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Although the axion particle is not part of the standard mpdek predicted by some extensions to
the standard model. In strong electric and magnetic fielddgnis can convert into axions and vice
versa. Therefore, the sun is expected to be an axion souxperiEhents looking for solar axions, such
as the CERN Axion Solar Telescope (CAST), are called hatipss. These experiments exploit the
conversion of solar axions to photons in the low energy Xremyme in strong magnetic fields. Because
of small coupling constants axion events are expected tareeso that X-ray detectors with extremely
low background rates are required.

In this thesis a gaseous X-ray detector with a pixelized aatdtructure was constructed and tested.
It is based on a combination of the Timepix ASIC with a Micr@rae gas amplification stage, called
GridPix. Characteristics of this detector such as energgludion and gas amplification are studied.
As the detector was designed to have low intrinsic backgtaates, these were measured fdfatient
shielding setups.
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Chapter 1
Introduction

All through man’s history mankind has increased its knogkedbout the universe. Starting with first
astronomical observations in early centuries by goinguthoseveral discoveries of new phenomena,
anomalies and physics laws the understanding of processks universe and the universe itself have
been rising with time.

But still the universe as we observe it cannot be explainég iy what we know. The fact that the
universe is almost flat requires an energy density in theews@/which is much higher than the energy
density derived from baryonic matter which can be obsemdhd universe. From various observations,
such as the shape of galaxies or the rotational velocitispimal arms of galaxies which do not decrease
with the distance from the center but stay constant, onedcasriclude that a large amount of matter
has to exist which we cannot see.

Results of thewilkinson MicrowaveAnisotropy Probe (WMAP) experiment [1] which looked for
anisotropies in the cosmic microwave background by pricisapping it, hint at the hypothesis that
the total energy density in the universe is dominated by twdrdutions, dark energy and dark matter.
While only few things are known about dark energy despitefdlaethat it is the largest contribution to
the energy density of the universe. For dark matter someidaies already exist. Dark matter has to
couple gravitationally otherwise we would not observeritfuence on e.g. the shape of the universe.
Also it has to be electrical neutral as else it would couplpitotons and we could 'see’ it. Its couplings
to known types of matter has to be weak. Dark matter partitdes to be stable or at least their lifetime
has to be at the order of the age of the universe.

One possible component for dark matter is the axion. Thigbais introduced at the solution of
the strong CP-problem by the Peccei-Quinn mechanism [2figsthe requirements of a dark matter
candidate. One approach for detecting axions is to look @& generated in the sun. These could
convert into photons inside a strong magnetic field. Thisoisedat theCERN Axion Solar Telescope
(CAST). The rate of photons originating from converted asids very low. Therefore one needs (in
case of CAST) x-ray detectors with very low background rétdse able to detect axions or at least to
set upper limits on their mass and couplings.

In this thesis a gaseous x-ray detector was constructedeatettwhich uses a GridPix as gas amp-
lification and readout structure. GridPix is a combinatiéma pixelized readout with Micromegas like
gas amplification structure. The latter one is fabricatetherpixelized readout by means of photolitho-
graphic postprocessing. GridPix based detectors deligbrdpatial resolution in combination with the
capability of detecting single electrons. The high spatblution can be deployed for an improved
event shape analysis which can be used for discriminatinggoaund events. As this detector is a first
test for a GridPix based low background detector, this shissa first study for a future CAST detector.
The detector was set up and characterized in measurementsldition first background rates were
measured employing flierent shielding.






Chapter 2
Axions and the CERN Axion Solar Telescope

The detector constructed and tested in this thesis is a $trdg new x-ray detector of the CAST
experiment (CERN Axion Solar Telescope). Since the requirgs on the detector are derived from a
potential operation in CAST, a short introduction of the iy of this experiment will be given in this
chapter. Additionally, the CAST experiment itself will beegented. The requirements on the detector
will be discussed later in chapter 5 in combination with acdgsion of the detector itself.

2.1 Axions

The possible existence of axions arises from the most el@ganof solving the CP-problem of strong
interaction. This section will give a short summary of the-@Bblem, its consequences and a solution
by introducing the axion.

2.1.1 CP-problem of the strong interaction

The strong interaction is described by the theory of Quar@mmmodynamics (QCD) which describes
the interactions of quarks and gluons where the gluons armtidiator bosons of the interaction. They
can selfinteract as they carry color charg@edent from the photons as mediators of the electromagnetic
interaction which do not carry electromagnetic charge. Carewrite the Lagrangian of QCD in the
following way

1
-G GV 2.1)

Loco = ) G(iD, ~ mh)ch — 3G,
n

whereq, are the quark fields with quark flavar m, the quark masses aitl, the gluon field tensors
with color indexa = 1...8. D, is the covariant derivative which is defined as

D, = 8, — igT2G? 2.2)
= O u

with g the coupling constant antf the generators of the group SU(3).

This Lagrangian is invariant under global axial and veatansformations in case of vanishing quark
masses. The invariance under vector transformations teactsnservation of the baryon number and
is experimentally confirmed. The invariance under axiahgfarmations (U(1y) would lead to sym-
metry between left and right handed quarks of which no eviddras been found so far in nature. The
spontaneous breaking of Uglyives rise to the existence of eight massless Goldstonenbogo@r non
vanishing quark masses these Goldstone bosons acquire masgpseudoscalar octet can be identi-
fied with the experimentally observed bosan& andz. But also the existence of another light (mass
< V3m,) isoscalar pseudoscalar particle is predicted. From vieguantum numbers the best candid-
ate is they’, but it is much too heavyng, = 957.78 MeV/c? while m; ~ 135 MeV/c?). This is known
as the U(1) problem [3].
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The U(1 problem can be solved by introducing an anomalous breaKikfi) [4, 5]. This results
in an additional term¥, which adds taLqcp

g v
Ly = 3 o2 G;'j‘VG“ (2.3)

whereg is the coupling constant artef}, the field strength tensor of the gluons wi” its dual which
is given by

Sy 1 Voo

Gy = Ee“ P7Ghy (2.4)
andd is an arbitrary parameter between 0 and Paking into account electroweak interactions one has
to replaced with 6. B

With £7 added taLqocp the Lagrangian of strong interaction looses its invariamoger CP-transfor-
mations. Therefore, one would expect large CP violatiortriong interaction unlesg would be very
small. The CP violation in the strong interaction was noteotsd in experiments.

The term L; also leads to an electric dipole momeftfor the neutron which is related with the
parameter and should be at the order df ~ 6 x 10~®ecm [6] while experiments set a bound of
ldn| < 2.9x 10-28ecm [7]. Thereforeg would have to be below 1@° or the two contributions t@
(equation 2.5) would have to be both very small or they wouldetto cancel each other. A very small
value forg is not forbidden but it would result in fine-tuning the two gareters contributing to it and
of course there is so far no physics reason why the strongastien should not violate CP as it is not
forbidden from the theory itself. The question why the pagtery is of such small value is also known
as the strong CP problem.

There are three possible solutions to this problem. Thedirsteliminates the parametgfrom the
Lagrangian by setting one of the quark masses to zero. Howewe has to justify this with physics
beyond the Standard model. The second approach justfiwed which still does not causkto vanish
ashweakis still not zero. Also the latter approach causes othi@icdities regarding the violation of weak
CP. The third solution based on the Peccei-Quinn mecharismmiuch more elegant way to solve the
strong CP problem.

2.1.2 Where axions come in - The Peccei-Quinn mechanism

The solution using the Peccei-Quinn mechanism is in factrtbst popular and most promising solution
to the strong CP problem. It was introduced by Peccei andriJ@inn the year 1977. They introduced

a new global, chiral symmetry U(dg (Peccei-Quinn-Symmetry) which is spontaneously brokeamat
energy scald,. By introducing this symmetryy becomes a dynamic variable of the theory instead of
being a parameter of the theory. Thereforadent values of do not imply diferent theories anymore
but different vacuum states of the given theory. By showingdha0 is the true vacuum state one gets
a quite elegant solution for the strong CP problem.

As the Peccei-Quinn mechanism is similar to the Higgs mdshanne also has to perform a spon-
taneous breaking of the symmetry where a Goldstone bosasaeppThis Goldstone boson is called
axion and is massless and pseudoscalar. But through thieamienaly and instanton interactions it
acquires a small mass [8, 9]. The Lagrangian introducingattien fielda and describing the axions
coupling to gluons is given by

4 b
g@@g G (2.6)



2.1 Axions

hereé denotes a theory parameter which model-dependgnis, the energy scale at which the Peccei-
Quinn symmetry is broken an@,” is again the field strength tensor for gluons. This Lagrangia
represents the axions contribution to tHeeetive potential of the QCD Lagrangian. Therefore, this
potential is minimal at the expectation vakg of the axion field which can be calculated as

fa_
=-2¢ 2.7
(@) ¢ (2.7)

which cancels the afore mentionéderm in the QCD Lagrangian [10]. Looking at the curvaturehef t
effective potential around its minimuta) it is possible to derive a relation for the axion mass.

_ _ig_zﬁ v Sb
m, = fa 3272 0a <Gb G‘”>

_ 2.8
(Q)=—0fa/& (2:8)
The experimental discovery of the axion would thereforeHee ultimate proof for the Peccei-Quinn
solution to the strong CP problem.

Just as an amusing fact, the pseudoscalar Goldstone bostmavises by the breaking of the Peccei-
Quinn symmetry was nameakion by Frank Wilczek after the american detergent axion, prigbab
because it washes out the strong CP problem of QCD.

2.1.3 How do axions interact with normal matter?

The axion is a pseudoscalar particle. As it has not been wddexperimentally yet, it is supposed to
be of light mass and to have just weakly interactions witlepthatter. Its properties depend mainly on
the energy scalé, at which the Peccei-Quinn symmetry is broken. For desailiie axion one needs
its massm, and its couplingg,; to other particles. Both are antiproportional td,.

1 1
My oc — Jai < T (2.9)

fa a

In the following the main interactions between axions anchrad matter will be described. The
major contribution which is common for most axion models e couplings to gluons and photons,
but also the coupling to fermions is present in some modelall lcases the coupling constants for the
interactions with the diierent particles can be expressed as functions of the paafget

The coupling of axions to gluons is described by the intéwagbart of the Lagrangian

as

Lac = 8 fa

aGl"Gb, (2.10)

whereas denotes the finestructure constant of strong interactige to its coupling to gluons the
axion can mix with the neutral pion (see Feynman graph in &@ut) as they share the same quantum
numbers. By means of the possible mixing of axion and therakpibn one can express the axion mass
in terms of the pion mass(. = 135 MeV/c?) and its decay constarfto = 93 MeV/c?

Mo f0 z 12
Ma = —¢ ((1+z+w)(1+z)) (211)
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Figure 2.1: Feynman graph showing the mixing between thensaind the neutral pion by means of the axion-
gluon coupling.

wherez andw are the quark mass ratios which can be obtained experirhefita].

z =my/my = 0568+ 0.042 (2.12)
w =my/ms =0.029+0.003 (2.13)

Although these values vary depending on the model used ot dinough estimate for the axion mass

in dependence of, [10].

10’ GeV
fa
As the axion can mix up with the neutral pion, a coupling ofakn to two photons (see figure 2.2a)

is possible because the neutral pion couples to two photbimstefore, the axion coupling to photons

can be described by the Primakeffect [10]. Therefore one gets

m, ~ 0.6eV (2.14)

1 ~
Lay = _ZgayFquwa = gayg' Ba (2.15)

wherega, is the constant describing the coupling between axion antbpl, agaira is the axion field.
With « the fine structure constant one can expegssas

_a |E 24+z+w)
92 = 2t IN T 31+ 2+ w)

(2.16)

whereE is the electromagnetic anomaly aNdhe color anomaly. However, in this caS#N represents
a parameter which depends on the used axion model and vatieedn O and 6. If also a coupling
between axions and fermions is present (which depends aaxtbe model) further contributions arise
to the axion photon coupling as then the axion couples aldadophotons by a fermion triangle as
shown in figure 2.2b.

The coupling to fermions is possible if the axion model inds Peccei-Quinn charges (PQ charge)
for the fermions. In this case the interaction is described b

Las = &L;W“%l//fa a= ﬂ&f)’#%kl’fa a (2.17)
2fa = 2my K

whereC; is the PQ charge of the fermion apgk = Cim;/fy acts as coupling constant for a Yukawa
coupling with a fermion of mass;.
As mentioned before axions have a coupling to two photondDfse, one of the photons can also
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@) Y (b) Y

Figure 2.2: Feynman graphs for the coupling of the axion m flvotons via its mixing with the neutral pion (a)
and in case of axion-fermion coupling directly via a fermtdangle (b).
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Figure 2.3: Feynman graph describing the Prinfi&fiect realized with the coupling of axion to gluons.

be virtual, therefore, it is possible for a photon to conietd an axion in presence of an electric or
magnetic field. So, photons can convert into axions in thetidefield of an nucleus. This is known as
the Primakd effect which is illustrated in the Feynman graph in figure 2.3sEffect is very important
for the detection of axions as it is realized in all axion nsdehich have all the coupling of axions to
two photons at least via its coupling to gluons and its mixirith the neutral pion.

The axion models dier mainly by the implementation of the Peccei-Quinn medranthus creating
small diferences in axion masses and coupling strengths. By usingningly scalef, at which the
Peccei-Quinn symmetry is broken, as a characteristic $iagetermines mainly the axion mass and the
coupling strengths) one can divide theéfdient models into two main branches. Those with srall
and therefore largey, (visible axion models) and those with larfigand therefore small axion masg
(invisible axion models).

The visible axion model was also the first axion model progdsge Peccei, Quinn, Weinberg and
Wilczek [8, 9, 12] and assuméfg to be less than 42 GeV which would lead to an axion mass of about
200 keV. As it would also imply rather large coupling conssathis model would create an axion which
should be rather simple to detect. But the visible axion rhbds already been ruled out by experiments
and astrophysical considerations, as for example the astimof the theoretical branching ratio of the
K* decay into a positive charged pion and an axion which is aboetorder of magnitude higher than
the experimentally obtained limit for this branching ratid3].

The invisible axion models use an energy sdalmuch larger than the energy scale of the symmetry
breaking of the weak interactioiyeax This leads to very weak interactions between axions aridamg
matter and of course to low axion masses which imply ratheg lifetimes for axions. This already
justifies the name invisible axion models as those axionddvoe very hard to detect in experiments.
The two main models for invisible axions are the model inficet by Kim, Shifman, Vainshtein and
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Zakharov (KSVZ model) [14, 15] and the one introduced by DFischler and Srednicki (DFSZ model)
[16]. The main diference between these models is the coupling of axions toagdmatter.

In the KSVZ model axions decouple completely from normatipkes which means that interactions
between axions and matter are realized only by the coupltgden axions and gluon introduced by
Peccei and Quinn which is generic to all axion models. Thenrdeawback of the KSVZ model is that
it needs an additional exotic quark which would couple diyeto the axion and would therefore be
involved in all loop interactions with axions. No evidence this exotic quark has been found.

In contrast to the KSVZ model the DFSZ model does not needrttieduction of such an exotic
heavy quark. Couplings between axions and charged lepongkhas between axions and nucleons
and photons are introduced instead by giving PQ chargesutalatd fermions. Therefore, the axion
would couple directly to Standard model particles. The faet the DFSZ model could easily be
introduced in Grand Unified Theories makes this model radtteactive.

2.1.4 The axion as a dark matter candidate

As the entire universe is believed to be almost flat it is amakn general that the observed mass
and energy density in the universe does ndlicel to create a universe as we observe it. The density
contributions of baryonic matter, photons (mainly backue radiation) and neutrinos add only up to
5% of the energy density necessary. Therefore, about 95%eafrergy density come from unknown
contributions of dark energy~(72%) and dark matter~(23%) [1]. Dark matter is of unknown nature
but already many candidates exist for the dark matter toisbas Just to mention two of them there
are MAssive Compact Halo Objects (MACHOs) and Weakly Irttng Massive Particles (WIMPS).
As candidates for dark matter are expected to be electriealll color neutral as well as to be of long
lifetime and to only interact weakly the axion provides areative candidate for dark matter. Of course
the axion could coexist with other dark matter candidaté$.[1

Looking at the axion lifetime determined by its decay intofums & — yy) one gets

E

-2 5
1o~ 46X 10405(N _ 1.92) ( fa/N )

1019 GeV (2.18)

so that forE/N = 0 and fo/N > 3x 10° GeV [17] the axion lifetime is longer than the age of the
universe £ 10'7s). With these values the axion mass would be lower than 20réghws also favored
by astrophysical and cosmological constraints. Severtiasfe constraints can also set upper limits on
the coupling strengths of the axion to photons or other glasi

2.1.5 Detection of axions

The intuitive approach to search for axions is to make usénefRrimakd effect, respectively the
inverse Primakfi effect. As photons can convert into axions in presence of Viggthatons coming
from external electric or magnetic fields, axions can be peed from photons in the Coulomb field of
a nucleus, the electric field created by charged particlasiot plasma or in magnetic fields. Axions can
(re)convert to photons in such electric or magnetic fieldH®yitiverse Primakd effect. Experimental
approaches to search for invisible axions [18, 19] can bielelivinto three main branches:

e Axion haloscopes
e Axion helioscopes

e Laboratory experiments
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While axion haloscopes are looking for axions with galaotigin, helioscopes are looking for axions
produced in the sun by the Primakeffect and laboratory experiments try to produce axions byiggid
lasers in strong magnetic fields.

In case of axion haloscopes one uses in most cases microasaties. In these resonant cavities one
can apply strong magnetic fields at a frequency determindtidgavity size. This would enhance the
conversion of axions into photons for a narrow axion masgeaBy changing the resonance frequency
of the cavity (i.e changing its size) one can scdfiedént axion mass regions. If axions would convert
inside the cavity this would increase the number of photasile which could be detected by sensitive
microwave receivers as an increase of power inside theycawitth axion haloscopes one can scan
for axions in theueV mass range. The Axion Dark Matter eXperiment (ADMX) |l@zhet Laurence
Livermore National Laboratory could exclude axions in thessywindow of [20, 21]

29pueV < my < 3.53ueVv. (2.19)

Laboratory experiments make use of the Prinfhlffect by shining an intense laser beam into a
strong magnetic field. A low amount of photons could convett axions. To look for this conversion
two approaches are possible. The conversion into axionsh@econversion back into photons during
the beams propagation through the magnetic field shouldgehtire polarization of the beam which
can be measured. Another way to look for invisible axiondasers are the so-called shining-light-
through-a-wall experiments or regeneration experimefitghis type of experiments a polarized laser
beam guided through a transverse magnetic field is blockeziviegll. Photons converting into axions
can propagate through the wall as invisible axions cougiinmatter is quite weak. Behind the wall
these axions can reconvert into photons which then can laetdet With the first experiment of this
kind the Brookhaven-Fermilab-Rutherford-Trieste Cadiation could set an upper limit of [22]

gay < 6.7x 107" Gev? (2.20)

for axion masses lower thanu#V. Other experiments (also) looking for invisible axionshashining-
light-through-a-wall experiments are OSQABtical Search forQED vAcuum bRefringence, Axions
and photon Regeneration) located at CERN or the ALPS catlidiion looking forWweakly | nteracting
Sub-eV Particles (WISPs) using a HERA dipole magnet at DE®¥(tsche&lektronenSY nchrotron).
One attractive advantage of the laboratory experimentsaistiey, in contrast to axion haloscopes and
helioscopes, do not rely on models of the processes in stars.

