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Abstrakt: Mezinarodni projekt KATRIN (KArlsruhe TRItium Netho experiment) je
experiment nové generace vyuzivajici beta rozpaal. tde navrzen, aby umoznil 2fit
hmotnost elektronového antineutrina pomoci unikk@tnélektronového spektrometru
s citlivosti 0.2 eV, coZ znamena zlepSeni o jedéul oproti stavajicim vysledkn.
Vyznamnacést neéreni bude spdvat v nepetrzitém gesném monitorovani vysokého
napsti hlavniho spektrometru KATRIN. Monitorovani budskuté&novano s vyuzitim
elektrorii vnitini konverze emitovanych z pevného zdroje zalozeméhmzpadi®Rb.
Vlastnosti kkolika tchto zdroji jsou studovany v této praci pomoci polovamdié
gama spektroskopie. Zaprvé je popsandgemi esné energie jadernéhéephodu 9.4
keV pozorovaného v rozpadtRb, ze které je odvozena energie konverznich elektr
Zadruhé je popsano dgfeni rozlozeni aktivity pevnych zdiopomoci detektoru typu
Timepix. Nakonec je popsanogieni retence rozpadového produRtRb, isomerniho
stavu®*"Kr, v pevnych zdrojich.
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Abstract: The international project KATRIN (KArlsruhe TRItim Neutrino
experiment) is a next-generation tritium beta deeaperiment. It is designed to
measure the electron antineutrino mass by meaasioique electron spectrometer with
sensitivity of 0.2 eW?. This is an improvement of one order of magnitader the last
results. Important part of the measurement wilt nre€ontinuous precise monitoring of
high voltage of the KATRIN main spectrometer. Thenmoring will be done by means
of conversion electrons emitted from a solid sourased orf*Rb decay. Properties of
several of these sources are studied in this th®gisneans of the semiconductor
gamma-ray spectroscopy. Firstly, measurement a@iggeenergy of the 9.4 keV nuclear
transition observed if’Rb decay, from which the energy of conversion ebext is
derived, is reported. Secondly, measurement o¥igictlistribution of the solid sources
by means of the Timepix detector is described. Ifina report on measurement of
retention of°Rb decay product, the isomeric st&t&, in the solid sources is given.
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Preface

In a few recent decades effort put into redean particle physics led to remarkable
successes. One of the major achievements is thet dietection of elementary particle
called neutrino and, in addition, establishmenexiktence of its mass. Neutrino was
postulated by W. Pauli in 1930 in order to expldia continuous energy spectrum of
electrons emitted ifi-decay. Without taking this particle into considema, the process
seems to be violating the fundamental conservdsionof energy and momentum and
together with that also the conservation law ofud@igmomentum. Later the experiment
by C. Cowan and F. Reines [1] directly confirmed #xistence of such particle and
established Pauli’'s proposal as a correct one.

Since then neutrinos were incorporated intadheoretical model, which was
developed and improved over time. Now at its prestaite we recognize it as the
Standard Model of particle physics (SM). It is kmowhat one of the fundamental
interactions, the weak interaction, is responsibtethe B-decay and it is also included
in the model. Despite the remarkable success idigiren of various phenonema with
the SM, which were confirmed by experiments, ig&nerally believed this theoretical
framework is not the final one and a deeper théesyunderneath.

Specifically, the neutrinos are assumed tonbssless in the SM [2]. Although it is
not difficult to add their masses into the thedhgre are no means of predicting the
actual values of the masses. They have to be iedluas free parameters, which
increases the already high number of 17 free paemg3] in the model. Evidence or
even precise knowledge of the neutrino masses walltv insights on possible
suitable theories beyond the SM and besides pamitysics it would also have impact
on astrophysics and cosmology.

At present day it is known there exist exadhyee flavours of weak-interacting
neutrinos from observation of decay width of th&ason [4], which is the mediating
particle of neutral currents of the weak interactiti can be shown that if at least one
neutrino mass is nonzero the flavours can be sasfotmed into each other, a process
known as neutrino oscillations. Any persuasive enat for the oscillations among any
flavour would then confirm non-zero neutrino mag3bservation of neutrino
oscillations was indeed confirmed by experimenthaimost total exclusion of other
phenonena possibly explaining the results [5, 68,79]. Nevertheless, it should be
noted that from such positive results only differes of neutrino masses squared can be
extracted and there is no possibility to obtain ithaividual values. From the results
only the lower limit on heaviest neutrino of 0.0% eould be established [5].

Different processes have to be investigate@éstablish the absolute value of the
neutrino mass. Among such processes one is edypetiaactive for investigation; it is
theB-decay itself. Already in 1934 E. Fermi showed [ft@]t it is possible to extract the
neutrino mass from the shape of the continuousggnsepectrum off3-electrons,
specifically at the endpoint region. Extremely ahbie for experiments is tife-decay of
tritium. By measuring the corresponding energy specthe electron antineutrino mass
can be extracted. So far the experiments, despat gdvance in both technology and
systematic effects elimination, have always givety aipper limits for the mass. The
current limit is 2 eV [11]. It is the task of new generation experim&&TRIN
(KArlsruhe TRItium Neutrino experiment) to push teensitivity on neutrino mass
down to 0.2 e\ [12)].

Such sensitivity requires long-term measurdmeith as stable conditions as
possible. Much effort is thus required on monitgrithe conditions. As described in
more detail in the next chapter, the measuremetrittiofm B-spectrum in KATRIN will



be possible with a special type of electrostatiectpmeter, the MAC-E filter
(Magnetic Adiabatic Collimation combined with Elexgtatic filter). One of crucial
parts of the measurement will be the task to monite retarding high voltage (18 kV)
applied to this main spectrometer with ppm (paetsmilion) sensitivity.

One method to accomplish this is as followse §ame type of spectrometer (former
University of Mainz spectrometer used for measurgnoé the neutrino mass), denoted
monitoring spectrometer, is set to common retardvgtage with the main
spectrometer. The monitoring spectrometer is thguipped with a stable source of
mono-energetic electrons. Energy of these electiongeasured by varying the voltage
on the source. Any change in this energy from tkigeeted one points to a possible
change of voltage of the main spectrometer.

Conversion electrons emitted from decay*8Kr with energy 800 eV below the
tritium spectrum endpoint can be used for this psep[12]. This krypton isomer has a
half-life of only 1.8 hours [13] and has to be epthed. The replenishment is provided
by decay of°Rb, which has a sufficiently long half-life of 86d2ys [13]. A radioactive
source made b$’Rb atoms thus provides the necessary mono-enegjetizon source
for monitoring in the KATRIN experiment.

It is the purpose of this diploma thesis tpomt on studies of properties of several
radioactive sources of such kind. The thesis isuied as follows.

In the first chapter a brief overview of histoof neutrino physics, which led to
present state of patricle physics with non-zerosmwesutrinos, is given. Also described
Is the quantum mechanical treatment of neutrindlagsons and summary of results of
experiments which confirmed existence of this dffeldext, the importance of
knowledge of the value of neutrino mass is brigiyinted out. As a last part the
KATRIN experiment is described with emphasis onrti@nitoring task.

The second chapter gives a description ofdldeactive sources which were under
study, their production and measured activities.

The third chapter deals with the task of dateation of precise energy of the 9.4
keV y-ray transition in®**"Kr. The energy of conversion electrons is derive the
energy of the corresponding nuclear transition. $y@tematic checks and possibly for
absolute calibration of the monitoring (or maingspometer in KATRIN it is required
to know this energy with sub-eV precision. Currexperimental data do not satisfy this
requirement. Specifically, in this chapter fineeets which may have influenced the
energy determination are investigated and takenantount and the energy of 9.4 keV
y-ray transition is presented as a result.

The fourth chapter deals with pixel detect@asurement of activity profile of the
individual sources. This information is necessanygdroper fine adjustment of position
of the source in the spectrometer. Together wittt the maximunf°Rb atoms areal
density can be determined. Knowledge on this pexw/id check in case of sources
produced by implantation whether serious local dgsan the source substrate can or
can not be expected.

In the fifth chaptey-spectroscopy measurement of the so-called kryygtamtion of
the ®*Rb sources is reported. The retention is a propehigh is given by the ratio of
number of**"Kr atoms decaying in the source to the number ofehproduced by
decay from®Rb (the rest escapes the source into free spacé)elMAC-E filter the
source is expected to be placed in a limited spackonly electrons emitted from the
source can reach the spectrometer detector. Kngelesh the number of electrons
leaving the source thus provides an important médiron on the detector load.

The last chapter briefly summarizes the resaittd gives a commentary on overall
applicability of the sources in monitoring of th&KRIN experiment.



1. Neutrinos - theoretical and experimental ovenew

1.1. Beta decay
The nucleaB-decay, which played the main role during procefssliscovery of
neutrinos, is a decay of isotope X with atomic nemb and mass numbek into
another isotope Y
2X — LAY teT 4V, (1)

This mode is known g$-decay as negative charged electrons are prodédsal other
two modes for the decay are possible, narfiélgecay

QX - Zle'+e+ +Ve (2)
and electron capture from atomic subsheé{ of
€+ X o AY v (3)

On the quark level the process (1) is undetsts decay of a down quark into an up
quark

do ute+v,. (4)

The other modes (2) and (3) can be understoodaimadbgous way. Such three-particle
decay ensures the observed continuous energy speaif electrons as both the
electron and the neutrino share the released en&sgyiming the (anti)neutrino to be a
fermion with spin % also conservation of angulammeatum is guarante&dit can be
shown from simple kinematic considerations and htwenvariance that the electron
energy spectrum has a maximufg determined purely by masses of the particles
(and/or nuclei) involved [3]. This maximum is caléhe endpoint of the spectrum. As
the electrons are relativistic in this process,nuia field theory (QFT) treatment of its
dynamics is necessary.

Without going into many details of the theamhich can be found elsewhere [3], let
us state that in QFT the fermions are describetbbscomponent wavefunctiongx)
which obey the Dirac equation. These wavefunctioesome operators on Fock space
as a result of quantization procedure. The inteyastof particles are desribed by the
interaction Hamiltonian or, equivalently, the irgtetion Lagrangian density operator.
Currently, the decay (4) is described by the cqoading part of electro-weak
interaction Lagrangian in the Glashow - Weinbe®ptam model. It can be shown that
for low energies this Lagrangian reduces effecyivel an extended version of the one
originally written down by E. Fermi.

The reduced Lagrangian descriBedecay in eq. (4) as four-point interaction (also
known as the V-A theory) [3]

! E.g. inp-decay decay of carbo}fC - 1;1N existence of only one spin % particle in the figtdte

would point to non-conservation of angular momenasspin oflgC is 0 and spin of;‘N is 1 [14].
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Fig. 1. Electron energy spectrum of tritiupadecay: a) complete, b) endpoint region with sigreatof
neutrino mass of 1 e¥. The number indicates fraction of electrons wHalts into the filled region.

c :%[weyﬂ (- wo), (@ (- v)wa), (5)

whereGe is the Fermi constany; are the wavefunctions of the corresponding pagicl
y. are the Dirac matrices in standard representadioth the bar represents Dirac
conjugation. A slight modification of eq. (5) is eded when considering nucleons
instead of quarks due to renormalization effectguantum chromodynamics.

From the theory it is possible to obtain heecay rate for production of an electron
in energy interval betweda andE + dE in the form

N cHzE e (6 B F- o(E E A ©

whereC is a constant-(Z, E) is a correction function, which takes into acdotire
Coulomb interaction between the electron and tlebeng,p is the electron momentum,

E is the electron kinetic energye andm, are masses of the electron and the neutrino
and the Heaviside step functi@assures energy conservation. In the result if&q.
the recoil of the daughter nucleus is neglected @&kample of the energy spectrum in
eq. (6) for tritium is shown in Fig. 1 with signatuof non-zero neutrino mass of 1 e/

as taken from [12].

If there is a possibility for the daughterratto end in an excited state after the decay
(atomic shell and rotational-vibrational excitaprhe fomula (6) has to be modified in
order to take these effects into account. A modiion also has to be made when
neutrino mixing (see next section) takes place,[8geeq. (6.32). However, as long as
the experimental resolution is larger than the nig$srences of two neutrino states the
resulting spectrum can be analysed in terms ofnglesiobservable, the electron
antineutrino mass.

There are certain demands on possible isotapssurces fdi-electrons. Extracting
the neutrino mass from tifespectrum is extremely advantageous for tritium.bagh
the constanC and the functiorF are independent ah, the dependence of spectral
shape omm, in eq. (6) is given by the phase space factor.origrefore, the process is
based only on kinematical conservation laws andoispletely model-independent.



Together with that no assumption of the natureeaftrino, i.e. whether it is a Dirac or a
Majorana particle[2] is made.

As can be seen from Fig. 1 only a very snralttion of electrons falls within the
region of interest. From eq. (6) follows that lomegrthe endpoint energy increases this
fraction. Therefore, tritium with its second lowestdpoint energy of 18.6 keV is one of
the most suitable isotopes [12]. Its half-life @3 years is sufficiently short. Moreover,
tritium and its daughter product have simple etatshell configurations. The Coulomb
corrections and exctitation states can be calallastatively simply with enough
precision. Also, due to small of tritium, the inelastic scattering cross-sectfonthe
electrons is small which also improves the fracttdmo-loss electrons which can be
detected. Finally, the decay is a super-allowedsiteon resulting in no need for
corrections from nuclear transition matrix elements

1.2. Neutrino oscillations

The phenomenon of neutrino oscillations isselp related to existence of non-
vanishing neutrino mass. As the quantum mechadeavation is straightforward and
simple it is described here in more detail to eif¥yi show the origin of the
relationship. Namely, in case of such non-vanishimags the weak flavour and mass
eigenstates are not necessarily identical. WeaclaBely follow the derivation based on
assumption of propagation of neutrinos as freeighast (i.e. plane waves) as described
e.g.in[2].

Let us have orthonormal flavour neutrino eigenstatleg) andn mass eigenstates

||/k>. These states are connected via unitary matr{the bar represents antineutrino
states)
|Va>:;Uak|Vk>’ |l70/>:;UEk||7k>' (7)

The mass eigenstates are stationary statethaimddependence on timend space
coordinatex with energyEy is expressed in the form

v () =& v, (x.0) = %)), ®

assuming flavour neutrinos with momentgnemitted by a source positionedxat O.
The neutrinos are assumed to be highly relativiséc p> m and E= p as flavour

neutrino energy (witle = 1). This means for the enerBy

N - 1 ©

2E

From eq. (7) and (8) follows that neutrinoshwilavoura will develop in timet into
the state described by

v, (%) =2 U €™ 5y ) =3 U, U, d 5y, ), (10)
k k.8

2 Since neutrino has no electric charge it is yetlear whether it is its own artiparticle (Majorana
particle) or not (Dirac particle). Investigationg ainderway to resolve this puzzle [15, 16, 17,188,



where we have utilized the unitarity dfand reverted eq. (7). The transition probability
is then

P(a - B)(1)=|{vslv. (x )] =X U, U5 UpU, e 55 (11)
K, j

We now utilize eq. (9) and define the distance ketwsource and detector las ct =t
and we get

AN
oo - )1 = SV +2ReTUE R, e FLE| 2
k >k

with Am{ = nf - nf. Finally, assuming CP invariance (meaning thefwefts U, are
real)

Amg L
P(a - B)(L)=D VLU +2> U, U, Uz, CO{%EJ
K i>k

(AL
=0y —4Zkugkum.u a5, S'”{TJEJ (13)
>

From this important result we indeed see tzolly behaviour as a function of
L/ E. The oscillations will occur only if at least oneutrino mass is non-zero and if
there is a mixing between individual flavours (megnnon-diagonal terms itJ).
Besides, measuring the oscillation probabilRyallows one to determine only the
differences of masses squared and thus no absmutano mass values.

Experimental detection of neutrino oscillasaan be done in two ways. Firstly, it is
observed whether less than the expected numbeeuwfinos of a specific flavour is
detected (disappearance mode). In this mode alstrim@ energy spectrum shape
changes can be searched for. Secondly, searchgmgsible new flavours, which do
not exist in the original beam, are done or enhawered of an existing flavour is
searched for (appearance mode). In this mode famtion of flavour relies on
detection of the corresponding charged leptonsymed in charged current interactions
with hadrons

vi+N - I"+N', |I=eu,r. (14)

1.3. Importance of neutrino mass

The non-vanishing neutrino mass has great ¢inpa particle physics, cosmology
and astrophysics. As said before in the SM neudriace assumed to be massless.
Masses of charged leptons and quarks are genernatéite Higgs mechanism, but they
are arbitrary and their pattern has no natural anaiion in the SM [3]. The same
mechanism can be applied also to neutrinos afteodacing their right-handed form
into the theory but this procedure has the sameiifagtion as for the charged leptons.
Therefore, non-zero neutrino masses point to newsips beyond the SM.

Some theories work with the so-called see-sHect as one of the mechanisms for
neutrino mass generation [20, 21, 22]. In the fiype of see-saw a heavy right-handed
neutrino is introduced in order to get very ligleftlhanded one. This mechanism
requires hiearchical pattern of the three lighttriea masses, i.em < m < m. The

second type of see-saw predicts existence of aHtiggs triplet and as a result more
degenerate or quasi-degenerace neutrino mass rpatter m = m,= m. Clearly

distinction of which pattern is the correct onejahKATRIN experiment is capable of,
would point to the right way to go beyond the SM.



In cosmology neutrinos play also an importané. It is predicted there should be
about 16 times more neutrinos than baryons to be remaifriomg the Big Bang [23].
These relic neutrinos could thus act as a neubitalark mattérin the evolution of the
so-called large scale structures. The correspondasgnological models are strongly
dependent on relative ammounts of this hot darkenand cold dark matter, for which
candidates such as super-symmetric particles argdared. Determination of neutrino
contribution to the total dark matter content o€ taniverse is thus important for
understanding of such structures.

