Multi Wire Proportional Counter

The MWPC is described in the literature [KNOLL20QEO11994] and deeply studied in a
previous work of the author [FERNANDEZ2004]. Tharslard MWPC consists of a plane of
equally spaced anode wires centered between twmdatplanes also formed by wires (see
Figure 2.23. These planes are enclosed in a box filled wigfas mixture. One side of the box
consists on a thin film, th@indow through which the particles come into the detedibe zone
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between the window and the wire planes is calieid region The inner part of the window has
a positive applied voltage with respect to the ocdé#s that generates ttisft field.

Figure 2.23Scheme of a MWPC. The anode is the plane
formed by wires placed between the other planes; th
cathodes. The window is not drawn [LEWIS1994].

An x-ray that has come in the detector throughthrelow interacts with the gas ionizing it. The
primary electrons released during the interactioft tb the cathodes driven by the drift field.
Close to the cathode plane, the primary electroasa#tracted to the anode wires where the
electric field is so high that, an avalanche tailese. The gain has a strong dependence on the
anode wires radius because the close the aval@achget to the anode wire center; the high the
electric field is € O r™). The signal is induced on the cathode wires ¢hatsolve the arriving
position of the event as the wires of the two cdéhplanes are oriented orthogonally.

The MWPC simplicity regarding on the geometry, wagkprinciple and operation, together
with its versatility, has made it one of the mosed detector in many different fields from
synchrotron experiments to high energy physics.

MW PC difficulties

The MWPC is not free of problems, being the consimacand its weakness under discharges
the most significant troubles.

In order to enhance the gain, the anode wires ang thin (~10um) and therefore they are

weak under perturbations. These perturbations sually sparks promoted by distortions on the
electric field. These distortions can be producgdabging (Malter effect, polymerization...),
dielectric particles (bad cleanliness), or missipmsing of the anode wires.
The positioning and soldering of the wires are \@iffjcult and time consuming issues. In order
to overcome bad positioning and tensioning of theesy as well as increase the construction
velocity, our group has developed an automatic otetto align and solder the wires semi-
automatically on their supports: tframes[RAMOS2003; MARTINEZ2005].

The method consists on wrap the wire around thedratmposit the soldering material on the
wires at the solder region, and finally, solderitsgdiation. The wires are positioned through a
large screw placed at the edge of the frame Fsgeare 2.24. The tension is guaranteed by a
hanging weight.
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Figure 2.24Different pictures of the semi-automatic positiapiand soldering method. From
left to right and up to down: 1) Lateral view oftimachine 2) Front view of the machine 3)
Detail of the positioning screw 4) Finished solders

MWHPC limitations

The principal limitations of the standard MWPC hateir origin on the distances between
wires of the same plane and also between wirdseohAhode-cathode planes. These distances are
usually few mm.

The avalanches take place on the anode wires sarfan@ therefore, the avalanches are
concentrated along “lines” on the anode planeoiftctudes that the anode-anode wires distance
increases the space charge effects because itiomsdihe density of ions near the anode wires,
increasing the space charge effects. The primanfreles cloud drifts to the anode wires where
it is spited along lines. The anode-anode wiresadis# determines the splitting distance. For
this reason, the anode-anode wires distance consdithe spatial resolution.

The distance between neighboring cathode wireseok@ime plane conditions the precision
on determining where an avalanche has taken pladdheerefore, it also conditions the spatial
resolution of the detection system.

The time the ions take to leave the avalanche rdgiuts the local count rate. This is due to
the space charge that the ions produce. This snpeaportional to the distance between anode-
cathode planes.

Summing up, the shorter the distances between anmesthe better the MWPC performance
is. Nevertheless, major electro-mechanical problearsse for narrow gap MWPC
[PETRUS2002]. Also, the instability introduced by thncertainty in the position of the wires is
higher for narrow gap MWPC.

wire MicroGap det
From the point of view of x-ray diffraction dynaméxperiments, a variation of the MWPC
called wire MicroGap detector performs the besedtetr features [LEWIS1997]. With distance
between anode wires of 0.75mm and an anode-cattistince of 0.3mm, the RAPID detector
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performs a local count rate higher thariptbtons/s-mMmwith an active area of 200x200rAm
and a spatial resolution of ~300 [LEWIS2000].

2.6.2. Micro Pattern Gaseous Detector

Triggered by the evolving printed circuit technolpgynew generation of gaseous detectors with
very small amplification cells emerged at the ehdl®30s: the Micro Pattern Gas Detectors
[SHEKHTMAN2002; HOCH2004; SAULI1999; SAULI2002; OED200lAiming at a high
position resolution and a high rate capability,irthmicro-structures can perform much better
than classic wire chambers.

Despite their promising performance, two major jeols have arisen: rare but damaging
discharges and, slow but continuous deterioratiaging) during sustained irradiation.
Nowadays, none of the MPGD can be used routinety SAXS experiments in the sub-
millisecond time scale.

In this section we describe the most relevant MP&tplifying structures. Similarly to the
MWPC, the complete detection system consists dmoxa a filling gas mixture, a window, a
drift region and a amplifying/readout structure.

Micro Strip Gas Chamber

The Micro Strip Gas ChambefMSGC) [OED1998] is a position-sensitive propantab counter
mounted on a substrate, with similar operation qiple that the MWPC. It consists of thin
parallel metal strips alternatively connected asdas and cathodes, deposited on an insulating
support (se&igure 2.25. Accurate photolithography can achieve a distdreteeen electrodes

of 10Qum, improving the electrodes density by an ordezavhpared to wire chambers.
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Figure 2.25 Scheme of a MSGC with
equipotential and field lines [SAULI11999].

The primary electrons are attracted to the anodessirhere the avalanche takes place. A signal
is induced at the cathode strips. The avalancheasdpis broader than the anode width and
therefore, a large fraction of ions are generatetiesides of the anode strip. They drift to the
cathode strips instead of drifting in the vertidaiection. This effect reduces the space charge
providing higher rate capability than classic desic Local count rates of 1MHz/mnt
[BOUCLIER1995] and spatial resolutions of 30p® have been achieved with MSGC.
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Nevertheless, this device is not free of problefise main operating instabilities are
observed. Firstly, the tiny structure of alterngtielectrodes creating high-fields makes the
damage due to sparks frequent. Secondly, the plieemiback is usual when operating a MSGC
because the cathode electrodes are close to thae.aRtuorescence x-rays produced at the
avalanche reach easily the cathode surface. Thittdyion feedback is also usual. This problem
arises because the ions impact zone (the cathogs strface) is close to the anode strips and it
is under a high electric field. Fourthly, the swbtt charges up with ions. Finally, time-
dependent gain shifts are observed. These areuddttiio substrate polarization and charge
accumulation.

Micro Gap gas Chamber

The possibility of patterning electrodes and alssulating layers drove to the development of
the Micro-Gap Chamber(MGC) [ANGLELINI1993]. The MGC structure is basesh a
conductive backplane, used as a cathode, with astriges placed on insulating pads (see
Figure 2.26.
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Figure 2.26 Scheme of a MGC with
equipotential and field lines [SAULI11999].

The substrate, being completely covered by theockthis not any more charged by the positive
ions; as it is in the MSGC. If a 2D readout is desi the cathode plane is segmented into strips
(perpendicularly printed to the anode strips). Dejpeg on the dielectric constant of the
substrate, the cathode-cathode and cathode-grapatitances can produce important electric
noise and/or crosstalk.

Compared to the MSGD, the electric fields betwéenanode and the cathode can be higher due
to the presence of the insulator pads. Thereforegtins obtained (>fpexceed those of the
MSGC. Nevertheless, the MGC geometry causes thehanging up of the insulator placed
between the anodes and cathodes, ending up imoons discharges.

Another disadvantage of this detector, comparatiddMSGC, is that the printed anodes are
flat but not thin. It produces a big variation dre telectric field between the edges of the anode
strips and the middle inducing big gain variations.
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Micro-Gap Wire Chamber

In order to solve the gain variation present in M&C, the Micro-Gap Wire Chamber
(MGWC) was proposed [CHRISTOPHEL1997]. Its layousiisilar to the MGC but the anode
strips are substituted by wires with a diametesyoh or 1Qum. They held at a distance of\ib
above the cathode plane (d&gure 2.27). Experimental tests have not shown a improvement o
the detector behavior if anode wires are usedansté anode strips [SAULI2002].

Figure 2.27 Scheme of a MGWC with
equipotential and field lines. The circle filled
with lines is the section of an anode wire
[CHRISTOPHEL1997].

Micro Dot gas Chamber

Manufactured with metal-oxide semiconductor tecbggl the Micro Dot Gas Chamber
(MDGC) [BIAGI1995] consists of a dense pattern mdividual proportional counters made up
of anode dots surrounded by annular cathodesKgpee 2.28. For convenience of readout,
the dots can be interconnected by a metal layeetburnder the oxide. Field defining rings
reduce the field distortion induced by the intermections and prevent the onset of discharges.
The MDGC is ideal for applications that require tlegection ofmultihits (simultaneous events
on the amplifying structure) because it has a pgkeicture with a fast response.
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Figure 2.28Scheme of a MDGC (top view) [SAULI1999].

Micromegas

The MICRO MEsh GAseous Structu(MICROMEGAS) [GIOMATARIS1996] consists of a
thin metal mesh, stretched above an anode readectragle (at a distance of 50-100).
Regularly spaced (~1mm separation) supports camgistf insulating pillars guarantee the
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uniformity of the gap. A high electric field (3-®°1V/cm) is applied across the multiplying gap,
where the primary electrons are collected and piigtl (seg~igure 2.29.

[BAROUCH11999]. The electric equipotent lines
(dashed) and the electric field lines can be s€ba.
mesh (in the middle) separates the drift region
(above the mesh) and the multiplication region
(below the mesh).

The MICROMEGAS exploits the saturating characterssbf the Townsend coefficient at a
very high field to reduce the dependence of gaintt@ngap variations, thus improving the
uniformity and stability of response over a largeaa Thanks to the small gap and high field, the
positive ions released on the avalanches move oquaickly. This induces very fast signals with
very small ion tail. Besides, most of the ions addlected to the top surface of the mesh
preventing ion feedback

The use of the pillars introduces two main drawbaé&kstly, due to the electric field, the
mesh tends to blend to the anode plane. At thegen®the amplification gap is shorter and the
electric field is higher. It implies that the gai® not perfectly uniform along the detector
surface. Secondly, the pillars radius is largenttiee mesh cell size, what generates areas where
the particles are not detected (Ségure 2.30).

Figure 2.30 MICROMEGAS
mesh (view from above)
[HOCH2004].

The MICROMEGAS has been used in many experimenisglthe last decade and its structure
is also used as a preamplification stage for alegices [ANDRIAMONJE2004].
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Compteur a Trous and Well detectors

We have seen that it is difficult to obtain a umifiogain over the whole detector area if a
parallel-plate structure is used. This is becatsestrong dependence of the gain on the gap
thickness and the electric field. Ti@ompteur a Trou§CAT) was introduced to solve this
problem. It consists on a “metal-dielectric-metafindwich drilled with holes. The dielectric
material guarantees the gain uniformity. The CAT emntiates the field lines converging from
the drift volume into a region of high field, wheoharge multiplication occurs (séegure
2.3)).
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Figure 2.31View of the section of a CAT
hole with electric field and potential lines
[SAULI1999].

Renamed aSVELL detectofBELLAZZINI1999], a group from Pisa introduced thden of
manufacturing the CAT detector with anode padsesdstof an anode plane making the 2D
readout easier (séagure 2.33.

Eapton layer

Wwell

Mstal I layer

Charge collection pads
(Metal ) i

Rend-oul strips
(Mewl 2 luyer)

Inzulating suppert  (3000)

Figure 2.32The WELL detector [BELLAZZINI1999].
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This device is not free of problems. The dielectraterial of the holes is usually removed
through standar@rinted Circuit Board(PCB) techniques. Therefore, the walls of the hales
not vertical, being the hole radius smaller atltwer part. The ions generated at the hole are
sometimes attached to the walls. This process epds discharges. The hole radius have been
optimized [PITTS2000] and a laser have been uséddiltdhe holes more [PITTS1999].

This detector has been wused successfully for tireehred x-ray experiments
[SARVESTANI1999; SARVESTANI2001].

Micro-CAT with redundant electrodes

High rate x-ray detection introduces the problemnmadtihits when 2D position determination is
demanded. Théicro-CAT with redundant electrodd€ATER) [BERG2000a] detector was
designed to solve simultaneous events. It consises conventional CAT detector with three
readout electrodes having different angle betwhemt(sed-igure 2.33.
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Figure 2.33 CATER detector. View of the
section of a hole (up) and view of a hole from
above (down) [BERG2000a].

Gas Electron Multiplier

The Gas Electron MultipliefGEM) [SAULI1997] consists on a dielectric foil (uely Kapton)
metalized on both sides and perforated by a mafrioles (holes radii~40n and separation
between holes ~14@n). Applying a voltage between the two conductilags, a strong electric
field is generated inside the holes ($égure 2.34. A readout plane is placed below the GEM
amplification structure (seEigure 2.35. Primary electrons released on the drift regioifisd
into the holes, where they are multiplied. A sigisainduced on the readout plane. The region
between the amplification structure and the reagtare is calledtransfer gap

THASSETR

Figure 2.34 Section of a GEM amplification structure with eléctfield and potential
lines (left) [SAULI1999]. Picture of a GEM amplifition structure (right) [HOCH2004].
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Figure 2.35View of a whole GEM detection system.

GEM foils can be multi-staged allowing a distrilmutiof the amplification over several foils and
achieving safe detector operation ($égure 2.36. Under this configuration, the Raether limit
can be exceed [PESKOV2001].
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Figure 2.36 Gain as a function of the GEM applied voltage
for a single, double and triple GEM. Each gain eus/plotted
until the sparks limit. It can be seen how; thengdépends
exponentially on the voltage. Every amplificatiolage can
raise the gain more than one order of magnitude
[HOCH2004].

The main GEM drawbacks are the aging and the changimgAnother disadvantage is the
primary electron transmission from the drift regitm the transfer gap. Depending on the
geometry and operating voltage, the primary electioud can be reduced when crossing the
amplification structure. In this case, the appliettage on the plates has to be increased in order
to increase the gain.

The holes geometry and disposition along the plarstudied in a simulation work in order
to optimize the primary electron transmission adl vas the gain [BOUIANOV2001]. An
interesting variation of the GEM is tlé&as photomultiplier with GEM structuré. consists on a
GEM with a photocathode on the amplification layar,the face opposite to the readout side. It
offers single detection for UV light. However thdngbocathode offers a poor conversion
efficiency.
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Micro-Hole and Strip Plate
The Micro-Hole and Strip PlatdMHSP) [VELOSO2004]combines the amplification of the
GEM and the MSGC. It consists on a GEM detector witsegmented backplane. At the
backplane, the holes are aligned within cathodpsstwhile the anode strips run between them.
Two electric voltages are applied, correspondinghtwo amplification stages: one between
the two sides of the holes (similarly to the GEMyJl aanother between the cathode and anode
strips at the backplane (similarly to the MSGCe(Bmure 2.37).

Gains up to 5-Tbhave been reached detecting 5.9keV x-rays usi@BPs Ar + 5% Xe gas
mixture at atmospheric pressure.
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Figure 2.37 The MHSP: picture of the top plane (up-
left); picture of the backplane (up-right); andctsen

of the detector with electric field lines and areew
description (down) [VELOSO2004].

lon Trap Micro-Strip

The electric field generated by the ions movinghe cathodes is calleidn backflow This
electric field distorts the drift field, bendingetlprimary electron trajectories; what worsens the
spatial resolution (seBigure 2.38. This is a major problem when usingTane Projection
Chambers(TPC). These detectors use the primary electron ftimfe to determine the third
dimension of the interaction position. The ion fémk also distorts the primary electron drift
time; what worsens the spatial resolution of theieal coordinate. Moreover, primary electrons
can be recombined by the backflow ions. This efiescproportional to the ion density and
therefore, it is rate dependent.
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Figure 2.38lon backflow.

