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Deutsche Zusammenfassung

Das Ziel des KATRIN (KA risruhe TRI titum N eutrino) Experiment ist die modellun-
abhéngige Bestimmung der Massen des Elektron-Antineutrinos mit einer Sensitivitat
von 200 meV/c?. Dazu untersucht das KATRIN Experiment das Spektrum des  Zer-
falls des Wassersto sotops Tritium im Bereich des Endpunkt von ca. 18,6 keV, wo
sich eine endliche Neutrinomasse auf die Form des-Spektrums auswirkt. KATRIN
verwendet eine fensterlose, gasférmige Tritiumquelle mihoher Luminositéat und einen
hochau 6senden elektrostatischen Filter.

Um die geplante Sensitivitat von 200 meV/c? zur ereichen, muss die systematische Un-
sicherheit der Observablenm 2 auf 0.017 e\?/c* reduziert werden. Eine vergleichbare
statistischen Unsicherheit wird nach einer Messzeit von ca3 Jahren erreicht. Zur Mini-
mierung der systematische Unsicherheit muss jede Komponés des KATRIN Experi-
ments auf 10 2 genau stabilisiert und entsprechend tiberwacht werden. Dewichtigste
Parameter der Tritumquelle ist die Gassaulendichte %d die durch eine entsprechen-
de Stabilisierung der wesentlichen Parameter der Quelle emfalls auf 10 2 stabilisiert
wird. Zu diesen gehort neben der Temperatur des Quellrohrsder Einspeiserate des
Tritiumgases und der Pumpleistung der verwendeten Turbomdekularpumpen die iso-
topische Reinheit"t des Tritiumgases, das in die Quelle eingespeist wird.

Eine Variation der isotopischen Reinheit"t fiihrt zu einer Anderung der Aktivitat der
Quelle, was sich direkt auf die Zahlrate des Detektors und esprechend auf das zu
messende Spektrum auswirkt. Auyerdem fiihrt eine Veranderung von"t zur Veran-
derung von systematischen E ekten in der gasférmigen Qued, wie z.B. der Streuung
der -Elektronen an Gasmolekiilen und zur Anderung der Wahrscheilichkeiten, dass
die Tochtermolekille des -Zerfalls sich in einem angeregten Zustand be nden. Beide
E ekte fihren zu einer Verdnderung des -Spektrum und wirken sich daher auf die
Messung vonm aus.

Fir KATRIN wird daher eine hohe und stabile isotopische Reirheit "+ > 95 % bendtigt,
was durch einen geschlossenen Tritiumkreislauf, komibimrt mit einer Entfernung von
Verunreinigungen und einer Einspeisung mit hochreinem Triium erreicht wird. Ein

Laser Raman (LARA) System wird dazu verwendet die isotopisbe Reinheit in-line
im Tritiumkreislauf kurz vor der Einspeisung in das Quellrohr von KATRIN mit 10 3
Prazision zu Uberwachen. Das dazu genutzte LARA System, LAR1 genannt, wurde in
den Jahren 2005 bis 2007 von R. Lewis entwickelt [Lew07], amrilium Labor Karlsruhe

(TLK) aufgebaut und von M. Schldsser eingehend getestet unatharakterisiert [Sch09].

Im Rahmen dieser Arbeit wurde ein weiteres LARA System, LARA2, aufgebaut, das
primar zur Untersuchung von systematischen E ekten in der Laser Raman Spektrosko-
pie fur KATRIN und zur Bestimmung von spektroskopischen Konstanten von Tritium
genutzt wird. Beide Systeme haben einen ahnlichen Aufbaugdoch wurden bei LARA2



aufgrund der unterschiedlichen Anforderungen und aus Kostngriinden Komponenten
mit geringerer Leistung verwendet.

Im ersten Schwerpunkt dieser Arbeit wurde gezielt der Ein uss von Temperaturschwan-
kungen auf die Stabilitat des Systems und insbesondere desakers untersucht, da be-
reits in [Sch09] Temperaturein Usse flr eine Verschlechtaung der Prézision der LARA1

Systems verantwortlich gemacht wurden. Das LARA2 System wude mit einer Proben-

zelle betrieben, die sich aus Sicherheitsgrinden innerhaleiner Handschuhbox befand
und somit ermdglichte Tritiummischungen mit Giber 1:3 10 Bq zu untersuchen. Viele
der aus den Messungen gewonnen Erkenntnisse kénnen aufgrunles ahnlichen Auf-
baus und der &hnlichen Komponenten auf das LARA1 ubertragenwverden und somit
zur Verbesserung des KATRIN Experiments beitragen.

Im zweiten Schwerpunkt dieser Arbeit wurde die Méglichkeitgetestet, spektroskopische
Konstanten von Tritium experimentell zu Uberprifen, fur di e derzeit nur theoretisch

berechnete Werte zur Verfliigung stehen. Dies ist fir KATRIN von Relevanz, da die
molekllspezi schen Konstanten zur genauen Bestimmung deiGaszusammensetzung
benotigt werden. Die grundsétzliche Moglichkeit einer exgrimentellen Uberprifung

konnte in ersten Messungen gezeigt werden, jedoch missenamostérende systematische
E ekte identi ziert und eliminiert werden, bevor eine tats &chliche Uberpriifung der

theoretischen Berechnungen maoglich ist.

Im Folgenden wird ein kurzer Uberblick der einzelnen Kapitd gegeben. Fir eine aus-
fuhrliche Darstellung und die dazugehdérigen Quellenangabn sei auf den anschlieyenden
(englischen) Haupttext verwiesen.

1. Einfuhrung

Die Eigenschaften der Neutrinos werden seit ihrer Er ndung durch W. Pauli im Jahr
1930 intensiv erforscht. Jedoch ergeben sich fiir experimégile Untersuchungen beson-
dere Herausforderungen aufgrund der Tatsache, dass Neuitos nur schwach wechsel-
wirken und somit schwer nachzuweisen sind. Ein Schwerpunkder Neutrinoforschung
ist die Bestimmung ihrer winzigen Masse, fur die es bis heutaur Obergrenzen gibt. Die
Entdeckung von Neutrinooszillationen zeigte, dass die vexchiedenen Neutrinomassen-
zustande unterschiedliche und somit von null verschieden&lassen haben, jedoch kann
aus diesen Experimenten nicht die tatséchliche Masse bestimt werden. Obergrenzen
fur die Summe der drei Neutrinomassen kdnnen aus kosmologisen Beobachtungen
bestimmt werden, jedoch sind diese stark modellabhangig. Pekte Messungen der Neu-
trinomasse aus der Untersuchung der Kinematik der -Zerfalle beruhen alleinig auf der
Annahme von Drehimpuls- und Energieerhaltung und ergaben @ derzeit strengsten
Obergrenzen auf die Neutrinomasse.

2. Das KATRIN Experiment

In diesem Kapitel wird ein Uberblick iiber das KATRIN Experim ent gegeben, das die
Neutrinomasse in einer direkten, modellunabhangigen Mesgg aus dem -Zerfall von
Tritium bestimmen wird. Das Ziel von KATRIN ist die Messung v onm mit 200 meV/c?
Sensitivitat, was einer Verringerung der derzeitigen Obegrenze um eine Grdyenord-
nung entspricht. KATRIN misst dazu das integrierte -Spektrum des Tritiumzerfalls
mit Hilfe des sogenannten elektrostatischen MAC-E Filters. Der MAC-E Filter kollmi-
niert die isotrop emitierten Elektronen adiabatisch zu einem breiten Strahl wéahrend sie
gegen ein elektrostatisches Potential laufen. Elektronemmit gentigend groyer longitu-

M agnetic A diabatic Collimation and Electrostatic Filter



dinaler Energie kénnen die Potentialbarriere passieren ud werden im Detektorsystem
nachgewiesen.

Systematische E ekte in der Tritiumquelle von KATRIN mache n eine Uberwachung
der isotopischen Reinheit des Tritiumgases nétig, was mit mem Laser Raman System
realisiert wird.

3. Der Raman E ekt

Der Raman E ekt beschreibt die inelastische Streuung von Plotonen an Molekilen.
Dabei ndet eine Anderung des Anregungszustands des MoleKk§ und ein Energieaus-
tausch zwischen Molekiil und Photon statt, was zu einer Andeung der Wellenlange
des gestreuten Lichts gegenuber der urspriinglichen Welldésinge fiihrt. Anhand des
Spektrums des gestreuten Lichts lassen sich die verschietEn Wassersto sotopologe
H,, HD, D, HT, DT und T , identi zieren und quanti zieren. Daher ist Laser Ra-
man Spektroskopie ein geeignetes Mittel die isotopische Reheit "t in KATRIN zu
bestimmen.

Fur eine genaue Bestimmung der Gaszusammensetzung sind re@lilspezi sche Kon-
stanten, die mittlere Polarisierbarkeit a und der anisotrope Anteil , nétig. Fur Tritium
sind derzeit nur theoretisch berechnete Werte vorhanden, & experimentell Gberpruft
werden sollten. Es wird eine Methode zur experimentellen Mgsung des Verhaltnisses
a= vorgeschlagen, die eine erste Uberpriifung ermaglicht.

4. Beschreibung des experimentellen Aufbaus

Die Hauptkomponenten des im Rahmen dieser Arbeit aufgebawn Laser Raman Sys-
tem sind ein 532 nm Laser mit 2 W Ausgangsleistung, eine ultreoch-vakuumdichte
Gasprobenzelle, LARA Zelle genannt, und ein Spektrograph nt CCD Kamera zur

Detektion des gestreuten Lichts. Abbildung 1 zeigt den Auflau und die wesentlichen
Komponenten.

Der Laser wird auf den Mittelpunkt der LARA Zelle fokussiert, in dem sich das Triti-
umgas be ndet. Das gestreute Licht wird senkrecht zur Stralrichtung gesammelt und
auf eine Glasfaser fokussiert, die es zu einem Filter leitetder die urspringliche Wel-
lenlange des Lasers unterdruckt, bevor es in den Spektrogph eintritt. Dort wird es in
Spektrallinien zerlegt, die von einer CCD Kamera in einer Langzeitbelichtung von typi-
scherweise 250 s aufgezeichnet werden. Filter, Spektrogra und Kamera be nden sich
aus Platzgriinden je nach verwendetem Spektrograph unter ogt neben dem optischen
Aufbau.

Um héhere Aktivitaten als 1010 Bq innerhalb der LARA Zelle handhaben zu kénnen,
muss die LARA Zelle aus Sicherheitsgriinden von einer zweite Hulle, in Form einer
Handschuhbox, umschlossen sein. In dieser Kon guration kan die LARA Zelle grund-
satzlich mit bis zu 800 mbar beflllt werden, was einer maximén Aktivitat von ca.
6 10! Bq entspricht.

5. Untersuchungen zur Laserstabilitat

Mehrere Messungen wurden mit dem LARA2 Aufbau durchgefuhrt u.a. mit einer in-
aktiven Gasmischung aus H:HD:D, mit ca. 200 mbar Gesamtdruck und einer aktiven
Gasmischung mit 217 mbar Gesamtdruck und einer B Konzentration von > 85 %.
Typsche Raman Spektren beider Messungen sind in Abbildung @jezeigt. In beiden
Messungen konnte eine Variation der Lasertemperatur aufgind der verschiedenen Be-
triebsmodi des Luftungsystems des Labors festgestellt weden. Dies filhrte zu einer
Veradnderung der Richtung des Laserstrahls in vorwiegend wtikaler Richtung und so-
mit zu einer Stérung der Messung.



Abbildung 1: Aufsicht auf den LARA2 Aufbau. Zu sehen ist eine Aufsicht auf
den LARA2 Aufbau mit den wesentlichen Komponenten: Laser, fokusierende Linse
und LARA Zelle und Glasfaser. Das gestreute Licht (rot) wird senkrecht zur Strahl-
richtung gesammelt und auf eine Glasfaser fokusiert, die es zum Spektrograph und
zur CCD Kamera leitet (beide nicht sichtbar in diesem Bild).

Abbildung 2: Spektrum der H 2:HD:D , Messung (links) und der Tritium-
messung (rechts). Beide Messungen wurden mit 2 W Laserleistung und und einer
Belichtungszeit von 250 s aufgenommen. Links sind deutlich die dominierenden Spek-
trallinien der drei Isotopologe zu sehen. Im rechten Spektrum dominiert Tritium, die

weiteren Gasbestandteile HT, DT sowie tritiierte Methane sind im vergroyeiten Bild-
ausschnitt zu erkennen.



Entsprechend konnte in diesen Zeitrdumen eine deutliche Alkahme der Prazision der
Messung im Vergleich zu Phasen mit konstanter Lasertempetar festgestellt werden;
beispielsweise von 3 10 3 zu 6,3 10 % im Falle der Tritiummessung. Des weite-
ren wurde eine vermutlich elektromagnetische, Stérung deMesselektronik durch den
Betrieb von Pumpen und Ventile der Handschuhbox beobachtet Unstimmigkeiten der
redundanten Laserleistungsmessungen wurden festgestellvelche vermutlich auf Insta-
bilitaten der verwendeten Vorverstarker zurickzufuhren ist. Alle E ekte sind nicht tole-
rierbar und missen fir einen stabilen Betrieb der LARA Systane unterbunden werden.
Dies ist besonders fiir den in KATRIN verwendeten LARAL1 Aufbau von Bedeutung.
Ausgehend auf den Ergebnissen dieser Messungen konnten mete Verbesserungen
vorgeschlagen werden.

6. Erste Depolarisationsmessungen mit Tritium am TLK

Ausgehend auf der in Kapitel 3 entwickelten Methode zur Besimmung der molekiilspe-
zi schen Konstanten aund wurden erste Testmessungen an Tritiumgas durchgefihrt.
Es wurde die Variation der Intensitat der Spektrallinien als Funktion der Polarisati-

onsrichtung des einfallenden Laserlichts gemessen. In dgorlau gen Datenauswertung

wurde die reale Geometrie des Aufbaus berlcksichtigt und ee weitere Korrektur vor-

geschlagen, jedoch noch nicht angewandt. Es konnte der graséatzlich zu erwartende
E ekt beobachtet werden und somit die Machbarkeit der expelimentellen Bestimmung

der a= Verhéltnisse gezeigt werden. Die quantitative Analyse zgjt jedoch noch eine
deutliche systematische Abweichung der experimentellen \&te von den theoretischen
Vorhersagen, die auf die derzeit noch nicht vollstindige D&enanalyse oder auf einen
noch nicht bekannten systematischen E ekt zurtickzufuhrenist. Aus diesem Grund wird

eine erneute, weitergehende Analyse vorgeschlagen, sowiergleichsmessungen mit H

oder Dy, fur die experimentelle und theoretische Referenzdaten vithanden sind.

7. Zusammenfassung und Ausblick

Zusammenfassend lasst sich sagen, dass mit dem LARA2 Aufbain zweites Messsys-
tem erfolgreich im TLK in Betrieb genommen werden konnte. Ene umfassende Stu-
die von Store ekten auf den Langzeitbetrieb der LARA Systeme konnte durchgefuhrt
werden und mehrere Storquellen identi ziert werden. Dies €laubt eine weitere Ver-
besserung der beiden Aufbauten mit dem Ziel eine Messpraiis von besser als 103
jederzeit fir das KATRIN Experiment garantieren zu kdnnen.

Die ersten Messungen und Datenauswertungen zur experimegilen Uberprufung der

molekllspezi schen Konstantena und von Tritium zeigen, dass der vorgeschlagene
Ansatz erfolgsversprechend ist und weiter verfolgt werdersollte. Jedoch sind weitere
Untersuchungen zu systematischen E ekten nétig, um eine asreichend hohe Genauig-
keit fur die Uberpriifung der theoretischen Werte zu erreicten.

Eine Verbesserung der Prazision und der Nachweisgrenze umahrere Gréyenordnungen
versprechen fortgeschrittene spektroskopische Methodewie z.B. Cavitiy Ring-Down
Spectroscopy und Stimulated Raman Spectroscopy, deren Arendbarkeit auf Wasser-
sto sotope in der Zukunft ebenfalls am TLK untersucht werde n.
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Chapter 1

Introduction

This work focuses on Laser Raman spectroscopy for the KArlsthe TRItium Neutrino
experiment (KATRIN), which is the next generation tritium decay experiment. The
aim of KATRIN is the direct, i.e. model independent, measuranent of the electron
anti-neutrino mass with 200 meV sensitivity which correspords to an improvement in
sensitivity by a factor of 10 to foregoing experiments. Thischapter gives a brief overview
of neutrinos, their properties and relevance for cosmologgand the measurements of the
neutrino mass.

Postulation and rst detection of neutrinos

In 1914 the electron spectrum of the decay of?*Pb and 21*Bi was measured by J.
Chadwick [Chal4] and a continuous spectrum was observed. T& was contradictory
to the expectation of a discrete spectrum with a distinct electron energy since it was
assumed that the decay is a two-body decay, similar to and decay. In order to
explain the observed continuous spectrum without violation of energy conservation
the anti-neutrino® ¢ was postulated by W. Pauli [Pau30] as a third particle that also
participates in the, now three-body, decay

n' p+e + g (1.1)

Since it is electrical neutral, the neutrino can leave the eperiment without being ob-
served but carries away the energy which is necessary to ful energy conservation.

Based on this hypothesis E. Fermi developed a theoretical deription of decay, which
is still valid today for low energies when taking the violation of parity conservation into
account, and concluded that the shape of the high energeticrel of the  spectrum
depends on the mass of the neutrino which has to be small in cgparison to the mass
of the electron [Fer34].

The rst neutrino, the electron anti-neutrino, was discovered in 1956 by F. Reines and
C. L. Cowan [Rei56] by the inverse decay reaction

et p! n+e (1.2)

Lpauli initally proposed the name neutron. After the discovery oft he neutral nucleus, the neutron,
in 1932 [Cha32a] [Cha32b], the nomenclature for the hypothetical particle was changed to neutrino
since the observed neutron was too heavy to be the postulated particle by Pauli.

1
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Table 1.1: Fermions of the standard model. The 12 fermions and their possible
interactions are summarised in this table. The fermions are subdivided into hree
generations.

Generations Electric Spin Interactions

1 2 3 Charge

0 1/2  Weak
Leptons
e -le| 1/2  Weak, electromagnetic
c t +2/3 |e| 1/2 Weak, electromagnetic, strong
Quarks
s b -1/3 |e| 1/2 Weak, electromagnetic, strong

using a water lled detector located close to the Savannah Rier Reactor (USA) nuclear
power plant which acted as an intense source of electron antieutrinos . The tiny
experimentally determined cross section of = (11 2:6) 10 #* cm? for the inverse
decay reaction [Rei59] was in agreement with theoretical prdictions.

Evidence for a second generation of neutrinos, the muon netihos , was found
by Lederman, Schwartz and Steinberger in 1962 in the AGS neuino experiment in

Brookhaven [Dan62]. The discovery of the third generation 6 neutrinos, the tau

neutrinos , was achieved in 2000 by Kodama et al. in the DONUT experiment
[Kod01] at the Tevatron accelerator. A forth generation of light neutrinos, i.e. with

m < 45 GeV/c?, is not expected to exist since it was not found at the ée collider

LEP at CERN and since the total number N =2:92 0:05 of light neutrino generations
was determined from the decay width of the Z boson [PDGO08].

The three neutrinos and their corresponding anti-particles are part of the standard

model of particle physics that describes the 12 fundamentafermions and their anti-

particles as well as the bosons that mediate the forces betwa the fermions. The
fermions and their possible interactions are shown in tablel.1. The neutrinos are
massless according to the standard model although a non-zemmass can be included
into it.

Non-zero neutrino masses and neutrino oscillations

If neutrinos have non-zero massesi, m, and ms, the weak avour eigenstatesj i =

j el,j 1,j iwill ingeneral, notbe identical with the mass eigenstateg ;i = j 1i,j 2i,
j 3i. The avour eigenstates are described as superpositions dhe mass eigenstates,
connected by a unitary 3 3 mixing matrix U

- - X - -
] 1= Uk ] kl; (1.3)
K

similar to the CKM matrix in the quark sector that connects th e weak and strong
eigenstates of the quarks. After the generation of a neutrin with total energy E
and avour in a weak interaction its mass eigenstates travel in space wh di erent



velocities depending on their masses;. This yields to a non-zero probability

X imk2|;2
UkUke 2 E
k

X
UgU U, U e «bE) (1.4)

P( ! LE)

ki

to observe the neutrino after a certain path lengthL being in a di erent avour eigen-
state 6 than the initial avour eigenstate with

2

L
Ww(LE) = r;"' = and mZ=mg?2 m? (1.5)

[Sch97]. This phenomena is called neutrino oscillation anavas proposed by Pontecorvo
in 1967 [Pon67] [Gri69] for the two neutrino avours ( ¢, ) which were known at that
time. The path length L is often also referred to asbaseline

In case of two neutrino avours, i.e. m?=mi?2 m, 2, equation 1.4 can be simpli ed
to

L[m]
E[MeV]

P( ! ;LE)=sin?2 sin> 1:267 m?[eV?] (1.6)
where is referred to as the mixing angle [Sch97]. The oscillation pbabilities change if
the neutrinos travel through matter instead of vacuum due to the MSW? e ect [Wol78],
a resonance e ect of the ¢ with the electrons of the surrounding matter. Note that the
probability for a neutrino oscillation always depends on the di erence of the squares of
the mass eigenvalues but not on the absolute value of the massgenvalues.

Neutrino oscillations were observed in the last decade fortenospheric neutrinos (e.g.
by Super-Kamiokande [Fuk98]), neutrinos from nuclear reactr (e.g. by KamLAND
[Egu03]), and neutrinos from particle accelerators (e.g. $ K2K [Ali05] and MINOS
[Mic06]) using di erent baselines. Neutrino oscillation played also an important role in
case of solar neutrinos since it allowed to explain the so-cigd solar neutrino problem.

The sun continuously emits electron neutrinos which are praluced in fusion reactions.
The net reaction is given by

4p! “He+2e" +2 . (1.7)

with neutrino energies of the order of a few MeV [Sch97]. A sigi cant de cit in the
electron neutrino ux rate from the sun was observed by R. Davs in the Homestake
experiment [Dav68] compared to the theoretical predictiors. Other experiments, e.g.
GALLEX [Ans92], veri ed but also could not explain this de c it. The solar neutrino
problem was solved in 2001 when the Sudbury Neutrino Obsertary (SNO) measured
the rst time the total neutrino ux rate, i.e. the ux rate of g, and , from
the sun using 1000 tons of heavy water (RO) and 2 tons of salt (NaCl) as detector
material. The total neutrino ux rate of (5 :44 0:99) 10° cm? s 1 [AhmO01] was in
very good agreement with the predictions of the standard sa@r models [Bah06] [Tur01]
and indicated that a fraction of the electron neutrinos that are produced in the sun
change their avour on their way to the earth due to neutrino o scillation.

2Mikheyev-Smirnov-Wolfenstein
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Figure 1.1: Scenarios of neutrino masses . The masses of the three neutrino mass
eigenstates m, m;, mz are shown as a function of the lightest eigenstate with mass
m;. In the case of the quasi-degenerate scenario, the lightest neutrino mass; s large
in comparison to the mass splittings and hence all mass eigenstates have comphla
masses. In case of the hirachical scenario, jmis small in comparison to the mass
splittings and hence the neutrino mass eigenstates di er signi cantly in mass. Figue
taken from [KATO5].

The two mass splittings

M2yar m3, = (7:59 0:20) 10 ° ev2=c*
M2 m3, = (2:43 0:13) 10 3 ev?=c* (1.8)

between the three mass eigenstates are determined by an amgals of neutrino oscil-
lations of solar and atmospheric neutrinos, respectively PDGO08], and show that the
third mass eigenstate is signi cantly separated from the two other mass eigenstates. A
hirachical and a quasi-degenerate scenario of neutrino mass (indicated in gure 1.1)
are possible since the absolute neutrino mass scale is nottygetermined.

Determination of absolute neutrino mass scale

The measurement of the absolute mass of at least one neutrinspecies allows to de-
termine the masses of all neutrinos using the mass splitting obtained from neutrino

oscillation experiments. This can be accomplished by indiect and direct measurements
which will be brie y explained in this section.

The two most important indirect neutrino mass measurements are the neutrinoless
double- decay and cosmological observations.

Neutrinoless double- decay
The normal double- decay (2 decay) is a simultaneous decay of two
neutrons in a nucleus @; Z) with mass number A and atomic number Z

(A;Z)! (A;Z+2)+2e +2 ¢ (2.9)



in which two electrons e and two electron anti neutrinos . are emitted. The
2 decay is a rare but allowed process in the standard model of p#cle physics
and was rst observed in 1987 [ElI87]. The spectrum of the totd energy of the two
emitted electrons is continuous since the neutrinos can cay away an arbitrary
fraction of the available kinetic energy.

The neutrinoless double- decay (0 decay)
AZ)! (AZ+2)+2e (2.10)

is a hypothetical, beyond standard model process that violtes the lepton num-
ber [Ott08] [Sch97]. In the O decay the neutrino is a virtual particle which
is emitted as right-handed r particle in the rst decayn! p+e + ¢ and
absorbed in the second inverse decay +n! p+e asleft-handed [ particle.
This is only possible if the neutrino is a Majorana neutrino and hence its own
anti particle, iie. ¢= e¢and | = | ( R = Rr). The change of helicity is
possible if neutrinos are massive particles. The signaturef the O decay is a
monoenergetic energy spectrum of the total energy of the twamitted electrons
atQ=(m(A;Z) m(A;Z +2)) &

The so-called e ective neutrino massmee is the coherent sum of the mass eigen-
states m; and is connected to the decay rate ¢  of the O decay [Cho0Q7]

X3
j=1

where Ug; are the now complex elements of the neutrino mixing matrix snce they
include complex Majorana phasesM ¢ is the nuclear matrix element of the 0
decay andG®  a phase space factor. Due to the complex Majorana phases the
e ective neutrino mass mee can be smaller than the masses; of the mass eigen-
states. The Heidelberg-Moskow-Experiment has reached the ghest sensitivity
on mee by the investigation of the 7°Ge decay. The collaboration published a 4.2
evidence formee = (0:24 0:58) eV=c? [Kla04] which is controversially discussed
in the community. Several experiments, e.g. GERDA [SchO5]Majorana [Aal05],
Cuore [Ped08] and EXO [Aki05] aim to verify this result.

Neutrino masses from cosmological observations

The cosmic microwave background (CMB) and its non-statistical uctuations are
a relict from the decoupling of the photons from matter, abou 380,000 years
after the Big Bang. It was mapped in highest detail by the WMAP satellite
[Ben03]. The CMB can be described as a black body radiation vt (2:728
0:004) K temperature [Fix96] with uctuations on the 10 ° level which represent
the distribution of matter in the early universe. An expansion of the temperature
uctuations in spherical harmonics up to the power | 1000 is used to deduce
cosmological parameters like the total mass density o, the dark energy mass
density , the matter mass density , the baryonic mass density , and the
neutrino density

Based on the seven-year data of WMAP the upper limit on the sum 6the neutrino
masses is [Kom10]

X
m < 1:3eV=c® (95 %C.L:): (1.12)
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When combined with the latest distance measurements from tie Baryon Acoustic
Oscillation (BAQO) in the distribution of galaxies [Per09] and the measurement of
the Hubble constant [Rie09] the upper limit on the sum of the reutrino masses
can be further lowered to [Kom10]

m < 0:58 ev=c? (95 %C.L:): (1.13)

Both limits are strongly model dependent since cosmologidamodels have to be
applied for the deduction of the neutrino mass from the multipole expansion of
the temperature uctuations of the CMB.

The direct neutrino mass measurements are based on the relatstic energy momentum
relation

E? = p’c® + m?c? (1.14)

which connects the total energyE with the momentum p, the speed of lightc and the
rest massm. The direct measurements can be subdivided into time-of- ight measure-
ments and the study of weak decays.

Time-of- ight measurements from supernova neutrinos

Supernovas, and especially the type Il supernovas, are intese astrophysical sources
of neutrinos. During the core collapse of the progenitor sta typically about 10 %7
protons are neutronised, i.e. they are transformed into neutrons by the electron
capture reaction

pte ! n+ ¢ (2.15)

within about 100 msec [Sch97]. Neutrinos are also producedybthe thermal
neutrino pair production

e +e ! + with =e;;: (1.16)

The neutrinos are emitted from the star within about 10-20 s sihce they scatter
several times in the very dense% 5 10 g/cm?3) core material. They carry
away about 1(P3erg  10% J, i.e. about 99 % of the gravitational energy which
is released by the supernova [Sch97].