Neutrino masses are crucial in studies ofatliigh energy (UHE) cosmic rays [24,
25]. Proton events with energy of more thaf’¥V have been reported. These must
have been produced at local distances up to ~ 56 Mpthe so-called Greisen -
Zatsepin - Kuzmin cutoff should eliminate all UHEomNns coming from larger
distances via their interaction with photons of twsmic microwave background and
leave only protons with energy lower than ~ 4%1€V. One possible explanation for
such UHE events could be in the so-called Z-bufste interaction of UHE neutrinos
with massive relic neutrinos to produce the Z bosmm which the UHE protons via
hadronic mode decays could be created. The UHEinestwould not be attenuated
even on cosmological distances. Neutrino mass atgsnfrom measurements of the
UHE cosmic ray spectruhtan be compared with laboratory measurements GffkIN
and test the Z-burst hypothesis.

Last but not least neutrino mass result froPATRIN could contribute to
understanding of a future supernova neutrino sigwalbe detected in existing
experiments. In particular, a better understandingtar core neutronization process and
emission of gravitational waves could be achiex&f].[

1.4. Important historical milestones

Since Pauli’s proposal of neutrino existengpeeiments were dedicated to directly
detect the particle and confirm his idea. The fngdence came from experiment with
eletron capture (EC) offAr [28]. A delayed coincidence measurement was iegpl
started by Auger electrons emitted after EC anppsd by detecting the recoil nucleus.
Indeed, a signal was found corresponding with twhelight of the nucleus (which
depends on known energy released during the decay).

Final confirmation came from C. Cowan and [EinRes [1]. They detected nuclear
reactor neutrinos via the reaction

V,+p - € +n. (15)

The measurement was based on coincidence measurefriell keV photons emitted
after positron annihilation and of photons emitsétkr neutron capture iHCd a few
us later. Positive signal from this measurement wesspreted as a signal for detection
of the reaction (15) and thereby observing theiglart

Since then, various experiments were in sednckinite neutrino mass utilizing the
shape of energy spectrum ®electrons in the endpoint region and tritium asigable
source. However, until now all experiments reportezbative ny values, clearly

indicating presence of unrecognized systematia®f29, 30, 31, 32, 33, 34]. The last
and so far most accurate results from Mainz andtSkmeutrino mass experiments are
compatible with each other with upper limits om of 2.05 eVé® (95 % C.L.) for

% The adjective “hot” refers to matter composed alftivistic particles when decoupling from matter,
whereas “cold” refers to non-relativistic particles
“ In progress in the Pierre Auger Observatory expen [26].



Troitsk [35] and 2.3 eV (95 % C.L.) for Mainz [36puch a sensitivity resulted from
careful analysis of the systematic effects anduge of the MAC-E filter spectrometer,
which is desribed in more detail later.

These results are still compatible with zesutnino mass and do not determine
whether a non-vanishing mass exists. The confionatif non-zero mass came from
neutrino oscillations experiments. The Super-Kamarme experiment [5], a giant water
Cherenkov detector, investigated the so-called spimeric neutrinos. These are
produced in decays of muons and mesons, whichraeted by interactions of cosmic
rays within the Earth’s atmosphere. The neutrinesevdetected via the reaction (14) as
the created lepton (electron or muon) radiatedherenkov light which was collected
by photomultipliers. It was clearly shown that didein upward going muon-like
events exists in the data which means less thaexpected number of neutrinos in a
no-oscillation scenario was observed. These reaudts further supported by results of
the accelerator oscillation experiment K2K [9].

Regarding solar neutrinos, which come to Eftdn fussion reactions taking place
inside the Sun, the first experiment was done bRp&id Jr. [37] indicating a deficit in
observed number of neutrino reactions than expeicted the solar model, known as
the solar neutrino problem. After clear confirmatiof this deficit the solution came
from the Sudbury neutrino observatory (SNO) expenm[7]. Utilization of heavy
water, which has deuterium built in instead of nalrimydrogen, enabled one to observe
also neutral current interactions of neutrinoshef type

v+d - v+p+n (16)

which are independent of the participating neutfiaoour and thus any oscillations.
The observed number of these reactions completged with prediction of the solar
model, while the number of charged current reastiohelectron neutrinos showed a
deficit from the expected one. This clearly indechthe neutrinos oscillation scenario
and thus non-vanishing neutrino mass. Such reswdte then supported also by the
reactor neutrinos experiment KamLAND [8].

1.5. KATRIN experiment

The KATRIN experiment is designed to measheedlectron antineutrino mass from
the tritiump-spectrum at the endpoint region with a sensitigftQ.2 eV£* at 90 % C.L.
[12]. This is an improvement by a factor of 10 otlee sensitivity of the most recent
experiments in Mainz and Troitsk. Experience frohese experiments with the
measurement itself as well as with systematic s$amdling is utilized. Moreover, one
magnitude larger analyzing system is designed deroto obtain enough luminosity.
The outstanding instrumental resolution of 0.93ig\planned to be achieved as well.
The experiment is being built on the side of thdidm Laboratory Karlsruhe which
will provide the necessary infrastructure for tnti handling.

The design setup, shown in Fig. 2, corresponds approximately 70 m long linear
configuration with about 40 superconducting soldepwhich will guide th@-electrons
from the source to the detector. Detailed infororatbout individual components can
be found in [12]. The main parts of the design &TIRIN, as shown in the figure, are:

« Windowless gaseous tritium source (WGTS) as thengmy high-luminuous
source foB-electrons.

» Differential pumping section (DPS) and cryogenicmming section (CPS)
serving for both tritium flow reduction and as ¢tea transport systems.
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Fig. 2. The KATRIN design setup with the primary compomsenj electron gunb) windowless gaseous
tritium source (WGTS)¢) transport and pumping sections (DPS and C&8)re-spectrometeg) main
spectrometerf) semiconductor multi-pixel detector.
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Fig. 3. Principle of the MAC-E filter. The upper part shothe trajectory (in red) of an electron along a
magnetic field line emitted from the source on ldfe side going towards the detector on the rigtie s
The bottom part shows the momentum vector of siledtren along the path.

 Two MAC-E filter type spectrometers. The first asidaller one, known as the
pre-spectrometer, acts as a pre-filter of electwitis small energy and thus lets
through only the electrons from the endpoint regibhne second, much larger
one, is the main spectrometer and its purpose en#&dyze the energy of the
electrons with the resolution of 0.93 eV.

* Multi-pixel semiconductor detector for countingedéctrons.

» Electron gun part placed before the WGTS serving &l for check of tritium
gas and spectrometer properties.

» Separate independent 5 m long beam line with andiAe€C-E filter (not shown
in figure) serving as the monitor spectrometer ¢dbsd further).

1.5.1. The MAC-E filter

The MAC-E filter (Magnetic Adiabatic Collimath combined with Electrostatic
filter) [38, 39, 40, 41] is an electrostatic retagl spectrometer which offers both high
luminosity and high energy resolution. These twamperties are the necessary
prerequisities for measuring of the tritiuBrspectrum endpoint region. Its main
principle is illustrated in Fig. 3. Two supercontng solenoids are placed at both ends
and produce a magnetic guiding field with its maxmB,. An electron is emitted
from the source on the left side into the right iehere (solid angl€ = 2x for the
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Fig. 4. The KATRIN monitoring concept. The high voltage b@p to the main spectrometer, which
analyses th@-electrons, is reduced by a high voltage dividet ameasured by a precision voltmeter. The
same high voltage is applied to the monitor speo#ter, which measures conversion electrons from a
stable calibration source.

source situated at maximal magnetic fiBlgh,y). On its way it is guided by a cyclotron
motion along the magnetic field lines into the yokiof the spectrometer.

Due to slowly varying magnetic field the mornen of the electron transforms
adiabatically keeping its magnetic moment constdhis results in transforming of
most of the electron cyclotron energy into longihad motion as indicated in the figure
by the momentum vectop,. As the electron gets into the so-called analygilage in

the middle (where magnetic field is at its mininmalueB,) it runs into an electrostatic
field E created by cylindrical electrodes on which thetagé U is applied. If it has
enough energy it will pass through the potentiatibg get reaccelerated and detected
by the detector (which is situated at position witagnetic fieldBp). If not it will be
reflected and will not reach the detector. This nsethat all electrons having their
energy equal or larger U, whereq is the charge of the electron, will be detected.
Thus, applying stepped voltage to the retardingteddes enables one to analyse the
electron energy in an integrating mode.

Usually, the source is placed in slightly loweld Bs resulting in lowering the
acceptance angle froorm2This is to avoid extra long electron path in goairce with
finite thickness which would increase the chancehef electron being inelastically
scattered.

1.5.2. Monitoring of the KATRIN experiment

In order to measure the electron energy onstrkoow precisely the retarding
voltage being applied as it is clear from the dgsion of the MAC-E filter principle.
Together with that also stability during each stéphe retarding voltage is needed.
When reaching for sensitivity of 0.2 e¥/for the neutrino mass the requirements for
high voltage monitoring are demanding. Expliciityhas been shown that a long-term
precision of 3 ppm is crucial [12]. As the endpa@nergy of tritium is around 18.6 keV
this means = 60 mV for the absolute precision.

Important check of the long-term stabilityuses and also a check for systematic
errors will be provided by means of direct absotigkbration of the main spectrometer.
This will be done with either a photoelectron arceaversion electron source with well-
defined energy and narrow line shape. This mettazdrot be applied online (during
tritium runs) and has to be done in regular intsr@tween the measurements.

In order to achieve the desired precisionnhne monitoring of the retarding high
voltage two independent methods will be applied:
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» Direct measurement of the high voltage. Low voltage to 20 V are ideally
suited for state of the art measurements. Theretbeshigh voltage applied to
the retarding electrode will be firstly reduceddigh voltage divider, see Fig.
4, with very stable dividing ratio to the range 20 V. This divider was
developed inside the KATRIN Collaboration in coag@n with PTB
Braunschweig.

» Utilization of another MAC-E filter (monitor specimeter concept). The former
spectrometer from the Mainz experiment will be pied to the same high
voltage as the main spectrometer, see Fig. 4. Aarsion electron source will
be inserted into the monitor spectrometer and apshad energetically well-
known conversion electron line will be measured/agying the voltage applied
to the source. Any change of the line position danticate an instability of the
high voltage determined by the divider-voltmetertupe This will allow
practically continuous monitoring of the high vgjéaof the main spectrometer.
Therefore, this represents an important tool for TRAN and a powerful
alternative to the first method.

It is clear that proper functioning of the nton spectrometer concept requires a
source with long-term stable conversion electroe,lideally with energy close to the
endpoint of the tritiunB-spectrum. The isomeric stdt&Kr with half-life of 1.8 hours
provides conversion electrons with energy of or &V below the tritium endpoint
[13] with a narrow line width of 2.7 eV. It is thgsiitable for KATRIN needs. Due to its
short half-life it is replenished by decay frdfiRb with half-life of 86.2 days [13].
Following, *Rb sources are in the center of attention for jesise in monitoring of
KATRIN. Some properties of solitfRb sources were investigated and are reported in
this thesis in subsequent chapters.

11



2. Solid®*Rb/B™Kr sources

The conversion electrons emitted from the isgenstate®*™Kr can have various
discrete energies depending on which subshellldatren was emitted from. The most
imporant conversion electron line for KATRIN is tKe32 line, which corresponds to
electrons emitted from the K shell due to the cosioa of the 32 keV nuclear transition
in 8"Kr, see Fig. 5. It has energy of 17824.3(5) eV tne width of 2.70(6) eV [42].
The 32 keV transition is also highly converted, ttodal conversion coefficient
ammounts toug, = 2010. The line energy, its reasonable width high conversion
coefficient make it suitable for KATRIN needs, &g difference of the line energy and
the tritium endpoint is only about 800 eV.

The half-life of**"Kr is only 1.83(2) hours. Thus, with such a shatfife one
avoids any long-term contamination of the electspectrometer. On the other hand,
replenishment of*"Kr is necessary for any measurement lasting moae geveral
hours. The replenishment can be done by meansedfttope®*Rb with long enough
half-life of 86.2(1) days which decays by pure #l@e capture to the isomeric state
83MKr, see Fig. 5. The method is to captfif&r within the®*Rb sample until its decay.
The mother isotope is either vacuum evaporatedromplanted in a suitable substrate
and is captured there. In this way a s8fi@b*"Kr source is made. As the dimensions
of the substrate are usually a few mm such sosraéso very easy to handle.

2.1. ®Rb production method

The production dPRb isotope is done at the U-120M cyclotron at Nackhysics
Institute inReZ with a proton beam. The reactiof¥&r(p, xn)**Rb with use of a water
cooled krypton target. Its design and constructi@are reported in [43]. Pressurized
krypton gas with absolute pressure of 7.5 bar amréemperature in volume of 22 &m
Is exposed to externaly proton beam for 12 hours which results in tohim charge
of 250 mC. Primary energy of the proton beam isvig&¥. Due to energy degradation
in the cyclotron output aluminium window, the targanium input window and the
krypton gas itself a beam of about 19.5 - 24.1 Me¥ves at the gas. This range is
optimal for®*Rb production rate and minimizing amounf&b.

The irradiated target is left for a week todkort lived activities to decay. After that
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Fig. 5. ®Rb decay scheme affd"Kr energy levels [44]. The isomeric stat8Kr corresponds to the
excited level with energy of 41.543 keV and hdk-lbf 1.83 hours.

12



the mixture of rubidium isotopes deposited on Hrget walls is two times washed out
by about 25 crhof distilled water. Complete activity 8fRb in water solution is about
100 MBq [45].

2.2. Vacuum evaporation method

Vacuum evaporation 6fRb atoms is done by means of the modular high vacuu
coating system MED 020 from BAL-TEC. It is equippadth an oil-free vacuum
system which enables one to achieve the pressuasbmft 310° mbar. The rubidium
water solution is put into the tantalum boat anddeevaporate using infra lamp. Then
the boat is installed into MED 020 and pre-heated@0 °C for 5 - 10 minutes to avoid
possible impurities. Evaporation &1Rb is done at about 800 °C for 30 - 60 seconds
through a mask with diameter of 8 mm.

Various sources were produced by this metimadaareport about them can be found
in [42]. The source studied in this thesis is dedd&28 and was produced in 7 / 2008 on
a 0.2 mm thick carbon foil. The rubidium solutioctigity in the boat was about 18
MBq. Its activity to the reference date of 20 Nowamn 2009 was measured to be
0.101(4) MBg. The activity measurement was donerigans of a HPGe detector by
measuring the area of the 520 keVine in 2Rb decay, see Fig. 5. The intensity value
(available from the decay scheme) and the detefticrency for detecting the 520 keV
radiation at a particular geometry setup allowedtbusstablish the activity of the source
with enough precision.

2.3. Implantation method

Implantation of°Rb atoms is done at the On-line Isotope Mass Sepa@OLDE
at CERN. Radioactive nuclides are produced by actesn of a 1.4 GeV proton beam
with a uranium carbide - tantalum (W{a) target and are extracted as an ion beam
with 30 keV of energy. The General Purpose Separatthen used for extraction of
high purity®*Rb beam. Typically, the system is able to deliheractivity of 1 MBq per
hour. A system of retardation electrodes can bel feeaccess to lower implantation
energies. The atoms are implanted into a subsivatediameter of 12 mm, which is
held at room temperature, inside a vacuum chamhiempnessure of about Fambar.

In this way four solid implanted sources, whiare studied in this thesis, were
produced. Tab. 1 gives the materials from which thdbstrates are made, the
implantation energies and purities of the subsdra®so given is the month of
production of the sources and their measured #esvior particular reference date.
Denomination of the sources is done by the systeobstrate - implantation energy”,
e.g. Pt-30, see the table. The activities of thecas were measured in similar way as
the activity of the source S28.

. Implantation | Month of Activit
Source Substrate | Purity [%] engrgy keV] | production [MBq]y
Pt-30 #1 platinum 997 30 11 /2008 0.16(1)
Pt-30 #2 platinum 99.99 30 6/ 2009 1.35(5)
Au-30 gold 99.99 30 6/ 2009 0.91(4)
Pt-15 platinum 99.99 15 6 / 2009 0.54(2)

Tab. 1. Properties of the solid implanted sources prodatdSOLDE. Reference date for the measured
activities is 20 November 200910 um thick foil with 0.3 % of rhodium impurity was use” A foil from
the Goodfellow company with thickness of 2% was used.
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3. Precise energy of 9.4 keyray transition in %™K

r

For the precise monitoring of the KATRIN exipgent, as described in more detail
in the previous chapter, a stable conversion elactpurceé”Rb/*™Kr will be utilized.
In general, fo*™Kr atoms in gaseous form the kinetic energy of mvession electron
Exin IS given by [12]

Ekin = Ey - Et\)/;c + E/ rec Ee rec (wspectr_w sourcl' (17)

vac
in

where E, is the energy of the correspondingay transition, is the binding energy

of the electron,E is the energy of the recoil atom afteray emission,E_ . is the

y,rec e, rec

energy of the recoil atom after emission of thevewsion electrong, .., is the work

function of the spectrometer ag,, .. is the work function of the source. In order to

check the properties of both the source and speeter parts in KATRIN as well as to
do an absolute energy calibration one has to knawigely the individual terms in eq.
(17).

Specifically, regarding theray energyE, the convenient option is to measure it

precisely withy-spectroscopy method. fi"Kr there are two possibilities foraray
transition, namely the 32 keV transition and thé ReV transition, see the decay
scheme in Fig. 5. The first transition is the magborant as the corresponding K shell
conversion electron line K-32 has energy of abdlfi 8V below the tritium endpoint
energy. The 32 keV transition energy was measusatyy-spectroscopy with enough
precision earlier [46].

The 9.4 keV transition energy was already mess by means of-spectroscopy,
but with a precision of about 10 eV [47, 48, 74hieh is completely inadequate for
KATRIN needs. Other results for this energy comenir conversion electron
spectroscopy [49, 50] and the most accurate ongs 93] were obtained by using
theoretically corrected binding energies. Thedisavailable 9.4 keV transition energies
is given in Tab. 2.

