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1. Introduction

In neutrino physics, great efforts have been made to determine the mass of the neutrino
since they were postulated by Wolfgang Pauli in 1930 [Pau64]. Neutrinos play a major role
in astrophysics and are important for our understanding of particle physics. It is known
that neutrinos are massive since the discovery of neutrino oscillation in 1998 [FHI*98].
This is in contrast to the standard model of particle physics. Therefore, experiments like
the KArsruher TRItium Neutrino experiment (KATRIN) try to determine the effective
neutrino mass model-independently by investigating the 3-decay spectrum of tritium.

The Magnetic Adiabatic Collimation with Electrostatic filter (MAC-E filter) concept
with a windowless tritium gas source is applied at KATRIN to determine the
endpoint energy region of the -decay of molecular tritium, and thus the neutrino mass
with a designed sensitivity of 0.2eV. This concept requires an extremely stable and
well-determined tritium gas source.

In this thesis, a cold trap, designed to remove impurities from gas stream injected into
the windowless gaseous tritium source, is examined and commissioned. Therefore, the
cold trap was tested to investigate the reduction of methane from a deuterium flow at an
operational temperature of 30 K using cryo pumping. If this test with a non-radioactive gas
is successful, it can be installed in the tritium injection system of KATRIN. Furthermore,
the conductance of the cold trap is determined in order to find the operational design
parameters.

The thesis is structured as follows:

The basic principles of neutrino physics are explained in The discovery of
the neutrino and the problems of early neutrino models are presented. Furthermore, the
discovery of the neutrino oscillation and the introduction of methods to determine the mass
of the neutrino are discussed.

Chapter 3|introduces the KATRIN experiment with the setup, the main functions and
their physical foundation.

In the fundamental theories of cryopumping and fluid dynamics are explained,
which will be applied to determine the characteristics of the cold trap. Therefore, an
overview of the different pumping phenomenons is given including the characteristics of a
cryopump, and the basic theory for the determination of the conductance.

introduces the cold trap and the experimental test setup for conductance and
reduction measurements. Furthermore, considerations are made about the thermal load,
the impact of the accumulated methane during operation on the pumping capacity and
conductance, as well as the different flow conditions during operation.

The conductance of the cold trap is determined in [chapter 6/ by measuring at different
flow and temperature conditions and gases. The measurement results are verified with
simulation data and theoretical models.
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The reduction capabilities of the cold trap are analyzed in|chapter 7| The cold trap was
tested with a methane-deuterium mixture, as well as methane and deuterium separately.
Furthermore, tests are executed under different temperatures in order to verify the reduction
measurements and test the temperature behavior of the cold trap.

Chapter 8 summarizes the thesis and gives an outlook for possible application scenarios.



2. Introduction to neutrino physics

Neutrinos are the lightest massive particles known and of high interest for particle- and
astrophysics.

Neutrinos are important for our understanding of the processes in stars, supernovae, forming
of galaxies, etc.. The neutrino mass is relevant in many of these models, and therefore the
subject of many investigations. Measuring the neutrino mass is a great challenge due to
its low interaction rate. In the following, the basic physical background and principles of
neutrino physics are introduced.

2.1. The discovery of the neutrino

With the discovery of the 3~ -decay and the continuous f-spectrum, by James Chadwick in
1914 [Chal4], there was a first experimental hint for a new particle. The energy spectrum
for a two-body decay should result in a discrete peak analog to the a-decay spectrum, which
was already known at that time. Therefore, a continuous spectrum would be a violation of
the energy conservation law.

A new light electrical neutral particle with spin % was postulated by Pauli in his letter to
Enrico Fermi in 1930, the neutrino [Pau64]. The two-body decay becomes a three-body
decay with this particle and the continuous (-spectrum agrees with the energy conversation
law:

n—pt+e +7. (2.1)

The first observation of the neutrino was made by the Cowan-Reines-Neutrino experiment
in 1956 [CRH™56]. It used a nuclear reactor emitting a high flux of electron-antineutrinos
Te. In the detector the antineutrino can be observed by the products of an inverse (3-decay:

Vo+p—el +n. (2.2)

The products of the [3-decay were detected as a delayed pulse pair by hydrogen liquid
scintillator, which contained a high number of target protons. The first pulse was the
slowing down and annihilation of the e™, which emitted two ~’s with an energy of 0.511 MeV.
The second pulse was the capture of the moderated neutron by cadmium dissolved in the
scintillator. The coincidence of the two signals was proof of the inverse 3-decay and thus
of the electron neutrino.

In addition to the electron neutrino, there are two more flavors known today: The muon
and tau neutrino. The v, was discovered by Leon M. Lederman, Melvin Schwartz, and
Jack Steinberger at the Brookhaven National Laboratory in 1962 [DGGT62]. In their
experiment, high energy protons from a particle accelerator stroke a beryllium target and
produced pions. The particles hit an iron shielding placed 21 m behind the target, which
absorbed muons, pions, and neutrons. The neutrinos passed through and were observed in
the 10t aluminum spark chamber behind the shielding.
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Figure 2.1.: Standard Solar Model: Energy spectrum of solar neutrinos created by
reactions in the sun for different processes (pp, “Be, etc.) The figure is taken from [BSB05].

The tau neutrino was postulated by Martin Lewis Perl in 1975 [PAB*75]. During ex-
periments at the Stanford Linear Accelerator Center - Lawrence Berkeley Laboratory
(SLAC-LBL) magnetic detector at the SLAC colliding-beams facility SPEAR with a center-
of-mass-energy > 4 GeV, it was found:

et + e — e + uT + missing energy. (2.3)

The tau neutrino was discovered by the DONUT experiment in 2001 [KUA*01]. DONUT
used the 800 GeV proton beam from the Fermi Lab Tevatron to produce tau neutrinos via
decay of charmed mesons. A nuclear emulsion was used as the target. The tau neutrino
was expected to decay within 2 mm after its creation to a single charged daughter. The
resulting track with kink characterizes a decay with large transverse momentum. The
emulsion was used to analyze the tracks.

2.2. The solar neutrino problem

The solar neutrino problem describes a deficit in the neutrino flux of the sun, predicted by
the standard solar model (SSM) by Bahcall shown in figure The neutrino flux
of different energies originates from the different fusion processes of the sun, which starts
at the pp reaction given by:

p+p— *Htet +ve. (2.4)

The Homestake experiment [DHHG68] aimed to confirm the predicted neutrino flux of the
SSM. It was sensitive to the 8B and "Be solar electron neutrinos. The measurements
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showed that the flux for ®B-neutrinos is a factor 3 below the expected flux for the
SSM.

Homestake was only sensitive to electron neutrinos. It was not possible to determine the
energy, direction, or arrival time of the neutrino due to its experimental setup. Other
experiments like (Super)-Kamiokande and SNO are based on the detection of Cerenkov
light. This method is sensitive to all neutrino flavors and allows to measure the number of
neutrinos passing through the detector volume, the direction, energy, and time coordinate.
The total neutrino flux of all three flavors matched the expected flux of v.. It was possible
to confirm the solar neutrino problem and the MSW effect with these measurements. This
effect explains that the effective mass of the flavor eigenstates depends on the propagation

through the mass. [Wol78| [MS86

2.3. Neutrino oscillation

The observation of neutrino oscillation was the first proof that neutrinos have mass. It was
postulated in 1957 by Bruno Pontecorvo [Pon68]. The so called “solar neutrino problem”
was the first observational hint, it was discovered in the 1970’s by the Homestake-Experiment
and confirmed in 1998 by Super-Kamiokande and SNO. The lower limit of the neutrino
mass was determined by these experiments with 0.01 eV.ﬂFHI+98L AAATO1]

gl

Theoretical description of the neutrino oscillation parameters

In order to understand the neutrino oscillation, a simplified two flavor oscillation can be
derived analog to the well known CKM-matrix. For the two generations v, and v:

|ve)\ [ cos@ sinf lv1)
<|Vu>> N (— sin 6 C089> ' <|y21>> ' (2.5)

The disappearance probability is [Per08]:

L
P(ve = 1) = 1 — sin® 20 - sin? (1.27 - Amj3, - E) , (2.6)
with the difference of the square masses of the eigenstates v; and vo:
Am3, = Am* =mZ —m}, . (2.7)

The appearance probability is P(ve — v,) =1 — P(ve = ). L is the flight distance of
the neutrino. Hence, the oscillation length X is given by:

E
A=25 —=. 2.8
A2 (2.8)
It is easily recognized in equation (2.6) that the oscillation amplitude is only dependent on

the mixing angle with sin? 26.

The PMNS-Matrix connects the flavor eigenstates with the mass eigenstates for a three-flavor
oscillation:

|ve) |v1)
) | =U | |v2) |, (2.9)
|vr) |vs)

where |v,) (a € {e,u,7}) are the flavor eigenstates, |v;) (i € {1,2,3}) are the mass
eigenstates and U is a unitary 3 x 3 mixing matrix:

1 0 0 cos 613 0 sinfs-e cosflis sinfio 0
U=10 cosflys sinfys |- 0 1 0 .| —sinf15 cosfis O
0 —sinfag cosbhag —sinfyz-e7® 0 cos 013 0 0 1

(2.10)
with the CP violating phase §. This postulated oscillation is only possible when the neutrino
is massive.
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Experimental results of neutrino oscillation

For neutrinos generated by different sources, the mixing angles ;; and the two independent
square neutrino mass differences Am?j can be determined by the observation of neutrino
oscillation.

Due to the unkown sign of the relative mass splitting between Am3, and Am3s, there are
two possible neutrino mass orderings. The normal ordering with m; < me < ms, and
the inverted ordering ms < mi1 < mg. A survey has shown that the normal ordering is
preferred to the inverted ordering with a significance of 3.40 [dFTT18].

The observation of solar neutrinos makes use of the long propagation length of approximately
150 x 10°km. The mixing angle between first and second generation 615 and Am?, is
determined by experiments like SNO. The values between the first and second generation

are [Parl18]:
sin? 015 = 0.30710015

2.11
Am?y = (7.5340.18) x 107°eV? . (211)

The parameters for the second and third generation are made by the observation of

atmospheric neutrinos. Experiments like Super-Kamiokande measure neutrinos originating
from pion-decays of cosmic rays:

™t —ut+ Vy

4 _ (2.12)

Le™ +ve +7y, .

Therefore, the neutrino ratio produced in the upper atmosphere is N,,/N,, = 2/1. Due to

the experimental capabilities of track and energy analysis, different propagation lengths can

be used to determine the origin and neutrino energy. Neutrinos originating from above the

detector only have to pass the atmosphere with an oscillation length of approximately 25 km,

neutrinos from the detector downside have to travel through the earth with approximately

12000 km. The different propagation lengths correspond with the oscillation probability of

equation .

A two-detector setup is used at accelerator experiments. The flux of a near and far detector
are measured and compared in order to determine the mass differences. Neutrinos are
produced by firing a particle beam (e.g. protons) to a target. This creates pions with a
decay channel like in equation (2.12). The advantage of this neutrino source is that the
neutrino energy can be fine-tuned. This method allows the measurement of mass differences
with high precision. The v, — v, disappearance channel for the 23 parameters, and the
vy — Ve appearance channel for the 13 parameters. The values are [Par18]:

sin? fp3 = 0.545 + 0.021 (normal mass odering)
sin® fo3 = 0.547 + 0.021 (inverted mass odering)
Am3; = (2.453 £0.034) x 1073 eV? (normal mass odering)

Am3s = —2.546700% x 1072 eV? (inverted mass odering)

(2.13)

The parameters for oscillation between the first and third generation are determined by
reactor neutrino experiments like Double Chooz [AAAT12], RENO [ACC*12|, and Daya
Bay[ABB*12]. A fission reactor is used to create an electron anti-neutrino flux. This flux
is a byproduct of the reactor fuels B-decay. A far (approximately 1.4km at RENO) and a
near (approximately 400 m at RENO) detector use the inverse 3-decay to measure the flux
and compare it to the theoretical rate. Am?; can be derived by Am3, and Am3,, sin? 3
is [Par18]:

sin? 013 = (2.18 £0.07) x 1072 . (2.14)
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Figure 2.2.: Schematic energy spectrum of a 2vf33- and Orvf33-decay. The con-
tinuous spectrum of a 2v(33-decay is shown on the left-hand side. If a Ov(33 exists, the
discrete line at the endpoint energy appears, which is shown with the red line on the

right-hand side. The figure is taken and modified from [DMVV16].

2.4. Determination of the neutrino mass

Neutrino are massive, in opposition to the predictions of the standard model, as shown in
section The lower limit for the electron neutrino mass was determined by oscillation
experiments to 0.01eV. The upper limit is set by model-independent measurements to

1.1eV [AAAT19)].

There are different approaches to determine the neutrino mass. One approach is the
observation of a neutrinoless double B-decay (Ovff), this is based on the theory that
neutrinos are Majorana particles (particle = anti particle). Whether neutrinos are Marjorana
particles or not is still unknown.

Another approach is the observation of stellar objects like galaxy clusters. This method is
highly dependent on theoretical models and therefore has a high uncertainty.