About two dozen neutrinos from the famous supernova 1987A irthe Large Magel-
lanic Cloud were detected within about 10 sec by neutrino deg¢ctors at Baksan,
Caucas [Ale88], in the Morton Thiokol mine, Ohio [Bra88] andin the Kamioka

mine, Japan [Hir88]. The energy of the neutrinos varied fromabout 10 - 40 MeV
with the more energetic neutrinos arriving before the less eergetic ones. Assum-
ing that the neutrinos were emitted simultaneously and appling further assump-

tions concerning the dynamics of the supernova an upper lintion the electron

neutrino mass of

m, < 57 eV=c® (95 %C.L:) (1.17)

can be deduced [Lor02].



Study of weak decays
The study of the electron spectrum from nuclear decay

(A;Z)! (AZ+1)+ e + ¢ (1.18)

allows to determine the massm _ of the electron anti neutrino. The currently
most stringent limit [PDGO08] of

m,_<2ev=C (95% C.L:) (1.19)

on the electron anti neutrino mass were achieved by the studyof the tritium
decay which will be discussed in detail in section 2.1.

Another promising candidate for the study of the kinematics of decays is the
isotope 18’Re which can be used to build cryogenic bolometers that act siultan-
eously as source and detector. The energy released by the decay of18’Re is
deposited in the bolometer and detected as a temperature resof the bolometer.

The Milano experiment [Sis04] published the most stringentlimit of
m, < 15ev=¢ (90% C.L:) (1.20)

from 8’Re  decay experiments. The successor experiment MARE-I aims to
improve the sensitivity to about 2 eV/c 2 [Sis07].

Impact of non-zero neutrino masses on cosmology

The Big Bang has left a blackbody radiation of so-called relicneutrinos, similar to the
cosmic microwave background, with an average density of fOneutrinos per baryon in
the universe. At the time of decoupling from matter (< 2 s after the Big Bang) the relict
neutrinos had an average energy of about 1 2 MeV and hence were still relativistic.
They therefore contribute to the total matter density ¢ of the universe as neutrino
hot dark matter (  HDM) due their large number and small but non-zero masses. The
relic neutrinos played an important role in the formation of large scale structure in
the early universe since HDM was able to smear out matter density uctuations in
di usion-like processes [Han04] [Ott08]. The neutrino dengy contribution to o
depends on the sum of the neutrino masses

X
h?=  m =94eV (1.21)

where h is the Hubble constant. The parameter space for is constrained by experi-
ments to the interval 0.001< < 0:15 whereby the upper limit comes from tritium
decay experiments and the lower limit from the measurement bthe atmospheric mass
splitting  m2,,.

The determination or a signi cant constraint of the neutrin o masses and hence of
would lead to a better understanding of the role of HDM in formation of large scale
structure in the early universe. The projected sensitivity of 200 meV/c? (90 % C.L.) of
the KATRIN (KArlsruhe TRItium Neutrino) experiment will al  low to probe down
to about 0.01 as shown in gure 1.2.
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Figure 1.2: Neutrino density and neutrino masses. The contributions of dark
energy, cold dark matter, baryonic matter to the total matter density  is compared
to . The currently allowed parameter space of  will be probed by the KATRIN
experiment down to about 0.01 [KATO5].

In order to reach 200 meV sensitivity the total systematic uncertainty of the KATRIN
experiment has to be signi cantly reduced in comparison to he foregoing experiments.
This will be amongst others achieved by a stabilisation of the key parameters of KAT-
RIN to 10 2 level.

A Laser Raman (LARA) setup is used in the KATRIN experiment to monitor the gas
composition of the tritium gas before being injected into the source part of KATRIN.
The long term stability of the LARA setup, and especially of the built-in laser, and
its response to changes of environmental conditions are caial for the reliability of the
LARA measurement during non-stop operation over typical measurement periods of
about 60 days. The impact of temperature variations and envionmental in uences on
the stability of the laser is investigated within this thesis. Furthermore rst measure-
ments of molecular speci ¢ constants of tritium, which are necessary for the accurate
determination of the gas composition, are performed withinthis work.

This thesis is structured in the following way: After an intr oduction into tritium
decay experiments, and the KATRIN experiment in particular, in chapter 2 the fun-
damentals of Laser Raman spectroscopy are described in chiep 3. The experimental
setup for Laser Raman spectroscopy, which was build up withi the scope of this thesis,
is described in chapter 4. Chapter 5 focuses on investigatis concerning the stability
of the laser in the LARA setup. The rst measurement of the molecular speci ¢ con-
stants which are necessary for the accurate determination fothe gas compaosition are
described in chapter 6.



Chapter 2

The KATRIN experiment

The aim of the KATRIN experiment is the model independent measurement of the
electron anti-neutrino massm by the study of the electron spectrum of the tritium
decay. After 3 years of measurement time the expected sensiity for a neutrino
mass discovery with 5 signi cance is 0:35 eV/c? [KAT05]. If the shape of the tritium
spectrum is compatible with a zero anti-neutrino mass, KATRIN will be able to set
an upper limit of m < 0:2 eV/c? (90 % C.L.). This corresponds to a reduction of the
current upper limit on m by one order of magnitude.

In this chapter an overview of the KATRIN experiment will be g iven. Section 2.1 gives
a general description on the tritium beta decay (2.1.1) and he so-called MAC-E lter
(2.1.2) which is used for the measurement of the electron sg&rum. The results of
the previous direct neutrino mass measurements are summaed in subsection 2.1.3.
In section 2.2 the major components of KATRIN are presented. The in uence of sys-
tematic e ects on the sensitivity of the neutrino mass detemination and the need of a
continuous monitoring of the gas composition in the source g presented in section 2.3.
This chapter mainly bases on [KATO05].

2.1 Neutrino mass measurement using tritium -decay

The study of the kinematics of weak decays, in particular of he tritum  decay, is a
suitable method for the determination of the neutrino mass. For this reason, neutrino

mass measurements based on tritum decay were performed since the forties. All
results until 1972 were compatible within the error bars with a vanishing anti-neutrino

mass and hence only upper limits on the anti-neutrino mass wes stated [Ber72]. In 1980
an evidence for anti-neutrino mass between 14 and 46 eVfcwas found [Lub80] but was
soon disproved by other experiments. In the nineties the sesitivity of the experiments

had improved but still only upper limits could be given on the anti-neutrino mass. The

results of the last 20 years will discussed in detail in subsgion 2.1.3.
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2.1.1  Tritium -decay

The tritium  decay
SH1 SHe' +e + o (2.1)

allows the determination of the electron anti-neutrino massm ! by the measurement of
the energy spectrum of the emitted electron. Tritium is one d the best suited isotopes
for neutrino mass experiments due to ve fundamental aspecs:

" The fraction of decay events that is relevant for the determination of m is pro-
portional to 1/ E¢® where Eq is the endpoint energy of the beta decay, i.e. the
total decay energy minus the recoil energy of the daughter ncleus. The endpoint
energy of tritium is Eg 186 keV and the second lowest endpoint energy of all

emitters.

The tritium decay is a super-allowed decay with a rather short half-live of
12.3y. This allows to setup up a source of electrons with high spectral activity
by a rather small amount of tritium.

" The nuclear matrix element of the super-allowed tritium  decay is independent
of the electron energy andm . Therefore the dependence of the spectral shape
on m is only given by the phase space.

" The probability that a electron inelastically scatters on tritium in the source
and therefore looses energy is low due to the low atomic numipef tritium.

" The electron shell and the nucleus of helium and the hydrogen isotopologue tri-

tium are very simple. This allows to reliably calculate the nal states of the

decay taking the molecular rotational and vibrational excitations [Dos08] and
radiative corrections [Rep83] into account.

The spectrum of the emitted electrons, i.e. the number of entted electrons with a
certain energy E per time interval, can be calculated from Fermi's golden ruk [Wei03]

d?N
dtdE

q
= C F(ZE) p(E+ me®)(Eog E) (Eo E)2 m2 (Eg E mdd)
(2.2)

wherem is the mass of the electron anti-neutrino. E, p and m¢ are the kinetic energy,
the momentum and the mass of the electron. F(Z;E) is the Fermi function which

takes into account the coulomb interaction of the emitted ekctron with the positive

charged helium nucleus®He" . It is independent of m and precisely known due to
the simple nuclear structure of tritium and 3He. Ej is the so-called endpoint energy,
i.e. the total decay energy minus the recoil energy of the daghter nucleus. The step
function ( Eg E m c?) ensures energy conservation. The constant

Gy 2 : ,

C= 5375 coS ¢ M nucj? (2.3)
is given by the Fermi constant G; , the Cabbibo angle . and the nuclear matrix element
My Of the tritium  decay [Kra05]. Note that the actual observable in (2.2) ism 2
and not m .

YFor simpli cation the notation m is used instead of the actual notation m

e
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Figure 2.1: Electron spectrum of tritium decay. Left: Full spectrum. The

count rate decreases towards the endpoint oEy = 18:6 keV. Right: The last 3 eV

of the spectrum before the endpoint. In this region the e ect of a non-vanishing
electron anti-neutrino mass on the spectrum becomes present; here shown for the case
m =1 eV/c?. Only a fraction of 2 10 13 of all decays falls into the last eV of the
spectrum [KATO5].

The electron spectrum depends orm 2, but a signi cant in uence is only visible if
(Eo E)?> m 2c¢% i.e. for electron energies close to the endpoint. In gure 21 the full
spectrum is plotted as well the section close to the endpoinfor the two casesm =0
and m =1 eV/c?2. The neutrino massm 2 is usually determined by a four-parameter
t of equation (2.2) to the measured electron spectrum with the t parameters C, m 2
and Ep and background rate.

Besides the symboPH, tritium is typically also denoted by T which will be the sta ndard
nomenclature of this thesis.

2.1.2 Measurement of the electron spectrum with the MAC-E | ter

The so-called MAC-E Iter (magnetic adiabatic collimation co mbined with an electro-

static lIter), developed by Kruit and Head [Krui83], has bec ome the standard technigue

in the last 2 decades years for the measurement of the endpdinegion of the tritium
spectrum.

The Magnetic Adiabatic Collimation (MAC) is a concept to adi abatically collimate the

electrons, that were isotropically emitted in the source, vhile they are running against
the Electrostatic (-E) retarding potential. Without this co llimation, some electrons
could not pass the lter even if they had enough kinetic energy because only the kinetic
energy component parallel to the electrostatic retarding ptential determines if the
electrons are transmitted or not. The principle of the magndic adiabatic collimation

is described in detail in gure 2.2. The MAC-E lIter acts as an electrostatic high-pass
Iter that rejects all electrons below a chosen kinetic enegy jeUj, where e is the charge
of the electron andU the applied retarding voltage. Electrons with higher enerdges can
pass the Iter and reach a detector which counts the electros. Hence the MAC-E lter

measures the integrated spectrum, i.e.

Z EO 2
d°N
e dtdE dE: (2.4)

Not all transverse energy is transfered into longitudinal energy by the MAC-E lter.
The remaining transversal kinetic energy E of the electrons in the analysis plane,
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Figure 2.2: Principle of MAC-E lter. (a) A superconducting solenoid is placed
in front, i.e. on the left side, of a vacuum vessel. The tritium source, which is phced
into the centre of the solenoid for the sake of simplicity, isotropically emits electrons.
Electrons that are emitted into a solid angle of nearly 2 are caught by the magnetic
eld lines (blue) and enter the vacuum tank while spiralling around the diverging
magnetic eld lines due to the cyclotron motion. The magnetic eld strength drops

by many orders of magnitude towards the centre of the vacuum tank. Therefore the
magnetic gradient force transfers nearly all energy of the cyclotron motion nto lon-
gitudinal energy which is illustrated by the momentum arrows in (b). This transfer is
adiabatical since the magnetic eld strength drops slowly enough during one cycle of
the cyclotron motion. The electrons are simultaneously ying against a electrosatic
retarding potential, formed by the cylindrical electrodes (green), that reaches itsmax-
imum at the centre of the vacuum vessel. Electrons with high enough longitudinal
kinetic energy can pass the retarding potential and reach the detector while low en-
ergetic electrons are de ected. Behind the maximum of the electrostatic barrier, the
electrons are re-accelerated and the magnetic eld lines converge towards a second
superconducting solenoid placed at the back of the vacuum vessel. Therefore all elec-
trons that can pass the electrostatic barrier in the centre of the the vessel are yded

to and counted by the detector that is placed behind the second solenoid. According
to [KATO5].

i.e. the plane in which the electrostatic potential reachests maximum, determines the
relative sharpness E=E of the electrostatic lter. E=E depends only on the ratio
of the minimum magnetic eld strength B to the maximum magnetic eld strength.

E Ba
— = 2.5
E B max 23)

Bmax can be enlarged up to technical feasible eld strengths of seral Tesla to improve
the relative sharpness of an MAC-E lter. Alternatively, Ba can be reduced down
to certain limits: The earth's magnetic eld becomes non-nedigible and has to be
compensated. The size of the spectrometer vessel, which mases with decreasind a

due to the conservation of magnetic ux, is also limited due to technical limits.
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Figure 2.3: Results of tritium decay experiments on m 2. The sensitivity

of direct neutrino mass measurements increased signi cantly in the last 20 years.
[KATO5]

2.1.3 Present results of neutrino mass determination

The results of tritium  decay experiments of the last 20 years are shown in gure 2.3.

Until now all tritium decay experiments, besides the controversial result fromaB0,
have yielded only upper limits on the neutrino mass. The two nost stringent limits in
the last 14 years were set by the experiments in Mainz and Trask which both used a
MAC-E Iter. These results shall be presented brie y now.

In the Troitsk experiment a MAC-E Iter and a windowless gaseous tritium source
(WGTS) were used. The result of the analysis of the data from $94-1998 [Lob99] is

m2=( 19 34, 22y)evi=ch (2.6)
This corresponds to an upper limit on the anti-neutrino mass d
m < 2:5eV=¢ (95% C.L:): (2.7

An improved result was published in a conference proceedingn 2003 with m 2 =
23 25 2:0eV?=c*andm < 2:05 eV=c (95% C:L:) [Lob03] but is not taken into
account by the Particle Data Group [PDGO08].

The Mainz experiment used a MAC-E Iter and a quench condensedtritium source.
The analysis of the last 70 eV before the endpoint of the datarbm 1998, 1999 and 2001
[Kra05] results in

m2=( 06 22w 21lss)eVi=cd (2.8)
This is also compatible with m = 0 but gives the current best upper limit on m of
m < 2:3eV=¢ (95% C.L) (2.9)

for a direct neutrino mass measurement.
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A combined analysis of the Particle Data Group, based on the pper limit from the
Troitsk and Mainz experiments, yields to an upper limit of m < 2 eV=¢ (95% C.L:
[PDGO08] on the electron anti neutrino mass.

As already shown in chapter 1, a better knowledge of the neuino mass is necessary
to answer fundamental questions of particle and astroparttle physics and cosmology.
A further reduction of the upper limit on the electron anti-ne utrino mass cannot be
expected by additional data from the existing experiments fnce the systematic un-
certainties are dominating the total uncertainties of the experiments. Therefore the
next generation tritum  decay experiment KATRIN (KArlsruhe TRItium Neutrino
experiment) is currently beeing set up to increase the sensvity on the electron anti-
neutrino mass by one order of magnitude, i.e. from about 2 eVé? to 200 meV/c?. It
comprises a super-luminous tritium source with a MAC-E lter and an energy resolu-
tion E< 1leV.

2.2 Description of main components of KATRIN

The KATRIN setup consists of several main components, shownn gure 2.4:

~ The Rear Section that is attached to one end of the tritium so urce and is used
for monitoring and calibration.

" The Windowless Gaseous Tritium Source (WGTS) which provid es the electrons
from tritum  decay. The WGTS consists of a source tube which is surrounded
by a cryostat (WGTS cryostat) and of the tritium loops (Inner Loop) which are
necessary for the stable injection of tritium into the source tube.

The Transport Section adiabatically guides the electrons from the WGTS to the
spectrometers and in parallel reduces the tritium ow rate by 14 orders of mag-
nitude. It consists of two subsystems: The Di erential Pumping Section (DPS2-
F) and the Cryogenic Pumping Section (CPS).

The MAC-E type Main Spectrometer and a smaller but similar Pr e-Spectrometer
that is placed in front of it. The Pre-Spectrometer is used for pre- ltering the
electrons while the actual energy measurement is done by thilain Spectrometer.

~

The Detector Section at the end of the Main Spectrometer for counting the elec-
trons that passed the spectrometers.

All tritium bearing components, i.e. the Rear Section, the WGTS and the Transport
Section will be set up inside the Tritium Laboratory Karlsru he that supplies the neces-
sary infrastructure and expertise for safe tritium handling. In the following subsections,
the main components of KATRIN will be brie y presented.
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Figure 2.4: The main components of the KATRIN experiment . From left
to right: The Rear Section for monitoring and calibration, the Windowless Gaseous
Tritium Source (WGTS), the Transport Section consisting of the Di erential Pum ping
Section (DPS2-F) and the Cryogenic Pumping Section (CPS), the Pre-Spectrometer
and the Main Spectrometer forming the Tandem Spectrometers and the Detector
Section. The KATRIN setup is in total about 70 m long.

2.2.1 The Windowless Gaseous Tritium Source (WGTS)

The windowless gaseous tritium source is a stable gas columof tritium molecules
inside an about 10 m long source tube with 9 cm diameter. The titium molecules are
injected in the centre of the source and stream towards the ets of the source tube
where they are pumped o by turbo molecular pumps. The electrons formed in the
source, in contrast, are not a ected by the pumping because lhey are adiabatically
guided by magnetic eld lines towards the end of the source tlbe which is directly, i.e.
windowless connected to the Transport Section.

The number of tritium atoms inside the WGTS is given by
N(T2)= %d A "t (2.10)

where %dis the column density, A the cross section of the source tube andy the
isotopic purity, i.e. the ratio of trittum atoms in the sourc e to the total number of
atoms. The column density is the areal density of atoms in thesource.

The column density will be set to %d= 5 10 cm 2. A higher column density
would in fact increase the activity of the source but also enlance the uncertainties
due to systematic e ects, e.g. scattering of electrons with the gas in the source.
In order to reach a column density of 5 10 cm 2 in a tube with open ends, the
temperature of the source has to be cooled down to 27-30 K to regte the conductivity
of the tube. A further reduction of the source tube temperature is not favourable since
tritium molecules would start to cover the source tube wallsand to form clusters. The
column density has to be stabilised to 102 precision to reach the claimed sensitivity
of 200 meV/c? on the anti-neutrino mass. This will be achieved by

" temperature stabilisation of the source tube to 30 mK by the WGTS cryostat,

~

a constant tritium injection rate of 1.853 mbar I/'s which is achieved by a dedicated
injection system, the so-called Inner Loop,

~ a constant and high (>95 %) isotopic purity of the tritium ga s, also achieved by
the Inner Loop and

" a constant tritium pumping rate at the ends of the source tub e.
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Figure 2.5: Schematic drawing of WGTS and tritium density pro le along
source tube. Below: Top view of cross section of the WGTS. The tritium gas is
injected in the middle of the source tube and free streams towards the turbomolecufa
pumps at both ends. The electrons are not a ected by the pumping since they are
guided by strong magnetic eld lines towards the transport system on the right side.
The positions of the superconducting magnets are indicated by the squares on both
sides of the source tube Above: The calculated shape of the density pro le of tritium
molecules along the source tube. Note that the density pro le is not absolutely correct
in the centre region and at the pump ports. [KATO05]

The expected gas density pro le inside the source tube is slvan in gure 2.5. The
isotopic purity "t of the gas in the source has to be higher than 95 % and stabilide
to 0.1 % which will be also achieved by the Inner Loop system. e neccessity of a
stabilisation and continuous monitoring of "1 is adressed in section 2.3.

The Inner Loop is an integral part of the WGTS, it ensures the constant injection
rate and the isotopic purity of the injection gas. The constant injection rate will be
achieved by a pressure and temperature controlled bu er vesel that is connected to the
WGTS by a capillary with known conductance (see simplied ow diagram in gure
2.6). The tritium gas that is pumped o at the ends of the WGTS w ill be cleaned
from impurities, e.g. from methane and *He which is formed by tritum  decay, by
a palladium membrane Iter? and then reinserted into the pressure controlled bu er
vessel. The tritium throughput in this closed loop system wil be 40 g tritium per day.
Tritium gas with an isotopic purity > 98 % can be inserted into the Inner Loop from
the Isotope Seperation System of TLK to compensate the contiuous decrease of the
isootopic purity due to  decay.

The WGTS cryostat (see gure 2.7) houses the source tube, thesuper conducting
magnets around the source tube and the di erential pumping ®ctions at both ends of
the source tube. The source tube is temperature stabiliseda a precision of 30 mK
using a custom made cooling system based on boiling neon [@98]. The beam tube,
the vacuum and the cooling system were assembled to the so-tedl demonstrator
which is used to experimentally verify the feasibility of the cooling concept. After the
successful test of the demonstrator, the superconducting agnets and all other missing
components will be installed and the demonstrator convertd and upgraded to the
WGTS cryostat.

2also called PERMCAT



2.2. Description of main components of KATRIN 17

Figure 2.6: Simplied ow diagram of the KATRIN Inner Loop syste m
The source tube of the WGTS is fed via a capillary with known conductance from a
pressure controlled bu er vessel. The pressure and temperature stabilisation othe
pressure controlled bu er vessel ensures a constant injection rate of 1.853 mbard/
tritium into the source. The tritium molecules freely stream towards both ends of
the source tube where they are pumped o by turbomolecular pumps. The palladium
membrane lter can be only passed by hydrogen isotopologues ( D2, T,, HT, DT,
HD). The pure T , bu er vessel feeds the pressure controlled bu er vessel. The isotopic
purity is monitored by a Laser Raman system at a pressure of p 130 mbar. Gas that
cannot pass the palladium membrane lter is processed by the TLK tritium recovery
and puri cation system. Batches of pure tritium can by injected into the pure T ,
bu er vessel from the TLK isotope separation system (ISS) if necessary. The Inner
Loop and all other tritium bearing components are housed in glove boxes forafety
reasons. For further details see [Stul0b].

Current status of the WGTS

The demonstrator was delivered to KIT at 2010/04/08 (see gure 2.8) and is currently
being commissioned. The Inner Loop system was successfultpmmissioned with non-
radioactive gases in November 2009 and the stabilisation ahe injection pressure was
proven to be better than 0.02 % [Pri09], i.e. an overachievernt of the design require-
ments by a factor of ve. The Inner Loop will not be operated with tritium until it is
connected to the WGTS cryostat.
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Figure 2.7: 3D model and schematic drawing of WGTS cryostat and s ource
tube. The source tube is surrounded by superconducting magnets. The di erential
pumping sections DPS1-F and DPS1-R are connected to both ends of the source tube
and for a rst reduction of the tritium gas ow rate of about a factor of 10 2. 3D model

from company ACCEL

—

Figure 2.8: Delivery of the demonstrator to KIT. The demonstrator is the
rst step of the construction of the WGTS and was delivered to KIT at 2010/04/0 8.
It will be used to prove the feasibility of the temperature stabilisation of the source

tubeto 30 mK.
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2.2.2 The Transport Section

The transport section consists of the di erential pumping section DPS2-F and the
cryogenic pumping section CPS. It serves two purposes, (i)tihas to adiabatically
transport the electrons from the WGTS to the spectrometers ty magnetic eld lines
that connect the WGTS and the Pre-Spectrometer and (ii) it has to reduce the tritium
ow rate from the WGTS into the pre-spectrometer from about 1 mbar I/s to a level
of less than 10 ** mbar I/s. By the suppression of tritium ow by 10 # the tritium
partial pressure is reduced to 102° mbar in the main spectrometer to reach the goal
of 1 mHz maximum background from tritum  decay in the main spectrometer. The
tritium ow reduction is achieved by di erential and cryoge nic pumping of tritium:

Di erential pumping in the DPS-F

In the DPS2-F the tritium ow rate is reduced by dierential pu mping using four
turbomolecular pumps. The beam tube of the DPS2-F is cooled den to 77 K to
reduce the conductance of the tube and hence enhance the punmg e ciency. Several
bends of 20° in the beam tube (see gure 2.9) prevent neutral articles from ying

straight through the DPS2-F. In total the tritium ow rate wil | be reduced by a factor
of 10° by the DPS2-F.

Superconducting magnets with 5.6 T maximum eld strength are placed around the
beam tube and form the magnetic eld lines for the adiabaticd guiding of the electrons
from the WGTS to the CPS.

Cryogenic pumping in the CPS

After di erential pumping the tritium ow rate will be furth  er reduced by a factor of
10’ to 10 ** mbar /s by cryopumping of tritium molecules inside the CPS. For that

purpose, the beam tube in the CPS is cooled down to 3 - 3.5 K andts surface is
covered with argon frost for an enlargement of the surface @a. The beam tube of the
CPS is also bended several times similar to the DPS2-F. Tritium molecules that hit
the beam tube walls will be trapped. This concept has been swessfully proven by the
dedicated test experiment TRAP (Tritium Argon frost Pump) a t TLK [Stu07], [Eic08],

[Eic09]. After a KATRIN run, the argon frost is removed by war ming the beam tube
to 100 K and simultaneously ushing with He gas from the spectometer side towards
the WGTS side. After a bake-out of the beam tube, the tube is coted down to 6 K
and a new layer of argon frost is deposited on the tube walls.n a nal step the beam
tube is cooled down to its operation temperature of 3 - 3.5 K.

Current status of the Transport Section

The DPS2-F was delivered to KIT on 2009/07/15 (see gure 2.9) and is beeing currently
commissioned. The tests of the reduction factor and the trasmission properties of the
DPS2-F will be done until end of 2010. The CPS is currently beigy manufactured by
ASG? and shall be delivered in February 2011.

3ASG Superconductors, Genova, ltaly



20 Chapter 2. The KATRIN experiment

Figure 2.9: 3D drawing of DPS2-F with beam tube and picture from the

arrival at KIT . Left: The beam tube makes four bends to prevent neutral particles
from ying straight through the DPS2-F. The four turbomolecular pumps will be
mounted on the pump ports outside of the cryostat. Right: The DPS2-F was delivered
on 2009/07/15 and lifted into the KATRIN building.

2.2.3 The Tandem Spectrometers

Both spectrometers, the Pre- and the Main Spectrometer, areof MAC-E-type.

The Pre-Spectrometer is placed between the CPS and the Main Sjrtrometer. The
Pre-Spectrometer will be set at a retarding potential of abou 300 eV below the en-
dpoint to reduce the electron ow rate into the Main Spectrometer from 10° s 1 to
10* s 1. The purpose of this reduction is to lower the number of eleatons in the Main
Spectrometer that contain no information on the neutrino mass. This reduces the back-
ground due to interaction of electrons with residual gas in he Main Spectrometer. The
Pre-Spectrometer has an energy resolution of E 100 eV which is su cient for this
rst step of ltering.

The Main Spectrometer (see gure 2.10) is used for the preces measurement of the
endpoint region of the tritium  spectrum. A superconducting solenoid with 4.5 T
eld strength is placed between main spectrometer and tranport section, another with
6 T eld strength between main spectrometer and detector sysem. The magnetic eld
strength decreases down to 0.3 mT in the centre of the spectroeter but the magnetic
ux tube expands to 9 m diameter due to the conservation of magetic ux. The
energy resolution of the Main Spectrometer is E = 0:93 eV according to (2.5) for
an electrostatic potential of E 186 keV of the Main Spectrometer. The size of
the Main Spectrometer is large (10 m diameter, 23.3 m lengthXo completely contain
the expanding ux tube. The electrostatic retarding potential is formed by the inner
electrode system [Hug08] [Zac09] [Pral0], that consists afvo layers of wire electrodes
which are mounted on the inner walls of the spectrometer. Twoadditional air coil
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Figure 2.10: The Main Spectrometer surrounded by the support stru cture
for the external air coil systems. The Pre-Spectrometer and the CPS will be
installed directly in front of the Main Spectrometer.

systems are mounted around the main spectrometer. TheEarth s Magnetic Field

Compensation System (EMCS) is installed to compensate the arth magnetic eld

which cannot be neglected in the centre region of the main sprometer [Rei09b]. The
Low Field Correction System (LFCS) is used for ne tuning of the magnetic ux tube
in the Main Spectrometer [Wan09].

Current status of the Tandem Spectrometers

The Pre-Spectrometer has been tested and used as a stand-alopeototype for the
development and detailed understanding of the Main Spectrmeter and the electron
detector [Wuel0OJand will be moved to its nal position in autumn 2010. The vessel of
the Main Spectrometer was delivered to KIT in 2006 and the insallation of the inner
electrode system in the Main Spectrometer is currently ongmg.