Helioscope experiments use the sun as potential axionsagrbased on the well established Stand-
ard Solar Model the sun should produce axions in its core lagretfore generate an axion flux towards
the earth. The mean energy of axions in this flux is expectdzktapproximately 4 keV. This would
result in an axion wavelength which is in the order of theidatispacings in a crystal. So, one way
to look for solar axions is to use the Bragg reflection witfiedient crystals expecting a high signal if
constructive interference takes place in the crystal. Téghnique has the advantage of being almost
independent of the axion mass.fldrent experiments could therefore set an upper limit foratkiens
coupling to photons of [10]

gay < L7x107°Gev?! (2.21)

for axion masses lower than 1 keV. Another type of heliosaymeriments use a strong magnet point-
ing towards the sun. Axions reconverting into photons iedlie magnet would result in photons in
the low x-ray regime. Therefore, at the end of the magnetyxdietectors and sometimes also x-ray
optics (telescopes) are used to detect the reconvertedrmhdBuch devices are the most sensitive ones.
The mass ranges in which these magnet helioscopes araweissiestricted by coherence conditions
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Figure 2.4: Working principle of magnet helioscopes, eterd from [10].
(mainly length of the magnet) and can go up to 1 eV. The workirigciple of magnet helioscopes is

illustrated in figure 2.4. Magnet helioscopes could set tlstnstringent limits on the axion photon
coupling:

e Lazurus et alga, < 7.7 x 10°GeV-! for 0.03eV< m, < 0.11 eV [23]

e Tokyo Axion Helioscopeya, < 6.0 x 10-1°GeVv-1 for my < 0.03 eV [24]

e CERN Axion Solar Telescopg, < 8.8 x 10711 Gev-! for m, < 0.02 eV [25]

e CERN Axion Solar Telescopg, < 2.17x 10710GeVv-1 for 0.02eV < m, < 0.26 eV [26]

The CERN Axion Solar Telescope (CAST) has set the most stnirigmits on the axion photon coupling
and will be described in detail in the following section.

2.1.6 Axion flux from the sun

In the dense core of the sun photons can convert into axi@thei Primaké effect. In this case the
conversion takes place in the electric field of the nucleihia $un’s core. Assuming the established
Standard Solar Model and the axion photon interactionsritbestin the section before one can derive
the axion luminosityL; and the diferential solar axion flu% arriving at the earth [25]

La = g%, 1.85% 107> Lyn (2.22)
do _ o 1y
d—EZ = g3, 6.02x 100 . E2*81g E/1205c 257 key 1 (2.23)

whereE, is the axion energyl,.sun the solar luminosity taken from [27] anfo = gay - 101°GeV. The
differential flux in terms o@fo is plotted in figure 2.5 as function &, showing the intensity maximum
of the axion flux at 3keV while one gets for the average axioargn< E; > a value of 42keV.
Integrating equation 2.23 delivers a total axion flux of

Dy = g55- 3.75x 10" ecm 257t (2.24)

which is quite enormous even fgg, < 102GeV! (g7, < 10~%) making the helioscope approach a
promising technique for discovering (or excluding) theisie axion in certain axion mass regions.

10
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Figure 2.5: Diferential solar axion flux (equation 2.23) arriving at thetleam terms ofg?, and as function of
axion energyE,.

2.1.7 Reconversion of axions into photons

When axions (e.g. originating from the sun) reach the elgi tan reconvert to photons inside a mag-
netic field transverse to their propagation direction duthéinverse Primakid effect. The probability
for an axion with energ¥, to convert into a photon inside a magnetic field of field stthigjis given

by [18]

(1+e™ - 22 cos gL)) (2.25)

P _ Bgay 2 1
v\ 2 ) @+r1%/4
wherelL is the length of the magnetic fieldl.is the inverse absorption length for photons in the medium
(e.g. a special gas) inside the magnetic field grid the momentum dierence between axion and
photon. The photon has the same endegyas the axion from which it originated. The momentum

differencey is given by
q= I — o) (2.26)

2E,

with my the axion mass andh, the photon mass. If a medium is inside the magnetic field ptsoto
propagating through this medium acquire dfeetive mass which can be expressed with the plasma
frequency inside the medium, using natural units:

4ran,
2
m§ = wpl = < (227)

wherem is the electron massg; the fine structure constant angdthe electron density in the medium.
The conversion of axions into photons can only take pladeeitbherence conditiaql < = is fulfilled,
i.e. that axions and photons are in phase along the distance

11



Chapter 2 Axions and the CERN Axion Solar Telescope

Figure 2.6: Logo of the CAST experiment, taken from [29].

In the case of vacuum inside the magnetic fi@ldvanishes and equation 2.25 simplifies to

2
Pa, = (Bgza’) sinz(q—zl') (2.28)

with thenq = m2/(2E,).
The expected energy spectrum of the solar axions (figuresBdys that the photons resulting from
axion conversion inside the magnetic field will be domingairilthe low x-ray regime.

2.2 CERN Axion Solar Telescope

This section will describe the principle used for axion shaat theCERN Axion Solar Telescope
(CAST) and the CAST experiment itself. Also an overview oa kharay detectors used at CAST will
be given. The logo of the CAST experiment is shown in figure At as a short side remark, in the
first proposal [28] the experiment was named SATARI&r Axion TelescopicANtenna) which may
explain the CAST logo.

2.2.1 The CAST setup

The CAST experiment uses a decommissioned Large Hadro@ugfirototype magnet [30, 31] which
is mounted on a movable platform to track the sun. As the ntagrgperated at cryogenic temperature
(~ 1.8K) and therefore needs to be supplied with liquid heliumpgbssible range of movement (espe-
cially tilting the magnet) is limited. Still it is possible point the magnet towards the sun during sunrise
and sunset for about3h each. The remaining time of the day the magnet rests in aediefiosition
while the detectors are taking background or calibratiota.ddhe magnet has two bores each with a
length of 926 m and an aperture of Bicn? which can be evacuated. It can create magnetic fields
inside the bores of up to 9 T. Figure 2.7 shows a drawing of tA& Texperimental setup whereas in
figure 2.8 a photo of the CAST experimental area is shown.

The diferential photon flux while tracking the sun can be derivedhftbe solar axion flux (equation
2.23) and the probability for axions to convert into a photequation 2.25) by

dP,  dd,

EE (229
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Figure 2.7: Drawing of the CAST experimental setup, exgddtom [10].

Figure 2.8: Photo showing the CAST experimental area, téioen [6]. The (shielded) x-ray detectors are moun-
ted at the ends of the magnet.

Inserting the magnet parameters of the CAST experimentssuhaing coherent axion conversia (<

1) one gets [25]

% = 0.088 cnT?d *keV tg E> ¥l H/1205 (2.30)
where the coherence condition is equivalent to axion mdssiesv Q02 eV. As the magnet bores are
evacuated during operation they have to be sealed. But asrthedetectors are mounted at the end of
the bores, the sealings have to be transparent for x-raysicflieve this in coincidence with vacuum
tightness special windows are used which consist of a vémypiblypropylene foils (4m) and a strong-
back made of stainless steel. In its first operation phase @lledCAST Phase |) CAST could set
the most stringent limits on the axion photon coupling fanaxmasses lower than@ eV. For higher
axion masses the conversion probability and, thereforexiperiments sensitivity drops dramatically
(see figure 2.9). To recover the sensitivity for higher axioasses the magnet bores were filled with
a buter gas of low density. This rise to affective photon mass extends the sensitivity beyond the
established limits for a narrow axion mass region arouncatigeved photon mass. This retaining of
sensitivity is also illustrated in figure 2.9. By rising thergsity of the b&fer gas (rising its pressure

13
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Figure 2.9: Axion conversion probability with and withouiffer gas. Without bfier gas (blue) the conversion
probability drops rapidly for axion masses larger thal@V. By using a bffier gas the probability can be restored
for a narrow axion mass range (red, for usé€l¢é at 6 mbar pressure). Taken from [10].

inside the bores) in steps which lead to overlapping axiogasmegions one can scan higher axion mass
regions. The ffective photon mass for a certainffer gas can be calculated with [10]

m, ~ 2877 eV- 1/%,0 lgen?| (2.31)

whereZ is the atomic number of the Her gas,M its molar mass and the density of the gas which is
correlated with its pressure.

The scanning of higher axion mass regions by usingfBebgas was done in CAST Phase Il. Special
systems for metering the amount of gas (and therefore thewathpressure) injected into the magnet
bores were therefore installed at CAST. Systems to pretentrtoacoustic oscillations inside the gas-
filled bores had to be implemented as well as additional wirsdmside the magnet for sealing the
gas-filled volume of the still evacuated volumes. Ffide was used as Hiier gas up to a pressure of
16.4 mbar which corresponds to axion masses up3e &V [32]. Higher axion masses cannot be reached
with CAST and*He as biffer gas. This is due to the fact that the magnet bores are atpetatare of
~ 1.8 K which would lead théHe gas to condensate in the bores at higher pressures [6kfoheHe
was used as lifer gas to look for even higher axion masses.3As is very expensive special systems
had to be build to retain the gas in case of a magnet quenaraohsf simply blowing it out to prevent
the windows from bursting. WitBHe, CAST is sensitive for axion masses up~td.2 eV. The upper
limits provided by CAST (Phase | and Phase Il) are shown imré&@ul0.

2.2.2 X-ray detectors used at CAST

As the experimental parameters of CAST are mainly fixed byniiginet's properties, the performance
of the x-ray detectors mounted at sunrise and sunset sithe @AST magnet play an important role in
determining the sensitivity of CAST. The coupling constagtto which CAST could detect axions is

proportional to [33]
pl/8

Jay & (178174 (2.32)
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Figure 2.10: Axion exclusion plot, CAST has set the moshgent limits in the shown mass range. Results of
CAST Phase | are plotted in black, results of CAST PhastHe] are shown in blue. Prospects for CAST Phase
Il with 3He are drawn in red, early results in violet. The yellow baggresents theoretical favored axion models
while astrophysical and cosmological constraints arecagid by lines (HDM limit and HB stars). Plot extracted
from [10].

whereb is the background rate of the detectdr$he total exposure time andthe detector #iciency
including losses caused by the windows inside the magnetmfinrtant contribute to the good results
of CAST is the detector performance with respect to low bemlgd rates and highffeciencies.

During its operation three types of x-ray detectors weralliisehe CAST experiment. The sunrise
side of the magnet was all the time equipped with a Micromédgégector and a pnCCD detector which is
combined with an x-ray mirror telescope (see figure 2.11p X4nay telescope enhances the sensitivity
of the detector placed behind it by focusing photons comiomfthe bore on a 9 mfrspot in the focal
plane where the pnCCD is mounted.

Until 2007 the sunset side was covered by a Time Projectioant®er (TPC) which used anode
wires as gas amplification stage and a pad-based readoutlittoado readout of the wires. In 2007
the chamber was replaced by two MicroBulk Micromegas detecis those detectors had shown on
the sunrise side very good performance with respect of lvaokg rates andficiency. In figure 2.12
CAST MicroBulk Micromegas are shown.

2.2.3 Shielding of the CAST detectors

To reduce the background rates observed with the x-ray wesethe TPC and the Micromegas de-
tectors are equipped with a special shielding which wasldped involving detailed measurements of
background sources in the experimental area and simutaf8%]. The shielding consists from inside
to outside of:

e 5mm copper as Faraday cage
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Figure 2.11: Pictures showing the pnCCD used at CAST ins&deasicuum vessel (a) and the x-ray telescope (b)
it is mounted on. Taken from [6] and [10] respectively.
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Figure 2.12: Pictures of MicroBulk Micromegas used in CABTIow up drawing of a CAST MicroBulk Micro-
megas (a) and picture of a CAST MicroBulk Micromegas (b).erakom [6] and [34] respectively.

e 2.5cm roman lead to catch low energy particles
e 1 mm cadmium sheet to catch thermal neutrons
e ~ 20cm polyethylene blocks to moderate thermal neutrons

e PVC bag flushed with pure nitrogen to keep the volume arouadiétector free from radioactive
radon

e Scintillators to veto cosmic ray events

In figure 2.13 a schematic cut through this shielding is shown

For the Micromegas detectors the copper box surroundingetetor itself is flushed with nitrogen
instead of flushing a bag containing the whole detector dgioty the shielding. Also for the pnCCD
detector additional shieldings were installed, lead sliigl inside and outside its vacuum vessel and a
Faraday cage made of copper inside the vessel.
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Figure 2.13: Sketch illustrating the shielding of the CASXettors (not to scale).
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Chapter 3
Gaseous Detectors

This chapter will describe the basic processes taking plagaseous detectors. Starting with the sep-
aration of charges (electrons and ions) in a gaseous mediitough ionization by charged particles
traversing or (x-ray) photons being absorbed in the gas. tlmsport of the electrons to the readout
plane in an electric field will be explained regarding therpimaena of drift and diusion. Before ar-
riving at the readout the electrons enter the strong etefiids where gas amplification (multiplication
of incoming electrons) happens so that the charge finallyngnat the readout is large enough to be
detected. Also a short remark on the creation of the sigriactkd will be given.

As for the measurements done in this thesis ofté¥Fa source was used some remarks on the x-ray
lines emitted by such a radioactive source will be given glaith a short summary of what happens
when the emitted x-ray photons are absorbed in a gas.

3.1 lonization and Energy loss

Particles traversing or being stopped (respectively dlesbmn case of photons) in the gas of a gaseous
detector leave an ionization trace. In encounters with gaaa(respectively gas molecules) they loose
energy which is transferred to the gas atoms or their shedteins. The energy transfer is mediated by
the electromagnetic force as other forces (strong or weakjad play a dominant role on the typical
distance scale of these encounters. The energy transfisrtie@éonization or excitation of the gas atoms.
If one separates the charges (electrons and gas ions)cttbad@gh ionization by applying an electric
field one can detect the electrons on a readout plane and eeafdle 'see’ the particles trace in the
detector. This information may be used to reconstruct thcpaitself respectively its trajectory.

Of course, the x-ray detector built in this thesis is intehtiedetect x-ray photons. Therefore, along
with interactions of charged particles with matter alsoititeractions of photons with matter will be
explained. As the ionization processes for charged pastiahd photons are completelffdrent they
will be considered separately. Because the ionization laygeld particles is needed to understand the
complete chain from the x-ray photon interaction with the igethe observed ionization trace, beginning
with the interaction of charged particles is most reasanabl

3.1.1 Charged Patrticles

For a charged particle traversing a gas, encounters witlyaleatoms will occur. These encounters
occur completely randomly. The mean free patfis the distance a charged particle will travel in mean
between two encounters. It can be calculated from the electensityne in the gas and the ionization

Cross sectiomwr, as
1

A= .
oNe

3.1)
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Chapter 3 Gaseous Detectors

For a thin gas the number of encounters on a lehgghdistributed according to the Poisson distribution
with meanL/A. Of coursesr; and sol depends on the charged particles charge, mass and energy.

When encounters of a charged particle (e.g. a miFQnwith a gas aton happen, dierent mechan-
isms lead to ionization. The gas atom may get directly iahizesulting in one or more free electrons:

WA - utAte  uitAttee, ... (3.2)
This is called primary ionization. It may also happen thatdglas atom is not ionized but excited
WEA — FAY (3.3)

If the detector gas is not pure but a mixture containing gasiaB which have an ionization energy
below the energy of the excitation stateAfB can get ionized by collisions witA*

A*B > AB'e (3.9)

which is called Penningfect. The Penningfiect lowers the mean energy needed to ionize atoms
in a gas mixture. If electrons freed by primary ionizatiort gaough energy to ionize gas atoms by
themselves this will also happen:

eA—- e Ate, e Attee,... (3.5)

The latter ionization processes are called secondary&tioiz, most ionization on particles trace res-
ults from secondary ionization. Electrons receiving laggergies so that they create ionization traces
themselves are calledelectrons, they are emitted preferentially perpendicdahe incident particle’s
track.

The maximum kinetic energy transferred from the chargetigharto an electron of a gas atom is
given by [36]

B 2MeC282y2
1+ 2yme/m+ (me/m)?
wherenmy is the electron massn the mass of the charged particke= v/c its velocity in terms of the
speed of light and/ the charged particles Lorentz factor. In case of particlkesvier than electrons
(m > mg) which is true for all charged particles except for electroejuation 3.6 becomes

g2y p?
ym+m2/2me  E + (MQ2/2me

(3.6)

max

3.7)

Tmax =

with E = ymc the incident particles energy aqd= Bymcits momentum. The mean energy loss per
length for heavy particles can be described with the form@iBethe and Bloch [37]

dE\ o 22 1 ,(1, 2mC%BY°Tmax o 6(B)
— <&> = 477NAremeC2KpE (E n |—2 —ﬁ - T (38)
Avogadro’s numbeNa = 6.022x 10722 mol~1
Classical electron radius = ﬁ =2.82fm

Electron massne = 511k&V/2
Speed of light = 299 792 458Ys
Atomic number of absorber material

NO(‘?;:DZ
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3.1 lonization and Energy loss

A Atomic mass of absorber material

o Density of absorber material

I Mean excitation energy, can be approximated by16- Z%%V for Z > 1 [36]
6(B) density correction term

which is valid for 01 < By < 1000. Often, not the energy loss per lengitigigiven but the energy loss

per surface mass densitXd pdx
dE 1/dE
‘<&>—‘;<&> (3.9)

which is almost independent of the absorber material. Irrdidil the energy loss per surface mass
density (also known as stopping power) is plotted for muensdpper in dependence of theiy.
Particles with lowBy, slow particles (velocities in the regime of or slower thaonaic electrons) are
deflected in the electric field of the nuclei and loose theretgrgy or even by interactions with the
nuclei. ForBy > 0.1 the energy loss decreases wiii#4until it reaches a minimum @y ~ 4.

dE

(&)
Relativistic particles wittBy = 4 are therefore called minimum ionizing particles (MIPSghigd the
minimum the energy loss rises again logarithmically wath This logarithmic rise originates mostly
from large energy transfers to a few electrons. The densitsections(s) in equation 3.8 reduces the
energy loss for highly relativistic particles as their saerse electric field is screened by the charge
density of atomic electrons [36]. This correction is impoit for dense materials, for gases it can be
neglected. For particles wiBy > 1000 radiative losses like bremsstrahlung dominate, aatiemqu3.8
does only include energy losses due to ionization and eiaitét is not valid anymore. As for a fixed
energy (or momentum) equation 3.8 becomes a function ofitidént particle’s mass. Therefore, one
can use the energy loss per length for particle identificatiocertain energy or momentum ranges.
For thin absorbers the total energy deposited is distribateording to a Landau distribution resulting
in a very long tail and large fluctuations. Therefore, the mefithe distribution does not fit with its
most probable value. For thick absorbers the distributibthe deposited energy becomes Gaussian
according to the central limit theorem.

As already mentioned equation 3.8 does only describe hdanged particles, electrons have to be
treated diterently as they are identical with the target electrons twhitergy is transferred to. Also for
electrons the emission of bremsstrahlung happens at laveggies due to their low mass. Theyfan
much more multiple scattering. The maximum transferabkrggnfor electrons with energlg in one
encounter with gas atoms is

~ 1.5MeV/(g/cn?) (3.10)
By~4

Tiax = E — me€? (3.11)
and their energy loss resulting from ionization and exigcitetan be calculated to [36]

dE Z 1 mec2822\Jy -1 1- 2y-1 1 (y-1\?
—(==) = 47Nar2mec?Zp =211 - In2+ —|+—= 12
<dx> TNAreMeC Apﬂ2 [n N, + > 27 n2+ 16( 7 (3.12)

including kinematics of electron-electron collisions awdeening ffects.
The dfective rangeR of electrons (distance between entering and stopping )poirgt medium with
densityp can be calculated from the empirical relation given in [38]

AE( B ) (3.13)

RE) = —(1-
E) 0 1+CE
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Figure 3.1: Stopping power for muons in copper, taken frod [3
with A = 5.37x 104 gcnT?kev-1, B = 0.9815 andC = 3.123x 10 3 keV1.