A model-independent approach is the observation of the (3-decay energy spectrum. This
method is only based on kinematic and energy-momentum conservation. Hence, a completely
model-independent measurement is possible.

2.4.1. Neutrinoless double [3-decay

The neutrinoless double (3-decay can be used, if it exists, to determine the neutrino mass
by the experimental determination of half life T} /5 for the element under investigation.

The existence of the Ov33-decay requires neutrinos to be Majorana particles. This means
that the neutrino is its own anti-particle (v = 7). In this case, the lepton number
conversation is violated, and therefore forbidden in the standard model. That observation
would indicate physics beyond the standard model.

The binding energy of nucleons in a nucleus is described by the Bethe-Weizsicker-Equation

vW35] and can be represented as parabola for isobaric isotopes. For an even nucleus
number the mass-parabola is split into an even-even (lower mass) and an odd-odd (higher
mass) parabola due to the spin coupling between the constituents.

m(Z,A = constant) o constant + aZ 4+ BZ> + dp , (2.15)

with dp as empirical pairing energy, A nucleon and Z proton number of the nucleus, « the
factor accounting for the coulomb force, and 3 accounting for the increasing total energy
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caused by the Pauli exclusion principle. The pairing term is:

— apA_% for even-even nuclei
op=140 (2.16)
—i—apA*% for odd-odd nuclei

with ap ~ 12 MeV. This split can lead to a forbidden single (3-decay of even-even nucleus if
the neighbor odd-odd nucleus has higher binding energy. In this case, the odd-odd nucleus
undergoes a double 3-decay to a lower even-even nucleus [Zubl1].

The double [3-decay was first discussed by Goeppert-Mayer in 1935 as a two-neutrino-double
B-decay (2vBp) [Goed5]. This decay is a higher-order effect and therefore the half-life is in
the order of 10? a [Parl8], which is a few orders of magnitudes larger than the single 3
decay. The Ovf33-decay based on the Majorana theory was discussed for the first time by
Furry in 1939 in the form of:

2¢= (OwB ")

2et (OvBTRT) (217)

(Z,A)—>(Zi2,A)+{

An additional discrete line would appear in the energy spectrum at the endpoint energy
for a two-body process (figure 2.2).

The effective mass of the Majorana neutrino can be calculated by the observation of the
half-life time for the double 3-decay. In case of a light massive Majorana neutrino, it yields:

9 -1
) , (2.18)

where Tlo/”2Bﬁ is the experimental observable, G% BB(EO, Z) the phase-space integral, Mgy

2
(mpp)? = (Tf/”fﬁ - GPB(Ey, 7) ’ME”T” — M
A

and Mp the Gamov-Teller Matrix elements and gy, ga the (axial-) vector coupling constant
of the electroweak interaction. (mgg) is the coherent sum of the neutrino eigenstates

Vi, V2,V3
2

: (2.19)

3

Z ’Ue,i 2

=1

m; - e'%

(mpp) =

where €@ is the CP violating Majorana phase.

Untill today, none of the experiments, like NEMO-3 and EXO-200, have had a positive

result. The lower limit for TIO/V2[3[3 is derived by investigating different 2v{33 isotopes as

sources. It is in the order of 1023

22 ¢V [Parlg].

a, coresponding to an upper limit for mgg < 0.061€V to

2.4.2. Cosmic neutrinos

The observation of cosmological phenomenons is another way to determine the neutrino
mass indirectly. These phenomenons are the density fluctuation in the universe hence
forming of galaxies in the early universe, and the cosmic microwave background (CMB).
The energy density parameter is {2 = 1 for an euclidean universe, where 2 is the sum of all
its constituents (matter, radiation, and vacuum). With the Friedmann-Lemaitre-equation

5 8mG ey

H 3 p= 0;8’ (2.20)
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Figure 2.3.: Energy spectrum of a tritium (3 decay. a) Complete spectrum b)
Enlarged endpoint region of the spectrum with a neutrino mass m, = 0eV red line, and
m, = 1eV blue line. The figure is taken from [AABO5].

where G is the gravitational constant, p the mass, p. the critical mass density, and H the
hubble parameter while the index 0 means the day of observation with ¢y the age of the
universe. Historically, it is defined by:

H
h= S (2.21)
100 km Mpc™" s
The energy density parameter for the neutrino is:
Q =P imi (2.22)

Y 93.14-h%eV

>_; m; is the sum of all neutrino species. The neutrino density, with respect to the matter
density, is:

Ql/ 12
o P . (2.23)
Qo pcDM + Py + Py

pcep is the energy density of the cold dark matter and pp for barionic matter. [LP14

The upper limit for the neutrino mass is with consideration of all the cosmological parameters
Plal4]:
my, < 0.23€eV . (2.24)

2.4.3. Kinematics of 3 decay

The investigation of the -decay spectrum is based on the kinematic of a three-body decay
and the energy released during the process. It is described as:

M(A,Z) = DA, Z+1)+e + 7., (2.25)

M(A, Z) is the mother and D(A, Z + 1) the daughter nucleus. For a nucleus at rest, the
electron energy FE. should be according to the energy conservation:

me < Ee <mpy—mp—Tp—FE, . (2.26)
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Tp is the recoil energy of the nucleus, F, the neutrino energy, mys the mass of the mother
and mp of the daughter nucleus. The released energy during the decay is given by the
Q-value:

Q=Am, (2.27)

where Am = m(Z, A) — m(Z + 1, A) [Zub11]. With equation (2.26) the endpoint energy is:

Eo=Q-Tp. (2.28)

The p-decay with neutrino is a three-body decay. Hence, the energy spectrum is a continuum
as shown in figure The determination of this spectrum can be accomplished in different
ways. For example, the synchrotron radiation of the -electrons is measured from tritium
in a homogeneous magnetic field in Project 8, and the endpoint region of the spectrum is

observed [Kofl5].



3. The KATRIN experiment

This chapter gives an overview of the objectives and methods of the KATRIN experiment,
which aims to investigate the endpoint region of the 3-decay spectrum for tritium and
determine the effective mass of the electron neutrino via high-precision spectroscopy.

3.1. Physics of KATRIN

This section discusses the objectives of KATRIN and presents the physical principle of the
MAC-E filter, which plays the key role in achieving the aimed energy resolution.

3.1.1. Objectives

The KArlsruhe TRitium Neutrino experiment is located at the KIT in Karlsruhe. It aims
to measure the electron neutrino mass by observing the end point energy of the -decay
spectrum from molecular tritium with a sensitivity of

my, <0.2eV (90% CL) . (3.1)

This will be an improvement in sensitivity, compared to previous experiments, by one order
of magnitude [AABO5]. It is possible to investigate the sub-eV neutrino mass scale with
this high sensitivity. This is of high interest in particle physics, astrophysics, and cosmology.
The investigation of the [3-decay spectrum is only based on kinematic relations and energy-
momentum conversation. Hence, it is a completely model-independent measurement of the
neutrino mass.

KATRIN uses a large spectrometer with a usable diameter of 9m applying the Magnetic
Adiabatic Collimation with Electrostatic filter (MAC-E filter) technique [AAB05]. The
tritium decay takes place in the WGTS. The resulting [3-electrons are guided by magnetic
fields through the spectrometer. They have to pass the differential pumping section, the
cryogenic pumping section, the pre-spectrometer between WGTS and spectrometer, and
hit the detector if they overcome the main spectrometer potential.[Sch16]

3.1.2. MAC-E filter

A high luminosity and energy resolution is required in order to achieve the targeted
sensitivity in the observation of the endpoint region of the (3-decay spectrum. The MAC-E
filter combines these two requirements and enables the high energy resolution of 0.93 eV

AABO5].

The main part of the MAC-E-Filter is a magnetic field covering the main spectrometer
tank. The field guides f3-electrons on a cyclotron motion around the field lines. The field
strength drops many orders of magnitude towards the spectrometer center. Due to this
gradient, most of the cyclotron energy is transformed into longitudinal motion. If the

11
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magnetic fields change slowly, the momentum is transformed adiabatically and therefore
the magnetic moment p keeps constant in first order.

E
= f = const. (3.2)

These electrons, parallel to the field lines, run against the electrostatic potential U in the
spectrometer center. A cylindrical electrode forms the potential which filters the lower
energetic electrons. The electrons with a sufficiently high energy get re-accelerated to the
detector where they are counted.

The minimum magnetic field Ba in the spectrometer center and the maximum B,y at
one end define the relative sharpness AE/FE of this filter:
AE  Ba
E  Buax

(3.3)

The magnetic mirror effect is used to suppress electrons with a high scattering probability.
Therefore, the (-electron source is placed in a magnetic field By < Bpax. This effect
restricts the accepted maximum starting angle of the electron to:

Bs
Bmax )

(3.4)

Sin Oppax =

With equations (3.2), (3.3) and (3.4)) the transmission function 7' with retarding potential
U and electron charge ¢ is given by:

0 E—qU <0
E B
1 1o EZdUBs
E Da
T(E,qU) = — 0<E—qU <AE (3.5)
1—J1- =22
E Da
1 E—qU > AFE

For T' = 0 the electron with energy F is reflected while for T" = 1 the electron is transmitted.
AABO05

Figure 3.1.: Overview of the experimental setup of the KATRIN. a) Rear
section, b) windowless gaseous tritium source (WGTS), ¢) pumping section: DPS, CPS,
cryostats and MAC-E-filters, d) pre-spectrometer, e) main spectrometer with aircoil

system. Figure is taken from [AAAT19].



Chapter 3. The KATRIN experiment 13

3.2. Source and transport section

In order to achieve the desired precision in the (3-decay endpoint measurements, big efforts
have been made to assure a stable and controlled tritium source. This chapter explains the
main parts of this system.

3.2.1. Rear section

The rear section is part of the Calibration and Monitoring System (CMS) of the tritium
related components. It monitors the source activity by -induced X-ray spectrometry and
the electron gun. Additionally, the rear section houses the golden rear wall, which defines

the source potential. [Sch16

3.2.2. Windowless gaseous tritium source

The Windowless Gaseous Tritium Source (WGTS) is the pB-electron source for KATRIN.
Windowless describes that there is no physical barrier for the gas. The molecular tritium
with a temperature of 27K and a pressure of p = 3.4 x 10”3 mbar is injected through a
capillary at the middle of the WGTS tube with a diameter of 90 mm and a length of 10m
[AABO5]. The tritium then diffuses to both ends of the tube, where the gas is pumped
into the circulation loop.

The density profile is influenced by the tube conductance. In order to achieve a source
stability of 0.1 %, the source temperature is regulated by a two-phase neon cooling system
at 30 K with a stability and homogeneity of 0.1 % [GBHT13]. The nomnial colum density is
pd =5x 107 cm ™! [H612], the stability is provided by a pressure-controlled buffer vessel.

With a transport time in the order of 1s, the decay rate is in the order of 10''s~!. The
electrons produced by the -decay are guided to both ends of the WGTS by a magnetic
field of 3.6 T. [AABO5

3.2.3. LOOP system

The LOOP system, shown in figure is installed in order to stabilize the tritium injection
rate at the WGTS with a stability of better than 0.1 % [PSB15]. It controls the injection
rate, monitors the purity of the injected tritium, and filters all non-hydrogen molecules
from the gas. A high isotopic purity of larger than 95 % and a throughput of approximately
40gd! can be provided [AABO5]. The system consists of 3 subsystems.

The circulation loop supplies the WGTS with tritium. The gas gets pumped and recycled
at both ends of the WGTS. The pumped gas is fed through a palladium filter. This filter
uses a silver-palladium membrane to extract all non-hydrogen species. These impurities
occur by radio-chemical reactions or decay from tritium. Additionally, approximately
1.4 sccm gas is constantly extracted from the permeator. The purified gas gets transferred
to a buffer vessel (BV04). From the buffer vessel, the tritium is fed through a Laser-Raman
sampling cell into the pressure- and temperature- (operated at 318 K with a stability
better than 0.5 K) controlled injection vessel (BV05). The Laser-Raman cell measures the
composition of the gas inline using the Raman-effect. Due to the inelastic scattering of light
on molecules, each molecule has characteristic lines in the analyzed spectrum. The installed

system can detect all hydrogen isotopes at a level of 0.1 % within 100s. [PSB15

The palladium filter (permeator) is connected to the exhaust loop. The filtered gas is
stored in the waste buffer (BV03), where the waste gas gets transferred to the TLK’s
(Tritium Laboratory Karlsruhe) exhaust processing system [PSB15].

The feed loop replaces the filtered amount of gas. It is connected to the TLK infrastructure
and provides the circulation loop with high purity tritium via buffer vessel BV01 [PSB15].
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Figure 3.2.: Simplified scheme of the KATRIN tritium loop system at the
WGTS. The Circulation Loop with essential components is shown for pressure stabilized
injection, tritium cleaning (Permeator) and monitoring (Laser Raman). The Feed Loop
provides pure tritium, and the Exhaust Loop transfers waste gas to the TLK infrastructure.

Figure is extracted from [PSB15].

3.2.4. Transport system

In order to achieve the requirements for a low background rate in the order of 10 mcps
in the main spectrometer, the neutral tritium flow has to be reduced to at least
10~ mbar £s~! [AABO5]. Therefore, the transport system (DPS and CPS) is installed
between the WGTS and the pre-spectrometer.