In order to reduce the ion backflow at the multation region, thdon trap technique is
proposed [BOUIANOV2004]. lon trap detectors haveithelectrodes implemented as non-
planar structures with more than one active surfadee cathode structures are placed
symmetrically with respect to the surfaces of thede (sed-igure 2.39. The primary electrons
drift to the anode, through a random path, wheeeattalanche takes place. The ions leaves the
avalanche region drifting to the cathodes, and ardynall fraction of them escape the avalanche
region moving to the drift region. THen Trap Micro-Strip(ITMS) was the first MPGD that
used the ion trap concept.

Figure 2.39The ITMS [BOUIANOV2004].

Theinclined MicroChannel PlatéIMCP) has attempted to reduce the ion backflose Esgure
2.38 at the drift region. It consists on a plane vatkeries of inclined tunnels in the presence of
a magnetic field. The inclination is such thataircides with the electrons Lorentz angle but
not with the ions one (séggure 2.40. In this way the electrons can drift throughut lthe ions
get attached. This device has been tested with aR@IBEGAS amplification structure
[VRA2005].

Figure 2.40Inclined MCP+MICROMEGAS [VRA2005].



3.The new detector

This chapter contains the description of the MRM@ describe first the proposed detection
structure, its working principle and the advantagfeiss design with respect to its competitors.

The second section is dedicated to the detectotromtion process describing the techniques
used for the building up of the different partstbé detector, as well as the layout of the
prototype. The manufacture limitations have beentedi out because they introduce constrains
on the optimization process.

In the third section the readout electronic sysiemresented. The delay line readout system
is first described. After that, the different deascinvolved in the readout are studied; including
simulations and experimental tests. Finally, twufe improvements of the readout system are
described: an upgrade of the delay line based teaystem and a parallel readout system.

3.1.Overview of the MRMC

The MRMC and its principle of operation are preedrit this chapter.

Our group has a grant of the Ministerio de Educagi@iéncia (Grant No. FPA2003-05050) to
develop detection systems to perform 2D time resblxperiments in the sub-millisecond time
scale for small angle x-rays scattering (SAXS) eixpents. This project includes the
construction of a MWPC and the test of new striegufor future developments. The
construction of the MRMC is included in this lasjective.

The main objective of the construction of this deiegs the improvement of the spatial
resolution, the local count rate and the dischdrgelness of the present detection system. In
order to enhance the spatial resolution and thal loount rate, the MPGD approach has been
chosen. It consists on building a high electrodessidy detector with a high density of
electrodes: short distance between cathodes (bpatsmlution) and short anode-cathode
distance (local count rate). The sparks hardnessiiked out, among other characteristics, with
a resistive layer on the anode surface.

The device is described in the next subsection.pEiameters of the final design (SEsble
5.1) are given after the simulation and optimizatiturdy.
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3.1.1. Description of the device

The MRMC is a one amplification stage MPGD. It catsbn an enclosure filled with gas. In it,
two different regions are distinguished: tieft region and theamplification region They are
separated by the cathodes mesh Bgere 3. 1andFigure 3.2); which is grounded.

In the drift region, the opposite face of the calé® mesh is the so-calledndow It consists
on a thin layer (10@m) with a conductive layer (1#n). Applying an electric potential
difference between the window (-1000V) and the ed#s mesh (0V), an electric field is
generated in the drift region. It is the so-caltiid field (~10°V/cm).

In the multiplication region, the opposite facetloé cathodes mesh is theode It consists
on a conductive plane with a resistive layer. Oa thsistive layer, a set of small pillars
separates the anode from the cathodes mesh. Amieligeld is generated in the multiplication
region by the electric potential difference betwdlea anode (2000V) and the cathodes mesh
(OV). It is themultiplication field(~10°V/cm).

Muluiplication region

Dol regeon

Figure 3. 13D view of the chamber. It can be seen the drift amultiplication
regions, the cathodes mesh and the anode planepdtheof some primary
electrons going from the x-ray interaction pointthe anode plane can also be
seen.
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Figure 3. 2Lateral view of the different parts of the MRMC {rin scale). The
cathodes mesh is formed by two layers of cathodpssflight grey) separated
by a kapton layer (black). The anode plane hagex laf resistive material on it

The cathodes mesh consists on two conductive ldgerseed by Cu strips. The two planes are
separated by a dielectric layer. The cathode stipbe plane which is facing the drift region
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are calledupper cathode stripéseeFigure 3. 3. The upper cathode strips have holes on their
center along the strip. The cathode strips of the fahich is facing the multiplication region are
the lower cathode stripgseeFigure 3. 4. They have a particular shape which forms holes at
their edge. These holes have a larger radius comhparde upper cathode strips holes, and are
aligned to the upper cathode strips holes.
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Figure 3. 3View of the cathode mesh from the drift region. Thpper cathode
strips and their holes are observed. The kaptornmhtand the lower cathode
strips can be observed between strips

Figure 3. 4 View of the cathodes mesh from the multiplicatiegion. The
lower cathode strips and their holes are obserVhd.upper cathode strips can
be observed between strips. The dashed circles thargositions of the pillars;
that separates the mesh from the anode.

3.1.2. Principle of operation

An x-ray that enters into the chamber through tivedaw can interact with the gas through the
photoelectric effect. If so, few hundreds of prignatectrons are released in the drift region. The
drift field drives the electron cloud first to tkathodes mesh (s&g&gure 3. 1), and then into the
multiplication region. There, the electric fieldvery intense and therefore, the avalanche takes
place. A signal is induced on the anode and oméighboring upper and lower cathode strips.
Using the anode signal as a trigger, the positiothe event is solved with the signals of the
upper (X) and lower (Y) cathode strips. Finallye ibns released during the avalanche, leave the
multiplication zone through the holes and to thedew.

3.1.3. Advantages

Experience with MPGD has raised two major problef85IEKHTMAN2002]: damaging
discharges and, aging during continuous irradiatibiso counting non-uniformity has been
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seen in many MPGD. It is usually due to a non-hoemegus gain over the whole area of the
detector. In this subsection the advantages oMtR&C design are reported.

Pick up the signal at the mesh

In order to decrease the probability of dielechieakdown, the anode applied voltage must be
reduced. This can be done, without decreasing theiesicy of the detector, increasing the
signal sensitivity of the cathodes.

In other MPGD designs the cathode strips are plasead readout plane below the anode
[BRESSAN1999b]. The MRMC cathode strips are pladethe mesh. Consequently, the signal
sensitivity of the MRMC pick up strips is highegrapared to conventional MPGD. This design
allows a decrease on the multiplication field withéoosing detection efficiency. This reduces
the probability of arising of sparks; either vokaipduced or rate-induced.

Resistive anode

Studies of Resistive Plate Chambers (RPC) have istibat highly resistive electrodes quench
the discharges at an early stage. In these dedigassparks affect the detector only locally,
without damaging the readout electronics. This tetihgy is already been used in some MPGD
showing local count rates above®#@/mnt with gains of 18 [IVANIOUCHENKOV1998]:;
[FONTE1999].

A resistive layer is attached on the anode planth®fMRMC. It reduces the formation of
sparks and diminishes the damage they could makeetdetector. Its resistivity and thickness
have been optimized to allow local count rates’mnt.

Thick strips

It has been seen experimentally that the damadiegte of discharges can be irreversible if
thin strips are used [BRESSAN1999a].

Thick cathode strips (2&n) are set in the MRMC design enhancing the detesttength
under discharges and preventing the mesh to be Dleisthelps the multiplication distance to be
constant over the detection area; improving tha gaiformity.

Number of pillars

The multiplication distance is set by the pillaraghé Depending on the distance between
pillars, the multiplication distance can vary aldhg active area.

In order to guarantee that the multiplication ciseis the same for every hole, the pillars are
set with a period of two cell sizes, in the midgieint between four holes (sé&égure 3. 4.
Consequently, the gain uniformity over the wholeaaof detection is improved.

Mesh geometry

Close to the amplification zone, the presence efediric material leads to gain instabilities due
to the charging up [SHEKHTMAN2002]. To avoid thidesft, a minimum dielectric material
has to be used in the detector [RKANE2003]; esplcisdar the avalanche zone. The radii and
thicknesses of the cathodes and dielectric matefizhe mesh have been chosen in order to
reduce the charging up. Firstly, these parametave been chosen to optimize the collimation
of the avalanche ions when crossing the mesh. Sgcothe dielectric material near the
avalanche region is removed during the etching fsgere 3. 15in subsection 3.2.2).
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In addition, the MRMC parameters have been optithiveavoid the avalanche ions to end
their paths on a cathode surface which is faciregatalanche region. This solution aims to
diminish the ion feedback.

Gas mixture

A xenon based mixture is used; 0.9-Xe + 0.1.GChas been demonstrated that the choice of
this gas reduces the aging (see subsection 2#h2)xenon is used instead of argon as a noble
gas since the x-rays in xenon have a higher phett@ cross section. Moreover, the
photoelectron range is shorter, what enhancespigasresolution (see subsection 4.1.2).

3.2.Building up processes

In this section the construction processes of ifferdnt parts, as well as the prototype layout,
are described. The most critical part to buildchis tathodes mesh. Its complicated shape and the
requirements for the dielectric disposition andghwothness of the edges make its construction
difficult. The manufacture of the pillars structuaad its alignment to the cathode structure are
also challenging.

For the construction of the detector, two differeitions where considered: the Centro
Nacional de Microelectronica (CNM), or the PCB wahtkp at Centre Européen pour la
Recherche Nucléaire (CERN). Both have advantagesi@wbacks.

The CNM is placed near the synchrotron site allonangood control on the construction
processes. The technique that would be used to hb#d cathodes mesh is based in
microelectronics lithography processes that haverg good precision. However, this technique
does not allow the construction of the structurefarge areas (>5x5c&nand presents lots of
difficulties in constructing thick structures (>108). In other words, it is a good technique to
construct small structures with a high precisiotn With difficulties to build large structures.
Besides, they do not have experience in constmictimilar detectors, or even similar
structures.

The CERN PCB workshop is placed near Genéve. This sndKécult to control the
construction. Nevertheless, the construction ofdbtector at CERN has several advantages.
Firstly, the technique that would be used to buhé cathodes mesh is the ChemicalVia
[CERN2002], a new method to make microvias in higiericonnect PCBs. This technique has
demonstrated to have a good precision (<fri0with a large variety of materials. Secondly,
they have a very large experience in constructiR@® with similar structures [SAULI1997;
BELLAZZINI1999; BELLAZZINI12000; LABBE1999]. They develomnd test their own
MPGDs [DICK2004]. Thirdly, the structure can be biil large areas (10x10&nand they are
planning to construct structures with areas of ®@xZ. Fourthly, not only the cathodes mesh
structure would be constructed there, but the whelector. Finally, its price is much lower,
compared to the construction at the CNM.

It was decided to build the detector at the PCBkafoop at CERN.

Prototype layout

The prototype layout is shown here determining dtigerent structures that have to be built.
The parameters of the final design (s€able 5.1 are given after the simulation and
optimization study.
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This layout is based in four different layers.

The first layer is the “support + anode + resistasger + pillars”; that is callednode layerlt
consists on a ceramic layer with a Cu anode pladeaaesistive layer that have the pillars on it.
The ceramic layer has a little hole to apply thedengoltage to the anode plane. The pillars
structure consists on the pillars, that cover ttiva area, and a frame that surrounds it (see
Figure 3. 9. It has four holes at the corners that are usedlfgnment purposes.

PFillar ial Ancdo plnnu +
are materi Raaistive layer Algnment hales

Figure 3. 5 Top view of the anode layer. The four
white circles in white represent the alignment hole
The zones represented in grey lines represent the
pillars material. The zone in grey represents the
resistive layer; which is placed between the araot

the pillars.

The second structure is the cathodes mesh layeontists on two cupper foils separated by a
dielectric layer (sed-igure 3. 6. The cupper layer that is facing the drift regidhe upper
cathode) has the upper cathode strips pattern.ifitiisdes the strips (ending at one edge) and
the mesh holes. The cupper layer which is facingntiiéiplication region (the lower cathode)
has the lower cathode strips pattern. This inclutdesstrips (ending at one edge) and the mesh
holes that have a smaller radius compared to tperugathode pattern. The dielectric layer has
the mesh holes with the same radius as the low#oda holes. Both cathode foils and the
dielectric layer have four holes at the corners #éna used for alignment purposes.

S yer

Lower cathode
sirips

Cu layer

Upper calhode
shrips

Dielectric material Upper cathode sirips  Alignment holes Diglgctric: material Alignment holes

Figure 3. 6 View from the drift region (left) and from the ntiplication region (right) of the cathodes mesh
structure. The four large white circles in whit@mesent the alignment holes. The small circles hitevrepresent
the cathode strips holes. The black lines are diétematerial; which can be seen between cathtdessin the
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right figure, the zones in light grey represent ffeets of the upper cathode strips that can be feem the
multiplication region.

Placing the cathodes mesh layer on the anode l&yemultiplication region is defined. This
can only be accessed through the holes becaudewvtke cupper layer is laying on the pillars
material frame outside the active zone (Begure 3. 7).

Lippor canade

airips (C) Drift region
tecine: 1
Liowear cathods
sirips {Cu) Multiplication
region
Anode *
ressiren layer
/
*
Alignmen] screwe Ceramic suppor

Figure 3. 7 Lateral view at the edge of the anode
layer + the cathodes mesh. The view is not in scale
The vertical cut of the two first holes at one edfe
the active area can be seen, as well as the alignme
screw of that corner.

The third layer is the drift frame. It consists@square frame with four vertical alignment holes
at the corners. It also has a gas valve at one widsnnect the inner part of the detector with
the gas bottle. The height of the frame is equéheadrift distance and the inner area is equal to
the active zone (sddgure 3. 8.

Algnmeni holes

“"t‘l.:d.,_mt_

Gas wabve

Figure 3. 8Drift frame.

The fourth layer is the window. It consists on i tkapton foil (10@m) with a thin aluminum
pattern on it (1pm). The Al pattern has a square shape and it calveractive area. It has one
connection to the edge of the window layer (Begire 3. 9.

In Figure 3. 10the prototype design layout is shown. The drdinie, the cathodes mesh and the
window confine the drift region.

This prototype design has two main objectives. Tingt bne is to have a high degree of
flexibility that allows the replace of the differigparts. The second objective is to have access to
all the connections. Depending on the test, thieoth strips can be all grounded, some of them
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connected to a preamplifier or connected to a ditesy Besides, the absence of a box makes
the layout cheap.

This prototype design has two main drawbacks relatdtie absence of a metallic box. The
first one is that the prototype is not sealedniplies that, in order to maintain the required
cleanliness, the gas must be in continuous flowngan through the valve, and going out
thorough the small holes between cathode stripgtangossible leaks. The second drawback is
the electromagnetic shielding. The absence of a&dwosunded box allows the electromagnetic
noise to enter into the box increasing the noise.

Figure 3. 9Window layer.

fﬂ__,mgnment u.:rewu...,__ﬁ

Ceramic support Pillars matarial Cathodes mesh

Figure 3. 10Prototype layout.

3.2.1. Anode layer

In this subsection the building process of the anager is described. The procedure starts with
a ceramic support layer that has a small hole. Ehissed for the anode connection. First, a
copper layer with area equal to the active areposited on the ceramic support (Begure 3.

11 (a). It is the anode. Then, the anode is painted witbsistive material and it is dried in the
oven (sedrigure 3. 11 (b). The resistivity and thickness is controlled vprgcisely. Once the
resistive material is fixed, the pillars materialdeposited on the structure, covering the whole
area of the ceramic support (deigure 3. 11 (c). The height of this layer is the multiplication
distance. The pillars material is then irradiatedyering the pillars pattern (pillars + and



Building up processes 49

surrounding frame) (sefeigure 3. 11 (d). This process changes the chemical structureeof th
pillars material in the desired zones. Finally, steicture is attacked with a chemical product
that removes the not-irradiated pillars materiak@gure 3. 11 (e).