2.2.4 The Detector Section

Electrons with high enough longitudinal energy can pass theretarding electrostatic
barriers of the spectrometers and are afterwards guided byHe magnetic eld lines
to the detector system. The detector is placed in a B=3 T supeconducting magnet
that reduces the diameter of the magnetic ux tube from 9 m (in the analysis plane
of the main spectrometer) to about 9 cm. The detector itself 58 a segmented PIN-
diode array. The position information provided by the detector segmentation can be
used to study inhomogeneities and asymmetries in the transprt section and in the
spectrometers. During normal tritium runs, the expected caint rate varies from a few
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to several hundred mHz depending on the retarding voltage ofhe main spectrometer.
The detector background is reduced below 1 mHz by passive andctive shielding of
the detector. The time precision of the detector t < 500 ns is short enough to handle
also high count rates up to 1 MHz during measurements with theelectron gun of the
rear section.

Current status of the Detector Section
The detector system is currently being commissioned at the Wiversity of Washington
and will be shipped to KIT in summer 2010.

2.2.5 The Rear Section

The Rear Section is located at the rear side of the Wand is usedbr calibration and
monitoring purposes:

A rear wall closes the WGTS and is used to de ne the electrostic potential of
the WGTS relative to the spectrometers.

A continuous monitoring of the source activity can be accomgished by a measure-
ment of the electron rate on the rear wall. A second alternative measumment
technique was investigated [Mau09] to monitor the source aivity by the detec-
tion of bremsstrahlung which is produced by electrons in the rear wall.

The column density can be monitored periodically by the meaarement of the en-
ergy loss spectrum of monoenergetic electrondf < 0:2 eV at 18.6 keV [Leb10]).
The electrons are emitted by an electron source in the Rear ®tion, enter the
WGTS through a hole in the rear wall, pass the Transport Sectbn and are ana-
lysed by the spectrometers and the detector. The electron sagce can be also used
for further characterisation measurements of KATRIN.

Current status of the Rear Section
A technical design based on the above mentioned tasks is ciently being developed.

2.3 Necessity of Laser Raman measurements for KATRIN

The activity dN=dt of the source is proportional to the total number of tritium a toms
in the source given by (2.10), and hence proportional to the olumn density %dand the
tritium purity "

dN=dt/ %d "t (2.11)

The parameters %dand "t have to be stabilised and monitored since any uctuation
of dN=dt would directly a ect the count rate of the detector system and thus the
spectrum.

A Laser Raman system was developed to monitor the compositio of the tritium gas
and therefore also the parameter't just before entering the WGTS. The measurement
of the gas composition by the Laser Raman system will be alsosed to estimate the
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in uence of other e ects on the  spectrum, namely the Doppler e ect, the nuclear
recoil and the elastic e - T, scattering which will be brie y discussed now.

Doppler Broadening

The energy of the electrons is smeared due to the statistical motion of the triium
molecules and has to be taken into account in the analysis ofhe  spectrum. The
energy smearing E is given by

E m Ve Vol (2.12)

[KATO5] where m and v are the the mass and the speed of the electron and vy the
velocity component of the decaying molecule in the directio of the emitted electron.
The velocity v is in rst order given by the Maxwell-Boltzmann distribution and
hence by the temperature of the gas and the mass of the moleal For T=30 K,
m =9:11 10 3! kg and ve = 8 10’ m/s the smearing E for T, (DT) is 148 meV
(162 meV).

Elastic e - T, scattering

Electrons can scatter also elastically on gas molecules kidss the already mentioned
inelastic scattering. The energy loss E of an electron with initial energy E and mass
me due to the elastic scattering is given by

Me

E=2 E (1 cosg): (2.13)

mol

E depends on the scattering angle s and on the massmpy of the involved gas
molecule. The scattering is very forward peaked since the nmam scattering angle is
about 3 , the maximum energy loss is of the order of several eV but thexerage energy
loss is only 16 meV forT, [KATO5]. The energy loss due to an elastic scattering with
another type of hydrogen isotopologue thanT, (e.g. HT) increases up to a factor of 6
due to the large relative di erences of molecular masses.

Nuclear recoll

In the theoretical treatment of the molecular tritium decay T,! (°HeT)*+e + othe
recoil of the daughter molecule(®HeT)* cannot be neglected. For electron energieE
close to the endpoint, the recoil energyE . of the daughter molecule with massm
is given by [KATO05]

Me

Erec E
Mmol

(2.14)

The e ect of a non-vanishing recoil energy is a correspondingshift of the endpoint
energy of the spectrum to lower energies. AlthoughT, will be the most dominant
constituent of the gas in the source also HT and DT molecules W be present at
concentrations of a few percent or less. The observed spectrum of KATRIN will
be therefore a superposition of the spectra of T, HT and DT which have di erent
endpoint energies due to (2.14) and the di erent masses of tb corresponding daughter
molecules(®HeH)* and ((HeD)*.

The projected total systematic uncertainty of KATRIN on the observablem 2 [KATO05]
is

st 0:017 eVP=c*: (2.15)
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The expected statistical uncertainty on m 2 after tree years of full measurement time
stat = 0:018 e\P=¢? (2.16)

is comparable to the total systematic uncertainty syst. Adding both uncertainties
guadratically leads to a total uncertainty of

ot 0:025 e\P=c*: (2.17)
From this a discovery potential of
m =0:35 eV=c? (2.18)

can be deduced for a neutrino mass detection witls signi cance [KAT05]. But if the
observed spectrum is compatible with m =0 KATRIN will be able to state a new
upper limit (90 % C.L.) on m of

m 02 evV=c?: (2.19)

It has been shown in the beginning of this section that the gascomposition in the
source has an in uence on systematic e ects and hence on theessitivity of the neutrino
mass determination by KATRIN. To reach the claimed total systematic uncertainty of

syst  0:017 e\P=c* the tritium purity has to be continuously monitored with 10 3
precision (1 ). Laser Raman spectroscopy is the method of choice becauseis an
inline and almost real time measurement technique, i.e. no g samples have to be
taken, and all hydrogen isotopologues can be identi ed and ronitored simultaneously
within a period of typically 250 s which will be a typical measurement intervall in
KATRIN neutrino mass measurement runs.

In the next chapter the theoretical fundamentals will be presented which are necessary
for the understanding of Laser Raman spectroscopy. The expinental setup of a Laser
Raman system will be presented in chapter 4 while chapter 5 Wliaddress the stability
of the Laser Raman system. In chapter 6 a set of measurementsillvbe presented
that were conducted to determine molecular constants of triium and other hydrogen
isotopologues which are currently not su ciently known. Th ese constants are necessary
for the prediction of line intensities in Raman spectra and fence for the determination
of the gas composition from the Raman spectrum.
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The Raman e ect

In this chapter the theoretical background of the Raman e ed and Raman spectroscopy
will be presented. After a general description of the Raman ect in the introduction
of this chapter, the excitation levels of diatomic molecules and typical features of Ra-
man spectra of hydrogen isotopologues are discussed in siect 3.1. The line strength
function is introduced to account for the in uence of the polarisability of molecules on
line intensities in Raman spectra. In section 3.2 an overvier of the calculations of the
polarisability of molecules is given and it is shown that a delicated measurement of the
polarisability of the tritiated hydrogen molecules is necessary for KATRIN. A suitable
method is presented in section 3.3.

The Raman e ect describes inelastic scattering of a photon o a molecule. The scat-
tering process causes a transition between states of the mesjule: The molecule makes
a transition from an initial state jii via a virtual state jri to the nal state jfi. Ac-
cordingly, the energy of the photon and therefore its wavelagth have to change in
order to full energy conservation. In case of the so-called ®kes Raman scattering,
the wavelength of the scattered light increases and the molrule is excited to a more
energetic state. In case of Anti-Stokes Raman scattering, ta molecule is already in an
excited state and de-excites to a less energetic state. In thicase the wavelength of the
scattered light is decreased in comparison to the incidentight. It is important to note
that the energy levels in molecules are in general quantisedTherefore, only certain,
molecular speci ¢ wavelength shifts of the light are possite during Raman scattering.
In gure 3.1 the transitions between molecular states are ilustrated for both cases of
Raman scattering and additionally for Rayleigh scattering, i.e. elastic scattering of
light on molecules. In that case the initial and the nal stat e are identical and the
wavelength of the scattered light is not shifted.

Raman spectroscopy is a method to investigate the structuref molecular energy states
by the spectrum of the Raman scattered light. For that purpose the sample is irradiated
by a monochromatic light source, typically a laser, and the gpectrum of the scattered
light is measured as shown in gure 3.2. A drawback of Raman sectroscopy is the low
intensity of the Raman scattered light due to the small crosssection for Raman scatter-
ing which is for gases typically of the order of10 3° cm? [Men07]. Therefore, lasers are
used as typical light sources for Raman spectroscopy sincéney o er high intensities
with well de ned wavelength. Additionally the scattered li ght can be collected in a 90
geometry to reduce the collection of the intense laser light

25
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Figure 3.1: Quantum mechanical picture of Rayleigh and non-res onant
Raman scattering.  In all types of scattering a virtual state jri is involved. Left:

Rayleigh scattering. The initial state jii and nal state jfi are identical. In Raman
scattering, the initial state jii and the nal state jfi have dierent energy levels
E; = hjEjii and Ef = W jEjfi. Middle: Stokes Raman scattering.E; < E¢. Right:
Anti-Stokes Raman scattering. The molecule is in an excited state before sctring
and E; > E ;. (According to [Lon02])
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Figure 3.2: Schematic drawing of a setup for Raman spectroscopy. Mono-
chromatic laser light is scattered in the sample and the scattered light issent to a
spectrograph. The spectrograph decomposes the light into spectral lines that ar
recorded by a light sensitive detector. (According to [Hak06])

Detector Sém blé

In the eld of spectroscopy the variable wavenumber ~ is usually used instead of
wavelength or frequency

1  _ Energy 1

“T 5T The [cm 7] (3.1)
wherec is the speed of light. Wavenumbers are used to describe waweigth shifts of the
light in Raman scattering since this representation allowsto directly compare spectra
even when they were measured with excitation sources with dérent wavelengths.
Simultaneously, wavenumbers are used to specify spacings between energy levels
of a molecule.
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3.1 Excitation of diatomic molecules

In this section the excited states of diatomic molecules wilbe presented that are rel-
evant for standard Raman spectroscopy, i.e. vibrational anl rotational excitations.
Electronic excitations will be ignored since they are only elevant for advanced spec-
troscopic methods like Resonance Raman Spectroscopy. Thellowing treatment of
vibrational and rotational excitations is based on [Hak06]and [Lon02].

3.1.1 Rotational excitation

The most simple model for the description of rotations of didomic molecules around
their centre of mass approximates the molecule as a rigid-rattor: Two atoms with

xed separation R and massmj and m, respectively (see gure 3.3). The rotational
energy of a molecule rotating with angular frequency! is given by

1
Erot = =1I! 2 3.2
ot = 5 (3.2)

wherel = R 2 is the moment of inertia of the molecule and = .Mz the reduced

mass of the molecule. The absolute value of the angular mom&m is given by
jLi=L=1 (3.3)
Hence the rotational energy can be rewritten in terms ofL and |

L2

Erot = o1

(3.4)

Using the gquantisation of angular momentum according to the orbital angular mo-
mentum of the hydrogen atom

q__
L=~ JJ+1) with J=0;12::: (3.5)

where J is the rotational quantum number, the rotational energy can be expressed in
terms of J and |

2
Ert(J) = j\] J+1 (3.6)

In spectroscopy energy levels are normally given in wavenubrers, denoted by

Erot(J) _
== BI( +1) 3.7)

FJ)=

where

_h

"~ 8 2l
is a constant that is characteristic for the type of molecule The selection rule for
rotational excitations in Raman spectrais J = 2 due to its nature as a two photon

process. Hence, the wavenumber shift from a transition froman initial state with
guantum number J to a state with quantum number J + 2 is given by

(3.8)

FU+2) F@J)= B@AJ+6): (3.9)
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Figure 3.3: Rigid and non-rigid rotator model of a hetero-nuclea r molecule
with atomic masses m 1 and m ». The molecules rotates around its centre of mass.
Left: The internuclear distance R is xed in the rigid rotator model. Right: In the
non-rigid rotator model the atoms are connected by a spring with spring constant
k and equilibrium distance Re.

This means that the rst rotational line ( J =0 ! 2) has a wavenumber shift of6B
from the wavenumber of the initial radiation. All other line s are equally spaced with
4B distance.

In Raman spectra with su cient resolution it can be seen that the rotational lines are
not equally separated for higher values of]J. This can be described by the non-rigid
rotator model which additionally takes into account that th e internuclear distanceR
increases for higher rotational states due to the centrifugl force. In this model, the
solid connection between the two atoms is replaced by a spranwith spring constant k.
The centrifugal force on the atoms is set equal to the force ofhe spring

mR! 2= k(R Re) (3.10)

where R¢ is the internuclear distance at rest. Assuming small elongaons of the spring,

i.e. BzRe 1, and using the same quantisation of the angular momentum as &fore
one gets
Eot (J
F@)= “;;é ) - By (J+1) DJI?W+1)? (3.11)

with a second molecule speci ¢ constant

3

In case of hydrogen isotopologues th®=B ratio varies from 2 10 “to 8 10 * [Edw78].
The e ect of the anharmonicity correction DJ 2(J +1) 2 is a decreasing separation of the
rotational lines for increasing J values. For special applications the expression (3.11)
can be further extended to higher order corrections to matchhigh resolution spectra
at large J values.

3.1.2 Vibrational excitation

Di erent models are available for the description of vibrations of molecules. Similar
to the models of rotational excitations, the choice of modeldepends on the desired
precision and the resolution of the available experimentalspectra. The most simple
model is the harmonic approximation that uses the same assuptions as the non-rigid
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rotator model: A spring with spring constant k connects the two atoms and the
potential V due to the spring is given by

V = g(R Re)? (3.13)

The quantum mechanical calculatign of such a harmonic osdtor with reduced mass
and resonance frequencyy = X can be found in most textbooks of quantum

mechanics, e.g. in [Hak04]. The energy levels are given by
Evip =~ (v+ %) with v=0;1;2::: (3.14)

where a new quantum numberv was introduced. In wavenumbers the energy states
are denoted by

Evib 1
= = ~o(V+ = A
Gy he e(v 2) (3.15)
with
S __
1 k
~ = oS —: (3.16)
The selection rule for vibrational Raman transitions is v = 1.1 The wavenumber
shift
Gv+1 G\/ = ~e (317)

is independent ofv. The parabolic potential is only the simplest approximation of
the molecular potential close to its minimum. A parabolic cannot account for the
repulsive behaviour towards R=0 and does not correctly desabe the dissociation of
the molecule at nite energy for R ! 1 . A frequently used model potential is the
so-called (empirical) Morse potential

h iy
V=D¢g1 e &R Re (3.18)

can be used.D¢ is the dissociation energy of the molecule and = ~¢ 25e-

The Morse potential (see gure 3.4) deviates only slightly fom the parabolic potential

of the harmonic oscillator as long the internuclear distan@ R is close to its equilibrium

value Re. For Re ' 1 the potential converges to the dissociation energyD of the

molecule. The validity of the model is limited for R ! 0 since the potential rises to
in nity without taking short ranged forces into account. Ot her, more accurate types of
potential are used if high-precision (spectroscopic) infamation is required, and with the

advancement of computing capabilities, rather accurateab initio quantum calculations

are now feasible for selected molecules.

Solving the Schrddinger equation forR > R ¢ yields the vibrational energy levels of the
molecule

Mransitions with larger changes of v are also possible due to deviations of the potential from the
assumed harmonic potential but are increasingly suppressed. A more raalistic potential will be discussed
in the next paragraph.
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Figure 3.4: Sketch of the Morse potential (solid line) and harmonic poten-
tial (dashed line) . The dissociation energyD, of the Morse potential is indicated
by the dotted line. (According to [Lon02])

and

2

Xewe V+ = (3.20)

GV:"'e v+ 2

NI =

respectively [Hak06]. The constantx. de nes the anharmonicity of the model and is
typically of the order 0.01. The spacing between two neighbored vibrational states
decreases with increasing quantum numbev

Gur1 Gy=~e(l 2xe(v+1)) (3.21)

which is also indicated in gure 3.5. This can explain the merioned observation of

multiple nearby vibrational lines in high resolution spectra. The anharmonicity further

causes a weakening of the selection rulev = 1, i.e. also transitions with larger

changes ofv are also allowed but suppressed in comparison to the main trasition
v= 1

Up to now, the rotational and vibrational excitations were considered separately, but
it has to be taken into account that both types of excitation in uence each other. A
vibrational transition changes the mean internuclear distance of the molecule and hence
the moment of inertia | which in turn determines the rotational energy levels accoding
to (3.8), (3.11) and (3.12). To include this interaction int o the theoretical description,
the molecular specic constants B and D of the rotational energy states become a
function of the vibrational quantum number v.

B! B, (3.22)
D! D, (3.23)

Further details will not be given here but can be found in [Hak06] and [LewQ7].

In this section, the wavenumbers of vibrational and rotational transitions in a molecule
were calculated using the molecule specic constant8,, Dy, D¢, ~ and Xe. Due
to the already mentioned selection rules not all rotational and vibrational transitions
are actually allowed and therefore only certain lines can beobserved in Raman spec-
tra. For hydrogen isotopologues and diatomic molecules in gneral, the vibrational
guantum number changes by v =0; 1. The selection rule for rotational transitions
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Figure 3.5: Energy levels of the harmonic (a) and anharmonic (c) o scil-

lator. The anharmonic oscillator uses the Morse potential instead of a harmonic
potential. (b) Due to the equally spaced energy levels of the harmonic oscillatoonly
one Stokes and one anti-Stokes line is visible in the spectrum besides the line of the
incident radiation (wavenumber ~). (d) In case of the anharmonic oscillator, several
vibrational lines are visible in the spectrum. The anharmonicity of (c) and (d) is
drawn exaggeratedly, i.e. for a positive and largexe. (According to [Lon02])

is J=0; 2 Table 3.1 shows a summary of allowed Raman transitions and hte
nomenclature that is used in this thesis.

The wavenumber shifts of rotational transitions are small in comparison to vibrational
transitions. Therefore, the Rayleigh line and every vibrational line in a Raman spec-
trum is surrounded on both sides by a rotational lines, illugrated in gure 3.6.

The line positions in Raman spectra of all hydrogen isotopaigues were calculated by
R. Lewis in [Lew07] and are plotted in gure 3.7.
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Table 3.1: Classi cation of transitions by selection rules. The selection rules
for vibrational and rotational transitions are in general v=0; land J=0; 2.
Anti-Stokes Raman with v = 1 is not considered in this table because it is not

relevant for this thesis. Each type of transition has a branch name, based ofiLon02]
and [LewQ7], that consists of a capital letter denoting J and a subscript number de-
noting . Inthe last column, the corresponding wavenumber shifts of the transitions
can be found.

Scattering process Selection rules Branch name  Raman shift
v J
Rayleigh 0 0 Qo -

Stokes Raman

(pure rotation) 0 +2 So o ot
1 2 Ol s ~vib T ~rot
Stokes Raman 1 0
(rotation-vibration) Q1 T Tvib
1 +2 S1 T “Vvib “Tot
Rayleigh
» anti-Stokes . Stokes o
o 1 C >3

Q1
@] S
Q ° 0 O1 | S Q
lrrol'ﬂin/_?'l'l‘];ﬁ\ /ﬂ’l(?l_zl%-ﬁ‘h\
1 1 +é

2
S
1
-

vib p *t vib vib
+~vib o) ~vib 2~ib
Figure 3.6: Typical Raman-spectrum of a diatomic molecule. The wavelength

axis goes from left to right, the equivalent wavenumber axis goes from ght to left.
The black line indicates the Rayleigh line at the primary (laser) wavenumber  which
is surrounded by pure rotational lines: The Sp-branch belongs to J = +2, the Op-
branchto J = 2. The Q branches also contain several nearby lines which cannot
be seen in this gure due to the insu cient resolution. Besides the line positions al
the line intensities are qualitatively shown in the spectrum. A detailed discusgon of
line intensities is given in subsection 3.1.3. (According to [Hak06])
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Figure 3.7: Line positions in Stokes part of Raman spectra of all h ydrogen
isotopologues. The position of the rst 10 lines are given in Raman shifts, i.e.
wavenumber shifts relative to the wavenumber of the excitation light. Eac spectrum
consists of 4 branches with increasing Raman shifts: Th&y branch (red) with v =0
and J =2, the O; branch (green) with v=1and J = 2, the Q; branch (black)
with- v=21and J =0 andthe S; branch (blue) with  v=1and J =+2. The
separation of the rotational lines becomes larger with decreasing reduced mass whic
causes overlaps of the di erent branches. Line positions based on [Lew07].




34 Chapter 3. The Raman e ect

3.1.3 Line intensities

The up to now presented models can only be used to calculaterie positions but not
line intensities. The calculation of line intensities is ciucial for the KATRIN experiment
because the gas composition of the inlet gas will be extractefrom the line intensities
in the measured Raman spectra. For the calculation of line psitions and intensities a
guantum mechanical model is needed. Before the fundamentaquation of this model
will be stated in (3.28), a few preliminary notes shall be givn to motivate certain terms
in it.

The scattering of light on a molecule can be described by an teraction of the incident
light with the molecule. The intensity | of the scattered light is connected to the
irradiance | of the incident light by the interaction cross section %

| = %I (3.24)

Classically, an oscillating electrical dipole momentp is induced when the molecule is
irradiated by light. The dipole moment is typically approxi mated by

p= E (3.25)

where is a second rank tensor, called polarisability tensor ancE the electric eld
vector of the incident light. The oscillating dipole moment in turn is a source of
radiation and emits light, the scattered light. The intensity | of the scattered light is
in good approximation typically proportional to the square of the dipole momentp and
to the forth power of the wavenumber ~ of the scattered light

| =k% ¢ p? sin?
=K% -4 E° sin? (3.26)
where
ko= ic (3.27)
2%

and is the angle between the axis of the dipole and the direction foemittance [Lon02].

It can be expected from (3.24) and (3.26) that (i) the quantum mechanical expression
for the intensity of the scattered light has the general structure of (3.24) and (ii)
the cross section contains the ~# term and a quantum mechanical equivalent to
the polarisability tensor  since the classical and the quantum mechanical description
should have an analogue structure.

The quantum mechanical description of Raman scattering tha can describe line posi-
tions and intensities uses quantum mechanics for the desgiion of the molecular states
but treats the light classically?. The intensity | of the Raman scattered light with po-
larisation p° from a population of diatomic molecules can be expressed by $n02]

1CpSp)=ke 2 N1 (a% % p5p): (3.28)
I ( ;p%; p') depends on the polarization of the incident light denoted byp' and on the

geometry of the scattering process which is described by sttaring angles and apertures.
These geometrical parameters are represented by the collige variable

2A complete guantum mechanical description of molecular states and light gives in the end actually
the same results [Lon02].
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The other variables are:

~s The wavenumber of the scattered light which appears in the foth power.

N The number of molecules in the initial state i of the Raman transition. It can be
calculated using the Boltzmann statistics

Ej
Nge m
Q

where N is the total number of molecules, g the statistical weight, E; the en-
ergy |9f the initial rotational and vibrational state, kT the thermal energy and
Q= g exp( Ej=kT) the partition function. Further details are discussed in
subsection 3.1.4.

N; = (3.29)

| The irradiance of the incident light.

k- A constant

2

k- = 1:259 107°F 2m? (3.30)

||02

which is given in units of m? per Farad?.

( a2; 2; :pS;p') The line strength function® ( a% 2; ;pS;p') contains molecule
speci ¢ information, given by the parameters a® and 2, which will be discussed
in subsection 3.1.5. It also depends on the geometry of the experiment and on
the polarisation state of the incident and scattered light.

3.1.4 Population factor for hydrogen isotopologues

In this subsection, the in uence of the population factor N; on equation (3.28) is dis-
cussed in detail for the case of hydrogen isotopologues.

The population factor N; is, according to equation (3.29), a function of temperature
and depends on the energy levelg; of the molecule which can be calculated using the
models from subsection 3.1.1 and subsection 3.1.2. The statical weight g; is constant
for the hetero-nuclear molecules HD, DT and HT. In case of the bmo-nuclear molecules
the statistical weight varies with the rotational quantum n umber J due to the nuclear
spins of the nuclei and the Pauli exclusion principle. For T, and H, the statistical
weight for odd numbers of J is three times larger than for even numbers of] while
the ratio is 1.2 for D, [Her39]. The di erence is due to the fact that the deuteron has
nuclear spin 1 but the hydrogen and tritium atoms have nuclea spin 1=2.

The exponential function in (3.29) has di erent consequenes for the intensity distri-

bution of the vibrational and rotational lines. At room temp erature almost exclusively
the vibrational ground level is populated due to the large erergy di erence between the
ground state and the rst excited vibrational state in comparison to the thermal energy
kT. As mentioned before, the rotational energy states are mucHess separated than

3In earlier works, e.g. [Lew07], [Sch09], the dependence of the line sength function on the
polarisation of the incident and scattered light was not explicitly ind icated since these parameters were
normally xed. In this work the polarisations play a mayor role and are the refore explicitly indicated.
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Figure 3.8: Theoretical spectrum of T o for a constant line strength func-

tion. This spectrum was simulated using the SpecGen package [SPE09]. Input para-
meters were: 532 nm excitation source, 300 K temperature and a spectral resolutio
of 8.5 peak width which is comparable to the resolution of the HTS spectromedr at
TLK. The line intensities are correct within about 5 % since the line strength func-
tion was not considered yet. J indicates the initial rotational quantum number o f
the rotational transition. Please note the scale breaking in the intensity ais. Figure
taken from [Sch09].

the vibrational states. Hence, also higher states than the gound state are populated
at room temperature: For T, (H») even the rotational state with J%°= 10 (J%= 5)
has a relative population of>10 4 which is within the range of sensitivity of a typical
Raman systems with scienti ¢ grade detector.

Before the line strength function is discussed, a theoretial spectrum of T, without
considering the line strength function is shown in gure 3.8 The line widths are
comparable to the experimental achieved resolution in thisthesis. 6 to 8 lines are
visible within the O ; and S; branches. The alternation within the rotational branches
due to the in uence of the nuclear spin is clearly visible. In gure 3.9, the theoretical
spectra for all 6 hydrogen isotopologues are plotted, agaiwithout considering the line
strength function. The Q; branches dominate the spectrum and can be used to identify
the individual isotopologues.
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Figure 3.9: Theoretical spectrum of all hydrogen isotopologues for a con-
stant line strength function. The spectra were simulated with the SpecGen
[SPEQ9] package using the same settings as in gure 3.8. ThejQbranches are the
best candidates for the quantitative analysis of the spectra due to their largantensity
and clear separation between each other. Minor overlaps of the Qand S; branches
of T, and DT can be identi ed (shown in the inlet gure) which have to be taken into
account for quantitative analysis. The line intensities are correct within about 5 %
since the line strength function was not considered yet. Figure taken from [Sch09].
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Figure 3.10: Polarisation ellipsoid of a hetero-nuclear molec ule AB. The
distance of a point p on the surface of the ellipsoid from the origin O is a reasure for
the polarisability of the molecule in the direction Op. The polarisability i s maximal
along the molecule axis, the z-axis, and invariant under rotations around the méecular
axis due to the cylindrical symmetry of the molecule. Therefore the ellipsoid can be
described by two parameters, i.e. the polarisability along the molecule axis j and
perpendicular to the molecule axis - .

3.1.5 Line strength function and polarisability tensor

According to (3.28) the line strength function ( a2; 2; ;p°;p') is one of the paramet-
ers that determines the absolute peak intensity in Raman spetra. ( a2, 2; ;p%p')
depends on the molecular speci ¢ constants? and 2 that describe the polarisability
of the molecules, on the geometry of the setup denoted by theemeric variable , and
on the polarisation of the incident (p') and scattered (p°) light. In this subsection the
relations betweena and , the quantum mechanical polarisability transition tensor

and the line strength function will be motivated. ¢ describes the polarisability of a
molecule related to a transition of the molecule from an inifal state jii to a nal state

jfi.

For simplicity, the subscript fi will be omitted in further writing and /i will be
just referred to as the polarisability tensor as long it is casistent with clarity and

unambiguity.