The differential pumping section (DPS) is located next to the WGTS. To prevent
a straight trajectory for the tritium molecules, five 1 m-long beam tubes equipped with
superconducting solenoids are arranged in 20° angle. The signal electrons are guided by
the 5.6 T magnetic field of the superconducting solenoids through the cryogenic pumping
section (CPS). Four turbo molecular pumps (TMP) are installed alongside the solenoids.
Each TMP has a pumping speed of higher than 2000¢s~! for Hy. The designed overall
reduction factor of the DPS together with the pumps of the WGTS is larger than 107
[AABO5]. Tons caused by fB-decay in the source are unaffected by the DPS. In order to
remove these ions, three dipol electrodes, which cause a drift towards the DPS walls, and a
ring-shaped blocking electrode are installed Klel9)].

The cryogenic pumping section (CPS) is located next to the DPS. Its working principle
is to trap tritium that impinges on the 3 K surface of the tube. Alongside the transport
tube, transport magnets are installed, which guide the signal electron with the transport
field of 5.6 T through the section. Each section is tilted to each other by 15°. In order to
enlarge the effective surface area, an argon-frost layer is prepared on the inner surface of
the beam tube. The CPS will be regenerated after 60 days to remove tritium on the surface.
Overall, the CPS reduces the tritium flow by more than 7 magnitudes additionally [R619].

3.3. Spectrometer and detector section

The KATRIN experiment uses two spectrometers and the focal plane detector in order to
filter electrons below the threshold level and detect signal electrons.
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3.3.1. Pre-spectrometer

The pre-spectrometer is installed between the transport section and the main spectrometer.
It has a length of 3.88 m and an inner diameter of 1.68 m. A MAC-E-Filter is applied to
pre-filter and reduce the 10'°s7! electron flux to 10*s™!. The pre-filter requires an energy

resolution of AE ~ 100eV [AAB05]. The retreating energy is fixed to 10.4kV [AAAT19],
in order to reject the electrons that have no information about the neutrino mass.

3.3.2. Main spectrometer

The main spectrometer with its high resolution MAC-E-Filter is the key component of the
KATRIN experiment. It has a length of 23.3 m and a diameter of 10 m. Two superconducting
solenoids generate the inhomogeneous magnetic field for the MAC-E-Filter. The diameter
of the analyzing plane is 9m. Additional air coils are installed to fine-tune the magnetic
field and compensate the earths magnetic field. The spectrometer tank hull serves as a
guard electrode for the high voltage on the inner wire electrodes and is therefore at a high
potential. An electrode wire system is used to fine-tune the electric potential inside the
tank. The transmitted electrons are re-accelerated to their initial energy and guided to the
focal plane detector. To reduce the outgassing rate of hydrogen from the stainless steel
and fit the requirements of the ultra high vacuum of 10~'! mbar inside the tank, the main
spectrometer must be backed out at 200 °C.

3.3.3. Focal plane detector

The focal plane detector (FPD) is installed at the end of the setup. The p-decay electrons
are detected by a monolithic 148 pixel p-i-n (positive-intrinsic-negative doted silicon) diode
array. The sensitive area of the detector has a diameter of 90 mm, surrounded by a
2mm guard and a 15.5mm bias ring. The FDPs radial geometry allows corrections for
electrical and magnetic inhomogeneities in the analyzing plane. The post-acceleration
electrode (PAE), located before the diode, shifts the electron energy to a range with a lower
background. This leads to an energy resolution of AE ~ 1.6 keV (Full Width at
Half Maximum FWHM) at the 18.6 keV endpoint energy of the spectrum.

3.4. First tritium measurement and challenges

The tritium measurements executed in spring 2019 improved the upper limit for the neutrino
mass to 1.1eV (90 % confidence level) [AAAT19]. During this measurement, it was observed
that the injection flow decreased over time (see figure , because methane freezed out
on the injection capillary of the WGTS. The impurity in the tritium gas was caused by
radio-chemical reactions. Hence, a cold trap was planned to remove the methane before it
can reach the part of the injection capillary inside the WGTS cryostat.
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Figure 3.3.: Decrease in tritium flow. Injection flow to the WGTS shows decrease
over time at higher injection rates (50 %, and 100 % setting) as a result of methane freezing
out at the injection capillary.



4. Theory of cryopumping and fluid
dynamics

In order to understand the basic physics applied in this thesis, this chapter explains the
fundamental theories of cryopumping and fluid dynamics.

4.1. Sorption phenomenons

Cryogenic baffles do not only work by entrapment through condensation but also have
characteristics of sorption pumps.

Gas molecules or atoms hitting the surface have a sticking probability s < 1 and a probability
of being reflected of s — 1. The adsorbate can be an atom or a molecule sticking on the
surface. The adsorption energy F,4s is the energy of the adsorption process caused by
physisorption (dipole or Van-der-Waals forces) or chemisorption (electron exchange forces).
The desorption is the reverse process to adsorption, in which a stored atom or molecule
degas. Desorption energy FEyes is the energy needed to desorb the particles. It is equal to
the adsorption energy Fqes = Fags if the activation energy for absorption is 0.

4.1.1. Sorption

If the surface of the sorbent material is covered with more than one layer of particles
to adsorb, the desorption energy FEges of the layers n # 1 is similar to the enthalpy of
vaporization Ah. With the Langmuir assumption that a particle only can be adsorped if it
hits a non-covered surface area (layer n = 1), it follows:

FO)=1-9. (4.1)

The corresponding adsorption rate for an in first order not temperature dependent sticking

probability sq is:
. n-c
Jads = S0 * (1 - 9) ' T ) (42)

c is the mean velocity of the medium, 6 the degree of covered surface area. [Jou0O4

4.1.2. Desorption

Desorption is the reverse process of sorption. A particle with a kinetic energy Eyin > Fges

can be desorbed. According to Boltzmann, A7 out of 72 particles fulfill the necessary energy
requirement:

An =10 -exp (— gde;> . (4.3)

17
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T is the surface temperature, |[R| the ideal gas constant. The desorption rate is given with
the surface frequency of the stored particles in the order of vy ~ 1013 s

. dn . E
Jdes = T —Vo-n-exp (_Rd?> . (4.4)
And the mean sojourn time 7:
1 Eyes >
= 4.5
! z/oeXp<R-T ’ (4.5)

where Eges = —AH,q, and H,gs is the adsorption enthalpy.

4.2. Physics of cryopumping

Cryopumping describes the entrapment through condensation of the residual gases on the
inner surface of the pump at temperatures below 120 K. The equilibrium vapor pressure
has to be equal or less than the pressure in the chamber [fS81].

4.2.1. Cryocondensation

Cryocondensation makes use of the different saturation pressure curves of molecular gases.
A cold surface captures the targeted gas molecules and therefore pumps them. The pressure
in a cryopumping system is usually below the triple point, where the temperature and
pressure of all three phases are in equilibrium. In this case, gas undergoes a direct phase
change from gaseous to solid. Hence, the saturation and the sublimation pressure curves

are identical. [Day07]

Figure shows the saturation pressure curves of different gases. For example, the
saturation temperature of tritium is one magnitude lower than the one of methane. Methane
can be separated in this case by adjusting the surface temperature of the cryogenic pump
higher than tritium but lower than the methane saturation temperature at the desired
pressure level.

The saturation pressure curves in figure are plotted for thermodynamic equilibrium at
the phase boundary of the corresponding gas. This results in a zero particle flux which
unavoidably leads to a zero pumping speed. A factor 100 larger pressure than the saturation
is recommended to accomplish a sufficient pumping speed [Day07].

4.2.2. Thermal stability

One aspect of the cold trap design is thermal stability. Small variations in temperature
can change the species of pumped gas as shown in figure For example, the saturation
pressure curves of Dy and Ty differ by less than 1 K.

The housing of a cryopump is usually at ambient temperature of approximately 300 K, while
the cryopanel is refrigerated. For steady temperature conditions, the heat flux towards the
panel Q must be equal to the cooler refrigeration power. The thermal conductivity of the
solids Qg, gas heat conduction Q¢, thermal radiation g, phase transition temperature
AHpr, and the phase change enthalpy AHpc generate the heat flux [Day07]:

Q=Qs+Qc+Qr+AHpr+ AHpc . (4.6)

Qs is proportional to:
Qs~ 7 A, (4.7)
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Figure 4.1.: Saturation pressure curves. The saturation pressure curves for different
gases including CHy (red line) and Ty (blue line) are displayed. Figure modified from

[Day07].

A is the thermal conductivity, A the cross section, and L the conductor length.

The gas heat conduction Q¢ is the quantity of energy transfer, caused by the collision
of the gas molecules and the surface of the pump. This effect correlates with the mean
free path A and the vessel dimension £. The heat transfer depends only on the number of
molecules for A > ¢. The Knudsen number Kn characterizes the different flow regimes,
like laminar and continuum flow etc.:

(4.8)

The usual operational state of cryopumps is given by Kn > 1. The system is in a molecular
flow and gas heat conduction can be neglected while the radiation heat transfer Qp is
dominant in this environment. The radiation heat exchange for two surfaces A; and Ao
with emissivity €1 and &9 is:

Q12 =Ciz- Ay - (T14 - T24) : (4.9)
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with the exchange number:

o g-€&1°€9

S l—(1—e1)-(L—e2) @’
with the Stefan-Bolzmann constant [0l ¢9; is the geometric shape factor defined by the
fraction of heat radiating from surface 1 and absorbed by surface 2.

o (4.10)

As shown in equation , a big temperature difference of the cryopump housing at
ambient temperature and cryopump leads to a high Q. Therefore, a shielding between
housing and pump can be necessary. The shielding is used as a second cryopanel, which
operates at higher temperatures than the pump, but lower than the outer housing. It
blocks the direct path from the housing to the pump of photons and residual gas molecules
in an isolation vacuum to reduce the temperature difference. A low emissivity ¢ < 1 of the
cryopump surface, where 1 is equal to a black body, is preferred.

4.2.3. Pumping characteristics of cryo pumps

The pumping characteristics of a cryo pump are quantified by the following parameters
[Day07):
e The pumping speed S is the quotient of throughput @) and working pressure p as
long as p is smaller than the ultimate pressure of the pump:

s- 9 (4.11)

p

e The capture coefficient c is the ratio of actual pumping speed S to the ideal
pumping speed Sijq. Hence,

R-T

=c-Sia=cAlet " \| = -
S=c-Syg=c let o M

(4.12)

Ainlet is the area of cryo surface, M molecular weight of pumped gas, |R| ideal gas
constant, and T the gas temperature. An approximation of c is:

1 1 1
=4 —-1. (4.13)
C « w

« is the sticking probability of the particles impinging on the cryo surface, w the
transmission probability defined by the installed baffles and other geometric factors
that reduce the speed of particles. The sticking probability mainly depends on gas
type, temperature, and pumping phenomenon of the baflle material.

¢ The maximum throughput is defined as the maximum gas flow rate that can be
pumped at a cryo surface temperature below 20 K and a gas temperature of 273.15 K.

e The pumping capacity is defined as the quantity of pumped gas until .S is reduced
to 50 % of the initial pumping speed. This decrease of pumping speed can be caused
by a rising temperature gradient at the cryo panels, due to the coverage of frozen
gas. The pump must undergo a regeneration procedure when the pumping capacity
is reached.

o Ultimate pressure is the lowest base pressure the pump can reach after appropriate
preparations, such as baking out. It has to be operated at the minimum operating
temperature for at least 24 h.

e Crossover is defined as the minimum amount of nitrogen gas that can be fed into
the pump in At = 3, while the cryo panel temperature retains at below 20 K.cryo
panel
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4.2.4. Regeneration

In order to restore the initial pumping speed when the capacity of a cryopump is reached,
a regeneration process is necessary. This is done by heating the cryo surface of the pump
while pumping the released gas. The pumped gas gets released at equilibrium temperature
of phase transition or desorption. The pump must be isolated from the main vacuum
system, in order to not contaminate it, before the pump is heated and until it is cooled
down to pumping temperature after regeneration. A quasi-continuous pumping system,
which can regenerate itself, can be achieved by combining several cryogenic pumps that
are operated in staggered intervals. [Day07]

4.3. Basics of fluid dynamics

The conductance in fluid dynamics is defined analog to Ohm'’s law, where the gas flow ¢ is
similar to current I, the pressure difference Ap is similar to the electrical potential U and
the conductance C' is the inverse of the electrical resistance R:

¢

(4.14)

For a system of ¢ connected parts, the overall conductance is calculated in a serial configu-

ration by:

1 1

— = —. 4.15
C zz: C; ( )

In a parallel configuration, it yields:

C=) C;. (4.16)

The conductance can be determined by analytical methods in molecular flow conditions.
An aperture connecting two volumes under molecular flow ¢ is defined by the mean thermal
velocity ¢ of the particles, the pressure difference of the two volumes Ap, and the cross
section area of the aperture A:

p=A - Ap. (4.17)

1 Ol

With equation (4.14) and the mean thermal velocity, defined as weighted mean speed of

the gas particles is:
8- kp-T
e= /= (4.18)
m™em

where m is the molecular weight. Hence, the conductance can be written as:

kp-T
o0r-m

Caperture =A- (419)

The conductance of a long pipe is the product of the aperture conductance and the pipe
probability of passage of the pipe for the gas particles P. The probability can be derived
from Monte Carlo simulations. For a long pipe with diameter d and length ¢, it is calculated
by:

[SCNRIEN
YESH

Poipe = (4.20)



22 Characterization and commissioning of a cold trap for the KATRIN experiment

Hence, the conductance for a pipe is given by:

Cpipe = Caperture : Ppipe
c-m-dd
12 ¢ (4.21)

kg T-m dj’
- 18-m ¢

As shown, the conductance is dependent on gas species and temperature in addition to the
geometry of the installation.