This process has one limitation related to the igilleeight. The depth that the irradiation can
penetrate into the pillars material is limited. Téfere, when irradiating the pillars material, the
lower parts are not irradiated. Consequently, tlzeses are chemically attacked ($egure 3.
12). The building capabilities allow a maximum pillangight of 20@m for the MRMC. It
assumes a little error at the lower part whichasaritical if the radius is 126n.
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Figure 3. 11Building process of the anode layer.

rachabed

r""'"'! Zone of the pillar
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Figure 3. 12 Pillars slope error at
their lower part.

Figure 3. 13Picture of the corner of the anode layer. Thegslimaterial (pillars + surrounding
frame) is quasi-transparent (light grey) and thamesf the pillars on the resistive material
(black) seem darker. The ceramic support (white) ko seen between the active zone (black)
and the surrounding frame (light grey). The regestpainting is slightly transparent and
therefore, the anode Cu foil can be distinguisheldve the resistive painting, at the edges.
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3.2.2. Cathodes mesh layer

The building process of the cathodes mesh layeessribed in this subsection. The process is
divided in three main steps: upper cathode patigriower cathode patterning; and, dielectric
patterning.

The first process is sketched figure 3. 14 It is started with a dielectric (Kapton) layerthvi
one cupper layer attacked at each side. The uppkeods layer has a photoresist film on it
(Figure 3. 14 (a). Then, a mask, which has the desired patterdaced on the photoresist film.
U.V. light is applied. The photoresist film is patly irradiated, changing the chemical
properties of the materiaFigure 3. 14 (b). The third step is to submerge the whole strudture
a chemical product that attacks the irradiated gdqRgure 3. 14 (c). Finally, the structure is
submerged in a chemical product that attacks timpeumaterial that is not protected by the
photoresist. The desired pattern is obtairledure 3. 14 (d).

thdddddd
— gk
| So—]

Dielechric (Kapbon)

| &} L]
dddaadaa

5] L]

Figure 3. 14 Process of fabrication of the upper
cathode patterning.

The photoresist is patterned with vertical wallsdese the U.V. light has arrived vertically.
However, when attacking the cupper, all the matex@am be removed. The chemical product
attacks the surface uniformly. This leads to smianvalls. In order to make the structure with
vertical walls, the under-etching technique muskeb®loyed. It consists on making the mask
with smaller dimensions than the desired pattedhaitack the cupper controlling the exposure
time (seeFigure 3. 15.

For the thicknesses and materials of the MRMC,uhger-etch is 50m and the minimum
hole radius that can be drawn in the mask isn25Thus, the minimum hole radius that can be
built is 75um.

The second step to build the cathodes mesh is ttermiag of the lower cathodes. It is the same
as the upper cathode patterning.

The third step is the patterning of the dielectriatenial; which is placed between the cathode
planes. The desired pattern of this layer is theesamthe lower cathode plane. However, it is
desired that the dielectric area is smaller thanaitea covered by the lower cathode in order to
reduce the charging up. This process is done atigitke structure from the lower cathode face
with a chemical product that only dissolves theletigic material. Controlling the time, the
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amount of removed material is controlled (8égure 3. 16. In Figure 3. 17two pictures of the
prototype cathodes mesh taken with the Scanningrledicroscope (SEM) are shown.
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Figure 3. 15Under-etching process. The desired hole
radius is larger than the radius of the mask.

Upper cathode strips

o

Kol
.“ Dielectric b

Lower cathode strips

Figure 3. 16Dielectric pattern process. It can be seen that
no dielectric material remains close to the pafith®@ions;
which have been released during the avalanche. gbey
from the avalanche to the window, crossing the niesin
down to up.

. TN

.ﬁ\\ / '\.\ “_,-ﬁ" II\'\.,_‘ ‘_,.-" ".\H H

V' Y Y

| s
By SO

T = GBS B a = 2ET D 8 M 7758
o Bpmtirn i = 5 BE e LR

[ [T D o S
Hags JMOX B 4 WEe B At s # 3555 LR R ]

T
O

Figure 3. 17Pictures of the prototype cathodes mesh taken tw&fSEM; from the drift region (left) and from the
multiplication region (right). In the right imagéhe dielectric material is not observed. In the lefage the
dielectric material can be observed in the whitelei In it, it can be seen that the dielectric enial covers less
area than the lower cathode strips.



52 The new detector

3.2.3. Drift frame

The drift frame is fabricated with Macor. This ma&is chosen because it is resistant, it can be
easily machined, it is radiation hard and it does autgas. The easily machining is needed to
obtain the required flatness over the whole argh the required precision at the alignment

holes.

3.2.4. Window

The window consists on a Kapton layer (160 with an aluminum foil (1fpm); which is
deposited with the desired pattern.

3.3.Readout, electronics and DAQ

The readout system is described and characterizédsisection. The MRMC readout system is
based on a delay line. This readout system is kmellvn by our group since it is being used for
the MWPC that is going to be installed in the SAst&tion of BM16 beamline at the ESRF.

A description of the delay line based readout sysie given first. Afterward, the different
components and devices included in this readoutesysare studied. Finally, the future
perspectives of the readout system are described.

3.3.1. Delay line based readout system

Delay line based readout electronics for x-ray adetectors used to carry out dynamic
measurements with synchrotron radiation are usestlyndue to its relative simplicity and low
cost [EPSTEIN1998].

In the delay line based readout system, the catredeetrodes (wires, strips,...) of each
coordinate (X,Y) are connected to a delay line (Seare 3. 19. A delay line is a transfer line
which delays the signals that are transmitted finoi. A signal that is introduced in a given
position of the delay line is transmitted to botide of the delay line with a time delay which is
proportional to the distance that the signal hagetied in the delay line.

The localization of the event starts with the captof the anode signal. Then, the four
cathode signals are received; two cathode signaising from each delay line (X,Y). The
cathode signals arrive at times that are direatbpertional to the X and Y coordinates of the
event (sedrigure 3. 1§. The position of the event in one coordinate Entlsolved from the
time difference of the two pulses of the delay lfiehat coordinate.

The whole readout system consists on: two dela l{jo@e for the upper cathode and one for
the lower cathode); five preamplifiers (one at esicte of each delay line and another one for
the anode); a Constant Fraction discriminator (GRDJime to Digital Converter (TDC); and, a
histogramming system.

When an avalanche takes place, a signal is indat#te neighboring cathode strips (upper
and lower) and at the anode plane. The cathodessifipne plane are transmitted to the delay
line. There, the signal is divided and transmittedhte delay line extremes with a time delay
proportional to the length traveled in the delaneliAt the extreme of the delay line, a pulse is
transmitted to a preamplifier, where the signalamplified. The amplified signal is then
transmitted to the CFD, which determines the argviime of the pulse and generates a digital
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signal. The four digital signals of the cathodesx®emes of 2 delay lines) and the one of the
anode are transmitted to the TDC, which determihesposition of the event from the time
difference between pulses. Finally, the positiostased in the histogramming card.
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Figure 3. 18Delay line position localization principle.

3.3.2. Discrete delay line

A delay line is a transfer line that delays in tithe traveling signal. There are two types of
delay lines: continuous and discrete. The discretaydines consist on: an array of condensers
(C) and inductances (L) that connect the cathodesnretween their extreme (Segure 3.

19).

e
Ie Te¢ T TI¢

Figure 3. 19 Section of a discrete delay line. The blaze
symbols represent the inductances (L); which has an
associated resistance (R). The thick lines reptesea
cathode electrodes.

Time delay

When an event takes place, a signal is inducedgabap of cathode electrodes. This charge,
that is integrated in the delay line, leaves thaade through the delay line in the two directions

(seeFigure 3. 20.
‘ H‘L----Event

Dielay line

-— —»
q q

Figure 3. 20Signal division in a delay line.

When a signal crosses one cell of the delay line (0+ one C), it is delayed a timex(}
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tceII = \/E (3 1)

The total delay time (i) @ pulse takes to go from one extreme of the datayto the other is
Tiwta=N-Ter; Where N is the number of delay line cells. Conmgathe arriving time of the pulse
at both sides of the delay line, the position efé¢lvent can be solved.

Characteristic impedance

From the point of view of the transmission linee tHiscrete delay line has a characteristic
impedance (&)

7, = .jLW+ R 3. 2)
JICw+G

where R is the resistance and G the conductancs. éXgression can be approximated to
Equation 3.3if the conductance is very low and R is low conephiio L/C

z, D\/% 3. 3)

If the value of 4 is not similar to the preamplifier impedance @j0the signal is reflected. In
this case, when a pulse is arriving at one sidehef delay line, part of the signal is not
transmitted to the preamplifier but reflected. Th#lected pulse travels along delay line in the
opposite sense adding noise to the signal at thex stde. This distortion can be large enough to
impede the detection. Consequentlyy Zust be similar to the input impedance of the
preamplifier.

Attenuation

The pulse amplitude is reduced in the delay linetdubedelay line series resistan¢Bq) (the
conductance is very low) and to the low pass fiktnoduced by the LC circuit.

The series resistance of the delay line is the madddf the resistance of the pads connecting
the inductances (fRand the inductances series resistangg. (Fhus, Ry=Ry+N-R.. Depending
on the pads design i not negligible. The transmission of a signad &equency equal to OHz
through a real delay line is

transmissbn|,_ = EXF{_Z—EMJ (3. 4)
&0

The delay line is also a first order low pass filteor an imaginary delay line withJ&0Q the
cutoff frequencyf) is

1
f= = 3.5
277/LC 3.3)

The cutoff frequency is used in this subsectiortliercalculation of the rise time (see later). The
attenuation is 20dB/dec for frequencies higher than
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Attenuation characterization

Our group has been working with two different desigf the pads where the components of the
discrete delay lines are soldered (A and B desighs frequency response of both designs is
tested in order to choose the most adequate foptbimtype. Both designs have the same
components (C=22pF; L=54nH; 835mQ) of the delay line that is proposed for the MRMC
prototype. Their series resistances are first studi

Both pads design of the delay lines consist on layers of 18m thickness; Sn and Cu.
However, the number of cells in the delay linesn®l 8 are 98 and 198, in that order. Due to
space restrictions on the PCB surface, the totaks length (L) in delay line A and B are
278mm and 1073mm, in that order. The width of tlaeks in delay line A and B, are 3580
and 20@m, in that order. The resistance of the tracks eoting the inductances is the parallel
resistance of the Cu part and the Sn part.

R = prsn'Rp,Cu — Psn'Pecu E (3 6)
R .+R + S .
p,Sn p’Cu pSn pCU

where S is the section of each layer of the paglis the Sn resistivity (0.12-mnf/m) andpc,
is the Cu resistivity (0.01&-mnf/m). For delay lines A and B,pRs 0.7A2 and 6.54. Thus,
Riotis 3.92 and 11.38. FromEquation 3.4, the attenuation in DC is 4% and 11% (-0.35dB and
-1.01dB), respectively.

The series resistance of both delay lines is medsiRoex=3.92 and 11.2. It agrees with
the theoretical value. Therefore, the calculatibthe track resistance is correct.

The frequency response of both delay lines is destith a spectrum analyzer Agilent CSA
N1996A [AGILENT2006] and with a network analyzer Agite ENA E5071B
[AGILENT2005]. In this test, a sinusoidal input sigié a variable frequency is introduced in
one extreme of the delay line. The amplitude ofdbput signal at the other extreme is stored
as a function of the input frequency ($égure 3. 21). The frequency response in db is negative
because the delay line attenuates the signal.

The theoretical values of the attenuation (-0.38d8 -1.01dB) in DC mode agrees with the
measurements (see zoom windowrigure 3. 21). The difference between the two curves is
due to the series resistance of the delay lineseitwe, it is very important to use low

resistivity inductances and proper pads desigorder to prevent the signal to be diminished by
the delay line. The A design is chosen for the piypie.

Prototype delay line

The delay line that is proposed for the MRMC prgpet has the same configuration as the
MWPC that is going to be installed in the SAXS istatof BM16 at the ESRF (C=22pF;
L=54nH; R =35m2). The use of this inductance is highly recommendeed to its low series
resistance; what reduces the pulse amplitude atemuat the delay line. The A design of delay
line is chosen due to its better performance.

The prototype has 128 cells. Its delay line has fibleowing characteristics: .§i=1.2ns;
Twta=155ns; 4=49.92; Ri=4.4Q; f.=145MHz; and, £2.4ns. The frequency response will be
very similar to the A design of the delay line (Ségure 3.21).
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Frequency response of delay lines A and B
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Figure 3. 21Frequency response of delay lines A and B. A zobitihe frequency
range 0-40MHz is shown.

3.3.3. Preamplifiers

The signals of the anode and cathodes need to bifiathprhis is because they are too small
for to be treated by the CFD. The amplification ane with five transimpedance preamplifiers
(2 per delay line x 2 delay lines + 1 anode). Thdseices amplify the input current and
generate an output pulse; whose amplitude is ptiopad to the input current. This is true if the
input pulse width is longer than the preamplifiesponse time [KNOLL2000].

The requirements for these devices are a large facapilbn, in a large bandwidth, and a low
noise. In other words, they require a large signahoise ratio. They have also to match the
delay line 4. Moreover, they are must be stable and dischdrgesb

A commercial preamplifier (Femto HCA-40M-100K-C)tivia gain of 18//A and a bandwidth
of 40MHz [FEMTO2005] is used for the MRMC tests. Thigamplifier is chosen because it

has been already used by the detectors group spayaiad spark hardness. This is important
since the response of the prototype is not known.

Frequency response

The frequency response of the preamplifier is testgd a spectrum analyzer Agilent CSA
N1996A and with a network analyzer Agilent ENA E5B7(seeFigure 3. 22. The values of

the frequency response (expressed in dB) are pediecause the preamplifiers amplify the
signal.
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\ Frequency response of the comercial preamplifier \
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Figure 3. 22Frequency response of the preamplifier.

Studying the pulse at the output of the preamplified using the frequency responses of the
delay line and the preamplifier (sEgure 3.21andFigure 3.22, the frequency structure of the
pulses generated at the detector can be deduced.

Signal-to-noise

One of the figures of merit of the gas proportionabmbers is that they are single photon
counters. With the appropriate DAQ and the absericeoise, this would lead to an infinite

dynamic range. This is the detector goal for somgedments which need to differentiate
between diffraction spots an intensity differen€same orders of magnitude.

The signals received by the DAQ are the additiomvent pulses and noise. Both have an
amplitude distribution. The noise of the input sigat the CFD is the addition of the detector
noise (amplified by the preamplifier) and the preéfier noise itself.

The signal amplitude, or the noise amplitude, isansingle value but a distribution. In order
to suppress the noise, a threshold is set by thB. Ger this purpose, it is needed that the
distribution of signals amplitude of the event pglgloes not overlap with the distribution of
noise amplitude. It is said that the system is wuykproperly is the two distributions, events
and noise, are completely separated.

3.3.4. Constant Fraction Discriminator (CFD)

The CFD determines the arriving time of each pudse it generates a digital pulse at that time.
Every pulse has a different amplitude, rise timd anise. When determining the arriving time
of the pulse, two effects can introduce uncertamtithe noise and the differences in amplitude
and rise time. These variations are reduced ermgagn algorithm calle€Constant Fraction
Timing Its working principle is described. Firstly itverts and multiplies the signal by a given
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factor. Then, it adds this new pulse to the origored. Finally, it determines the arriving time as
the time the final pulse crosses the OV.

A Philips Scientific CFTD 715 with 75ps time resadut is used. The preamplifier cathodes
total length is L=50mm and the total delay of théagdine is T=155ns. The correspondence
space/time is 16118n/ns. Thus, the corresponding maximum spatial wsol this CFD can
perform with this system is (0.075ns)*(16{m3/ns) =12.4m. It fulfills our spatial resolution
requirements.

3.3.5. Time to Digital Converser

The TDC solves the position of the event from the filigital signals generated by the CFD.
When it receives a signal from the anode chann#ieCFD, it opens #ime windowlarger than

the delay time (T). If, during this period, it reees one signal from each cathode channel of the
CFD, it determines the event position in coordisat@nd y.