The available results imply the need for mecdetermination of the transition
energy using-spectroscopy and simultaneously confirmation ofermarecise electron
spectroscopy results with an independent methors. the purpose of this chapter to
report on measurement, which was done by meansspectroscopy. In subsequent
sections the 9.4 keV line will always be referedaog 4 and its energy aBg 4 This
work is an improvement over the analysis which vegmorted in the bachelor thesis of
the author [53].

Year Value [eV] Type of meas. Ref.
1971 9400(20) y-spectroscopy 47
1972 9400(10) conversion gpectr. 49
1972 9400(30) y-Spectroscopy 48
1976 9390(10) y-spectroscopy 74
1992 9405.9(8) conversion gpectr. 51
1993 9396(3) conversion gpectr. 50
2008 9404.71(35) conversionspectr. 52

Tab. 2. Published energy values of the 9.4 keYay transition ir*-"Kr. The values in brackets indicate
one standard deviation for the last digits.
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Firstly, the experimental approach to the pobof Eg 4 determination is explained
and the measurement apparatus and setup are @esdrien, systematic effects which
may influence the data analysis are adressed. Mestription of lines iry-detector
energy spectra is given. After that backgroundslimethe spectra are discussed. Finally,
the results of the measurement are given and disdugith regard to the existing
values ofEg 4. Also given are the results of measurement of Galike energy, which
was done in order to verify the approach for enelgfgrmination.

3.1. Experimental method

The determination of precise enekgy, using semiconductor-spectroscopy relies
on precise energy calibration of theletector. For that the energies of calibratioedin
have to be known to a high degree of accuracy. mber of two calibration lines is
sufficient. The ideal situation is established wiies observeqy 4 line is energetically
situated between energies of the two calibratiordj the region spanned by them is
reasonable in size and all lines can be observesheg in one spectrum. Then the
energyEg 4 can be determined using linear interpolation, it@s obtained from the
linear channel-to-energy relation. This techniquéjch rests upon linearity of the
spectrometric chain, is successfully used and eiedtribed [54, 55].

In case oEg 4 its determination represents a unique processuseca this energy
region no suitablg-rays for the calibration exist. Therefore, chagastic x-ray lines
have to be used instead. As these x-rays correspoigdely to specific elements, this
gives one an ability to choose the right calibmatimes by choosing the appropriate
elements. Th&°Rb*"Kr source also provides an advantage as stronand K x-ray
lines observed in the decay cause fluorescencesanby material. This means if the
elements are intentionally embedded near the sameeas able to detect all the lines
simultaneously.

After careful consideration theoK lines’ of nickel (Ni) and arsenic (As) were
chosen as the energy calibration lines. Energigbexfe lines are known to a precision
of better than 1 ppm [56] from diffraction specttogy measurements. Pieces of these
elements can also be obtained in high elementyptoitm, i.e. 99.999 %, which
minimizes the risk of presence of parasitic KX &irfeom other elements in the spectra.
By inserting appropriate amount of Ni foil and Aswxler together with th&¥Rb3™Kr
source for detection by thespectrometer one is able to achieve similar intgias the
corresponding calibration lines amgl,. Such calibration spectra are then analysed using
PC (personal computer) software and the positiohghe lines in channels are
determined.

3.2. Measurement apparatus and setup

In the measurements a commercial apparatusused. It consists of a silicon
lithium detector of 80 mMmx 5 mm with built-in preamplifier and spectroscopy
amplifier, models SL80175 and 2026 from the Cardb@wmpany. The detector is
equipped with beryllium window with thickness of0B. mm. The resolution of the
detector amounts to 220 eV at energy of 7.5 keV K. Computer-based ADC
(analogue to digital converter) card TRUMP from E@8&G Ortec company digitizes
the amplifier output signals into 8192 channelsaclihtan be seen in PC software as a

® The component & (Koy) is emitted when an electron drops from the(ll) subshell to a vacancy on
the K shell. The transition fromylto K is forbidden due to conservation of angulammentum and is not
considered further.
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spectrum, i.e. counts per channels. In Fig. 6 atqgmaph of they-spectrometry
apparatus is shown.

The geometry used throughout the measureneb&sed on one general setup, see
scheme in Fig. 7. The detector is highlighted bgydilling. It is closed in cylindrical
stainless steel endcup with the beryllium windowrePaluminium construction, which
is hatched in the figure, supports aluminium cadlior and plastic interchangeable
cylinder with a lid. The cylinder with a suitableight G allows to establish the desired
distance of the radioactive source to the detedtbe valuecoll denotes the inner
diameter of the collimator construction and wa®di*o 6 mm. The radioactive source
together with the Ni and As pieces are situatedopnof the lid in the 24 mm diameter
hollow.

Regarding the radioactive source the paremérgeor®*Rb was produced at U-120M
cyclotron of the Nuclear Physics Institute (NPI)ReZ and after simple laboratory
procedure obtained in the form of rubidium watelugson. The production process is
described in detail in the previous chapter. Thkoactive source for the measurement
was made in a way that part of the solution waosiégd on a polyethylene (PET) foil,
dried and sealed with another PET foil. A few MBanotivity was obtained.

The y-detector energy spectra analysis was done by mefitise data analysis
framework ROOT [57], which provides libraries foumerical fitting of spectra.
Namely, the Simplex and the Migrad routines from Binuit library were utilized. The
fit is based on minimizing the chi-square functorer the space of free variables, such
as peak amplitude, centroid and width (and moffehd fit converges the parameter
values together with estimates of their erorrs @teirned. Goodness of the fit is
characterized by the chi-square value at the mimrdivided by the number of degrees

of freedom in the fit, the so-called reduced chiae x~,. For fit quality check also

visual inspection of the so-called normalized realdplot is done. The normalized
residuals are differences of numerical and caledlatalues divided by errors of the
numerical values (which are just square roots efnilnmerical values).
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Fig. 7. Sketch of the experimental source-detector gegmédtne dimensions are given in mm. For
further description see the text.

3.3. Systematic effects

The lineyq 4 Originates in the atomic nucleus, whereas theadtaristic x-ray lines
originate in the atomic shell. This difference dam a source of systematic errors.
Specifically, fine atomic shell processes such mssion of additional weak lines,
which accompanies the characteristic x-ray emissg@m not take place inside the
nucleus and thus can not be seen accompanyinglihe. Their presence ipdetector
energy spectra may, however, influence the detetioim of position of the
characteristic x-rays.

In this section two fine atomic shell featyresmely the satellite lines and the
radiative Auger effect, are described in detailtrBeffects result in emission of weak x-
rays which are energetically close to the charetierx-rays. The properties of the
weak x-rays such as energy, intensity and widtheaeemined in order to include them
in spectra analysis. The respective inclusion &ribded in the sectiobescription of
lines

3.3.1. Satellite lines

In the atomic shell when an electron de-escitem a
higher atomic subshell to a lower vacant subshellexcess
energy can be emitted in the form of a characteristay.
Its energy is given by difference of the electranding
energies on the individual subshells. Therefore, xkray
uniquely corresponds to the electron transition gnedatom
involved and is called a diagram line. However, sagne
energy of the x-ray can only be observed for shighized
atoms, i.e. atoms with one electron vacancy. Ifdtem is ——(— K
multiply ionized the energy is slightly shifted tamis higher Fig. 8. X-ray satellite line
energies [58, 59]. This shift results from a snthlhinge of emission.
effective screening potential of the remaining etets. Specifically, the potential gets
weaker as there are less electrons present intdh@ashell. These x-rays are weak in

SN —
Lo
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intensity compared to the diagram lines and arneddhe satellite lines. The process is
illustrated in Fig. 8.

The shifts in energy of the satellite lineg at the order of tens of eV and the
intensities relatively to the diagram lines vargnir almost zero to a few per mille [58,
59]. Such lines are thus indistinguishable fromdregram lines with a standard Si(Li)
detector with a resolution of about 200 eV. Newedhks, in spectra analysis their
presence may influence the determination of a diagline position and represent an
unaccounted systematic error if not taken into wharation properly.

In our situation the characteristic x-rays gn@uced by incident radiation from the
8RbP™Kr source. For the source activities of a few MBe tprobability of double
ionizing an atom with two different photons duritinge lifetime of an electron vacancy
of the orders of 1# s is negligibly small. Thus multiple ionizationrcanly be caused
by a single incident event. This is only possililéhe incoming radiation has enough
energy to eject both K and L or K and M shell alecttogether. Then, in dependence
on which electron has been ejected, a specifidlisaiene can be emitted.

For Ni, Ga and As the highest electron bindengrgies are for the K shell and the L
subshell. Taking a sum of them we get roughly ®¥ kor Ni, 11.7 keV for Ga and
13.4 keV for As[60]. Most photons emitted from tlaglioactive source have energies of
12.6 keV (k) and 14.1 keV (R) [56]. From this we see that the radiation is gutle
capable of multiply ionizing the Ni, Ga and As atgrior the last one, however, only
the less intensive [Khas such property. This means the intensity ofstitellite lines
will be somehow lower for As relatively to the drag line. Nevertheless, the problem
was approached as the intensity was full and frossible deviations from this value
the systematic error fdty 4 was determined (see further).

In order to investigate the intensities of theellite lines in comparison to the
diagram lines a dedicated study was made [61].flhadiion spectrometer was used for
detection of x-rays from Ti sample which was iregdd by x-rays from an x-ray tube.
The dependence of the intensities on the tube g®ieas observed. It was shown that
for the voltage above about twice the excitatioteptal the intensities reached an
upper bound and further remained constant. Thisnmieae can work with the upper

Ni a3 a4 (13’
Energy [eV] 7507.54 | 7512.10 7514.92
Intensity relative to K, [%] 0.25 0.27 0.11
Line width [eV] 4.37 4.49 451
Ga a3 o4 oz
Energy [eV] 9284.23| 9290.02 929581
Intensity relative to K, [%] 0.14 0.23 0.10
Line width [eV] 4.31 473 5.14
AS a3 o4 oz
Energy [eV] 10578.68| 10584.57| 10592.27
Intensity relative to K, [%] 0.13 0.16 0.09
Line width [eV] 4.58 5.13 5.92

Tab. 3. Numerical values of properties of the satelliteei of Ni, Ga and As. The intensities were taken
directly from papers [58, 59]. The energies andtgdn eV were calculated from wave-length values i
X units (xu) using the conversion coefficient ir6[5p. 96, Tab. VI: E ¥\ = 12732.7227(40) eV x kxu
for Cu Koy. In addition, the widths were corrected for finitesolving power of the diffraction
spectometer using eq. (1) in [58], p. 12 (as inppers no correction was done).
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intensities and determine the systematic error femors of these intensities. The
systematic error determination is described in nu@til in the sectioetermination
of systematic error

The intensities of the satellite lines for B&a and As as well as their energies (wave-
lengths respectivelly) and widths were reportetha papers [58, 59]. These values are
given in Tab. 3 for the three most intensive lingsos andas’. Errors of the energies
are for all lines 0.09 eV [58]. Errors of the widttvere neglected. Errors of the relative
intensities can be attributed to 3 % of the indinadintensity values [59]. However, we
know the intensities can in fact be lower (but higther), especially for the case of As
and it is extremely difficult to estimate to how ahuextent. Therefore it was decided to
take single-way errors of the intensities as + 3t &5 % of the values. The way of
including the satellite lines into spectra analysislescribed in the sectidescription
of lines

3.3.2. Radiative Auger effect

In the atomic shell the energy released durdeg
excitation of an electron is most often emitted either a to bound or
e e conti nuum state
characteristic x-ray or an Auger electron, whichjust a .
m

knocked-out atomic shell electron. However, thera inon-

zero probability the photon and the Auger electwolh be 1 & Ly
emitted at once, sharing the released energy. prbisess is o —o L,
called the radiative Auger effect (RAE) and isslitated in o

Fig. 9. Specifically, it is illustrated when an @i®n fromL,
subshell fills the vacancy on the K shell. An x-tagether
with an electron from thé&s subshell are emitted. For this
case the denomination Kils is used. K

Presence of three objects in the final comtmnstate Fig. 9. The radiative Auger
(electron shake-off effect) implies continuous emyernof effect (here K-bLL3).
photons with upper bound corresponding to the sdnavhen the emitted electron has
zero kinetic energy. The energy spectrum is sugmgad with discrete lines resulting
from the situation when the final state electroexsited to a higher bound state (shake-
up effect). Combination of shake-off and shake-dfeces results in complicated
structure of the photon energy spectrum.

The intensity of the RAE is low compared te thtensity of the diagram lines and
the structures in the photon energy spectrum varthe level of tens to a few hudreds
of eV [62, 63, 64]. When observed with a Si(Li) edbr such effects are completely
smeared by the detector resolution and are notvasle at all. As in the case of the
satellite lines presence of the RAE may, neverislmfluence the determination of the
diagram line position in spectra analysis and aégyesent an anccounted systematic
error. The lines K-LM and K-MM are of main concesmince they are situated
energetically near the calibration lines and tiensity is large enough for them to be
noticeable.

~"¥-ray

Intensity of RAE

The are numerous experimental values avail@bléhe intensities of K-LM and K-
MM lines [62, 63, 64]. These values are shown gicgly in Fig. 10 and Fig. 11.
Together with that also theoretical calculations available [65] and are shown in the
figures as well. One can see in the [Bwegion an overall disagreement with the theory.
Besides, for K-MM more experimental values existgarticularZ. The question now
arises which intensities should be useg-detector energy spectra analysis.
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Regarding K-MM there is exactly one experinaéntlue for Ni Z = 28) and As4
= 33) and no value for GZ (= 31). As for K-LM there is also one value for As anal n
values for Ni and Ga. Thus, we can work with theasueed values and interpolate the
missing ones. Tab. 4 gives numerically such intessi The interpolation was done by
means of cubic splines available in ROOT. The mldtvalues were treated with an
average of those values.

Regarding the uncertainties of the intensitiels known that for Kr Z = 36) it
ammounts to 25 % [64]. With respect to differenbesween individual experimental
multiple values and also between experimental hedretical values it was decided to
take 25 % as the error for all values in Tab. 4nfrthese errors the systematic error for
Ey 4 was determined, see the sectidetermination of systematic error

Shape of the RAE photon spectrum

According to [63] the highest intensity of tRAE peak is observed at the upper
photon energy boundary and drops down to zerodaet photon energies. That is,
however, the only specific information one is atdeobtain about the general shape of
the spectrum. Up to now there seems to be no theargrediction of the spectrum
shape available [62]. Moreover, the spectrum slugpails are unique for each element
as apparent from the figures in the papers [62, B8Jortunately, for Ni, Ga and As no
graphs and also no numerical points, i.e. tabulatath for the RAE spectra, are
available.

This forces one to adopt a phenomenologicapeRne(X), inspired by available
data, roughly describing the general behavior ef photon spectrum. This shape is
shown in Fig. 12RyhedX) is @ composition of three parts for boundaxges 0 andx, =
25 (in arbitrary units):

* for x; < x < % a sum of the Lorentzian functidr(x) and linear functiorP(X)

with parameter#\, I', k andg which are defined as

_ /4 _
L(x)—AL(X_XZ)ZH_ZM,Fl’(x) kxt ¢ (18)

o for x<x; only the functior_(x)

» for x> x, the Gaussian functioB(x) with parameterss ands defined as

20°

G(x)= A exp{—M} . (19)

The individual parameters control the shapea$ @mplitudes of the corresponding
functions and they are set in a way to reasonalagiahthe general shape of the RAE
peak. Numerical values of the parameters are givarab. 5. The functions used have
no physical meaning, they were chosen purely fer ghak shape construction. The
Gaussian part ensures quick descent from maximuemsity to zero for increasing
energies and the Lorentzian part combined witHitiear function ensures slow descent
for decreasing energies.

When considering use of the phenomenologitaps in spectra analysis one has to
recalculate the individual parameters in a way rmulting shape approximates real
situation. This means one has to consider the gr@ey channel, see further) interval
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for the RAE peak and its intensity in relation witie corresponding diagram line. The
intensity is directly related to the area of thempdmenological shape. This area can be
easily evaluated as all functions in eq. (18) at@) @re analytically integrable. When
the integration ofRynedX) is performed (with respect to the definition sespof the
individual parts) the peak aréaaeis given by

5 1
A?AEz AG(\/ZZTO'+1—72T|_+T2(X2— ‘)j (20)
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Fig. 10. Experimental and theoretical intensities of th&.M-radiative Auger effect. The experimental
values were taken from [64], table V., and from][6Zhe theoretical values were taken from [65].
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Fig. 11.Experimental and theoretical intensities of the KAMadiative Auger effect. The experimental
values were taken from [64], table VI. The themativalues were taken from [65]. The points with
more than one value indicate that more valuesi®phrticulaZ are available.

Ni Ga As
| el (K-LM) [%] 0.114 0.31 0.68
| et (K-MM) [%] 1.20 1.49 1.90

Tab. 4. Intensities of the K-LM (K-MM) radiative Auger les relatively to & (KB) lines. The values
with an asterisk were obtained by interpolatiomwdilable experimental data.
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Fig. 12.The phenomenological shaRg..(x) of the radiative Auger effect photon energy speut

Then, if the intensity of K (KB) line islk, (Ikg) one can ajdust the paramefey (the
other parameters are set only by energy considesgtsee futher) so that it is satisfied

a K or Arne K, (21)

IKa KB

whereK is the relative RAE peak intensity according td.T4

Concerning the energy scale one has to fidiermine the boundaries and xs.
The upper boundary is given by the maximum photogrgy as discussed previously.
Thusx; is given by difference of the diagram line eneagyl the binding energy of the
most weakly binded electron, i.e. the energetichliyhest Auger electron. A sort of
uncertainty remains for the lower boundary becatuisenot precisely defined due to the
fact the whole peak extends slowly to zero in isignfor decreasing energy.
Nevertheless, in final the peak will be convoluteith the detector Gaussian response
function and thus the lower boundary is not neettede defined exactly. As an
approximation it can be given by the energy oféhergetically lowest Auger electron.
Its energy can also be calculated by differencehef diagram line energy and the
corresponding electron binding energy (the highese). The lower and upper
boundaries are given numerically in Tab. 6.