The polarisability of a molecule is described by the polariability tensor  which can
be represented by a3 3 matrix

0 1

XX Xy Xz
= % ¥ Yy yzg (3.31)
zX zy zz

that characterises the polarisability ellipsoid of the molecule (see gure 3.10). The
explicit form of  depends on the chosen coordinate system. In case of a diatomni
molecule, is given by

1

0
» 0 0

=%o , OE: (3.32)
0 0

i

in the molecule x coordinate system, i.e. in a coordinate sgtem with z-axis along the



3.1. Excitation of diatomic molecules 39

Figure 3.11: De nition of scattering geometry for xed light colle ction
system in the laboratory x coordinate system. The scattering region is located
in the origin. The x- and z-axes de ne the scattering plane (coloured area) which is
parallel to the breadboard of the optical setup. The incoming laser beam (green) with
direction vector nj, is vertically polarised, i.e. the electric eld vector E= E, 1 is
perpendicular to the scattering plane (denoted by the symbol? '). The scattered light
is collected along the x-axis and has a vertically polarized (symboP 5) and parallel
polarised (symboljj®) component relative to the scattering plane. A more general but
consistent de nition of the angle will be given in gure 3.12.

molecule axis. The average polarisabilitya and the anisotropy

2i+2 ) (3:33)

a

of the diatomic molecule are so-called polarisability invarants, i.e. they are independent
of the coordinate system, and hence represent molecular spiec properties [Lon02].*

The intensity of the scattered light is, according to (3.26), proportional to the square
of the dipole moment

p= E (3.35)

which is induced by the electrical eld vector E of the incident laser radiation.

In the Raman measurements performed for KATRIN the laser light is vertically po-

larised. In a laboratory x coordinate system (see gure 3.11) this is expressed by
Ec = E =0 and E, 6 0 and denoted by the symbolp' = ?', indicating that the

polarisation direction of the incident light is perpendicular to the scattering plane.

Considering the scattering of the vertically polarised lagr light on a single, arbitrarily

rotated molecule reduces the electric dipole moment in (3.8) to

x= x B (3.36)
Py= wh (3.37)
Pz = 2y B (3.38)

The light detection system of the Laser Raman setup of KATRIN is placed on the
x-axis of the setup ( = 5) and is insensitive on the polarisation of the scattered lignt

4The anisotropy  can in principle become negative using this de nition. Since alway s 2 will appear
in the formulas in the following the sign of  does not have a physical meaning.
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and hence detects the vertical  5) and the horizontal (jj%) component of the scattered
light. This will be denoted in the following by p® = ?° + jjS. For simplicity it is
assumed in this section that the aperture of the light detecton system is very small,
i.e. the system collects only the light which is emitted directly along the x-axis. This
assumption is not valid in a real experiment since the apertue of the light collection
system has to be large to maximise the observed intensity. T@ necessary corrections
due to the nite opening angle of the light collection system will be implemented in
this treatment in subsection 6.1.1.

2

The line strength function ( a%; 2; ;p%p') for this simplied con guration will be

deduced in the following steps.

Only the transversal (y- and z-) components of the electric dpole moment relative to the
propagation direction of the scattered light have to be conglered for the calculation of
the line strength function since the in x-direction emitted light is transversally polarised
and hencepy =0 ) s = 0. The observed intensity due to a single molecule as
scattering target is hence given by
_ Pty 2 2 2ain? -

I—Z,—,0~S(yy+zy)Eysm. (3.39)

according to (3.26) and (3.37)-(3.38).

In real scattering experiments with gaseous samples, the $er light always scatters on
a population of N; isotropically oriented molecules. Therefore the factorN; has to be
introduced and the involved components of have to be averaged over all orientations
of the molecules. In this averaging process also th&in? term is averaged over all angles
. The isotropic averages of the components of are denoted by parentheses, e.g. yy 2
becomes the isotropic average yy2 . The constant factor from the averaging ofsin?
is also contained in the isotropic averages. The intensity bscattered light therefore
becomes
’c 4 2 2 2.
2% s Ni yyo T zy Ey . (340)
In a next step the square of the electric eld vector E, can be replaced by the intensity
| = 2¢"gB? of the incident laser light [Dem02].

2 D E D E
| = o~ N | YCEE VL (3.41)

The isotropic averages of the components of can, in turn, be expressed by the polar-
isability invariants a and

D 2E_ 45a2+4 2

vy 5 (3.42)
D 2E 2
T (3.43)
[Lon02] which nally leads to

|

2 4532 + 4 2 2

| = ~ N +

vzoos 45 15

2,7 2

= k- ~§ N; | M (3_44)
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where k- was introduced according to (3.30).

By comparing (3.44) with (3.26) the line strength function ( a; 2; ;p';p°) can be

identi ed for the case of vertically polarised incident (?') laser light and the detection
of the parallel (jj°) and perpendicular (? ) components of the scattered light in a 90
geometry (=2) to the initial beam direction.

450% +7 2

2. 2.7.95_'_ S oy —
(a 1t J L ) 45

» 55 (3.45)
Although the index fi of the polarisability (transition) tensor was omitted for the
calculation of the line strength function it is important to keep in mind that the cal-
culation was done for an arbitrary but xed Raman transition from initial state jii to
nal state jfi. The initial state is thereby essentially de ned by the init ial rotational
gquantum number v; and vibrational quantum number J; while the nal state is charac-
terised accordingly by vi and J;. Therefore the molecule speci ¢ parametersa and
and hence the line strength function will in general depend a the initial and nal state
which implies that every line in a Raman spectrum is characteised by an individual
set ofa and values.

The gas composition of the source gas of KATRIN will be deternmed by the measure-
ment of the line intensity in Raman spectra and a comparison b theoretically calculated
spectra. For the accurate calculation of the theoretical sgctra the knowledge of the
average polarisability a and the anisotropy for several dozen of transitionsjii !'j fi
is necessary since it has been shown in subsection 3.1.4 thaitational lines with up
to J%°= 10 are expected to contribute to the branches in experimentaly measured
spectra. The accuracy of the available data ona and has an impact on the calcu-
lation of theoretical Raman spectra and hence on the measument of the source gas
composition of KATRIN. Therefore the status of calculations and measurements of the
a and values for hydrogen isotopologues will be addressed in theemt section.

3.2 Overview and status of calculations of polarisability

In this section a brief historical overview of the calculation of a and  will be given,
followed by a short discussion whether the currently availdle set of data is su cient
for KATRIN.

The a and values of transitions of all hydrogen isotopologues can beatculated in

ab initio calculations since the hydrogen isotopologues are the mosimple molecules
with two nuclei and two electrons. The calculations go back b the 1930s when the rst
attempts were made by B. Mrowaka [Mro32]. A signi cant improvement was reached in
1952 when Ishiguro et al. applied a new calculation method,he variation-perturbation

method [Ish52]. This approach is based on the Born-Oppenheiar approximation be-
cause of the slow movement of the heavy nuclei in comparisorotthe fast movement of
the light electrons. In addition, further corrections are necessary for the treatment of
hydrogen isotopologues, namely the radiative [Bis69], adibatic [Wol83] and nonadia-
batic [WolI83] [Bun77a] [Bun77b] corrections.

The result of the variation-perturbation method is a set of numerical molecular wave
functions which can be used to calculate expectation valuesf physical variables, e.g.
the energy of excited states and hence the line positions anthe parameters a and
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. This method was improved by Kolos et al. but only applied on the non-tritiated
isotopologues H, HD and D, [Kol64] [Kol86]. Furthermore, the polarisability was
only calculated for excitation wavelengths !1 . The wavelength dependence of the
polarisability was taken into account for the rst time by J. Rychlewski [Ryc83] but
again only for the non-tritiated species. In 1984 the tritiated species were considered
the rst time by Hunt et al. but again for the limit of in nite | aser wavelength and
with a simpli ed nuclei potential [Hun84]. Schwartz and LeR oy calculated in 1987 the
polarisabilities of the non-tritiated hydrogen isotopologues for =488 nmand !'1
using an advanced nuclei potential [Sch87]. The calculatednolecular energy states of
the non-tritiated species were compared to available expemental results [Vei87]. The
energies of molecular states of the tritiated species weredditionally obtained by a
scaling procedure. In 2004 the polarisabilities of HD, HT anl DT were recalculated by
B. Rao et al. [Bak04].

Experimental data on a and are only available for the non-tritiated isotopologues
[Gol62] presumably due to the enhanced experimental challeyes that arise from the
handling of the radioactive tritium gas. The measurements vere based on the determ-
ination of the dielectric constant [Her65], depolarisaticn measurements [Bri66] [Row71]
and absolute measurements [Car72]. Therefore, the theorigal calculations were only
veri ed for the non-tritiated isotopologues while the experimental veri cation of the
theoretical data of the tritiated species is currently still pending.

An experimental veri cation of the theoretical data on polarisabilities of the tritiated
hydrogen isotopologues is necessary to check the relialtyliof the theoretical data before
they can be applied for KATRIN. The TLK o ers the necessary tr itium infrastructure
to perform these measurements.

3.3 Experimental determination of a= ratios

In this section a method is proposed that allows a measuremeérof the ratio of the
mean polarisability a and the anisotropy and hence makes a comparison of theoretical
and experimental data possible. The more favourable measement of both individual
parametersa and would require the measurement of the absolute cross sectioaf
Raman scattering. For this measurement an absolute intengy calibration of the LARA
setup and hence tremendous experimental e orts would be naxssary. Therefore the
measurement of thea= ratios is currently preferred since it allows a rst comparison
between theory and experiment without too many experimentd e orts.

In the previous section the line strength function

45a% +7 2

2. 2. _.os iiS. o —
( a5 ,2,.+”,.) a5

(3.46)

was calculated for the standard setup of the KATRIN Raman seup, i.e. for a xed
detector system and vertically polarised incident light.

Up to now the in uence of the rotational states was not fully considered in the line
strength function. Depending on the symmetry of the rotational states, the anisotropy
part of the polarisability tensor is suppressed. The Placzk-Teller factors bgzo)ﬂoo allow

to account for this e ect [Pla33] and are inserted as a multigicative factor in front of
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(N
Figure 3.12: De nition of scattering geometry with variable direc tion of
scattered light and variable polarisation direction of the incid ent light. A

laboratory x coordinate system is used to describe the geometry of the scatteng
process. The scattering plane (coloured area) is de ned by the x- and z-axis. The in-
cident light (green) enters the scattering region, located in the origin O, in z-direcion.
The polarisation p' of the incident light is given by the polarisation angle . The dir-
ection OC of the scattered light is determined by two angles: The angle between
the z-axis an OC and the angle’ between the x-axis and the projection of OC on the
xy-plane.

each 2 term in the line strength function.

452 +7 B3 500 2
45

(a% %5i2%+ %20 = (3.47)
For pure vibrational transitions, i.e. J =0 and J%°= J%= J, the Placzek-Teller

factor is given by

@ _ J(J+1)
= 4
bJ'J(2J 1)(2J +3) (3.48)
[Lon02], for Stokes Raman, i.e. J =+2 and J%= J%% 2 by
+1 +2

2907 503 +1)2J +3)

For an arbitrary detector position and polarisation angle of the incident light, described
by the angles ,' and (see gure 3.12), the line strength function is given by

( 3.2; 2;-; . 254+ ”S, ): .
65,00 2 65,00 2 65,00 2
J ’is +4@a2+ 10 A co@ + - 5 cod( )+
2, 4@ 2 (20
as+ EbJO;JOO sin?( ) (3.50)

[Lon02]. This general formula of the line strength function can be used to calculate
the expected variation of the peak intensity as a function ofthe polarisation angle of
the incident light. For simplicity and clearness, the approximation of an in nite small
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Figure 3.13: Variation of line strength function as a function polari sation
angle of incident light for standard geometry, i.e. "=0and = 5. The

line strength function is plotted for the three homo-nuclear isotopologues and fothe
transitons v=0! 1,J=0"! O (black, solid line)andv=0! 1,J=3"! 3 (red,
dashed line). The deviations of the line strength function between the two transitions
but within every isotopologue are small in comparison to the deviations betveen
di erent isotopologues. The line intensities of thed =3 | 3 transitions decrease down
to zero. The unit of the line strength function contains the ne-structure constant

1=137, the electron massm, and Planck's constant h=6:626 10 34 Js. The
calculation of the line strength function is based on theoretical values fora and
from [Hun84].

aperture of the collection optics is used in this section whgéh will again simplify equation

(3.50). Thefull', and dependence of (3.50) will be used in subsection 6.1.1 where
the nite solid angle of the collection optics is taken into account. In the approximation
of a detector at standard position, i.e." =0 and = 5, with an in nite small aperture

the line strength function (3.50) reduces to

(0:5:2%+ 4% )=

’ (2) 2 H 2 .
T 1+cos’( ) + a’+ EbJO;Joo sin?( ): (3.51)
The line strength function is plotted in gure 3.13 for the tr ansiton v = 0 | 1,

J=0! Oandv=0"! 1,J=3"! 3foreach of the three homo-nuclear isotopologues
H», D> and T, using the theoretical values ofa and from [Hun84]. It can be seen that
a signi cant variation of the line strength function and hen ce of the observed intensity
of the scattered light is present when the polarisation angt of the incident light is
varied.

Using the variation of the observed intensity of scattered Ight according to gure 3.13,
the a= ratios can be experimentally determined in 3 steps:
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The line intensity of all peaks of interest in the Raman specta® are measured

as a function of the polarisation angle of the incident light. The spectral

resolution of the spectrograph and the CCD has to be su cient to resolve all

peaks individually since every peak is characterised by amiividual set of a and
values.

The theoretically expected line strength function, given by equation (3.51), mul-
tiplied by an overall scaling factor is tted on the experimentally measured
intensity variation of the individual peaks using  a and 2 as t paramet-
ers. The overall scaling factor contains according to (3.2Bthe irradiance |, the
population factor N; and the ~# factor and is assumed to be independent of the
polarisation angle of the incident light. The goodness of tle t is a measure for
possible unaccounted experimental e ects in the setup.

The a= ratio is determined by the division of the the two t paramete rs, i.e.
s

a _ a2

T 2

(3.52)

The individual values for aand cannot be extracted from this measurement since is
not quanti ed. A determination of  in order to extract the individual values for a and

from the data would correspond to the measurement of the abdate cross section of
Raman scattering and would require the full characterisaton of all e ects in the setup
which are related to transmission or loss of light.

In the following the method described in this section is calkkd depolarisation meas-
urement a and determine the ratio of the intensities of the parallel and haizontal
polarisation components of the scattered lighf.

The depolarisation measurements are based on the assumpticdhat the irradiance 1,
the laser frequency ~ and the population factor N; are constant during the meas-
urement. Changes ofN; can be neglected as long the temperature is kept constant.
Changes of the laser frequency depend on the stability of théaser itself and cannot
currently be excluded completely since the temperature of he laser is currently not
stabilised.

After a description of the experimental setup in the next chapter it will be shown in
chapter 5 that uctuations and drifts of the laser power are currently the most dominant
issue in the setup. In order to cope with varying laser powersluring the depolarisation
measurements, the measured intensity can be normalized orhé laser power. The ac-
curacy of the determination of the a= ratios can be enhanced by increasing the number
of independent measurements, i.e. by decreasing the stepzsi of the polarisation angle
of the incident light. The rst depolarisation measurements with tritium which were
performed at TLK for the determination of the a= ratios will be described chapter 6.

SCurrently the peaks of the Q ;1 branches are the most important since the current analysis bases on
the intensity of these. In the future also the O ; and S; branches will be taken into account. Therefore
also the a= ratios of these have to be measured and veri ed.

5In typical depolarisation measurements the individual polarisation com ponents of the scattered
light are measured as a function of the polarisation angle of the incident li ght. Although this is not the
case in this work, since both polarisation components are detected simutaneously, the measurements
will be called depolarisation measurements.
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Chapter 4

Description of the experimental
setup LARAZ2

Raman spectroscopy always deals with the detection of low djht intensities because
of the small cross section of the spontaneous Raman e ect wbh is typically of the
order 10 30 cm? [Men07]. By comparison, Rayleigh scattering has a much higér cross
section of the order10 28 cm? [Sut04]. The low particle density in a gaseous sample
further reduces the intensity of the scattered light compared to Raman spectroscopy at
liquid or solid samples. For Raman spectroscopy of tritium alditional requirements are
imposed on the experimental setup due to safety reasons siadritium is a radioactive
gas.

Currently no commercial system is available that fulls all requirements for Raman
spectroscopy on gaseous tritium within the KATRIN project, i.e. the measurement of
the hydrogen isotopic composition with 10 2 (1 ) precision for tritium over a periode

of 60 days. Therefore a custom-made Raman setup was succedlfudeveloped by R.

Lewis in 2005-2007 [LewOQ7] in the Tritum Laboratory Karlsruhe. Within the scope of
this thesis a second Raman setup based on the same design wasld, commissioned
and tested. In order to avoid confusion the already existingsystem will be called
LARAL in this thesis and the new setup LARA2.

The motivation for a second LARA setup in the Tritium Laborat ory Karlsruhe is stated
in section 4.1. A general description of LARA2 is given in setion 4.2. Finally the
components of LARA2 are presented in detail in section 4.3.

4.1 Motivation for second Laser Raman setup at TLK

The existing setup for Raman spectroscopy on tritium at the TLK was extensively

studied by M. Schldsser [Sch09]. It has been shown that the & is suitable to mon-

itor all six hydrogen isotopologues simultaneously [Stul8] and sources of systematic
in uences on the measurement were identi ed. The research ad development of Ra-

man setups for tritium will be further intensi ed at TLK with in the next years. Several
reasons given below show the need for a second Raman setup.

The Inner Loop system of KATRIN and a test loop system, calledLOOPINO (de-
scribed in section 4.3), were successfully commissionedMovember 2009 [Stul0b]
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[Pri09]. The Inner Loop is only operated with non-tritiated g ases until the WGTS
is installed and connected to the Inner Loop. The test loop sgtem LOOPINO
allowed to run rst long term Raman measurements of circulating tritium in
LOOPINO over periods of several weeks. Besides the long terrmeasurements at
LOOPINO, also investigations on systematic e ects, e.g. de to uctuations of
the laser, will be performed. Therefore a second Raman systeis necessary that
can be used in parallel to the long term measurements at LOORIO.

An accurate theoretical calculation of Raman spectra is neessary for the determ-
ination of the hydrogen isotopologue composition in the inét gas of the WGTS.
Not all quantum mechanical input parameters of the theoretical model are cur-
rently known with su cient precision and therefore have to b e measured. For
this measurement, described in chapter 6, the beam path hasotbe aligned very
accurately which is currently not possible in the existing LARAL setup. Therefore
a second setup was needed that allows the alignment of the las path relative to

the LARA cell using two or even more mirrors.

The second setup can be used as a backup of the rst one. In casé a fault of
the LARA system during KATRIN neutrino mass measurements, the downtime
of the experiment can be reduced when a second LARA system isvailable on
site. Even if the second system does not reach the same sergiy level as the
rst one the measurement can be continued with reduced pregion.

Systematic e ects induced by the hardware components of theKATRIN Raman
setup might be detected by repeating measurements with an idependent exper-
imental setup that is e.g. made of di erent components. The aigin of the e ects
can be identi ed by a successive exchange of components angrihe di erent
setups.

4.2 General description of LARA2

A typical scheme of a Raman setup was already shown in gure 2. It consists of three
mayor components:

An intense and monochromaticlight source , typically a laser.
A probe chamber containing the gas of interest, here tritium.

A system consisting of aspectrograph and a light sensitive detector , e.g.
a CCD!, for analysis of the scattered light.

Figure 4.1 shows a schematic drawing of the standard LARA2 dep. A laser beam
with 532 nm wavelength and 2 W power is emitted by a diode pumpd solid state
laser. The beam is guided by two mirrors (M1, M2) to the probe damber, which is
called LARA cell. A Glan-Taylor-Polariser (GTP) is placed int o the beam path to
remove any remaining vertical polarization component fromthe horizontally polarised
laser light: The horizontally polarised component can pasgshe GTP while the vertical
component is split o and dumped. A focus lens (L1) with 250 mmfocal length focuses

1Charge coupled device
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Figure 4.1: Schematic drawing of LARA2 setup. The laser beam is guided by
the mirrors (M1, M2) to turn the LARA cell which is placed in the focal plane of the
focus lens (L1). The =2 wave plate is used to turn the polarisation of the light from
horizontal to vertical direction. The scattered light leaves the LARA cell throug h a
side window and is imaged by collection optics (L3, L4) onto a bre that guides the
light to the spectrograph which is located outside the enclosure of LARA2. A mazor
edge lter for the suppression of the initial laser wavelength is placed between the bre
and the entrance slit of the spectrograph. The bre can be aligned by the collection
side mount (CSM). The laser power is measured by two devices: A photo diode (PD)
that monitors the re ection of the laser beam on the sampling lens L2 and by the
thermopile sensor LM-10. All components are mounted on a breadboard. For further
information see text.

the beam directly on the centre position of the cell. A =2 wave plate is used to turn
the polarisation of the light from horizontal to vertical di rection?. The scattered light
is collected by two lenses (L3, L4) and is imaged onto a optidabre that guides the
light to a razor edge Iter which suppresses the laser line. Wo images of the focus
and collection optics can be found in gure 4.2. Afterwards the light is sent to a
spectrograph that decomposes the scattered light into its derent wavelengths. The
CCD is placed into the focal plane of the spectrograph and aagjres the spectrum. The
exposure time of a typical acquisition is 250 s due to the lowritensity of the Raman
scattered light. After an acquisition, software correction routines are applied on the
image taken by the CCD to correct for several disturbing e eds before the position
and intensities of the spectral lines are used to obtain the Rman spectrum.

After passing through the LARA cell the laser beam is sent to he LM-10 sensor that
measures the beam power and position and also acts as a beamndp. A re ection of
the sampling lens (L2) is monitored by a photo diode (PD) for asecond laser power
measurement. A remote controlled shutter is placed in frontof the laser. The heat sink
of the laser is cooled by a fan and its temperature is monitord by a thermal sensor
(Pt1000).

The optical setup is installed on a breadboard which is covezd by a light tight enclosure
for two reasons: It avoids that ambient stray light can disturb the measurement and
it protects people in the lab from possible exposure to lasetight. The razor edge

2This is done to align the direction in which the most of the scattered s cattered light is emitted
towards the collection optics
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Figure 4.2: Optics of LARAZ2. Left: Top view on the optics between laser and
LARA cell. The beam path is indicated by the green dashed line. The aperture is used
for alignment of the beam, the = 2 plate turns the polarisation direction into vertical
direction, the focus lens focuses the beam on the centre position of the LARA cell
(not shown). Right: Collection optics of LARA2. Two 2" lenses collect the scattered
light from the LARA cell (not shown) and focus it on the optical bres. The positi on
of the bres can be adjusted in all dimensions by the collection side mount and by a
rotational mount that holds the bres.

Iter, the spectrograph and the CCD are placed in a separate aclosure underneath the
breadboard due to the limited dimensions of the LARAZ2 setup.

4.3 The components of LARA2

In this section the components of LARA2 are discussed in detéd Due to the low
intensity of Raman scattered light the components have to beoptimised for high light
throughput (collection optics, spectrometer) and high sersitivity (CCD).

4.3.1 The breadboard

The optical setup of LARA2 is mounted on a breadboard and covesd by an enclos-
ure. The breadboard is 90 75 cm in size and hence signi cantly smaller than the
dimensions of LARA1 (120 75 cm). This allows to easily transfer the setup in the
laboratory for measurements at various places. The spectgraph and CCD are placed
inside an additional box underneath (called spectrograph lox in gure 4.3) the bread-

board to gain more space for the optical setup in the enclosw@. Large spectrographs
like the SP500, that is presented in subsection 4.3.6, do not in the spectrograph box.
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Figure 4.3: Side view of LARA2 setup . The optical setup is installed inside the
enclosure. The spectrograph and CCD are normally placed inside the spectrograph
box under the breadboard. The PC of the LARA2 setup is also installed in the base
frame. The power supply of the laser is attached to the left side of the base fram
Larger spectrographs can be placed into the external enclosure and connected via the
optical bre.

They can be placed inside an external enclosure and connectdo the bre, as well.
The LARAZ2 setup and its di erent enclosures can be seen in gue 4.3.

4.3.2 The Excel 2 W laser

The LARAZ2 setup uses the diode-pumped-solid-staté laser Excel from Laser Quantunt

with 532 nm wavelength and 2 W nominal output power. The laserhas a neodymium-
doped yttrium aluminium garnet (Nd:YAG) crystal as gain med ium which is pumped
by laser diodes. The fundamental wavelength of the Nd:YAG cystal is 1064 nm [Eic06]
which is frequency doubled using an optical crystal to the otput wavelength of 532 nm.
Despite its high output power, the laser head is very small insize (158 x 104 x 47 mr#).

In table 4.1 the relevant speci cations of the Excel laser ae listed. The laser wavelength
was also experimentally determined t0532204 0:002nm by a characterisation meas-
urement done at the University of Swansea, Wales [Als09].

The laser is mounted on a heat sink made of aluminium which is etively cooled by
fan with 80 mm diameter ( gure 4.4). For the rst test measure ments outside of the
enclosure of LARA2 the laser was operated without active coling of the heat sink
without any problem. During the rst operations of the laser inside the enclosure
an overheating of the laser was observed and therefore a cawg fan installed. The
overheating of the laser will be discussed in more detail inection 5.3. The laser can
be controlled manually via the power supply or via a serial conection which is realized
by a LabView program.

°DPSS
4Laser Quantum , Cheshire, UK
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Table 4.1: Speci cations of Excel laser according to [Exc06]

Property Data
Power 2W
Wavelength 532 nm
Beam size (1/€) 1.8 mm
Spatial Mode TEM o (Gaussian)
Power stability (within 8 hours) < 3.0 % rms
RMS noise 3.0%
Polarization direction Horizontal (100:1)
Warm-up time 10 min
Figure 4.4: Excel laser mounted on heat sink . The cooling fan (not visible)

is mounted on the back side of the heat sink and generates an air stream along the
ns of the heat sink. The thermal sensor (Pt1000) is placed in front of the laser ad
measures the heat sink temperature. The shutter is mounted in front of the laser
aperture to block the laser beam.
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4.3.3 Laser beam path

The laser beam is guided by two 1 high-re ectivity mirrors to a lens with 250 mm focal
length which focuses the beam in the centre of the LARA cell. he =2 wave plate is
a birefringent crystal which is cut such that the extraordinary axis is parallel to the
surface of the plate. If the wave plate is turned by an arbitrary angle the polarisation
angle of the light will be turned by 2 . Two wave plates were used within this thesis.
The rstis 0.2 mm thick and made of mica. Itis placed between dass plates since mica
is too brittle that it can be used without stabilisation. Int otal the wave plate and the
glass plates are 2 mm thick. A second wave plate was installeth the LARA2 setup
when it was realised that a non-acceptable beam displacemeri$ induced by the glass
plates (see Appendix C). The second wave plate is made of crigline quartz which
does not need an additional glass plates for stabilisation.Therefore the second wave
plate is only about 0.2 mm thick and hence is called thin wave plate within this work
while the rst is called thick wave plate.

The small size of the laser head allows to place additional sering mirrors and optical
components in the beam path between laser and LARA cell. Thisexibility of the beam

path was used in the measurements described in chapter 5 andhapter 6. Mirrors and
focus lens are housed in ultra-stable KS1 mounts from Thorla®’.

4.3.4 The LARA cell

The LARA cell contains the tritium gas and therefore has to full certain require-
ments based on [TLAQ9], e.g. ultra vacuum leak-tightness (ma&mum leak rate below
10 9%) and a full metal construction of the cell body and all seals.The laser beam
enters and leaves the LARA cell through anti-re ection coated laser windows. A broad-
band anti-re ection coated window is used to send the scatteed light out of the LARA
cell. The optical windows of the cell have to ful | optical re quirements in addition to the
requirements of tritium compatibility: Absorption losses in the windows below 0.01 %,
low thermal e ects and minimum uorescence. This can be reabed by windows made
of fused silica. A procedure for the manufacturing of such widows in the LARA cell
[Eng92] and a suitable design [Tay01] for the LARA cell itsel were already developed
in the former Forschungszentrum Karlsruhe and the TLK.

The LARA cell can be operated in two di erent ways:

Outside of glove box

The cell contains a static gas sample and is placed directlyrothe breadboard ( gure
4.5). The volume around the cell is connected to the ventilaton system of the TLK.
In this con guration the cell is allowed to contain an activity up to 10'° Bg which
corresponds to about 13 mbar partial pressure of .

Inside of glove box

In order to be allowed to perform Raman spectroscopy measursents on gas samples
with activities above 10° Bq, all tritium containing components have to be surrounded
by a second containment, i.e. a glove box. Inside a glove boxhe cell can be lled
with gas samples with arbitrary tritium concentration and a total pressure of up to
800 mbar. This corresponds to a maximum activity inside the @Il of about 6 10'! Bq.

5Thorlabs, Dachau/Munich Germany
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Figure 4.5: LARA cell outside of glove box . The LARA cell is placed outside of
a glove box, not connected to a loop and lled with a static gas sample with naximum

activity of 1019 Bg. The laser passes through the cell from right to left. The scattered
light leaves the cell through the side window on the back side of the cell and is colleetd

by the rst lens of the collection optics (visible behind the LARA cell).

Besides high tritium concentrations it is also favourable b test the LARA system on
owing tritium gas similar to its nal application in the Inn  er Loop system of KATRIN.