(tx1 _txz) +T L
2T

3.7)

where X is the event position; ind £, are the arriving times of the pulses at each sidbe
delay line; and, L is the cathode length. Finallysends the (x,y) position to the histogramming
card. A TDC developed at the ESRF is used: the NHERVE2004b].

The TDC opens a time window when an anode pulseeatriduring this period, the TDC
expects one pulse from each cathode channel. Howatvdigh count rates, other pulses can
arrive to the TDC during the time window. In thisseathe TDC rejects both events because it
can not distinguish which pulses come from whickrgv This introduces a limit regarding to
the count rate. The count rate is also limited ®rézovery timgRT). This is the time the TDC
needs to determine the event position and senikhfilienation to the histogramming card.

The count rate capabilities of the TDC-N110 are istiéh order to determine if it can fulfil
the detector requirements or not.

Count rate tests of the N110

The count rate limits of the TDC are studied. Thenaig from the CFD are simulated with a
pulse generator. The TDC time window is set to 20 the output count rate is stored as a
function of the input pulse rate (sEmgure 3. 23. The time between pulses is uniform.

Three regimes are observed. The first one istoeptatiorregime which covers the input rates
from O to }(T + RT)' It can be observed that, in this regime, the dutpunt rate is the same as
the input rate. This is because after one evenndiepulse arrives after the time window and

the recovery time of the first event; and thustfal events are stored (degure 3. 29.
The second regime is tipartial rejectionregime which covers the input rates from

}(T + RT) to % . In this regime, the output count rate is halftad tnput rate. This is because
after one event, the next one arrives during thewvery time. It allows the TDC to solve the

position of the first event, but it does not opke time window for the second event (§egure
3. 25.
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‘Output count rate of the TDC-N110 vs. Input rate (T=200ns)‘
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Figure 3. 230utput count rate of the TDC-N110 as a functionit®finput

rate.

The time window is 200ns. A pulse generatonded to simulate the
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Figure 3. 25Loosing regime scheme of the TDC-N110.
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Finally, the third regime is théotal rejectionregime which covers input rates fro% to

higher values. In this regime, the count rate i® Z€his is because after one pulse, the next one
arrives in the time window of the first one, rejagtboth events (seigure 3. 26.
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Figure 3. 26Rejection regime scheme of the TDC-N110.

FromFigure 3. 23 333MHz = /]{

T + RT) and3MHz = }/T As the total delay is T=200ns, the

recovery time is RT=100ns.

Simulation of the N110 count rate capabilities

The count rate capabilities of the TDC-N110 are esith here. The time distribution of the
events detected by the detector is first discussed.

The electron bunches in the storage ring have ag@uise structure. The time between bunches
is ~2ns [MUNOZ2006]. Consequently, the distributiohtime between photoionizations has
also a pulsed time structure. However, the photpaiions are produced along the drift space
and the electrons drift time is much larger thamtime between bunches. Therefore, the pulsed
structure is lost. As a result the time betweenlamghes in the detector follows a Poisson
distribution.

A code that simulates the TDC has been developed. ific@ming rate has a Poisson
distribution. InFigure 3. 27the simulated output count rate of the TDC-N118hswn as a
function of the incoming rate. The TDC-N110 counerhinit (1.11MHz) is much lower than
the detector count rate capabilities (see sectidn 4

This TDC does not fulfil the detector requirememtgéarms of global count rate. However, with
the information ofFigure 3.27this TDC can be used for the determination of thteater count
rate. It can also be used to acquire 2D imagedstmréfore study the spatial resolution and the
gain uniformity of the prototype.
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|Simulated TDC-N110 output rate (T=160ns)
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Figure 3. 27Simulated TDC-N110 output rate as a function efitiput rate
(Poisson). The time window is set to 160ns. Theimear output count rate
is 1.11MHz; which is achieved at a Poisson inpte of 3.62MHz.

3.3.6. Histogramming card

The last device of the data acquisition systenhéshistogramming card. This device stores the
events in a 2D histogram.

The DAQ system must generate histograms from theatigput coming asynchronously
from the TDC. The acquisition time is split into frasy each consisting of a live time and a
dead time. A histogram is built for each frame dgrihe live time. A set of up to 1024 frames,
each identified by a frame number, form a cyclecohfigurable number of cycles form a run.
Histogram data are accumulated for each frame numalbeoss all cycles and thus the
histogramming memory contains a maximum of 1024ogiems regardless of the number of
cycles in the run. Live and dead times for each &amthe cycle must be programmable.
Depending on the type of experiment, histogramssiange from 64x64 up to 8192x8192
points, with a pixel depth of 8, 16 or 32 bit. Affaming space of 256 MByte is required to
acquire a large number (up to 1024) images. Thesgystust allow the selection of a region of
interest (ROI) and accept either 1-D or 2-D imagkdditionally, at the same time the card is
producing a histogram, the DAQ system must cournhts/on eight scaler inputs and output a
data pattern on eight TTL outputs used for experinvemtrol (increasing or decreasing the
temperature of the sample) and synchronizationniogeand closing the shutter).

A new PCI card for the Data Acquisition system (DAfas been built (se@igure 3. 28in
collaboration with the Electronic Engineering Depaght of the University of Valencia
[TOLEDO2004]. The board combines a large on-board MB§te histogramming memory
with a maximum 10-MHz count rate in continuous @p®n and integrates the time frame
generation, histogram building and buffering fuondlities in a single PCI board, resulting in a
fast, compact and cost-effective data acquisitauat®n.
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Figure 3. 28In-house DAQ histogramming board.

3.3.7. Future perspectives of the readout system

The N110 TDC does not fulfil the count rates requiats of the detector system because it can
only performs a count rate equal of few MHz (sebssgtion 3.3.5). The TDC also limits the
count rate capabilities of our delay line basedioea system because it can not solve different
events that have arrived with a time differencerrothan T. An upgrade of the delay line
based readout system is being designed in ordenli@ance the count rate capabilities of the
readout system.

Improvements of the delay line based readout system

Theoretically, the position of different events g in the time window can be solved. It has
been seen that the position of one event is satvaking the subtraction of the arriving times of
the two sides of one cathodg; @nd ). If different pulses arrive at each side of tledag line,
the correspondence between pulses can be founliogebe addition of times

T= tx1 +tx2 + Atress (3' 8)

whereAtssis the time acceptance (the time resolution). Time resolution defines the margin
of agreement of correlation between two pulsesé&uh side of the delay line). In this case, the
limit of the TDC would not the time window, but tipellses time resolution and the velocity of
the TDC.

A new DAQ based on a TDC which can handles diffeer@nts at the same time is under
study. This system could perform a mean count rad®®IHz (TOLEDO2006).

Parallel readout system

During the design of the MRMC, a parallel readowswplanned to be implemented: the
BLADE [HERVE2004a]. Its development was done in dofleation with the ESRF. A
summary of its detector boundary conditions is shawTable 3. 1

The MRMC was designed to be compatible with thigesys Therefore, some of these boundary
conditions were constrains for the MRMC duringdésign phase
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Characteristic Value

Local count rate 1ocps/mn typ.

Strip charge generated 50000 e- (~8 fC) typ.

Strip (or grid) charge time collection 20 ns typ.

Strip to strip skew 4 ns max.

Strip + cabling capacitance 20 pF max.

Single event to number of strips fired 3 typ.

Grid charge generated 90000 e- (~14 fC) min.

Grid + cabling capacitance 50 pF max.

Radiation hardness By detector mechanical design

Table 3. 1Boundary conditions between the BLADE parallel madsystem and the
detector






4 Simulations

In this chapter we describe the simulation worlat ttharacterizes the dependences between the
detector features and the detector building andadipg parameters. This knowledge is required
to optimize the detector response when choosingéhector parameters (see next chapter).

In the first section the spatial resolution of tetector is simulated, as well as the detection
efficiency. A Monte-Carlo based program has beereligped to simulate the spatial resolution
as a function of the x-ray energy; the parallag; gas mixture; the drift field; the drift distance;
the mesh cell size; and, the pixel size. It alsmpates the x-ray absorption efficiency as a
function of the x-rays energy; the window materiatsl thicknesses; the gas mixture; and, the
drift distance.

In section 4.2 the simulations of the three detecttharacteristics which require the 3D
simulation of the movement of charged particlespaesented. Firstly, theesh transparendg
estimated. It is the ratio between the primary teters that crosses the mesh and the electrons
that reach the mesh. Secondly, the gain and thecedisignals at the different electrodes are
simulated with a specific code that we have dewadoprhirdly, two characteristics of the
avalanche ions drift are simulated: the ion drths and the ion drift time.

In section 4.3, two different parameters are sitealathe strip to anode capacitance and the
crosstalk between cathode strips. Both play an iapo role on the readout noise. The
electronics engineering department of the UnivatgNutonoma de Barcelona has collaborated
with us to develop these simulations.

4.1. Spatial resolution

The spatial resolution of a detection system is rtisimum distance between two different

parallel and extremely thin beams that can berdjatshed on the acquired image. The spatial
resolution is limited by th@oint spread functiofPSF). The PSF is the acquired image of an
extremely thin dispersion free x-ray beam, andsually follows a Gaussian distribution at the

central part. The spatial resolution is definedresFWHM of the PSF. In order to enhance the
spatial resolution of the detector, the FWHM of #8F must be reduced. Different factors
introduce the dispersion in the PSF. These are dhallpx, the detector factors and the readout
factors.
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Parallax

The parallax occurs when the beam enters into adgeesctor with an incident angle. Under
these circumstances, the projection of the phottrédepositions on the detection plane is not a
point but a line. Consequently, the detected pwsitn the detection plane is extended (see
Figure 4. 1).

'4- Dendes B erindiow "i

Detwction plane

Figure 4. 1Parallax effect on the PSF. The arrow
heads represent the photoelectric effect points.
The dotted lines represent the projected positions
on the multiplication/readout plane.

Detector factors

The detector factors that worsen the PSF are thtoeleatric size, the primary electron drift
and the sampling of the primary electrons. Wherptihaoelectric effect occurs, a photoelectron
with energy equal to the x-ray energy minus thelinig energy is ejected. The photoelectron
ionizes the gas atoms along its path until it ertialized. Thus, the primary electrons are not
produced on the photoelectric interaction point, & the surroundings. Besides, the excited
atom releases its energy through an Auger eledrdhuorescence. These processes also leave
primary electrons away from the photoelectric affamint. Thephotoelectric sizés the width of
the primary electron distribution (2.35-sigma) aftee photoelectric effect and the de-excitation
processes. The detector computes the positioneok4tay through the position of the primary
electrons. Consequently, the detected position migpen the photoelectron, Auger and/or
fluorescence emission angles and ranges. The photoe size is one of the largest effects
regarding on the worsening of the spatial resotutio

The second factor is the primary electron drift. Bneor on determining the mean primary
electron position is enlarged because the electrares diffused when drifting to the
amplification region. The information of their irdtiposition is diffused worsening the PSF.

The third factor is the “grouping” in discrete pasits of the primary electrons when arriving
to the amplification/readout plane. In the cas¢hefMRMC, the primary electrons are detected
on the holes positions. In the case of a MWPC teetmns are detected along the anode wires.
Due to this grouping, some information about th#varg position on the amplification/readout
plane is lost and therefore, the spatial resolusomorsened.
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Readout factors

They are the electronic noise, the delay line sraord the sampling of the arriving positions.
The signal noise of a pulse causes errors whemndiei@g its arriving time. It implies an error
on the position determination that enlarges the, Hslelay line readout is used.

The delay line errors are the variations on theydigtae in some cells due to variations of the
specified values of the components of the delag. IMoreover, the delay line attenuates the
different frequencies of the pulses with differattenuations (seEigure 3.21). The arriving
pulse times are distorted by these errors and,xpkaieed above, the spatial resolution is
worsened.

When storing the x-rays arriving positions in ai@ilgimage, there are a finite number of
possible stored positions. Because part of theviagiposition information is lost, the spatial
resolution of the system is worsened.

We call thedetector PSRo the acquired image of a beam with size, disperand parallax
equal to zero and considering no errors from theaat, sampling or storing.

4.1.1. Detector physics simulator

A program has been written with three main objesivThe first objective is to estimate the
position distribution of the primary electrons gimg to the cathode mesh. It allows us to
compute thestrip fired number the number of strips which detects primary etatsr This
magnitude has to be equal or lower than threerilf® readout is used (see subsection 3.3.7).
The second objective is to simulate the positiagtrifiution of events stored by the detection
system. This is necessary to simulate the PSFrandpatial resolution. The third objective is to
compute the ratio between the number of x-raysititatact with the gas and the initial number
of x-rays; thedetector efficiency

The whole simulation involves different processeshwdifferent probability distributions.
Due to the stochastic nature of the different sated processes, a Monte-Carlo based
simulation program is needed. The program compfites the x-ray interaction point, the
photoelectron emission direction and range, thexstation mechanism of the excited ion, the
fluorescence x-ray interaction point, the Auger &sitn angle and range... The positions of the
primary electrons in the chamber are determineth Wiese calculations. Then, the simulator
drifts the primary electrons to the amplificatieddout plane and stores their arriving hole
position. The event position is stored as the mpamary electron arriving position. This
process is repeated a given number of times gemgran event position distribution: the
detector PSF. The event position distribution isvoduted with a step function with a step size
equal to the pixel size. This shows the spatiabltg®n of the acquired image, assuming zero
readout noise. The real spatial resolution is witrah the simulated one because the electronic
noise is not taken into account. Besides, the epesition is computed as the mean final
position of the primary electrons. In other woraqerfect readout system is supposed.

In Figure 4. 2 a snapshot of the simulator is shown. Above tlegmess bar (horizontal blue
line) the detector and beam parameters which carhaeged are shown. They are grouped in
different categories. Below the task bar there te results. Some of the objects of the
simulator are described:
» The "Hole/wire pitch” (in the Sampling zone) is thell size (distance between anode
wires at a MWPC).
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* The position of an event is the average of the fprahary electrons positions of that
event (no electronic noise). Then, the “Mean beasitijpn” is defined as the mean

position of the events position.

« 2.35*sigma of the primary electrons positions o @vent gives an idea of the size of its
electron cloud; the event size. The “Mean 2.35*sigoh primary electrons distribution”
is the average of the event size for all the events

« The “beam 2.35*sigma” is the 2.35*sigma of the esgmbsition distribution. After the

anode split, it is the FWHM of the PSF-.

* The “simulated spatial resolution at histogram”rie FWHM of the convolution of the
detector PSF with a step function with a step walihal to the pixel size.
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Figure 4. 2Detector physics simulator snapshot.

4.1.2. X-ray energy dependence

Roughly speaking, the cross section of the phottiéteeffect decreases with the x-ray energy
in the energy range we are interested. Therefoghehithe x-ray energy is; the higher the
window and gas transmission are, increasing thebeumf x-rays that can interact with the gas.

’ Window transmission and total efficiency vs. X-ray energy
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Figure 4. 3Window transmission and total efficiency as a fimttof the x-
ray energy. The drift distance is 2cm. Each gadurixis composed by 80%
of noble gas plus 20% o CO2. The window consist7/fum of carbon plus

25um of Kapton plus 30m of charged Kapton.
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The window transmission and the total efficiencg aimulated (se&igure 4. 3 for three
different gas mixtures. The Krypton based gas meéxhas the higher efficiency at 15keV. This
is because only fory&14.3keV the photoelectric effect can occur witlcélons of the K shell,
and therefore the cross section increases drdgtical

In many experiments a minimum count rate is need&xlertheless, the dose which the
sample can support, in terms of radiation damagi@nited and therefore the beam intensity can
not be increased freely. As a consequence, a mmirtaial efficiency exists. This limit is
considered to be 50%, for many experiments.