Having now the energy spread - x; the remaining parameters and I' are
calculated from direct proportion by the rule afeth, i.e.

U:MUO and r:ﬂro, (22)
%0 = Ko %0~ Ko

where the index indicates the values to be used from Tab. 5. Thlsulation then
scales the shape of the RAE peak to the correspgratiergy range. Description of the
way of taking this phenomenological RAE peak inpedra analysis is given in section
Description of lines
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Parameter

X1 X2

AG o

AL r

K q

Value

0 25

3 0.25

A | 20

6(x—%) A3 6()(_2>i1>(1) %

Tab. 5. Numerical values of the individual parameters us®dconstructing of the phenomenological

shape of the RAE peak.

K-LM K-MM
X1 [eV] X2 [eV] X1 [eV] X2 [eV]

Ni 7195.6 7399.4 8111.4 8156.0

Ga 8889.4 9223.4 10050.9 10329.5

As 10114.0 10489.2 11457.6 11620.6

Tab. 6. Lower and upper energy boundaries for the K-LM KrBIM radiative Auger peaks. The values
were determined from the difference of the corresiitg radiative transition energies [56] and the
electron binding energies [60] as discussed indke

3.4. Description of lines

Determination of precise position of the x-rayd y-ray peaks in the spectra is
essential to this measurement. The lines have alathape described by the Lorentzian
function, see eq. (18) witlx, = x, as the peak centroid, with a specific line widith
This width is given by a sum of natural widthisi = 1,2, of the corresponding energy
levels. The natural widths are related to the mbfmtime ¢ of vacancies of the
corresponding energy levels via the so-called gnénge “uncertainty relation”

St

rE==,i=12, (23)

N

where 71 is the reduced Planck constarkhe lifetime of the 9.4 keV level {#™Kr is
about 1.5-10 s [13] and corresponds to the natural width ofuabi®® eV which is
completely negligible. However, the lifetime of emelectron levels is of the orders of
10*® s corresponding to widths of a few eV [66] whitiosld be taken into account.

The detector response function is modelledheyGaussian function, see eq. (19).
This means that the lines in spectra are deschlgatie Voigt functiorvV(x) which is a
convolution of the Gaussian and the Lorentzian tionc

T (24)

—00

The function is normalized in ROOT code (meanirgyititergral ofV(x) over the whole
real axis is one). In order to include the ampktuéd which describes the number of
counts at the peak centroxg, the peak is desbribed as functiB(x) with the index
normindicating normalized Voigt function

Voom (%)

norm

P(= Voo (%)

: (25)
which gives exactly for x = Xo.

The observed peaks are not ideal Voigt funestiout also show asymmetric shape on
the lower energy side. This asymmetry comes frooonmplete charge colletion in the
detector, especially when the detector edges at®/h-ray ory-ray photons. The effect

® Curent value of the reduced Planck constant 85138 99(16) x 1¢f MeV-s [11].
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was significantly reduced by introducing a 6 mmnuer aluminium collimator, see
geometry sketch in Fig. 7, but it can not be rendos@mpletely and the asymmetry part
of the peaks is needed to be taken into account.

The model for describing the asymmetry waeakom [67]. It is called the slope
function§(x) and is given by the expression

< %
S(X) = %exp{ jerf \/_U \/_ﬂj (26)

where As is the amplitude of the slope functigh,controls the width of the fuction,
erfc(x) is the complementary error function and the otb@rameters have the same
meaning as before. The complementary error functiaefined as

erfc(x) =%T e dt. (27)
T

All peaks are superimposed on varying backgids(x). In suitable region it can
well be described by maximally second order polyiamwith appropriate parameters
m, kandq

B(X) = mX + ke c. (28)

Most often parameters corresponding up to onlitiegar term in eq. (28) are used.

As said before the characteristio;K-ray lines are used for detector calibration.
However, these lines are accompanied by the lKhes which are energetically very
close and both lines are unresolvable from eachrdily the detector. Although both
can be added to the fit and their parameters cafittee separately, this leads to
unphysical fit results, e.g. large energy spaciatyben the two. In order to preserve
clear interpretation of the centroid position of thdividual peaks the parameters of the
Koy were held fixed relatively to the parameters of.Krhis means the amplitude ratio
of the lines was fixed, difference in position dfet centroids was fixed and the
difference inc-widths was fixed. Thd-widths were held fixed separately for both
lines. Then the chi-square function is minimizedyamter some parameters ofukand
the fit converges in a physical minimum.

The amplitude ratios and energy differencesNiprGa and As are known [44, 56]
and are given numerically in Tab. 7. Changes innsitg ratios due to change in
detector efficiency with energy can be neglecteth wegard to the errors of the ratios.
In the fit the energy difference has to be includednits of channels and not in units of
energy. The conversion, however, requires the chdarenergy calibration relation to
be known a priori. This can be overcome in the foilg way. A preliminary
calibration of the detector is done by means oingpke fit, i.e. with single Gaussian
lines only with no fixed parameters. Weighted agesaof energies of dg and Ko, can
be used as calibration values. Then the requiredggndifference in channels is
calculated using the preliminary calibration anduded in the full fit, i.e. with double
constrained lines. An improved calibration is obéal and the energy difference is
recalculated using the improved version. The fitd@e again and the process is
repeated until convergence of the parameter iseaeldi This usually occurs after one or
two full fits.
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E (K(l]_) E(K(l]_) - E(K(Iz) F(K(Il) F(K(lz)
(K /(K
V] V] (Ka) [1Kaa) | "o\ | [ev]
Ni | 7478.2521(45)]  17.2718(64) 0.508(34) 1.94 237
Ga| 9251.674(66) 26.839(71) 0.510(28) 2.53 2.53
As | 10543.2674(81 35.77(15) 0.514(26) 3.03 3.04

Tab. 7. Energies of g, lines and numerical values for fixed parameteesiun the fit.E denotes energy,
| denotes intensity and denotes natural width. The widths were derivednfithe recommended widths
of electron atomic levels from [66].

The fixed difference in-widths was obtained in a similar way by doing aruhel-
to-width calibration. The values of thewidths were derived from the recommended
widths of electron atomic levels in [66] in a wanat the width for i&; (Koay) is the sum
of the widths of K shell and the width of [L,) subshell. Numerical values are given in
Tab. 7. The values were converted to channels Bonn a similar way as the energy
differences.

In slope functior§(E) another two free parameters appear, namely thitane As
and the widthp. It was found that fixing these parameters as wethe fit results in
improvement of the fit quality among different spaci.e. the valuekg 4 obtained from
various spectra tend to be significantly less scatt from each other. Determination of
the two slope function parameters was done in tagswFirstly, the parameters were
obtained as weighted averages from fit of the fgue(as there are no disturbances from
the satellite lines or the RAE) measured withoet éh and As lines. Then these values
were held fixed in fits of Ni, As angg4 lines in the calibration spectra withs
relatively to amplitude of the corresponding lim&l# in absolute units. This procedure
was used in phase | &b 4 determination (see sectidfeasurement results

Secondly, separate spectra with Ni or As calibn lines only were measured. This
was done by slightly moving the radioactive souroen the hollow of the lid but not
moving the Ni and As pieces. With use of a tin iocgditor (with 6 mm in diameter)
minimum radiation from the source could be detected the calibration x-rays were
still well visible due to fluoresence. The slop@dtion parameters were obtained from
these spectra for Ni and As separately and thed fiebd in fitting of calibration
spectra. The slope function parametersyir were obtained from different separate
spectra where only the radioactive source was glabeve the detector. This procedure
was used in phase Il and Il B§ 4 determination.

Regarding the satellite lines they also haveatural shape described by the
Lorentzian function. Therefore, in the spectra thaye considered also as Voigt lines
with fixed amplitudes relatively to dg, fixed energy difference from energy oékand
fixed line widths, all known from Tab. 3 (in thebta absolute energies of the satellite
lines are given, the differences can be obtainel wge of the energy calibration values
E (Kay) in Tab. 7). Thes-widths were held for simplicity the same as fai; KThis
ensured the satellite lines to be binded tq Kne in the same way as thexKline. For
the satellite lines no slope function is added ae do their small intensity its
contribution is neglible. Also the detector effioty change with energy is again
neglected.

Concerning the RAE peaks (K-LM and K-MM) a pbeenological shapBpnedX)
approximates the real shape as discussed previo8slgh a shape also has to be
convoluted with the Gaussian detector responsetitmcCalculating numerically the
convolution each time a fit is done would signifidg and unnecessarily increase
computing time. It is thus worth to calculate tlmeolution in advance (with enough
precision) and save the results as discrete nualatata. These data are then loaded

25



into the fit and the cubic spline interpolation éatale in ROOT is utilized to return
values in between the discrete points. The nunledata are spaced in small steps to
assure smooth interpolation.

The convolution calculation is done with resgp® some fixed value of thedK line
position Xg,, chosen usually to be close to the position seehé spectra. This means
the distance. - X2 is known (see the paRadiative Auger effectThen in the fit the
position of the RAE peak is taken with respecth® position of K, utilizing the value
Xoc. If the convoluted RAE peak is described by a fiomcR.on(X) (Which is just the
interpolation function mentioned)

+0o

Ron (¥ = | G(%) Rye % %d X (29)

—00

then in the fit it is incuded &%(x)

R(X) = Row( %( ¥~ %)), (30)

where Xo indicates the centroid of & which is being fitted. This ensures correct
binding of the RAE peak to thedKline. Any transformation of parameters from energy
scale to channels was done in the same way asanbegy-like parameters.

The amplitudéds of the RAE is taken equal to one in the convolutialculation.
The RAE peak area is given by eq. (20) and itssitg by eq. (21). This means that in
the fit Ag, now a free parameter, can also be fixed relatit@the amplitude of K if
this amplitude is related to the intensity of the Khe, which is just the area of the line.
The area can be calculated because in ROOT thd Wwmigtion representing the line is
normalized. Therefore, with respect to eq. (21) @%J

A Aa
ok L, : _ (31)
AQ [Vnorm ( EO ( Kal)) VﬂOfm( EO( Kﬂz))

However, including this into the fit increased cartipg time. If the area of the Voigt
function is approximated by the area of the Gauwmsdimction the RAE area is
calculated as

Aone = KN271( A 00 + A 01 (32)

The difference between areas for the RAE peak =kl by eq. (31) and (32)
ammounts to only about 1 %. Taking into accountetrers of the RAE intensities are
25 % this can safely be neglected and the areabearalculated from the Gaussian
function. For the K-MM peak its intensity is giveelatively to the K lines. If such
lines are not included in the fit the intensitycaculated relatively to the Klines using
relative intensities of K and K3, given numerically in Tab. 8. These intensitiesth&o
be corrected for a small change of detector efiicye(about 1.35 %). Any efficiency
dependence for the individual RAE peaks is negteatae to their large intensity
uncertainties.

In the end the complete function describing xhray line in they-detector energy
spectrum is a sum of
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I(KB) / 1(Ka)
Ni 0.121(4)
Ga 0.125(4)
As 0.134(4)

Tab. 8. Intensities of the K series relatively to intensities of the:lseries [44].

* two Voigt functionsP(x), eq. (25), for the K; and Ku, lines, the second one
constrained to the dg line

» two constrained slope functio®x), eq. (26), one for each of the kines

» three Voigt function®(x) for the satellite lines constrained to the; Kine

» two convoluted RAE peal®(x), eq. (30), for the K-LM and K-MM constrained
to the Koy line

e quadratic or linear backgrourg{x), eq. (28)

» other background line®?(x) with small intensity in the spectra in close
neighbour-hood of the corresponding x-ray lineshwiiteir respective slope
functions, can havE = 0 which reduces them to Gaussian lines

The lineyg 4 is desribed without the sattelite lines and theER#eaks and witl = 0,
which reduces it to a Gaussian line. If we now asswo background peaks in the
calibration spectra the parameters being fit are

« amplitude of Ku (y9.4)

* Koy (y9.4) centroid position

* Koy (y9.49) Gaussian width

» background coefficients

Each background line, with small intensity, woulddathree more parameters
(amplitude, centroid position, Gaussian width) itlie fit. The whole parameter fixing
procedure reduced the number of free parametéhgifit to a necessary minimum. The
fixed parameters were obtained from literature @aland in the case of energy-like
parameters the proper conversion to channels was g means of fit iterations as
already described in detail previously. In Fig.aiBexample of the full fit result and in
Fig. 14 plot of the corresponding residuals arensho

3.5. Spectra analysis

In Fig. 15 a typical calibration spectrum wiNhand As calibration lines is shown. In
the figure both of these lines as well as thehave been marked. Together with that,
also other lines, which are visible in the spectriiave been marked. Namely, thf K
line series of Ni, the 9.7 keV background peak tedSi escape peak are visible. The
last two will be discussed further.

As mentioned earlier the purity of the used d&dd As was for both 99.999 %
meaning it is not possible to detect any impurifresn these pieces with the detector.
The radioactive source was checked for radionughdety on a HPGe (High Purity
Germanium)y-detector. Evidence for traces of usual byproddating®*Rb production
such as other Rb isotopes was found. These isosip®dd radiate ng-rays in the
region of interest. Small traces of Ni in the seuveere also found. These come most
probably from the walls of the krypton target asytlare nickel-plated. Finally, the PET
foil, in which the radioactive source is placed,vesl as the Si(Li) detector material
were checked by means of x-ray fluorescence asafy$iA) with a commercia*’Am
source for possible impurities. Negligible ammouatsCu and Zn were detected. A
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slightly larger ammount of Fe was also detected,itisux-rays are energetically not in
the region of interest. No other lines expect fer tisual x-rays frorfi’Am were found
during XFA.

Silicon escape peak, subtraction of an experiméasalape spectrum”

The Si escape peak appears in the calibraj@ctrum as a result of incomplete
energy detection of strongokx-rays emitted from th&Rb*"Kr source. If such an x-
ray knocks out an electron from the innermost sbElSi a vacation on this shell is
formed. It gets quickly filled by some outer electrand an x-ray is emitted. There is a
small but non-zero probability that this x-ray wadkcape the detector without being
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Fig. 13. Example of a complete fit on Asoi{and Kau, lines. Note the logarithmic scale on the vertical
axis. The individual components are indicated ia bgend. The complete fit is a sum of all these
components. The Si escape peak comes from paetiattion of strong Kr K lines and is discussed
further.
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Fig. 14. The normalized residuals of the fit shown aboveFig. 13. The valug(fed was 0.87,
indicating good fit.
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Fig. 15. A typical calibration spectrum with Ni and As datition lines. Note the logarithmic scale on
the vertical axis. The background peaks 9.7 keVSirescape are discussed in the text.
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absorbed. If this happens the energy detectedb@ilbwered by the energy of the x-ray
which escaped. In case of Si this energy ammouontsughly 1.8 keV [56]. Therefore,
the energy of the Si escape peak of the Kixkays is about 10.8 keV and is visible on
the high energy side of the Asipeak, see Fig. 15.

The fine structure of this escape peak iserattomplex because there are more
possibilities by which electron can fill the vacgnion Si, which results in different
energy of the emitted x-ray. Also there are tworgegcally close x-rays from Kr,
namely the K and Kop. One way to handle this situation is to descrhee $i escape
peak purely with one Gaussian function with its aammplitude, centroid position ard
width, neglecting thd-widths of the individual components. The resultl we, in a
good fit, a slightly larges-width than what would be expected based on caionla
from the chanell-to-width calibration.

The second way is as follows. A spectrum geexnentally acquired for which only
the radioactive source is placed in the hollowhs lid and the Ni and As pieces are
removed. Such a spectum shall further be callegl édcape spectrum”. If this spectrum
is measured under similar conditions and for thmeseammount of time as the
calibration spectrum it can be numerically sub&ddrom the calibration spectrum (i.e.
the corresponding part of it) and as a result thes8ape peak will disappear but the As
calibration line will remain. Numerically subtraegj two spectra means creating a new
spectrum, called “subtracted spectrum”, where chezhannel the number of counts is
taken as difference between the counts in theradildn and in the escape spectra. The
errors of these new counts are calculated as aesqo@at of sum of squares of the count
errors in the calibration and the escape spectra.

Performing subtraction has also another adggnas it may remove possible K-LL
radiative Auger peak from Kr which can be presenthie region of the As calibration
line. The K-LL peak was not discussed before duestemall intensity and large energy
distance from a diagram line. Also to point outtsatting the escape spectrum in the
region of Ni calibration line, where no lines fraifme radioactive source appear, can
lead to removal of possible non-linear backgrolrrgésence of small ammount of Ni in
the radioactive source represents no problem dwsuigraction as it results only in
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small reduction of the Ni peak amplitude. Thusuhssfrom fitting of the subtracted
spectra can be cross-checked with results fromdittf unsubtracted spectra.

During the experiment (phases Il and lll) thgcape spectra were measured in
between measurements of the calibration spect@dar to assure minimal shifts in
amplifier gain, which in principle could appear, @mg the spectra. In Fig. 16 are shown
the residuals after fit of the partial spectrumhalMi lines with linear background. In
this example the Klines were treated in the same way as thdikes, i.e. only the K
parameters were fitted and parameters of the dithes were held fixed relatively to
KpB1. The numerical values for the parameters can liedfan the same references as for
the Ko lines [44, 56, 66]. Residuals after fit of the gabted partial spectrum are shown
in Fig. 17. A clear improvement of the fit for teebtracted spectrum is visible.

p
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Fig. 16. Residuals after fit of Ni K and KB lines with linear background. The fitted functiotearly

overestimates the measured counts at around chh?2B@] )(rzed =1.37.
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Fig. 17. Residuals after fit of Ni K and KB lines in the subtracted spectrum. The residuatr@ind

channel 1230 disappearemid = 1.11. This clearly indicates their presenceig E6 was due to non-

linear background between the lind Kj lines. This background is visible also in the @scspectra.
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9.7 keV peak
In the calibration spectrum in Fig. 15 a baokmd peak with energy of 9.7 keV is

visible. At first sight this peak appeared to beoanbination of the &; and Lo line’ of
Au as energies of these lines are 9713.44(34) &)/ %%28.05(33) eV [56]. For that
reason the peak was described as two coinstrainggt ¥hes with fixedI'™-widths [44,
66] and with their respective slope functions. Heere evaluating the energy ol
from the calibration spectra always resulted inrgpehifted by about 20 eV to higher
energies compared to the value from literature.