The Inner Loop system of KATRIN will not be operated with trit ium until it is con-

nected to the WGTS. Therefore the test loop system LOOPINO [Sul0b] was set up to
perform Laser Raman measurements with owing and high concetrated tritium (T »
purity > 90 % at about 100-200 mbar total pressure) until LARA ¢ an be operated at
the Inner Loop system. LOOPINO is in comparison to the Inner Loop a simpli ed but

similar loop system (see gure 4.6).

The LARA cell and LOOPINO are located, next to the Inner Loop system, inside the
ISS glove box that serves as a second containment. The conriemn between the LARA

cell and the LARA setup which is outside of the glove box is doe by a custom-made
interface, the so-called appendix ( gure 4.7).

LOOPINO was operated the rst time with tritium in November 2 009 [StulOb]. Most
of the Laser Raman measurements that are described in chaptés and chapter 6 were
performed at LOOPINO.
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Figure 4.6: Simplied ow diagram of LOOPINO. The tritium is circulated

by a pump from the bu er vessel through the LARA cell. The pressure stabilisation
in the bu er vessel is obtained by the automatic valve. A total pressure of about
220 mbar and a tritium purity of >90 % can be achieved in the system. For further
details see [Stul0b].

Appendix
Connesctions
from and to
LOOPINO
LARA cell
Beam path
- -
m
21\ Scattered light LARA cell
LARA cell Diregtion of
side View
/ S D T T .
Beam path
Figure 4.7: LARA cell inside appendix . Left: Top view of the LARA setup

located in the appendix. The laser beam and the scattered light (both indicated by
green and red dashed lines) enter and leave the appendix through optical windows.
The connection of the appendix to the LARA setup is also shown in detail in the
3D drawing. All optical paths are covered with tubes for laser safety reasonsinside
the appendix the LARA cell can contain tritium samples with a maximum activity

of about 6 10'! Bg. Right: Side view of the LARA cell taken from the inside of the
appendix. Note the coordinate axis for the orientation of the image. The lasr beam
(indicated by the green dashed line) passes from right to left through the LARA cell
while the scattered light leaves the LARA cell and the appendix through windows
on the backside of the LARA cell. The LARA cell is connected to LOOPINO and
can be operated with circulated tritium. The window of the LARA cell which is on
the opposite side of the collection optics is currently not used and hence masked to
minimize stray light.
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Figure 4.8: Optical bres . The 48 optical bres are aligned at both ends along a
line. The core of each individual optical bre is 100 m in diameter and surrounded
by a cladding that increases the total diameter to 125 m. Left: Schematic drawing of
bres and projection of scattering region on bres. The scattering region is imaged1:1
on the bres. (According to [Lew07]). Right: Front view of bres which are mounted

in a cylindrical sleeve.

00000

4.3.5 The collection optics

The collection optics consist of two planoconvex lenses (7Bhm focal length and 2 =
50.8 mm diameter) and the optical bre (shown in gure 4.2). 2 optics were chosen
instead of normal 1 in order to increase the amount of colleted light. The rst lens
is focused on the centre position of the cell for maximum ligh collection. The second
lens is used to focus the scattered light on the 48 optical bes which are aligned along
a horizontal line (gure 4.8). In doing so an about 6 mm long pat of the beam path
inside the LARA cell is imaged one-to-one on the bres. The bres are aligned along
a line on the output side as well.

4.3.6 The spectrographs: Spectra Pro 500i and HTS

Several spectrographs can be used within the LARA2 setup fowavelength analysis
of the scattered light: The SpectraPro 500i (Princeton Instuments®), the HTS lens
spectrograph (Princeton Instruments) and the Triax320 (Horiba’). The SpectraPro
500i and the Triax320 are Czerny-Turner spectrographs, i.e.they use curved mirrors
for guidance and focusing of the light. The HTS uses lenses ffdocusing. A typical
design of both types of spectrographs is shown in gure 4.9. e speci cations of the
spectrographs at TLK are summarised in table 4.2.

SPrinceton Instruments, New Jersey, US
"Horiba, Kyoto, Japan
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Figure 4.9: Top view of Czerny-Turner spectrograph (left) and tran smit-
ting spectrograph (right) . Both types of spectrograph have a vertical entrance
slit (A), an di raction grating (C) and a focal plane (E) where the camera sensor is
placed. The optics for bundling the light (B) and for focusing (D) di er for the two
types: The Czerny-Turner uses mirrors, the transmitting spectrograph uses lenses.
Both types of spectrographs decompose the incident light along the horizontal s of
the focal plane.

Table 4.2: Specications of available spectrographs at TLK ba sed on
[Spe00], [Tri02], [ACTO5].

Property SP500 Triax320 HTS

Spectrograph type Imaging Czerny-Turner Transmitting
optics

Focal length [mm] 500 320 85

f-number 6.5 4.1 1.8

Optical gratings 150, 600 300, 600 600

[grooves/mm] 2400 1800 '

The SpectraPro 500i (commonly called SP500) was used as théasdard spectrograph
for LARA2 since the HTS is usually used in the LARAL setup and adistortion of
one of the internal mirrors of the Triax320 was recognized dung test measurements.
Its major di erences to the HTS are the higher f-number and the variety of optical
gratings.

The f-number f=# which is a measure for the solid acceptance angle

1 2
= — 4.1
f=# (4.1)
indicates the amount of light collected by the spectrograph Hence the light
strength of the SP500 f=# =6.5) is about 8 % compared to the HTS (f=# =1.8).
This yields to signi cant lower signal-to-noise ratio (SNR) within the same ac-
quisition time or accordingly longer acqusition times in order to reach the same
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SNR. Nevertheless, this is no mayor concern, since systemaitstudies of the setup
can also be performed with a reduced light yield. If high SNRsare required the
acquisition time can be extended.

The HTS has a xed optical grating with 600 grooves/mm, the SP500 as has three
gratings (150, 600 and 2400 grooves/mm) mounted on an autongally rotatable
turret. This turret allows the fast and easy change of gratings and setting of the
centre wavelength of the recorded Raman spectrum.

The SP500 has a vertical entrance slit with variable slit wicth. For normal operation
the slit width is set to 100-125 m as compromise between spectral resolution and
light throughput. For wavelength calibration a smaller slit can be used to increase the
resolution of the spectrometer. In front of the entrance slt a Semrock RazorEdge lter
is placed for suppression of the laser line bg0® 10°. Without such a Iter, the intense
laser line would cause disturbing re ections inside the spetrometer and hence increase
the background level in the Raman spectra.

4.3.7 The CCD detectors: PIXIS:400B and PIXIS:2kB

Two CCDs are available at TLK and can be installed in the LARA2 setup for the
detection of the scattered light: The PIXIS:400B and the PIXIS:2kB which belong to
the same series of scientic grade CCD detectors from Prinden Instruments. The
PIXIS:400B is the standard CCD of the LARA2 setup while the PIXIS:2kB is usually
used in the LARAL setup and was already described in detail ifSch09]. Both CCDs are
cooled down to -75°C via Peltier elements to reduce dark noise. The maximum of tie
quantum e ciency of the CCDs, i.e. the probability that an in coming photon produces
an electron in the CCD, ts well to the Raman spectra of hydrogen isotopologues (see
gure 4.10). The properties of the PIXIS:2kB are in general better than the PI1XI1S:400B
when taking the larger number of pixels into account (see gue 4.3). The PIXIS400B
was chosen for the LARA2 setup because it still easily ful Isthe requirements for the
tasks stated in section 4.1 but costs signi cantly less thanthe PIXIS:2kB.

Figure 4.10: Quantum e ciency of PIXIS cameras . Plot of the quantum
e ciency of the PIXIS CCDs as function of wavelength. Both CCDs have the same
guantum e ciency which peaks around 550 nm with a maximum quantum e ciency

of about 95%. This ts very well to the spectral range of the Q; branches of the
hydrogen isotopologues. (According to [PIX07a] and [PIX07b])
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Table 4.3: Specications of PIXIS cameras according to [PIX07 a] and
[PIX07h].
Property PI1X1S:400B PIX1S:2kB
CCD type back-illuminated
CCD size [pixel] 1340 400 2048 512
CCD size [mm mm] 26.8 8.0 27.6 6.9
Pixel size [m m ] 20 20 135 135
Minimum temperature [°C] -75
Dark current 0.005 - 0.01 0.001 - 0.006
[e / pixel / second] (@ -75°C) (@ -70°C)
Read out noise 35-5 35-6

@ 100 kHz readout [e rms]

4.3.8 Monitoring tools

Several auxiliary components are used for monitoring of pameters of the LARA2
setup, namely laser power, laser position and temperature fahe laser head.

PowerMax-USB LM-10 sensor (Coherent®)

This component serves three purposes: (i) it is used to safgldump the laser at the
end of the beam path, (ii) it measures the laser power within arange of 10 mW to
10 W using a segmented quadrant thermopile detector. The radution of the power

measurement is 1 mW [PowOQ7]. (iii) the LM-10 sensor can measerthe beam position
by weighting the power readings of the di erent quadrant segnents. A conservative
estimate of the spatial resolution is 0.1 mm although it can ke lower depending on the
beam pro le and size [Reb09]. The experimentally determind resolution of the beam
position measurement in vertical and horizontal directionis x = y =0:015 mmand

thus is better than the stated value of 0.1 mm. The power readng is currently only

read out with 10 mW resolution.

The active sensor area is 16 mm in diameter which makes the las power measurement
relatively robust under changes of the laser direction in thke order of a few millimetres,
so called beam walks. Due to its design as a thermopile senstire response time of the
sensor is of the order of 1-2 seconds which makes it insensiito faster changes of the
laser power.

Photo diode (Thorlabs)

The photo diode is used for a second independent laser powergasurement by monit-
oring the re ection of the laser on a sampling lens (L2) in gure 4.1. The active area
of the photo diode is 10 mm in diameter and hence much smallernan the active area
of the LM-10 sensor. Therefore this power measurement is mora ected by poten-

tial beam walks than the measurement using the LM-10 sensor. @ the other hand,

this sensor has a response time of 45 ns [Pho06] which makessititable to track laser

8Coherent, Dieburg, Germany
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variations with frequencies above 1 Hz. A glass di user plae is placed in front of the
photo diode to remove interference patterns of the re ectedlight on the active area of
the photo diode that might in uence the power measurement.

Platinum resistance thermometer Pt1000
This sensor is used to measure temperatures, e.g. on the ladeeat sink, based on the
measurement of the temperature dependent electrical rediance of platinum.

Webcam monitor

A standard webcam (Logitect? QuickCam E5300) was modied for beam position
monitoring and beam proling. It is not installed during nor mal operation of the
LARA2 setup but can be used for beam position monitoring. It is used in Appendix C
to characterise the beam walk which is induced by the rotation of the wave plates.

The standard optics in front of the optical sensor of the webam were removed and the
beam is directly focused on the sensor area which has 64@80 pixels. The pixel size is
stated to be 2.2 2:2 m [Logl0], the interspace between two pixels is not known but
estimated to about2 3 m to agree with the total size of the sensor area. Therefore an
e ective pixel size of about5 1 m is assumed in the following. The webcam is easily
saturated and therefore the deposited power has to be redudeto about 10 pW, e.g.
by operation of the laser at 20mW, monitoring of a re ection of the beam and further
reduction by neutral density (ND) lters placed in front of t he webcam. The webcam is
read out via USB by a LabView program which can store the recoded pictures and t
gaussian pro les to the intensity distribution of the laser spot to determine the beam
position in vertical and horizontal direction. The webcam monitor is used in appendix
C to measure the displacement of the beam due to the rotation bboth = 2 wave plates.

4.3.9 Interlock system and data acquisition

The electronics of the LARA2 setup are housed in a box at the font side of the setup
which contains an interlock system, a pre-ampli er for the photo diode signal and the
shutter control. The interlock system closes the laser shuer if the enclosure of the
LARAZ2 setup is accidentally opened during laser operation oif the photo diode signal
drops below a threshold which could indicate the damage a coponent of the beam
path. Detailed information about the interlock system can be found in [Sch09].

An analogue-to-digital converter from NI10 is used to record the photo diode voltage, the
output voltage of the Pt1000 and two further input channels which can be connected,
if needed, to additional sensors.

4.3.10 Acquisition and processing software

The LARAZ2 setup is controlled by a LabView program developedby M. Schlosser
[Sch09] that allows automated acquisition and post-processg of Raman spectra which
is necessary for continuous operation during later KATRIN neutrino mass measure-
ments. Besides the CCD image the readings of the monitoringdols are stored: Photo
diode voltage, laser power and beam position measured by LM@lLand temperature of

%Logitech, Apples, Switzerland
10National Instruments, Austin, Texas, USA
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the laser head. Currently, the LM-10 sensor is read-out with 2 @cimal digits which
reduces the sensor resolution from 1 mwW to 10 mw.

The post-processing procedures are split into several subutines based on the RSK!
toolkit. For detailed information see [RSK10] and [Sch09]:

Astigmatism correction

The spectral lines recorded by the CCD are parabolically behdue to abberation of the
optics of the spectrometers. This behaviour is called astigiatism and most pronounced
for spectrometers with short focal length like the HTS. The aberation has to be
characterised after each change of the settings of the speograph. An algorithm

based on this characterisation then applies an inverse disttion on the image to get an
undisturbed image.

Wavelength calibration

The wavelength calibration of the horizontal axis of the CCD image is done by a
reference spectrum with known line positions which has to baneasured as well after
each change of the settings of the spectrograph. Typically mrcury, neon or other
hollow cathode lamps are used as reference depending on thegion of interest.

Cosmic ray removal

Cosmic rays that pass through the sensor chip of the CCD depdischarge in the pixels
nearby. The intensity, i.e. the brightness, of such a pixel an be easily one order of
maghnitude higher than for a pixel belonging to a dominant spetral line of the Raman
spectrum. Therefore these pixels have to be detected and aacted before binning of
the CCD image. An algorithm detects these pixels by di erentiating along the pixel
columns and replaces them by the harmonic mean value of the madisturbed pixels
along the corresponding column.

Binning
Finally, the image is binned i.e. it is averaged along the vetical axis and the Raman
spectrum is obtained.

The LARAL setup was already intensively tested and several ystematic e ects that

in uence the measurements were identi ed [Sch09]. The LARA? setup can be used to
con rm these results and check if the e ects are caused by thedesign of the setup in
general or by a speci c component. Currently, the laser seem to have a signi cant

but yet not su ciently characterised in uence on the stabil ity of the system due to

drifts and uctuations of the laser power and the pointing direction. The advanced
monitoring tools of LARA2 allow a more detailed investigation of laser stability e ects

than it was possible before in the LARAL setup.

The next chapter focuses on measurements concerning the $titity of the Excel laser
and its in uence on the precision of the Raman measurement whreas the chapter 6
is dedicated to rst measurements of the molecule specica and factors which are
necessary for a precise calculation of line intensities intteoretical spectra.

1Raman spectroscopy for KATRIN
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Chapter 5

Investigations of laser stability

The aim of Laser Raman spectroscopy for KATRIN is the continuous monitoring of
the gas composition in the WGTS during the 60 days long KATRIN neutrino mass
measurement runs. The required precision, i.e. the reproduibility, of the LARA
measurement of | = 10 3 shall be achieved within sampling intervals of less than
300 s.

The precision

| = (5.1)
|aver:
is thereby de ned by the temporal uctuation of the measured intensity |, given by
the standard deviation of the uctuation, around an average value | gyer-.

In order to ful | these challenging requirements, disturbing in uences on the LARA
system have to be identi ed and eliminated or - if an elimination is not possible - well
understood and the data corrected for afterwards.

The LARA1L setup was already intensively tested, a method of gantitative analysis
was developed and sources of systematic e ects have been idieed [Sch09]. The
major results of [Sch09], that are relevant for this thesis,are:

It has been shown that a basic quantitative analysis of Ramanspectra should
be based on the Q branches due to their large intensity and only small overlags
with other lines. The peak intensities can be determined moe precisely by the
evaluation of the peak area than of the peak height.

An advanced analysis procedure, the so-called Indirect HardModelling (IHM),
was suggested and tested as well and shall be used for the aatlLARA meas-
urements for KATRIN. This method simultaneously ts theore tically calculated
Raman spectra of all hydrogen isotopologues on the measurespectra and de-
termines the composition by the weighting parameters of thet. It is expected
that this method allows to increase the precision of the measrement because it
takes the whole spectrum into account.

Since the IHM analysis is still under development, the basi@analysis, based on the
evaluation of the peak areas of the @ branches, is used for quantitative analysis
of Raman spectra in this thesis.
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Variations of the laser power were observed but can be takennto account by

using relative peak intensities instead of absolute peak itensities. The relative

peak intensity is calculated by normalising the absolute pak intensity on the sum

of all absolute peak intensities in the composition. A varidgion of the laser power
a ects all absolute peak intensities equally and hence willbe less present in the
relative intensities.

Nevertheless, the laser power should be kept stable on a higlevel since the
signal-to-noise ratios of the peaks in a Raman spectrum increse with increasing
laser power.

Instabilities of the laser pointing were suggested to explan an observed drop of
the absolute peak intensities of 22 % [Sch09]. The LARA setups very sensitive
to vertical movements of the beam in the LARA cell due to the narow region
from which the scattered light is collected by the collectian optics (see gure 4.8).

5.1 Importance of laser stability for KATRIN

The stability of the laser is one of the key parameters to acleve 0.1 % precision with the
KATRIN LARA setup. Although many in uences in the LARA setup have been already
identi ed, the laser stability is currently not su ently ch aracterised. A study of the

in uence of beam pointing instabilities on the relative int ensities should be performed
since rst indications for pointing instabilites were found in [Sch09]. The lasers in
both LARA setups belong to the class of diode pumped solid st (DPSS) lasers. An

in ucence of temperature variations of the LARAZ2 setup on the laser parameters can be
expected since temperature variations cause thermal drif of the optical components
of the laser cavity and hence in uence the laser. The impact a the precision in long

term measurements should be characterised.

The operation of the LARA systems at the appendix of the ISS gbve box also induces
further possible sources of disturbances due to the large mber of active components,
e.g. pumps, magnetic valves, in and around the ISS glove box.

A series of measurements with LARA2 were performed within tke scope of this thesis
addressing the mentioned possible sources of disturbances the laser system. Al-
though the lasers of the two LARA systems are not identical, nost of the ndings from
the measurements with LARA2 should be also valid in generaldr the laser of LARAL
due to its similar design.

The aim of the measurements was to investigate the stabilityof the LARA setup and in
particular the laser under conditions which are comparableto later KATRIN neutrino
mass measurement runs. The stability of the laser was invegated concerning power
stability and pointing stability. The frequency stability of the laser was not considered
within this thesis. The emphasis was put on studies of therm&in uences on the LARA
system and their impact on the precision of the gas compositin measurement and the
search for sources of laser instabilities. An overview of ta performed measurements will
be given in section 5.2 before the measurements are discudsa detail in the sections
5.3 - 5.5. The in uence of temperature variations on the pregsion of the measurement
is shown in section 5.6. The ndings of the measurements wilbe summarised and the
impact on the measurements for KATRIN will be discussed in setion 5.7.
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5.2 Overview of measurements performed

Three major measurement runs of LARA2 were performed that adress the laser stabil-
ity of the system. In all measurements the LARA cell contained a static gas sample to
minimise variations of the gas composition. Observed varigions of the Raman signals
during the measurements were therefore mainly caused by anext in the LARA setup
itself.

Run#1 :

In this run the laser was operated for several hours inside th enclosure of the LARA2
setup. A drop of the Laser power was observed which was causdy an overheating of
the laser due to insu cient cooling of the laser base plate. After this measurement a
cooling fan was installed at the laser base plate.

Run#2 :

A H2:HD:D» mixture in a static LARA cell with about 200 mbar total pressu re was
continuously monitored for about 8 days in this rst long ter m measurement with
LARA2. A periodic variation of the temperature of the laser base plate due to the
ventilation system of the laboratory was observed. The temgrature variation caused a
drift of the vertical beam pointing of the laser. After 8 days of measurement, an optical
component in the beam path was destroyed, probably by the dimtegration of dust on
its surface by the laser beam.

Run#3 :

The LARAZ2 setup was operated at LOOPINO which allowed to monitor a gas sample
with 217 mbar total pressure and about 90 % T, concentration for about 15 days.
Besides the impact of temperature variations of the laborabry on the LARA2 setup
a periodic disturbance of the laser beam was observed. It cabe shown that this
disturbance is perfectly correlated in time with an automatic ushing of the glove box
atmosphere with gaseous nitrogeh

5.3 Run#l: Operation without active base plate cooling

5.3.1 Experimental setup

A schematic drawing of the experimental setup is shown in gue 5.1 and the parameters
of the main components are stated in table 5.1. The di erences to the standard design
of LARA2 (shown in gure 4.1) are the additional mirrors M4 an d M5, the position

of the photo diode (PD) and the not yet installed cooling fan. The high resolution

grating with 2400 grooves/mm at a centre wavelength of 632.81m is used to monitor
the individual Q ; branches ofD».

The H2:HD:T , gas mixture is non-equilibrated, i.e. itis not in thermodynamical equilib-
rium and the concentrations of the three isotopologues heredeviate from the expected
1:2:1 distribution.

1The glove box atmosphere is lled with nitrogen to prevent the format ion of a amable gas mixture.
The glove box atmosphere is ushed with fresh nitrogen gas when the oxygen concentration reaches
3 %.
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Figure 5.1: Experimental setup of LARA2 of Run#1. The LARA cell is

placed directly on the breadboard and not connected to a loop. A Glan-Taylor-
Polariser (GTP) is placed at the beginning of the beam path to remove any vertcal
polarization component from the laser light: The horizontally polarised component
can pass the GTP while the vertical component is split 0 and dumped. The =2 wave
plate is used to turn the polarisation direction from horizontal to verti cal direction.

The temperature of the laser base plate (Temp1l) is monitored with the Pt1000sensor.
The scattered light is analysed with the SP500 spectrometer and the Pixis40@amera
that are placed in the external enclosure.

Table 5.1: Parameters of Run#l

Location Room 174 Warmes Labor 1

Gas mixture, operation mode H:HD:T, (non-equilibrated) with about
200 mbar total pressure, static cell outside
of glove box.

Spectrometer (slit width, SP500, 125 m, 2400 grooves/mm,
grating, central wavelength) 632.8 nm

CCD (Temperature, Pixis 400B, -72.5C, 100 kHz, gain 3
read-out speed, gain)

Acquisition time per spectrum 600 s

Laser: Power set point 2 W, laser warmed up for
30 min with open enclosure
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5.3.2 Measurement and analysis procedure

After a 30 minutes long warm-up of the laser with open enclosug of LARAZ2, the
enclosure was closed and the measurement started. The syatewvas operated for about
10 hours until an overheating of the laser was observed, indated by a ashing LED
in the laser power supply.

The Raman spectra were not evaluated further due to the largenstabilities of the Excel
laser. The laser parameters during the overheating are disssed in the next subsection.

5.3.3 Discussion of Results

The laser parameters (base plate temperature, beam positio and laser power) are
plotted in gure 5.2 and indicate a rise of the base plate temgerature up to 47 °C in

the rst 4 hours of operation. The laser power measured by thephoto diode and the
LM-10 decreases by 26 % and 9 % respectively. The beam positisaries in horizontal
(x-) direction by about 0.4 mm while the vertical (y-) position exhibits no signi cant

change.

When the base plate temperature reaches 47C the laser power is automatically reduced
by the power supply to avoid a further heating up and possibledamage of the laser.
At the same time the beam jumps about 0.6 mm upwards and aftenards starts to
move slowly towards its initial position. The horizontal beam position is not explicitly

a ected by the reduction of the laser power and follows its l;ng term trend.

This measurement shows that the laser can not be operated inhe enclosure of LARA2
without an active cooling of the laser base plate. Thereforea cooling fan was mounted
at the laser base plate after this measurement. The decreasy of the laser power during
the rst 4 hours could be caused by the continuous heating up 6the laser base plate
but is not proven. The about three times stronger decrease ofhe photo diode voltage
compared to the power reading of the LM-10 sensor has to be fulner investigated. An
o0 set in one of the sensor readings could explain the di erem strength of decrease but
is improbable due to the shown linearity of photo diode voltage and laser power and the
absolute power calibration of the LM-10 sensor. A more probale hypothesis is a small
movement of the re ection of the beam on the active area of thephoto diode (9 mm
diameter) during the 0.4 mm drift of the horizontal beam position. If the sensitivity of
the photo diode slightly varies over its surface this could ause a di erent laser power
reading.
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Figure 5.2: Run#l: Overheating of laser due to insu cient base p late

cooling. The laser power, measured by photo diode and LM-10 sensor, is automatic-
ally reduced by the laser power supply when the laser base plate temperature reaches
47 °C.
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Figure 5.3: Experimental setup of LARA2 of Run#2. In addition to the setup
of Run#1 (see gure 5.1), a cooling fan is mounted to the laser base plate.

Table 5.2: Parameters of Run#2

Location Room 174 Warmes Labor 1

Gas mixture, operation mode H:HD:D» (non-equilibrated) with about
200 mbar total pressure, partial pressures
unknown, static cell outside of glove box.

Spectrometer (slit width, SP500, 125 m, 150 grooves/mm, 650 nm
grating, central wavelength)
CCD (Temperature, Pixis 400B, -72.5C, 100 kHz, gain 3

read-out speed, gain)
Acquisition time per spectrum 250 s

Laser: Power set point 2 W, laser warmed up for
10 min

5.4 Run#2: Long term measurement of H >, HD and D »

5.4.1 Experimental setup

The experimental setup of run#2, shown in gure 5.3, is in gereral identical to the
setup of run#1, apart from the now installed cooling fan. The measurement paramet-
ers, shown in Table 5.2, were changed: The 150 grooves/mm dgrag has been used at a
centre wavelength of 650 nm to simultaneously monitor the g§, O;, Q1 and S; branches
of H, HD and D»,. The acquisition time was reduced to 250 s which is comparablto
typical acquisition times in nal KATRIN measurements. The angular position of the
=2 wave plate was set to transpose the horizontally polarisedight into vertically po-
larised light, in order to maximise the intensity of scattered light towards the collection
optics.
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Figure 5.4: Run#2: Wave plate after damage. A spot was burned into the
wave plate by the laser beam and the coating was extensively damaged around the
spot. The damage is assumed to be triggered by a dust particle on the wave gk
that increased the absorption of the intense laser light.

5.4.2 Measurement and analysis procedure

The measurement was started after a 10 minutes long warm-up dhe laser. After about
8 days the measurement was aborted due to a damage of the wavéape (see gure 5.4).
It is assumed that the damage of the wave plate was triggered\bthe disintegration of
a dust particle on the wave plate by the laser light.

A disturbance in the vertical beam position reading of the LM-10 sensor was observed
during the measurement. The sign of the vertical beam positin reading was at rst
occasionally and later more and more often changed until allvertical beam position
readings were negative. The disturbance does not seem to gespond to an actual
change of the beam position but rather to an malfunction in the electronic systems of
the sensor. This feature is discussed in detail in appendix Avhere it is also shown
that the actual vertical beam position can be reconstructedfrom the data by taking
the absolute value of the vertical beam position reading.

5.4.3 Discussion of Results

A representative Raman spectrum of run#2 is shown in gure 5.5. The absolute and
relative intensities of the Q; branches of K, HD and D, are shown in gure 5.6 as
a function of time. The absolute intensities decrease by 5-106 in the rst 7 days of

measurement. Within the last 12 hours before the damage of ta wave plate, i.e. in
the periodt 7.5 - 8.05 d, the absolute intensities decrease by more thar026. The
relative intensities are constant within 0.5 percentage pants during rst 7.9 days. Only

in the last 4 hours before the damage a change of the relativeniensites by about 1
percentage point can be observed.

The laser parameters of run#2 are plotted in gure 5.7. The readings of the photo
diode and the LM-10 sensor decrease over the full measuring ped of about 8 days
by 17 % and 14 % respectively. This indication for a drop of thelaser power can
qualitatively explain the mentioned decrease of the absolte peak intensities although
the magnitudes of the decreases di er by a factor of 2-3. In comast to the absolute
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Figure 5.5: Run#2: Spectrum of H 2, HD and D ,. The rotational (So) lines of
H,, HD, D, located in the rst 1500 cm ! of the spectrum, are strongly overlapping
each other. The pure vibrational (Q1) branches can be nicely identi ed.

and relative peak intensities, the laser power reading of tb LM-10 sensor shows no
indication for damage of the wave plate before the moment of he actual damage at
t=8.05 d when a sudden drop of the laser power was observed.