Concerning about the spatial resolution, differefiects related to this figure of merit takes
place when varying the x-ray energy. The first athe photoelectric size. The distance needed
to thermalize a photoelectron depends on its endrgg higher the x-ray energy is; the higher
the photoelectron energy is; and therefore, thgelathe photoelectron path is. Therefore, the
primary electron distribution after the photoelecwffect is larger for higher x-ray energies,
worsening the spatial resolution.

The photoelectric size is simulated as a functiontr& x-ray energy for different gas
mixtures. The results are shownRigure 4. 4 It can be observed that for Kr the photoelectric
size for x-rays of 14keV is worst (larger) than ferays of 15keV. This is because for energies
higher than 14.3keV the photoelectric effect cacuoavith electrons of the K shell, decreasing
the range of the photoelectron.

] Photoelectric size vs. X-ray energy ‘
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Figure 4. 4Photoelectric size as a function of the x-ray eperg

The second effect related with the spatial resmiutvhen increasing the x-ray energy is related
with the photon interaction coefficient. The shottex photon interaction is; the larger the mean
distance the primary electrons have to drift isatvanlarges the size of the primary electron
cloud and therefore, worsens the spatial resolufldnms effect is much less important than the
photoelectric size dependence.

In order to simulate the spatial resolution of tetector for different x-ray energies, we first
simulate the detector PSF (deigure 4. 5) In Figure 4. 5the central peak corresponds to the L
shell ionization. The other counts, inside the ddsképse, correspond to the photoionizations
of the M shell (lower binding energy); which releasa more energetic photoelectronFigure
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4. 5the M shell counts are 20% of the total counts; Wiiarresponds to the known proportion
of photoionization between the M and L shells (Eable 2.4.

] Detector PSF for different X-ray energies ‘
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Figure 4. 5DetectorPSF for different x-ray energies. The gas mixtsreomposed
by 80% Xe + 20% CO2, the drift field is 1000V/crhgetdrift distance is 2cm; the
hole-hole distance is 40f, the beam is placed at 100 from the central hole, the
pixel size is 100m, and; théoeam parallax and beam size are set to zero. Tlh#so
in the dashed ellipse come from the M shell phaoti@ations.

The spatial resolution of the detector as a funabibthe x-ray energy is simulated for different
gas mixtures (sekigure 4. 6.

’ Spatial resolution vs. X-ray energy ‘
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Figure 4. 6 Spatial resolution as a function of the x-ray egerghe
parameters are equal thigure 4. 5.
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4.1.3. Beam incident angle dependence (parallax)

The parallax changes the PSF. The PSFKgpae 4. 7) and the spatial resolutions (deigure
4. g for different beam incident angles are simulated.
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Figure 4. 7PSF for different beam incident angles. The parameire equal
thanFigure 4. 5but with fixed x-ray energy (10keV) and a varialieident

angle.

Spatial resolution vs. beam incident angle ‘
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Figure 4. 8 Spatial resolution as a function of the beam intidgmgle. The
parameters are equal thdfigure 4. 5 but with a fixed x-ray energy
(10keV) and a variable incident angle. The angl&Grfirad correspond to a
detector distance equal to 10m with a sample-teatiet distance equal to
10cm.

FromFigure 4. 7it can be deduced that the detected position i®qoal to the position of the

beam at the window. This is not important sinceaih ©e corrected by software a posteriori,
having the correlation between the detected poséind the position of the beam at the window
over all the detection area. This calibration carebsily done irradiating the detector uniformly
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from the sample position with a mask, consistingadayer with equally spaced small holes,
placed on the window.

It is also observed that the PSF is wider for mmii beams than for the vertical beam.
Consequently, the spatial resolution depredateswiwining the x-ray beam. This is observed
in Figure 4. 8

4.1.4. Drift distance dependence

Two parameters change when varying the drift digarnkbe total efficiency and the mean
distance the primary electrons have to travel. Végation of the mean primary electron drift
distance changes the mean size of the primaryrefectoud arriving at the mesh. This implies a
variation on the spatial resolution, the stripdirumber and the local count rate.

We show in this section the variations of the t@fficiency, the spatial resolution and the
strip fired number as a function of the drift dista. The local count rate is studied in subsection
4.2.4.

Total efficiency
The total efficiency as a function of the drift diste is simulated (séagure 4. 9)

Total efficiency vs. Drift distance ‘
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Figure 4. 9 Total efficiency as a function of the drift distancThe x-ray
energy is 10keV, the gas mixture is Xe 90% + CO%210he window is
formed by 374@m of carbon and 5Bn of kapton; which has a transparency
of 81%. In order to have a total efficiency>50%, a drifttdicce>1.3cm is
needed

Spatial resolution

Due to the diffusion of the electrons during thdtdthe size of the primary electron cloud is
larger for larger drift distances. The stored positof each event is the mean position of the
primary electrons. Consequently, when the positiohthe primary electrons are distorted by
the diffusion, the point spread function becomaghtlly wider. The simulations of the spatial
resolution and the electron cloud size shows tlopgrtionality between both parameters under
the variation of the drift distance (sEggure 4. 10.
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’Spatial resolution and Electron cloud size vs. Drift distance
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Figure 4. 10 Spatial resolution and electron cloud size at the
readout/amplification plane as a function of thétdtistance. The detector
parameters are equal to tkégure 4. 9 but the beam distance from the
central hole radius is zero.

Another important aspect of the electron cloud sélated to the spatial resolution is its value
with respect to the cell size. This effect is expdal in subsection 4.1.8

Strip fired number

The larger the drift distance is; the larger thecebn cloud size at the cathodes mesh is; and
therefore, the larger the strip fired number i @gure 4. 11).
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Figure 4. 11Number of primary electrons detected at each upptrode strip. The grey lines indicate
a possible threshold levels for the electronice dibtector parameters are equal toRigeire 4. 9
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4.1.5. Drift field dependence

As it can be seen iRigure 2.13 the diffusion coefficients vary as a functiontbg electric

field. Therefore, the size of the primary electodoud varies when changing the drift field (see
Figure 4. 12. With the parameters used Kigure 4. 12 the primary electron cloud size
increases when increasing the drift field; what th@simplications explained in the last section.

\Primary electron cloud size at the mesh vs. Drift field \
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Figure 4. 12Primary electron cloud size at the cathodes meshfasction
of the drift field. The x-ray energy is 10keV, tbas mixture is Xe 90% +
CO, 10%, the drift distance is 2cm, the hole-hole atise is 400m, the
beam is placed on a hole, the pixel size isph®0and; the beam parallax
and beam size are set to zero.

4.1.6. Noble gas dependence

In the previous simulations we have taken into antdéhree different noble gases: Ar, Kr and
Xe. Their main detection characteristics of thesmegare simulated (s&éable 4. J).

Ar Kr Xe
8keV 10keV 12keV| 8keV 10keV 12key 8keV 10keV 12keV

Minimum drift distance

50% total efficiency (cm)
Photoelectric sizeufn) 310 470 620 185 266 360 93 132 181
Primary electrons cloud

size at the meshufn) 1250 1426 1675 1000 1100  130¢ 367 419 508
(drift distance =2cm)

Spatial resolutionym) 368 420 759 287 410 566 206 220 270

9 12 16.5 5.7 7 10 1.0 1.3 1.9

Table 4. 1Different simulated detection characteristics far, Kr, and Xe based gas mixtures. In these
simulations, quenching gas is €20%, the drift field is 2000V/cm, the cell sizedi@Qum, the pixel size is
10Qum and the beam is placed on a hole.

4.1.7. Quenching gas proportion dependence

The proportion of quenching gas affects mainly tlwaracteristics of the gas mixture: the mean
Z and the quenching power. The change of the mdsasZhe same effect as changing the noble



Spatial resolution 75

gas (see last section). The best simulated detdetdures are performed by the lowest
guenching gas proportions. However, the detectarrmu@ be operated without any quencher
because it would detect many events of de-excitati€onsequently, a compromise must be
reached. This proportion is set experimentallythasguench process can not be simulated.

4.1.8. Cell size dependence

The cell size conditions the precision on deterngrthe position of the x-ray. This is because
the primary electron cloud is sampled when it egesthe readout mesh through the holes. This
effect is negligible if the cell size is smalleaththe primary electron cloud size at the mesh. If
not, the position determination of the event cdfeslarge errors (se€igure 4. 13.

Mashh-‘u];; I I' T

Figure 4. 13Error on solving the x-ray position. The case atight shows
an error on the position determination.

The error on determining the position of the ewdun to the cell size is maximum when the x-
ray beam is placed a quarter of the cell size feonole center (seéeigure 4. 14. The maximum
error on determining the position depends alsohenprimary electron cloud size at the mesh
(seeFigure 4. 15).

] Position error vs. X-ray beam distance from hole center ‘
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Figure 4. 14 Position error vs. x-ray beam position. The x-raergy is

10keV, the gas mixture is Xe 90% + CO2 10%, thé& distance is 2cm, the

cell size is 40pm and the beam parallax and beam size are setdo ze
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Maximum position error vs. Cell size
for different drift distances

[microns]

—u— Drift distance = 1cm | - -
--e®-- Drift distance = 2cm
----A--- Drift distance = 3cm
---v--- Drift distance = 4cm ‘

Maximum position error

400 600 800 ~ 1000 1200 1400
Cell size [microns]

Figure 4. 15 Maximum positioning error vs. Cell size for different drift
distances. The x-ray energy is 10keV, the gas méxtiXe 90% + C10%
and the beam parallax and beam size are set to zero

The cell size obviously introduces geometrical ca@iss to the different cathodes mesh
parameters. It conditions the maximum radius oflther cathode holes; what determines the
maximum radius of the upper cathode holes andittae mdius; what determines the maximum
pillar height.... These geometric constrains coadithe gain, the signal, the local count rate and
the mesh transparency; which and are studieden $atctions.

4.1.9. Pixel size dependence

The point spread function is the convolution of eliént effects that distorts the x-ray detection.
The sampling of the data, when storing it to a digithage, is one of these effects. The spatial
resolution is the FWHM of the convolution of thetelstor PSF with a step function with a step
size equal to the pixel size. This dependence ofgatial resolution on the pixel size can be
observed irFigure 4. 16, Figure 4. 17&andFigure 4. 18

| Spatial resolution vs. Pixel size]
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Figure 4. 16 Spatial resolution as a function of the pixel siZée x-ray energy is
10keV, the gas mixture is Xe 90% + CO2 10%, thésiee is 40Qm, the drift distance
is 2cm, the beam position is 108, and the beam parallax and beam size are setdo z
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‘ Acquisitions of two beams separated 250pum with different pixel sizes

Pixel size=100um| Pixel size=150um
* = -—‘ " "
Pixel size=200um Pixel size=250pm

Figure 4. 17 Acquisitions of two beams with different separasiofihe first
beam is placed at 10t from the central hole (aufn). The x-ray energy is
10keV, the gas mixture is Xe 90% + €00%, the drift distance is 2cm, the
cell size is 400m and the beam parallax and beam size are setdo e
minimum pixel size to distinguish between the tweaims is 200m (see
Figure 4. 16.

‘ Acquisitions of two beams with different separations (pixel size=200um) ‘

i m

Separation between beams 150pm\ Separation between beams 200pm
[ Separation between beams 250um| [ Separation between beams 300um|

Figure 4. 18 Acquisitions of two beams separated @®0with different
pixel sizes. The first beam is placed at 10from the central hole (atuf).
The x-ray energy is 10keV, the gas mixture is X890 CO, 10%, the drift
distance is 2cm, the cell size is 400 and the beam parallax and beam size
are set to zero. Under these conditions, a pixal ef 25@m is required to
distinguish between the two beams (Begure 4. 16.

4.2.3D Simulations

In this chapter we show the simulations of the meahsparency, the avalanche and signal
development and the ion drift. These simulationsehawcommon that they need the 3D electric
fields to simulate the movement of the chargedigda# in the chamber. For this purpose it is
needed to combine the gas transport propertiestlamdhree dimension electric field. The
different programs and their associations are desgin subsection 4.2.1.

Unless specified, in this section the simulatiores show have been done for the optimized
MRMC whose parameters are summarizetable 5. 1
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4.2.1. Simulation tools and shell layout

For the simulation of the detector, four differeptograms have been used: Opera3D
[OPERA1997], Magboltz [MAGBOLTZ1995], Heed [HEED1995]and Garfield
[VEENHOF2001]. The first one is an electrostatidtérelement method simulator. With it, the
three dimensional electric fields have been congdte each model of MRMC. Also the
weighting fields of the electrodes surrounding #hwalanche are also computed with it. The
second program solves the Boltzmann transport @msafor electrons in gas mixtures under
the influence of electric and magnetic fields. TheeHl program computes in detail the energy
loss of fast charged particles in gases, takintaadéctrons and optionally multiple scattering of
the incoming particle into account. The program a#so simulate the absorption of photons
through photo-ionization in gaseous detectors. Igin&arfield is a gas detector simulator that
combines all the data from the other programsrtaukite the movement of the charged particles
and their multiplication in the detector. This pragr is nowadays widely used by the scientific
community [TIKHONOV2002] and [TSUTOMU2005]. Garfielthat implements Magboltz and
Heed, runs under a Linux operative system (in ofg &d Opera3D runs under a Unix
operative system (in another PC).

The Opera3D is in fact a package which containsetldiferent programs: the pre-processor,
Tosca and the post-processor. The pre-processoiF{gere 4. 19 generates the model. It is
used to build the structure, set the materials #rel boundary conditions (voltages and
symmetries) and write the table of node positiohesca computes the electric field and
potential in all the volume. Finally, the post-pessor is used to analyze the results and write
the tables of electric fields and potential at tlogle points. The Garfield program interpolates
the electric field and potential in the detectanirthe files of tables of nodes positions, three
electric field components and electric potential.

E0en

Tl

Figure 4. 19Snapshot of the Opera3D pre-processor. The meghtose
calculate the electric fields and potential carobserved.

Shells layout

Many different models have to be simulated. Ongstias been written for each computer to
automate the process of a model simulation. Theictire is shown ifrigure 4. 2Q
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Figure 4. 20Linux (left) and Unix (right) shells. Once the \ales file has been written, the Linux shell is
started by the user. The Unix shell is always rngnichecking every minute if the trigger file egiswWhen it
happens, it starts the steps shown in this scheme.

4.2.2. Mesh transparency

The signal amplitude of the event is proportiomatiie mesh transparency. In order to estimate
the ratio between the number of electrons that l@anehave not crossed the mesh, a uniform
distribution of electrons is left at the drift regi separated 6@@n from the cathodes mesh.
Their drift is simulated and their final positiotosed.

The simulations show a complex dependence of thé tnassparency on many parameters,
such as: the upper and lower cathode hole radie#, tatio, the upper cathode thickness, the
drift field, etc. The mesh transparency can vaogmr70% to 95% for the models which have
been considered.

4.2.3. Avalanche and signal simulator

We have developed an avalanche simulator code wtdashbeen implemented into a script that
works in Garfield. The resistive layer effects héeen taken into account as well as the space
charge. The model describes the avalanche in stepse micron. At the beginning of each
step, the variation of the electric field due te thsistive layer and the space charge is computed
and subtracted to the electric field simulatedliaemce of avalanche. Then, the multiplication is
calculated. During each step the electric fieldassidered constant and therefore, the number
of electrons at the end of the step {®

n, =n_-exp 1xm) (4.1)

where T is the Townsend coefficient. After that, #lectron velocity and the longitudinal
coefficient are simulated. The first one is needeslimulate the timing of the avalanche and the
induced signal in the electrodes. The longitudawafficient is needed to compute the avalanche
spread; also needed to simulate the total pulsellfj the induced intensity and charge at each
surrounding electrode are simulated using the sitadlvelocity and the weighting fields.

Resistive anode effects

The resistive anode effects are the reduction #ie due to the multiplication field drop caused
by the generation of an electric potential in tkeistive layer. This electric potential, that is
contrary to the applied on at the anode, is geedrhy the current present in the resistive layer
during the avalanche.