An admixture of possible Ge, which can be @nésn the detector material, was
suspected as the energy af;kof Ge is 9886.52(11) eV [56]. In order to inveatsythis
the following check was done. A simulated spectmith Au Lo lines and Ge K lines
was created in terms of counts and channels inyathat similar channel-to-energy
calibration and peak intensities as in the expantalecalibration spectra were assumed.
This spectrum was then analysed by means of thelatd calibration spectra fitting. It
was observed for which intensity of the Ge peak the shift of 20 eV of the fitted peak
is obtained. This was found to be satisfied for @ Ko peak intensity of half the
intensity of Au la;. However, such a peak had significantly largavidth than what is
observed in experimental spectra. The result fiosis that no combination of Au and
Ge lines can reproduce the effect observed expatatig

Another suspicion fell on a possible non-tabed y-line emitted from the
radioactive source. In order to investigate thispectrum was measured utilizing
different isotope, namef}Rb. This isotope also emits strong Knd KB x-rays as$°Rb
but no 9.4 keVy-line [68]. It was prepared at thikez U-120M cyclotron via the
reaction (p,2n) on highly enrich&®r (99.9 %) with about 30 MeV of proton energy.
It has half-life of only about 4.6 hours [68] soarder to acquire enough statistics the
radioactive source had to be successively moveskeclto the detector in some time
steps. Data acquisition during the replacementpaased and resumed after the source
was in the new position. The measured spectrunepscted in Fig. 18, where the 9.7
keV peak is clearly visible. The experiment wasesgpd with As powder and the Ni
and As characteristic x-rays were used for calbnatAgain the energy of 9.7 keV peak
showed the mentioned energy shift.

Origin of the 9.7 keV peak was further exarditiy introducing a 2mum thick Ni
foil between the*RbP*"Kr source and the detector. The corresponding spacts
shown in Fig. 19. Presence of the foil resultecattenuation of theg4 line and its
intensity was reduced by a factor of about 200 canexb to intensity without the Ni foil.
The Kr Ka was on the other hand attenuated by a less degrkés intensity dropped
only about 10 times due to its higher energy. & ¢h7 keV line was emitted from the
source it would drop also about 200 times like because their energies are close
together. This means the line would not be visibléhe spectrum at all since without
attentuation it already has small intensity. Whaswbserved, however, that intensity
of this line dropped only about 10 times, by thensaralue as for Kr K.

In order to check the tabulated energy of Aw & thin gold foil was placed on top of
the lid and th&*Rb*™Kr source was placed aside, making fluorescendaiipossible
but preventing detection of x-rays apdays from the source itself. A similar procedure
was done with a platinum foil. Even though a rogghbration using the Fe and KoK
x-rays was done (their energy can be found in [36p tabulated energies were
obtained within two standard deviations, i.e. 2fedn statistical error. No shift on the
level of 20 eV occured.

" The Lo, (Lay) line is emitted when an electron from the (,) subshell falls down to a vacancy on the
L5 subshell.
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The®Rb measurement together with the attenuation meamnt clearly indicate
the 9.7 keV line observed in the calibration spedirnot emitted from the source but
comes from the detector material and is inducethbystrong Kr K& x-rays. Its deeper
origin, however, remains further unclear. A dedddastudy might reveal its origin in
the future. At present it is considered purely asekground peak.

Nevertheless, a number of different approadbeshe 9.7 keV peak description in
the calibration spectra was tried. Specificallysides the already mentioned doublet
also a singlet peak and even subtraction of Autap@cwas examined. The latter one is
based on measuring x-rays from thin Au foil indutsdradiation from th&*Rbf*"Kr
source. It is possible to subtract this spectruth &icoefficient different from one and
in ROOT code this coefficient can be fitted. In e#ises the influence on centroid
position ofyg 4 was negligible. Thus, the easiest way to incliwe3.7 keV peak in the
analysis is as a simple Gaussian function.
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Fig. 18.A spectrum of th&'Rb sample. Contamination Ni lines and possibleies are visible. The
9.7 keV peak is present as well.
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Fig. 19. The ®¥Rbf*"Kr spectrum with Ni attenuation foil. The 4 line emitted from the source has
dropped two orders of magnutide in intensity, et ®.7 keV peak has not and is still well visible.
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Dead time problem

Subtraction of the escape spectrum from thibresion spectrum provided another
piece of knowledge about the detector propertiespassibility to improve the results.
Namely, it was found out that when the average dmad of the detector was higher
than about 5.5 % a significant broadening of thakpan the spectra, especially at the
baseline of the peaks, occured. This resulted imgbaverlap of the Kr & line and the
Si escape peak thus disturbing the high energy sidihe As calibration line. The
reason for such a broadening for this, in the atghapinion, quite small detector load
is unknown. No steps were taken in order to ingesti this issue. The calibration
spectra, which were used f&g 4 determination, were subsequently measured under
dead time of maximally about 4 % to avoid broadgrohthe peaks. A dedicated study
might be done in future to inspect the issue.

3.6. Measurement results

In all measurements distance of the radioactwurce to the detector was always
maintained to be between 5 and 7 cm. The time ef spectrum acquisition was set
between 10 and 20 hours according to situation.

Phase |

The measurements in phase | were done witiRB*"Kr source with such
ammount of Ni impurity that no escape spectrum raahibn could be done for the Ni
calibration line. Nevertheless, subtraction in the calibration line region could be
done without problem. For the Ni line region onlyetKo line was fitted. Four
calibration spectra and six escape spectra altegetlere acquired. The two slope
function parameters were obtained as weighted gesrrom fit ofyg 4 in the escape
spectra (averages are from the last five spectrathie first one was exluded):

« relative slope amplitudet/ A, =0.0229 15

- absolute slope width3 =44.3( 42

There were some differences in the parameterang individual spectra as both
parameters are in some way competitive. In FigthH&slope area, which is just the
integral over the real axis from the expressioedn (26), for each escape spectrum is
shown. Also shown is the slope area obtained flwencalibration spectrum if the slope
parameters in fitting ofyg 4 were free. One can see that except the first esspgctrum
all areas are the same within errors. Thus the ioveed differences in the parameters
are not of concern once they produce correct shope.

The obtained slope parameters were held fixdid of lines of Ni, As andg 4. In the
case of As line the fit was done in two ways. Rrdhe Si escape peak was described
as Gaussian line. Secondly, the subtraction metfesdutilized. The results fdfg 4 are
presented in Tab. 9. In the table only the statit®rrors are presented. Systematic error
for Eg 4 is presented in the next section.

The x?2, values varied for fits of the Ni line from 1.17 %036. Residuals plot

showed the fitted function slightly overestimat&parimental counts on the low energy
side of the K& peak. Nevertheless, the fit overall quality wasséactory. For the As

line fit in the case of no subtraction no resids@lictures appeared angf,, varied
from 0.97 to 1.13 indicating perfect fit. For thebgraction casey’, from 1.09 to 1.39

indicating a slightly worse but still satisfactdity The reason for largey?, for Ni and
As fits can reside in the used fixed slope paramgetehich were the same for all lines.
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This issue was improved in phases Il and Ill, sgthér. x>, for yg 4 fit was from 0.96

to 1.28 and no structure in residuals emerged. pl@wot such a fit is shown in Fig. 21
and the corresponding residuals in Fig. 22.

The weighted average values for phase | for thecohomns in Tab. 9 are
» for the case Gaussian escape peak: 9405.89(9) eV
» for the case subtraction method: 9405.84(9) eV

Phase I

The measurements in phase Il were done WitRB*"Kr source cleaned from Ni
impurities by means of ion-exchange chromatographgr to use. Specifically, the
%Rb water solution, acidified to 0.1 M HCI (hydrooht acid), was applied on a glass
column filled with cation exchange resin AG 50W-X@#ich was conditioned with 0.1
M HCI. The column was subsequently eluted with 4am0.1 M HCI, 4 ml of 0.3 M
HCI, 4 ml of 0.5 M HCl and 4 ml of 1 M HCI. Actiwitof ®*Rb was then eluted into 2 M
HCI and single fractions of 0.5 ml volume were eoted. Combined fractions with the
highest activity were transferred to a quartz beakel evaporated to about 0.1 ml. This
volume was then part by part applied on a polyethyl foil and evaporated under
infrared lamp to dryness.

The impurities were not removed completely eabugh for the escape spectrum
subtraction to be applicable at the Ni calibratiime region. In this case bothaKand
KpB series was fitted. The slope function parametasevebtained separately for each
line. For the calibration lines separate fluoreseespectra were measured as described
previously. One fluorescence spectrum was meadaredi and one for As. In order to
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Fig. 20. The relative K, slope function amplitudés relatively to the amplitude of dg for various
spectra in phase I. One and two standard deviatigmervals are shown.

Eos[eV]
Value no. | Gaussian escape pegk Subtraction method
1 9405.90(18) 9405.85(18)
2 9406.01(18) 9406.01(18)
3 9405.80(19) 9405.74(18)
4 9405.84(19) 9405.74(19)

Tab. 9. Results ofEg 4 determination in phase I. The first column withergy values corresponds to
analysis of As calibration line in a way the Siase peak is considered as Gaussian line. The second
column gives results from subtraction of the escametrum at the As line.
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obtain reliable parameters a quadratic backgrouasl wsed for fitting in these spectra.
The parameters fa 4 were again obtained as weighted averages fromoffitse escape
spectra. The slope parameters are given for a&élin Tab. 10.

Altogether three escape and two calibratioacsp were acquired with a similar
amplifier gain as in phase I. The results K, are given in Tab. 11 again for two
approaches - Si escape peak as Gaussian line btrdcion of the escape spectrum.
X2, for Ni line fits were 1.11 and 1.37. The lattereoshows some minor residual
structures on the side of thed kine but the part around theoKine was fitted smoothly.

All fits of As line were without any residual sttuces and x>, was from 0.87 to
1.05.The fit ofyg 4 Showed similar characteristics wigff,, of 1.02 and 1.13.

The weighted average values for phase Il fromweedolums in Tab. 11 are
» for the case Gaussian escape peak: 9405.76(7) eV
» for the case subtraction method: 9405.70(6) eV
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— Background
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Fig. 21.Example of a fit of thgg 4 region. Note the logarithmic scale on the vertads.
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Fig. 22.Normalized residuals from the fit ofy , region in Fig. 21.)(r2ed was 0.96 indicating good fit.
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Phase Il

The measurements in phase Il were performi¢d the saméRb/*"Kr source as
in phase Il but with different amplifier gain. Thisas done in order to verify the
linearity assumption of the ADC of the spectromet&he procedure forEg,
determination was the same as in phase Il. Oneefbgence spectrum for Ni and one
for As and two calibration together with two escafgectra were acquired. The
obtained slope parameters are given in Tab. 1Zledesults foEg 4 are given in Tab.
13.

The fit results were similar as in phase dr the Ni line fit y>, ammounted to 1.26
and 1.01 with also some minor residual structutebeakp line. For fit of As line x?2,

was from 1.18 to 1.28 and there were no distinglohresidual structures. Regarding
Yo.4 fit )(f;d was 1.42 and 1.20 with minor residual structureshe lower energy side.

The weighted average values for phase Il fromitbgecolums in Tab. 13 are
for the case Gaussian escape peak: 9405.91(8) eV
for the case subtraction method: 9405.78(6) eV

The weighted average values from all three phages a
for the case Gaussian escape pedd05.84 + 0.05,; eV
for the case subtraction method: 9405.76 + 0.04,; eV

As/Aca, B
Ni 0.051(33) 16.8(36)
As 0.023(5) 30.7(35)
Yo 0.035(6) 21.7(18)

Tab. 10. Slope parameters, the relative amplitdeand the absolute width, as obtained for the
corresponding lines in phase Il.

Eo4[eV]
Value no. Gaussian escape peak Subtraction method
1 9405.78(9) 9405.75(8)
2 9405.74(9) 9405.65(9)
Tab. 11.Results oEg 4 determination in phase Il.
As/Aa, B

Ni 0.087(44) 14.3(22)

As 0.042(8) 23.1(20)

Yo.4 0.035(6) 21.7(18)

Tab. 12. Slope parameters, the relative amplitleand the absolute width, as obtained for the

corresponding lines in phase llI.

Eo4[eV]
Value no. Gaussian escape peak Subtraction method
1 9405.86(10) 9405.76(9)
2 9405.97(11) 9405.80(8)

Tab. 13.Results oEg 4, determination in phase Ill.
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Determination of Ga l; energy

In order to verify the applied procedure 6y, determination an ideal situation
would be to measure in the same way anofHéere which has a well-known energy
close toEg 4. Since to our knowledge no such line exists thédigation can be done on
a characteristic x-ray line with such propertiescisa line represents thexKof Ga the
energy of which was already given in Tab. 7.

The measurement was done in the following viagces of already utilized Ni, As
and newly Ga (99.99 % purity) were put on top & lild into the hollow (see geometry
in Fig. 7). A 6 mm Sn collimator was used. Fluoezsme in the elements was done by
means of x-ray ang-ray radiation from a commercidf’Am source with activity of
about 3.5 GBg. The source was placed in a thickotwalon cylinder with opened bases
and irradiated the pieces horizontally. A typicalileration spectrum is shown in Fig.
23. Altogether five calibration spectra were acedir

Since no reference spectra, from which theesltunction parameters could be
obtained, were measured it was decided to do @f tite Ni calibration line with free
slope parameters and then use these parametexe@s$ol the other lines separately in
each spectrum. Since no subtraction could be domihné Ni line part only the Kline
was fitted. The Ga K line was also fitted separately. In the fit of g also the Ga K
lines had to be included since they overlap sigaiftly. They were included by
standard means, i.e. only3Kwas fitted and the others were held fixed rel&yive this

one. x2, was for all fits from 0.9 to 1.3 and no residuttlistures appeared after the

fits. Only very minor structures were apparent loa bower energy side in the case of
As fit. The results for Ga ¢ energy are presented in Tab. 14.

The weighted average value of the obtained Gadfergy i9251.63 + 0.19,; eV.

Ni Ko, , Ga Koy , As Ko,y ,
(~ 7.5 keV) (~9.2 keV) (~10.5 keV)

Counts

104

10°

102 | . | . | . I . L .
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Fig. 23. A typical calibration spectrum for GaoKenergy determination. Note the logarithmic scale o

the vertical axis.

Value no. Energy of Ga ku; [eV]
1 9251.74(20)
2 9251.39(25)
3 9251.76(19)
4 9251.35(27)
5 9251.69(21)

Tab. 14.Results of determination of GeoKline energy.
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3.7.

Determination of systematic error

The systematic error for energy., was determined from systematic errors of the
calibration lines. The errors of the calibratiomels were obtained as maximum
differences of their positions obtained from fitghwthe fixed parameters varied inside
their one standard deviation intervals. The prooedas as follows.

1)

2)

3)

4)

For one particular calibration spectrum the meariroed positions of Ni and As
Ka, lines were obtained using mean values of the patensiwhich are included

as fixed in the fit. These positions shall be destgdE,)" and E,.*.

In order to determine for which parameter values riaximum difference in
centroid position appears the following was dong. rBeans of a computer
programme the parameters with vajuevere automatically adjusted according

to their respective errors on the interval( p—-0,Rn +q) by the valueo; /2

starting atp, —o; . The parameters adjusted by this way were thase Wwhich
the largest contribution to shift of the peak ceiatrposition was expected, i.e.
with large enough errors. These are

* pu energy difference of & and Ko,

e pz: amplitude ratio of k&; and Ko

» ps: difference ino-width of Ka; and kKa,

* ps4: energy differences of satellite lines ang, K

* ps: amplitude ratios of satellite lines and.K

* pe intensites of K-LM (K-MM) RAE peaks relatively t€a; (KpB1)
This means altogether 6 parameters to be variezpertiently. After new values
for the parameters had been set a fit was doné&saresults were stored for each
parameter combination. This means performifig- 815625 fits, which can be
done in reasonable time.

When completed the computer programme found theimadxpositive and
negative differences of the line centroid positamd the mean positiof," .

This maxima and minima finding did not need to el for E;* as the
combination of parameter values for which thesereexés occur was
determined from the Ni case. The maximum positiffernce was found for

« cas{+0): p1, P2, Po

* casd-0,): ps, Pa, Ps
The maximum negative difference was found for thpasite configuration
« cas{+0;): ps, Pa Ps

* cas€-0;): p1, P Ps
In this way the positive and negative errefsandc™ of the calibration lines
were determined (in energy units)
o for Ni Koy: ¢ =+0.29eVe =-0.33 eV
+ for As Kay: ¢ =+0.57eVe =-0.59 eV

This means for the systematic erroiegf, determined by linear interpolation:

Eos 0€V=E,,£0.4 eV
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3.8. Discussion of results
We obtained two values @4 line energy as a result of two different approache
« description of the Si escape peak as Gaussian line:
Eg4 = 9405.84 + 0.0%:* 0.4QyseV
* subtraction of the Si escape peak by means ofstepe spectra:
Eo4=9405.76 * 0.04x+ 0.4QyseV
We can see these results are the same on theoleweé statistical error. Nevertheless,
it is impossible to state which approach is the encorrect one a which gives more
realistic result. Thus, it is reasonable to take dmal result the average value and its
error as the square root of sum of the individtetistical errors squared:
Eo.4=9405.80  0.0&: + 0.4QyseV.