3.1.2 Photons

For photons the mechanisms of ionization are quiféedint to the ones for charged particles. They
interact with medium, thereby charged particles are predudn a gaseous x-ray detector, the x-ray
photons are detected indirectly by detecting the chargeities they produced. In the interactions the
photons are either absorbed or scattered in a relativale langle. These interactions happen randomly
making it impossible to define a range for photons in a mediBuot. as the absorption and scattering
are statistical processes one can calculate how much arpheton of initial intensitylg is attenuated
after a distancexin a medium

[(X) = log™* (3.14)

with u the attenuation cdgcient for the mediumu can be calculated from the cross section$or the

different interactions for photons
Na Z
M= pf i dj. (315)

Of coursey is highly dependent on the photon energy as the cross sedi@n The charges (mainly
electrons) produced by the interactions of the photons thighmaterial will after the production loose
energy through ionization until they get stopped. By thmytloreate an ionization trace which can be
detected.

For detector purposes there are only three interactionfiatops relevant, the photoelectriffect,
Compton scattering and pair production. Other proceskeselig. interactions with photons with the
nuclei have very low cross sections and might be of intemrsitiidy of fundamental physics but can be
neglected for the application of a detector.
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3.1 lonization and Energy loss

Photoelectric effect

A photon can transfer its whole energy on an atomic electios only possible for atomic electrons as
the nucleus is needed as recoil partner to conserve enedgsnamentum. Due to the energy transfer
the electron is liberated.

YA — Ate” (3.16)

As this interaction is mediated through the electromagrfetice its cross section is dominated by the
interaction with electrons on the deepest atomic shellimxaf the short distance to the recoil partner
and low screening by the atomic shells allowing to transfeigher recoil momentum. Of course, the
initial photon has to have at minimum the ionization energgded to liberate an electron in the atom.
The cross section for the photoelectriteet regarding only electrons on the deepest shell (K-saet)
assuming not to be at absorption edges of the atom is giveddjy [

35
O'Eez \/B_Z(mGE;CZ) a*Z%r 1 3.17)
Y
using the non-relativistic Born approximatioa, is the finestructure constark, the photon energy
andom, = %nrg the Thomson cross section for elastic photon electronesgait It is obvious that
the photoelectric féect is relevant only at low photon energids, (< 5MeV) and that it dominates
especially for materials with high atomic numbers. Of ceuthe cross section is enhanced for photon
energies near to the absorption lines of an atom.

When an electron of an inner shell (e.g. the K-shell) is kickait by the photoelectricfiect, an
electron from a higher shell will fill this gap. The energyfdience can be emitted as an x-ray photon
of characteristic energy. But it might also happen that tiergy diference is transferred to an electron
in the same atom. If the transferred energy is larger thaeleegy necessary to ionize this electron it
will be liberated. The latter process is called Augfeet and an electron emitted through thifeet is
called Auger electron. For one initial photon, several Auglectrons may be emitted in addition to the
photoelectron liberated in the first step.

The emission angle of the photoelectron is not independétfieanitial photons direction. For the
differential cross section one obtains [39]

dofe  sifgcog ¢
oC
dQ  (1-pBcosh)?

(3.18)

whereg is the angle between the initial photons direction and thection of the emitted photoelectron
(see figure 3.2a)p is the angle between the emitted photoelectron and the pkagbolarization (see
figure 3.2b) angB is the velocity of the photoelectron divided by the speedgiftl One sees that an
almost perpendicular emission of the photoelectron isgprefl and from its direction also polarization
of the photon can be obtained. In figure 3.3 thffadlential photoelectric cross section is drawn as
function of6 for a photoelectron energy of roughly9keV (8 = 0.15).

Compton scattering

A photon can be scattered at quasi-free atomic electromslifiy energy is neglected), resulting in
energy transferred to the electron and the photon beingatiefle Both, electrons and photon are con-
sidered free. The cross section for Compton scatteringraieselectrons is independent of the atomic
number of the material. Only for the atomic cross sectioratbenic number plays arole as it determines
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Figure 3.2: Drawings illustrating the angle definitionsttoe photoelectricféect: 6 is the angle between the initial
photons direction and the emitted photoelectron (a)disdhe angle between the photoelectron and the photon’s
polarization (b). The photon’s polarization is given byetsctric field vectoE. In (b) the photon is entering the

X, y plane.
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Figure 3.3: Diterential photoelectric cross section (in arbitrary urgis)Yunction of angl®. A value of Q15 is
assumed foB which corresponds to a photoelectron energy of rougtdkév.

the number of electrons which are available for the phot@tédter & one atom. For high energies the
cross section’s dependency on the energy can be approxi&ge

InE,
E)’

Ocs (3.19)
revealing that its importance decreases for very high phetergies.
The photon’s energi£;, after scattering depends on its initial enefgyand the scattering angé
E’ 1
E—V = - (3.20)
y 1+ mszz(l—cos@)

and can be calculated from fourmomentum conservation. Tdsémum scattering angled( = ) is
called backscattering. For backscattering the energgfeared to the electron becomes maximal. As
the electron is expected to be at rest before the scattatindirection (angley) after scattering with
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3.1 lonization and Energy loss

respect to the initial photon direction is given by

coty = 1+i tan9 (3.21)
Q= . 5 .

The energy transferred to the scattered electrdd) is E.

Pair production
A photon can convert into an electron positron pair,
yP — Pee* (3.22)

but only if a charged particl® is present to absorb the recoil which is needed to assure@i®n of
energy and momentum. The creation of electron positrors paight therefore happen in the electric
field of a nucleus but also in the electric field of an electrtihaaigh the latter is quite unlikely. Of
course the photon has to have minimum energy to make paiugptiod possible. This threshold energy
can be calculated from four-momentum conservation and ete g

E, > 2mec? + 2 e c? (3.23)
Myecoil
wheremyecoil is the mass of the particle absorbing the recoil. For nuddoRcoii = Mhucleus>> Me) the
threshold energy becomes
E, > 2mec? ~ 1 MeV. (3.24)

For low photon energies, pair production can only occuréfgthoton gets close to the nucleus and 'sees’
it naked without screening through the atomic electronghils case the cross section can be given as
[36]

7 E 109
252 Y
O pair = 4cxreZ (5 In 2@ - a) (325)
and for complete screening of the nucleus
7 183 1
O pair = 4(1[‘322(5 In ﬁ - a) (326)

and therefore for high photon energies, the cross secticonbes energy independent. Pair production
is dominant for high photon energies in combination witheniats with high atomic number.

Total cross section

The total cross section for photon interactions with theodier material are calculated from the before
mentioned cross sections for the single processes. THetuiton cross sections in dependence on the
photon energy are shown in figure 3.4 for carbdn=(6) and leadZ = 84). The diferent contributions
are also indicated in the plots. Clearly visible are the eokments of the photoelectric cross section
originating from absorption lines of the target material.

For photons in the low x-ray reginte, < 10keV only the photoelectricfiect needs to be taken into
account as other processes in this energy range contrimgdHan 1% to the total cross section.
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3.2 Number of lonizations

When a patrticle looses the energyiz in a medium, the number of created ionizations created (eamb
of freed electronsh, can be calculated from the mean ionization enesgy

_AE

n = (3.27)

w
of coursew is larger than the ionization energyin the medium. This is because also electrons from
deep atomic shells are ionized and also not all lost eneeglslto ionization but also to excitation which
does not generally contribute to ionization.

For particles loosing their total enerdy (by being stopped or absorbed) the number of ionizations
would be expected to fluctuate according to Poisson disinibuso

ol=n (3.28)

in case of the particular ionization processes being inddget. But as these are not independent from
each other, the width of the distribution is reduced by adia€tcalled Fano factor

o2 =Fn, (3.29)

which has a value of 0.25 for noble gases but can become quite smal.05) for certain gas mixtures
with small amounts~ 1%) of quencher gases.

3.3 Dirift and Diffusion

As the produced ionization trace consists of electrons ansl\vith opposite charge one has to separate
these. Else electrons and ions would recombine emittingoplso Separation of electrons and ions
is achieved by applying an electric field, electrons will maw one direction while ions move in the
opposite direction. The movement of charged particles ielaatric field is called drift. For the drift

of a particle with charge and massnin presence of an electric fielfl and a magnetic fiel one can

write an equation of motion

dv

m ;(tt) = eE + el(t) x B] - Ku(t) (3.30)

wherei(t) is the particles velocity andKi(t) acts as a frictional force due to collisions of the drifting
particle with the gas atoms. Of course this equation of mas@nly a macroscopic model but has been
found to describe drift for large time scales to very goodrapimation [38]. The ratio

defines a characteristic timescale so thatfer r one can assume a steady state. As for a steady state
7(t) becomes time independent, equation 3.30 is reduced fromhamogeneous linear fikerential
equation to a linear equation
1, e e
~i- —[7x B| = —E. (3.32)

m m

T
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3.3 Drift and Dftusion

This equation is solved by the Langevin formula
1 ( E E B

e
b= —1El———=| = +wr| = x = |+
m 1+ 0?2 g IE| |B

E B‘)B‘)
22 = . = |= 3.33
“r (||§| [=ALE] (3:33)

with w = %|§| the cyclotron frequency and assumingp be independent of the particles energy.

For vanishing magnetic fieldsof = 0) particles drift in the direction of the electric field arfteir
velocity becomes

7= %TE =uE (3.34)

wherey is called the mobility of the particle. Of course the molilior ions is much lower than the
mobility for electrons as the mass of ions is much larger ttemelectron mass. Electron and ion
mobility also difer in sign as the mobility already defines the direction dft.dri

For a magnetic field in the drift region the drift velocity dam expressed in terms of the drift velocity
without a magnetic field
21+ w?r?cod ¢
1+ w?r?

2 "
|17(§)| - |17(§ - 0)| (3.35)
with ¢ the angle betweek andB. ForE || B the drift velocity as well as the drift direction remain
unchanged. In case & L B the drift direction is no longer parallel to the electric fidlut has an angle

0 = arctan Cwr) (3.36)

with respect to the direction of the electric field. This angl called the Lorentz angle.

Comparing the results of this macroscopic approach withaastopic model which takes into ac-
count the random collisions between the drifting particid the gas atoms [38] one finds that in case of
B = 0 the characteristic timescateof the macroscopic approach can be identified with the meaa ti
between two collisions of the drifting particle and gas aso@f courser is related to the cross section
for elastic collisions and the number density of the gas atom

The cross section depends on the energy of the driftinggbaidind therefore too. Equation 3.33
can be used as approximation, especially for the drift tivecand the influence of a magnetic field.
However, the cross sections dependence on the energy cdpeaisken as a dependence on the electric
field as this determines the energy gain between the caifsidhis results in the mobility depending
on the electric field. Therefore, simulations have to be fisedetting the mobility of a gas (mixture) at
a certain value for the electric drift field. The calculatimiithe cross section needs quantum mechanical
treatment as measurements counterfeit classical exjpasat.g. the Ramsaueffect.

The collisions with gas atoms lead to the drifting partidbesng scattered randomly. Therefore, a
particle cloud starting point-like will become Gaussiastdbuted in all directions so that its density
distribution after a time can be given as

3 _I% _ 7TIR
) exp('i—;ﬂ) (3.37)

”(X):(vm

with D the difusion constant and assuming the particle cloud startingeadtigin. The mean squared
deviation for this Gaussian distribution is given by = 2Dt and is equal for all directions. So the
charge cloud widens with the time it is drifting. Using thecnaiscopic model mentioned before one can
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relate the dfusion constant with the mean particle eneegnd its mobilityu

2eu
D=-—. 3.38
36 (3.38)
When the particles energy is only its thermal enesgy %kT one arrives at the Nernst-Townsend or
Einstein formula D kT
—=— (3.39)
u e
which defines a lower limit for the ffusion constant. Often the width of the density distributiditer a

drift distanceL instead of the timeis needed or more applicable. By inserting L/(,u||§|) one gets

_2DL _ 4l
ulEl  3dE|

Splitting the difusion constanD in a diffusion constanD+ for the difusion transverse to the drift
direction and a dfusion constanD_ for diffusion in drift direction (longitudinal diusion) one can

define
2Dt
D= ,|— 3.41
O\ uE (349
2D,
D=.,— 3.42
| \ LIE| (3.42)

so that the width of the density distribution is given by

o? = 2Dt

(3.40)

g =0y = Dt/| ‘/E (343)

The transverse and longitudinalffdision are not the same. This was first observed in experiments
by Wagner et al. [40] in 1967. The reason for this electriccatmopy [38] is the energy dependence
of the cross section for elastic collisions. Due to this thability is energy dependent which results
in the particles in a drifting cloud having fiéérent mobilities depending on their position in the cloud.
Therefore, equation 3.37 becomes

1 P 1 —02 + 2 —(z-L)?
nm_[\/ﬂDfL) [\/ZDIZL)GXD( 2070 )exp( 2D|2L ) (3.44)

with L the drift distance.D; and D, are typically diterent but of same order of magnitude. When a
magnetic field is present, thefflision transverse to the direction of the magnetic field isiced as
the Lorentz force acts as a retarding force for particled wilocity components perpendicular to the
magnetic field resulting in spiral trajectories around ttié field for E || B.

Typically small difusion constants are desirable for gaseous detectordtasiai limits the spatial
resolution. However, for the x-ray detector which is objecthis thesis, large €iusion is wanted to
diffuse the electrons created through ionization by the phattreh so much that they can be separ-
ated, thus making possible to measure the incident photwarge by counting the number of electrons
created through ionization.
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3.4 Gas Amplification

3.4 Gas Amplification

After the charges created through ionization have beerratghthey drift to the ends of the detector,
the ions towards the cathode and the electrons to the anadeadout plane. Of course, the electrons
arriving at the readout plane cannot be detected since afeetpo few to generate signals large enough
to be detected with electronics. Therefore one needs taptythe electrons creating signals large
enough to be detected, forfBaiently high multiplication factors also detection of deglectrons can
become possible.

Multiplication of electrons will happen in strong electfields, when the energy an electron gains
from the acceleration by the electric field between two siliis becomes large enough for the electron
ionizing a gas atom in an inelastic collision. If the elecfield is strong enough each inelastic collision
will produce a new electron ion pair. The produced electrihbg accelerated too so that it will also
ionize gas atoms in inelastic collisions. So, each newmeéh the gas amplification region will create
new electron ion pairs resulting in an avalanche. For iossagaplification does not occur due to their
high mass. Typical gains reached in a gas amplification stegeh from 18 to 1. For very high
electric fields and therefore very high gains dischargesiecmore and more likely to happen so that
a stable operation of a gas amplification stage is only plessibto a certain gain depending on the type
of gas amplification stage and of course on the rate of chayg#itles ionizing the detector gas.

To describe the gas amplification and the avalanches oneseahe Townsend céiicienta(e) which
depends of course on the electron energyd can be calculated from the number density of gas atoms
n and the ionization cross sectiof(e)

a(e) = no(e) (3.45)

which gives the mean number of ionizations per length. Ofsmunany factors as e.g. gas pressure,
temperature, recombination and the Penniffgat enter into the Townsend dteient [38, 41]. The
Penning &ect results in lower energies necessary for ionization tedefore, increases the gas gain.
For calculating the gain of a gas amplification stage it isevsritable to use(|E|) instead ofa(e) but
this transformation is non-trivial and one has to rely onugations and measurements«{fE|) as the
Townsend cofficient cannot be calculated analytically for the electritdfigrengths used in the gas
amplification region.

The development of the number of electrons in an avalanchebeaderived from the Townsend
codticient as the increase of electrons after a distaxde the amplification region is given by

dN = N(X)(|E(X)[)dx (3.46)

whereN(x) denotes the number of electrons in the avalanche aftetandiesx. Therefore N(x = 0) is
the number of electrons before they enter the amplificatgion. So the total number at the end of the
amplification process is given by integratinyl drom the starting point of the avalanche £ 0) up to

its endpoint kK = AX)

N(AX) = f dN = N(x = 0) exp( fo > a(||§(x)|)dx) (3.47)

which becomes
N(AX) = N(x = 0) exp @(IE]))Ax (3.48)

for a constant electric field. The gas gdnis defined as the number of electrons at the end of the
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avalanche divided by the initial number

N(AX)

Nox=0) - P @(EN)Ax (3.49)

G(AX) =

and as a constant electric field in an amplification regiorefingd by the size of the amplification gap
Ax and the applied potential fierenceAU
AU\ AU
G(AU) = exp(a(—) —)
AX ] |E|

Taking into account that gas amplification will happen ordy & potential diference greater than a
certain threshold one can parameterize the gas gain as [41]

(3.50)

G(AU) = Aexp BAU) (3.51)

where the parametefsandB can obtained from gain measurements fdfedent potential dferences.
The development of the avalanche is of course a statistioakps with large fluctuations. The stated
gas gain is only the mean value for the gas amplification. rttwa found that the distribution of gas
amplification can be described by the Polya distribution {28 in case of uniform or cylindrical electric
fields in the amplification region. An applicable parameiiizn of the Polya distribution is given in [38]

10+ 1) Ny N
P(N) = NTEO+D) (N_) exp(—(@ + l)ﬁ_) (3:52)

with N the mean of the distribution amtrelated to the widtlr of the distribution by

2 N2

= —. 3.53
7 0+1 ( )

Inside the avalanche also photons in the UV regime are alrdite to excitation of gas atoms. The
excitation can either be caused by collisions or recomlinaif electrons and ions. These UV photons
can ionize gas atoms when they get absorbed again. If thes@ation occurs inside the amplification
region new avalanches displaced with respect to the otigina will be started. If the re-absorption
happens in the drift volume or this will lead to avalanchescilare delayed and displaced. Even if
the UV photons are not absorbed in the gas they could reachl metaces (e.g. electrodes) and kick
out electrons by the photoelectrifect. To avoid such fake signals not originating from thezation
trace deposited in the detector, quencher gases are addeel gas of the detector which can absorb
UV photons without getting ionized. Quencher gases are catde gases (e.g. COCH, or iC4H10)
which have absorption lines in the UV regime so that they Hagh cross sections for absorbing and,
therefore, stopping the UV photons. As these moleculargjlagee vibrational states they can deexcite
by emitting photons in the infrared regime or by transfeyramergy in collisions with other gas atoms.

3.5 Signal Development

To understand how the charges created in the gas amplifidatal to signals on strips, pads or pixels
of a readout structure the best way is to start with the venpka case of a single chargeand a single
infinitely large electrode. The presence of the charge willice a mirror chargeq on the electrode
which does not depend on the position of the charge. If thetrelde is divided into several pads, the
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3.6 Spectrum of°Fe

chargeq, induced on padh will depend on the positiox of the chargey. However, summing over all
pads will still give the total mirror charge induced

Qo= th =0 (3.54)
n

When the charge moveg ( X(t)) the chargegy, induced on a pad will change in time, a currgift)
induced on the pad is the consequence. Of course, this tdepands on the velocity of the charge

: n(X o X
(0 = -2 < G, 2 (355

The total charge induced on a pad at the timean be calculated by integrating the current on this pad

.
ind _ :
Qn(T) = fo in(t)dt (3.56)

assuming that at a timé = Teng the chargey arrives on padn the total charge on this pad dgswhile
the integral for all other pads has to give zero. So, the @sairgduced on the pads will change until the
charges movement stops.