80 Simulations

The current in the resistive layer has two differengins. The first one is the induction of
current due to the movement of the avalanche elestfRIEGLER,2002b]. The second one is
the direct transport of the avalanche electronmftbe avalanche region to the anode plane
through the resistive layer. The magnitude of thst #ffect (13°A) is much smaller than the
magnitude of the second effect (). Therefore, only the direct current is considefer this
simulation. This current depends on the rate ofinceming x-ray and the total charge of the
events. This rate dependence of the gain due toetfistive layer has been studied elsewhere
[FONTE,1999].

Another effect of the resistive layer exists. Ithe charge dispersion in a resistive layer. If the
anode layer is connected to the high voltage orflyough the edges of the layer
[KHAZINS,2004] the deposited charges leave the anplane following a large path on the
layer surface with a given velocity [DIXIT,2004].h& accumulation of the charges of many
events reduces the multiplication field. In thisseathe surface resistivity plays the most
important role. This effect is not relevant in th&RMC because the resistive layer is connected
to the anode over the whole surface.

Space charge effect

The space charge effect is the variation of thetedefield in the multiplication region due to
the presence of the electrons and ions [LIPPMANR]20The electric field in the different
zones of the avalanche is different because iffected by different charge distributions. In
order to simulate the space charge effect, threenastions are made.

The first one is to consider only the effect of thes. The electron cloud has a symmetric
shape. Due to the electric field that the electiormsiuce, the electrons in the front part of the
avalanche are more accelerated downwards but & iorthe rear part are less accelerated; the
overall effect on the gain is approximately zero.

The second approximation is to consider that the mne fixed on their ionization position.
This assumption is already used by other groups [MIRRN2004a] and it is justified since the
ion drift time is ~1@s and the complete avalanche development takes ~2ns

The last assumption is to consider that the incrémktine avalanche is constant. This is true
for the major part of the process because the ashtéagrows in saturation (seeure 4. 21).

With the three approximations, the space chargebeatescribed as

- N
Space Charge 0 Eions,, Dze— Y (4. 2)

step step TE rstep

where Eiongep is the electric field produced by the ions geredain one step, d, is the
number of ions produced in one step agg is the distance of the ions of one step to the
avalanche. Due to the assumption of a constanttbrofvthe avalanche, ,is constant and
thus

Z e Nstep _ Nstep'e_ step=300
2 step=1
step 47 (rstep) 47

1
5 (4. 3)
rstep

The sum of ¥ from 1 to few hundreds, tends to a value 1.6.
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N. e
=_P" 16 (4. 4)

Avalanche —
4

E

Avalanche of one electron

We first simulate the avalanche produced by onmamy electron. The avalanche simulation

with and without the resistive layer or the spakarge effects is shown Figure 4. 21 It can

be seen that the reduction due to the space clslayger than the one due to the resistive layer.
Nevertheless, the resistive layer effect is presieming all the process because it is produced
mainly by other events; consequently, it is morpantant at the first steps of the avalanche.

’Number of electrons vs. Distance from anode plane‘

4x10°

Number of electrons
***** Number of electrons without resistive layer
"""" Number of electrons without space charge

5

w
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B%histance from anbde plane [microns] 50 0

Figure 4. 21Evolution of the number of electrons during thelanahe. The
x-ray energy is 10keV, the gas mixture is Xe 803, 20% and the local
count rate is 1THz/mm2.

The resistive layer effect depends on the locahtoate and the resistivity of the layer. We
show inFigure 4. 22the simulated gain as a function of the local ¢aate using a layer
resistivity of 2.25-18-cm. It is also show experimental data of a simiatector with a
resistivity of 4-10Q-cm [FONTE1999a] and our simulation of that deviElee good agreement
between the experimental data and the simulatiopgasts this simulation model.

The multiplication field intensity has a maximumlug which is found experimentally. Higher
values produce the arising of sparks. In the litegit can be found that similar detectors can
work at multiplication field intensities up to 1®/cm. However, for every single detector this
value can only be found experimentally dependinghengeometry, cleanliness, purity of the
gas... The gain as a function of the applied anodtag® is simulated for two gas mixtures (see
Figure 4. 23. This simulation is not used to decide the valfithe MRMC multiplication field
but it is very useful for the operation of the abe.

The induced pulses at the anode, upper and lowbpdas for an avalanche of one primary
electron are simulated (sé&ure 4. 24. Their corresponding induced charge is: 15.3fGdan
5.8fC upper cathode and 3.9fC lower cathode.
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Figure 4. 22Gain as a function of the local count rate. Theyx-energy is
10keV and the gas mixture is Xe 80% + L£X0%.

’ Gain vs. Anode voltage for two gas mixtures
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Figure 4. 23 Gain as a function of anode applied voltage for tgas
mixtures: Xe 80% + CO2 20% and Ar 80% + CO2 20%e Xkray energy is
10keV and the local count rate is 105 Hz/mm?2.
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Figure 4. 24Induced pulse at upper and lower cathode stripsecto the

avalanche and at the anode. The x-ray energy is\lGke gas mixture is Xe
80% + CO2 20% and the local count rate ¥ H&/mm2.
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Signal of one event

The objective of this chapter is to simulate thgnal induced at the electrodes of the chamber
during an x-ray detection. Similarly to the MWP@gtevent signal is the addition of signals
induced by the avalanches started by that the pyirekectrons that have reached the anodes
region. Using the spatial resolution simulator, tlvenber of primary electrons arriving to each
hole is simulated (s€égure 4. 25.

Figure 4. 25Simulation of the number of electrons arriving acle

hole (numbers in white) and induced charge at sagh (numbers
in black; [pC]). The induced charge at the anodalss shown. The
x-ray beam is on a hole, its energy is 10keV, the mixture is Xe
80% + CQ 20%, the drift distance is 2cm and the local coat# is

10° Hz/mnf.

The intensity signal at each electrode is approteétya Gaussian with a FWHM=20ns and area
equal to the charge generated. The charge geneasftedch strip is much higher than the
required by the parallel electronics (~8fC see tdra@). This indicates the possibility of
working at less gain.

4.2.4. lon drift

In this subsection the trajectories the avalanoms follow to escape from the multiplication
process are simulated, as well as their duratf@njdn drift time.

The simulation of the ions paths is related toitimefeedback (see subsection 2.6.2). It has to be
guaranteed that the ions do not finish their pathsa cathode surface which faces the
multiplication region (se€igure 4. 26. The ion paths origin extends along the voluna the
avalanche covers during the multiplication process.

The ion drift time is simulated (sdégure 4. 27. The ion drift velocity is much higher in the
multiplication region than in the drift region bese it is proportional to the electric field
intensity; which is ~1®%/cm and ~16v/cm in that order. The local count rate of theimited
MRMC is estimated from the ion drift time and theesof the primary electron cloud at the
mesh.
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cr= 1 1 =12510°Hz/ mnt

- ion_ drift _timeevent_area_ 2us4mnt

where the ion drift time is;& and the event area is 4fBx5 holes.
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Figure 4. 26 Simulated paths of the avalanche
ions drifting to the mesh and to the window.
The arrow indicates the ions drift direction.
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Figure 4. 271lon drift time as a function of the distance frohe tanode
plane.

4.3.Capacitances

In this section the simulations of the differenpaaitances of the detector are shown. They are
the strip to anode capacitance, which is relatedh® signal noise, and the strip to strip
capacitance, which is related to the crosstalks Bhudy had to be done in order to evaluate the
magnitude of these effects as a new structure isidered. This work has been done in
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collaboration with the Electronics Engineer Depamin of the Universitat Autonoma de
Barcelona (UAB).

4.3.1. Strip to anode capacitance

The cathode pulse noise is an important parametgarding on the spatial resolution and
detection efficiency. Low values of the noise of ttathode pulses make the localization of the
event more precise and prevent also the pulseldigiee shrouded from the electronics by the
noise. These implications are valid for both readoethods: parallel and delay line.

The origin of this noise is mainly due to the datecapacitance and the leakage current
[RADEKA1988]. The detector capacitance that induoesse on the cathode pulses is the
capacitance between the anode and each cathqule stri

The standard deviation on the charge pulse measumtetine Equivalent Noise Charge (ENC),
can not be simulated from the strip to anode cagaoe. However, we can introduce some
restrictions to the value of the strip to anodeacitance. Typical values of this capacitance in
MPGD vary from 100fF to tens of pF having an EN®nir ~50 e rms to f0e rms
[GERONIMO2001]. The parallel readout requires @stiv anode capacitance lower than 20pF
[HERVEZ2004a]. As a consequence we impose a maxiwfu®pF for the value of the strip to
anode capacitance.

The Agilent Momentum software [AGILENT2004] has bassed for these simulations. Due to
the limitations of the program, the computationtaf capacitances has been done without taking
into account the dielectric material between théhade planes. This approximation is justified
since the region where the capacitance takes @anainly in the multiplication region and also
in the hole region; both without dielectric matéria

The simulation of the whole detector is impossiblee to the very time consuming
calculations it involves. The capacitor transmissis a function of the frequency is simulated.
In the simulations of a low number of cells, th@aeitor transmission adjusts to a model of a
pure condenser (séagure 4. 28. However, when higher frequencies or large nunuferells
are considered, the pure response capacitor migidtby inductive effects. The pure condenser
behavior is valid at our frequencies domain <1GHz.

The capacitances per unit cell between an uppéodatstrip and the anode ffice) and
between a lower cathode strip and the anodg,{&) have been computed (sEgure 4. 29)
These simulations have been done for differentatietesizes in order to extrapolatgyficerand
Ciowrcenl for the complete detector.

CuppreeiF2.5fF and Guicei=1.32+0.0345-(n° of cells). Therefore, for a deteetith 128x128
cells, Gp=320fF and G, =734fF. A detector with 500x500 cells (20x209nC,,=1.25pF and
Ciow=9.28pF; what suits the parallel readout condifizr20pF. Consequently, a ENC<Ins e
in the upper and the lower cathode strips is exgaect
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Figure 4. 28 Frequency response of the lower strips. The siioulat
from 2x2 cells to 10x10 cells are shown. The o#teéps and the anode
are grounded through a@Qesistor.
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Figure 4. 29Equivalent capacitances per unit cell as a functibthe
number of cells simulated.

4.3.2. Strip to strip capacitance: crosstalk

The crosstalk is generated by the strip to stripacdance and it can worsen the spatial
resolution of the detector. We study in this settiwe induced pulse at neighboring strips when
a signal in the time regime of the event pulsdgissmitted through one strip.

The effect of applying a squared pulse (amplitudéahd rise time=10ns) to a strip extreme
is simulated (se€igure 4. 30. The pulse amplitude of the induced signal atribighbouring
strips has been measured in the simulationsKgpee 4. 31).
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Figure 4. 30 Map of electric potential on the electrodes surfabiee
bright zones represent the higher electric poteniiae upper cathode
strips can be seen in the left figure; where theaseg signal is applied at
the left strip. The induced potential at the righip can be observed. A
view from below can be seen in the right figure;evehthe anode plane
and the upper and lower cathode strips can be seen.
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Figure 4. 31input pulse (left) and simulated output pulse atriighboring cathode strip (right).

The crosstalk is proportional to the capacitancéween the strips and therefore, it is
proportional to the length of the strips and ine&rgproportional to their separation. Different
models with different strip to strip distances amnulated (se@able 4. 2. A scaling law is
extracted from this simulation.

Strip to strip distanceun]  Scaling factor

20 1.00
30 0.92
40 0.77
50 0.72
75 0.60

Table 4. 2Scaling factor of the crosstalk effects as a fumcdf the strip to strip
distanceThis factor is valid for models similar to the optzed MRMC.

On the other hand, different models with the samng $o strip distance but with different
number of cells, a different strip length, are deted (sed-igure 4. 32andFigure 4. 33. The
crosstalk effect amplitude of the whole detect@xgapolated from both simulations.
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Crosstalk effects between cathode strips of the same plane
vs. number of cells simulated
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Figure 4. 32Crosstalk effect amplitude between two strips & same
cathode plane.
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Figure 4. 33Crosstalk effect amplitude between two strips dfedént
cathode plane. In the upper-lower case, the inplgepis applied to an
upper cathode strip and the output pulse is meddora lower cathode
strip.

For the prototype, the simulations shows a maxinmosstalk between cathode strips of the
same plane equal to 3%; in the order of magnitudéh® noise. Therefore, this effect can
worsen the spatial resolution but it allows the dyéanctioning of the prototype. However, the
crosstalk can be a main problem if large areasl@seed.

The predictions of the simulations must be crossiobe experimentally with the prototype
prior to the construction of a large area detector.



5.0ptimization

Every parameter of the detector (cathode shapstsntdies, sizes, materials, gas mixture, electric
potentials,...) influences the detector behavioure Tetector parameters, characteristics and
features form a complex net of relationships. g teason a global optimization is needed to
decide the detector parameters. This work is dasdrin this chapter.

In the first section, the relations between theedetr parameters and features are described.
This knowledge is useful not only for the decisairthe parameters, but also to understand the
behavior of the detector during its operation.

In the second section, the decision process oflifferent parameters is described. In it, the
explanation of how every parameter has been chizsegiven. This process has been done
taking into account many different aspects sucthadimitations of the building up technique,
or the detector goals.

Finally, the optimized detector parameters anteasures are summarized in the last section.

5.1.Links between parameters and features

The relations between the detector parameterseatdres are described in this section. First in
subsection 5.1.1, an introduction to the links lestw detector parameters and features is given.
In subsection 5.1.2 the relations between the featand parameters are described.

5.1.1. Introduction to the links between parameters and fatures

The detector parameters can be chosen/controlladgdthe design/operation of the detector.
They are eight: the gas mixture; the cathodes rgesimetry; the multiplication field; the drift
field; the pillars geometry; the cell size; thefddistance; and, the resistivity of the resistive
layer. The cathodes mesh geometry includes theodathstrips shape; the upper and lower
cathode holes radius; the layers thicknesses; tuedseparation between strips. The pillars
geometry includes their height; their radius; atejir density and disposition over the anode
surface.

On the other hand, the detector features are sélverspatial resolution; the count rate; the
efficiency; the gain uniformity; the effect of ttsparks; the charging up; and, the mechanical
instability. The first four features play a role dme quality of the data. The other three are
functioning problems; that can inhibit the use luf tletector. The effect of sparks includes the
rate and intensity of the sparks, and the spartdnieas of the structure.
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There is a complex net of relations which involtes detector parameters, characteristics and
features. With the only intention of illustratinig complexity, the net is shown kigure 5. 1

Gas mixture + Photoelectric size Spat'?|
\ resolution
Mumber of
primary electrans

Multiplication

i Efficiency
& Gain
B Count
Pillars geometry + - - rabe
’ - F=|.J!s,re:ur'marns-hlrl Gain
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- LI .
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. : lon mesh
Cell size . *transparency Effect of

sparks
* Mesh transparency

Drift distance

Mechanical
strength

-
= Electron cloud size
Resistive layer

resistivity Crosstalk

=
=

Figure 5. 1 Scheme of the links between the detector paraséserleft in white rectangles) and the detector
features (at right in black rectangles). Some attarsstics of the detection are shown inside thipsas.

5.1.2. Features influenced by each parameter

In this subsection, the relations between parameted features of the MRMC are explained.
For this purpose, the consequences that a changeqrarameters induces on the features are
explained. This is done for the eight differentgmaeters.

In this subsection the characteristics of the dietecelectron cloud size, mesh transparency,
gain,...) are underlined. The features are in bottiarderlined.

Dependences on the gas mixture

The gas mixture is one of the most important patarseof the detector because it plays a role
in all the physical processes involved in the datec
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The probability of interaction of the x-rays withet gas atoms through photoelectric
effect depends on the gas mixture. Depending onntitde gas, the quenching gas
proportion and the gas pressure, the attenuatiogtheis different. Therefore, the
detection efficiencydepends on the gas mixture (see subsection 2.1.1).

The photoelectric sizevhich is determined by the photoelectron meah,p#pends on
the gas mixture characteristics. It has been skahthe spatial resolution, depends
strongly on the photoelectric size. Consequeniig spatial resolution depends on the
gas mixture (see subsections 2.1.2 and 4.1.2).