Comparing our result with the published value3ab. 2 we can see that we have a
perfect agreement with the thrgespectroscopy measurements done in the Seventies,
our precision is better at least by a factor of &g together with that also an excellent
agreement with the measurement of A. Picard. Theeagent with the latest electron
spectroscopy value from B. Ostrick is fairly gooak the boundary of thesdnterval.

In determination of the 4 line energy a number of data from literature ved®h as
input. Although from the errors of these data thistematic error for the energy was
obtained, an improvement on their precision woudd desirable. Specifically, the
energy of As K, line and also all intensities of the x-ray linesuldl be determined
more precisely. Moreover, present day knowledgeutibite radiative Auger effect is
very limited and could be improved as well. Thiswever, can not be done by means
of semiconductoy-spectrometry as higher resolution instrumentsegaired.

3.9. Conclusion
We determined the energy of the 9.4 keMy transition observed fi"Kr decay as

9405.8(4) eV. This value will be used for systemaind stability studies in the
KATRIN experiment. The values was obtained by meahsg-spectroscopy using a
Si(Li) detector by comparison of energetically elysspaced characteristic x-ray lines
of nickel and arsenic. Studies of systematic effectlated to the x-rays and
considerations about proper line shapes contribtwedbetter understanding of the
detector energy spectra and a reliable result.
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4. Rubidium activity distribution

The®Rb atoms are transported on the substrates to geothe solid sources by
either vacuum evaporation or implantation and tlaeguire some spatial density
distribution along the substrate surface. In thgecaf implantation also some depth
profile of the atoms is established. Knowledge fwm distribution is a valuable piece of
information because it will enable to do sourcgratient in the electron spectrometer
and also provide a possibility for calculation loé tspectrometer detector load, which is
a standard check of measurement consistency. dt elsbles one to analyze K-32
conversion electron spectra with regard of possiblgblet line structure as high density
of ®Rb atoms can cause serious local damages of thetrateband as a consequence
two environments in the source with different aelestbinding energies can be created.

It is, however, not possible to trace the patheach atom during the production
process. Therefore, a dedicated experiment to medka spatial density distribution
afterwards is required. It is the task of this dkapo give results of such a measurement
which was done in cooperation with the InstituteEaperimental and Applied Physics
(IEAP) under the Czech Technical University in Ragoy means of the Timepix
position sensitive detector, which will also beeffly described. A cross-check of this
measurement was done by means of a manual scannmastuipped with a lead
collimator and the corresponding results are piteskeas well. At the end comparison of
both methods is given afftRb activity spot dimensions afitRb density established.

4.1. Timepix measurement
Timepix detector

The Timepix detector [69, 70] is a silicon g@ixdevice which was developed at
CERN by the Medipix collaboration. The main parttioé device represents a silicon
detector chip with 30@um thickness which is bump-bonded to a read-out.chiye
detector chip consists of 256 x 256 pixels eacliofensions 55um x 55um. This
gives the whole sensitive area the shape of a squ#n size of 14.08 mm x 14.08 mm.
Each pixel is independent on the others in theeséns connected to its respective
preamplifier, discriminator and digital counter wiiare all integrated on the read-out
chip. The device can be connected to a PC viattmelard USB (universal serial bus)
interface and the obtained data analyzed by thelfden software package developed at
IEAP [71]. In Fig. 24 an overall view on the Timepletector is shown.

With the Timepix device it is possible to dwtevarious kinds of radiation:
electromagnetic, electrons, alpha particles ancenitine electronics also enable both to
count the incoming particles and measure the endegpsited in each pixel. In our
application we were interested in observation ohber of photons (both x-rays apd
rays) and electrons as these radiations are erdfted®*Rb decay. For this case the
data obtained from the detector are in the forra 856 x 256 matrix of numbers, where
each number indicates the relative intensity of eadiation registered in each pixel.
From this matrix it is possible to make a radiogpagmage of the source, i.e. a two-
dimensional colour expression of the spatial distibn of>*Rb activity on the source.

The photons leave primarily only one pixel mgein the detector because they are
absorbed in the detector chip by the photoeffelse &lectrons, on the other hand, may
leave multi pixel events as they loose their enéngy series of collisions rather than at
one time. With use of the analyzing software ipassible to filter the data from these
multi pixel events and as a consequence obtainethdt for photons and small fraction
of low energy electrons only. This makes the inetigtion of the obtained activity
distribution clearer as blurring from the multi pixracks vanishes.
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| =
Fig. 24.View on the Timepix detector. Left: detector chidechipboard with USB readout interface.
Red dot on the left side marks the orientatiorhefdolid sources during measurement, see textt:Righ
geometry of the measurement with source placeldeisource holder and covered by a mylar foil.

Measurement setup and results

In order to obtain reliable and sharpenedogm@iphic images of the solid sources it
IS necessary to move their surface as close tadébector chip surface as possible.
Therefore, each source for its respective measuremas placed into a duralumin
holder with diameter of 11 mm and with small inguige of 0.5 mm, i.e. the distance
between the source surface and the detector wad &xthis value. Also a mylar foil
with areal density of 1.15 mg/émand thickness of 8.2m was placed under the holder
in order to avoid contamination of the detectog Bagy. 24.

Time of recording of one frame, i.e. snaph# tletected radiation, was always set to
1 ms. For this time the number of detected data smaall enough to resolve the one
pixel and multi pixel events a consequently tcefilthe data from high energy electron
tracks as discussed previously. The image wasdhtined by summing of all filtered
frames acquired for the particular source. Thel tatanber of frames was chosen
roughly inversely proportional to the source atyivih order to obtain similar statistics
for each measurement. Tab. 15 lists the total degaisition (DAQ) time for the solid
sources. The overall measurement time is largetaltiee USB interface capabilities as
it is possible to send only a limited number ofnfess per second. This, nevertheless,
does not affect the results.

The images are depicted in Fig. 25 for alluegl data in order to see the activity
distributions in detail and in Fig. 26 in the saoodour scale for acquired data after 20 s
in order to see a direct comparison of the reladistévities of the solid sources. Both the
horizontal axisx and the vertical axig are in units of pixels. The whole depicted range
therefore corresponds to 14.08 mm x 14.08 mm. Bleauc scale expresses the relative
intensity measured in each pixel. The large redeimarks the edge of the duralumin
holder and the red spot marks the orientation ef gburce in the holder - it points
backwards to the USB interface, see Fig. 24. Wépigce in the images marks that no
events in these pixels were detected.

source total DAQ time [s]
S28 265
Pt-30 #1 160
Pt-30 #2 20
Au-30 25
Pt-15 50

Tab. 15.Total data acquisition time for the solid sourcesasurement by means of the Timepix detector.
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Fig. 25. Timepix radiographic images of the solid sourcesnved in detail. Time of the measurement is
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From the radiographic images it is possiblelitain one-dimensional profiles of the
activity distribution along any arbitrarily choseirection. A special choice is that two
such directions correspond to the longest axisaaigl perpendicular to the longest axis
of the®Rb activity spot. Any dimension of the spot neaxlbe defined at the full width
of half maximum (FWHM) of the distribution as theumndaries of the spot are not
sharply defined. Then a two dimensional Gaussianction can be used for
approximation of the activity distribution. An expla for the source Pt-30 #2 for the
longest axis of the spot is given: in Fig. 27 th@wof the profile track is shown and in
Fig. 28 the profile itself is shown. In Tab. 16 tbletained dimensions of the activity
spot for the solid sources from similar one-dimenal profiles are given.
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Fig. 27.View of the one-dimensional profile track along tbhagest axis of the Pt-30 #2 source activity
spot.
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Fig. 28. One-dimensional activity profile along the longestis of the Pt-30 #2 activity spot and
visualization of the spot dimension at the full thichit half maximum.
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source FWHM dimensions [mm]
S28 B7.9

Pt-30 #1 4.4 x 3.2

Pt-30 #2 3.6 x25

Au-30 3.3x21
Pt-15 6.0 x 3.5

Tab. 16.0btained solid sources dimensions from FWHM of*tRb activity spot.

4.2. Manual scan equipment measurement
Manual scan equipment

In order to independently check the resulttaioled by means of the Timepix
detector a manual scan equipment was applied tcsuneahe solid sources one-
dimensional activity profiles. The device is equedpwith Pb collimator with diameter
of 0.5 mm and height of 8 mm. It can be attachedognof a standard commercial
Si(Li) Canberra detector, see Fig. 29. The solidre® is placed into a Cu(Au) holder
with input edge of 1.2 mm and put into a compartimaade for this purpose on the
scan device (visible in the figure as well). Theurse holder is then mechanically
movable by means of an adjustable wheel relatitetyre fixed collimator which is set
just above the detector axis. As the motion distasccontrollable and known a very
precise scan of the source profile by observingitkensity of x-ray K » line of Kr
(energy of 12.6 keV [56]) is possible.

Measurement setup and results

For comparison the source Pt-30 #2 was chamaoh installed as described
previously. Starting position of the source holdeis set to 2 mm from the holder edge
and the scan step was maintained to be 0.5 mmgédther 14 measurement steps were
applied, i.e. 15 spectra measured. Time of measnmenf one spectrum was set to 15
minutes. An example of one activity profile is degpd in Fig. 30. In Fig. 31 the
corresponding profile obtained from the Timepix sw@@ment is shown. It can be seen
that despite the fact both profiles have similaapghthe FWHM obtained from the
Timepix profile is larger by 0.6 mm.

Fig. 29. View on the Pb collimator scan machine. Left: segmipment together with source in holder
installed on the Si(Li) detector. Right: closeuptbe geometry.
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Fig. 30.Example of the activity profile of Pt-30 #2 measléth the manual scan equipment.
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Fig. 31. Timepix activity profile of Pt-30 #2 corresponding the profile measured with the scan
equipment, see Fig. 30.

When the source activity spot dimensions aterdhined again for the longest axis
and axis perpendicular to the longest axis, asdeag in the Timepix measurement, we
obtain dimensions which also differ from the Timepnes in Tab. 16 by 0.6 mm, i.e.
they are lower by this value. The discrepancy canegally be explained that some
blurring is expected in Timepix measurements asthece is not placed directly on the
top of the detector chip. This results in the fagtcollimation of the radiation emitted
from the source is done.

The correspondence between the Timepix dimessand real ones was further
investigated. If a homogeneous sharpefigth/*™Kr source with known dimensions is
made it can be measured the same way as the ealices, i.e. by Timepix and the scan
equipment, and its dimensions cross-checked. Tovere$uch a source was prepared on
a ionex paper substrate with 6 mm width and 8 nmgtle by dropping in about 6 MBq
of #Rb water solution. The paper was then cut intoetimieces from which the middle

46



one (in expectation to the best homogeneity), @ithensions of 2.7 mm x 8 mm, was
glued on an aluminium foil and further fixed in titandard source holder. Its
denomination for further reference will mnex.

In Fig. 32 the profiles measured by the scgnimment along the longer side
(rotation of O degrees), along the shorter side d8@rees) and along 45 degrees are
depicted. It can be seen the activity distribut®fiar from homogeneity. Nevertheless,
if we count all points above the background andtiplyl the result with size of one
measurement step we get the correct results foerBans of the source, i.e. 3 mm x 8

mm and for the 45 degrees profile, which shoulcdpeal t02.73/2= 3.6 mm, we get
4 mm. Therefore, this confirms that measurementk thie scan equipment give true
results of the source dimensions. From the profitess possible to obtain the
corresponding FWHM'’s which are given in Tab. 17.

The same source was measured also by meatise ofFimepix detector, see the
radiographic image in Fig. 33. Similar one-dimensio profiles as for the scan
equipment measurement were obtained and their sponeling FWHM values
determined. They are given also in Tab. 17.
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Fig. 32.Measured profiles of the dimensionally well defirsourcdéonex2by the scan equipment.
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Fig. 33.Radiographic image of the souriomex2obtained with the Timepix detector.
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. FWHM [mm]
profile . - .
scan equipment Timepix
90 degrees 2.0 2.5
45 degrees 2.7 3.2

Tab. 17.Obtained dimensions for the souioaex2by the scan equipment and Timepix.

We see a difference is present for both prsfii.e. the values obtained from the
Timepix measurement ale larger by 0.5 mm than tluigeined by the manual scan
equipment measurement. This value is close to tieeestablished previously for the
measurement of Pt-30 #2 source. This means thay &#%&HM value obtained by the
Timepix measurement needs to be lowered by 0.6 mnorder to obtain real
dimensions which are not affected by the blurrifiga. Remarks on the error of this
value will be discussed further.

4.3. ®Rb areal density
In order to obtain the information about thaximum and meaf°Rb atoms areal

density the activity areal distributioa(x, y) was approximated by a two-dimensional
Gaussian function in the form

a(x y)= Kexp(——(x;’lg)z) exp(——(y_”Z)z) , (33)

2
205

wherey; andg;, i = 1,2, are positive parameters atdas for now an arbitrary constant.
For simplicity let £ =0. The parameters; describe the width of the shape in two

orthogonal directions and correspond to our measuakies FWHNby the relation
FWHM, =2v2In 20, . (34)

If we integrate over the two dimensions in(@3) we get

j ja(x y)dxdy= 27 Ko,0,. (35)

—00 —00

Integrating over the distribution is equal to sumgnall counts, which were measured
in some time interval. This is exactly the defimitiof activity A (if we take the time
interval to be equal to 1 s). Therefore, taking #rbitrariness of constar into
consideration, we can set

j ja(x y)dxdy= 27 Koo, = A. (36)

—00 —00

From this follows thaK can be expressed in known values as

K= A

2no,o,
and has units of Bg-cf As the exponentials are dimensionless the whathetion
a(x, y) can be interpreted as the areal density of agtofithe source.

(37)
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Next, it is known that the activity is in ra@a with the change of number of
radioactive nuclei in time

A(t) =~ (38)

and this holds also for densitia&) andn(t) (because the area does not change in time).

From this we get
&(xy)e"=n(xy1 e

no(xy)=a°()I ). (39)

The index 0 marks initial values, i.e. at titrre O. It will further be omitted.
Now, we are firstly interested in the maxinggnsity of®Rb atomsnmae In the
maximum holdsa,,, = K and using eq. (34), (37) and (39) we can exptessiénsity

of Rb atoms as

4AT,,

Moy = 2 | 40
max ﬂab ( )

whereTy; is the half-life of**Rb anda= FWHM,, b= FWHM,. Secondly, we would

also like to know the mean densify of >Rb atoms located inside an ellipse with axes
of dimensionsa andb. The mean density can be calculated

2mral2
n=az [ [ex xp(~2228%) exf <22 dr df @, (41)

where the original integral (36) has been transéatrmto elliptical coordinates (i.e.
x=rcosp, y=drsing) and d =0,/ 0,. The integral can be calculated numerically

and after division by the denominator khin eq. (37) it always gives the result 0.5.
Therefore,

~_ 2AT,

n . 42
mabln 2 (42)

In Tab. 18 the following information is givethe FWHM dimensions of the solid
sources subtracted by 0.6 mm from the original eslun Tab. 16, the activity of the
sources after production and maxinmlax and meann densities of®*Rb atoms
calculated from eq. (40) and (42).

4.4. Discussion of results

The Timepix detector showed itself to be aatdé device for determination of the
areal activity distribution of the solid sourcesedto its significantly large spatial
resolution and capabilities of the fast conneciierface and analysing software. Its
main advantage rests in possibility of observing #lctivity distribution of the whole
source simultaneously which is completely missingthhe manual scan equipment
measurements.
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source a[mm] b [mm] A [MBq] [10?4mgxm'2] [1014ncm'2]
S28 7.3 7.3 5.0 0.9 0.6
Pt-30 #1 3.8 2.6 3.3 3.2 2.3
Pt-30 #2 3.0 1.9 4.8 8.0 5.8
Au-30 2.7 15 3.3 7.7 5.6
Pt-15 5.4 2.9 2.0 1.2 0.9

Tab. 18.FWHM dimensionsa andb of the solid sources reduced by 0.6 mm, acti®iyf the sources
directly after production and maximal,,, and meann 8Rb areal densities calculated from
approximation of the activity spot by a two-dimemsl Gaussian function.

The obtained radiographic images in Fig. 2bsfor the implanted sources that the
%Rb activity is positioned in specific location iaah substrate. Moreover, the activity
spot size is relatively small compared to the galstsize. A small exception from the
usual spot dimensions is the spot of the sourc&5Ptluring whose production a
retarding system fd’Rb atoms was used in order to achieve the 15 keMpiantation
energy. We can see this resulted in some defocusinbe beam. The image of the
vacuum evaporated source S28 shows expected digtribwhich is homogeneous in
approximation due to the mechanism used for itslypcton.

Due to a nonzero distance of the source fiwemlimepix chip a blurring is expected
to be present in the images and consequently inotteedimensional profiles from
which the dimensions of the sources are determifieid.expectation was confirmed by
the scan equipment measurement and the Timepixnebtadimensions had to be
subtracted by 0.6 mm in order to obtain blurringefrvalues.

As far as th&Rb density is concerned, it is known from [72] tiensity values
lower than 18 cm? are considered as low dose and densities highert8* cm? are
considered as high dose. At low dose individuablatamages of the substrate are
separated and at high dose they tend to join tegethich can lead to creation of zones
with different properties. From Tab. 18 we can #e# for the implanted sources there
is a risk for such high dose effects. This can leagossible differences of electron
binding energies and subsequently to doublet lingcwire in electron spectra, which
indeed is reported to be seen [73]. As a resulfdtiewing is recommended: [e&§&Rb
atoms should be implanted and tf#®b beam should be made to vibrate during
implantation. After the implantation eventually pgo® influence of the source
annealing should be tested.

All calculations and results in this chapter affected by the correction value for the
Timepix values of 0.6 mm. This number is based ommarison of measurements
which both are liable to statistical fluctuatiorfstioe individual data points. Moreover,
the FWHM obtained from the scan equipment measunermdased on interpolation of
the data points. In addition to that the collimatitmmeter of 0.5 mm brings another
uncertainty as the detector may see at once agpdtie source where its activity
distribution may be changing rapidly, i.e. thereynh@ a non-negligible change of the
distribution over distances smaller than 0.5 mm.