In the situation of gas amplification above a readout manygesa(electrons and ions) are produced.
As these charges drift they induce currents on the readald, @ electrons and ions are drifting in
opposite directions the currents induced by electrons gridrs have the same sign although they have
opposite charges. As electrons are moving much faster irltwric field than ions the signal they
induce is very short~ ns) but high until they arrive on the readout pads. So, thedad currents will
stop when the ions drift is terminated.

To calculate the current induced on an electrodstrip, pad or pixel) from the drifting charggand
its trajectoryX(t) one can use Ramo’s theorem [43]

. dx(t
nl0) = ~GEx(0) - 2 357)
with En(X) the weighting field of electrode. The weighting field for an electrode can be obtained by
calculating (or simulating) the electric field with the etecle of interest set to a potential of 1V while

all other electrodes are setto 0 V.

3.6 Spectrum of °°Fe

5Fe has a half life of Z3 a and decays via electron capture to an excited st&vof. The>*Mn will
fall back to its ground state by emitting photons

%5Fe 5 %Mn" - %M + y (3.58)

with energies of B99 keV (K, line) or 6490 keV (K; line). To suppress the Kline one can use a
chromium foil which is put between the radioactive source tre detector. Chromium has a compton
edge at P89 keV therefore the transmission for thg ke is about 80% while it is only 15% for the
Kz line when using a 1@m thick foil [42]. By removing the I line one can enhance the 'measured’
energy resolution of a detector in the case that the two linetd not be separated as so only one peak
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at 5899 keV appears instead of two overlapping peaks.

In pure Argon at atmospheric pressure the mean free pathddi&99 keV photon is about.@8 cm
(2.7 cm for 6490 keV photons) [41]. From figure 3.4 one can see that in tiésgy regime the photon
absorption is dominated by the photoelecttiieet. This is also true when quencher gases are added in
fractions up to 20% [41].

When these photons are absorbed due to photoelefeict ethe emitted photoelectron comes with
~ 11% probability from the L- or M-shell and carries therefarearly the complete photon energy
(photon energy minus binding energy of the electron). Inrémeaining~ 89% of the cases the electron
is emitted from the K-shell and has an energy 682 keV (K,) or 3286 keV (K) as the binding energy
for electrons in the K-shell of Argon is approximatel)2&eV. The remaining hole in the K-shell will
of course be filled with an electron from the L- or M-shell. Téreergy emitted in this process can either
be transferred to one or several Auger electronsb@e6of the cases) or it can be emitted as a photon
with energy between.257 keV and 3190 keV depending on the shell from which the electron fillimg
hole originates. Probabilities and energies taken fror [42

The photoelectrons as well as the Auger electrons will laasergy through ionization and will be
stopped within a short distance according to equation 318 (a 99 keV electron has a range of
~ 630um in Ar/iC4H10 955). However, if instead of Auger electrons a photon is emjttais might
escape from the detector (or sensitive area) as it has a meaupdith of~ 3.2cm in Argon. These
photons are also called escape photons. As the photons a&ay some part of the energy of the
incident photon when they leave the detector they lead tapipearance of new peaks in the spectrum,
the escape peaks, at energies corresponding to the enefrgiestoelectrons emitted from the K-shell.

For Helium based mixtures the situation igfeient. As Helium has only a K-shell with low binding
energies (24 eV) no escape photons can be emitted. Therefore, only thepdak shows up resulting
from the photoelectron carrying nearly the full energy @ thcident photon. The ionization trace of
the photoelectron in Helium based mixtures is quite longgssd mm) due to the low density of the gas.

32



3.6 Spectrum of°Fe

1Mb—

1 kb

Cross section (barns/atom)

1b

10 mb

(a) Carbon Z=6)
o - experimentaby,

1 Mb

1kb

Cross section (barns/atom)

1b

S ~ (b) Lead ¢ = 82)
“0 ; l\\ . _ . t b_
\@ \%; o experimenta tot

Figure 3.4: Cross section for photon interactions in carfiop) and lead (bottom) as function of the photon
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energy, taken from [37]. Biierent contributions to total cross section are indicasigna, ¢ denotes the photo-
electric cross sectiom;compton the cross section for Compton scatteringayieigh the cross section for Rayleigh
scattering knyc andxe the pair production cross sections in nuclear respecteielgtron field.oq 4. is the cross

section for photonuclear interactions.
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Chapter 4
Micromegas Detectors

One kind ofMicropatterngaseoudetectors (MPGDSs) are thHdicroM esh GasoeousStructures (Mi-
cromegas). Usually Micromegas are used with pad or stripbasadouts. As the GridPix readout
which is used for the detector constructed during this thissa combination of a pixelized readout
chip (Timepix chip) and an integrated Micromegas producil photolithographic postprocessing, the
working principle of Micromegas will be introduced in thikapter. Also the MicroBulk-Micromegas
will be shortly presented as the Micromegas detectors otlyrased at CAST are of this type. Last but
not least remarks on the combination of Micromegas withljzgd readout will be given along with a
description of how the integrated Micromegas of the Gridi®ix fabricated.

4.1 Micromegas principle

The Micromegas detectors were introduced in 1996 by ChaapdiGiomataris [44, 45]. In Micromegas
detectors the gas amplification structure is realized wittireelectroformed micromesh (a metallic grid,
3um thick with holes of 17um diameter and a pitch of 26n) which is stretched and glued onto a frame.
The micromesh is then placed above a pad or strip based tdlagletwith small insulating spacers in
between generating a gas amplification gap of abouut@0These spacers can be build directly on the
readout plane with conventional lithographic procedursessed for standard printed circuit boards. By
applying high voltage to the micromesh electric fields-d&0kV/cm are reached inside the amplification
gap so that gas amplification takes place. A sketch of a Miegam detector is shown in figure 4.1.

One advantage of the Micromegas is that most of the ions peatlduring gas amplification do not
flow back into the drift volume above the micromesh as theycapured on its top (if ratio between
drift field and field in the amplification gap is tuned propgriicromegas detectors have proven to be
radiation hard, capable of high rates and very reliableo Migy are quite cheap and the construction of
large area detectors is possible. Also very good spatiatiareresolution (about 1 ns) can be achieved.

To improve the uniformity of the amplification gap the eleftrmed micromesh was replaced in
[46] with a mesh created by chemical etching in combinatidth whotolithographic techniques from
a Kapton foil coated with copper on both sides. By this thiag@lgenerating the amplification gap are
already integrated in the mesh. With such a Micromegas arggmesolution of 12% FWHM (Full
Width at Half Maximum) at an energy of®keV could be achieved along with good single electron
detection at very high gas gains.

4.2 Bulk- and MicroBulk-Micromegas
In case of Bulk-Micromegas [47] a woven wire mesh is usecasiof a micromesh. This is laminated

onto the readout plane with a photoresistive film in betwey.etching the photoresistive film with
photolithographic methods it forms the pillars supportihg mesh and defining the amplification gap.
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Figure 4.1: Sketch of a Micromegas detector, extracted fedth

| Double side Cu-coated (5 um) Kapton foil (50 yum),

— Construction of readout strips/pads (photolithography)
—

Attachment of a single-side Cu-coated kapton foil (25/5 um)

Construction of readout lines

Etching of kapton

Vias construction

LNEUEUEURIR

s I s -

2" Layer of Cu-coated kapton

Figure 4.2: Manufacturing process of Micro-Bulk Micromsgextracted from [48]

This procedure allows to build the Micromegas in one proeggsas one object. Of course this tech-
nigues simplifies the creation of large area detectors attsts and allows to build curved Micromegas
detectors with very low material budget if the readout plsmealized as a flexible board (e.g. made of
Kapton foil).

For MicroBulk-Micromegas [48] the idea is to create the Mimiegas not only as one object but
also in one process respectively with one technique. MigloBlicromegas already include the whole
strip-based two dimensional readout scheme (except tlumue&lectronics) as integrated part. The
MicroBulk-Micromegas are fabricated as one object withtplithographic procedures from copper
coated Kapton foils. Also, the strips for the readout andt ttennections to the readout electronics are
manufactured in this process which is sketched in 4.2. TherdBiulk-Micromegas in the end consist
mainly of Kapton and some copper. Their readout electromiegput outside the detector lowering the
material budget of the detector itself.

MicroBulk-Micromegas show very good energy resolution%@BWHM at 59 keV). As MicroBulk-
Micromegas detectors proven to be of high radio-purity [88 to reach very low background rates
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[34] they are very attractive for experiments with low evesiies. They are already used at CAST
[33] and n-TOF [48, 50]. At CAST MicroBulk-Micromegas deters could reach background rates of
10 %cm—2kev-1stin the energy range of 2 to 7 keV.

4.3 Combination of Micromegas and pixelized readout

As the gas amplification structure of Micromegas regardichpand hole sizes of the micromesh is
already in the regime of pixelized readouts one can benefih frombining a Micromegas gas amp-
lification structure with a pixel chip (e.g. the Timepix chighich is already used in gaseous detector
applications). Replacing the pad or strip based readoutaofiard Micromegas detectors with a pixel
chip results in better spatial resolution as the dimensadngixels (~ 50um) are much smaller than
those of strips or pads-(400um up to scale of mm). Of course, it also gets possible to separad
recognize initial electrons which were amplified in two ridigring mesh holes, if the mesh holes are
correctly aligned with the pixels. Due to the better spatéeolution in combination with the ability
to resolve single electrons a much higher sensitivity todis&ribution of the electrons created through
ionization in the detector can be achieved. Another adgentéa pixel chip as readout is that the whole
electronics (preamplifier, discriminator and digitizafi@re integrated in the pixels instead of having to
connect strips or pads with the corresponding electrohicgigh (long) lines.

The intuitive approach to combine a Micromegas with a peeglireadout is to simply put a standard
Micromegas onto a pixel chip [51]. In figure 4.3a an integnahge of such a device illuminated with
a®°Fe source is shown. When putting a standard Micromegas gpiteebchip small misalignment is
nearly unavoidable which results in a Moiré patterAlso visible in figure 4.3a are the positions of the
small cylindrical spacers defining the distance betweerhraes pixel chip. They create dead pixels
as they block some of them. To avoid this it would be desirédlglace them between the pixels thus
again requiring very precise alignment and reproducibilit

A very good way to achieve the very precise alignment betwkerMicromegas and the pixel chip
is to integrate the gas amplification structure directlylm¢hip with means of photolithographic post-
processing. The gas amplification stage build in such a guoess called InGrid (Integrated Grid) [41,
52]. An image of a Timepix chip with an InGrid is shown in figut&8b. No Moiré pattern is visible but
a very homogeneoudfiency.

As in all gas amplification structures discharges may hagpan induced by alpha particles from
decay of radioactive Radon) this also happens in Micromddawsever in case of Micromegas equipped
with pad based readout protection devices like diodes carsée to protect the electronics. However,
for the electronics in pixel chips this is not possible. Sway the first discharge may destroy the whole
pixel chip or parts of it (some pixels or several columns).aVoid the destruction of the pixel chip in
case of a discharge a resistive protection layer is needahwpreads the charge created in a discharge
over a larger area on the chip. Such a protection layer cantasapplied with photolithographic
postprocessing. Materials already used as protectiondaye Timepix chips are amorphous silicon
and silicon nitride. Of course, a resistive protection taglso creates some drawbacks especially when
the detector is operated at high rates. Then, the protetdiger can be charged up, resulting in a
lower dfective potential dference between surface of the protection layer and grid shrokthe gas
amplification structure and, therefore, in a reduction efdgas gain [42].

1The Moiré pattern is an interference pattern which appedenviwo overlaying grids are tilted against each other with a
small angle or if the grids have slightlyftérent geometry
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Figure 4.3: Integral images of a Timepix chip equipped wistieandard Micromegas (a) and of a Timepix equipped
with an InGrid (b). Both illuminated with &Fe source. In case of the standard Micromegas a Moiré pastern

visible as also dead areas created by the cylindrical spaeeded for the Micromegas. The top left corner of the
InGrid was used to connect the grid with high voltage andésefore inactive. Pictures extracted from [42].

4.3.1 Fabrication of an Integrated Grid

In the following the fabrication of an InGrid on top of a Timrpchip (more information on the

Timepix chip can be found in chapter 5) will be described. Tiféerent fabrication steps to build
the Micromegas-like gas amplification structure are dbsdriin [41] and sketched in figure 4.4. The
enumeration of the steps listed below follows the enun@mdti figure 4.4.
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1. One starts the procedure with a bare Timepix chip with aipaion layer on top. The pixels

(metal pads) appear as openings in the passivation layer.

. The resistive protection layer consisting of silicorridi is deposited on the Timepix. As this

process step requires high temperatures (more thaf(@0d is done in several substeps. The
total thickness of the layer can be varied by the number oftepis. Typical thicknesses between
2 and &um are used.

. The negative photoresist (SU-8) is deposited by spinmmpaFrom this layer later the structures

supporting the grid will be created. Typically a thickne$0um is deposited although 10 to
200um are possible with a precession of 10 to 20%. The thicknesatia on one chip is in the
order of 1%.

. To form the structures supporting the grid a mask is placethe photoresist and then the struc-

ture is exposed to ultraviolet light with a mask. The aregmsrd will stay after development and
cleaning of the photoresist. The structures created byatieighe cylindrical pillars in the active

area and walls or dikes at the sides. Typical pillar diamst&0um. The pillars are of course

placed between the pixels with pitches between 110 andiit5
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5. An aluminium layer is sputtered onto the SU-8 which willelaform the grid (mesh for gas
amplification). Typical a layer of im thickness is deposited.

6. To etch the grid holes a mask made of photoresist is createdp of the aluminium layer by
photolithography.

7. The grid holes are etched with a solution of phosphorid and the photoresist mask is removed.
The hole diameters can be varied betweepm(nd the value of the hole pitch with a precession
of 1 to 8um with less than &m deviation on one grid. A typical value for the hole diameser
30um.

8. Development of the SU-8 which means to wash out the unexp®8)-8 in the interstitials with a
special solution or cleaner. As sometimes residues of th& Stdy in the interstitials, these can
be removed by cleaning in an oxygen plasma.

Of course the gas amplification structure obtained by thixgss is mechanically fragile and has
to be treated with care. The first Timepixs with InGrid ontoprev produced on single or few chip
level at the University of Twente and the Nikhef in AmsterddPnoduction on wafer level is nhow done
in cooperation by the IZM at Berlin, the first Timepix wafernapletely equipped with InGrids was
delivered in August 2011.

With the photolithographic postprocessing also staggesininGrids is possible, structures with two
or three staggered grids were build [53]. Of course, theseeaen more fragile (already during pro-
duction) than the single grid structures and also very fieasd small misalignments in the production
steps.
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Figure 4.4: Process steps for fabricating an InGrid on tog ®mepix chip by photolithographic postprocessing
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Chapter 5
X-ray detector

The x-ray detector constructed for this thesis is a smalfijad chamber with a highly granular, pixel-
ized readout. It uses a GridPix (a Timepix chip with an InGyidtop) as readout with integrated gas
amplification stage. In this chapter the requirements ord#tector will be described which lead to its
design criteria. Furthermore the detector itself and theoat system is object of this chapter.

5.1 Requirements on the detector

The requirements on the design of the detector can be spiitte two branches: Those requirements
which are common for most gaseous detectors and are themgdéoieric, and the requirements arising
from a possible operation at the CAST experiment.

Starting with the generic requirements, one has to buildtactler which is as gas tight as possible
to avoid oxygen and water contamination from the outside taedoss of gas to the outside. As the
detector is flushed permanently with the gas (mixture) a lsimagr volume is advantageous meaning
that it is possible to keep the gas inside the detector cladnlow gas fluxes. For keeping the gas
clean it is also important to avoid materials inside the ctetrevolume which gas out. This especially
concerns the choice of glues used inside the inner volumehohmogeneous electric drift field inside
the detector especially above the readout area is requsraeid Otherwise field inhomogeneities may
distort the shape of drifting charge distributions insilde tetector volume. To obtain an electric drift
field as homogeneous as possible it is advisable to use fldeara cathode plates to create the electric
field. To avoid field inhomogeneities arising from boundafieets at the edges of the plates one can
either use a field cage for shaping the electric field or onausariarge anode and cathode plates to keep
the volume above the readout structures as clean from fietihngeneities as possible.

For being able to operate the detector at the CAST experithismecessary not to use ferromagnetic
materials as at CAST the detector would have to be operatde ¢b a magnet reaching field strengths
up to 9T. For being sensitive to low event rates (as for the TASeriment but also any other experi-
ment with very low event rates) it is important to take carawdiding materials containing significant
amounts of radioactive impurities. Materials with highicgulirity are for example aluminium, acrylic
glass and Kapton foil [49, 54]. As the detector shall be smesfor photons in the low x-ray regime
(z 10keV) of course it has to have a window allowing the x-raytphe to enter the inner detector
volume. On the one hand this window has to be transparent-fay yhotons and on the other hand it
still has to be gas tight to seal the gas volume. For beingtseni the low energy x-ray regime one
also has to avoid copper inside the detector as copper hasradbence line at.8keV which might
get excited e.g. by cosmic rays. Despite copper also oth&lsneave fluorescence lines in the x-ray
regime. Aluminium has a line at3keV. But as the absorption cross section for photons igtaiay
lower energies in the x-ray regime the attenuation is higledhat it is less probable for x-ray photons
to reach the active volume in the detector than for x-ray @m®of higher energy. Thus the presence of
aluminium inside the detector should less problematic thampresence of copper. To gain the necessary
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Figure 5.1: Schematic cut through the detector with useerizds color coded.
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sensitivity it is required for the detector to bffieient in the x-ray regime meaning to have a conversion
probability for x-ray photons inside the gas volume as higlpassible. Main ways to achieve this are
operating the detector at high absolute gas pressufdr) using a gas with high atomic number. The
operation at high pressure generates further requirent@tibte mechanical robustness of the detector
(especially for the x-ray window) and again touches theirequent on gas tightness. A good candidate
for a gas with high atomic number would be Xenon (or Xenon thasetures) but as Xenon is very
expensive and a closed gas loop system (with filters for axyweater and other gas impurities) was not
available, Argon based gas mixtures were used instead.

5.2 Design of the detector

The detector consists of three parts which are mostly mad&iofinium. A schematic cut through the
detector can be seen in figure 5.1, the colors indicate therrakst

Starting with the part of the detector where the readoutsira (GridPix) is nested is from now on
called the bottom plate. The GridPix which is mounted on a@&aboard is put into a slot of the bottom
plate. The flat ribbon cable connecting the carrier boardl it intermediate board outside the detector
is fed through a well fitted slit in the bottom plate and sealgtth a two component glue. From the
intermediate board the connection to the readout systemnis.dThe bottom plate is covered with the
anode plate made of aluminium which has a cutout for the Geigffucture and its high voltage supply
(see figure 5.2). As the anode plate will be on high voltagéndusperation it has to be isolated as the
bottom plate is on ground potential (as also the rest of thecttw’s case). This is done by gluing a
Kapton sheet (7pm thickness) between anode and bottom plate. The high wkagply for anode
plate and GridPix structure are realized by feeding calbiesugh holes in the bottom plate which are
sealed with a two component glue to reach gas tightness. [€b&ieal connection of the anode plate
to its high voltage supply is done by feeding a small wire frira downside through a hole in the
anode plate and clamping it with one of the plastic screwdihglthe anode plate at its position. The
connection for the gas inlet is screwed into the bottom glat® the outside.