Combining the early indications of the damage seen in the alidute intensities and the
observed sudden drop of the laser power yields to the hypotlsis that a dust particle
has been stuck to the wave plate at least 12 hours before the a@ml damage of the wave
plate. The dust particle acted as a nuclei for an increasing bsorption and scattering
of laser light which caused a decreasing of the laser intertgiin the centre region of the
LARA cell and hence a drop of the absolute peak intensities. Tie absorption due to
the dust particle and the disintegration of the wave plate material increased until the
wave plate was damaged by an abrupt runaway reaction.

After the discussion of the destruction of the wave plate, the period t =0 - 7.5 d will

be investigated now in detail. The continuing rise of the lagr base plate temperature
in the rst 4 hours of run#2 indicates that a much longer warm-u p time is needed
for LARAZ2 than the typical warm-up time of 10 minutes stated in table 4.1. The

beam pointing in vertical direction is strongly a ected by t he rise of the base plate
temperature during the warm-up: The beam drifts by 0.2 mm downwards on the LM-

10 sensor due to a temperature rise of about 4 K. In horizontalx-) direction a small

but steady drift of the laser beam by 0.1 mm in total is present The impact of the

temperature variations on the horizontal beam position is regligible.

In addition to the warm-up process, the temperature of the lagr base plate is also
a ected by the dierent modes of the ventilation system of th e laboratory. In day
mode the whole TLK ventilation system has an air throughput of about 65,000 n¥ per
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Figure 5.6: Absolute and relative intensities of Run#2. The absolute intens-

ities drop signi cantly in the last 12 hours before the damage of the wave plée at
t = 8.05 d while the relative intensities are only a ected in the last 4 hours before the
damage.

hour and in night mode only of about 35,000 nf. The transition from night to day
mode gradually occurs from 7:00 to 7:30 and the transition fom day to night mode
from 18:00 to 18:30. The ventilation system stays in night male from Friday evening to
Monday morning. The correlation of the transition phases ard the periodic variations
of the laser base plate temperature is shown in gure 5.7. Theperiodic temperature
variations due to the ventilation system are of the order 0:5 K and cause a drift of
the vertical beam position on the LM-10 sensor of typically 0:05 mm.

The temperature of the laser base plate never reaches 3@ in run#2. This shows

that the cooling fan is su cient to cool the laser base plate. After solving the issue of
overheating the impact of the ventilation system of the labaatory on the laser base plate
becomes the most prominent disturbance on the LARA measuremnts. In section 5.6
the precision achieved in periods of large temperature vaations will be compared with

periods with vanishing temperature uctuations.
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Figure 5.7: Run#2: Laser power, beam position and laser base pl ate tem-

perature. Top: Both laser power readings decrease by comparable amounts but with
di erent temporal behaviour. The photo diode was placed before the wave plate and
hence was una ected of its damage at t=8.05 d. The reading of the LM-10 sensor
immediately drops after the damage of the wave plate.Middle and bottom: The ver-
tical beam position is strongly a ected by temperature variations of the laser base
plate, e.g. by the initial warm-up of the system (t = 0 - 0.25 d) and by the temper-
ature variations due to the di erent modes of the laboratory ventilation system. The
temperature in uence on the horizontal beam position is negligible. The transition
phases between the day mode of the ventilation system (high air throughput in the
laboratory) and night mode (low throughput) are indicated by triangles and squares.
During the weekend the ventilation system is set to night mode. The uncertainties of
the power measurements (Photo diodes: about 30 mV, LM-10: 10 mW), the beam po-
sition measurements (about 0.015 mm) and of the temperature measurement (balv
0.5 K) are much lower than the observed trends and therefore not indicated.
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Table 5.3: Parameters of Run#3

Location Operation at LOOPINO

Gas mixture, operation mode T, gas with 217 mbar total pressure and
more than 85 % T, concentration. Tho
other gas constituents are HT, DT and
tritiated methanes. The gas has been
already circulated for more than 4 weeks
in LOOPINO before the valves before and
after the LARA cell were closed for the
monitoring of a static gas sample.

Spectrometer (slit width, HTS, 100 m, 600 grooves/mm, 659 nm
grating, central wavelength)
CCD (Temperature, Pixis2kB, -75°C, 100 kHz, gain 3

read-out speed, gain)
Acquisition time per spectrum 250 s

Laser: Power set point 2 W

5.5 Run#3: Long term measurement of T > at LOOPINO

5.5.1 Experimental setup

Run#3 was done at LOOPINO where a static T, sample with 217 mbar total pressure
and T, concentration of more than 85 % was monitored for 15 days. Theemaining
gas components were found to be DT, HT and tritiated methanes The gas has been
situated in LOOPINO for about 4 weeks before the start of run# 3. An additional photo
diode was installed in the optical chain (see gure 5.3) to maitor the laser intensity
in front and behind the LARA cell. The pre-ampli er of LARA1 wa s used to amplify
the additional photo diode voltage before digitalisation. The thick wave plate, made
of mica, was replaced by the thin wave plate made of crystaline quartz since it
was realised that the thick wave plate caused a non-acceptadle beam walk when it is
rotated. The beam walk caused by both wave plates is charactésed in section 6.2 where
it is shown that the beam walk due to the thin wave plate in ne gligible. In addition
to the thermal sensor on the laser base plate two further tempratures were monitored
during the measurement: The temperature of the LARA cell indde the appendix using
a second Pt1000 sensor and the laboratory temperature usingn uncalibrated thermal
sensor in the exhaust air system. The HTS spectrograph was esl in combination with
the Pixis2kB CCD camera due to the better light yield in comparison to the SP500.
The acquisition time was set to 250 s which is comparable to tgical acquisition times
in later KATRIN measurements. The detailed measurement paameters of run#3 can
be found in table 5.3.

The mounting of LARAZ2 to the appendix and the alignment of the setup took about
one day which is signi cantly more than the typical time needed for setting up the
system with a free standing LARA cell.
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Figure 5.8: Experimental setup of LARA2 of Run#3 The LARA cell is con-
nected to LOOPINO inside the appendix. The laser power is measured by two photo
diodes (PD1, PD2) and by the LM-10 sensor. The pinhole is used as reference for
alignment purposes but is fully opened during measurements. The temperature of the
laser base plate (Templ) and of the LARA cell inside the appendix (Temp2) are mon-
itored with Pt1000 sensors. The scattered light is analysed with the HT Sspectrometer
and the Pixis2k camera that are placed in the enclosure underneath the breadboard.

5.5.2 Measurement procedure and analysis

The measurement was started without warming up of the laser. Note that the laser

shutter was closed during 4 subsequent acquisitions (t = 4.8 - 4.10 d) because the
setup had to be opened due to technical reasons. The acquigihs associated with this
period of interruption were excluded from the data evaluation procedure.

5.5.3 Discussion of Results

A typical spectrum acquired during run#3 is shown in gure 5. 9. The Q; and O; and
S; branches of T, and the Q; branches of HT and DT can be identi ed although the
overlap of the @y branch of DT with the S1 (J =2) branch of T , has to be considered.
The line position of the T, (S1) J =5 line deviates by 9 cm ! from theoretical data
[LewO7] while all other lines agree within 5 cm®. This discrepancy will be further
investigated. The achieved spectral resolution, given by te full width half maximum
(FWHM) of the T » (Q) line, is better than 1 cm 1.

Several strongly overlapping lines can be found between 180and 2000 wave numbers.
It is assumed that these lines belong to deuterated and tritated species of methane,
i.e. CTy4, CDT3, CD>T», etc., that were formed by the interaction of tritium with
the stainless steel tube walls of LOOPINO. The formation of deuterated and tritiated
methane species in the presence of stainless steel is a knopnocess [Mor77] and can be
expected for this gas mixture due to the more than 4 weeks longtorage period of the
tritium gas in LOOPINO. An unambiguous identi cation of the lines by comparison
with known line positions of deuterated and tritiated methane species [Eng92] was not
possible since the individual lines cannot be resolved withthe used combination of
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Figure 5.9: Run#3: Spectrum of T 2, DT and HT taken at LOOPINO. The
Q1 branch of T, dominates the spectrum due to the high T, concentration of about
90 %. Several Q and S lines of T, can be identi ed, the line positions typically agree
with the theoretical data [Lew07] within 5 cm 1. The Q; branch of DT overlaps with
the S; (J =2) branch of T , as already shown in gure 3.9. The lines between 1500
and 2000 cm ! probably belong to tritiated methanes, e.g. CT;, CDT3. A de nite
identi cation is not possible with the chosen optical grating due to the narrow spacing
of the lines and large overlaps in the spectrum. The tritiated methanes were forrad
by interactions of the tritium gas with the stainless steel tube walls of LOOPINO.

spectrograph and CCD. A dedicated study of tritiated methanes will be performed in
the future using the high resolution grating of the SP500 spetrograph.

The absolute and relative intensities of the Q branches of T, DT and HT as a function
of time are plotted in gure 5.10. It has to be kept in mind that also the § (J =2) line
of T, contributes to the absolute and relative intensity of the Q1 branch of DT. Other
hydrogen isotopologues were not considered for the calculan of relative intensities
since no contribution in the spectrum could be observed. Theines of the methane
species were ignored as well because the strong overlaps yeeted a robust peak t.
Although variations of the laser power are compensated by tk calculation of relative
intensities, a distinct variation of the relative intensit ies is observed. In addition, pro-
nounced drops of the absolute intensities aroundt 8 dandt 13.2d are observed.
Major changes of the gas composition causing such uctuatins can be excluded since
valves of the LARA cell were closed during the measurement.
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Figure 5.10: Absolute and relative intensities of T 2, DT and HT. Due to the
overlap of the @y branch of DT and the S; (J =2) branch of T , only the intensity of
both can be given. The relative intensities were calculated by normalizing the bsolute
intensities on the sum of all three intensities. Note the break in the y-axis inboth
diagrams.
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The laser parameters, shown in gure 5.11, reveal several &ures. An overview is given
before the features are discussed in detail in the followingubsections.

Periodic disturbance of laser power and beam position

The horizontal beam position reading and the photo diode 1 vttage are disturbed
by a periodic, peak like feature on top of their long term trends. About ve
peaks per day are observed. This type of disturbance was alsobserved during
measurements with the LARAL setup in December 2009 and Janug 2010. The
disturbance of the laser power and position reading is perfgly correlated in time
with the regular ushing of the ISS glove box atmosphere with nitrogen gas. The
hardware component that causes this disturbance and the trammission path of
the disturbance is currently unknown.

Temperature pro les of laser base plate
The laser base plate needs nearly 0.5 days to reach a stablemperature of about
30 °C. Temperature variations of up to 4 K were detected during run#3. The
temperatures of the laser base plate and of the LARA cell aren uenced by
temperature variations of the laboratory.

Correlation of beam position with base plate temperature

The vertical and the horizontal beam position are correlatel with the laser base
plate temperature but with di erent strength. The observed beam-walk in the
interval t =4 d to t = 8 d is a suitable candidate to explain the v ariations in the
relative intensities. Fort 8 d an abrupt change of vertical and horizontal beam
position occurs that is caused by a corresponding drop in temerature.

Contradictory trends of laser power readings and correlation with laser
base plate temperature

All laser power readings exhibit two features: A linear longterm drift over the
full measuring time and a short term variation with smaller amplitude which
is correlated with the laser base plate temperature. The liar long term drift
of photo diode 1 is increasing while the long term drifts of ploto diode 2 and
the LM-10 sensor are decreasing. Two of the laser power readjs, i.e. the photo
diode 2 voltage and the power reading of the LM-10 sensor, deease continuously
while the photo diode 1 voltage increases.
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Figure 5.11: Laser power, beam position and laser base plate temp erature.
Top: The laser power measured by two photo diodes (in volts) and the LM-10 sensor
(in watts). The readings of the LM-10 sensor and the photo diode 2 have a similar
declining trend while the reading of the photo diode 1 increases. The reading of photo
diode 2 additionally has a periodic disturbance on top of the global trend.Middle and
bottom: The beam position in horizontal and vertical direction measured by the LM-
10 sensor. A signi cant movement of the beam is visible, especially during the wan
up of the laser system in the rst 12 hours. Both position readings perfectly corelate
with the temperature of the laser base plate, however, the vertical position $ more
a ected by the temperature variations. The horizontal position is also periodically
and increasingly distorted.
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Figure 5.12: Correlation of oxygen concentration in ISS glove bo x and
laser parameters. Left: The oxygen concentration in the ISS glove box periodically
increases from 2.35 % to 3 % due to minor leaks in the second enclosure. The glove
box atmosphere is automatically ushed with nitrogen gas when the concentration
reaches 3 % to avoid the formation of a amable gas mixture. Right: The intervals

of the exchange of the glove box air perfectly correlate in time with the obsrved
disturbances of the laser parameters, i.e. horizontal beam position and poweeading

of the photo diode 1. The vertical beam position is also a ected but with negligble
amplitude.

5.5.3.1 Periodic disturbance of laser power and beam position

Periodic distortions of the photo diode 1 reading the beam pesition were observed
during run#3. A small amount of ambient air continuously ent ers the ISS glove box
due to the about 5 mbar low pressure inside the ISS glove box imomparison to the
laboratory and due to the leak rate of the ISS glove box which$ below0:3 Vol:% of the
glove box per hour and 1 mbar pressure di erence to the labortory atmosphere?. When
the oxygen concentration inside the glove box reaches 3 %, &hglove box atomsphere is
ushed with fresh nitrogen gas to avoid the formation of a am able gas mixture inside
the glove box. The observed periodic disturbances of the la&s power reading of photo
diode 1 and of the beam position are correlated in time to the egular ushing of the
glove box atmosphere with nitrogen gas (see gure 5.12)

Several hardware components of the ushing system, e.g. pups and magnetic valves,
are possible candidates to be the origin of the disturbanceThe transmission path of
the disturbance is currently also unexplained. A transmis$on of the disturbance via
the power grid can be excluded since no voltage peaks and fregncy uctuations were
found in the period of interest. Since the two a ected sensos use di erent measurement
principles - the photo diode is a semiconductor device whilghe LM-10 sensor is a

2Due to its large size, the leak rate of the ISS glove box is allowed to beby a factor of three larger
than the maximum leak rate of 0 :1 Vol:% per hour and 1 mbar pressure di erence of all other glove
boxes at TLK.
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thermal sensor - a disturbance of the sensors seems improdatand therefore an actual
disturbance of the laser is assumed. Further investigatios are ongoing to reveal the
origin and the transmission path of the disturbance since saoh kind of disturbance
cannot be accepted during KATRIN neutrino mass measurementuns.

5.5.3.2 Temperature pro le of laser base plate

The temperature pro le of the laser base plate, the LARA cell and the reading of the
uncalibrated temperature sensor in the exhaust air system bthe laboratory are shown
in gure 5.13. The laser base plate is always about 7 K warmer han the LARA cell

in the ISS glove box due to the thermal load of the laser. Tempeature variations

of the laser base plate can be simultaneously seen in the terepature reading of the
LARA cell which indicates that the temperature variations are caused by an external
parameter which a ects both components. Frequent temperatre variations are visible
from Monday to Friday, when the ventilation system changes 5times from night to day

mode and vice versa.

Figure 5.13: Laser baseplate temperature T Laser » LARA cell temperature

Tcen and laboratory temperature T Lab - The laser is always about 6 K warmer
than the LARA cell inside the ISS glove box due to the thermal load of the laser.
The laser needs about 0.5 d to reach a constant base plate temperature. Although
the atmosphere inside the ISS glove box is isolated from the outside atmospher
the trends of T aser @and Tcey are very similar. The two modes of the laboratory
ventilation system (the laboratory's air throughput is about 2 times hig her in day
mode than in night mode) have a signi cant in uence on the laboratory temperature
and hence on the laser and the cell. The ventilation system stays in night mode dunig
the weekend. The changes between both modes are indicated for ke .
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The laser base plate temperature and the temperature of the ARA cell drop by about
4 K during the periodt 5.2 - 7.3 d. The temperature of the exhaust air strongly
uctuates during the same period. A reason for the temperatue drop and uctuation
respectively, e.g. due to the opening of an exterior door oflte laboratory of malfunc-
tions of the ventilation system in this period, cannot be found. The temperatures of
the laser base plate and the LARA cell are more stable during he weekends when the
ventilation system is constantly set to night mode, i.e. low air through put. It will
be shown in section 5.6 that the precision of the gas compositn measurement signi-
cantly decreases in periods with enhanced temperature vamations in comparison to
periods with stable temperature. A sudden temperature dropatt 8 d, which also
a ected the absolute and relative peak intensities (see gue 5.10), is also present in the
reading of the temperature sensor of the exhaust air systemmiicating a general drop
of the temperature in the laboratory. An opening of an exterior door of the laboratory
or a sudden drop of the ambient temperature outside of the labratory, which could
explain such a sudden temperature drop, were not found in theorresponding interval.

The ventilation system can be identi ed as a major in uence on the temperature sta-
bility of the laser base plate while the origin of the 4 K tempeature drop is currently
unknown. As it will be shown in the next subsections, the temperature stabilisation of
the laser base plate is crucial for the stable and reliable ogration of the laser. There-
fore further investigations have to be performed to clarifythe origin of the temperature
variations.

5.5.3.3 Beam position and base plate temperature

A correlation of the beam position with the laser base plate emperature is observed
also in this run. The largest variation of beam position occus in the periodt 4.5 -
7 d in which also the laser base plate temperature decreasey ld K: The horizontal

beam position changes by about 0.08 mm and the vertical beamgsition drops about
0.4 mm. In this period also the strongest variations of the alsolute and relative peak
intensities occur apart from the one-time event att 8 d. The impact of the beam
pointing instabilities on the precision will be evaluated in detail in section 5.6.

In Appendix B the change of the pointing direction of the lase is estimated which
could exclusively explain a beam walk of 0.4 mm. It is shown tht laser alone cannot
cause such a beam walk under normal circumstances and themt also the pointing
instabilities of other optical components in the beam path,e.g. mirror and lens mounts,
have to be considered to explain the observed beam walk. Fuler investigations on
the temperature in uence on the stability of the mirror moun ts are currently ongoing
and indicate that also the mirror mounts are a ected by temperature variations.
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5.5.3.4 Contradictory trends of laser power readings

All three power readings reveal a linear long term drift overthe 15 days of measurement.
While the reading of the photo diode 2 (placed at the beginnimg of the beam path) and
the reading of the LM-10 sensor (placed at the very end) decrese by 11 % and 8 %
respectively, the reading of the photo diode 1 (placed at theend of the beam path)
increases by 12 %. The origin of the linear drifts is currenty unknown but does not seem
to represent an actual change of the laser power due to the ctrary readings. Thermal
in uences on the read-out electronics, especially on the homrmade pre-ampli ers of
the photo diodes, could cause a drift of the photo diode voltge. The analogue-to-
digital converter which is used to acquire the pre-ampli ed photo diode voltages can
be excluded as the origin of the observed drifts since its pasion was experimentally
veri ed on the level of 0.02 %. The test of the stability of the pre-ampli ers is currently
ongoing.

On top of the long term linear drifts a smaller, short term variation of the order of
2-3 % is present in each laser power reading which can be eas#igen in the plot of the
deviations of the t from the measured data (see gure 5.14). A clear correlation of
this short term variation with the laser base plate temperature was found for all three
laser power readings indicating that the short term variation is an actual variation of
the laser power itself.
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Figure 5.14: Temperature in uence on laser power. Above: The global trends
of all three laser power readings can be approximated by linear functions.Below:
The deviations of the ts from the measured data are correlated with the of the laser
base plate temperature (red). The correlation is the least visible for the Iaer power
reading of the LM-10 sensor due to the limited read-out resolution of the sensor.
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Table 5.4: Periods of run#2 and run#3 with speci c temperature p role
for calculation of precision.

Run Period Temperature pro le of period
Run#2 | 1.3-26d Stable temperature, T 0:06 K
I 26-76d Temperature uctuations, T = 05K
Run#3 | 2-4d Stable temperature, T 0:2K
I 4-6d Temperature drop by T=4 K
i 9-114d Temperature decrease by T=0 :3K
IV 11-13d Temperature uctuations, T = 07K

5.6 Inuence of laser stability on precision in long term
measurements

After the detailed discussion of the measurements, the impet of temperature instabil-

ities on the precision of the relative peak intensities willbe evaluated for run#2 and

run#3. For that purpose both runs are divided into periods with speci c temperature

pro les according to table 5.4. The precision of the relative peak intensities is calculated
according to equation 5.1 for each period.

Achieved precision in run#2

The histograms of the relative peak intensities for the Q branches of B, D, and HD
in the two periods of run#2 and the calculated precisions areshown in gure 5.15. The
precision vary from 4:3 10 3 (D5, period I) to 9:3 10 2 (HD, period Il). The precision
of the Q; branch of HD is in both periods worse than the precisions of te Q; branches
of the two homo-nuclear isotopologues due to the smaller sigi-to-noise ratio of the
Q1 branch of HD in the Raman spectra. In general a worsening of th precision of all
relative intensities can be observed from period | to periodll which is related to the
enhanced temperature variations and hence reduced laseragtility in period II.

Achieved precision in run#3

In run#3, the precision of the Q 1 branch of T is evaluated for four di erent periods (see
gure 5.16). The achieved precision varies from3:5 10 3 (period I) to 6:3 10 3 (period
II) indicating again the impact of temperature uctuations and drops respectively on
the precision of the relative peak intensity.

For the comparison of the achieved precisions in both runs,everal aspects have to be
considered:

~

In run#2 the total pressure of the gas sample was about 200 mbawith a H , and
D, concentration of approximately 35-40 %. In run#3 the total pr essure of the
gas sample was 217 mbar with a 3 concentration of more than 85 %. Therefore
the partial pressure of T, in run#3 was at least a factor of 2 higher than the
partial pressure of H, and D,, respectively, in run#2. An enhancement of the
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signal-to-noise ratio in the spectra of run#3 by a factor of 2 and a corresponding
enhancement of the precision can be expected.

Run#3 was done with the high aperture (f/#=1.4) HTS spectrog raph while
run#2 utilised the low aperture (f/#=6.5) SP500 spectrogra ph which has a light
yield of about 8 % in comparison to the HTS.

The acquisition time per spectrum was 600 s in run#2 but 250 s m run#3 which
reduced the amount of collected light accordingly.

The observed intensity of the scattered light strongly depeds on the alignment of
the LARA cell to the laser beam and to the alignment of the collection optics to
the LARA cell and therefore typically changes from alignmert to alignment. The
alignment of the LARA setup to the appendix is more complex than the alignment
of the setup with a LARA cell outside of the glove box due to the limited space
for auxiliary tools, e.g. pinholes and targets, which allowto check the alignment.
A variation of the peak intensity and hence of the achieved pecision by a factor
of two or even more due to the alignment of the setup cannot be xtluded.

Additional optical components, i.e. the windows of the appendix, were present
in the beam path of run#3. Extra optical losses and re ections due to these
windows are possible but also depend on the alignment of LARA relative to the
appendix and are therefore hard to account for.

The impact of the periodic disturbance in run#3 due to the us hing of the glove
box atmosphere on the precision of the measurement cannot cently be quan-
ti ed.

Considering only the currently quantitatively assessableaspects, i.e. the rst three in
the list above, an enhancement of the precision by a factor o2 1=(8%) 250-600 11
is expected for run#3 relative to run#2. The experimentally observed enhancement
factoris 8:6 10 3=7:0 10 * 1:2 when comparing the best precisions of both runs. The
theoretical and the experimental enhancement factors disgree by a factor of 10, but it
has to be kept in mind that the three unaccounted aspects, i.ein uence of alignment
on peak intensity, losses and re ections due to the appendixvindows and the periodic
disturbance, might cause a probable reduction of the theorical enhancement factor.
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Figure 5.15: Run#2: Achieved precision relative peak intensit yofH, D,
and HD. The precisions of the measurements are determined for two periods which
have di erent laser base plate temperature pro les: Constant temperature (period 1)
and periodic uctuation of the temperature by about 0.5 K (period II). The precision

is calculated by dividing the standard deviation of the tted Gaussian by the mean
value, i.e. the centre position of the Gaussian. Note that is given as absolute value,
i.e. in the same units as the mean.




88

Chapter 5. Investigations of laser stability

a0

Figure 5.16: Run#3: Achieved precision relative peak intensit yof T ,. The
precision 2= 1,4, are determined for 4 intervals of run#3 with di erent laser base
plate temperature pro les: Constant temperature (period ) and small temperature
drift (period IlIl), a drop of the temperature by 2 K (period Il) and uctuatio n of
the temperature (period IV). The precision is calculated by dividing the standard
deviation of the tted Gaussian by the mean value, i.e. the centre position of the
Gaussian. Note that is given as absolute value, i.e. in the same units as the mean.
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5.7 Conclusions and consequences for KATRIN

Several conclusions can be drawn from the measurements deded in this chapter.
Although only the LARA2 setup was used, most aspects have dict implications on
laser Raman measurements for KATRIN in general.

The overheating of the Excel laser during run#1 showed that it cannot be oper-
ated inside the enclosure of LARA2 without active cooling. A standard 80 mm
fan, installed on the laser base plate after run#1, was su cient to keep the laser
base plate temperature below 30C at 2 W nominal laser power in the subsequent
measurements.

A failure of the system, such as the damage of the wave plate irun#2, can despite
of all e orts never be completely excluded. The already impemented interlock
system closes the shutter to avoid further damage if the phat diode voltage
drops below a threshold which can indicate a failure of the sstem. For standard
operation of the LARA setup during KATRIN neutrino mass measurements a
failure of the system has to be recognised immediately. Thefore the interlock
system should be upgraded by an alert system that informs theperson in charge
about the failure of the system.

The worsening of the relative peak intensities is related tdoeam pointing instabil-
ities. The vertical beam pointing of the laser is strongly a ected by temperature
changes of the laser base plate while the e ect on the horizaal beam pointing
is negligible. During a drop of the laser base plate temperatre by 4 K in run#3
a vertical beam walk of 0.5 mm was observed on the LM-10 sensorhite the
horizontal beam position changed only by 0.08 mm.

The absolute peak intensities and hence also the signal-to-iee ratios of the
relative peak intensities are sensitive on vertical movemets of the beam due to
the narrow region in the LARA cell which is monitored by the collection optics.

A vertical beam walk of 0.38 mm at the centre position of the LARA cell causes
already a reduction of the absolute peak intensities by 22 %3ch09]. Therefore
vertical beam movements have to be reduced as much as posshio enhance the
precision of the relative peak intensities.

The changes of the laboratory ventilation system between rght and day mode
cause a temperature variation of the laser base plate by up t@ K and in uence

the precision of the relative peak intensities: A worseningof the precision is
observed in periods with enhanced thermal uctuations in canparison to periods
with stable laser base plate temperature. In run#2 the precisions were reduced
by

D,: 43 103! 63 10°
H,: 49 103! 56 103
HD: 84 103! 93 103

and in run#3 by

To: 35 103! 63 10 3
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The Excel laser should be temperature stabilised to 500 mK or better to reach

highest stability in later measurements. The actual Raman neasurements during
KATRIN neutrino mass measurements will be performed with a nore powerful
laser, namely the 5 W Verdi laser of LARAL or an equivalent lagr. To reach
0.1 % precision continuously, a temperature stabilisationof the laser base plate
to 500mK or better is advisable since beam pointing instabilites dso have been
seen in the LARAL setup.

It is shown in a coarse estimate in appendix B that the observd beam walk
cannot be completely explained by a pointing instability of the laser. First indic-
ations were found that the mounts of the beam steering mirros are a ected by
temperature changes and hence also cause a beam walk. Themef the temperat-
ure stability of optical components in the LARA setups, e.g. the steering mirror,
should be investigated and the most dominant sources of beamalk be identi ed.

A temperature stabilisation of the most sensitive componets could reduce the
beam walk in the setup. If necessary, an active beam alignmersystem, based
on a beam position monitoring with a webcam and feedback comblled steer-
ing mirrors could be implemented if beam walk cannot reducedby temperature
stabilisation.

The laser power was monitored by two sensors during run#2 ancby 3 sensors in
run #3, respectively. All laser power readings were continwusly declining apart
from a contradictory reading of one photo diode in run#3. A long-term drop
of the laser power or instabilities of the electronic read-oti systems are possible
although instabilities of the electronic read-out system ae more probable. In-
vestigations of the stability of the electronic read-out sygsem of the photo diodes,
namely the home-made pre-ampli ers, are currently ongoing sice a reliable laser
power measurement is absolutely necessary for operation dag KATRIN neut-
rino mass measurement runs. A new design for the pre-ampli es that uses more
stable operational ampli ers is currently being designed. The LM-10 sensor is
currently read-out with 10 mW resolution although it its phys ical resolution is
1 mW. The 10 mW resolution was too coarse to detect all power vaations in the
measurements. A modi cation of the read-out software is theefore recommend.