The viscosity must be taken into account at laminar-flow conditions, which leads, in case
of a pipe, to:
7-d*-p
C=—— 4.22
128 -0 - £ ( )

where 7 is the viscosity, p the mean pressure, ¢ the length, and d the diameter of the pipe
‘Gmb13].

The conductance of a thin aperture is well known under different flow conditions and can
be adjusted according to the corresponding Knudsen number [JKS9§].



5. Experimental setup for cold trap
measurements

5.1. Cold trap

In the presence of stainless steel walls, tritium can produce different species of methane
CX,4 (X € {H,D, T}) by radio-chemical reactions [Gil80]. Since the WGTS and the LOOP
system are primarily made of stainless steel, methane can occur in the gas mixture fed into
the WGTS tube. One of the key parameters for a time- and space-homogeneous gas column
is the temperature of the main tube. Therefore, the temperature is regulated at about 30 K
[Pri13]. The feed in is directly attached to the outer side of the main tube which leads
to a thermal equilibrium. Due to this low temperature, residual methane freezes on the
walls of the feed in, as described in section [4.2.1l This reduces the effective diameter so
that the gas flow drops significantly over a short period of time during the first full tritium
measurements.

Equation shows the conductance is very sensitive to changes in diameter. A small
decrease can change the gas flow significantly. The goal of the designed cold trap, which is
introduced and tested in the scope of this thesis, is to freeze the methane before it enters
the feed in.

5.1.1. Cold trap cryo panels

The inner geometry of the installed cold trap is shown in figure The gas mixture is
fed into the trap (lower right-hand side) and has to pass the chicane of cooled cryo panels.
The panels block the direct path, so that the gas molecules at room temperature have to
hit the cryo-surface. The methane freezes out on the panels due to phase change according
to the saturation pressure as described in section [4.2.1]

A SHI RDK-415D cryocooler (in combination with the heaters) is installed to refrigerate
the panels to the target temperature on the top plane of the trap (left-hand side). The cryo
panels are arranged with a distance of 7mm. The holes forming the passage through the cryo
panels have a radius of 5mm. The total surface of the cryo panels is A¢ryo = 3 % 102 m?.
The cleaned gas gets fed through the outlet (top left-hand side) into the WGTS.

Methane accumulation on the cold trap inner surface

The growth rate of the methane layer is an indicator of the pump capacity and change in
conductivity. In order to approximate the methane accumulation on the inner surface of
the cold trap during operation, the number of CH4 molecules is calculated. The following
calculations are executed under the assumption of an ideal gas, which is sufficient for an
approximation under the given conditions. The number of methane molecules for an ideal
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Figure 5.1.: Inner geometry of the cold trap. The cross-section is shown through
the center of the cold trap along the longitudinal axis. The temperature sensors on the
top (left-hand side) and bottom (right-hand side) of the cold trap monitor the cold trap
temperature.

gas and an assumed CHy gas flow of ¢cp, = 1 x 10~ mbar £s is:

¢cH
nom(t) = 7o (5.1)
gas .

~4x10 " mols!.

The gas is at room temperature Tg,s = 300K and |1 is the ideal gas constant.

With a methane diameter of dcy, = 3.24 A [HHO6], the covered area with a rectangular
molecule distribution (78 % coverage) per second is:

ACH4 (t) = (\/nCH4 : dCH4)2

5.2
=9253.4x 10 %m?s7 1. (5.2)

Hence, an area of 1 m? cooled surface is covered with a single layer of CHy every 1.1h of
operation. This is equal to a growth of 11.7amm™"! for the installed cryo surface area. For
a realistic time of operation the change in pump capacity and conductance is negligible.

5.1.2. Thermal sensors and heaters

The outer surface of the cold trap is shown in figure [5.2l The temperature sensors are
connected to the red/white wires connected to the copper wires. They are thermally
connected to the cold trap body and fixed with the aluminum tape.

The thermal connection is necessary to minimize the variation in temperature measurement,
taking into account the long wire length ¢ and the relation for resistance R of the entire
wire:

(5.3)
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Figure 5.2.: Cold trap with thermal sensors. The thermal sensors are connected to
the red/white wires, and the heating elements are connected to the blue/white on the
left- and right-hand side. The exhaust pipe is shown on the bottom with bulk to absorb
stress caused by temperature changes. The gas injection pipe (not shown: bulk to absorb
stress caused by temperature changes) is displayed on the right-hand side.

with the cross section area A of the wire, and a temperature dependent specific resistance
p(T).

The blue and white wires are connected to heating elements installed on the top and bottom
of the cold trap, regulating the baffle temperature.

5.1.3. Thermal load and shielding

The partly assembled radiation shielding is shown in figure The shielding is located in
an insulation vacuum between the outer housing (at room temperature) and the cold trap
(at 30K). The heat radiation transfer is dominant for Kn > 1 (section|4.2.2). This is the
case at insulation vacuum conditions for the housing.

The purpose of the cryocooler is to cool down the cold trap and maintain stable temperature
conditions in cooperation with the heaters. The cooling power must be greater than the
thermal load caused by the radiation and by the gas.

The free path length A for molecular flow is:

1
A= ——— 5.4
V21D - d? (54)
where d is the average diameter of the particle and D the particle density is given by:
N
D=—. 5.5
> (55)
Hence, A with the ideal gas law p-V = N - k;, - T can be written as:
kp-T
A= —7—. 5.6
V2r - p-d? (5.6)

The pressure at the designed tritium injection flow of ¢ = 1.8 mbar¢s~! and an assumed
conductance of the cold trap in the order of C' = 1/s~! is with equation 1} in the order
of p = 1.8 mbar.
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Figure 5.3.: Cold trap with radiation shielding. The bulk with a low heat transfer
coefficient to reduce heat transfer is on the left-hand side. Copper strips are attached to
the bulk as radiation shielding. The injection and exhaust of the cold trap is next to the
copper shielding with bulks to absorb stress due to shifts caused by temperature gradient.
The shielding is mechanically connected to the cryocooler (figure .

The free path length A is approximated to 1 mm for molecular hydrogen with a diameter of
approximately dp, = 0.74 A [HHO06], a gas temperature of T = 300K, and the pressure p.

The characteristic length d (equation (4.8)) is in the cm scale for the given geometry of the
cold trap (radius 7 = 4.9 cm and distance of the cryo panels 7mm). The requirement for a
molecular flow Kn > 10 is not satisfied. To accomplish a stable cryo surface temperature,
the heat transfer from gas to cryo surface Q¢ has to be taken into account.

The maximal thermal flux to the cryo panel by the gas is approximated under the assumption
that all gas particles are cooled by the surface leading to AT = 270 K. The thermal energy
is:

AQum =c-N-kp-AT. (5.7)

c is the specific heat capacity ¢ = % with f the degree of freedom (f = 3 for an ideal gas).

The number of particles to cool down N (t) is given by the gas flow ¢ = 1.8 mbar £s~!:

¢
R-Tys'

N(t) = N4 (5.8)

with the Avogadro constant Assuming all particles are cooled down to the target
temperature immediately, the thermal load caused by the gas can be written as:

. 3
=—-N(t) -kg- AT
Qc 5 (t)- kB (5.9)
~ 240 mW .

The thermal load caused by radiation from the outer housing at ambient temperature
is calculated with equations and . The view factor is @91 = 1, because the
radiation shielding blocks the entire path from the housing to cold trap. The emission
coefficient of the housing &1 is approximated with the coefficient of polished stainless steel

€1 ~ 0.07 [ET20].

The cold trap radiation shielding is installed inside a bulk in order to reduce the thermal
load caused by radiation. It has a low heat transfer coefficient, which decouples the cold
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Outer Housing

Figure 5.4.: Cold trap test setup CAD. In addition to the cold trap shown in figure
the housing needed for the isolation vacuum during the measurements, radiation
shielding, the bluk for stress reduction on the mountings due to thermal changes, and the
cryocooler are shown here.

trap from the outer housing. The radiation emitting area is a cylinder with dgown =~ 22 cm,
hdown /= 24 cm for the part located in the lower end of the setup (figure right-hand side)
and dyp ~ 35cm, hy, ~ 21 cm for upper part (left-hand side).

The load is calculated to Qp ~ 2.9 W with an emission coefficient for the copper cold trap
surface of g5 & 0.02 [ET20]. The aimed cooling power should be greater than 3.1 W with
the thermal load caused by the gas. The installed cryocooler SHI RDK-415D has a cooling
power of 35 W at the temperature of 50 K and 1.5 W at 4.2 K operated at an European
50 Hz grid [Grol9], which is therefore sufficient.

5.1.4. Verification of cryo temperature

The partial pressure of CHy for a flow of ¢cr, = 10~* mbar £s~! and an assumed conductiv-
ity of C = 1¢s7! is in the order of 10~* mbar. The saturation pressure curve temperature
for CHy (figure 4.1) is approximately 50K, for the given deuterium flow approximately
10K.

Therefore, the cryo panel temperature of approximately 30 K is in the temperature gap
where CH,4 condensates on the surface while neither Dy or Ts are affected.

5.1.5. Flow conditions

The flow condition inside the cold trap is approximated with the Knudsen number Kn (see
equation (4.8)). The length ¢ a gas molecule can travel is estimated by the distance of the
cryo panels.

The maximum pressure inside the cold trap for molecular flow conditions can be calculated
with equation (5.6) at room temperature T = 300K and the kinetic diameter for the
different gas species. The results are listed in table
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Table 5.1.: Maximum pressure for molecular flow conditions. The upper pressure
limits pol for different gases, where molecular flow conditions are still present in the

ax

cold trap, are listed. d is the kinetic diameter of the gas molecule.

Gas Species d in pm  pm9l in mbar
D, 28 1.6 x 1073
CH,4 3807 0.9 x 1073
He 2607 1.9 x 1073
Ar A.ﬁ 1.2 x 1073
Ny 3641 1.0 x 1073

An upper molecular flow limit can be approximated for an assumed conductivity C' = 1£s7!
of the cold trap and p%. = Ap = 1073 mbar (A = 70mm) with equation 1)

max

pmo =1 x 10 3 mbar £s7! . (5.10)

max

The upper limit for transition flow conditions is accordingly (A = 0.7 mm — pfais ~ 10~ mbar):

trans — 1 510~ ! mbar £s™! . (5.11)

max

The upper limit for slip flow (A = 0.07mm — pfP =~ 1 mbar) is:

max

P — I mbar st . (5.12)

These numbers can only be regarded as a rough approximation of the real flow conditions
due to the complex geometry.

5.2. Test setup for conductance and reduction measurements

The test setups for conductance and reduction measurement are designed to simulate the
conditions of the future application. The gas injection and the measurement systems are
explained in this section.

5.2.1. Gas injection system

The former deuterium injection system for the cryogenic pumping section at KATRIN
is used as CHy injection system [R619]. The CHy buffer vessel in figure replaces the
D5 buffer vessel of the original setup. The system is designed to regulate the molecular
gas flow of a given gas in a range of 107° mbar £s™! to 10~ mbar £s~! within a low error
margin. A detailed description of the injection system can be found in [Fril7].

The flow is regulated via the pressure upstream an aperture using the known condutance
values which are displayed in table

The conductance under molecular flow conditions depends on the molar mass of the gas
species. The conductance for a gas with Ms and a given conductance C' (M) is:

C(M,) = C(Ml)\/g . (5.13)
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Cold Trap Setup ) VG3+VG4

Flowcon-
troller

Gas outlet

0

Scroll pump Pressure regulator

Figure 5.5.: Methane inlet system setup scheme. Manual valves are labeled as
HV, control valvs as CV, leak valvs as LV, and the vacuum gauges as VG. Downstream
the injection system on the upper left-hand side the connection between cold trap test
setup and injection system is named as “Cold Trap Setup” and corresponds to “CHy
injection system” in figure and “Injection system” in VG 1 is a Pfeiffer MPT 200
AR, VG 2 a Baratron 690A 1000 torr, VG 3 Baratron 690A 1 torr, and VG 4 a Baratron
722B 100 torr (only used for conductance measurement). TMP 1 is a Leybold Turbovac
TW 70H. Partly modified version of the setup scheme is taken from [R619].

The pressure upstream of the aperture is controlled by leak valve LV 1 and monitored by the
pressure gauge VG 3 (and VG 4 for conductance measurement). During the measurement
HV 7 is fully open, LV 1 is set to target pressure level, the other valves are closed.