On top of the bottom plane is a ring. The inside of this ringasered with Kapton foil to avoid
discharges as it is close to anode and cathode plates. Aisthaafines the distance between anode and
cathode, the drift distance, this distance can easily begdthby replacing the ring by one withfigirent
height. The inner diameter of the ring is 82 mm. The ring usatdhd the measurements described in
chapter 7 gave a drift distance of 20 mm.

The top endcap is mounted on the ring and closes the innestdet®lume. It contains the window
allowing x-ray photons to enter the detector, the connadtio the gas outlet and the cathode including
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5.3 Distortions of the electrical field inside the detector

Figure 5.2: Picture showing the GridPix nested in the anddiep At the right the high voltage supply for the
GridPix can be seen (orange cable). At the top the wire boodsexting the GridPix to its carrier board can be
seen, they are covered with a glue to protect them.

its high voltage supply. The top endcap is also made of alumras the cathode plate is which is
mounted from the inside of the detector onto the top platefiaad with plastic screws. The connection
of the cathode plate to its high voltage supply is done sinidlahe anode plate. Figure 5.3 shows the
top plate with view onto the cathode plate. To avoid an unsweface at the cathode the wire is put into
a tiny notch leading from the feedthrough hole to the scremnging the wire. A Kapton foil (50m
thickness) is used as x-ray window. Itis glued onto a smaih which is fixed with metal screws from
the inside of the detector. To seal the point where the windanwounted an o-ring is used. The cathode
plate has a small hole (1 mm diameter) where the window idéoca

Gas tightness between these three parts is achieved byassings and corresponding notches in the
bottom plate and the top plate. In order to flush the innerateteolume, especially the volume above
the GridPix the gas connections are arranged in a way thajabdlow crosses the volume above the
GridPix. The completely assembled detector is shown indigu4, the copper plate beneath the bottom
plate can be used to mount a copper box enclosing the deteadacting as Faraday cage.

The two high voltage lines coming out of the bottom plate (f@n¢he anode, one for the GridPix) lead
to small metal box where they are connected with X0 Msistors to standard high voltage connectors
(SHV). In case of the high voltage line for the GridPix there additional passive components inside
the metal box for decoupling signals coming from the grid &mdamp noise coming from the high
voltage supply.

5.3 Distortions of the electrical field inside the detector
In an ideal case the electric drift field inside a gas-filleted®sr would be absolute homogeneous with
no components perpendicular to the drift direction all othex readout region which would lead to

perfect imaging. The detector described in the sectionrbefdfers from partly heavy field distortions.
The causes for this distortions are mainly two things.
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Figure 5.3: Picture of the top part of the detector as sean frside. Cathode plate with x-ray window in its
middle can be seen as well as the high voltage connectiorhéocathode (top left) and the gas outlet (down
right).

There is on the one hand the finite size of anode and cathoad \eaid mainly to deviations from the
design value for the drift field. As this detector was not édidr reconstruction or precise measurement
of tracks and as the drift distance of the electrons detemtethe readout plane is not measured, the
influence of this field distortions can be neglected. Alse, simall maximal drift distance keeps the
effect of this distortions low. Furthermore, this field distons become higher the closer one gets to the
edges of anode and cathode plate, so, for small distancesdretanode and cathode the influence of
the distortions is very low at the middle of the detector, rehthe GridPix is nested. Nevertheless, this
part of the whole field distortions could be minimized in aufat version of the detector by using a field
cage to shape the drift field better.

The second cause of field distortions inside the detectbeisvaly the GridPix structure are mounted
in the anode plate. The small gaps between the chip and tlie guate which are in the order off0to
1 mm lead to changes in the drift field at the edges and sidéeattip. These gaps also lead to electric
field components perpendicular to the drift direction. Tapgare about.B mm to 1 mm for most sides.
However at the sides of the bond wires, the gap is about 4 mitote for sufficient insulation between
the anode and the wire bonds which are on ground potentiingagain a look at figure 5.2 one can
see these gaps, also the part where the high voltage supplyef&ridPix is done creates a very large
gap.

The electric field inside the detector was simulated with ¢bemmercial simulation environment
Ansys. Using a simplified model of the detector and typical valuedtie design value of the drift field
and the applied grid voltage, one gets the electric fieldgvatio figure 5.5. There, it is clearly visible
that from the gap between GridPix and anode (1 mm) quite gffietd distortions arise.

There are several ways to minimize the field distortionsiragi$rom the gap between anode and
GridPix or their influence. A simple approach is to reduce sl of the gap between anode and
GridPix for example by applying metal foils, although, thien not be done at the side were the bond
wires connecting the chip to its carrier board are localiz€e only way to avoid the big gap at the
bonding area of the chip would be to use fietient chip instead of the Timepix in combination with the
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Figure 5.4: Picture of the x-ray detector, high voltage $ypconnected to the connector on the top and to the
connectors down left. The intermediate board at the rigbdisected to the MUROS.

InGrid structure on top which could be connected from the mide by Through Silicon Vias. Also,
implementing the high voltage supply for the GridPix onte darrier board would avoid the gap where
the supply is done at the moment and, therefore, reduce tidedfortions. One way to reduce the
influence of the field distortions would be to put the GridPe&eder so that the anode plate would lie
higher than the top of the InGrid which would allow to implemha Frisch grid into the anode plate for
keeping the drift volume clean from the field distortions las influence of the field distortions on the
small distance between InGrid and Frisch grid [36] shouldabeer small.

5.4 Readout

The readout of the detector is realized by the use of a GrigRigh is a pixelized readout with integrated
gas amplification structure. The GridPix is glued onto a spratted circuit board called carrier board
which is interconnected via a small flat ribbon cable with arermediate board. This intermediate
board is then connected with thdedipix redJsableReadut System (MUROS) which handles the
communication with the GridPix. The connection of the Gind® the carrier board is done with
bonding wires. Also the high voltage supply for the grid of BridPix is realized by a small metal
pad on the carrier board from where bond wires are drawn tetgitid and attached with a conductive
glue. In the following subsections a description of the BGridand the MUROS will be given. As also
attempts were done to decouple signals from the grid (gadifemapon part of the GridPix) the way
this was tried will be explained.
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(@) (b)

Figure 5.5: Electric field inside the detector simulatechuiibsys. Electric field in drift direction (a) and parallel
to the readout plane (b). Color scale is frerh00Y/cm (blue) to+100Y/cm (red) deviation from design value
(green). The design value is 500V chfor the electric field in drift direction and 0V crh for the electric field
parallel to the readout plane. On the left side of (a) and éif)df the GridPix can be seen while to the right is the
anode plate with a gap of 1 mm in between.

5.4.1 GridPix

GridPix is the combination of a Timepix chip (pixelized reatlchip) with an integrated gas amplifica-
tion structure (InGrid) which is put onto the Timepix by pblithographic postprocessing. The process
used to create the integrated gas amplification structutemif the Timepix chip was already intro-
duced and explained at the end of chapter 4. For the chip oséldef measurements done in this thesis,
the protection layer was made of silicon nitride and had ektiéss of §m. This chip had no dead
columns, just one hot pixel and a few noisy ones which weratéatat its sides in the dead area of the
InGrid (where the~ 500um wide walls are located which give mechanical stabilityii® InGrid struc-
ture). Even after about three months of operation and despiteral discharges (especially at some of
the expansion gaps of the mentioned walls) the GridPix sHaweedecrease of performance, meaning
no detectable loss of sensitivity, no dead pixel or columRhotos of a bare GridPix and a GridPix
connected on its carrier board can be found in figure 5.6.

5.4.2 Timepix chip

The Timepix chip [55] is a pixel chip derived from the Mediighip which is a pixel chip designed for
the detection of single x-ray photons. The purpose of theipbe2lis mainly medical imaging. Both, the
Timepix and the Medipix2 have a total size 0446 mn? where 14<14 mn? are equipped with pixels.
The area not equipped with pixels is used to connect the dhipanding wires with its carrier board.
Both chips have 256 256 pixels with a pitch of 5% 55um?. In fact these pixels are bumpbond pads
used for bumpbonding a semiconductor detector onto theorgathip in which photons can convert
into several electrons which are then collected at the pidet bumpbond pads are made of aluminium
and are of octagonal shape with side lengthut0 As the pixels do not cover the whole active area
of the chip the remaining surface is covered with a passindfiyer. Therefore, the pixels appear as
openings in the passivation revealing the underlaying ntetar. Each of the pixels contains a charge
sensitive amplifier, a discriminator, a 14-bit pseudo-tanccounter and the necessary communication
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(a) (b)

Figure 5.6: Images showing a bare GridPix (a) and a GridPia oarrier board (b) with high voltage supply on
the left (orange cable).

logics. Settings for the readout electronics (for examiplegsholds for the discriminator) can be changed
by the use of the chips internal 8-iigital to AnalogConverters (DACs). To detect electrons directly
with a Medipix2 or Timepix one removes the semiconductoedetr and uses the bumpbond pads as
charge collecting anodes of a gas amplification structuiewlas to be put on top to multiply incoming
electrons to achieve amounts of charge large enough thahthean detect them.

As the Medipix2 was designed for imaging it was just able gister if a pixel was activated (meaning
that the charge collected on this pixel was higher than alimid) or to count how often a pixel was
activated during the acquisition.

The Timepix chip is a modification of the Medipix2 to make iitable for gaseous detectors. The
Timepix was produced by IBM using a 250 nm CMOS (Complemgnitéetal Oxide Semiconductor)
process. The electronics contained in one of its pixel isvshim figure 5.7 as block diagram. The
charge sensitive amplifier is an operational amplifier wapacitive feedback. To avoid pileup of in-
coming charges a constant current source (in this case dlsd Kaummenacher feedback [56]) is also
implemented in the feedback loop of the amplifier. Chargwiag at the input of the amplifier is there-
fore integrated and generates a voltage signal at its outpigh has a fast rising edge and due to the
Krummenacher feedback a slow and linearly falling edge. ditput of the following discriminator
is logical high when the output signal of the amplifier pagbesadjustable threshold of the discrimin-
ator. It goes back to logical low when the amplifiers outpghal falls below the threshold again. The
equivalent noise charge for the Timepix is aboue90

The Timepix has to supplied with an external clock of up to WBdz. The Timepix dfers two
possibilities to use this clock signal. The 14-bit pseualedom counters can count the clock cycles as
long as the discriminator output is high meaning that theupy@ifier output is above the discriminator
threshold thus measuring the time the signal is above tRshbid Time over Threshold (ToT)). The
ToT is proportional to the charge integrated in the chargsitiee amplifier due to the linearly falling
edge of the amplifiers output signal. The other way is to ctlmtclock cycles starting from the point
the discriminator becomes high for the first time until thd efhthe acquisition thus measuring thane
of Arrival (ToA). Although the counters have 14-bit the highesmber they can count is 11810 as they
are pseudo-random counters and as some bits are reservatidoinformation. A timing scheme of
the Timepix is shown in figure 5.8 already revealing somesofiiawbacks.

The Timepix is not self-triggering, it needs a shutter sign@nly during the time this signal is
logical low the pixels are armed meaning that they can measomething. Therefore, one needs to
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Figure 5.7: Block diagram of the electronics integrated ifiraepix pixel, taken from [55]. In the analog part
on the left are the pad connected to the charge sensitivenpiiir and the discriminator. Test pulses can be
injected with the capacitance also connected to the prefenphput. The digital part of the pixel's electronics
is shown on the right. Here the logics are located for defitiirggpixels mode, for counting clock cycles and for
sending out the data.
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Figure 5.8: Timing diagram for the Timepix chip.

open the shutter window already before charge arrives giikeds. Furthermore, in ToT or TOA mode
the Timepix is not able to separate multihits, it is cannatidguish if a pixel was activated once or
several times, in case of ToT measurement it just integiiesvhole charge arriving on the pixels
during the time the shutter is open. This also illustratel.8) when the preamplifier output passes the
discriminator threshold a second time during one shuttadaiv the counters just continue counting. In
case of ToOA measurement just the ToA of a pixels first hit issnead. Another drawback is of course,
that the Timepix can only measure ToT or ToA for one pixel.

A new chip, the Timepix3, is under development and may be #tdxiin 2012. This chip will not
need a shutter window anymore, it can trigger itself and Eabée of dealing correctly with multihits.
Also, the Timepix3 will be designed for connection via ThgbeSilicon-Vias.

For every pixel in the Timepix chip a small capacitance istamted to the charge sensitive amplifiers
input. Itis possible to send test pulses into the chip whiettlaen distributed to the pixels’ capacitance.
By this one can inject defined charge pulses into the pixeltr@eics to calibrate the chip making it
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Figure 5.9: Scanning electron microscope image of an In@uidbntop of a Timepix chip with protection layer
in between, extracted from [41]

possible to convert the counted clock cycles for ToT measard into amounts of charge. Due to
process fluctuations during production of the Timepix chifgsthreshold of the discriminator may vary
over the pixels of one chip resulting in a spread of the iretligd pixel thresholds. To compensate this
each pixel has a 4-bit DAC with which the individual threshahn be tuned to reduce the threshold
dispersion.

5.4.3 InGrid

The gas amplification structure of the GridPix is an integgldélicromegas ointegratedGrid (InGrid).

It is put onto the Timepix chip with photolithographic posipessing. For the GridPix used in this
thesis this was done on chip level at University of Twente Biilchef in Amsterdam. In figure 5.9 a
photo of an InGrid structure can be seen, there one can s@étie of the Timepix as openings in the
passivation layer of course the surface is covered withagilinitride as protection layer. Also visible
are the tiny insulating pillars holding the grid. By meangha# very good alignment achieved with the
postprocessing techniques the holes of the grid are censdrave the pixels. For a suitable gas gain
one is able to detect single electrons with the combinatfofimepix with an InGrid.

For mechanical stability it is not possible to cover the veh®imepix active area with an active
InGrid structure. To retain mechanical stability the sidéthe active area are covered with500um
wide walls instead of the tiny pillars. Those walls suppbt# twhole InGrid structure, on top they are
also covered with the grid. They provide a place for connecthe grid with its high voltage supply.
The negative photoresist (SU-8) which is used to form thkangiland the walls is hygroscopic and
has diferent thermal expansion dieients than the metal grid on top of it and as the underlaying
silicon nitride. Therefore, expansion gaps are in the walbsv/oid mechanical destruction of the InGrid
structure due to thermal expansion. Of course these gapsecareferred regions for discharges, if e.g.
residuals from the fabrication process remained in thegs. gehis was also seen during operation of the
GridPix used in this thesis, but the frequency of this disgbs decreased with the total operation time.
As these discharges at the gaps are located in the inactjianref the InGrid they did not influence the
GridPix operation.
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(b)
Figure 5.10: Pictures showing the MUROS, closed (a) and eghén).

5.4.4 The MUROS

TheM edipix rdJsableReadDut System [57] is an interface system based on a FPE&l{ Programm-
ableGateArray). It is used as interface between the Timepix’ carrigaird and National Instruments
DIO card Qigital Input Output). This DIO card is plugged into a computer. The MUROS we-
veloped at the National Institute for Nuclear Physics anghHEnergy Physics (Nikhef) in Amster-
dam. The MUROS handles the communication between compnteTianepix chip. For reading out
a Timepix chip version 2.1 of the MUROS has to be used sincsioserl is only capable of handling
Medipix chips. Pictures of a MUROSZ2.1 can be seen in figur8.5The power supply for the Timepix
chip is also implemented in the MUROS. The necessary vatagn either be created internally or they
can be supplied from a stabilized power supply. The intepoater supply of the MUROS supplying
its electronics was also shunted out and replaced by aigtbiaboratory power supply to avoid noise
coming from the internal power supply. The external clognal needed for operation of the Timepix
is also generated in the MUROSZ2.1, it can be set by using avattiger on the potentiometer on its
board. For the measurements of this thesis the frequentyeaternal clock was set to BMHz.

Readout and configuring of the Timepix chip as well as stothng data which was readout and
visualizing it is done by the Pixelman software [58, 59] onG FPhis program is also capable of tuning
the individual thresholds (Threshold equalization) in atoenated way generating a matrix with the
necessary DAC information to reduce the threshold sprehd.iffjection of test pulses is also handled
by the Pixelman software. During this thesis the Java versioPixelman ,JPixelman, was used in
version 2.06.

5.4.5 Decoupling signals from the grid

To decouple the charge pulse from the high voltage supplief@ridPix’ grid which is generated on
it by the gas amplification a circuit as shown in figure 5.11 wsed. The decoupled signal is then fed
into a charge sensitive amplifier. The charge sensitive ifisplvhich was used to amplify the signal
grid signal was a small preamplifier from the Honeycomb sthipmbers [60] which were used at the
P2 experiment (CERN), a picture of the amplifier is shown inég5.12. The signal at the output of the
amplifier is inverted and shaped. The amplifier’s integratime is approximately 1@s and the height
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Figure 5.11: Circuit for decoupling signals from the grid.

Figure 5.12: Picture of a Honeycomb preamplifier.

of the output signal correlates with the charge at its ingub#iows

U[mV] ~ 935- Q[pC] (5.1)
~15x 107 Q[e] (5.2)

It was planned to sample the output signal of the charge tsenamplifier with a FADC (Fast Analog
to Digital Converter) to gain time information from the saras for example the signal shape. Also,
the decoupled signal may be used as a kind of trigger to enclittnent frame by triggering the shutter
signal to go high (with some delay) and, therefore, startréfagout of the Timepix chip (this is not
possible yet as the MUROS does not support such operatiora bhew more flexible readout system
for the Timepix is under development). As during readouthef Timepix chip crosstalk from its data
lines to the grid is expected and unavoidable one could @s€ithepix’ signals which indicate its status
(meaning if its transmitting or receiving data) to veto teDE.

Unfortunately, it was impossible to sample the output digridhe amplifier as there was a large
amount of noise on its output (hot coming from communicatibthe Timepix chip). The noise’ amp-
litude was in the range where real signals from the grid weteetexpected (50 to 200 mV). Therefore,
many fake triggers would have shown up in the self-triggefADC which makes the sampling of
the grid’s signal useless. For this reason the signal frangtid was not used for the measurements
of this thesis. Nevertheless, it was possible to see sidrais the grid in case of discharges which
generate very large amounts of charge on the grid large énoudearly be separated from noise. Most
of these discharge signals already put the amplifier's dutpga saturation meaning more tharbpC
(9.36 x 1P e) arriving at the grid.

The before mentioned noise seemed to couple in from thedeutsiby the grounding of the detector
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and the amplifier. So, it should be possible to get rid of mbgh@ noise by applying proper grounding
to the detector, its supplies and of course readout eléct@md amplifier. Also improvements of the
electromagnetic shielding (meaning Faraday cage(s) deltlstyg of cables) should improve the noise
problem. Especially a proper shielding of the small pieceatfle between the grid an the point where
the signal is decoupled from the high voltage supply may lzapesitive &ect on this. Also the use
of an Online-UPS WninteruptablePower Supply) might be useful as it fully decouples the systems
supplied by it from the energy net. By this one could get richoise which is on the power lines and
would therefore couple in through all devices which havedsiypplied with power.
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Data analysis

In this chapter the analysis framework MarlinTPC [61] wi# Bhortly introduced. Also, the charge
calibration performed for the Timepix chip used in this fkesill be presented shortly. It will be
explained how the x-ray events were reconstructed and zathAlso the cuts applied to obtain clean
spectra of the useePFe source will be presented and motivated. A very simple Isitim of x-ray
events based arpot libraries will be presented which was used to check the r&coction and analysis
chain for artifacts as well as to look for imperfections of tetector.