A periodic disturbance of the horizontal beam position and d the laser power
reading of a photo diode was observed during the operation dfARA at LOOPINO.
This type of disturbance was also observed during measuremes with the LARAL
setup at LOOPINO in December 2009 and January 2010. A temporbcorrelation
with the ushing process of the glove box atmosphere with fresh nitrogen gas was
found. The hardware component causing the disturbance andhe transmission
path of the disturbance are currently not known. It has to be checked if only
the sensors but not the laser itself are a ected or if the lase parameters are ac-
tually a ected. Nevertheless a actual disturbance of the lsser seems to be more
probable. A transmission via the power grid can be excludedFurther investiga-
tions are currently ongoing. The laser setup has to be shieked from this periodic
disturbance since it cannot be accepted for KATRIN runs.
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These conclusions can be condensed into several work packaghat have to be achieved
before the LARA hardware setup is fully prepared for standad operation in KATRIN
neutrino measurement runs:

Stabilisation of laser parameters by temperature stabiligition of the laser base
plate.

Investigation of thermal in uences on pointing stability o f beam steering mirrors
and, if necessary, implementation of suitable measures tovaid beam walk.

Identi cation of origin and transmission path of the period ic disturbance of laser
parameters by the ushing of the glove box atmosphere with ntrogen gas. Re-
moval of origin of disturbance or shielding of LARA setups aginst disturbance.

Investigation of stability of pre-ampli ers of photo diodes and redesign of pre-
ampli ers with more stable components to achieve higher preision.

Modi cation of read-out software to reduce the resolution of LM-10 sensor from
10 mW to 1 mW in order to obtain a absolute laser power measuremnt with
su cient resolution.

Implementation of an alarm system, in addition to the already existing interlock
system, that informs the person in charge about a failure of he LARA setup.
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Investigations of laser stability




Chapter 6

First depolarisation
measurements with tritium at
TLK

First depolarisation measurements with tritium were performed at TLK within the
scope of this thesis to show the feasibility of the determin&ion of a= ratios of tritiated
hydrogen isotopologues with the existing LARA2 setup. The am of the depolarisa-
tion measurements is to verify the theoretical calculatiors of the quantum mechanical
constants a and  of the tritiated hydrogen isotopologues (see section 3.2) Yo meas-
urements. As it was already shown in subsection 3.1.5, the lowledge ofa and is
necessary for the calculation of line intensities in Raman gectra, according to equation
(3.28) and (3.50), and hence for the determination of the gasomposition in the WGTS
by comparison of measured and calculated Raman spectra.

It was shown in the foregoing chapter that power and pointinginstabilities of the laser
are currently not fully understood and have to be further investigated to operate the
LARAZ2 system with maximum achievable stability which is necessary for the depolar-
isation measurements. Therefore, the measurements desibéd in this chapter have to
be rather seen as proof-of-principle measurements which yiglpreliminary results than

accurate measurements of thea= ratios.

It will be shown in section 6.1 that the geometry of the real sattering experiment has
to be considered before a comparison of the measurements Wwitheoretical predictions
is possible. In the performed depolarisation measurementthe line intensity, i.e. the
area of a peak in the Raman spectrum, is measured as functionf ahe polarisation
angle of the incident, linearly polarised, light. The a= ratios are determined by a t
of the theoretically calculated curve to the measured data. A detailed description of
the experimental setup, the measurement procedure and theata analysis is given in
section 6.2 and section 6.3. The preliminary results are diussed in section 6.4 and the
next steps which are necessary for the actual determinatiorof a= ratios are stated in
section 6.5.
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6.1 Consideration of scattering geometry

It was shown in section 3.3 that the intensity | of the scattered radiation emitted from
a single point into a speci c direction (characterised by the angles' and ) is given by
(3.28) and the line strength function

(aZ; 2;-;; ?S+jjs; ):
65,00 2 b5, 00 2 65,00 2
) ’is + 4@ + ’25 A cog + > i5 5 cog(" )+
2, 4@ 2 L0
a“+ EbJo;Joo sin?( ) (6.1)

for a light detection system with small aperture. Small means that the scattered
light is treated as a narrow and collimated beam of radiation that is emitted from

a single point. In case of constant temperature and laser irgnsity are the population
factor N; and the irradiancel , which both are part of (3.28), constant and the intensity
| of the scattered light only depends on the line strength funtion.

In this section two geometrical e ects are discussed that ae related to the treatment
of the realistic scattering geometry in the LARA2 setup:

1. The non-zero solid angle of the collection optics. This e et will be included in
the rst analysis.

2. The scattering region in the LARA cell is not point-like but is extended along
the laser beam. This e ect will not be considered in this rst analysis but will be
brie y discussed.

The aim of this section is to derive an expression for the obsged intensity of scattered
light in the LARAZ2 setup that takes into account the solid ang le of the collection optics
and to motivate why the extended scattering region also has ¢ be taken into account
in later measurements. The expression fot will depend on the polarisation angle
of the incident light and on the quantum mechanical parametes a and  which were
both introduced in subsection 3.1.5. All other parameters,e.g. the population factor
N;, the wavenumber ~ of the incident laser light and the irradiance | of the incident
light, are assumed to be constant and therefore will be repleed by an overall constant
factor?.

6.1.1 Consideration of solid angle of collection optics

The scattered light leaves the LARA cell through the window and reaches the collection
optics. The size of the window is not limiting the light ux bu t the ange that houses
the window and connects it with the LARA cell (see gure 6.1). The angle between
light rays that just manage to leave the cell is about 35 and hence not compatible with
the assumption of a narrow and collimated beam of scatteredight. Therefore the solid
angle which is covered by the collection optics has to be coigered when calculating
the observed intensity | of scattered light.

YIn case of variations of the laser power, i.e. of the irradiance |, the experimental data can be
corrected by normalising the observed line intensity with the las er power
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Figure 6.1: Schematic drawing of LARA cell window and ange (Sid e
view). The laser light scatters on gas molecules in the scattering centre. The scattered
light leaves the cell through the window towards the collection optics (not shown).
The ange that houses the window allows an maximum opening angle of the scattered
light of about 35°. The surrounding LARA cell body is not shown in this schematic
drawing. Drawing is not to scale.

This can be achieved by integrating equation (3.28) over thesolid angle which is
de ned by the ange of the cell window. Since only the line strength function depends
on the angles and' and all other parameters are, according to the discussion Here,
assumed to be constant, the observed intensity is given by
z
1@ %25+0i% )= d (&% By ?e+i% )
Z .
max . max( ) 2 2 .e
sin d d (a5 55 ?25+j% ) (6.2

min ' min( )

where is a constant and the sin term was introduced in the second step due to
integration using spherical coordinates. The limits of the integration over ' and
have to be set such that only the solid angle is covered in the integration. Since the
integration over ' will be performed before the integration over the limits ' nin( )
and' max( ) of the integration over ' will depend on in order to describe the aperture
that limits the solid angle. In the next steps the integration limits of both integrations
will be deduced based on the homenclature introduced by gue 6.2.

Every point P on the edge of the aperture ful Is
r2=ry2+r,2 (6.3)

where r is the radius of the aperture andry and r, are the vertical and horizontal
distance of P relative to the centre M of the aperture. ry can be expressed byl and '

tan' = % , ry=d tan’ (6.4)

using the right-angled triangle OPM . r, is in a rst step expressed by and d%

r
cos = =, r,=d%cos (6.5)

in the right-angled triangle OPP% d%can be expressed byl®@ = d? + r2 which allows
to rewrite equation (6.5) to

P
r,= d2+r2 cos: (6.6)
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Replacingry and r; in equation (6.3) by these expression and solving fof yields to

s
2
"o( ) ' =arctan ;—2 (1 cog ) cog
S
r2
=arctan sin?  co? (6.7)

which allows to calculate the' angle of an arbitrary point P on the edge of the aperture,
with radius r and distanced to the scattering centre, for a given angle . Hence the
integration limits of the ' -integration are for a given angle

"min( )= "o()
"max( ) ="o(): (6.8)

The integration limits for the -integration are given by
d
min — arctan F
d
max = arctan - (6.9)
which can be seen when the intersection points of the apert@w and the xz-plane are
considered. The intensityl (a%; 2;?S+jj%; ) of the scattered light, de ned in equation

(6.2), is now fully determined and can be used to determinea and by evaluating the
integrals and tting the result to measured data.
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Figure 6.2: Scattering geometry and parametrisation of aperture by angles
' and . Top: Schematic drawing of scattering geometry. The aperture, i.e. the
ange of the cell window, limits the ux of scattered light towards the collection optics.
Middle: The aperture with radius r is located in distanced from the scattering centre,
placed in the origin O of the coordinate system. The centre M of the aperture is gced
on the x-axis. Every point on the edge of the aperture can be described by the angs
' and but also by its vertical distance ry and horizontal distancer, from the centre
of the aperture. The distancesd® and d®are used to calculatery, and r, as function
of' and (see text). Bottom: Top view on triangle OPP' which is used to determine
r, as function of . Note that the point P' is located in the xy plane and not directly
on the x-axis.
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Figure 6.3: Consideration of extended scattering region. Light from an exten-
ded region along the laser beam leaves the LARA cell and is observed by the collection
optics, here shown for two scattering centres along the laser beam. The collecticop-
tics image 1:1 the extended scattering region onto the optical bres (not shown) whit
are arranged along a 6 mm long horizontal line.

6.1.2 Consideration of extended scattering region

Although this e ect is not considered in the preliminary analysis of the experimental
data in section 6.4 it will be brie y motivated in this subsection why the extended

scattering region has to be taken into account in later depadrisation measurements.
Up to now a point like scattering region was assumed, i.e. thhaall scattered light is

emitted from the centre position of the LARA cell. In reality the scattered light is

emitted from all points along the laser beam in the volume of he LARA cell. The light

that leaves the LARA cell is imaged 1:1 on the optical bres which guide the light to

the Iter and spectrograph. The volume in the LARA cell which is observed by the
collection optics is determined by the optical bres that are aligned along a 6 mm long
horizontal line (see gure 4.8).

The consideration of the extended scattering region will itroduce a third integration
into equation (6.2) which is performed after the two other integrations and integrates
the line strength function over the position | along the beam path.

Zlmax z max (1) Z‘max(;l)
(&% %2°+ % )= dl sin d d (a5 %% ?2%+% )

I min min (1) "min (1)
(6.10)

The limits of the ' - and -integrations will both depend on the integration variable 1.
This correction is not considered in this work but has to be aplied in later measure-
ments. A further e ect is introduced when the extended scattering region is considered
since the window of the LARA cell, and not only the ange, limits the ux of scattered
light if scattering centres further away from the centre postion are considered (see
gure 6.4).
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Figure 6.4: Schematic drawing of LARA cell window and ange (Top view)
and in uence of extended scattering region. The window starts to limit the
ux of scattered light when the extended scattering region is considered.

6.2 Experimental setup

The LARA cell inside LOOPINO was lled with a gas mixture of ab out 95 % T»
and about 200 mbar total pressure for this rst proof-of-principle measurement. The
other gas components, mainly HT and DT, were not monitored inthis measurement
since the high resolution grating (2400 lines/mm, spectralrange about 11 nm) of the
SP500 spectrograph was used to resolve nearly all individal lines of the @, branch of
T,. The experimental setup of this measurement (see gure 6.5)s very similar to the
experimental setup of run#3, since only the spectrograph aml the CCD were changed.

The thin wave plate, which was also used in run#3 of the laser stability measurements
(see section 5.5), is the crucial component of this experimm since it will be used to
gradually turn the polarisation angle of the incident light. Any change of the beam
position due to the turning of the wave plate, so-called beam wlk, has to be avoided,
since a movement of the beam can induce a variation of the obseed light intensity and
hence disturb the measurement. It is shown in Appendix C thatthe thick wave plate
induced an unacceptable large beam walk while the beam walknduced by the thin
wave plate is negligible. The wave plate was placed as close the LARA cell as possible
to minimise the small but remaining beam walk, but outside of the appendix to allow
good handling of the component. Placing the wave plate behid the focus lens was not
possible since not enough space between focus lens and apgignwas available. Other,
not absolutely necessary, optical components must not be pkced between wave plate
and LARA cell because each component can introduce further gplarisation dependent
e ects which would cause an additional modulation of the ob®rved intensity when
turning the polarisation angle. The wave plate is placed in arotational mount with
2° division. The position of the fast axis of the birefringent crystal of the wave plate
makes an xed angle2 g to the scaling of the rotational mount which will be used to
determine the orientation of the wave plate. The angle ¢ will be considered in the
analysis of the data in section 6.4.



100 Chapter 6. First depolarisation measurements with tritum at TLK

Figure 6.5: Experimental setup of depolarisation measurements. The wave
plate ( /2) is used to gradually turn the polarisation angle of the incident laser light.
The scattered light is analysed with the SP500 spectrograph and the PIXIS:40B
using a high resolution grating to resolve nearly all lines of the Q branch of T,.

6.3 Measurement procedure

The acquisition time per spectrum has to be well chosen in th8 experiment since it
determines the achievable signal-to-noise ratio (SNR) in theRAMAN spectra. The
SNR, in turn, directly a ects the accuracy of the peak area degermination which is used
to measure the line intensity. The line intensities are expeted to vary signi cantly due
to the turning of the polarisation angle of the incident light. Therefore, a long enough
acquisition time has to be chosen to be able to determine the gak areas even in case of
minimum line intensity. The usage of the high resolution graing of the SP500 further
reduces the SNR due to the limited spectral intensity of the sattered light in the very
narrow part of the spectrum which is monitored in this measurement. The acquisition
time was set to T=750 s = 12.5 minutes as a compromise between aximising the SNR
and overall duration of the measurement which still was in the order of 13 hours. The

Table 6.1: Parameters of depolarisation measurement

Location Operation at LOOPINO

Gas mixture, operation mode T, gas with about 200 mbar total pres-
sure and about 95 % T, concentration.
The valves in front and after the cell were
closed after the lling of the cell.

Spectrometer (slit width, SP500, 125 m, 2400 grooves/mm,
grating, central wavelength) 612.0 nm
CCD (Temperature, Pixis:400B, -75°C, 100 kHz, gain 3

read-out speed, gain)
Acquisition time per spectrum 750 s

Laser: Power set point 2 W




6.4. Data analysis and preliminary results 101

measurement parameters are summarised in table 6.1. The wild of the entrance slit
of the spectrometer was set to 125 m as a compromise between high light intensity
and high spectral resolution.

The rotational mount was setto meunt = 0° for the rst acquisition, which is close to
the setting of an intensity maximum in the modulation curve shown in gure 3.13. The
angle mount Of the rotational mount was gradually increased in  mount = 4° steps
from acquisition to acquisition. Therefore the polarisation angle of the incident light
was increasedin =2 mount = 8° steps since the wave plate turns the polarisation
of the light by two times the rotational angle of the wave plate. The change of the setup
between two measurements took about 3 minutes and the measement was performed
for the angles from =0° to = 166° without interruptions over a period of about
10.5 hours in order to minimise environmental e ects on the neasurement. After this
rst part of the measurement, the laser was kept on and the shiter was closed over
night and the measurement was continued the next morning forthe angles = 156° to

= 188°. The settings = 156 544 rad and =160 5:58 rad were repeated
to check the reproducibility of the measurement which was fand to be within the
statistical uctuations.

The data le of the measurement for =256  4:46rad was corrupted and hence not
considered in the analysis.

6.4 Data analysis and preliminary results

The spectra for mount = 88 rad and qount = 136 rad are shown in gure 6.6 as
exemplary spectra of the measurement and demonstrate the @i cant variation of the
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Figure 6.6: Spectrum of the Q 1 branch of T , for mount = 88 (left) and
mount = 136 (right). The peak intensities vary signi cantly due to the rotation of
the polarisation angle of the incident laser light. The black bars indicate the expected

line positions of the @ lines of T,. Left: The J=0, J=1 and J =2 are overlapping
each other while the J =3, J =4 and J =5 lines are well resolved. The intensity of t he
J =6 line is just slightly above the background level while the J =7 line is no t visible.
The peaks are labelled from Al to A5. The spectrum is tted by ve Gaussian pe&s
(red line), i.e. the overlapping J =0 and J =1 lines are tted by one Gaussian peak
""A5". Right: The peak intensities are strongly reduced. The J =0 to J =3 peaks are
still visible while the intensity of the J=4 and J =5 peaks is comparable wi th the
background level.
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peak intensities due to the rotation of the wave plate. The irdividual Q1 peaks ofT,
for J=0 to J =5 are observed in case of maximum peak intensity but not all peaks
can be resolved. The J =0 peak is strongly overlapping with the J =1 peak, which is
also overlapping with the J =2 peak. The other peaks are nicdy resolved.

The laser parameters and the temperature readings are showim gure 6.7 and allow
to deduce several conclusions:

A periodical variation of the photo diode 1 voltage is clearly visibly which is
probably caused by beam walk, i.e. by a variation of the beam psition due to
the rotation of the wave plate. A small variation of the beam direction might
have moved the re ection of the beam slightly onto or o the active area of the
photo diode and hence might have caused a variation of the pto diode voltage.

The laser power measurements by the photo diode 2, which waslaced directly
at the beginning of the beam path (see gure 6.5), and the LM-10sensor show
no signi cant variation of the laser power. Therefore it will be assumed in the
following that the laser power was constant over the duration of the depolarisation
measurement. Hence the peak intensities do not have to be noralised to the laser
power.

The photo diode 1 voltage is slightly increasing besides thalready mentioned
periodic variation. This agrees with run#3 of the long term measurements in
chapter 5 where also a steady increase of the photo diode 1 vaye was observed.

The laser base plate temperature rises during the rst 6 measrements which
indicates that the laser was not completely warmed up. Accodingly a corres-
ponding trend is seen in the vertical beam position which agees with the ndings
from run#3 of the long term measurements. The base plate temgrature further
increases during the interruption of the measurement over ight since the laser
was kept on over night.

The temperature of the LARA cell rises by about 0.7 K during the rst meas-
urements probably due to the irradiation of the laser light. A slight cooling
down of the LARA cell by about 0.1 K is visible during the inter ruption of the
measurement when no laser light was present in the LARA cell.
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Figure 6.7: Laser parameters during depolarisation measureme nt. The
interruption of the measurement and the repeated measurements for 5:44 rad
and 5:58 rad are clearly visible in most of the laser parameters. The data point
for 4:46 rad is missing due to a corruption of the data le. The errorbars of

the photo diode voltages are estimated from the variation of the photo diode wvltage
during the acquisition. The error bars of the LM-10 sensor represent the read-out
resolution of 10 mwW.
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Each of the acquired spectra is analysed in four steps:

A baseline is tted to the spectrum and subtracted.
The ve peaks in the spectrum are tted by Gaussian peaks.

The peak area, which is one of the t parameters, is extractedand used as a
measure of the line intensity.

For each peak, the peak areas are plotted as function of polaation angle and
the intensity function (de ned in equation (6.2)) is tted o n the data using the
integration limits from equations (6.8) and (6.9). The tis done using the ROOT?
data analysis framework. The source code of the analysis mez can be found in
appendix D. The Placzek-Teller factor bgzo);J oo Which is an input parameter of the
intensity function was calculated according to equation (348).

The absolute peak intensity of the @ lines and the tted intensity function are shown in

gure 6.8. The peak A5 was tted assuming J=1, i.e. the overlap with the smaller J=0

peak was neglected. In a full analysis, the overlapping J=0 ad J=1 peaks have to be
resolved in the spectrum and then treated separately . A quati cation of the goodness
of the ts by the reduced 2 will not be done in the following since the uncertainties
of the peak area determination were not considered in this st analysis. This will be
done in a later, more sophisticated analysis. The t of the malulation of the area of
peak A2, which has the lowest absolute peak intensity in the gectrum and hence the
strongest statistical uctuations, does not converge. Theaefore this peak is not further
considered in the analysis. The t parametersa®= a and °= are denoted by a
prime to indicate that they di er from the real a and values by the unknown overal
factor . The uncertainties of the t parameters a® %and g are underestimated since
the uncertainties of the peak areas are not considered in tlsi rst analysis.

2http://root.cern.ch/drupal/
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Figure 6.8: Variation of absolute peak intensities in depolarisa tion meas-
urement. The ts of the intensity function on the data converge well for all peaks
apart the A2 peak which has the lowest absolute intensity in the spectrum. The A5
peak which consists of the two overlapping J=0 and J=1 peaks is tted with J=1,
neglecting the contribution from the smaller J=0 peak. The prime on the t paramet-
ersa®= a and °= indicate that both parameters are actually the parameters of
interest multiplied by the overall scaling factor
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Table 6.2: Determination of a = ratios. For each peak the rotational quantum
number J and the corresponding Placzek-Teller factorbgzg;J o0, Which is used in the t
of the experimental data, are indicated. The uncertainties ofa= are underestimated.
The theoretical values ofa= are extracted from [Hun84].

Peak J bgzo);Joo a= a= (theo)
Al 5 13 0:62 0:06 1.2327
A3 3 L& 0:63 0.03 1.2382
A4 2 2 0:56 0:03 1.2401
A5 1 2 0:72 0:03 1.2414

The a= ratios are determined by the division ofa® by © The uncertainties of the

a=

ratios are calculated by the propagation of uncertainty assiming no correlation

between a® and © The results can be found in table 6.2. A strong disagreement
is found between the measureda= ratios and the theoretical values. All measured

a=

ratios are about a factor of two smaller than the theoretical values. Even if the

statistical uncertainties are enlarged by considering thestatistical uncertainties of the
peak area determination a systematic disagreement betweemeasured and theoretical
values will remain. In general this disagreement can have ttee di erent sources:

Incorrect theoretical values

The a= ratios for the Q; branches of the non-tritiated isotopologues H and
D, were measured by Golden and Crawford [Gol62] and agree wellith the
theoretical values [Hun84]. The theoreticala= ratios of the Q; lines of T, vary
by less than 5 % from thea= ratios of H, [Hun84]. Therefore, an error in the
theoretical values of T, in the order of 50 % can very likely be excluded.

Systematic e ects in data analysis

It was stated in the beginning of this chapter that the consideration of the solid
angle of the collection optics is only one of the necessary gections which has to
be applied on the idealised treatment of the line strength function in section 3.3.
The consideration of the extended scattering region, whichwas brie y discussed
in subsection 6.1.2, might help to improve the agreement oftte measured and the-
oretical ratios. This should be done in the near future for canpleteness although
a signi cant improvement is not expected. A detailed study of the statistical un-
certainties of the peak area determination in the second sie of the data analysis
should be performed to estimate the signi cance of the disagement between
measured and theoreticala= ratios.

Besides the currently not considered correction also an ear in the current data

analysis has to be considered. Therefore the experimentalata was analysed
without taking into account the solid angle of the collection optics, i.e. the line
strength function in equation (6.1) was directly tted on th e data with xed

angles’ =0 and = =2 as shown in gure 6.9.
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Table 6.3: Determination of a = ratios without taking the solid angle of

the collection optics into account. The a= ratios are determined by a direct
t of the line strength function from equation (6.1) on the data for the xed angl es
" =0and = =2. The Placzek-Teller factor bgzg;J oo, Which is used in the t of the
experimental data, is indicated. The uncertainties ofa= are underestimated. The
theoretical values ofa= are extracted from [Hun84].

Peak J bgngoo a= a= (theo)
Al 5 13 0:48 005 1.2327
A2 4 2B 040 0:05 1.2358
A4 2 2 0:46 0:019 1.2401

Figure 6.9: Data analysis without geometrical considerations. The ts of
the line strength function function on the data converge well for all peaks apartthe
A3 and A5 peaks. The prime on the t parametersa®= a and ©°= indicate

that both parameters are actually the parameters of interest multiplied by the overall
scaling factor .
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This time the ts of the A3 and A5 peaks do not converge, the reaon is currently
not known. The resulting a= ratios for the remaining Al, A2 and A4 peaks
disagree even more with the theoretical values (see table &) than the results
from the analysis with consideration of solid angle of the ciection optics. The
increased systematic deviation of the measured values froitihe theoretical ratios
shows that the consideration of the solid angle of the collgon optics is a neces-
sary correction in the data analysis. An indication for a signi cant error in the

consideration of the solid angle of the collection optics tlerefore cannot be found.

Systematic e ects in the experimental setup
Systematic e ects in the experimental setup are the third paential cause of the
observed disagreement between measured and calculateg ratios.

Deviations of the actual scattering geometry from the geom&y which is used
in the data analysis might cause systematic e ects. The mostlikely deviation
is a change of the distance of the aperture to the beam due to lzen walk and
uncertainties in the alignment of the setup. The in uence of a small ( 1 mm)
variation of the beam - aperture distance on the consideratn of the solid angle
of the collection optics should be estimated.

Of particular importance are polarisation dependent e ects which will be briey
discussed now.

Changes of the transmission of the focus lens L1 (see gure®) and the entrance
window of the LARA cell due to the change of the polarisation angle are expected
to be small since the beam points perpendicular on the surfas of these optical
components. The large solid angle of the side window of the LRA cell, which

was discussed in subsection 6.1.1, causes that the scattdréght passes through
the side window of the LARA cell under di erent angles. The transmission of
the scattered light through the window depends, according 6 Fresnel's equations,
on the angle of incidence and on the polarisation of the light This could cause
a variation of the transmitted light when changing the polarisation angle of the
incident light.

The e ciency of the SP500 spectrometer, which is of Czerny Tuner type and

hence internally uses mirrors (see subsection 4.3.6), issl polarisation depend-
ent due to the polarisation dependent re ectivity of the mir rors. This e ect is

currently neglected since it is assumed the polarisation othe scattered light is
completely scrambled by the optical bre. If a fraction of th e polarisation of the
scattered light is preserved after passing through the optial bre a polarisation

dependent e ect might be present in the spectrograph. Furthermore polarisation
dependent e ects in the coatings of the optical componentsn the beam path
are currently not considered and could, if present, cause aariation of the laser
intensity. The mentioned potential sources for systematice ects and their impact

on the depolarisation measurement should be investigatechi the near future.
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6.5 Conclusion and consequences for KATRIN

First depolarisation measurements with tritium were performed in the Tritium Labor-
atory Karlsruhe to verify the ratio of the theoretically cal culated constantsa and of
the Qi branch of T,. These molecular speci ¢ constants are necessary to accuedy
calculate line intensities in Raman spectra. It was shown tlat the scattering geometry
of the experimental setup, i.e. the solid angle of the colle@n optics and the extended
scattering region in the cell, has to be considered when datdrom a depolarisation
measurement are analysed. The former correction was appliein this rst analysis
while the latter was neglected.

A systematic deviation of measureda= ratios of the tritum Q 1 branch from the
theoretical values was found. A currently not considered sgtematic e ect in the exper-
imental setup is assumed to be the cause of the systematic digreement since an error
about 50 % in the theoretical calculations of thea= ratios is unlikely. Several potential
sources of systematic e ects are presented and have to be finer investigated. The
statistical uncertainties are not fully considered in this rst proof-of-principle analysis.

Based on these ndings the following next steps are suggeste

Implementation of the complete treatment of the statistical uncertainties and of
the second data correction routine, due to the extended sc#tring region, into
the ROOT macro for a repeated analysis of present data.

Repetition of the measurement with H, and/or D, and comparison of achieved
a= ratios with available theoretical [Hun84] [Sch87] and expamental data [Gol62].
This allows to test the accuracy and reliability of the current setup and data
analysis procedure. If again a systematic deviation from tle reference values is
observed it must be assumed that currently not all systematt e ects are known
and understood.

Investigation if the currently overlapping Q 1 (J=1 and J=0) peaks of T > can be
resolved with the SP500 by reducing the slit width of the spetrometer.

Although unexpected challenges appeared in the accurate tkermination of the a=
ratios the general feasibility of the depolarisation meastements could be shown by
this rst proof-of-principle measurement.
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Chapter 7

Summary and Outlook

Laser Raman spectroscopy is used in the KATRIN experiment tomonitor the purity
of the tritium gas inside the WGTS. The precision of the purity monitoring has to
be better than 10 2 in order to reach the claimed sensitivity of 200 meV/& on the
electron anti neutrino mass. The power and pointing stabilty of the laser is expected
to signi cantly in uence the precision of the measurement of the gas composition and
hence has to be measured and minimised. The aim is to guarargea stable and reliable
operation of the LARA setup over a typical period of about 2 months.

A dedicated study of laser stability and the in uence of thermal e ects on the system

was performed with the LARA2 system which was set-up within the scope of this thesis.
A static gas sample with 217 mbar total pressure and a } concentration of > 85 %

was monitored over a period of 15 days using the test loop systm LOOPINO which is

located in the ISS glovebox of TLK.