The flow rate is calculated according to equations (4.14) and (5.13). Values calculated
for different flow rates are shown in table the uncertainty is given by the Gaussian
propagation and an uncertainty in the pressure of 0.5 %.

Table 5.2.: Conductance of the aperture for different gases. The conductance
values under molecular flow conditions of the aperture used to regulate the injected gas
flow are displayed for different gases. The values are taken from [Fril7].

Gas Cin 1072¢s~! Uncertainty in 1072 /s~ !

Do 4.893 0.029
He 4.887 0.002
Ar 1.554 0.001

Ny 1.873 0.002
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Cold Trap
HV 11 HV 12 Turbovac 350i SC15D
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Figure 5.6.: Cold trap conductance measurement setup scheme. The “Injection
system” on the left-hand side (shown in figure is connected to the cold trap inlet via
manual valve HV 11 and pressure gauges VG 5 (Baratron 722B 20 torr). The pump port
(TMP Turbovac 350i and scroll pump SC 15D) on the right-hand side is attached to the
cold trap outlet via pressure gauge VG 6 (Baratron 722B 20 torr) and manual valve HV
12.

5.2.2. Conductance measurement setup

The setup to measure the conductance of the cold trap is shown in figure As gas source
the injection system is installed upstream the cold trap via HV 11. VG 5 and VG 6 are
Baratron 722B 20 torr pressure gauges. They measure the pressure difference caused by
the conductance of the cold trap. These gauges are installed at the inlet and outlet of the
cold trap. The Turbovac 350i and SC 15 D are connected downstream the cold trap via
HV 12. The TMP can be bypassed by opening HV 5 and closing HV 13 for high flow rate
measurements.

5.2.3. Reduction measurement setup

The setup for the reduction measurements is shown in figure The deuterium flow to the
4 ¢ buffer vessel can be regulated by FC 1 to 100 sccmp,. The 4 ¢ buffer vessel is installed to
ensure a homogeneous gas mixture from the deuterium tank and methane injection system
to the cold trap. FC 2 is set to 100 sccmp, and regulates the entire gas flow to the cold
trap. The control valves CV 2 and CV 3 split the gas flow downstream of the cold trap in
order to maintain the working pressure of the RGA from 10~'! mbar to 10~% mbar. The
split ratio is adjusted to maximize the gas flow at the RGA. The pressure gauges VG 4,
VG 5 and VG 6 are installed to monitor the system pressure during the tests and are not
used in the analysis. The RGA is used to analyze the exhaust gas of the cold trap, the
Penning gauge VG7 monitors the pressure environment of the RGA.

Table 5.3.: Pressure values for different flow rates at the injection system. The
pressures p is the upstream pressure of the aperture shown in figure and correspond
to the methane flow rate ¢cm, -

écp, in mbar £s7! p in mbar

(5.00 +0.04) x 1076 2.04 x 10~*
(1.00 £0.01) x 107>  4.08 x 1074
(1.00 £0.01) x 107*  4.08 x 1073
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Figure 5.7.: Cold trap reduction measurement setup scheme. The Dy tank (with
flow controller FC 1), and the “CHy injection system” (see figure are on the left-hand
side of the cold trap. Both are connected to the 4 /¢ vessel with pressure gauge VG 4
(Baratron 722B 100 torr). The 4 ¢ buffer vessel is attached to the cold trap inlet via flow
controller FC 2 and pressure gauge VG 5 (Baratron 722B 20 torr). The pressure gauge
VG 6 (Baratron 722B 20 torr), which links the cold trap outlet to the main pump port
(scroll pump (SC 15D) and TMP (Turbovac 350i)) and RGA (MKS Microvison Plus
Quadrupol) with Penning gauge VG 7, TMP HiPace 80 and scroll pump SC 15D, is on
the right-hand side of the cold trap. The control valves CV 2 and CV 3 regulate the flow
to pump port and RGA.






6. Conductance measurements

The conductance of every component in a vacuum system is an important parameter. It is
dependent on the geometry of the component which characterizes the fundamental fluid
dynamics of a vacuum system together with pressure and gas flow.

An analytical determination can be challenging in case of a complex geometry. Therefore,
the conductivity of the cold trap introduced in chapter |5|is simulated at molecular flow
conditions, and tested under various flow (section and temperature (section
conditions with different gases.

6.1. Simulation and results

In order to calculate the conductivity of the cold trap with analytical methods, many
assumptions and simplifications have to be made, which makes the result inaccurate. A
simulation based on simple physical models offers a good approximation to the real values
and can be executed with standard computers. With the software tool MolFlow-+, it is
possible to simulate molecular flow conditions for any given geometry.

6.1.1. Molflow-+

MolFlow+ [Ady16] is a software tool provided by CERN to simulate the molecular flow
inside complex structures. It uses Monte Carlo simulations to calculate the pressure
distribution in an ultra-high vacuum environment.

The test particle Monte Carlo method (TPCM) is used in the simulation. This method
uses a limited number of test particles to represent the larger number of particles matching
the parameters of e.g. de- and adsorption, pumping speed. Generated particles in the
system are traced until they are pumped during the simulation. Collisions with the walls
are registered and stored if necessary, while ignoring the ones between gas particles since
the free path length is larger than the characteristic length of the system under molecular
flow conditions.

The number of hits and the distribution of molecule velocity is determined with a ray-tracing
engine and a custom GUI framework, in order to calculate the pressure and density.

The sources are represented by facets which are the geometrical representation of the
object’s surface. This applies to a steady-state simulation with a continuous gas influx and
constant pumping speed. The particle rate dNy/dt of each facet is calculated with the
predefined outgassing rate and the ideal gas equation:

p-V =N kp-Tj. (6.1)

T} is the temperature of the gas emitted by the corresponding facet, hence the facet
temperature. MolFlow+ automatically chooses the start position for a particle if more than

33
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one facet emits particles. The probability, that a facet is emitting a particle, is proportional
to the local flux on the facet. The particle position on each facet is chosen randomly with a
uniform distribution on the surface. The number of particles in a system can rise very fast,
even at low flow rates. Each simulated particle represents a higher number of real particles
in order to reduce the computing time and to allow simulation on a standard desktop PC.

The direction of generated and rebound particles is determined by the Knudsen cosine law.
The Mersenne-Twister algorithm is used to generate random numbers between 0 and 1 to
get the angles between particles and the azimuth angle.

The Maxwell-Bolzmann distribution determines the speed of particles under ideal gas
conditions. According to the sojourn time and the so caused thermalization, the speed of
the particles changes at every collision. Due to the simulation method where the particles
are generated as flux through facet, fast particles pass and hit a surface more frequently.
The speed distribution of these particles can be calculated with a given probability density
function. They are generated according to the numerical inversion method.

After hitting a facet, the particle is either pumped or bounced off, depending on the sticking
coefficient of the facet. After direction and velocity are calculated, MolFlow+ uses a ray
tracing algorithm to determine the location of the next hit in case of a rebound.

The geometrical surface area A and volume V extracted from the CAD file are needed in
order to calculate the physical parameters of the simulation. The number of collisions per
second and per area is the hit rate z on a facet with:

L Nt - K
—1

The counted number of hits Np;; on a facet is multiplied by the factor K, divided by the
facet area A. K is the factor by which the number of simulated particles are reduced
compared to the particles in a real system with the set values. This takes into account that
only a fraction of particles can be simulated in order to run on a desktop PC.

(6.2)

The pressure on the walls is defined by momentum exchange from particles hitting a facet,
divided by the facet area. Every facet has a counter to store the number of hits Ny,
the total orthogonal momentum change I, and the reciprocals of the orthogonal speed
components v]_l. The pressure can be calculated by:

1K
== (6.3)
The number of particles in a volume defines the density which cannot be calculated directly,
because MolFlow+ only simulates events on the surface. The particle count in the volume
A - At - v, is related to the number of collisions on the surface A, which is needed to
calculate the density. A molecule with a travel speed of v| heading to the facet will hit
the surface in a time interval At if it is closer than At - v, hence,

N
Necollisons = V CA-At-vg . (64)

The density can be calculated by using the UII counter, integrating N/V over the velocity
distribution function, and with the speed distribution on an adjacent facet:
Nhit

<n>volume = Zvll . (65)

The documentation for the software can be found in [Ady16].
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Figure 6.1.: Pressure distribution cold trap simulation. The cross section of the
tested cold trap is shown with simulated pressure distribution. The gas injection tube is
on the top left-hand side, the gas exhaust tube is on the bottom. Violet indicates regions
of high pressure, and red regions of low pressure. The color scale is linear.

6.1.2. Results

A MolFlow+ simulation with the cold trap CAD model is executed to determine the
conductance. The conductance C is calculated with equation (4.14)), where Ap is the
pressure difference at the start of the intake py, and the end of exhaust poyt.

The pressure distribution inside the cold trap (figure shows a high pressure gradient
between intake and exhaust representing a low conductivity. The results of the simulation
for a flow rate of ¢ = 10 3 mbar¢s~! for different gases and temperatures are listed in
table The facet covering the intake and representing the gas source was assumed to be
opaque for this simulation.

The sticking probability of all facets, except the facet representing the pump, is set to 0
and the pump is set to 1. No molecules will be adsorbed by the walls and every simulated
molecule will eventually hit the pump with these sticking parameters.

A facet covering the intake is chosen as a source with a cosine distribution to generate
the required particle flow ¢. The initial gas temperature is controlled by the source facet
temperature. The pump is represented by a facet with sticking probability 1 covering
the exhaust. The simulation is based on the ideal gas law and therefore the gas type is
controlled by the molecular weight.

The simulation in the tested temperature range for a molecular flow environment shows
that the pressure at the intake is in the same magnitude as the injection flow, the pressure
at end of the exhaust is two to three magnitudes lower than the intake pressure.

All results are in the magnitude of 107! s~ depending on the gas type and temperature.

6.2. Measurement procedure

The setup scheme of the methane injection system is shown in figure and the scheme
of the cold trap setup in figure The following procedure is carried out in order to
experimentally determine the conductance of the cold trap under test for a wider flow
range.

1. The cold trap is preconditioned to the target temperature by the cold head and
heaters.

2. The 15.863 ¢ buffer vessel in figure is filled with the necessary gas type up to
approximately 0.5 bar using HV 4.

3. The desired gas flow is adjusted via the leak valve LV 1 and monitored by the pressure
gauges VG 3 and VG 4 (depending on the flow rate/pressure level) upstream of the
aperture.



36 Characterization and commissioning of a cold trap for the KATRIN experiment

4. The pressure upstream of the aperture is stabilized for approximately 10 min in order
to increase the statistics.

5. The input and output pressure is measured by VG 5 upstream and VG 6 downstream
the cold trap.

This procedure is followed up to a pressure of 1 bar upstream the aperture. The gas flow
corresponding to a pressure above 1bar can not be stabilized which does not allow an
accurate read-out. Therefore, the pressure is adjusted to the maximum range of VG 4 in
order to achieve a higher gas flow. The TMP is bypassed with HV 15 open and HV 13
closed in order to reach flow rates that exceed the capability of the TMP. The pressure
readings of the gauges are recorded continuously and a conductance curve is calculated.

6.3. Gas dependence of conductance

The conductance is dependent on the gas type and temperature, as shown in equations
(4.14) and (4.17). Therefore, the cold trap is tested at room temperature for different gas
species.

6.3.1. Low-flow regime

This test is performed in order to determine the conductance of the cold trap for helium,
argon, and nitrogen with 99.999 % gas purity at room temperature in a low-flow environment.

The conductance for a low-flow regime is shown in figure for nitrogen. The flow-
conductance relation has an in first order linear behavior for a flow range of 10~3 mbar s~}
to 102 mbar ¢s~! and is fitted by:

C(@)=¢ -m+Cp . (6.6)

A transitional flow at the edge of molecular flow for the lowest pressure readings is present
during this measurement according to the calculations in section

The data points are the mean value of a stabilized pressure recorded for approximately
10 min. The error bar is the standard deviation of the mean pressure, which is added to the
systematic error for uncertainty of the Baratron pressure gauges of 0.5 % using
equation and the Gaussian propagation of uncertainty.

Table 6.1.: Conductance simulation for different gases. The MolFlow+ simulation
results are listed for helium, argon, nitrogen, methane, and deuterium with a flow rate of
10~3 mbar ¢s~! at different temperatures. pi, is the intake pressure and pou the exhaust

pressure.
Gas T inK piyin mbar poye in mbar C in £s71
He 5 1.9x1073 32x107 0.53
He 30 22x1073%  7.7x10°6 0.46
He 80 25x107% 1.3x107° 0.40
He 300 32x1073% 24x107° 0.31
Ar 300 1.0x 1072  7.7x107° 0.10
N, 300 8.7x107%  6.4x107° 0.12
CH; 300 6.5x 1073  4.9x107° 0.16
D, 300 3.3x107% 24x107° 0.31
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Figure 6.2.: Flow-conductance dependency for cold trap with nitrogen gas at
room temperature. The conductance of the cold trap at room temperature is shown
for Ny depending on the gas injection flow. The flow regime is on the edge of a molecular
flow. The data is fitted with linear orthogonal distance regression, the error bars are used
as a weight.