Last but not least the algorithm based on likelihood ratibgtvwas used to discriminate background
events from x-ray events, will be introduced and explained.

6.1 Analysis framework

The reconstruction and analysis of data was done using thiBnWIRC framework which is based on
the Marlin (Modular Analysis and Reconstruction for the éan Collider) but has additional tools for
reconstruction of data taken with time projection chamif&€RC). The framework was chosen because
several analysis steps like reading in data and calibratiene already implemented.

This modular framework consists offfirent modules which process the events one after another
resulting in a reconstruction and analysis chain. One neorkdds in the data and converts it into the
data format of the framework, the next modules suppresges iethe data, the next applies a charge
calibration, the next one reconstructs e.g. clusters amhs®he last modules create the analysis plots.
The sequence of this modules and their individual parameter defined in steering files (XML files)
which define and control the reconstruction and analysigicha

This framework was already used for data with Timepix chipB@s with Triple-GEM stack and
Timepix readout) many modules needed for working with Timelata already exited so that only a few
new modules had to be created for this thesis and the analfysisay events. Sometimes also existing
modules could be modified to be used for the x-ray events. AditM#@C is designed for tracking
applications many modules to find and reconstruct trackbarfged particles are already included which
could be used for the discrimination of background eventsvaas done in this thesis byftierentiating
the hypothesis of a x-ray event and the hypothesis of a ctigrgeicles track.

6.2 Charge Calibration

In order to convert the number of clock cycles measured ifitffemode to a charge, a charge calibration
needed. As already mentioned each pixel on the Timepix chdgth own test input which can be used
to send test pulses to the pixels. The distribution of thegribver the chip is handled by the electronics
of the Timepix chip. The control of the test pulse distribatiis done with the Pixelman software, an
external pulser is connected to the test pulse input of ttegrimediate board of the readout electronics.
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Figure 6.1: Charge calibration for the Timepix used in thissis, fit function which is later used to calibrate the
taken data including fit parameters is also shown.

The pulser gets triggered by the MURQOS. The calibration gulace is done as described in [62]. The
calibration is done for the whole chip by averaging over &lefs. The result for the chip used in this
thesis is shown in figure 6.1, a function

c
ToT[clockcycles]= aUjpi[mV] + b — ——— 6.1
a C
ToT[clockeycles]= %Qinj[e] +b- E (6.2)
50
Qinj[€] = 5 ~ 50 Uiy [mV] (6.3)

with C = 8fF the capacitance for injecting test pulses an), c andt as free parameters was fitted
to the calibration data for later converting the measuredber of clock cycles into the accumulated
charge. The fitted function is arbitrary and has no physioativation, it was chosen in [62] to fit the
data.

From the calibration graph one can see that the thresholdl fosehe measurements is at approx-
imately 800e and therefore far above the noise level of the Timepix chift has an equivalent noise
charge of about 98[55]. The obtained fit parameters which are used later forgehealibration of the
data are

a=04713 (6.4)
b = 14949 (6.5)
c=9774 (6.6)
t = —4898 (6.7)

they were gathered by usingraoT fit.
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Figure 6.2: Typical x-ray events as they are recorded wigh@hidPix: Charge cloud of a single x-ray photon (a)
and charge clouds of two x-ray photons converted in one frignehere the second photon might be an escape
photon. Both events were recorded using a gas mixture of 9&$6rAand 5% Isobutane (AC4H10 95/5).

6.3 Analysis of x-ray events

X-ray photons converting inside the detector leave an @&iion trace in the detector. The electrons in
this trace drift to the readout (GridPix Timepix + InGrid) where they get multiplied and detected.
Due to difusion the cloud of secondary electrons widens during drifierefore, the GridPix records a
projection of the electron distribution onto the readowatng!. If the charge cloud has drifted a distance
long enough to separate all electrons by meansfhision the position of each individual electron in the
cloud can be recorded with a precision ofi66/ V12 ~ 16um in both coordinates. This high spatial
resolution can be exploited to do a precise event shape simatich can be used to separate x-ray
events from background events. Figure 6.2 shows two tygical events as they are observed with the
GridPix readout, it is clearly visible that the high spatiegolution for single electrons allows a precise
analysis of the event shape.

The first step of course is to reconstruct the x-ray photormaevent which means to combine all
electrons (or pixels) originating from one x-ray photon imeax-ray object. To recognize the pixels
belonging together an algorithm was implemented by madlifya standard cluster algorithm which
takes adjacent pixels and puts them into one cluster obj&ds. standard cluster algorithm for use with
data from a Timepix chip was already implemented in Marli@TIB3]. This algorithm was modified
to search not only for adjacent pixels but also for nearbglpiin an adjustable square around every
pixel. Thus allowing some distance between the pixels ofyorgy object ensures taking all pixels of
one x-ray object into account but also enables separatitmak-ray objects in one event if their gap
is wide enough. An distance of 10 pixels in each direction feaad suficient to find all pixels of one
X-ray object but still allowing some separation.

For the x-ray objects some characteristic properties cayiMea, their center, the number of activated
pixels which is the number of secondary electrons in thegehatoud for full separation and also the
total amount of charge (sum of charge over all activatedig)ixa one x-ray object. The latter should
correspond to the number of secondary electrons and, tereb the energy of the incident x-ray
photon. In case of low ffusion, when secondary electrons may end up on the same thigetotal
charge should still be a good estimator for the energy of theyxphoton, since it is integrated over
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Figure 6.3: Sketches illustrating the calculation of theestricity E. A two dimensional distribution is projected
on the axis of the coordinate system (B)is calculated from the widths of the projected distribusioifo find
the eccentricity for randomly oriented distributions, twrdinate system is rotated by an angl) so that the
eccentricity resulting from the projection on the axis af ttoordinate system becomes maximum.

overlapping electrons.

The general shape of the x-ray objects is elliptical so they tan be described by the direction of
their long axis and their eccentricify. The eccentricity is a measure for the deviation from a ¢arcu
shape, it is defined as the width of a two dimensional didiilbualong one axis divided by the width
of the distribution along the perpendicular axis (see figuga)

Ox

E-= (6.8)

Oy
whereoy ando, are the widths of the distributions along the two perperidicaxis. For getting the
eccentricity characterizing the elliptical shape one bdind the long respectively the short axis of the
ellipsis and calculate the eccentricity in the coordingttemm given by these axis. Therefore, one has to
rotate the coordinate system to match it with ellipsis’ aXibis was done by taking the eccentricity as
function of the rotation angle and maximizing this expression with the tdihuit2 which is included
in ROOT. The resulting angle defines the direction of the long axis of the ellipsis (seerédu3b).

For the following analysis of the object’s shape the coat#irsystem defined by the long and short
axis of the ellipsis is used which can be transformed to bgtimg the standard coordinate system
given by the Timepix with the angle. As the electron cloud originates from the ionization trate
an primary electron for small drift distances the directafrthis primary electron is still visible and
is the reason for the eccentricity of the cloud. For longédit distances this direction is washed out
due to difusion. For gas mixtures with largdfective ranges for electrons along with smalftasion
codficient (gas mixtures with low density) the track of the prignakectron can become clearly visible
even for long drift distances. So there are two cases, tlaetloentricity is caused by the direction
of the primary electron still dominating the clouds shapédyistatistical fluctuations of the filiision
causing the distribution to deviate from a circle. As thediiion of emission in this plane is uniformly
distributed for photoelectrons as well as for Auger elewrdhe angle is expected to follow a uniform
distribution.
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6.4 Simulation of x-ray events

To analyze the events shape statistical momenta are dalduiar the distributions of the electrons
projected either onto the long or onto the short axis of thipse. First of all the widthoy of the
projected distribution is calculated which is the seconadtred moment of the distribution and is also
known as the root mean squared

o2 = %Z (% - 6.9

wherenis the number of pixels the mean value for the distribution along one of the axisadenotes
the coordinate of the pixels projected onto either the lanip@ short axis. The next statistical moment
used in the analysis is the Skewn&sswhich is the third central moment of a distribution defined as

Sy = % Z (% - %° (6.10)

which is measure for the asymmetry of a distribution. A disiion with Sy = 0 is completely sym-
metric around its mean, whilg, # 0 indicates an asymmetry. A distribution wily < 0 has a longer
tail left to its mean than to the right and therefore moreiestiarger than its mean than lower and for
Sy > 0vice versa. Also the fourth central momentum is used foetlemt shape analysis. The statistical
moment Kurtosiy is given by

e = (

and holds information about the shape of the distributiorGaussian distribution results inkg = 0.
Smaller values oKy indicate more flat distributions while larger values showfarpnarrower distribu-
tions.

> (- @4]_3 (6.11)

6.4 Simulation of x-ray events

In order to check the full reconstruction and analysis ctegmall simulation was implemented to
create artificial x-ray events. For this toy Monte Carlo al iwas designed by usinBOOT libraries
and especially the random number generators implement@bih To avoid correlations between the
generated random numbers the genera@kamdom3 (which is based on thBersenne Twister [64])
was used if possible. The simulation is based on phenomgicalalescriptions of the physics processes
and does not involve a full simulation from first principl@he simulation setup for this thesis assumes
an ideal detector without field distortions and so on. To oeprthe simulation, the to@arfield++
could be used in combination with electric field maps gemreratithAnsys.

The simulation starts with generating a photon of ener§kév with a random direction within the
cone defined by the opening angle of the detectors x-ray windibe distance the photon travels before
it converts by the photoelectridfect is randomized according to

dAN(X)
dx

which gives the number of photons absorbedxmith x the distance the photon traveled. This expres-
sion can be derived from the intensity attenuation of a plhbwam

o peHx (6.12)

1(X) = lge™ (6.13)

wherel (X) «« N(X) is used. If the photon converts inside the detector threesare considered:
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e The full energy is transferred to one photoelectron
e One photoelectron with.894 keV plus one Auger electron are emitted
e One photoelectron with.894 keV plus one escape photon are emitted

The probabilities for the three cases are given at the endhafter 3. The direction of an emitted
Auger electron is generated randomly according to unifoistridution in solid angle. The direction
of emission for photoelectrons is generated according ifmwm distribution in the azimuthal angle
with respect to the incident photons direction. The adgtelined with the incident photon’s direction,
however, is distributed according to

Sirt 6

(1 - Bcosy)*
whereg is calculated from the electron energy. The length of theteda tracks is calculated from their
energy from equation 3.13. The number of secondary elextcorated through ionization along the
track is distributed Gaussian with the mean given by thetreles energy divided by the mean ionization
energy of the gas mixture and a width including the Fano faste chapter 3). The secondary electrons
are uniformly distributed along the track.

The mapping of the secondary electrons onto the readoue fgadiffused with a two dimensional
Gaussian distribution around its point of origin and with i@t given by the dtusion codficient for
the gas mixture and its distance to the readout plane.

The positions of the secondary electrons at the readoue [@eanthen matched to a grid defined by
the Timepix pixels. For each electron the gasamplificatiogeinerated according to a Polya distribution
for which the parameters are taken from a fit to real data. rAfte number of electrons per pixel is
calculated the total charge on each pixel is converted imtonumber of clock counts for ToT mode
using the calibration curve for the chip. The simulationl wates the data in the same format as the
Pixelman software, so that the whole chain of reconstractiod analysis can be applied also on the
artificial events.

This simulation was compared with real data taken at a grithge of 350 V with AfiC4H1 95/5.

The ditusion codicient for the used drift field of 22%cm was simulated by usinagboltz [65] to
have a value ob; = 479um/ y/cm A Fano factor of ®5 was assumed and the mean ionization energy
was calculated from the mean ionization energies of Argahlaobutane

(6.14)

Wog/5 = 0.95war + O-OEUiC4H10 =26eV (615)

with numbers taken from [37]. As the simulation does notudel Penning féect or charge sharing
between pixels the spectra are expected to only match giixdlly with real data. The parameters for
the Polya distribution were obtained by fitting a Polya disttion to the distribution of the charge per
isolated (no activated neighbors) pixel. Due to chargeistdometween pixels (see chapter 7) this is also
a simplification of the simulation. To illustrate the qualive agreement of the simulated and therefore
artificial x-ray events with real data, in figure 6.4 one ai#fi and one real x-ray event are shown.
In figures 6.5 to 6.8 only the results of the event shape aisalgsthe Monte Carlo x-ray events are
compared for real data.

One can see that the reconstructed event shape (Kurtosisn8&s and Width) match quite well with
the real x-ray events. For this one can conclude that the &0atlo x-ray event production reproduces
the physical processes in the detector qualitativelyfdbences can be seen for the eccentricity, the real
x-ray events are more lengthy and they show a kind of prefedieection which cannot be explained
by the conversion of the x-ray events inside the detectderdstingly the preferred direction can be
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Figure 6.5: Comparison of Kurtosis for artificial and reaiax events: Kurtosis along the long axis (a) and along
the short axis (b)

identified with direction in which the bonding wires of theriépix and therefore the largest gap between
GridPix and anode plate is oriented. So, probably the mededirection and the larger eccentricity is
due to distortions of the electric field which are not taken ixccount by the simplified simulation.

6.5 Energy Spectra

In order to obtain clean energy spectra from the data takdértié radioactive€®Fe source it is necessary
to clean the data. There two kinds of events which have to im®ved in order to be able to extract
characteristics of the detector from the data,fésiency, energy resolution and obtained gas gain. The
one kind are background events e.g. tracks of cosmic muoother charged particles. The other kind
of events to be removed from data are events where two or mmag photons converted in one frame
which could not be separated due to low distances to each othe

Cleaning of data from those invalid (x-ray) events is donajglying cuts on the data. The cuts used

59



Chapter 6 Data analysis

000 T T T T T T

5000

|
Occurrence
(o)) (2]
o o
o o
FrT
| |

Occurrence

4000; — Simulation é 4000:, — Simulation i
3000; —— Measurement { 3000; —— Measurement B
2000F = 20005 3
1000 - 1000— -

G:‘ L L | L L L G:‘ L L | —l L
2 15 -1 05 0 05 1 15 2 2 15 -1 0 05 1 15 2
S, Sy

(@) (b)

Figure 6.6: Comparison of Skewness for artificial and reedyk-events: Skewness along the long axis (a) and
along the short axis (b)
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Figure 6.7: Comparison of width along short axis for art#fieéind real x-ray events.

will be presented in the following. As the x-ray photons oriding from the radioactive source can
enter the detector only through the small window in its tapdknter positions of the resulting electron
clouds detected by the GridPix have to be in a certain arebeofgadout plane. The position of the
window is governed by looking at an integral image of whole with radioactive source consisting of
~ 50 k x-ray events. Summing up of all these events gives a itteage (see figure 6.9) of the radioactive
source seen through the x-ray window. From this one caneabttra position of the window, as one can
already see in figure 6.9 it is slightly displaced with resgedhe GridPix’ center. Around this center
point a circle with radius 2 mm is defined as area for valid xeaents. The radius of the circle takes
into account the opening angle of the detector as well asigptadement of the center of the charge
cloud with respect to the photons conversion point. The authe center position is shown in figure
6.10.

In addition to this cut on the position also cuts on the eveh&pe are used. Cuts on the Skewness and
Kurtosis along the short axis (figures 6.11 and 6.12) areiegppb remove events deviating too much
from the mean of the distributions. As the width of the chasigeids is limited due to diusion given by
the ditusion codicient and the maximum drift distance of 2cm x-ray objecthwij > 700um were
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Figure 6.8: Comparison of eccentricity for artificial anélr&-ray events: Excentricity (a) and direction of the
long axis (b) which is given by the rotation angle

removed. This cut on the width along the short axis is showfigime 6.13.

To remove the unseparated multiphoton events in a last st an the eccentricity is applied.
Unseparated events result in lengthy x-ray objects anckfibier in a larger eccentricity than single
photon events. The cut on eccentricity is shown in figure .6 E#jure 6.15 shows the result of the
applied cuts. In the spectra the cuts reduce the backgrauthe &ery left of the distributions as well
as the number of x-ray objects with two times the number célgiof the photopeak which result from
unseparated double photon events.

6.6 Discrimination of background events

In a gaseous x-ray detector there are two kinds of backgreuents which occur. On the one side there
are real x-ray photons emitted by the detector materidf ig$her due to radioactive impurities or due
to excitation of fluorescence lines in the x-ray regime. sl of background limits the detectors per-
formance, background rate, as it not possible to distitigthiese x-rays from the x-rays one is looking
for in an experiment with low event rates. Additionally thdas background originating from charged
particles traversing the detector and creating ionizatiaces (tracks) (see figure 6.16 for a typical track
as observed in the detector). These straight tracks aréricigle rather simple to discriminate in the
analysis, but parts of the ionization trace may look like eétextron clouds produced by x-ray photons
(this may e.g. happen whérelectrons are created or if a charged particle is stoppdérthe detector).
Therefore, parts of the tracks can mimic x-ray events.

To discriminate the background events originating fromrged particles track an algorithm was
build using a likelihood ratio method. Therefore, for evement two hypothesis were stated, that this
event was either created by a x-ray photon or by the track bbhaged particle. For every event a track
reconstruction was done, consisting of finding the trackwaitHough transformation [66] and calcu-
lating the track parameters with a linear regression. Thdutes for track finding and reconstruction
were already implemented in MarlinTPC [63]. These algamnghalso reconstruct tracks of x-ray events.
Also for every event x-ray objects were reconstructed withalgorithm presented before. Now, for the
reconstructed track and the reconstructed x-ray objecigepties describing the events shape are used
to decide between the two hypothesis.
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Figure 6.10: Center positions of x-ray objects and cut &gplData shown was recorded at grid voltage of 350 V.

The likelihood £ is the probability that under assuming a certain hypothbsigneasured value for
some variable occurs. This probability can be obtained faonistogram created either with reference
data or by simulation. The likelihood ratio is a way to decisdween two hypothesis. If one has to
distinguish between two hypothedity and H, and has measured the valudor the variablex the
likelihood ratioQ is given by
Q- L(x = xIH1)

L(x = xIH2)
whereQ < 1 would lead to rejection dfi; andQ > 1 to a rejection oH,. If several variablex; with
measured valueg exist, these can be combined in one likelihood ratio

L(X = xilH1)
o= [ 7= (617)

(6.16)
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3500

3000

2500

Occurrence

2000

1500

1000

500

N[TTT T[T T[T [T T[T T[T TTTT

1O
[y
()]
=
o
(&)]
o‘
o
()]
=
=
(&3]
N

~
<

Figure 6.12: Kurtosis along short axis and cuts appliedaBabwn was recorded at grid voltage of 350 V.

or by using the logarithmic likelihoods

l0gQ =} log L(x = xilH) ~ » log L(x = xilH) (6.18)

which is often more convenient as addition is easier thariptiaghtion. In the latter caskl, is rejected
for log Q > 0 andHj is rejected for lod < 0. Despite the quite intuitive cut at I&g = 0, which arises
from the definition of the likelihood ratio, other cut value® of course possible.

For the discrimination between the track and the x-ray Hypsis diferent event shape variables
from the reconstructed track and the reconstructed x-r@gcolwvere considered. The likelihoods were
obtained from reference data sets. For the x-ray hypotldesegsfrom the runs with radioactive source
was used as reference assuming only very low contaminatithnbackground events. As the energies
emitted by the source are known, x-ray objects which coutbaa@ssigned to the peaks in the spectrum
were removed to clean the data set a bit. The reference dataeftrack hypothesis was created from
data obtained during a background run with full lead shigjdiagain assuming only low amounts of
background. Using the same dataset for defining the refersetcand for the final analysis will give
rise to correlations, but could not be avoided since only daitaset was available.
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Figure 6.13: Width along short axis and cut applied. Datawhwas recorded at grid voltage of 350 V.
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Figure 6.14: Excentricity of x-ray objects and cut appliBata shown was recorded at grid voltage of 350 V.