Due to statistical reasons, tlspatial resolution depends on the number of primary
electrongreleased after the photoelectric effect. This nendepends on the gas mixture
(see subsection 4.1.2).

The gas mixture rules the gain through the Townsmmdficient. On the other hand, the
detection efficiency depends on the pulse intensithich depends on the gain.
Consequently, the gas mixture characteristics affexdetection efficiency(see section
2.3).

The gainalso rules the ion charging up of the detectomggquently, the gas mixture
affects thecharging up. The charging up can be dramatic if organic gasesused as a
guencher (see subsection 2.4.2).

The gainplays a role on the effects of the sparks bectdusa increase they probability
through the avalanche-to-streamer-to-spark procEsstefore, the gas mixture affects
theeffect of the sparks(see subsection 2.3.2).

The count rate of the detector is affected by the gas mixtureesitnis feature depends
on the ion drift time; which is ruled by the ion hility (see subsections 2.2.1 and 4.2.4).

The primary_electron cloud sizat the cathodes mesh is governed by the diffusion
coefficients of the gas mixture. The vertical sif¢he electron cloud size determines the
pulse time width. This is important for the maximyuoise intensitywhich is related to
the detection efficiency The pulse time width is also important for tlspatial
resolution if delay line is used. The transverse cloud sszdiriectly related to thgpatial
resolution (see subsection 3.3.4).

Dependences on the drift distance

The drift distance is the distance between the suindnd the cathodes mesh. It is defined by
the drift spacer.

The drift distance affects directly tiedficiency since it conditions the amount of x-rays
that interact with the gas (see subsection 4.1.4).

The drift distance contributes to the determinabbthe _electron cloud siz&his affects
the spatial resolution and the efficiency, through the_pulse intensitysee the
dependences on the gas mixture).

Dependences on the drift field

The drift field is set by difference between elecfireld potentials of the cathodes (0V) and the
window (~1000V).
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The drift field conditions the electron cloud siZéis affects thepatial resolution and
the pulse intensitywhich affects theefficiency (see the dependences on the gas
mixture).

The drift field also affects thefficiency through the_pulse intensityince the_mesh
transparencys affected by the drift field.

The charging up is affected by the drift field since the ion mdsnsparencylepends
on this field (see subsection 2.3.3).

Dependences on the multiplication field

The multiplication field is set by difference bewveelectric field potentials of the cathodes
(OV) and the anode plane (~2000V).

The multiplication field intensity affects directihe effect of sparksas the voltage
induced sparks are proportional to it. Moreovevaaation on the multiplication field
intensity implies a variation on the gai@onsequently, it also affects thkdfect of
sparks through the avalanche-to-streamer-to-spark pro@segssubsection 2.3.2).

The multiplication field controls the gasnd the ion mesh transparendye charging
up is directly affected by the ion mesh transpareticis also affected by the gain since
it depends on the generation rate of avalanche(sgessubsection 2.3.3).

A variation on the multiplication field changes thelse intensityas it changes the gain
Consequently, it affects tredficiency (see section 2.3).

The multiplication field intensity determines thenidrift time which rules thecount
rate (see subsection 4.2.4).

Dependences on the cathodes mesh geometry

The cathodes mesh geometry includes the cathonbs stnape; the upper and lower cathode
holes radius; the layers thicknesses; and, theapabetween strips.

The cathodes mesh geometry defines the multiptiodteld during the first steps of the
avalanche. Consequently, it plays an important ooléhe_gainwhich is related to the
charging up, thedetection efficiencyand theeffect of sparks(see the dependences on
the gas mixture).

The position and shape of the cathodes are optihtizeenhance the pulse intensitly
the induced signal; which affects directly tdetection efficiency It also allows a
reduction on the multiplication field. The multipdition field affects thespatial

resolution, thedetection efficiency thecount rate, thecharging up and theeffects of
sparks. (see the dependences on the multiplication field)

The mesh geometry affects directly tifects of sparksbecause the sharper the edges
end, the more probable the arising of sparks is.

The ion drift timeis affected strongly by the electric field neae tbathodes mesh.
Therefore, the cathodes mesh geometry affectscthumt rate of the detector (see
subsection 4.2.4).

The trajectories of the avalanche ions are detaxthby the holes radius and thicknesses
of the different layers of the cathodes mesh. Tlepeddence of the ion mesh
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transparencyon the mesh geometry has a direct impact onctieging up of the
structure (see subsection 2.3.3).

= Similarly, the mesh geometry determines the meshsparencynumber of electrons
that crosses the mesh over number of electronsatiiases to the mesh). The mesh
transparency affects the pulse intensithich is related to thdetection efficiency(see
subsection 4.2.2).

= The mechanical strengthis determined by the thicknesses of the diffefayérs of the
mesh and the surface of contact between layers.

= Thecrosstalk has a strong dependence on both, the distanced®eteathode strips and
the cathode strips thickness (see subsections@6.d.3.2).

= Finally, the strip-to-anode capacitance is deteeaiby the strips geometry; which is
included in the mesh geometry. This capacitancesrtihenoise of the induced pulse
(see subsections 2.5.2 and 4.3.1).

Dependences on the cell size

The cell size is the distance between hole cemtedjacent mesh holes. It conditions (or is
conditioned by) the mesh geometry.

= The cell size affects directly thapatial resolution of the detector. This dependence is
especially strong if the cell size and the primalgctron cloud size at the mesh are
similar (see subsection 4.1.8).

= The cell size conditions the mesh transpareiibys, it affects thefficiency through the
pulse intensity
= The cell size determines the area of overlappirigyéen upper and lower cathode strips.

This determines the capacitance between upper ewmeér|cathode strips; which
determine theicrosstalk (see subsection 4.3.2).

Dependences on the pillars geometry

The pillars geometry includes the pillars heiglagius, density over the anode surface and
position with respect to the cathode holes. Favargcell size, the pillars radius determines the
maximum hole radius of the lower cathodes; whichditons the upper cathode hole radius.
Thus, the pillars geometry conditions the mesh gagonand the cell size.

= The pillars height determines the multiplicationstdnce; which rules the gain
Therefore, it affects thefficiency, the charging up and theeffect of sparks(see the
dependences on the multiplication field).

= The density of pillars over the anode surface deters thegain uniformity because it
guarantees the same multiplication distance foryelele.

= The pillars density over the anode surface, hemd radius rule themechanical
strength of the structure.

= Thecount rate is affected by the pillars height since it coraht the ion drift time(see
subsection 4.2.4).
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Dependences on resistivity of the resistive layer

The resistive layer consists on a mixture of cotitacmaterial and an epoxy. Its resistivity is
controlled by means of the proportion of conductmaterial in the mixture. It is painted and
baked on the anode plane.

= The electric potential difference generated at rimstive layer when a discharge is
developing quenches the spark at an early stagaefidie, the resistive layer resistivity
determines theffect of sparks(see subsection 0 and 4.2.3).

» The resistive layer affects tiogeunt rate capabilities of the detector since it can decrease
the_multiplication fieldat high incoming rates (see subsection 4.2.3).

5.2.Parameters decision

The process of determination of the detector patarmés described in this section. In order to
guarantee the good functioning of the device, therip/ has been to reduce the aging effects,
the dielectric breakdown and the effect they preduacthe structure.

Gas mixture

The best aging resistant gas mixtures for high apf#ications are: Ar or Xe + G(see section
2.4). The use of gas mixtures based on novel gasagntees a low value of the attachment and
recombination coefficients. This characteristic maxes the number of primary electrons that
reach the multiplication zone; minimizing the regdi multiplication field needed to increase
the total charge up to the threshold value. Sifyilahe Xe is preferred as its value of W is
lower than the one of Ar. Besides, the value ofghetoelectric coefficient is higher than the
one of Ar. Moreover, the simulations have showrt ke based gas mixtures perform better
spatial resolution than Ar based ones. For thessores the Xe + C{Qyas mixture is used.

Typical values of the amount of quench gas varnf&®s to 20%. The MRMC is expected to
suffer from photon feedback. Therefore the highaiie of quench proportion is chosen: 0.8 Xe
+0.2 CQ.

Drift

The drift distance and drift field intensity aretelenined. The drift distance conditions the
detection efficiency and the primary electron clsizk. Required by the quality of the acquired
data, a minimum efficiency of 50% is needed. Howgevtee larger the drift distance is; the
larger the primary electron cloud size arrivinghe mesh is; and therefore, the lower the local
count rate is. For this reason, the minimum digtahce (2 cm) that fulfills efficiency>50% for
the energy range of interest (8-12 keV) is choseeKigure 4. 3.

For a given gas mixture, the intensity of the didgtd determines the transport properties of
the charged particles in the drift region. Firsttyhas to be higher than 400V/cm in order reach
the plateau velocity of 5cmé (see subsection 2.2.1). The primary electrondckine depends
strongly on the transverse diffusion coefficientieTprimary electron cloud size arriving to the
mesh must be large enough to involve more than strip in the detection. Otherwise the
determination of the event position is not accuesethe readout system can not average the
charge of different strips. We consider that, ia tase the event is produced on a hole (worst
case), the proportion of primary electrons arriviaghe central strip can not exceed a 50%. The
value of the drift field that matches this conditis ~1000 V/cm.
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Multiplication field

The multiplication field is set during operation ttee highest value that the detection is not
inhibited by dielectric breakdowns. However, itniseded to set a value for the simulations as
other parameters depend on it. The typical valueised in similar detectors is used” ¥cm
[BRESSAN1999a]; [ANDRIAMONJE2004].

Cathodes mesh geometry

This group of parameters includes the thickneghefayers, the radius of the upper and lower
cathode holes and the separation between strigs.ca@thode strips must be thicker to typical
values (~um) in order to resist dielectric breakdowns [BRESE099a]. The standard of the
CERN PCB workshop is used (@8).

The radius of the upper cathode strip holes musiiel because the larger the radius is; the
lower the multiplication field in the hole axis iShis radius is set to the fabrication technique
limit 75um (see subsection 3.2.2). The mesh transparencthandns paths are checked in the
simulations showing good results (see next sulisecti

The radius of the lower cathode strip holes is eho® order to match the same induced
signal amplitude with the upper cathode one. Thiterta determines the value of the lower
cathode strips radius: 158

The separation between strips is set to the minimalme that the building technique allows
(75um) for two reasons. Firstly, avoid the electrongryato cross the mesh between strips; what
reduces the mesh transparency. Secondly, avoidvhlanche ions to go to the lower cathode
strips separation, charging the device up. Thestatls effect is checked showing good results
(see subsection 4.3.2).

The mesh transparency and the ions paths are mutaeby the cathodes mesh geometry
parameters. Both are checked in the simulationwistgogood results (see next subsection).

Cell size

The smaller the cell size is; the better the spegwolution, the local count rate and the gain are
Therefore, this parameter is set to its minimumsjiide value. However, there is a geometrical
limitation: the lower cathode strips radius pludfldd the separation between strips must be
smaller than half of the cell size (sBegure 5. 1). Therefore, the cell size is set to 460
[155+(75/2)=(385/2)m].

---------------------
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Figure 5. 2Cell size geometric constrain.
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Pillars

Without increasing the multiplication field, thelléa the pillars are; the higher the gain is.
However, the ratio between the height and the diamef the pillars is limited by the

construction process if vertical walls are desifEBde maximum pillars diameter is limited by
the space between the lower cathode holes, whatraams the maximum pillars diameter to
125um. For this diameter, the maximum height of théapslis equal to 2Q0n.

Resistive layer resistivity

The resistive layer protects the detector fromlephut also limits its local count rate. The local
count rate is also limited by the ion drift timeathsets a maximum of 1.25°1Bz/mnf (see
subsection 4.2.4). The maximum resistivity valuat tloes decrease the gain for local count
rates <1.25-T0Hz/mnfis 2.25-18 Q-cm (sedFigure 4. 22.

5.3.Summary of the optimized detector

The parameters of the optimized MRMC are summariaeable 5. 1 The detector features
are shown imable 5. 2

Parameter Value Parameter Value

Drift dist. 2cm Separation between strips  pitb

Cell size 40Qm | Pillars height 200m

Upper cathode thickness 28 Pillars radius 128n

Dielectric thickness 28n Drift field 1000V/cm

Lower cathode thickness i) Multiplication field 16v/icm

Upper cathode holes radius b Resistive layer resistivity ~ 2.25’Bcm
Dielectric holes radius 1580 | Resistive layer thickness 24rd

Lower cathode holes radius 166 | Gas mixture 80% Xe + 20% GO

Table 5. 10ptimized MRMC parameters

Feature Value Feature Value

Detection efficiency (8-12keV) >50% Anode induced signal ~6.3pC (~0.30 mA)
Number of fired strips 2-3 Upp. cath. induced signa ~2.4pC (~0.12 mA)
Best achievable spatial resolution ~250n Low. cath. induced signal ~3.2pC (~0.16 mA)
Mesh transparency ~90% Crosstalk (128x128 strips)4% <

Gain (local count rate<10® Hz/mm?  ~4.18 lon drift time ~21s

Electronic Noise Charge <¥®(RMS) | Local count rate ~1.25-18Hz/mm?

Table 5. 2MRMC features. The most important detector feat@esin bold. The upper and lower cathode
induced signal refers to the addition of the sigrwdlall the cathode strips.

According to the simulations, the detector requiata (se@able 1. 1) are fulfilled.
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The experimental tests, that have been done wélpthtotype of the MRMC, are described in
this chapter that is divided in five sections: etaerization; experimental setup; x-ray detection;
real prototype simulation; and, conclusions. In fingt section the overall manufacture of the
structure is evaluated and the geometric paramatersneasured. An optical microscope and a
scanning electron microscogd8EM) have been used for both tasks. In the sesention the
procedures of cleaning the structures and mourthiagprototype are described, as well as the
experimental setup for the x-ray detection teststhe third section the results obtained when
detecting the x-rays form the Pe-ray source are presented. In the forth sectienMRMC is
simulated with the geometric parameters of the peatiotype and the value of the multiplication
field used during the tests. The results of thesrilations are compared to the experimental
results. Finally, the conclusions of this chapter@resented.

6.1.Characterization

In this section we want to verify the overall maamttire and measure the geometric parameters
of the structure. In the overall manufacture of shreicture three different issues are inspected:
the cleaning; the shape of the structures; andsttte of the structure.

Two sets of pictures of the different parts of MBRMC have been taken. The first set of
pictures has been taken with an optical microscopenected to a digital camera. The
microscope is a Leica MZ-16; which has a magnifosatof 150. The overall aspect of the
structures is evaluated and some geometric paresr&ieh as the cell size over the whole area
are measured. The second set of images is takénangicanning electron microscope. The
magnification of the images varies from 80 to 5000.

6.1.1. Optical microscope images

The images of the optical microscope are showhigdection that is divided in four different
collections: cathode mesh from above; cathode nfresh below; anode layer; and, window.
The conclusion of each image is shown in its captio

Cathode mesh from above

In this set of images the upper strips can be @bsgeThe lower strips are observed through the
separation between upper strips, as well as theatiie material (Kapton) that separates the two
cathode planes.
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Figure 6. 1 General view of the cathode mesh. The
overall aspect is not good because many in-
homogeneities are observed. It can be seen that the
foil has been blended many times. The structura are
is 10x10cr and the active area is 5x5tm

Figure 6. 2 The lower cathode strips separation is

observed (a), as well as the dielectric material

(Kapton) (b) placed between the two cathode planes.
The circles pattern seems to be good defined. The
strips separation layout is well defined (it isagght),

but it has in-homogeneities (c). The slope of tthgee

at the separation between strips is observed.

Figure 6. 3 Some regions with different color are
observed. It is not known what it is. Some scrapes
can be seen.

Figure 6. 4 Corner of the cathodes mesh. The edges
of the strips have been rounded (a). The under-
etching is observed because the Kapton material
placed between the cathode planes cover less area
than the lower cathode strips (b). The patternhef t
Kapton material is not regular (b)
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Figure 6. 5 Big in-homogeneities on the copper
pattern are observed in some zones of the cathode
plane. Many scrapes are also observed. In this,zone
the Kapton material is not removed where the upper
and lower cathode strips separation coincides (a).