The injection flow is calculated using the pressure upstream and downstream the aperture
of the injection system. The conductance of the aperture under molecular flow conditions
for the gases used is known and can be found in table The aperture is operated under
non-molecular flow conditions, therefore the conductance value must be determined. The
conductance of a thin aperture for non-molecular flow environments can be calculated using
the Knudsen number and the ratio C'xp,/Chyor that can be found in [JKS98]. The Knudsen
number for a thin aperture is [JKS98]:
T-n-C

Kn = .
n= (6.7)

d is the diameter of the aperture hole, n the viscosity of the gas, and ¢ the thermal velocity.

In order to take the uncertainty in the adjustment into account, the systematic uncertainty
was increased by 5% from the values determined by the Gaussian propagation with a
pressure uncertainty of 0.5 % and the uncertainty in Cy,j in table 5.2l The values listed
in table were determined by a linear orthogonal regression fit of the data, using the
error bars as weigh. The intercept values of these measurements can be interpreted as
conductance under molecular flow conditions, and are in agreement with the simulated
values in table The measurements for helium 300 K and argon 300 K are shown in the

figures and

6.3.2. High-flow regime

The conductivity flow dependence for a flow in the range from 10~ mbar £s~! to 6 mbar £s~!
is shown in figure The conductivity follows roughly a quadratic or exponential function.
Compared to the behavior of a thin aperture [JKS98| it can be assumed that for the tested
gases the conductivity reaches saturation at a gas flow in the order of 10! mbar¢s~!. It
was not possible to achieve higher flows than 6 mbar £s~! for helium which corresponds to
a conductance of C' ~ 5¢s~! due to the experimental setup. The maximal possible flow for
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Figure 6.3.: Cold trap flow-conductance dependency for helium, argon, and
nitrogen. The measured conductance values of the cold trap at room temperature are
shown for helium (blue), argon (yellow), and nitrogen (green). The flow-conductance
dependency is displayed in a transition to slip flow regime.

argon and nitrogen match a conductance of C' ~ 2.5¢s~ . A continuum flow regime should
be accomplished for a flow in the magnitude of 1 mbar /s~! according to the calculations
in section

The conductivity depends on the viscosity of the fluid in laminar flow which is in case of a

pipe:
7-d*
C=—'7, 6.8
128707 (6:8)
d is the pipe diameter, ¢ the length, p the mean pressure, and n the fluid viscosity [Gmb13].
Laminar flow can be assumed to approximate the conductivity in first order. The viscosity

of the used gases is at room temperature [Lid03]:

nar = 22.9pPas
e = 20.0 pPas (6.9)
N, = 17.9pPas .

The discrepancies of these values are negligible in respect to the accuracy of the measurement.
Therefore, the displayed data can be considered identical in a flow regime of 10~! mbar £s~*

Table 6.2.: Conductance values in low-flow regime for different gases. The fit
parameters of equation are displayed for helium, argon, and nitrogen at room
temperature. The corresponding plots are shown in figures , and

Gas min mbar™! Cpin 1071 ¢!

He 6.5+ 1.7 3.91 £0.17
Ar 99+1.3 1.38 £ 0.05
Ny 12.4+£0.8 1.44+0.04
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Table 6.3.: Conductance values in low-flow regime for helium at different
temperatures. The fit parameters of equation are shown for helium at 5K, 30K,

and 80 K. The corresponding plots are shown in and

Tin K minmbar~! Cpin 1071 ¢s7!

) 274+ 3.0 5.78 £ 0.38
30 384+3.1 3.63 +0.26
80 26.0+£1.6 3.15£0.15

to 2mbar ¢s~!. The data points are mean values of multiple measurements in an interval
width of 0.1/£s~!. The error bar of the flow ¢ is the standard deviation of the mean. A
malfunction of the two Baratron pressure gauges VG 4 and VG 5 was discovered at higher
pressure values, which led to a constant value added to the reading of the gauges. It was not
possible to repeat all the measurements, due to the late discovery. Therefore, a correction
was applied to the previously measured data. Due to the constant nature of the error, it
was possible to correct the values. The conductance uncertainty takes this circumstance
into account, and an additional 5% error of the reading value is added in addition to the
standard deviation of the interval. The systematic uncertainty is analogue to section [6.3.2]
but negligible in comparison.

The hierarchic derived by the viscosity is noticeable between argon and helium /nitrogen
for ¢ > 2mbar £s~!, the gas with a higher viscosity leads to a lower conductance.

6.4. Temperature dependence of conductance

The conductance is dependent on the gas velocity and therefore temperature at molecular
flow conditions. Gas fed into the system has a room temperature of about 300 K, while the
cryo panels can cover a range from 5K to 300 K. The cold trap temperature dependency is
tested with helium at 5K, 30K, 80K, and 300 K over the full flow range which is possible
with the given setup.

6.4.1. Low-flow regime temperature dependence

The conductance for a low-flow regime in the range of 1072 mbar £s~! to 1072 mbar £s~! is
tested at 5 K (C.5)), 30K (C.4), and 80K for helium gas with an injection temperature
at 300 K. As in the previous test, the conductance has in first order a linear relationship
to the gas flow. The fitted values can be found in table

The reading for Cp,o at 5K is in agreement with the simulation, the values for 30 K and
80 K are below the expected value while Cgox = (0.32 + 0.02) ¢s~1 value is below the value
at Cspox = (0.39 4 0.02) £s~! (He in table . An explanation can be the sensitivity
of the pressure gauges and the interpretation of Cp,o as the intercept. With a steeper
gradient, the approximation becomes less accurate.

6.4.2. High-flow regime temperature dependence

The conductivity temperature dependency at higher flow rates is shown in figure It can
be seen that the course of the conductance values is dependent on the cold trap temperature.
The conductivity for laminar-flow conditions depends on the viscosity of the fluid (see
equation ) This can be approximated by different theories like the elastic-sphere

kinetic theory [CST70]:
5 kg-m-T
= 6.10
716 02 \ T ’ (6.10)
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Figure 6.4.: Cold trap flow-conductance dependency for helium at a cold trap
temperature of 5K, 30 K, 80 K and 300 K. The condutance values for helium at 5K
(black), 30K (red), 80K (blue), and 300K (green) are shown. The flow-conductance
dependency is displayed in a transition to slip flow regime.

o is the diameter and m the mass of the gas molecule. The point-centres of force model
CS70] is another approximation of the viscosity:

n=mn <§/>S . (6.11)

The primed values are known and s = 0.657 4+ 0.001 for Helium in a temperature range
from 43 K to 1073 K.

Another possibility to describe the viscosity is the Lennard-Jones model [BB02][CS70]:

5 vm-kg-T
":175'\/7?-02—.3}2@)’ (6.12)

with

Q(T) = 1.16145 - (T*) 01487
+ 0.52487 - exp(—0.7732 - T*) (6.13)
+2.16178 - exp(—2.43787 - T™) ,

while T* = T'/e* with the Lennard-Jones parameter ex = ¢/kp (for helium ¢ = 10.2K).
These models account for different interaction forces and apply to different temperature
ranges and various gas species.

The theoretical conductivity values are calculated for 80 K using the elastic-sphere kinetic,
the point-centres of force, and the Lennard-Jones model in figure In order to determine
the theoretical viscosity, the measured values for 300 K are used as input values. The
point-centres of force and Lennard-Jones model are the most accurate for 80 K reading.
At 30K (see figure the most accurate approximation is given by the elastic-sphere
model. All three models are not suitable for an approximation at 5K (see figure . The
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Figure 6.5.: Theoretical cold trap conductivity for helium at 80 K. The theo-
retical conductance values for different models are displayed. The values calculated for
the elastic-sphere kinetic model are the green dash-dotted line, for the point-centres of
force model the yellow line, and for the Lennard-Jones model the black dotted line. The
measured values for helium at 80 K are plotted in blue.

parameter used in the point-centres of force model should not be used for temperatures
below 43 K for helium. The Lennard-Jones parameter for helium is given for a range from
3K to 3000 K, allowing the application to all tested temperatures.

One explanation for the inaccuracies of these models at temperatures below 80 K is that the
temperature gradient between gas and cold trap increases. Furthermore, it was assumed
that the mean pressure inside the cold trap p is constant for a given flow, but it varies due
to the change in conductivity. Within the given limitations, the theoretical values show
the expected behavior and agree with the measured values.

6.5. Summary

The aim of these measurements was to determine the conductivity under the flow conditions
for which the cold trap is designed, therefore a flow in the order of 1 mbar £s~! was required.
With the used setup, it was possible to investigate the boundary to molecular flow. In order
to verify the measured values under molecular flow conditions, flow simulations of the cold
trap were performed with MolFlow—+. The experimental results show a good agreement to
the simulated ones.

Additionally, the conductance was determined for temperatures at which the cold trap is
operated, as well as for the edge cases 5 K and at room temperature. With the result of
this chapter, it is now possible to determine the conductance for a given gas temperature
for future purposes of the cold trap.






7. Cold trap reduction measurements

The gas reduction capability is the main purpose of the cold trap. It is tested with a
methane-deuterium mixture to simulate the tritium flow conditions in the WGTS. The
device is examined with different parameters to determine its capabilities.

In order to interpret the measurements under pumping conditions, a reference measurement
at room temperature is carried out in section The pumping capabilities and behavior
of the cold trap are investigated in section The cold trap is tested with a deuterium-
only injection, a methane-only injection and a deuterium-methane mixture. In order to
investigate the temperature behavior, the cold trap is cooled down from room temperature
to 20 K while a deuterium-methan mixture is injected in section In order to back up
the results of the reduction measurement, the [empty| and [loaded| cold trap is analyzed and
the amount of the released methane is compared with the injected one in the reduction
measurement in section

7.1. Measurement procedure

A deuterium-methane mixture is generated and fed through the cold trap to test the
reduction of methane with a non-radioactive gas mixture. The setup scheme of the methane
injection system is shown in figure and the scheme of the cold trap setup in figure
The following procedure is executed to create the required mixture, :

1. The 15.863 ¢ buffer vessel in figure is filled with approximately 500 mbar using
HV 4, HV 2, HV 3, HV 5, and LV 1 are closed.

2. CV 2 and CV 3 are both fully opened before gas injection to ensure the RGA does
not operate in vacuum conditions larger than 10~° mbar.

3. Valve HV 10 is opened to connect the upstream system to the cold trap (HV 6 and
HV 8 open). The deuterium flow is set to 100sccmy, (¢p, ~ 1.18 mbar £s~1) via
flow controller FC 1 (HV 9 open).

4. When the pressure at VG 3 is stable, HV 6 gets closed.

5. The pressure is set to the designated level via LV 1 to establish a constant methane
flow.

6. CV 3 is set to maximize the total pressure at the RGA (up to 107> mbar) to increase
the possibility of detecting methane flow.

7. The gas flow is analyzed by the RGA.

In order to determine the methane reduction factor by the cold trap, the methane and
deuterium injection systems are decoupled by closing HV 10. CV 3 is closed and CV 2 is
fully opened to maximize the sensitivity of the detection system. The cold trap is heated
until released methane can be detected.

43
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Table 7.1.: Methane fingerprint. The relative values are listed for the different gas
species present in methane gas. The values are normalized to CHy. [Lin97

Gas species Mass in u  Relative value in %

C 12 3.80
CH 13 10.69
CH, 14 20.42
CH; 15 88.79
CH4 16 100.00
13CH,4 17 1.64

Methane is a mixture of more than one gas specie (CHy with the corresponding mass
of 16u). In order to identify methane in the RGA spectrum, the measured values are
compared with the relative values listed in table An uncertainty of 10 % in the relative
fingerprint peaks for each mass is allowed in order to positively identify methane. This
takes into account the natural variations in the mixture of the gas species, the uncertainty
of the RGA, and the presence of water and other out gassing of the system downstream
the cold tra The time integrated fingerprint scans are compared with the integrated
methane flow rate and the pressure loss of the 15.863 ¢ vessel which should be equal to the
integration of the flow rate.

7.2. Reference measurement at room temperature

The measurement under the room-temperature environment is executed in order to deter-
mine the setup capabilities.

The measurement with 100 sccmp, deuterium and methane flow is shown in figure 7.1l The
gas correction factor of deuterium and methane are Kp, = 0.35 and Kcn, = 1.4 for the
installed RGA [MI20]. The RGA pressure reading for deuterium is represented by the 4 u
pressure p%SA = 1.07 x 10~ %mbar at 1.54h. The methane pressure is represented by the

sum of the methane species partial pressures with pggf = 1.54 x 10~ " mbar.

The pumping speed S depends on the relative molecular mass [Vac03]. With the plot-
ted course of the pumping speed over the molecular weight for the given values of the
installed TMP (listed in table , the pumping speed for deuterium and methane can be
approximated to Sp, ~ 58 £s~! and Scp, ~ 67 s~ L.