The variables used in the likelihood ratio will presentedha following and the according distri-
butions for x-ray and track reference will be shown. From mbeonstructed track, the track length
(figure 6.17), the number of pixels per tracklength (figurE8s, the Kurtosis along the track direction
(figure 6.19) and the eccentricity of the track (figure 6.2@) @sed. The direction of the reconstructed
track is interpreted as the long axis in case of the eccégtrierom the reconstructed x-ray objects the
Kurtosis along the long axis (figure 6.21) and the eccemyriigure 6.22) are used. The resulting like-
lihood ratio distributions for x-ray and track referencdéadare shown in figure 6.23, a clear separation
is obtained. The softwardfeciency can be calculated from the number of real x-ray evesssing the
discrimination algorithm. On a similar way the backgrouefkction can be obtained from the number
of non-x-ray events rejected by the algorithm. Using thayand track reference data set respectively
one can get the softwaréieiency as function of the cut value applied on @gsee figure 6.24a) as well
as the background rejection (6.24b). The visible separatidog Q (figure 6.23) in combination with
the software fficiency and background rejection support the choice of theitive) cut at logQ = O.
Although, higher cut values could give benefit in terms ofdgeiound rates.
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Figure 6.16: Typical tracks observed in the detector. E/kké (b) might mimic a x-ray object.
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(red) or tracks (blue). Used cut value on IQdo discriminate between x-ray objects and tracks is indidtats
black line.
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Chapter 7
Measurements & Results

The measurements performed will be presented in this chafiiag with the results obtained. The
characteristics of the detector were obtained from measemes with 2°Fe source. Results concerning
the energy resolution, figciency and gas gain will be shown along with hints for distm$ of the
electric field in the detector. Some phenomena observedeirdigtributions of the charge per pixel
which indicate charge sharing between pixels will be presktoo. At last the results of the background
measurements: background spectra and resulting bacldyrates, will be shown.

7.1 Measurements with °°Fe source

Measurements with a radioactiveFe source were done to obtain the energy resolution of tree et

its gas gain and to get an energy calibration from the twes|wf@Fe (59 keV and escape peak) which
can be used for the background data taking. In order to eehidwecenergy resolution a chromium foil
(75um thickness) was used to filter thg; Kne of %5Fe which else would widen the observed peak as it
cannot be separated from thg Kne.

A photo of the whole measurement setup including data aidigmisand controlling systems, power
and high voltage supplies can be found in figure 7.1a. Thecttetevas supplied with a gas mixture
from premixed gas bottles (figure 7.1b). For all measuremamixture of Argon and Isobutane was
used, the fraction of Isobutane was 5% /f8rH19 955). This mixture was chosen for two reasons.
The large dftusion codficient of AriC4H 10 955 causes the charge clouds created by absorbed x-ray
photons to widen during drift so that the individual eleasan the cloud can be observed. AgiBuH1g
955 is a Penning gas mixture it allows to achieve high gas gaireatively low grid voltages. During
all measurements the detector was flushed witR!/n. The gas pressure in the detector could not
be controlled or measured. Operation was therefore donppabximately atmospheric pressure (
0.2mbar overpressure with respect to the environment) with the géetoof the detector connected to
a long tube with open end.

The measurements were done fdtelient grid voltages. The grid voltage was raised in step9df 1
beginning from 290V up to 400 V. For all grid voltages a driéifi of 225Y/cm was applied. To reduce
the number of events with two x-ray photons in them to a mimman acquisition time (time during
which the shutter of the Timepix is 'open’) of 20 ms was chodenr every grid voltage 15 000 to 20 000
x-ray events were recorded except for 350 V. For this volageut 50 000 x-ray events were taken as
this data set was used for the energy calibration of the ackgl measurements and as reference data
set for the background discrimination.

To reduce background rates during measurements the deteatshielded. Starting from the inside
of the shielding, the detector was surrounded by a copperobdiickness 1 mm acting as Faraday
cage which was flushed with pure nitrogen to reduce the Radotamination of the direct detector
environment. An outer shielding was done by burying theateteén a lead grave build from lead bricks
(5 cm at sides and bottom and 10 cm on the top). The detecteredwith lead can be seen in figure
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(b)

Figure 7.1: Pictures showing the shielded detectors, @daet systems and supplies. In (a) one can see the
computer and the MUROS used to readout the GridPix (in the®jdthe laboratory power supplies delivering
the power for the MURQOS and the chip (on the right), the higltage supply (down on the left) and the notebook
used to control the high voltage. The shielded detector eafobnd below the table on the right. In (b) two
premixed gas bottles (on the right) containingi€gH;o 955 and the nitrogen bottle for flushing the shielding
(on the left) are shown.

7.2a, a view into the partially opened shielding also shgvihre opened copper box can be found in
figure 7.2b.

7.2 Energy resolution

After applying the cuts presented in the last chapter oneegtract the energy resolution from either a
histogram of the number of pixels (figure 7.3) or of the totahrge in one x-ray object (figure 7.4). In
both spectra the escape peak and photopeak GPEeesource are clearly visible, also a small accumu-
lation at twice the photopeak is visible. The latter is causgevents with two x-ray photons converted
in one frame which are too close to be separated.

By fitting Gaussians with meam and widtho to the (top parts of the) peaks one can determine the
energy resolution for energies offXeV and 59 keV

(5) ~ (6.82+ 0.17)% (7.1)
H27kev
(f) — (4.95+ 0.04)% (7.2)
H/59kev

The large tail to the left of the photopeak in figure 7.3 or&gées from charge clouds which have drifted
only s short distance so that the single electrons cannatfiseated due to lack offelision. Therefore,
only for long drift distances the energy of a x-ray photon bameconstructed by counting the pixels.
From the charge spectrum in figure 7.4 one can also determiaaexgy resolution. But the shape of
the peaks in the charge spectrum is not completely Gaudbmteft side and the top part are described
well by a Gaussian while to the right a tail appears. The gnergolution obtained from the Gaussian
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@ (b)

Figure 7.2: Pictures showing the detectors shielding. Btedlor fully shielded with lead bricks (a) and partially
opened shielding (b). In (b) also the opened copper box Wlcbnnections for nitrogen flushing on the left can
be seen as also theFe source mounted on the detector.

fits to parts of the peaks are

(f) ~ (9.36+0.19)% (7.3)
HJ27kev
(f) = (6.17+ 0.04)% (7.4)
H/59kev

and, therefore, a bit worse than the energy resolutionseipitkel spectrum. The tails to the right of the
peaks are probably caused by the Polya distribution of teeygan which results in very high gas amp-
lifications at a low amount of multiplied electrons. If moten one electron enters one grid hole all of
them are multiplied so that although multiple electronsdamtected as one pixel the charge accumulated
on this pixel is the integrated charge created by all of th&herefore, the charge information holds a
valid energy information also for charge clouds with shaift distance.

7.3 Efficiency

In case of full single electronficiency each electron arriving at the GridPix will undergdfisient
multiplication to be detected. This is possible for the ga#dpeing higher than a certain threshold
value. So starting at low gas gains the single electfoiency will rise up to a certain gas gain (or grid
voltage) at which full &iciency is reached. A measure for the single electiéiciency is the number
of electrons (or activated pixels in case of the GridPix)akhis observed in the photopeak of thEe
spectrum (see figure 7.3). The number of pixels can be olatdipditting a Gaussian to the photopeak
in the spectrum. The expected value for this nunitbés given by the photoelectrons energy divided by
the mean ionization energyyss for the gas mixture

_ 5.9keV
~ 26eV

although the real number may deviate from this due to the iRgreftect.

~ 230 (7.5)
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Figure 7.3: Spectrum oFe recorded at a grid voltage of 350V. Number of active pigaised as measure
for the energy, Gaussian distributions fitted to the peaksshown in red, stated fit parameters belong to the
5.9keV peak. To the Gaussian fitted to the escape peak a lineetidn was added to describe the 'background’
originating from not fully separated charge clouds.

In figure 7.5 the observed number of pixels in the photopesakdsvn as function of the applied grid
voltage. For low voltages 350 V) the behavior is as expected, starting at low numbeaapdoaching
a saturation value as the single electrdiiceency rises with the gas gain. At voltages larger than 350 V
however the number of pixels rises faster again ending ahrtmbigh numbers at 400V. From figure
7.5 one can obtain that full singe electrdfi@ency is reached if 340V to 350 V are applied at the grid
for the GridPix.

A possible explanation for the excess of pixels (i.e. etewd}] would be that for high gas gains
the charge created in the gas amplification from one eledsramot collected by only one pixel. If
some fraction of the charge is collected on a neighboringlptkis pixel could be activated, if the gas
amplification is high enough that the amount of electronangdr than the threshold of the pixels.

7.4 Gas gain

There are two ways for measuring the mean gas gain of the @ride is to look at isolated pixels
(pixels with no neighbors) and take the mean charge on thigetsp The charge per (isolated) pixel
follows a Polya distribution (see figure 7.6) as the gas dingtion does. Taking the mean of this
distribution gives therefore the mean gas gain. Isolateglpiare chosen as they have a lower probability
of more than one electron having entered the correspondiddhgle. The other method to obtain the
gas gain is to take the amount of charge for the photopeak tihemspectrum (figure 7.4) and divide it
by the number of electrons observed in the peak (figure 7.3).

The gas gain obtained with both methods is shown as funcfitdreayrid voltage in figure 7.7. Since
the number of pixels exceed the expected value by far (sdmisdmefore) the observed number of
electrons was replaced by the expected number (230) forgesdt above 340V. Both methods give
very different gas gains for high voltages. The gas gain taken fronthhege per pixel seems to
underestimate the gas gain. This backs the assumptionothiaigh gas amplifications charge is shared
onto a neighboring pixel. Therefore, high gas amplificationuld not result in isolated pixels. Isolated
pixels could only occur for low gas amplifications so thatinean charge per isolated pixels takes into
account gas amplifications up to some value. One can seedtiatriethods approach each other for

72



7.4 Gas gain

X2/ ndf 65.4 /41
N 1361+ 9.2
i 1.518e+06 + 6.957e+02
¢ 9.368e+04 + 6.193e+02

1400

1200

Occurrence

1000

800
600

400

200

’X103

LA it i N
500 1000 1500 2000 2500 3000 3500 4000

OO

Charge [electrons]

Figure 7.4: Spectrum oPFe recorded at a grid voltage of 350V. Total charge of recanttd x-ray objects is
used as measure for the energy, Gaussian distributiorts fiittthe peaks are shown in red, stated fit parameters
belong to the ® keV peak.
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Figure 7.5: Number of pixel observed in the photopeak astfonof the grid voltage. Expected number indicated
inred.

low voltages which also backs the assumption of chargersipas this would not occur for low voltages
resulting in lower gas gains. Combining figure 7.5 with the gains from figure 7.7 one can conclude
that full single electronféciency is reached for gas gainss000.

The rise of the gain with the voltage is roughly exponentseapected but an exponential function
does not fit to the data points well. Probably this is due tangkaof environmental conditions (e.g.
gas pressure or temperature) between the measuremeniffdoemt voltages. Also the charge sharing
might lower the measured gas gain for low voltages. If thegdahared onto a neighboring pixel is too
low to activate the pixel it is lost. This would result in manearge not being detected for low gas gains
as for high gas gains as for high gas gains the shared chdaygeés and will, therefore, in more cases
be sufficient to be detected on a pixel.
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Figure 7.6: Charge per isolated pixel for grid voltage of 5@ Polya distribution (as parameterized in equation
3.52) is fitted to the distribution and gives a mean gas gain 8500.
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Figure 7.7: Gas gain as function of grid voltage. The gas gamcalculated on two ways: From the mean charge
per pixel and from the 9 keV peak in the charge spectrum.

7.5 Charge sharing between pixels

To support the assumption of charged shared between neighlpxels in case of high gas amplific-
ations one can take a look at the charge per pixel. In figu&$077.10 the charge per pixel is shown
for grid voltages of 320V, 350V and 380V. The distributioms the remaining voltages from 290V
to 400V can be found in appendix B. In the histograms it ffedéntiated between all pixels, isolated
pixels and pixels with exact one neighbor (more precise ghtoeir with which one side is shared).

In case of no charge sharing the distributions for the thiee &f pixels are expected to be almost the
same, despite offiects of multiple electrons in one grid hole which more unlikier isolated pixels
than for those with many neighbors as the density of activpigels in an area should be correlated
with the electron density of the charge cloud in this region.

For low grid voltages the distributions match roughly asvamadn figure 7.8 for a grid voltage of
320V. For 350V a small shoulder appears in the distributigri>als with one neighbor for low charges
(figure 7.9). Also the tails to the right of the distributioth@ not match anymore, for pixel with neighbors
there is a surplus of high charges compared to isolatedspiXdlis behavior is expected in case of charge
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Figure 7.8: Charge per pixel at a grid voltage of 320V. Thrawl& of pixels were dierentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure 7.9: Charge per pixel at a grid voltage of 350V. Threwl& of pixels were dierentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.

sharing, the shoulder is due to pixels which only measuregehshared from their neighbor (which is
of course a small fraction of the charge the neighbor cd)ecthis increases the number of pixels
measuring low charges with respect to the number one woyddatXrom the distribution of the gas
gain. In case of isolated pixels no charge is shared or theyeheansferred to a neighboring pixel is
too low to activate it. The surplus of pixels seeing high glesarin case of non-isolated pixels might
have two reasons. If two neighboring pixels are hit the obhargrmally cut € is transferred to the
other pixel and therefore increases the charge. The otheomemight be that if for a gas amplification
larger than a certain value always neighboring pixels atiesded by the charge shared, there will be
no isolated pixels with charges corresponding to this ggdifioations. As the mentionedfects only
appear slightly for 350 V going to even higher voltages thegdme more and more visible. For 380V
the shoulder at low charges as well as the lack of isolateelpixith high charges get very pronounced
as one can see in figure 7.10.

Assuming a simple model for the distribution of the electram the avalanche created in the gas
amplification stage one can compute what fraction of chargransferred on a neighboring pixel. In the
following it is assumed that the distribution of electronghe avalanche can be described kfjiudiion
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Figure 7.10: Charge per pixel at a grid voltage of 380V. Thaeels of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.

Grid voltage in V| D{um/+cm  o[um] | Shared fraction[%] Gas amplification
290 154588 1093 0.589 135916
300 151575 1072 0.513 155885
310 148104 1047 0.428 186829
320 147828 1045 0.422 189573
330 141648 1001 0.300 266400
340 143281 1013 0.328 244126
350 140186 Q91 0.273 293363
360 136374 964 0.217 368 664
370 135457 958 0.204 393120
380 135063 955 0.198 404 449
390 133905 Q47 0.183 437876
400 130897 926 0.146 547196

Table 7.1: Charge fractions transferred byfulion on neighboring pixel for fferent grid voltages, éusion
codficientsD; calculated withfagboltz, amplification gap of 5m assumed for calculation of. Stated gas
amplification is gas amplification necessary to get&060 neighboring pixel.

during the avalanches propagation in the amplification gaerefore, for the distribution on the readout
plane a two dimensional Gaussian is assumed. The area frach wiarge is collected into one pixel
is assumed to be of quadratic shape wittuBbside length. In table 7.1 the fraction collected on one
neighboring pixel is calculated. Thefiilision codicients for diterent grid voltages were calculated
with Magboltz. The gas amplification stated in table 7.1 is the gas amplificanecessary to achieve
800e on the neighboring pixel so that it is activated. The avadtans assumed to start in the center of
a grid hole.

Comparing this results with mean gas gains in figure 7.7 itilis®t very likely even for high grid
voltages to activate neighboring pixels. But in table 7eldakalanche was always assumed to start in the
hole center. For a displaced avalanche the charge fractivasmeighboring pixel are listed in table 7.2.
As the grid hole diameter is 30m the displacement from the center can be up tprh5BYy taking into
account the displacement activating a neighboring becaquigs likely for high gas gains so that the
assumption of charge sharing can be motivated Busion in the gas amplification region. Of course,
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Displacement imm | Shared fraction[%] Gas amplification

0.0 0.27 293363

25 0.58 137339

5.0 116 69 252

75 217 36804

100 3.87 20696

125 6.53 12252

150 10.36 7725

Table 7.2: Charge fractions transferred bffuBion on neighboring pixel for ffierent displacements from the
center, difusion codicient for 350V grid voltage was used, therefore= 9.91um. Stated gas amplification is
gas amplification necessary to get &xnh neighboring pixel.

this simple approach cannot explain the extensive surglabserved pixels for very high gains (figure
7.5). Probably also the resistive protection layer has ttaken into account. This layer spreads large
amounts of charge arriving on the surface over a larger aréasssupposed to do in case of discharges.

7.6 Hints for distortions of the electric field

The diferences between measured and simulated x-ray events intrcite and distribution of the
rotation anglep as shown in figure 6.8 the chapter before give hints that fislddions in the detector
change the shape of the events and give a preferred diredtiencauses for this field distortions were
already discussed along with possible solutions in chdptdo be able to conclude that these changes
in shape arise from the influence of field distortions one elia & look at some scatter plots.

In figure 7.11 the widthr, of the x-ray objects along their short axis is plotted versigsobserved
rotation anglep. As the width along the short axis is caused bjdiion it is correlated with distanae
the charge cloud has drifted

Oy = Dt \/2 (76)

one can see that the preferred direction shows up mainly-fayobjects which have drifted a long
distance. This would back the assumption of the field distastas their influence is larger the longer
the charge clouds are exposed to the distortions.

In figure 7.12 the widthr, of the x-ray objects along their short axis is plotted vertsigsobserved
eccentricity. Larger eccentricity appear for larger widdind therefore larger drift distances. This is
counterfeiting the expectation as one would expect thergidcity to be lower for large drift distance
as the natural eccentricity is washed bffuiion which increases with the drift distance. The observed
behavior could be explained with the influence of field disbois.

Although the field distortions change the events shape ihigirence on the analysis is not large. In
figure 7.13 ellipses for dlierent eccentricities are drawn. One can see that tiierelnce between an
eccentricity of 125 (as observed in the measurements) and an eccentricityt ¢4 observed for the
artificial x-ray events) is rather small, although it is tis!.

7.7 Background measurements

To measure the background rates of the detector, large etatavere taken with acquisition times of 1 s.
Background data was taken fofiiirent shielding setups:
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Figure 7.11: Widtho, along short axis versus rotation angle Those x-ray objects which show a preferred
direction are those with largest, and therefore those with the longest drift distance.
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Figure 7.12: Widtro, along short axis versus eccentricity. The x-ray objectstvhiave the largest eccentricity
are those with largest, and therefore those with the longest drift distance.

¢ No shielding

e Only copper box

e Copper box flushed with nitrogen

e Full shielding including 5 to 10 cm lead shielding

For each setup about 500 000 events were recorded corrésgdadne week of data taking for each
shielding setup. For the background measurements thetolevegs operated at a grid voltage of 350 V
with again AyiC4H0 95/5.