All these facts bring into the correction 06 @m uncertainties which are hard to be
estimated reliably. The error is certainly at thrdlen of tens of percent but without
sophisticated experimental studies and Monte Cartoulations for the specific
geometry used it is not possible to determine thar enore precisely. Nevertheless, the
exact study of the blurring effect was not the mtask of the measurements. This
means the important facts are knowledge on theigcspot dimensions with fairly
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good precision and ability to determine whetheeeosd environment in any source is
expected or not and this certainly was achieved.

4.5. Conclusion

In the electron spectrometer an alignmenhefsolid®*Rb/*™Kr source is necessary
for proper functioning of the spectrometer. A cétion of the expected detector load
as a check of measurement consistency is desiagbieell. Both these procedures can
be completed with knowledge of tA#Rb activity areal distribution on the solid sources
In addition, this knowledge also provides determamaof the possibility of a doublet
line structure in electron spectra. This doubletyrappear as a result of changes of
electron binding energies due to presence of tWierdint environments in the source
when density of*Rb atoms is high enough.

The activity distribution for the solid sousceas obtained by means of the Timepix
position and energy sensitive detector and theesponding radiographic images are
depicted in Fig. 25. From these images it was ptssio obtain one-dimensional
profiles of the activity spot along the longestsaaind axis perpendicular to the longest
axis, see example in Fig. 28. The profiles enahketb determine the dimensions of the
activity spot at FWHM, see Tab. 16.

An independent check of the obtained resuéts done by means of the manual scan
equipment. Similar one-dimensional profiles weretaoted, see Fig. 30, and the
corresponding dimensions at FWHM determined. It,wemsvever, found out that the
Timepix values are larger by 0.6 mm.

In order to further understand the correspondebetween real and Timepix
dimensions an attempt to make a special homogerseawisimensionally well-defined
source was performed. From measurement of thisceoby Timepix and the scan
equipment the difference was confirmed and expthias a result of blurring in
Timepix measurement. The cause for this blurrintpésnonzero distance of the source
to the Timepix detector chip and absence of colilomaof the radiation emitted from
the source.

The final results of activity spot dimensioas FWHM of the solid sources are
shown in Tab. 18 together with estimated maxinfiiRb atoms densities. Based on
information from literature it was found out thhetdensity for the implanted sources is
high enough that environments in the substrate ditferent properties can possibly
appear. This would result in doublet line structimethe electron spectra. Certain
recommendations were given in order to reduceisikeof high®*Rb doses in the future.
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5. 83MKr retention

The daughter product &Rb decay in the solid sources, the isomeric §t4¥r, is a
gas. Dependent on the source some of this gas st@ape the source well before it
decays into the ground state. The conversion elestemitted fronf>"Kr, however,
can not be efficiently detected after this happessause in electron spectrometers the
solid sources are expected to be placed in a lihgface. This results in the fact that
overall available count rate is reduced and strosgarce (i.e. with higher Rb activity)
has to be used in order to compensate it. Knowledipew much Kr escapes the source
and how much remains inside thus provides valuatfi@mation on expected Kr
activity, i.e. also on the number of conversiorcilans leaving the source. It is the task
of this chapter to give results of gamma spectnegeoeasurement of such a feature.

The quantity describing this feature of a ddburce is called retention. It is a
number between 0 and 1 in relative units (or edaitdy between 0 % and 100 %) and
is defined as portion of Kr atoms which remain I tsource out of all Kr atoms
produced by decay. For example, 0 % means th&tratoms escape the source before
their own decay takes place and 100 % means thi&t atoms remain inside the source
and also decay there.

Two methods of measuring the retention weséete- comparison of intensities of
gamma lines with energies of 32 keV and 9.4 ke¥’Rb decay with relations iffRb
decay scheme, and comparison of 32 keV line intiessmeasured with source placed
in a closeable chamber. Both methods will be dbesdriand compared. At the end, the
retention of all sources will be established.

5.1. Method 1: Comparison of 32 keV and 9.4 ke\fles intensities
5.1.1. Theory

When looking at th&Rb decay scheme in Fig. 5 it is clear that thent&ir of the
source can be established after measuring thesitissnof 9.4 keV and 32 keV lines.
Let the fraction which feeds the 9.4 keV energyeleaxcept from the 32 keV transition
bek. Then the line intensitl(9.4) can be expressed as

1
1+a, (9.9’
whereR is the retention in relative units arujot(9.4) is the total internal conversion

coefficient for this transition. As the 42 keV léwkecays only by 32 keV transition we
can use for the intensity of 32 keV lih€32) the expression

,(9.4) =[k +(1-k) R] (43)

1

1+a

—mt 32) (44)

1,(32)=(1-k)R

Actually, it is not necessary to know the intd conversion coefficients as the ratio
1,(32) /1,(9.4 has been measured experimentallyRer 1 in [74], i.e. in this case

,(32) :(1_k)ii°—‘((9?;g)zv=(6.1]i 1.59010. (45)
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In measurement with gamma detector we medkarmtensity of a line of enerdy
with some efficiency: and we get its ared as A (E) = I, (E) ¢, ( E). This means for
the ratio of intensities of 9.4 keV and 32 keV line

,(32) _A(39¢,(99_A(32 (46)
1,04 A(99¢,(33 A(9y™

Sincegre can be established experimentally for particukstedtor we can use eq. (43)
through (46) and express the retention in relaiiviés as

R=¢, A(32) 3 K . (47)
A(9.4) v-¢, jj((j?) (1-K)

5.1.2. Measurement results and discussion

The measurement was done for all five sourdé® areas of the-lines were
obtained by a fit in ROOT framework. The lines weesatibed by Gaussian function
on a linear background. It was found previouslyt floa applied geometry, = 0.68.
We also know from the decay schemé&3b that the fractiofk = 0.23 (= 0.064 + 0.16
+ 0.0066 when rounded and when the other smallribomtibn is neglected). Tab. 19
lists for all sources obtained result of retentemsthe weighted average of retention
calculated from individual spectra from eq. (47)me&i of measurement of each
spectrum was 5 hours. The errors of parameters andk are not included.

Discussion of results

The method had been used previously for orilemaestablishment of the retention
for vacuum evaporated sources. In determining treesit is necessary to include aside
from the errors of the areas also the errors optrameters, ¢ andk. While errors of
erel @andk amount to 5 % the error ofis about 25 %. However, changiugn eq. (47)
inside the & interval may change the retention up to +50 %. T&isf course not
acceptable as we want to know the retention witbrarp to a few percent maximum.
An improvement on the calculation would be to krtbe valuev more precisely.

A systematic shift was found for the measum®f sources with platinum pad.
The problem lies in the fact that Pa lines, which are greatly induced in the pad as
fluorescent x-rays, coincide energetically with %@V line. According to [56] the
energy of Pt by is 9442.39(32) eV and energy of Rilis 9361.96(21) eV. The energy
of 9.4 keV line is between these two values andditector resolution does not allow
us to resolve these lines among each other. Asudtrthe area of 9.4 keV line is
strongly enhanced and consequently the retenticedisced.

source retention [%0]
S28 272
Pt-30 #1 250+05*
Pt-30 #2 26.1+0.3*
Au-30 99+3
Pt-15 23.0+0.3*

Tab. 19. Obtained values of retention for the solid souns#h means of method 1: comparison of 9.4
keV and 32 keW-lines intensities. Thedlerrors of the retention are given by statisticabes of the
lines areas only. *Retention established for Pta@aihas a systematic shift, see the text.
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Nevertheless, despite these disadvantagesmveee the fact that the retention of the
implanted Au-30 source is very high and quite clims&00 % in contrast to the vacuum
evaporated source S28.

5.2. Method 2: Closeable chamber
5.2.1. Method description

Taking major disadvantages of the previoushogktinto consideration a second
method, which uses a closeable chamber, was deacl®ghen a source is placed into
an open chamber the krypton gas may freely leawehlamber as it would if there was
no chamber at all. In this configuration we detdwt 32 keV line intensity which
exactly corresponds to the retention of the sou@tethe other hand, if the chamber is
closed from outer environment all the krypton gesuaulates inside and we detect the
line intensity corresponding to 100 % retentiorntligre is a passage way for the gamma
rays to reach the detector). In first approximatimnjust dividing the measured areas of
the 32 keV lineAgpenandAcioseawe get the retentioR in relative units

Abpen
R=—""-, 48
Atlosed ( )

Again, this is justifiable as if the source had Oétention we would see no 32 keV line
at all when placed in the open chamber, if it h@@ % retention we would see the same
line areas in both open and closed configurations.

This approach has a clear advantage - wadyef the parametens &, andk, which
the previous method incorporates. As no other laresenergetically close to 32 keV
line, also no interference from other lines occurse situation is, however, not so
straightforward as the simple ratio in eq. (48)egishifted result if some corrections are
not taken into account. Specifically, two correnicare of concern: correction f5Rb
decay and correction for finite volume of the chamlit is also important for avoidance
of a systematic error to have knowledge abd8Ukr - ®*Rb transient equilibrium. All
these features are to a large extent calculabtedhieally and are described and derived
further.

Chamber realization

The chamber was assembled using DN-10-KF vaacamponents and a photo of it
when dismantled is shown in Fig. 34. The schem@efchamber with dimensions is
depicted in Fig. 35. It consists of a standard kldange, a blank plexi-glass flange
with thin window, a centering ring, a standard reibb-ring, a cut o-ring and clamping
rings. The cut in the o-ring together with radialéhin the centering ring serves as a
passage way fot"Kr atoms in the open configuration to left the chaminto open
space. The window in the plexi-glass flange witickhess of 1.4 mm enables to detect
the 32 ke\w-rays with small attenuation.

5.2.2. Correction for®*Rb decay

The retention calculation by division of thael areas relies on constancy of the
source activity. However, 4Rb decays with half-life of 86 days, the same dtgtivan
not be maintained for both measurements. The twasared spectra, which correspond
to open and closed chamber configurations, areirsatain different times and this
difference is not negligible compared to the rulnidi half-life. Nevertheless, a
correction based on the exponential decay lawl@ilzble.
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The activityA of Rb is described as a function of timéy the familiar law (see
Fig. 36)
A(t)=Ae™, (49)

whereA, is the activity in timg = 0 and/ is the decay constant. Eq. (49) is in general
valid not only for the overall source activity baiso for count rate of any of desired
gamma lines. This is applicable also for the 32 Kield even if it originates in the
daughter nucleu$®™Kr whenever the transient equilibrium of both ribid and
krypton decays is established. It is therefore iapple for both open and closed
configurations if waiting for the transient equiriilbm to occur after closure is done (see
further).

Fig. 34.Photograph of the dismantled chamber componentgiiis present for comparison of size.
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Fig. 35.Schematic layout and dimensions of the dismanttednber. The dimensions are given in mm.
The plexi-glass is positioned as the closest patthé detector which is depicted as grey rectaimgthe
bottom. The solid source is held on top of thenaber volume. The valugis height of the free volume
in the chamber. The valueis defined as the distance between the bottorhethamber and surface of
the detector, i.e. the distance between the solidce and the detector surface equald. Both of these
values are used in the text.
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Suppose we measure the line counts from tjrteetimet, and again fronts to ty, t;
<tp <tz <ty This is exactly what we do when determining thgpkon retention. The
number of count® is equal to the area below the curve describedghy49), see Fig.
36, and expressed mathematically as (the lowerximigicates the first or the second

measurement)
t

N, (t.t,) = [ A(t)dt =tf A, e dt= —%( e - &), (50)

4 4

analogously forN, (t,,t,). It is clearly seen that generally, (t,t,) # N,(t, t,) even if
we ensure the same measurement conditions (whialldwgive A, = A,,). These
conditions are not the same as we compare numbeouwfts from open and closed
chamber measurements. Now all we want to do isxpoessN, (t,,t,) with means of

timests andty, i.e. to determine how much would it be if we maad fromts to ts.
Obviously,

Nl(tg, t4) = _%(e—m _ e—m) (51)
and using eq. (50) and (51) we get
g _ g
Nl(t3,t4) :w Nl(tl’ t2) . (52)

As N,(t,t,) and N,(t,t,) are measured experimentally and everything else is
known the krypton retention can be obtained by erogivision of N2(t3,t4) by
Nl(tg,t4) or vice versa, depending on open / closed chaadsgnment.

5.2.3. 33™Kr transient equilibrium with #Rb in closed chamber

Whenever a source does not have 100% krymtamtion, after closing it into the
chamber the krypton begins to accumulate untilelh&enough of it that it decays at the
same rate it is created from rubidium. At this pdinis said transient equilibrium
between rubidium and krypton decay has been esteduli Let us calculate explicitly

Activity A(t) [a.u.]
o o o
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Fig. 36.Exponential decay illustration. Number of measuwednts as area under the curve.
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after how much time this situation occurs.
Firstly, the®*Rb atoms undergo radioactive decay and their nubes a function
of timet satisfies the well-known relation with decay camst (= 9.307-10 s*)

dN(t) _
e AN(t). (53)

This immediately leads to the exponential law in &) (with A replaced byN).
Secondly, the®®*"Kr atoms are being continuously generated from dbeaying Rb
atoms, but undergo their own decay as well withaglenstant, (= 1.052-1¢ s*)

aN, (1)

& =-A,N, (t) +AN(t). (54)

When we insert the solution of eq. (53) into ed) (e get

N, (t)

. -A,N, (t) + AN ™. (55)

This is the equation for the unknown time fiimt of isomeric Kr atoms number. It
leads to the solution

N,/
A, -/

[(R-1)e™+¢e" ], (56)

whereR is the retention of the source in relative uriits, the initial number of*™Kr
atoms is incorporated.

The function (56) is depicted in Fig. 37 (mbig&rary scale, starting at zero number of
83Mr atoms in the beginning). The transient equilibtioccurs after such tintgs for
which the first exponential in eq. (56) is negligitto the second one, i.e. wh&Kr
nuclei decay at the same rate as Rb atoms. Fol derestants corresponding to our

situation the timeyans Was chosen to be 13 hours as for this valg=/ e == =~ 0.007

so the contribution of the first exponential to thkole function is less than 1 %. For
sources with retention higher than 0 % the contidouis even smaller due to the
presence oRin eq. (56).

5.2.4. Correction for finite volume of closed chaber

When determining the krypton retention it ssamed in eq. (48) the source of
gamma rays is located in the same distance frondebector for both open and closed
measurements. However, in fact this does not Wlden closed, the conditions in the
chamber are more like the situation depicted in B&- the source is held on the top of
the chamber and the rest of the krypton gas idéddaeneath it towards the detector. If
the source itself has retenti®ni.e. out of possibl&®™Kr atoms number in the chamber
a fractionR is located in the source, then the remairfifitikr gas in the rest of the
chamber volume corresponds to the fractierR.
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Fig. 37. Time evolution of**"Kr atoms number (taken with arbitrary decay coristaly < A) in
arbitrary time and number of atoms units. The tiemtsequilibrium with Rb atoms is achieved for
higher times on the right hand side of the figure, where the function behaves as function of
exponential decay of Rb atoms.

According to the sketch in Fig. 35 the chamitbight isd  #Rp® MKk source
and distance from its bottom to the detector seriat. Let
the spatial distribution of free Kr atoms in theaotber be
homogeneous. Then on each horizontal slice ofiteBimal

height @ inside the chamber falls fractiair (1-R) /d of Kr

atoms. If we assume radiation intensity falls dowith

distancer to the detector surface as 1 (this is to be

checked experimentally and by a Monte Carlo sinnutatsee —

further) the contribution to area of a spectra¢ [from a slice Kr atoms

in distance r from the detector is proportional Fig. 38.Closed chamber
> and mKr atoms situation.
to(1-R)/(d?).

What we register in the detector is contrits from all slices in the chamber
"W1-R 1 1- R

= LR Lg =R
L d o L(L+d)

Together with radiation from the source itself theole registered are®oseq0f the line

is (K is a suitable constant)

(57)

R 1-R
=K + : 58
Atlosed |:(L+d)2 L(L+d):l ( )
We would like to know the real valdecalculated with corrected closed ardg:.,
R= Abpen/ (I)t;rsec' (59)

This corrected value can be obtained by using e®@) (& we know that
omeq = K/ (L+ d)2 (this means alf*™Kr atoms would reside in the source itself and

losed —

none of them would be present free in the chambleme)
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1/(L+d)’ 1

corr = . 60
losed R/( L+ d)z +(1_ R) /( L( L+ d)) A:Iosed R+(1_ R)Lftd Aclose( ( )
We insert this result into eq. (59) and obfaimR
d+L
- Apm(d1) | (61)
Abpend + A\:IosedL

The retention is now fully calculable from measurackas of open and closed
configurations (of course after correction ¥tRb decay).

This is, nevertheless, not the end of the whmoblem. In the existing closed
chamber there exists a volundg, in which Kr atoms reside but which is not visildde
the detector as the gamma rays are not able totipemsyh the chamber material. This
volume was estimated by micrometer measuremeriis to 19.2 mrh This means that

from the whole valua in eq. (57) we see only the fractidh=V /(V +V,,), whereV
is the volume of the closed chamber visible todetctor. As we have 11 mm diameter
and 8 mm height of the chamber the voluxhés equal to 760 min Therefore, the
fraction isf = 0.975.