For a configuration with split gas flow, the gas flow ratio is given by:

D, $CH,
_ , (7.1)
obt oty

with ¢p, and ¢cn, the injected deuterium and methane flow, qzb%S’A and qbggf the gas
flow at the RGA. The flow at the RGA can be calculated with the pumping speed of the
installed TMP and the partial pressure of the gas:

RGA
RGA _ g Pi

i ; 2

!The measurements show that the components downstream of the cold trap create a permanent background
which is not negligible. This background is present because the setup has not been baked out. The
background decreases over the course of the measurements, which are carried out over several weeks.
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Figure 7.1.: Deuterium methane injection at 290 K. The constant deuterium injec-
tion of 100 sccmyy, is represented by the 4 u pressure reading (blue), the methane injection
by the 16 u pressure reading (red) as well as the sum over the methane species (orange).
The methane injection is constant in the time period of 1h to 2.8 h. The constant water
background is indicated by the 18 u pressure reading (black). The blue line at 2.5 h marks
the position of the spectrum with the best agreement to the methane composition

table shown in figure

1 is the gas specie. The methane flow is calculated with equations and and the
Gaussian propagation of uncertainty. The exact values of the uncertainty for the following
devices and values are not known, but are conservatively estimated to 10 % uncertainty in
RGA pressure reading, 10 % uncertainty for the gas correction factors, 10 % uncertainty in
the pumping speed, and a 30 % uncertainty in deuterium flow:

RGA

b, = bp, - [ PCHaScts Kb,
! : Kcn, ppoA - Sp,

= (4.91 £ 1.90) x 10 ?mbar s~ .

(7.3)

With a methane flow of 5 x 1072 mbar /s~! corresponding to a pressure reading in the
magnitude of 10~ mbar, a minimal methane flow of approximately 10~* mbar¢s~! can
be recognized with CV 2 and CV 3 fully opened. The spectrum in figure shows the
expected composition of methane and deuterium.

The constant water background, which can lead to a negative methane identification at a
flow of 104 mbar £s~!, has to be considered.

7.3. Measurements at 30 K

In order to determine the pumping characteristics of the cold trap, different gas mixtures
were injected and analyzed at a cold trap temperature of 30K in the following.

7.3.1. Deuterium injection

In order to get a reference measurement for the analysis of the background at 30 K cold
trap temperature and gas flow, the measurement was performed with deuterium only. A

2An algorithm compared all RGA spectra in order to identify the measurement with the lowest difference
to the methane composition listed in table
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Figure 7.2.: Deuterium only injection at 30K cold trap temperature. The
deuterium is represented by the 4u (blue), methane by the 16 u (red), and the water
background by the 18 u (black) pressure reading. The 16 u pressure reading is in agreement
with the water composition for the displayed 18 u pressure, no methane is visible in the
system.

pure 100 sccmy, deuterium injection in the 30 K cold trap is shown in figure with CV
2 and CV 3 fully opened. The pressure for the 4u reading is in the expected order of
10~% mbar as determined in section for the given gas split and injection when deuterium
is not pumped. The pressure peak at 17 min indicates the start of the deuterium injection.
The deuterium pressure has a slight decrease, which can be neglected. The kink at the end
of the measurement at 72 min is the result of the decoupling of the main deuterium source
from the 4 ¢ buffer vessel before the injection is stopped after 76 min.

The background shown by 16 u and 18 u readings indicates a reaction in the water back-
ground due to changes in the deuterium flow. A scan for all methane species according to
the methane composition given in table with an error margin of 10 % per species is
negative over the test period. Hence, it is not possible to identify methane in the gas flow.

The background of 16 u and 18 u pressure readings in low 10~? mbar to 10~® mbar regions
correlates in some 30 K measurements with the Dy pressure of the systems (see section
7.3.3).

7.3.2. Methane injection

The measurement is executed with closed CV 3 in order to maximize the methane sensitivity
leading to the result shown in figure The methane injection starts after 50s and is
indicated by the rise of the 4 u background. Its origin is the degassing of deuterium by
the upstream buffer vessel from previous measurements, indicating that deuterium is not
reduced by the 30K cold trap. The constant 16 u reading correlate with the constant
18u readings signaling a water background caused by the downstream part of the cold
trap installations. The RGA spectrum shows a clear water spectrum with a small amount
of other gas species at its sensitivity threshold in figure The established upstream
methane flow is in the magnitude of 10~* mbar £s~!. This would lead to a noticeable RGA
reading of 16 u, assuming that approximately 44 % of the flow is 16 u in table .

The amount of released methane pV is calculated by the pressure drop during injection
from 637.84 mbar to 636.35 mbar recorded by VG 2, with the Gaussian propagation of
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Figure 7.3.: Methane injection at 30K cold trap temperature. The deuterium
background (4 u (blue)) is due to the out-gassing of the installations upstream of the cold
trap. The methane is represented by the 16 u (red), and water by the 18 u (black) pressure
reading. The 16 u pressure is in agreement with the water composition for the displayed
18 u pressure, no methane is visible in the system. The blue line after 20h marks the
position of the spectrum which is in the best agreement? to the methane composition in

table shown in figure

uncertainty, the uncertainty of the installed pressure gauge of 0.08% and the volume
AV = 0.046 ¢:

pV =Ap-V = 1.49mbar - 15.863 ¢

7.4
= (23.64 £ 11.47) mbar £ . (7.4)

The median methane flow can be determined accordingly with the duration of the methane
injection of approximate 19.18 h and the Gaussian propagation with At = 1 min:

—CH, __ 23.64 mbar ¢

Ovessel = 19181 (7.5)
= (344 1.7) x 10" mbar s ! .

Assuming that 16 u makes up x = 44 % of the total methane flow and it is not pumped,
the 16 u RGA pressures reading should be:

$CH41
4 .

= (3.1£1.6) x 10 % mbar .

The uncertainty is given by the Gaussian propagation, AS = 10% and the error in the
methane distribution Ay = 1.8 %.

The 16 u pressure reading have a magnitude of 10~ mbar as shown in figure This
is well below the expected 1076 mbar for the given flow and setup configuration. Hence,
the measurement indicates that the methane flow is reduced by at least three orders of
magnitudes.
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Figure 7.4.: Deuterium-methane injection at 30 K cold trap temperature. The
constant deuterium injection with 100 sccmyy, is represented by the 4u (blue), methane
by the 16 u (red), and water by the 18 u (black) pressure reading. The 16 u pressure is
in agreement with the water composition for the 18 u pressure reading, no methane is
visible in the system. The blue line after 0.2 d marks the position of the spectrum which
is in the best agreement? to the methane composition in table shown in figure

7.3.3. Deuterium-methane mixture injection

The measurement for a deuterium-methane flow at a cold trap temperature of 30K is
shown in figure

A higher 16 u background is visible at the start (course is shown in figure spectrum
in figure and the end (course shown in figure spectrum in figure of the
measurement. This seems to correlate with the overall pressure at the RGA, monitored
at the pumping station. The spectrum does not indicate that the readings correlate with
the injected methane flow. The 4 u pressure drop at the end marks the decoupling of the
installations upstream the cold trap and therefore the stop of the deuterium and methane
injection. A scan for the methane fingerprint within an error margin of 10 % is negative
during the measurement period. Hence, it is not possible to identify methane in the gas
flow. The measured partial pressure is at the threshold of sensitivity of the RGA in Faraday
mode.

The amount of injected methane can be calculated by the pressure drop from 551.60 mbar
to 551.06 mbar in the methane buffer vessel:

pV = (8.6 £9.9) mbar ¢ . (7.7)

The methane is injected over a time period of 3.96 d. Hence, a median methane flow can
be calculated to:
bon, = (2.5 £2.9) x 10 " mbar s~ . (7.8)

Despite the high uncertainty in the flow, methane injection into the cold trap can be
assured because the pressure upstream of the aperture of the injection system (displayed
in figure including the buffer vessel with its approximately 500 mbar, was larger than
the pressure downstream the aperture.

In this measurement, the split between the RGA and the main vacuum pump downstream
CV 3 is adjusted to higher sensitivity at the RGA. The tested ratio in section |7.2|is changed
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Figure 7.5.: Cool-down behavior of the cold trap. A constant deuterium 100 sccmyy,
(4u (blue)) and methane ~ 4 x 10~2mbar £s~! (16u (red) and sum over the methane
species (orange)) mixture injection is shown during cooling down of the cold trap from
300K to 20 K. The water background is represented by the 18 u (black) pressure reading.
The temperature of the cold trap are displayed by the thermal sensors 2 (coldest sensor)
and cold head temperature sensor stage 1 (dashed lines).

when CV2 and CV 3 are fully opened. The deuterium pressure drops from 1.6 x 10~ mbar
to 9.9 x 10~" mbar with the new setting.

The expected methane pressure at the RGA with a stabilized deuterium pressure of
pp, = 1.42 x 107% mbar for a deuterium flow of ¢p, = 1.18 mbar ¢s~! is calculated to:

¢%H4 = ’ KCH4
CHy4
¢,
Sp,
= (4.9440.39) x 10" mbar .

PRGA1g0 — * PD»

Ko, (7.9)

The uncertainty is given by the Gaussian propagation. A direct methane identification is
not possible with the given setup as the result is below the RGA sensitivity. In section
the released gas during the regeneration will be analyzed to additionally verify the
calculated values for the injected methane.

7.4. Temperature-dependent reduction

In order to determine the gas flow behavior at a wide-temperature range, the gas flow
during a cool-down of the cold trap is monitored. The location of the temperature sensors
is displayed in figure The temperature readings of the four installed senors differ from
each other due to the thermal inertia of the system and location of the sensors. The cold
trap is cooled only at the head (see figure leading to a faster cool-down of temperature
sensors 1 and 2 which are close to the cold head. Sensors 3 and 4 are on the opposite side
of the cold trap injection- and exhaust-pipe and cool-down slower but heat up faster. In
order to pump gas, the lowest temperature is relevant (sensor 2) while stage 1 indicates
the temperature of the cryocooler head. The temperature of stage 1 reaches its minimum
at aproximatly 3h, while sensor 2 reaches the minimum at aproximatly 5h as shown in
figure[7.5. Therefore, the temperature reading of stage 1 is an indication of the thermal
inertia of the system as well as for the cooling power. The cold trap temperature ranges
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from approximately 290 K at the start of the measurement to 20 K at the end. The partial
pressures of 4 u (deuterium), 16 u (methane), and 18 u (water background) are shown in
figure with the deuterium flow set to 100 sccmp,. The peak in the water background
can be explained by impurities in the methane mixture originating from the installations
of the methane injection system. In the tested temperature range, the deuterium flow
is not affected by the temperature of the cold trap. The water background is noticeably
higher at the start of the measurement (= 2 x 10~ mbar) than at the end (=~ 10~ mbar),
its reduction starts at a cold trap temperature of approximately 250 K.

With the partial pressure readings from the RGA and the pumping speed of the installed
TMP, the methane flow is calculated to:

RGA

b, = bp, - [ PCHaScts Kb,
‘ 2 Kcn, ppoA - Sp,

= (4.19+1.03) x 10 ?mbar st .

(7.10)

p%ﬁf = 1.76 x 10~ " mbar is the sum of the pressure reading of the methane species, and

p%S’A = 1.43 x 10~% mbar the pressure of the 4 u reading representing deuterium.

The methane reading starts to decline at approximately 2.8h at a minimum cold trap
temperature of 122 K. It reaches the RGA sensitivity threshold at 3.4h at a minimum cold
trap temperature of 77 K.

A lower limit for the reduction factor £ of methane can be determined using the reading of the
RGA

16 u pressure gas species piai = 8.48 x 10~® mbar, and the RGA treshold of 107? mbar:
A 8.48 x 10~ mbar
1079 mbar (7.11)
= 848.

The data indicates that the cold trap starts filtering methane at a temperature of 120 K. It
has to be taken into account that the corresponding cold head temperature is approximately
68 K which is in the temperature range where methane starts to depump (section .
An effective methane reduction is given when the entire cold trap inner surface reaches
the needed temperature. This is based on these measurements given at a temperature
reading of 77 K. The measurements in section show that methane can be released at
80 K. Considering the thermal inertia, it can be assumed that part of the cold trap inner
surface is below the reading of the sensor with the lowest temperature. The lower limit for
methane reduction is in the order of three magnitudes (equation .

7.5. Regeneration measurement

The regeneration of the cold trap is used to restore the pumping capacity. In this work
the process of regeneration is also used to confirm the pumping ability by measuring the
methane released during the process.

Determination of the empty cold trap measurement system

In order to interpret the measurements of the cold trap, the characteristics of a “clean”
system has to be determined. Therefore, the cold trap is warmed up to approximate room
temperature and afterwards cooled down to 30 K for more than one day. This procedure is
executed under high-vacuum conditions with running TMPs. The regenerated cold trap is
decoupled (HV 10 closed) and heated to 85 K. This measurement is followed by opening
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Figure 7.6.: Pressure evolution of a clean system during heating. The masses
4u (blue), 16u (red) and 18u (black) indicate deuterium, methane, and water. The
dashed line is the temperature of the cold trap represented by the warmest sensor reading
(sensor 3), the blue line marks the position of the spectrum displayed in figure From
1.8h to 2.2h, HV 5 and HV 6 are accidentally opened, which couple TMP 1 to the system.