7.8 Background rates

For the four diferent shielding setups the background data was cleanedheithackground discrim-
ination algorithm described in chapter 6. The results ofdiserimination are listed in table 7.3ltal
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Eccentricity of 1
Eccentricity of 1.1
Eccentricity of 1.25

Figure 7.13: Ellipses with dlierent eccentricities.

is the number of frames recordeNyon-empty the number of frames which have at least one hit pixel
in the active arealNy.ray the number of x-ray events which passed the discriminati@hNyindow the
number of x-ray events which passed the discrimination amtbaated in the area assigned to the x-ray
window. To convert the charge information of the remainirgy objects into an energy information
the results of the runs with radioactive source were usedis§lan distributions were fitted to the top
parts of the two peaks of the charge spectrum in figure 7.Agjivi

E=59keV— Q=1518x10FPe+6.957x 10°e (7.7)
E=27keV— Q=7641x10e+ 1.267x 10°e (7.8)

which could be used for an extrapolation line

E = —5.433x 10 keV + 4.245x 10 %keV - Q[€]. (7.9)
Shielding setup ‘ Niotal ‘ Nnon—empty ‘ Nx—ray Nwindow
no shielding 496279| 54636 | 1440 124
copper box 532388| 74042 | 1656 135
copper box flushed with nitrogen500124| 56035 | 1563 119
full shielding 520995| 37109 710 59

Table 7.3: Overview of the background data takind,y is the number of frames recorded for one shielding
setup,Nnon-emptythe number of non-empty framels,..ay the number of x-ray objects passing the discrimination
andNyindow the number of x-ray objects which passed the discriminadimhare located in the area assigned to
the x-ray window.

Applying this energy calibration to the x-ray objects renmiag after the background discrimination
one obtains the background spectra shown in figures 7.1470 Ih the spectra no peak is visible which
could be assigned to fluorescence lines but for low energigs & 3 keV the number of x-ray objects
seems to be rather large. Reasons for this might be the fieres line of aluminium although no clear
peak for this line is visible, also thdteiency of the background discrimination at those low eresrig
unknown as the reference data set only has photon energieslaV and 59 keV.

Of course the energy calibration is not of high quality as wukck of a pressure control it is very
likely that the gas gain has changed during measurementhwiould lead to dferent energy charge
relations. Also only two points were available for the cadifion allowing just a linear extrapolation. It
would be desirable to have more reference points betweevi ariek 10 keV to improve the calibration.

To calculate the background rates from the energy spectéhan to divide the number of entries
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Figure 7.14: Background spectrum recorded without anyidihig.
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Figure 7.15: Background spectrum recorded with copper Bdaaaday cage.

in the energy bins by the total measurement time, the energwildth and the total active area of the
detector. The measurement time is given by the total nunfifesrmes recorded for one shielding setup
times 1s as each frame was 1s long. For the area the wallsrséngpibhe InGrid structure have to be
considered as they reduce the active area. The walls argnb@Bick, thus giving an active area of
A = 1.3 x 13cn? = 1.69cn?. The resulting background rates are shown in figure 7.18Ifdowar
shielding setups, 1keV bins were used. One can see thattdbeam almost the same for all setups
except the lead shielding which reduces the rate by a fattavaut 3.

The fact that only the lead shielding shows visible influencethe background rates can be ex-
plained by the assumption that at the reached backgrouetitiey background is dominated by (parts
of) charged particles tracks misinterpreted as x-ray evieatause charged particles entering at a very
large angle will pass through the cathode and the grid. Dutffiesion such events look quite similar
to a real x-ray event. If a certain fraction of these evenssesa the background discrimination, a re-
duction of the total number of charged particles tracks éased by the lead shielding) would result
in a reduction of the number of misidentified events and,efoee, in a reduction of the background
rates. Looking at a map (figure 7.19) showing the positionthefreconstructed x-ray objects in case
of the full shielding one can see that they are almost unifpmiistributed over the central region of
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Figure 7.16: Background spectrum recorded with copper hush#éd with nitrogen.
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Figure 7.17: Background spectrum recorded with full shigjdncluding copper box flushed with nitrogen and
lead shielding.

the GridPix, although it seems as if there are a bit less svarthe very central region. There are no

hot spots visible except one in the upper left which is prdpabused by discharges at the edge. The
lack of events at the sides is due to the inactive regionsredvey the walls supporting the grid. The

accumulation of events at the edges of the active regionrateaply caused by the distortions of the

electric field which have much more influence near to the csighss than in the central region.

In figure 7.20 two background events are shown which passidlegirdination clearly (lo@Q > 7)
and are therefore most likely (compare figure 6.23) realyxensents. Background events only barely
passing the discrimination (Idg < 1) are shown in figure 7.21. The latter ones might most likeiyb
real x-ray events but still pass the (intuitive) cut on @g

Looking at the number of events passing the backgroundiuiis@tion which also are in the area
assigned to the x-ray window given in table 7.3 one can seddlibae roughly correspond to the total
number of events passing the discrimination scaled withrdtie of the areas considered. In case of
events assigned to the x-ray window the considered areaiicla with 2 mm radius.

Comparing the background rates with the rates reached tithvticroBulk-Micromegas used at
CAST [34, 33] the rates achieved in this thesis are roughéctof 50 higher than those of the MicroBulk-
Micromegas. And of course in the low energy regime (wherertdBalk-Micromegas are not sensitive)
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Chapter 7 Measuremenfs Results
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Figure 7.18: Background rates forfidirent shielding setups.
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Figure 7.19: Distribution of background x-ray events whigtssed the discrimination. Full shielding was used.

the rates are much too high. But it should be possible to irgptioe detector and the analysis to be able
to compete with the CAST detectors. Improvements could hethdr event shape analysis or the em-
ployment of a neural network for background discriminati@f course also decoupling the signal from
the grid should deliver significant benefit for backgrounscdmination by use of the time information
of the signal including its shape.
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7.8 Background rates

=250F T T T . =250F T T 22000 _
£ I 45000 g £ T 20000 g
=3 r = K= [ =
= 200k 400003 5000 18000 3
. 35000 2. ; 16000,
150[ 30000 % 1500 14000 %
r 25000 & r 12000 &
r o r 10000 ©
1001 20000 1001 8000
50 10000 50 4000
[ 5000 [ 2000
0’ P RN B U BRI | 0 0’ P RN B U BRI | 0
0 50 100 150 200 250 0 50 100 150 200 250
X [pixel] X [pixel]
(@ (b)

Figure 7.20: Background events clearly passing the discdtion: logQ = 7.806 (a) and lo@ = 9.244 (b).
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Figure 7.21: Background events barely passing the diseatitn: logQ = 0.137 (a) and log) = 0.056 (b).
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Chapter 8
Conclusion & Outlook

A GridPix based x-ray detector was successfully designausteucted and commissioned. The detector
and especially the GridPix worked for more than three moofrdgata taking and are still operational.
Stable operation and data taking was possible at a gas gair6600 where single electrorfieiency
was reached. Furthermore, the InGrid structure of the ®ridBuld be operated at gas gains up to
approximately 100 000. The detector has shown good perfurealhe detector’s characteristics, e.g.
gas gain andféiciency, were determined with°8Fe source. The spectra showed an energy resolution
of 5% (respectively 2% in the charge spectrum) aBkeV underlining the detector performance.

The background rates reached with the detector in combimatith the likelihood ratio based back-
ground discrimination are already promising, especiatinsidering that this was a first study for a
low background detector based on a GridPix gas amplificadinsh readout structure. As the back-
ground rates achieved in the region of x-ray energies betv@deV and 10keV are in the order of
5x 10 °kevV-1cm2s! the improvement necessary to compete with CAST detectersikaly to be
reached by a modified version of the current detector. Asud&sd in the thesis, several ideas are
already available. In addition to this the x-ray detectanigrinciple sensitive in an energy range below
2 keV where the CAST MicroBulk Micromegas are not sensitive tb their energy threshold caused
by noise.

To reach lower background rates the detector will be imptdaenear future. These improvements
will mainly concern the implementation of the GridPix in tteadout plane, proper grounding and elec-
tromagnetic shielding. Additionally the grid signal wilkklecoupled and sampled to gain information
of the time development. This can be used to discriminateb#itkground further. Of course, using
the grid signal will improve also the energy resolution. Attef the detector with Xenon based gas
mixtures will be possible at CERN soon. Also, some aspecthefletector (e.g. the observefieet
of charge sharing) will be studied in more detail. To furtmeprove the background discrimination the
use of a neural network will be considered.

Summing up, the proof of principle for a GridPix based lowkzround x-ray detector is done and it
should be possible to reach with some improvements backdrmtes low enough. So, that a GridPix
based x-ray detector will become a future CAST detector.
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Appendix A
List of measurements

The complete list of all measurements are in tables A.1 a@d A.
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Appendix A List of measurements

run name run number abort Ugrid[V] UanoddV] Ucathodd V] gas flux [/h] Tacds] shielding comments Ttotalls] Nframes Nnon-empty
150711_01 0 350 350 800 30 10 none 260429 197322 22744
180711_01 1 350 350 800 30 1.0 none 143341 122474 13949
200711_01 2 350 350 800 3.0 10 none 188804 188804 17543
220711_01 3 350 350 800 20 0.02 full shielding S5Fe source 57600 186682 15010
230711_01 4 350 350 800 20 0.02 full shielding 55Fe source 47589 171339 13753
240711_01 5 350 350 800 20 0.02 full shielding 55Fe source 37897 151183 12216
240711_02 6 350 350 800 20 0.02 full shielding 55Fe source 39712 158433 12694
240711_03 7 gas bottle change 350 350 800 2.0 0.02 full shielding 55Fe source 37011 155137 12367
270711_01 8 350 350 800 20 10 full shielding 10753 10000 891
1270711_02 9 350 350 800 20 10 full shielding 140766 122182 8908
290711_01 10 350 350 800 20 10 full shielding 185304 154478 11188
310711_01 11 350 350 800 20 10 full shielding 169863 143971 9827
020811_01 12 350 350 800 2.0 1.0 full shielding 102519 90364 6295
030811_01 13 340 340 790 20 0.02 full shielding S5Fe source 46 407 169226 13343
040811_01 14 340 340 790 2.0 0.02 full shielding 55Fe source 12920 65997 5172
040811_oldPM 15 350 350 800 2.0 0.02 full shielding 55Fe source, Pixelman 1.7.4 1411 10000 1180
040811_02 16 340 340 790 20 0.02 full shielding S5Fe source 11189 71587 5526
040811_03 17 330 330 780 20 0.02 full shielding S5Fe source 10185 66363 5125
040811_04 18 330 330 780 20 0.02 full shielding 55Fe source 10631 67524 5234
050811_01 19 330 330 780 20 0.02 full shielding 55Fe source 10198 65645 5193
050811_02 20 330 330 780 20 0.02 full shielding 55Fe source 10361 66324 5132
050811_03 21 330 330 780 2.0 0.02 full shielding 55Fe source 5583 40001 3130
050811_04 22 320 320 770 20 0.02 full shielding S5Fe source 17503 91582 7135
050811_05 23 320 320 770 20 0.02 full shielding 55Fe source 44981 158496 12327
060811_01 24 320 320 770 2.0 0.02 full shielding 55Fe source 13137 74347 5826
060811_02 25 310 310 760 20 0.02 full shielding 55Fe source 8065 58044 4507
060811_03 26 310 310 760 20 0.02 full shielding 55Fe source 14724 74028 5740
060811_04 27 310 310 760 20 0.02 full shielding 55Fe source 47179 162375 12679
070811_01 28 bluescreen 300 300 750 2.0 0.02 full shielding 55Fe source 11668 66 256 5240
070811_02 29 300 300 750 20 0.02 full shielding 55Fe source 8679 60909 4782
070811_03 30 300 300 750 20 0.02 full shielding 55Fe source 14906 85015 6431
070811_04 31 300 300 750 2.0 0.02 full shielding 55Fe source 8596 60123 4604
070811_05 32 290 290 740 20 0.02 full shielding S5Fe source 26322 108477 8402
080811_01 33 gas bottle change 290 290 740 2.0 0.02 full shielding 55Fe source 4377 29949 2336
080811_02 34 full disk 290 290 740 20 0.02 full shielding 55Fe source 10322 61434 4646
080811_03 35 290 290 740 20 0.02 full shielding 55Fe source 14790 68574 5302
090811_01 36 350 350 800 2.0 0.02 full shielding 55Fe source 31051 142046 11057
150811_01 38 calibration 350 350 800 20 1.0 cu-box+ Na 65960 60141 6983
160811_01 39 350 350 800 20 10 cu-box+ Na 144217 125049 13908
180811_01 40 N3 bottle change 350 350 800 20 10 cu-box+ Na 108094 94077 10495
190811_01 41 350 350 800 20 10 cu-box+ Na 165295 139806 15536
210811_01 42 350 350 800 20 10 cu-box+ Na 91355 81051 9113

Table A.1: List of measurementg2l For all measurements ACsH1o 95/5 was usedl gig, Uanode@NdUcamodedenote the voltages applied at the grid, anode
and cathode respectivelYa is the total measurement time for one run including deaddichee to readoutNiramesiS the number of frames recorded in one
run andNhon-emptythe number of frames with at least one pixel hit in the actieaa
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run name run number abort Ugrid[V] UanoddV] Ucathodd V] gas flux [/n] Tacq[S] shielding comments Tiotalls] Nframes Nnon-empty
220811_01 43 gas bottle change| 350 350 800 20 10 cu-box 87757 78231 8708
230811_01 44 350 350 800 20 1.0 cu-box 246399 191204 20936
260811_01 45 350 350 800 20 1.0 cu-box 262374 199452 21807
290811_01 46 350 350 800 20 1.0 cu-box 69916 63501 6887
300811_01 47 350 350 800 20 10 none 167302 142748 15704
010911_01 48 350 350 800 20 10 none 116602 101028 11036
020911_01 49 gas bottle change 350 350 800 20 10 none 71397 64816 7254
030911_01 50 350 350 800 20 1.0 none 157366 134415 14854
050911_01 51 350 350 800 2.0 1.0 none 57981 53272 5788
060911_01 52 readout error 350 350 800 20 0.02 full shielding 55Fe sourcer Cr foil 5480 46743 4546
060911_02 53 350 350 800 20 0.02 full shielding | S5Fe sourcer Cr foil 24060 121189 11861
070911_02 54 350 350 800 20 0.02 full shielding | S5Fe sourcer Cr foil 9909 66483 6618
070911_03 56 bluescreen 350 350 800 2.0 0.02 full shielding 55Fe sourcer Cr foil 9616 66955 6526
080911_01 57 bluescreen 350 350 800 2.0 0.02 full shielding 55Fe sourcer Cr foil 8274 59810 5832
080911_02 58 350 350 800 20 0.02 full shielding 55Fe sourcer Cr foil 8615 63088 6064
080911_03 59 290 290 740 20 0.02 full shielding | >°Fe sourcer Cr foll 10376 70343 6788
080911_04 60 290 290 740 20 0.02 full shielding | S5Fe sourcer Cr foil 10598 72254 6974
080911_05 61 290 290 740 2.0 0.02 full shielding | S5Fe sourcer Cr foil 3261 30025 2924
080911_06 62 300 300 750 20 0.02 full shielding 55Fe sourcer Cr foil 35600 153053 14371
090911_01 63 300 300 750 20 0.02 full shielding 55Fe sourcer Cr foil 3848 35120 3399
090911_02 64 310 310 760 20 0.02 full shielding | >°Fe sourcer Cr foll 14420 80141 7909
090911_03 65 310 310 760 20 0.02 full shielding | S5Fe sourcer Cr foil 5971 50073 4953
090911_04 66 310 310 760 2.0 0.02 full shielding | S5Fe sourcer Cr foil 4730 41744 4026
090911_05 67 320 320 770 20 0.02 full shielding 55Fe sourcer Cr foil 57241 184722 17895
100911_01 68 330 330 780 2.0 0.02 full shielding | >°Fe sourcer Cr foll 57241 167344 16141
100911_02 69 340 340 790 20 0.02 full shielding 55Fe sourcer Cr foil 49699 176 494 17035
110911_01 70 360 360 810 2.0 0.02 full shielding 55Fe sourcer Cr foil 79105 211291 20611
120911_01 71 full disk 370 370 820 20 0.02 full shielding 55Fe sourcer Cr foil 3520 25240 2451
120911_02 72 370 370 820 20 0.02 full shielding | S55Fe sourcer Cr foil 8419 63669 6199
120911_03 73 370 370 820 20 0.02 full shielding 55Fe sourcer Cr foil 7824 60523 5907
120911_04 74 370 370 820 20 0.02 full shielding 55Fe sourcer Cr foil 4481 40070 3886
120911_05 75 readout error 380 380 830 20 0.02 full shielding 55Fe sourcer Cr foil 652 5620 581
130911_01 76 380 380 830 20 0.02 full shielding | S5Fe sourcer Cr foil 7738 60017 5863
130911_02 77 380 380 830 20 0.02 full shielding | S5Fe sourcer Cr foil 8850 65761 6518
130911_03 78 380 380 830 2.0 0.02 full shielding | S5Fe sourcer Cr foil 5153 45017 4565
130911_04 79 390 390 840 20 0.02 full shielding 55Fe sourcer Cr foil 8438 60565 6190
130911_05 80 390 390 840 20 0.02 full shielding 55Fe sourcer Cr foil 8381 63393 6703
130911_06 81 390 390 840 20 0.02 full shielding 55Fe sourcer Cr foil 44454 167573 17888
140911_01 82 gas bottle change 400 400 850 20 0.02 full shielding 55Fe sourcer Cr foil 4213 38861 4311
140911_02 83 readout error 400 400 850 20 0.02 full shielding 55Fe sourcer Cr foil 1700 13408 1387
140911_03 84 readout error 400 400 850 20 0.02 full shielding 55Fe sourcer Cr foil 1311 10928 1132
140911_04 85 400 400 850 20 0.02 full shielding | S55Fe sourcer Cr foil 8907 65585 7281
140911_05 86 readout error 400 400 850 2.0 0.02 full shielding 55Fe sourcer Cr foil 1782 16140 1741
140911_06 87 400 400 850 20 0.02 full shielding 55Fe sourcer Cr foil 3391 30480 3217

Table A.2: List of measurementg22 For all measurements ACsH10 955 was usedU gig, Uanode@NdUcamodedenote the voltages applied at the grid, anode
and cathode respectivel¥ioq is the total measurement time for one run including deadgithee to readouiNiamesiS the number of frames recorded in one
run andNnon-emptythe number of frames with at least one pixel hit in the actieaa







Appendix B
Charge per pixel

The histograms of the charge per pixel for the voltages notvahin chapter 7 are presented in the
following. The grid voltages were 290V (figure B.1), 300V (fig B.2), 310V (figure B.3), 330V
(figure B.4), 340V (figure B.5), 360V (figure B.6), 370V (figuBe7), 390V (figure B.8) and 400V
(figure B.9). The development of the shoulder at low chargegpiikels with neighbor with rising grid
voltage (or with rising gas gain) is clearly visible.
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Figure B.1: Charge per pixel at a grid voltage of 290V. Thrawak of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure B.2: Charge per pixel at a grid voltage of 300V. Thrawk of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Appendix B Charge per pixel
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Figure B.3: Charge per pixel at a grid voltage of 310V. Thrawak of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure B.4: Charge per pixel at a grid voltage of 330V. Thrawak of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure B.5: Charge per pixel at a grid voltage of 340V. Thrawk of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure B.6: Charge per pixel at a grid voltage of 360V. Thrawk of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure B.7: Charge per pixel at a grid voltage of 370V. Thrawa& of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Figure B.8: Charge per pixel at a grid voltage of 390V. Thrawk of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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Appendix B Charge per pixel
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Figure B.9: Charge per pixel at a grid voltage of 400V. Thrawa& of pixels were dferentiated: all pixels,
isolated pixels and pixels with exactly one neighbor. Histans have been scaled to have an integrated area of 1.
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