Cathode mesh from below

In this set of images the lower strips can be olexkrThe upper strips are observed through the
separation between upper strips, as well as thrthughower cathode holes that have a larger
radius compared to the upper cathode ones.

Figure 6. 6 Cathode mesh (view from the anode
plane). The general layout is good. The sharp edges
have been rounded. Nevertheless, it has some in-
homogeneities and zones with different color. No
Kapton material is observed due to the under-
etching.

Figure 6. 7 The cell size is well defined (40fh)
over the whole area. This measure has been repeated
at different zones along the whole structure.

l
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Figure 6. 8 Many in-homogeneities are observed in
different zones. There are some deposits on therupp
cathode surface which is facing to the avalanche
zones. These can cause major problems related to
charge up during operation. A better inspection is
required.

Figure 6. 9 Similarly to Figure 6. 5 the Kapton
material has not been completely removed at the
edge of the active area. Again, this material can b
charged up and produce instabilities during the
operation of the detector.

Figure 6. 10The radius of the lower cathode holes is
155+3um. The upper and lower strips are not well
aligned (a).
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Anode layer

Figure 6. 11Some regions of the surrounding copper
material are removed. It seems that it has been
chemically attacked.

In this set of images the anode layer is obseritecbnsists on four parts: the ceramic layer
(white); the anode plane (copper) that is not sélem;resistive layer (black); and, the pillars

(orange quasi-transparent).

Figure 6. 12 The pillars material is observed
(orange) around the active zone. The pillars; which
are quasi-transparent, can be seen on the ceramic
material and on the resistive layer. The conneabfon
the anode is observed (a).

Figure 6. 13Close view of the pillars on the resistive
layer that is tilted for this picture. The pillssbape is
well defined and their walls are vertical. The guif
radius is 118m.
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Figure 6. 14 After the use of one prototype, we de-
attach the pillars from the resistive layer in ortte
measure their height. It can be seen that some of
them are laying on the resistive layer (a). The
(@) negative image is shown in order to enhance the
contrast. The pillars height is 21..

Window
The window layer is shown separated from the pyp®{view from the drift region).

Figure 6. 15View of the window. The aluminum
foil area is 5x5crh The thick track used for the
connection to the high voltage can be observetdeat t
lower part.

6.1.2. SEM images

Different images of the cathode mesh structuregalen with a SEM. With it, the details of the
defects and the deposits are shown. The anode ¢aydd not be characterized with the SEM
because we were not sure if the SEM would be dachageontaminated.

Cathode mesh from above
In this set of images the upper strips can be obser
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Figure 6. 16 The overall aspect is not good. Many
deposited material is observed (a). The upper datho
strips are misaligned with respect to the lower
cathode strips (b). We measure this error along the
whole surface: 0-38n. The Kapton material is not
under-etched uniformly. The cell size is 400
+1lum.

Figure 6. 17 The deposits (a) are formed by
dielectric material because, like the Kapton paitts,
charges during the electron exposition and it ghine
in the image. The upper and lower cathode strips ar
slightly affected by the etching from their othédes

(b).

Figure 6. 18 The layered structure of the Kapton
material placed between the two cathode planes can
be seen (a). The upper and lower cathode strips are
slightly reduced when etching from their other side

(b).

The observed layout of the upper cathode hole &tlieaupper strip separation is shown.
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Figure 6. 19Layouts of the holes (left) and the separation ketwstrips (right) of the upper cathode. The
minimum diameter of the upper cathode holes is 12@:m. In Figure 6. 22the desired pattern of the upper
cathode strips holes can be seen. The minimum agpabetween upper cathode strips is 5670

Cathode mesh from below
In this set of images the lower strips can be okeskr

Figure 6. 20 Many in-homogeneities are observed
(a). The upper strips are not aligned with respect

the lower ones (b). The radius of the lower cathode
hole is 14Qm.

Figure 6. 21 The upper strips are not aligned with

can be observed from a close look (b). Some
scratches are also observed.

respect to the lower ones (a). Some strange shapes
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Figure 6. 22The pattern of the desired upper hole
(radius=7mm) is observed (a).

6.1.3. Characterization conclusions

The detector building requirements can be fulfillesing the techniques that have been chosen
for the construction of the prototype. Some imagiesw that the shapes can be well defined
controlling the different geometric parameters dne structure can be finished without any
remaining dielectric material. Moreover the struetuare nicely smoothed to avoid sparks.
Unfortunately, this is not done in the whole aréthe detector.

The prototypes received show three different imgaidns that can be worked out. The first
one is the overall aspect. More care should bentakeen building the cathodes mesh structure
in order to avoid the blend of the mesh and theatshes. This is important because the
multiplication distance suffers a large variatidritee blended zones. The electric field variation
can be important near the scratches.

The second aspect that must be improved is therdiff chemical attack processes that can
solve three major issues. The first one is thegmes of remaining dielectric material on the
cathodes surface. This is a major problem regarinige charging up of the structure; what can
end up in discharges. The second issue that casolved optimizing the chemical attack
processes is the layout of the upper cathode sirhps prototypes that have been received show
a smaller upper and lower hole radius, compardtidcspecified ones. These changes decrease
the mesh transparency, the gain and the signalitiigs. The strange shapes due to the etching
of the cathode strips from their other side caralse solved. The third issue is the remaining
Kapton seen at the edges of the active area. Tdisrial is a problem for the charging up.

Finally, the alignment of the different masks sliobe improved to solve the misalignment
between the upper cathode strips separation wipert to the lower cathode strips and to the
upper cathode strips holes.

6.2. Experimental setup

The setups of the prototype and the experimenti@seribed in this section. It is divided in two

subsections: prototype setup and experiment sétughe first subsection, the cleaning and
mounting of the prototype is described. In the seéceubsection, the experimental setup to
realize the x-ray detection with the*F&-ray source is shown.
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6.2.1. Prototype setup

We describe in this subsection the prototype ctepand mounting procedure.

Cleaning

It is well known that the MPGD are very sensitieethie cleaning and therefore, all the cleaning
and mounting process is done in a clean room. dtétass 1000 clean room of the Universitat
Autonoma de Barcelona.

The three parts built at CERN were already cleanbdn they were delivered. The cathode
mesh structure is cleaned in the ultrasound cleuauitr ultra-pure isopropanol to ensure its
cleanliness. The window and the drift frame arenéehfollowing the same procedure. The
anode layer structure is not cleaned following phriscess because the pillars de-attach from the
resistive material (seBigure 6. 14. This piece was already cleaned of deposits whearas
received. The little dusts are removed using thelipation of a paintbrush and a microscope.

Mounting

As described in chapter 3, the different partseegembled and aligned with four screws which
are placed in the holes at the corners of the rdiffielayers. The cathodes mesh is stretched
before mounting the detector in order to improwve fiatness. This is done exploiting the
different thermal expansion coefficients of the mepand the material of the drift frame.

The cathodes mesh and the drift frame, that hasuahnsmaller thermal expansion
coefficient, are baked to 100°C. Then they aredfiwéth an epoxy. When the epoxy is cured,
the parts are removed from the oven and their teatype is reduced. Thanks to the different
thermal expansion coefficient of the two parts, rtesh is stretched. The temperature is chosen
to maximize the stretch of the cathodes mesh witbbanging the cell size. During this process
the pipe with the valve for the gas connectionxsd to the drift frame with the same epoxy.

Figure 6. 23Pictures of the assembly of the prototype. The arager can be seen in step
(1) with the 4 alignment screws. In step (2) théhede mesh and the drift spacer can be seen.
The gas pipe is fixed to the drift spacer. In g@pthe window and the frame that fixes it are
shown. In step (4), the finished assembly is shoWme gas valve connected to the gas
mixture bottle can be seen at the left part ofithege.
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6.2.2. Experimental setup

In this subsection, the experimental setup to catythe x-ray detection with the Pex-ray
source is described.

The objective of this experiment is to study theegal behavior of the structure when detecting
x-rays of 5.9keV that are generated with @ Feource. This is done monitoring the pulse
generated at the anode plane that is larger thamsignals induced at the cathode strips. The
anode signal is amplified with a commercial preafigol [FEMTO2005] that generates an
output pulse whose voltage is proportional to tipit pulse current (gain=1%/A).

The anode can not be directly connected to thetiopthe preamplifier because it has a high
applied voltage. The connection is done in a metdlbx through a capacitor (220pF) and a
resistor (33M2) (seeFigure 6. 24. The low frequencies of the anode signal areefioee
filtered. The cutoff frequency, which correspondlgt-3dB, is equal to 1/@RC)=22Hz.

Figure 6. 24Anode connection box. The upper cable is connetttdde anode of
the prototype. The cable of the right is connettethe high voltage power supply.
The connection at the left releases the input $sgimathe preamplifier. The wire
grounds are connected to the box that is connectdw main ground.

Gas valve i Y Anode L
| ! box Preamplifier

Figure 6. 25Connections of the prototype.

The window and the anode are connected to thevoghge (H.V.) power supply (sd&gure
6. 25. The cathode planes are connected to the maimdrd-or a 2D detection experiment, the
cathode strips would be connected to a delay Imto dhe parallel readout. However, in this
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experiment we are interested only in the anodeasighhe gas valve is connected to the gas
mixture with continuous flow.

6.3. X-ray detection

The x-ray detection experience is described hehe. first objective of this experiment is to
study the general behavior of the structure wheadiating the detector with a Pex-ray
source. This is done monitoring the pulse generateitie anode plane that is amplified by a
commercial transimpedance preamplifier.

Prior to the rise of the high voltages, the sigsfahe anode is inspected. The electronic noise is
extremely high at the output of the preamplifier.l@&ge modulation of the noise with a
frequency of 55MHz, that is in the FM radio freqogr{30MHz-300MHz), is observed; 200mV
peak to peak (p.p.). The detector, the anode bak the preamplifier are shielded with
aluminum paper. The noise is reduced to 80mV pags. the experience that the group has
working with this preamplifier, is known that thimise is still very large. In order to enhance
the shielding of the system from the outcoming tetenagnetic fluctuations, all the parts are
placed inside a metallic box that is grounded. Thbese is not reduced. It is deduced that is
possible that part of the noise is generated bytbend of the electric network.

The H.V. of the window is decreased to -1000V. EHmode voltage is increased until the
detector sparks. For anode applied voltages hitjizer 995V the sparks are very frequent. Big
sparks of fewtA are observed (they are so large that they cdrebed clearly).

The anode voltage is reduced slightly to 983V drelRe® source is placed on the window.
The pulse signal is observed (d&gure 6. 26. Some sparks take place from time to time (one
per minute approximately). The detector is notmbgstd or damaged.
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Figure 6. 26 Snapshot of the screen of the scope. Many eveptstaown at the
same time. The trigger is decreased to -132mV dlerto see only the event pulses.
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In order to study the amplitude of the signal$/uti Cannel Analyze(MCA) should be used.
Comparing and studying the histograms of the palswlitudes with and without the Pe
source, the mean event pulse amplitude could berrdated. Nevertheless, it is observed that
after each pulse the mean level (offset) of theam@ifier output is shifted to large values,
compared to the noise amplitude (d&gure 6. 26. Therefore the MCA results would not
measure the real energy spectrum. The trigger eatstiope is varied, and the difference of
triggers rate is observed. It is estimated thantlagr part of the event pulses have an amplitude
in the range of -40mV to -60mV. Some events ofdai@p to 450mV) amplitudes are observed.

The noise amplitude and the amplitude of the eymiises are overlapped. This makes
impossible to distinguish them in the CFD. Therefdhe count rate can not be evaluated. It is
also not possible to carry out 2D detections.

After the experiment, the structure is examinedilite optical microscope (s€ggure 6. 27).
Many deposits are observed along the whole surfacéhe upper cathode surface which is
facing the multiplication region. They shine witietlight of the optical microscope. The zones
with different color which were observed during thkaracterization are not present. The
dielectric deposits have been “burned” by the spark

Figure 6. 27Image of the cathodes mesh structure seen fronwbéhe face that is
in the multiplication region is observed. Many Itigleposits are observed on the
upper cathode surfaces.

6.4.Real prototype simulation

The simulation of the real prototype and the consparwith the experimental results are shown
here.

The different geometric parameters of the prototggéer from the optimized ones. The
received structures do not fulfill the specificaioand therefore the anode applied voltage can
not be set to its optimized value. We simulate skreicture using the real parameters: the
geometric obtained in the characterization work #redanode applied voltage used during the
experimental test. The results of this simulaticsanshown:
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» The mesh transparency is 60%. Thus, the numbeiirofpy electrons that the

1 primary_e

avalanche release is equal380keV-
22eV

06=161 primary_e.

* The gain is 1250 (no saturation).

* The induced charge at the anode plane for an asta¢aof one primary electron is
5.27-10"'C and 20ns width.

= The maximum pulse intensity of one event at thedaris 0.42A.

= The expected pulse amplitude at the output of theearpplifier is

42107 (A)I0°(V / A) = 42mV/.

The multiplication distance is set by the pillafowever, some blends have been observed in
the cathodes mesh foil, and therefore, the muitipion distance in these regions is modified.
The simulations show that, for a 10% variation e tnultiplication distance (2@n), the gain
can differ from 220 to 8800. This corresponds teegpected output pulse variation from 9mV
to 352mV.

6.5.Conclusions of the experimental tests

The received structures present some problemsntiiat be solved if a good functioning is
desired. The most important defect is the presefhaielectric deposits on the upper cathode
surface which is facing the multiplication regiadowever, the characterization work have
shown that process used to manufacture the deteatofulfill the specifications with some
improvements.

During the tests, the detector suffers from disgbarat a low multiplication field
(~5-10V/cm), compared to similar designs [FONTE1999ale Titspection of the structure after
the tests (seEigure 6. 27) have shown that these are caused by the digatgposits that are
present on the upper cathode surfaces that aregftteeé multiplication region. This effect limits
the capabilities of the detector and, therefore téfsts that can be done. Consequently, it has not
been possible to study the main detector featstes) as the count rate or the spatial resolution.

The pulse amplitude obtained with the simulationtioé real prototype shows a good
agreement with the experimental one. This demaestithat the avalanche model used for the
simulations is adequate. Consequently, one caroredythe expected behavior of the optimized
MRMC.



7.Conclusions

A 2D x-ray detector concept and its testing ares@méed. The device, built with PCB
technology, aims to deliver a high local count @te0Hz/mn¥), to reduce sparking events and
to minimize the resulting damage on the electrostescture. To analyze and optimize the
detector, a detailed simulation work has been edrout. Firstly, a Monte-Carlo based program
to simulate the spatial resolution as a functiowlifferent parameters has been built. Secondly,
the three dimensional drifts of ions and electroear the mesh have been built to simulate the
mesh transparency and the ion drift time. Thirdly, avalanche and signal development code
has been developed showing good agreement wittriengrgal data. Finally, the crosstalk and
the anode-to-strip capacitances have been simulatestimate the pulse noise.

A prototype has been built and characterized. T 8nages show that the building technique
can fulfill the requirements. However, some geormefparameters do not match the
specifications and many dielectric depositionsargerved on the cathodes surface.

The testing of the prototype has shown good agraterbetween the simulated and the
experimental gain. This agreement on the spacegehaalculations demonstrates that the
MRMC can deliver local count rates >1.25H&/mnt. Moreover, due to the resistive layer and
the strength of the structure, the detector sudviwéthout noticeable damage. This is a key
advantage compared other devices that are verjosens dielectric breakdowns. However, the
detector suffers from discharges because of drdeateposits on the cathode surface.
Therefore, to turn this device into a detectorrfmrtine use, it will be necessary to both improve
the construction process of the mesh structura@ddvelop an exhaustive cleaning procedure.

In conclusion, more experimental work have to baedto obtain a spark protected functional
detector; for which the simulations predict a higbal count rate (>1.25-3@z/mn?) and a
good spatial resolution (>2pf).
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