It was found that the beam pointing is strongly correlated with the temperature of the
laser base plate. A temperature variation of 4 K caused a veital beam movement of
0.4 mm at the end of the beam path. The laser base plate tempetare is a ected by
the changes of the laboratory ventilation system between tle night and day operation
mode: Periodic temperature variations of typically 0.5 K and corresponding vertical
beam movements of the order of 0.05 - 0.1 mm were observed. A pedic distortion
in one of the laser power measurements and in the beam positiomeasurement was
found and could be traced back to the regular ushing of the gbve box atmosphere
with nitrogen gas. A disagreement between the individual laer power measurements
was found which might be caused by long term drifts of the empbyed pre-ampli ers.
Based on these ndings several suggestions for the improveemt of the setup could be
made.

A precision of (3:5 6:3) 10 2 was achieved for the monitoring of the Q branch
of about 185 mbar partial pressure T, in the long term measurement with 2W laser
power and 250 s acquisition time. The variation of the precign is mainly caused by
beam pointing instabilities which were induced by temperaure variations. Although
the LARA2 setup cannot reach the precision of the LARAL setup which has a 2.5
times more powerful laser and will be the standard system of KRTRIN, LARAZ2 can
be used as an interim replacement in case of a failure of the LRAL.

Most of the ndings concerning laser stability are also expe&ted to be valid for the
LARAL setup since both systems are based on the same designdiboth use a diode
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pumped solid state laser. Beam pointing instabilities, cased by temperature uc-
tuation, and the distortion of sensor readings due to the ushing of the glove box
atmosphere with nitrogen gas were in the meantime also obseed in the LARAL setup.
Therefore most of the proposals for an improvement of the LAR\2 system are also
valid for the LARAL system and hence should be applied as well

In a second step, the LARA2 setup was used to perform rst depdarisation measure-
ments with T, in order to show the feasibility of a measurement of the ratioof the
average and anisotropic components and of the polarisability of T ;. The aim is to
experimentally verify theoretically calculated values far aand which are necessary for
the theoretical calculation of Raman spectra and hence forlie accurate determination
of the gas composition. A method for the consideration of thenite solid angle of the
collection optics was developed and applied in the rst anaysis of experimental data.
The general feasibility of the method could be shown since tb expected variation of
the line intensity as function of the polarisation angle of the laser light was observed.

The preliminary results for the a= ratios deviate from the theoretically calculated
values by about a factor of two which is seen as an indicationdr a currently not

considered systematic e ect. Since not all necessary corcgions of the experimental
data were applied in the analysis and the statistical uncertinties on the a= ratios
are currently underestimated, a second, more detailed angbis has to be performed in
the future as well as additional measurements. It is propose to perform e.g. further
depolarisation measurements with H and D, since theoretical and experimental data
is available for these isotopologues. This allows to checkhe accuracy and precision
of the experimental method for the determination of the a= ratios and to test if the

deviation of the acquired ratios is caused by a currently notknown systematic e ect.

Further improvements of the LARA setups are planned for the near future in order to
increase the precision for the measurement and to enhance ¢hmonitoring sensors in
the setup:

The more than 10 years old laser in the LARAL setup will be rephced by a new,
more stable laser (Finesse 5 W, Laser Quantum) since a relidd operation for
the complete measurement periods of KATRIN can no longer be garanteed and
a reconditioning of the existing laser would be uneconomida The base plate of
the new laser will be temperature stabilised in order reducebeam walk due to
temperature variations which were also observed in the LARA setup. With this
replacement it is expected that the LARAL setup will full th e requirement of
10 2 precision continuously during KATRIN neutrino mass measurement periods.

~

A second photo diode should be permanently installed in the ARA setups, loc-
ated at the beginning of the beam path. A monitoring of the laser power directly
at the beginning of the beam path promises a more precise poweneasurement
since variations of the illumination of the photo diode due to beam walk are
expected to be smaller than at the end of the beam path.

A new read-out algorithm of the CCD is currently being investigated in order to
reduce the read-out noise of the CCD which is added to every rakout signal.
Currently the intensity of each pixel is read out individual ly and hence contains
read-out noise. On-chip binning of several rows of the CDD befe read-out
reduces the number of signals which have to be read out and heg reduces the
read out noise. Since the performance of the post-processingutines, described
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Figure 7.1: Test of the retro re ection mirror. A light tight housing for a
spherical mirror is attached to the currently not used side window of the LARA cell.
Light which is emitted towards the mirror is back re ected and hence emitted towards
the collection optics. The intensity of the observed scattered light can, in principa,
be increased by up to a factor of two. The picture shows a rst test with a LARA
cell lled with ethanol. The uid ethanol is used since the intensity of scattered light
is much higher than from gaseous hydrogen due to the enhanced particle density.

in subsection 4.3.10, reduces with decreasing spatial relsion in the acquired
CCD image a compromise between reduction of read-out noise dnperformance
of post-processing routines has to be found.

A housing for a spherical retro re ection mirror which back re ects the scattered
light that is emitted towards the currently not used side win dow of the LARA cell
(see gure 7.1) was designed and manufactured. An increasgof the intensity
of the observed scattered light by up to a factor of two is expeted by the retro
re ection mirror. This allows to improve the signal-to-noise ratio in the spectrum
and hence the precision in long term measurements. A charaetisation of the
improvement of the signal-to-noise ratio is currently being performed, results will
be found in [Herl1].

The intensity of the scattered light can be again enhanced byup to a factor of
two by a double pass geometry, i.e. by back re ecting and re-fousing the beam
after passing the LARA cell the rst time. First tests, perfo rmed at Swansea
University [Jam10] were successful and showed the feasiityl of this method.

After a replacement of the defective internal mirror of the Triax320 spectrograph
the SP500 can be substituted by the Triax320 which also housethree optical
gratings but has a smaller f-number and hence a larger light y@ld (see table 4.2).
This will allow to increase the signal-to-noise ratio in high resolution spectra
which is bene cial for future depolarisation measurements

In summary it can be said that several disturbing in uences a the LARA setups could
be identi ed and suitable measures for the reduction these guld be applied or proposed



114 Chapter 7. Summary and Outlook

within this thesis. The implementation of the proposed measires has to be done in the
near future to nally prepare the LARA setups for standard op eration in KATRIN. The
rst proof-of-principle depolarisation measurement with tr itium was succesfull although
further investigations have to be done to identify and eliminate the currently unknown
systematic e ect.

A further eld of study in the near future at TLK will be the mon itoring of tritiated
methane species with the LARA setups. Tritiated methanes ca trigger the formation
of tritium clusters in the WGTS which have di erent endpoint energies and hence have
an impact on the measured electron spectrum of KATRIN.

In addition to standard Raman Spectroscopy which is applied in the existing LARA
setups, advanced spectroscopic methods like Cavity Ring-Den Spectroscopy and Stim-
ulated Raman Spectroscopy will be investigated in the futue at TLK to improve the
sensitivity and the precision of the determination of the WGTS gas composition by
several orders of magnitude. With these advanced techniquea further improvement
of the sensitivity of KATRIN beyond the 200 meV/c ? level might be possible.



Appendix A

Malfunction in position read-out
of LM-10 sensor

The LM-10 sensor is used in the LARA2 setup to measure the lasepower and the
beam position in vertical and horizontal direction. The sersor is read out every second
but the readings are averaged over the period of the acquiditn of a Raman spectrum,
i.e. typically over 250 s. During run#2 (described in section 5.5) a malfunction of
the LM-10 sensor was recognised. After about 80 hours of nornhaperation of the
system, the vertical beam position reading occasionally chnged sign. In gure A.1 the
raw, i.e. not yet averaged, sensor readings of the vertical é&am position and the laser
base plate temperature are shown for the relevant interval drun#2. At the beginning
the malfunction happened only sporadically, i.e. for individual seconds, but then the
frequency of the malfunction gradually increased until all readings were negative.

An actual change of the beam position can be excluded due to @ reasons:

The response time of the LM-10 sensor is of the order of 2-3 seais due to its
design as thermal sensor. Therefore an abrupt change of theglam position would
cause a gradual change of the beam position reading but not aimdividual jump
of the position reading as it was seen several times during n#2.

It was shown in chapter 5 that the vertical beam position is carelated with

the laser base plate temperature. This correlation can onlybe established in this
period of run#2 as well if the absolute value of the vertical beam position reading
is considered as the actual vertical beam position (see gur A.1).

The malfunction seems to be caused by an internal error in thecontrol electronics of
the sensor or in the data acquisition software. Due to the fatthat the vertical beam

position reading was clearly positive before the beginningf the malfunction the actual
vertical beam position can be reconstructed by taking the alsolute value of the vertical
beam position reading. The vertical beam position reading m run#2 was accordingly
corrected before averaging over the 250 s long acquisitionine.

This malfunction could not be reproduced in the subsequent reasurements. Therefore
the origin of the malfunction is still unknown. In order to av oid data loss in case of a
repeated malfunction, the LM-10 sensor can be set up in the bem path such that the
beam is always slightly o the centre position of the sensor.This allows to reconstruct
the data in the same way as it was done in this chapter.
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Appendix A. Malfunction in position read-out of LM-10 sensor

Figure A.1l: Malfunction of LM-10 sensor. The raw sensor data is plotted in
this gure, i.e. one data point per second. The vertical beam position readings y(}
of the LM-10 sensor change sign due to a malfunction of the sensor. At the beginning
the malfunction occurs occasionally but later regularly until all readings are negéve
in the end. These abrupt changes of the reading do not correspond to actual changes
of the beam position since they occur faster than the response time of the senscfhe
vertical beam position was clearly positive (about 0.2 mm) before themalfunction.
Therefore the actual beam position can be reconstructed by calculating the absolute
value of y(t). The absolute value of y(t) is correlated with the temperatur e of the
laser base plate which was already also seen chapter 5. This is further indicaticthat
the absolute value of y(t) corresponds to the actual beam position.



Appendix B

Estimate of beam walk at
position of LARA cell

The LM-10 sensor, which is placed at the end of the beam path (& gure B.1), is used
to measure the beam position during measurement runs. The @rcision of the beam
position measurement in vertical and horizontal directionis x = y = 0:015 mm
Drifts of the beam position, so called beam-walks, of up to 0.4nm were observed in
the measurements described in chapter 5. Relevant for the ability of the system is
however the beam position inside the LARA cell which is placd about 625 mm in
front of the LM-10 sensor. Therefore the beam position insidehe LARA cell has to
be estimated from the measured beam position at the LM-10 sers.

This can be done using the ray transfer matrix analysis [Dem@] in which a beam is
described by its distancer to the optical axis of the setup and by the angle it makes
with the optical axis. The ray transfer method is based on theassumption that the
angle is small enough that the approximation sin can be used. Both beam

Figure B.1: Experimental setup of LARA2 in run#3
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Table B.1: Typical ray transfer matrices of optical elements [Men07]

Element Ray transfer matrix M

faY 1

1 d
Free propagation of beam over a distancal in Mq(d) = % X
medium with constant refractive index 01

0 1
. : : . 10
Refraction at a at interface from medium with Mo(n;n9 = % X
refractive index n to medium with refractive in- 0 Mo
dex n®
0 1
Thin lens with focal length f M 3(f) = %)i 0&
= 1
f

parameters can be combined into a beam vector
01

B & (B.1)

that fully describes the orientation of the initial beam. At the end of the optical axis
the beam will have in general a distance °to and an angle °with the optical axis and
hence a beam vector

0
?@roﬁ : (B.2)

The nal beam vector is connected to the initial beam vector by a 2 2 ray transfer
matrix M that contains all information about the optical setup.

0 1 01

0
?@ro -vB& (B.3)

Ray transfer matrices for typical elements in an optical seup can be found in table
B.1. If an optical element with ray tracing matrix M is followed by another element
with ray tracing matrix M °the overall e ect of both elements is given byM %= M M .

For this coarse estimate of the beam-walk at the position of tle LARA cell as a function
of the observed beam walk by the LM-10 sensor, the following gsects have to be
mentioned:

Not all optical components are considered in this estimatim: The Glan-Taylor-
Polariser (GTP), the rst beam sampler (located after the GT P), the second
beam sampler at the end of the beam path and pinhole since it wafully opened
during measurements.
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Figure B.2: Hypothetical optical setup for beam walk estimation. All com-
ponents are aligned along a straight line. Laser windows with the thicknessl, are
located on both sides of the LARA cell.
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Table B.2: Parameters for determination of beam walk according to gure
B.2
Parameter Size
L, 925 mm
L2 50 mm
Ls 236.7 mm
Ly 17.6 mm
Ls 611.7 mm
Thickness of wave plated; 0.93 mm
Thickness of LARA cell windows d, 4.5 mm
Refractive index of air n 1

Refractive index ny1 of SiO, (material of wave 1.46 [Mal65]
plate and LARA cell windows) at 532 nm

Focal length f of focus lens 250 mm

~

The laser mirrors are neglected and it is assumed that the optal components are
aligned along a straight line, i.e. the optical axis (see gue B.2). The parameters
of of the setup are given in table B.2.

The total ray transfer matrix of the setup shown in gure B.2 i s calculated by mul-
tiplying the ray transfer matrices of the individual compon ents

Miotar =M1(L5s) I\/lz(nl:n) M]{gdZ) MZ(n;nlg M1(La) ’\/Iz(nlin) M 1(dy) Mz(n;nlg
Cell window 2 Cell window 1
M 1(L3s) l\/lgf_; Mi(L2) ’Vlz(nl;n) Myfdi) Ma(ning) Ma(Ly)

Focus lens Wave plate

0 1
2:4872 15547310 %E

0:0040 24 2:9024

(B.4)
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In order to be able to calculate the initial beam vector from the nal beam vector
0 1 0 1

0
%}fg = Mo %rog (B.5)

the total ray transfer matrix has to be inverted

0 1
2:9025 1555362 MM
Mtoél = %D q radg : (B.6)
0:0040 =< 2:4887
For the next calculations the parameterisation
0 1

a
ML =& ZE: (B.7)

c

of the inverted total ray transfer matrix will be used.

At rst the central part of the laser beam will considered whi ch is at the laser aperture
equal to the optical axis, i.e.r = 0. From the rstrow of (B.5)weget r = ar® b °=0
and hence °= ar%h With this expression we can replace %in (B.5) since °cannot
be measured by the LM-10 sensor and we get

=rq%c a=hg: (B.8)

In chapter 5 a beam walk in vertical direction of up to r%= 0:4 mm due to a temperature
drop of 4 K was observed during run#3. If it was only caused by keam pointing
instability of the laser, the beam has to moved according to B.8) by an angle of

= 258 rad. This is an enormous drift compared to typical thermal drift s of diode
pumped solid state lasers.

The ray transfer matrix for the optical setup from the laser to the centre position of
the LARA cell is given by

Mcen =M1(L4=2) |V|2(n1;n) M:I{&dZ) Mz(n;n1¥|\/|1(|-3) I\Aéf; My(L2)
Cell window 1 Fo;uslzns
l\/lz(nlin) Myld1) Ma(n;ny) Ma(Ly)

Wave plate
0 P 1

0:00567 2541156 %g
: d :
0:0040 &< 2:9025

(B.9)

and can be used to calculate how much the beam was shifted awdyom the optical
axis at the central position of the LARA cell. This is done by multiplying Mg with
the estimated initial beam vector

01 0 1 0 1
r 0 0:065 m
© K =M@ x=0 e (B.10)
258 rad 0:00075 rad

Thermal beam drifts of the Verdi V5 laser of the LARA1 setup are stated to be smaller than 2
rad=K [Ver99]. A reference value for the Excel laser itself is currentl y not known.
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and leads to the result that the beam was shifted by -0.065 mm = -6 m away from
the optical axis. The absolute peak intensity in the Raman spectra is expected to
decrease by about 85 % in case of such a shift [Sch09] which wast observed during
the measurment. A nal evaluation is not possible at this point, since the uncertainty
of the calcualted shift of the beam at the position of the LARA cell is not estimated.

First indications were found in test measurements [Sch10]hat the mounts of the beam
steering mirrors are aected by temperature variations and hence also introduce a
change of the beam direction. Therefore further investigaions should be performed to
identify the most dominant sources of beam walk in the LARA sdup.
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Appendix C

Characterisation of wave plate
Induced beam-walk

The =2 wave plate is used in the LARA2 setup to turn the polarisation angle of
the laser. Two wave plates were used within this thesis: A thick wave plate made
of mica which is placed between glass plates for stabilisain and hence has a total
thickness of about 2 mm. It was found that the rotation of the thick wave plate

caused a displacement of the beam which was not acceptablerfthe depolarisation
measurements, which are described in chapter 6. Thereforesecond, thin wave plate

made of crystalline quartz was installed in the setup which @es not need additional
glass plates and hence has a thickness of about 0.2 mm. In théhapter the beam walk,
which is induced by both wave plates is characterised usinghte webcam monitor. The
pixels of the webcam have a size 06 1 m and hence allow to monitor the beam
position with a precision of the same order of magnitude.

The experimental setup for the determination of beam walk irduced by the thick wave
plate is shown in gure C.1. Although all available neutral density Iters were placed
in front of the webcam monitor, the image of the webcam monite was saturated in the
central region of the beam, shown in gure C.3. Neverthelesd is possible to determine
the beam position with an uncertainty of about 1pixel 5 1 min horizontal and
vertical direction by tting a Gaussian pro les to the inten sity distribution. The beam
walk induced by the thin wave plate was measured with a modi el experimental setup,
shown in gure C.2. The laser intensity was further reduced h comparison to the rst
measurement by the monitoring of a re ection of the beam instad of the beam itself.
The acquired beam pro le, shown in gure C.3, is more symmetic and has less noise
due to less prominent saturation of the sensor. Therefore th uncertainty of the beam
position measurement is reduced to about 0:3 pixel 1.5 0.3 m.

The beam position was measured in both setups for various ration angles of the
wave plates between @ and 36C¢°. The results are plotted in gure C.4 and show that
the thick wave plate induces a circular like beam walk with about 7 10 pixels
35 50 m radius. In case of the thin wave plate a variation of the beam position
within a circular area with about 4 pixels 20 1:2 m radius was observed. It
was shown in [Sch09] that a beam walk of about 38 m in vertical direction causes a
drop of the observed intensity of scattered light by 22 % whik no signi cant intensity
drop, i.e. <5 %, occures for beam walks of up to 20 m. In the proof-of-principle
depolarisation measurement, described in chapter 6, an imnsity variation of less than
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Figure C.1: Experimental setup for determination beam walk due to ro -
tation of thick wave plate. The webcam monitor is placed in the focal point of
lens L1 (focal lengthf), i.e. at the regular position of the LARA cell. Three neutral
density (ND) Iters with a total optical density of OD = 8.3, i.e. a transmitt ance of
10 83 and a glass di user plate are placed in front of the webcam monitor to reduce
the laser power and to remove interference pattern, respectively. The laser powesi
reduced to about 5 mW which is the lowest possible setting. The position of thdaser
beam is monitored by the webcam monitor while the wave plate is gradually reated.

AN

Figure C.2: Experimental setup for determination beam walk due to ro -

tation of thin wave plate. An anti re ection coated glass plate is placed into
the beam path between the focus lens L1 (focal length ) and the LARA cell. The

webcam monitor is placed such that it monitors the re ection of the beam in the
focus point of the focus lens, i.e.d; + d, = f. Two neutral density (ND) Iter with

a total optical density OD = 7, i.e. a transmittance of 10 7 are placed in in front
of the webcam monitor to reduce the laser power. The position of the laser beansi
monitored by the webcam monitor while the wave plate is gradually rotated.

5 % can be accepted. In later, high accuracy measurements thietensity variation due
to the small but still present beam walk should be taken into account.

Therefore, it can be concluded that the thick wave plate cannot be used in the
depolarisation measurements in which the variation of the ntensity of the scattered
light is monitored as function of the rotation angle of the wave plate since signi cant
intensity variations are caused by the beam walk. The thin wave plate is suitable
for the depolarisation measurements since the induced beamwalk causes a variation
of the observed intensity by less than 5 % which is su cient for the proof-of-principle

measurement that is presented in chapter 6. If possible, theariation of the intensity of

the scattered light due to wave plate induced beam walk show be taken into account
in the data analysis when the nal depolarisation measuremats are performed.
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Figure C.3: Beam pro les measured with webcam monitor for charac ter-
isation of wave plate induced beam walk. Top: Contour plot and 3D intensity
pro le of the laser beam measured with the experimental setup shown in gure C.1 ér
the characterisation of beam walk induced by the thick wave plate. Although t he
webcam monitor is saturated in the central region of the laser the beam posibn can
be determined with about 1 pixel 5 1 m uncertainty by tting the pro le with
Gaussian pro les. Bottom: Contour plot and 3D intensity pro le of the laser beam
measured with the experimental setup shown in gure C.2 for the characterisaton of
beam walk induced by the thin wave plate. The webcam is still saturated in the
central region of the beam but the uncertainty of the beam position measurement in
horizontal and vertical direction is reduced to about 0:3 pixel 1.5 0:3 m due
to the more symmetric intensity pro le.
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Figure C.4: Beam walk due to rotation of thick (left) and thin (right).

The data points are labelled with the rotation angle of the wave plates. The rotation
of the thick wave plate causes a circular movement of the beam position wih a
radius of 7 10 pixels. The beam walk due to rotation of the thin wave plate is
signi cantly smaller, all data points are contained in a circular area with 4 pixels
radius.
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ROOT Macro for depolarisation
measurement

In this chapter the source code of the ROOT analysis macro came found that is used
in section 6.4 to t the expected intensity function, see equation (6.2), to the data
measured in the depolarisation measurement.

#include"TF1.h"
#include"TH1F.h"
#include"TGraph.h"
#include"TCanvas.h"
#include"TFrame.h"
#include"TStyle.h"
#include"TList.h"
#include"TPaveStats.h"
#include"TMath.h"
#include<fstream>
#include<iostream>

[
/I Global parameters and constants
Il B R R R
/I Input and Output

const char datafile[] = "Final_analysis/peaks_all.dat"; /[Name datafile
const Int_t graphsize = 48; // Number of data points
const char filename[] = "Plot_peaks_all FINAL"; // Name of plots

| B
/I Placzeck-Teller Factor

/I'J = 0:

/IDouble_t const b = 0;
NJ =1

/[Double_t const b = 2./5,;
I3 =2:

/[Double_t const b = 2./7,;
/13 =3
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/[Double_t const b = 4./15,;
I3 = 4
/[Double_t const b = 20./77.;
/I J =5:
/[Double_t const b = 10./39;

| B R R R
/I Plot options

/I Set limits for y-axis in plot?

const bool limits = true; // True = set limits manually

const double y_min = 0; // Minimum of y-axis

const double y max = 4; // Maximum of y-axis

/| #Eaninna R ER R R T R R R R R R R R R R A e R R R e R e
/I Geometry of experiment

Double t const r = 7.9; // Radius of aperture in mm

Double t const d = 25; // Distance of aperture from centre of c ell

Il B R R R
/I Integration parameters

Double_t const epsilon = 1.e-4; // Integration accuracy

const double* foo = NULL; / Dummy variable neccessary for in  tegrations

| HHHHH BB R
/I Define line strength function for consideration of solid angle of
/I collection optics including the sin(theta) term from int egration in
/I spherical coordinates

Double_t linestrength(Double_t *x, Double_t *par)

{

Double _t a = par[0];

Double_t gamma = par[1];

Double t psi_ 0 = par[2];

Double_t psi = par[3];

Double_t theta = par[4];

Double phi = x[O];

Double_t function = (b*pow(gamma,2)/ 15. + ( (pow(a,2) + b*

pow(gamma,2) / 45. )* pow(theta),2) + b*pow(gamma,2)/ 15. ) *

pow(cos (phi - psi + psi_0),2) + ( pow(a,2) + 4. /45. * b*pow(ga mma,2))*
pow(sin (phi - psi+psi_0),2))*sin(theta);

return function;

}

|| BT AR R R A R R R R R
/I Integration I: Integrate linestrength function over var iable phi

Double_t h(Double_t *x, Double_t *params)

{

Double_t a = paramsJ0];
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Double_t gamma = params[1];
Double_t psi_0 = params[2];
Double_t psi = params][3];
Double_t theta = x[O];

/I Integration limits

double ax = -atan(sqrt(r*r/(d*d)*pow(sin(theta),2) -
pow(cos(theta),2)));

double bx = -ax;

/I Definition of line strength function

TF1* func = new TF1("linestrength”,*linestrength,ax,bx, 5);
/I Set Parameters of line strength function
func->SetParameter(0,a);

func->SetParameter(1,gamma);

func->SetParameter(2,psi_0);

func->SetParameter(3,psi);

func->SetParameter(4,theta);
func->SetParNames("a","gamma”,"psi_0","psi","theta" );

Double_t result = func->Integral(ax,bx,foo,epsilon);
delete func;
return result;

}

I B R R T R T R
/I Integration 1I: Integrate line strength function over va riable theta
Double_t g(Double_t *x, Double_t *params)

{

Double t a = params]O];

Double_t gamma = params[1];

Double_t psi_ 0 = params[2];

Double_t psi = x[0];

/I Integration limits and
Double t ax = atan( d /r );
Double_t bx = M_PI - atan( d /r );

/I Definition of function h

TF1* func = new TF1("h",*h,ax,bx,4);
func->SetParameter(0,a);
func->SetParameter(1,gamma);
func->SetParameter(2,psi_0);
func->SetParameter(3,psi);
func->SetParNames("a","gamma”,"psi_0","psi");
Double_t result = func->Integral(ax,bx,foo,epsilon);
delete func;

return result;
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}

I BHH B A T T T I A A
void MultiFit_neu?2()

{

gStyle->SetOptFit(11);
gStyle->SetStatColor(0);
gStyle->SetPadColor(0);
gStyle->SetPadBorderMode(0);

|
/I Read data from text file
std::ifstream input(datafile); // Input file with experim ental data
Double_t* psi = new Double_t[graphsize];
Double_t* integral = new Double_t[graphsize];
for(Int_t i = 0; i < graphsize;i++){
input >> psi[i] >> integralli];
}
input.close();
std::cout << "File successfully read in." << std::endl;

1| B HH R R
/I Define Graph with exp. Data
TGraph* gr = new TGraph(graphsize,psi,integral);

if(limits == true){
gr->SetMaximum(y_max);
gr->SetMinimum(y_min);}

gr->SetTitle("");

gr->GetXaxis()->SetLimits(-0.3, 7);

Il B R R R
/I Generate linestrength function + consideration of optic s for fitting
Int_t npar = 3;

Double_t xmin =psi[0];

Double_t xmax =psi[graphsize-1];

TF1* func = new TF1("g",*g,xmin,xmax,npar);

| B R R T R R R T R
/I Initialise fit parameters

func->SetParameter(0,3); // a

func->SetParLimits(0,0,100);

func->SetParameter(1,2); // gamma

func->SetParLimits(1,0,100);

func->SetParameter(2,1.4); // psi_0

func->SetParLimits(2,0,1.6);

func->SetParNames("a","#gamma”,"#psi_{0}");

I R S R T T B I B R R
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/I Fit function to data + Calculation of a/gamma and uncertai nty
gr->Fit(func,"R");

double a = func->GetParameter(0);

double gamma = func->GetParameter(1);

double sigma_a = func->GetParError(0);

double sigma_gamma = func->GetParError(1);

double psi_0 = func->GetParameter(2);

double sigma_psi_0 = func->GetParError(2);

double sigma_a _gamma = TMath::Abs(1./gamma) * TMath::Abgsigma_a) +
TMath::Abs(a/pow(gamma,2)) *TMath::Abs(sigma_gamma);

std::cout << "chi2/dof: "<< func->GetChisquare()/func-> GetNDF()
<< std::endl;

std::cout << "a = " << a<< " +/- " << sigma_a << std::endl;

std::cout << "gamma = " << gamma << " +/- " << sigma_gamma
<< std::endl;

std::cout << "psi_ 0 = " << psi_0 << " +/- " << sigma_psi_0
<< std::endl;

std::cout << "a/gamma = " << a/gamma << " +/- " << sigma_a_gamna
<< std::endl;

| B R T R R R
/I Plotting

/[ Canvas

TCanvas *cl=new TCanvas(filename,"Plot",0,0,1200,800) :
c1->SetFillColor(kWhite);

cl->SetBorderMode(kWhite);

cl->GetFrame()->SetBorderSize(12);

gr->Draw("AP");

gr->SetMarkerStyle(21);

gr->SetMarkerSize(1);

gr->SetMarkerColor(2);

gr->GetXaxis()->SetTitle("Polarisation angle #psi (rad )");
gr->GetYaxis()->SetTitle("Peak area (a.u.)");
gr->GetXaxis()->CenterTitle(kTRUE);
gr->GetYaxis()->CenterTitle(kTRUE);

/I Plot of fit parameters
(TPaveStats*)gr->GetListOfFunctions()->FindObject(" stats™);

Il SRR R R
/I Saving of plots

cl->SaveAs(".eps");

std::cout << "Program finsished" << std::endl;
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