Eq. (60) transforms into

corr 1

= A 62
losed R+ f(l— R)Lftd closec ( )
and for the retentioR we have
f(d+L
- Abpen ( ) . (63)
Abpen f (d + L) + ( Aclosed_ Aope) L
For further considerations this result can alsonbdified to
Y

= D Cv= 121 (64)

Atlosed + Aopen( Y_l) L

Correction for random summing

In order to compare experimental results waitiimulation (see further) we have to
correct them also for random summing. This is aectfivhich happens when two
photons reach the detector simultaneously or withirme window when the detector
chain is in the analysis process of the first phpt@. the dead time interval. The higher
count rate is the more probably this situation eecAccording to [75] if the measured
line area iA, count rateR and dead timethe true line areAr can be calculated as

A = AEY . (65)

The valuer was approximated by the detector resolution tirhelwwas set to @s.
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5.2.5. Monte Carlo simulation to improve inversesquare law dependence

From the previous discussion it is clear tihn&t correction for finite volume of the
chamber, see eq. (64), depends primarily on té dépendence of the radiation
intensity, where is the distance of the infinitesimally thin slisethe chamber to the
detector surface. Strictly speaking, this law haddéy on a sphere (or part of it) with
radius r with a point-like source placed in its center. tme case of retention
measurement with closeable chamber the detectaitiser a part of any thought sphere
nor is the source itself point-like but rather sliike (any height distribution of the
activity inside the source can be safely negleetgl respect to the dimensions of the
whole setup). Because of this the dependence dtiaal intensity on distance can be
changed. It is difficult and time-consuming (and $mnaller distances even impossible
because of high dead time) to establish the altetedendence with enough
experimental data so they could be reliably integal in between. Therefore, a Monte
Carlo simulation for this task was developediolfram Mathematica 6.0Results of
this simulation were then compared with a few expental data points available.

The idea was to generate in the simulatiomldangamma rays from a source with
specified energy and simulate their detection i@ detector. It is exactly the same
situation which happens in real measurement, affhdtuis calculated numerically on a
computer and the results are obtained much faStdy. the geometry specifications of
the experiment are included and altered. As soothasphoton is simulated to be
absorbed by the photoelectric effect it is takemmes count, so no simulation of charge
transport inside the detector is done. This apgpraagnificantly reduces the complexity
of the simulation. After all, we are only intera$tan how change of the geometry,
especially the distanae of the experiment affects the change of the coatet and not
in the properties of the detector.

The simulation was done for discrete set statice points and the results were

interpolated inside the whole region of interesgte interpolated functiorS( r), i.e. the

dependence of number of counts on distancean be used for a more reliable
correction for finite volume of the chamber. Thauation is very similar to what has
been shown previously, see eq. (58). The Aggaqwill now be

L+d

Aes = K'[RS( L+ c)+¥ { g Xd } (66)

Let us label for simplicity for giveh andd:
L+d

S(Lrd=s [ §¥xd= ¢ (67)
From that follows L
jlosed = Rs+flaRsAclosed= RF;F‘TRSS A dose (68)
and for retention we have (in the same form agjin(@&}) for comparison)
X
R= fb;:e % *is (69)
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In the simulation the following configuration antbpesses were used:

» circular homogeneous isotropic source with diametfedl mm placed in a
distance above the detector upper surface

* homogeneous detector of cylindrical shape with eét@mof 10 mm and height
of 5 mm made of silicon

» standard photoelectric effect with cross-sectiopethelent on radiation energy;
after this effect takes place the photon is detkatea count

» coherent scattering of radiation inside the detewith cross-section dependent
on radiation energy; after it scatters the photosy nnteract again (via the
photoelectric effect or again the coherent scaitgror may escape the detector

The diameter of the simulated source corredpda the diameter of the individual
slices of®™Kr gas inside the chamber volume. The dimensionshefdetector are
provided by the manufacturer. The mentioned intevas of photons with matter are
two of the three possibilities for energies arou8fl keV. The third possibility is
incoherent scattering and represents much more lozatga process for simulation.
The photon may lose only that much energy as titeern electron but not enough to
free it and also only portion of the photon enenggy be detected as the photon with
remaining energy may escape the detector. In furtomsiderations this type of
scattering will be neglected because of these anbat difficulties.

In the following a description of the simutati algorithms and its structure are
given.

Generation of random gamma ray in the source

All random numbers generated by the computeirafact pseudorandom - they are
calculated according to some formula. Thereforandom” numbers mentioned further
will always be meant in such manner.

Firstly, a random origin poin(xo,yo,zoEO) in the slice source is generated

according to uniform probability distribution (wiiccorresponds to a homogeneous
source). The coordinates have to satigfy+ V. < .., Wherersourceis the radius of the

ource’

source. Secondly, a random direction in three dsioeral space is generated as follows.
A unit vectorv can be written as

v=(sing cosp , sird sig , cad) (70)

with 8 andg as defining angles. The isotropic distributiomdhieved if we set

n, =cosf = randonil(~ 1)1 1)
n

, = ¢ =randonJ( 0, 2r)

and then the vectarwill be
v:(wll— n, cosn, +/ F 1f sinn ,r;). (72)

Now the track of the photon can be described paraaly in coordinates(x, Y, z)
with parametet as
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X=X, + ty/1- 1 cosn
y= Yo+ ty1-rg sinn, . (73)
z=tn,

Interaction in the detector

After a random gamma ray is generated we ladetermine whether it reaches the
upper surface of the detector (reaching the sidiasel of the detector is neglected). If
not, the gamma ray is discarded, new one is gaestbeatd the whole process starts over.
If the ray reaches the surface a distatigerepresenting the overall length over which
the ray may interact within the detector is detewdi (based on knowledge of the
detector dimensions).

The probabilityP(x) for a photon to pass through some material ofktiessx is
expressed in the well-known form

P(x)= e, (74)

whereyu is the total attenuation coefficient for given pmoenergy and material type -
here sum of the coefficients for photoelectric apgon and coherent scattering
U=yt Here In order to determine the interaction place weehd@o randomly

generate a value for the photons free-path lengththese lengths are distributed
according to eq. (74) we can use a random nuiberhich is uniformly distributed on

(0,1) , to produce the free-path lengthsaccording to the transformation [76]

1
=-=In(1-¢), 75
X, ’un( &) (75)

If this X IS larger thardge; the whole gamma ray is discarded as no interactian the
possible distance inside the detector takes place.
If the interaction takes place inside the detewe now have to determine the type

of interaction. This is done with use of a unifoyndiistributed numbeg, 0(0,1) and

knowledge of the individual attenuation coeffic®pngn, anducon Letk be the ratio of
the coefficient for scattering to the total coaffitt k=4, /1. Then if &, <k the

scattering occurs, otherwise the photoelectric ceéftakes place and the photon is
registered.

Generation of a gamma ray after coherent scattering

After the coherent scattering takes place aseho generate new direction in space
of the scattered photon (the origin of its trackimwn - it is the interaction point).
However, in this case the spatial distribution widit generally be isotropic. It will be
given by the differential cross section of cohersnattering on detector Si atoms
do/dQ.

Such distribution is available e.g. in [77] fnergies around the desired one of 32
keV, i.e. for 20, 30 and 40 keV. We may use thesgilutions to obtain the one for 32
keV by quadratic interpolation. The result (normedl to angle 0°) is depicted in Fig.
39. The simulation now continues as described ptsly, but now the random value
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nBEcos(H) is not distributed uniformly but according to tfenction in Fig. 39

(do/dQ is assumed to be independent on the other afgle
This non-uniform distribution is obtained hetfollowing way. A random numbés

iIs generated according to a uniform probabilitytrdbsition on the interva(0°,180).

Then a second random numligris generated according to the same distribution on
(0,1). A valuedo/dQ(¢&,) is calculated and i§, <do/dQ(¢,) thend=¢,, otherwise

the valued; is discarded and the process starts over antié successfully obtained.
After the new direction in space is generated theles simulation repeats itself from
the calculation of the interaction possibility oyeart of the photon path which lies
inside the detector volume.

The whole simulation process is repeated bymeof a loop until reasonable
statistics in registered counts are achieved. Toenther distances of the source to the
detector the same number of loops is set in omlachieve comparable results.

Results of simulation and discussion

Tab. 20 lists all attenuation coefficients ikatde for the photon energy of 32 keV
[78] and the total coefficient, which includes tleefficients for photoelectric
absorption and coherent scattering. The coeffisi@ané given in the form/p, wherep
is the volume density of Si, which was taken to e 2.329 g-cni [79]. The
dependence of the density on material temperathesdetector itself is held on liquid
nitrogen temperature) can be safely neglected.

The simulation was performed for various valoé distance going from 7 mm up
to 100 mm and also especially for the distanced useeal measurement, which were
22.7, 26.8, 38.1 and 52.6 mm. The interpolatiorresiults for the whole interval of
valuesr is shown in Fig. 40 together with experimentallgasured values (normalized
to the value of simulation at 52.6 mm) and with #i€ dependence (normalized
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Fig. 39.Normalized (to angle 0°) differential cross sem'uba/dQ of coherent scattering as a function
of angle for radiation energy of 32.15 keV [77].€Tplot is given for scattering of photons on Shado

E [eV] Mono/p [cM* g7 | peorlp [cm™g7] | w/p [cm®-G]
32 150 0.934 0.112 1.046

Tab. 20.Attenuation coefficients for photons with energy3@£150 keV in Si [78]. The total
coefficient is taken as a sum of coefficients fbomelectric absorption and coherent scatteringghvh
are both included in the Monte Carlo simulation.

63



similarly) in order to compare. In Fig. 41 a clage-on the region with experimental
data is depicted. Statistical errors of the indiraldvalues are too small to be shown in
the figures.

We see that the experimental data deviate frmassumed inverse square law. Use
of this function is therefore not fully justifiec @ represents only an approximation. On
the other hand, the results from the Monte Canoutation are much closer to the
experimental data and represent almost the samavioehas in real situation. Small
deviations, which can be seen for the lowest valuas be accounted for additional
weak effects which were not included in the simalate.g. incoherent scattering, some
internal detector effects, etc. Effects resultingnf these phenomena were not studied
as the current results are already satisfactorygmo

5.2.6. Retention measurement results and discussi

For all sources several measurements were ddwesingle peak of 32 keV line was
described again in fit in ROOT framework with Gdaasdistribution on a linear
background. The results are summarized in Tab. I21this table the following
information can be found: geometry of measuren@rnte. distance of the solid source
to the detector surface, number of measuremenessdor given source, retention
uncorrected for the finite volume of the chambet fmr the ®*Rb decay, correction
factorY, see eq. (64), based on inverse square depentl#fceorrection factoX, see
eg. (69), based on dependence obtained from Mcarie €imulation and final retention
values calculated from eq. (69), i.e. with useha torrection factok. No correction
for random summing is needed here as in both openhckbsed measurements the
registered count rate is very much the same.

Discussion of results

Firstly, note the correction factorysandX in Tab. 21. It is clearly seen that without
the correction for finite chamber volume (eitherttwthe inverse square law derived
factor Y or the more realistic Monte Carlo simulation dedvfactorX) the retention
results are changed by a few percent. Moreoves,dbirection is more significant for
retention values farther from the edges 0 % and%00

><1.03

-
(=
o
o

kir?
Interpolation of sim. data |-

e

X Experimental data

Counts [a.u.]

600
400

200
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Fig. 40. Comparison of simulation results with experimertata and«/r?> dependence of counts on
distance of the source from the detector surface. The dagaormalized to the point 52.6 mm.
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Fig. 41.Comparison of the same results as in Fig. 40eelgson region with experimental data.

As far as the correction factors are concerbeth clearly differ from each other.
This was expected already from the results in graphFig. 40 and Fig. 41 as the
factors are based on the dependences plotted ifigies. It is also seen that the
difference between the values is larger for smajeometry, i.e. when the source is
closer to the detector. This was also expectedtisdependences differ more for lower
distances.

Nevertheless, this difference of correctiootdas is still small enough and can be
neglected when determining the retention with aamcyrof a few percent as we have
here. Despite the fact the retention values in T8bwere calculated using the fac¥r
the same results would be obtained using the fattédmny difference in the retention
results would be seen for retention values of abOu¥% where it manifests itself to the
maximum extent.

Regarding the retention results a few remahaild be added. The sources Pt-30 #1
and Pt-30 #2 should have similar properties dudht® similar material used for
implantation (platinum) and also the same implaotaenergy 30 keV if the whole
implantation process is reproducible. The result§ab. 21 show that this is indeed
realized well, although not fully as there is sosneall difference in the retentions. We
also see when smaller implantation energy is uskéV) the retention for the source
Pt-15 is slightly smaller compared to the other platinum sources. This may reflect

source [ G [mm] no. Of* retention [%] Y X retention [%0]
series (uncorrected)

S28 22.7 2 19+2 1.54 1.42 26 + 2
Pt-30 #1 22.7 2 95+2 1.54 1.42 97 +2
Pt-30 #2 38.1 2 92+2 1.27 1.22 93+1

Au-30 38.1 3 89+1 1.27 1.22 91+1
Pt-15 22.7 1 832 1.54 1.42 88+1

Tab. 21. Obtained values for retention for the solid sosrbg means of method 2: closeable chamber
method. The & errors of the retentions are given by statisteabrs of the 32 keV line areas. The
uncorrected retention are values which are notected for finite volume of the chamber. *A series
represents both an open and a closed chamber rapsnirof the same source.

65



the fact the rubidium atoms are positioned closesurface of the source and more
krypton may thus escape. The retention is, neviegbestill very high.

On the other hand, when looking at the refmitS28, which was prepared by
vacuum evaporation, we see the retention is smdlhaost of the krypton atoms escape
before they decay into the ground state. Thisabgoly caused by the fact the rubidium
atoms reside on the surface and therefore it i qasy for the krypton atoms to leave
the source into free space.

5.3. Conclusion

The product of®Rb decay is the isomeric statdKr which is the source of
conversion electrons. Under normal conditions istsxas a gas and may escape a solid
source before it decays. Retention is a value wtlharacterizes the portion of Kr atoms
remaining in the source and thus provides valuatft@mation about it. Two method
using gamma spectroscopy were developed to me#seinetention of all the sources
experimentally: measurement of intensities of ¥ land 32 keV lines if*™Kr decay
and measurement of intensity of 32 keV line by nseafra closeable chamber.

For the first method a formula for retenti@ictilation was derived and the retention
was experimentally measured, the results are ligtedab. 19. However, major
systematic uncertainties were found and for platinoased sources the method was
stated inapplicable due to interference between9HekeV line and & x-rays of
platinum.

The second method relies on the fact that wdesource is closed in a chamber
100 % of Kr atoms are captured and we may use twsuaned intensity of 32 keV line
in this configuration as a reference value to deilee the retention. This method
showed to be much more reliable and without theesyatic uncertainties which
occured in the first method. Some theoretical aiwas were derived in order to obtain
reliable and realistic results.

One of this correction relies on the invergaase law for radiation intensity, which
does not, however, fully correspond to our situatibo establish a better dependence a
Monte Carlo simulation was programmed and its tegsliowed to be more realistic and
very close to a few experimental data measuredsd lsamulation results were then
used for improvement of the theoretical correctimentioned.

For all the five sources several measurememse done and retention values
determined. The final results are summarized in. Bdb It was found out that all the
implanted sources have high retention. On the aopntthe retention for the vacuum
evaporated source was found to be low. From thist md view, the implanted sources
are well-suited to be used as conversion electroarces for the monitoring
spectrometer in the KATRIN experiment.

66



6. Conclusion

The aim of this thesis was to study the proggiof the solid°Rb/*"Kr conversion
electron sources which are planned to be used fonitoring of the KATRIN
experiment. The features reported were the detatiom of precise 9.4 keVj-ray
transition energy ii°"Kr and the rubidium activity distribution arfd"Kr retention in
the sources.

The precise 9.4 keY-ray transition energy was investigated becausekihetic
energy of the conversion electrons is derived dppidwer terms from this energy and
because existing values were obtained preciselymnindirect methods, i.e. by means
of electron spectroscopy. The determination wagdiynmeans of semiconducteray
spectroscopy using a commercial Si(Li) detectordiygct comparison of the 9.4 keV
line with energetically closely spaced characterigtray lines of nickel and arsenic.
Systematic effects related to the atomic shell gsees and proper description of lines
in detector energy spectra were investigated. Thexgy value of 9405.8(4) eV was
obtained. The energy determination procedure wsteddor Ga I§; line energy and a
value compatible to the tabulated one was obtai@ed.result improves the precision
of the energy to sub-eV level compared to otpgpectroscopy results and it is in a
good agreement with previous results.

Knowledge on the rubidium activity distributicof the sources is desirable for
proper alignment of the sources inside the eleatmonitoring spectrometer in KATRIN
as well as for determination whether or not posst@mages of the substrate lattice can
occur. The damages can result in shifts of eledbioding energies. The investigation
was done by means of the Timepix position sensitiggector and the manual scan
equipment. For the first case two-dimensional pesfof the sources were established
and from them one-dimensional profiles were obtinEhese were compared with
profiles determined for the second case. Dimensadrihe sources activity spots and
maximum rubidium densities were then determinedseBaon these densities it was
stated that there is a risk for the implanted sesiaf high densities 6fRb which can
result in doublet line structures in electron specRecommendations were given in
order to reduce such a risk.

The retention of krypton describes how mdfi{Kr atoms, which emit the
conversion electrons, out of all produced fi5fRb decay inside the source. Knowledge
on the retention thus provides valuable informatatrout the number of conversion
electrons leaving the source. A closeable chamtethod was developed in order to
measure the retention. Several theoretical calonigatvere done in order to account for
systematic effects. It was found out the retentgohigh for the implanted sources but
low for the vacuum evaporated source. Together wit, retention of the sources
implanted with®Rb of the same energy was found to be similar @tehtion of the
source implanted with loweéfRb energy was found to be slightly lower. This nean
almost all®*"Kr atoms produced from°Rb decay inside the implanted sources and
provide high enough conversion electrons leavimgsiburce.

With regard to higfi®™Kr retention and its reproducibility and the rulidi activity
distribution properties of the implanted sourcelBese sources are suitable for
monitoring in KATRIN and should be prefered overcwam evaporated sources if
actions are taken in order to reduce the risk fgh F°Rb densities. A decision on which
source specifically is to be used should be madbasis of time stability of the K-32
conversion electron line. In case a new implantedrce is produced it should be
checked for the mentioned properties and investigatshould be done if they are
found not reproducing the properties reported here.
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