HV 10 to couple the 44 vessel and the CHy4 injection system with closed LV 1 and HV 5.
All measurements are executed with CV 3 closed, and CV 2 open.

The evolution of pressure during heating and cooling down is shown in figure for the
masses of 4u, 16u and 18 u.

The system has a permanent water background with a pressure of approximately 3 x 10~ mbar
represented by the 18 u reading (black). The heater power is increased to the target tem-
perature of 80 K. A peak in 18 u pressure reading appears a few seconds after powering up
the heaters while the recorded temperature is constant at approximately 30 K. This can be
explained by thermal radiation which leads to a short initial loss of some water molecules.
Besides this phenomenon, the 18 u pressure reading can be considered as constant. The 4 ¢
vessel is coupled to the system (HV 10 open) after approximately 1.8 h, no pressure change
in 18 u is noticeable. This leads to the assumption that the water background is caused by
the tubing and installations downstream of the cold trap.

The 16u pressure reading (red) has a significant peak after approximately 0.8h with a
value of 4 x 10~ mbar at a temperature of 65 K. The RGA mass spectrum from 1u to
20u (figure does not match the expected fingerprint of the methane spectrum (table
7.1). The spectrum seems to be a mixture of different gases, as 16 u is present in water,
oxygen, and methane. Oxygen, for example, has a similar saturation pressure curve to
methane and is part of both water and carbon dioxide. The gases can be accumulated by
the cold trap due to outgassing and leaking into the system. Furthermore, the components
upstream of the system can outgas methane from previous measurements which get stored
in the cold trap during the cool-down period. Besides the peak from 0.5h to 1.4h, the
measured values for 16 u are at the RGA sensitivity threshold with values in the middle
and lower 10~'° mbar range and are therefore not accessible for further investigations.

The deuterium background, which is represented by the 4 u reading, only appears when the
HV 10 is opened and the background upstream the cold trap becomes visible to the RGA.

A drop in the deuterium reading can be recognized during the cool-down period from
approximately 3h to 4h which corresponds to a temperature range from 55K to 32 K.
The origin of this phenomenon is unknown, the only variable in the system at this time
period is the decrease in temperature (ramping down of the heater power). After dropping
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Figure 7.7.: Spectrum of a clean system during heating. The spectrum extracted
from figure is diplayed. The spectrum shows a water background with a large 16 u
peak. No methane matching the composition in table can be recognized.

from 7 x 108 mbar to 3 x 1078 mbar, the pressure stabilizes at the previous 7 x 10~ mbar
level.

This measurement shows that an empty cold trap has no evidence for releasing methane
during the regeneration to a temperature of approximately 80 K. The short peak in the
16 u reading can be explained by accumulated gas in the cold trap, which originates from
the outgassing of the components upstream of the cold trap.

Heating of the loaded cold trap

The methane reduction function of the cold trap during the test in section is verified
by comparing the released methane during heating to the previously injected methane.

RGA readings of the loaded cold trap (section [7.3.3) are shown in figure The mea-
surement is performed with closed CV 3 and decoupled upstream installations (HV 10
closed).

At the beginning of the test, a deuterium background (blue) in the magnitude of 10~7 mbar
is still present from the previous reduction measurement. It drops after approximately
2.8 to the expected pressure in the magnitude of 10~° mbar.

The 18 u reading represents the water background, which reacts in low magnitude to the
cold trap temperature, with the expected pressure level in the magnitude of 10~° mbar. A
deuterium peak is visible after approximately 0.7 h. The reaction of water and deuterium
to the heating of the cold trap is below the saturation pressure temperature. This can be
explained by heat radiation with the evaporation of the methane molecules as a side effect.

The integration of the methane masses, which fit the composition in table is calculated

by:
_ > pi-dt

Vv
P Kcn,

- SCHy (7.12)

where 7 is the number of iterations, d¢ the duration of the measurement, and p; the pressure
sum of the methane species by the RGA at the given iteration. Methane was present in this
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Figure 7.8.: Heating loaded cold trap. The masses 4u (blue), 16 u (red) and 18u
(black) indicate deuterium, methane, and water during cold trap regeneration. The cold
trap temperature is represented by the temperature sensor reading of sensor 2 (coldest)
and sensor 3 (warmest) (dashed lines). The blue line marks the position of the spectrum
which is in the best agreement? to the methane composition in table shown in figure

measurement for 27.23 h. For a negligible error of Adt = 0 recorded by the RGA software
is >, pi - dt = x, and Az = 10 % the uncertainty in the pressure of the RGA. Hence, with
the Gaussian propagation of uncertainty, the total pV amount is:

pV = (10.6 = 1.6) mbar ¢ . (7.13)

This result is well within the amount of stored methane calculated in equation (7.7) of
(8.6 £9.9) mbar /. It shows that the cold trap has pumped the methane in the previous
measurement and is therefore operational.

7.6. Summary

In this chapter, the characteristics of the cold trap regarding the ability to pump methane
were determined. With a measurement at room temperature, it was shown that the setup
is able to detect methane in a deuterium-methane mixture that is injected into the cold
trap. The background of a system under flow conditions at a cold trap temperature of 30 K
was analyzed with an injection of only deuterium and only methane. With the findings of
the background it was possible to interpret the measurements. A reduction measurement
was performed at 30 K with an injection of a deuterium-methane mixture, the result of
this measurement was backed up by the analysis of the gas released during regeneration.
Furthermore, the behavior of the cold trap during cooling was analyzed and the reduction
factor was determined to at least three orders of magnitude.

The executed tests show that the stored amount of methane during the test period matches
the released amount of methane. The calculated methane flow of the long-term measure-
ments are mean values over the pressure of the methane buffer vessel. The comparison of
stored and released methane and the investigation of the cool-down behavior of the cold
trap lead to the conclusion that the cold trap is operational within the given parameters.






8. Conclusions

The KATRIN experiment aims to determine the effective electron neutrino mass by
investigating the endpoint region of the 3-decay spectrum of molecular tritium. In order
to achieve a sensitivity of 0.2eV, one major requirement is a stable tritium circulation on
the 0.1 % level.

In the first full tritium measurement in spring 2019, a decrease in the tritium throughput
over the WGTS was discovered which affected the stability of the tritium source. The
decrease was caused by methane impurities in the gas freezing out at part of the 30K
cold injection capillary, which caused a change in conductance and therefore gas flow.
Tritium can produce tritiated methane by radio-chemical reactions in the presence of
stainless steel, which the WGTS and the LOOP system are primarily made of. In order
to remove these methane impurities, the cold trap tested in this thesis was commissioned
with non-radioactive gases.

First, the conductance of the cold trap was determined for different gases in a range from
molecular flow conditions up to the edge of contentious flow conditions and for different
temperatures. An analytical determination is not possible due to the complex geometry of
the cold trap. Therefore, a simulation for molecular flow conditions was made in order to
verify the measurement results. It shows that the measured values agree with the simulation
results. The conductance for different temperatures was measured by using helium. The
measured values were compared with theoretical conductance values based on different
theories for the viscosity calculation. These calculations indicate a significant temperature
gradient for the gas flow.

The methane reduction was tested by analyzing the exhaust gas of the cold trap using a
RGA. Different gas mixtures of deuterium and methane were used to test the reduction
capabilities of the cold trap. In order to get an overview of the temperature behavior of
the cold trap, tests with different cold trap temperatures were performed. During the
measurements with a 30 K cold trap, it was not possible to detect any methane leaving the
cold trap. This leads to the conclusion that the cold trap reduces methane in a deuterium-
methane flow of approximately 1 mbar £s~! by a factor of at least three orders of magnitude.
Furthermore, it was found that the cold trap can be regenerated at a temperature of
approximately 80 K. During the regeneration, the released amount of methane matched
the injected amount. This confirms the conclusion of the determined lower limit for the
reduction factor.

As a result of the measurements, it can be confirmed that the cold trap is capable to reduce
methane impurities by a significant factor from a deuterium-methane gas flow. Theoretical
considerations suggest that neither the pumping speed nor the conductance are significantly
influenced in a realistic time frame of operation. Therefore, the cold trap fulfills its design
requirements.

Later measurements at KATRIN shows that methane production reached saturation.
Therefore, it is not necessary to install the cold trap in the LOOP system. The tested cold
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trap can also be used in different applications outside the LOOP system of KATRIN. In the
configuration used in this thesis, the cold trap has proven its capabilities as a stand-alone
system. Due to the wide-temperature range in which it can be operated, this configuration
can be used as a gas purifier for a variety of gases, e.g. test setups for the DARWIN
experiment. The storage capacity of the system also qualifies the cold trap for this case. In
conclusion, the cold trap is fully characterized in the scope of the thesis enabling an easy
installation for any requested applications.



Appendix

A. Constants

Stefan-Bolzmann constant o = 5.678 x 1078 WK ~4m 2
Universal gas constant R = 8.314J K~!mol~!
Boltzman constant kg = 1.380649 x 10723 JK~!
Rydberg constant Ry = 10973 731.568 160 m—!
Avogadro constant Ny = 6.022 14076 x 10?3 mol~!

B. Pumping speed of HiPace 80

Table B.1.: Pumping speed HiPace 80. Pumping speeds are listed for different gases
depending on the molecular weight for the HiPace 80 TMP [Pfe20].

Gas species Mass in u  Pumping speed S in £s~!

H, 2 48
He 4 58
No 28 67
Ar 40 66

o7
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C. Flow-conductance dependency plots
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Figure C.1.: Flow-conductance dependency for cold trap with helium gas at
room temperature. The displayed conductance values are on the edge of a molecular
flow regime. The data is fitted with a linear orthogonal distance regression, the error bars
are used as a weight.
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Figure C.2.: Flow-conductance dependency for cold trap with argon gas at
room temperature. The displayed conductance values are on the edge of a molecular
flow regime. The data is fitted with a linear orthogonal distance regression, the error bars
are used as a weight.
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Figure C.3.: Flow-conductance dependency for cold trap with helium gas at
80 K. The displayed conductance values are on the edge of a molecular flow regime. The
data is fitted with a linear orthogonal distance regression, the error bars are used as a
weight.
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Figure C.4.: Flow-conductance dependency for cold trap with helium gas at
30 K. The displayed conductance values are on the edge of a molecular flow regime. The
data is fitted with a linear orthogonal distance regression, the error bars are used as a
weight.
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Figure C.5.: Flow-conductance dependency for cold trap with helium gas at
5 K. The displayed conductance values are on the edge of a molecular flow regime. The
data is fitted with a linear orthogonal distance regression, the error bars are used as a
weight.
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Figure C.6.: Theoretical cold trap conductivity for helium at 5 K. The theoretical
conductance values are calculated using the elastic-sphere kinetic (green dash-dotted line)
and Lennard-Jones (black dotted line) model. The measured values for helium at a cold
trap temperature of 5 K are plotted in black.
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Figure C.7.: Theoretical cold trap conductivity for helium at 30 K. Theoretical
conductance values are calculated using the elastic-sphere kinetic (green dash-dotted line)
and Lennard-Jones (black dotted line) model. The measured values for helium at a cold
trap temperature of 30 K are plotted in red.
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D. RGA spectra behind the cold trap
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Figure D.8.: Spectrum of a methane only injection at 30 K cold trap temper-
ature. The spectrum extracted from figure is displayed. The water and deuterium
background can be recognized, no methane is visible in this spectrum.
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Figure D.9.: Spectrum of a deuterium-methane injection at 30K cold trap
temperature. The spectrum extracted from figure is displayed. The pressure reading
represents the deuterium injection is dominant, and the water background is visible.
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Figure D.10.: Spectrum of the loaded cold trap during regeneration. The
spectrum extracted from figure is displayed. A methane spectrum matching the
composition in table is visible. Water and deuterium backgrounds are present in this
spectrum.
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Figure D.11.: Spectrum of the 30 K cold trap at the beginning of a deuterium-
methane injection. The spectrum is generated 16.67 min after starting the injection in
figure The water background and deuterium are noticeable, no methane matching
the composition in table can be recognized. The position, when the spectrum was

recorded, is shown in figure
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Figure D.12.: Spectrum of the 30K cold trap at the end of a deuterium-
methane injection. The spectrum is generated 3.99d after starting the gas injection.
The water background and deuterium are noticeable, no methane matching the composition
in table can be recognized. The position when the spectrum was recorded, is shown

in figure
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Figure D.13.: Spectrum of a deuterium-methane injection at 290 K cold trap
temperature. The spectrum extracted from figure is displayed. Deuterium and the
methane composition (see table | as well as the water background are visible.
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E. Additional plots
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Figure E.14.: Begin of deuterium-methane injection at 30 K cold trap temper-
ature. The first 50 min from the measurement in figure are shown. The larger 16 u
(red) background compared to the rest of the measurement is noticeable. The blue line
marks the position of the spectrum shown in figure
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Figure E.15.: End of deuterium-methane injection at 30 K cold trap tempera-
ture. The last 17 min from the measurement in figure are shown. After stopping the
gas injection (indicated by the kink in the 4 u pressure reading in blue) the 16 u pressure
reading becomes visible. The blue line marks the position of the spectrum shown in figure
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