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Abstract

This work was performed in the framework of the KATRIN (Karlsruhe Tritium Neu-
trino) experiment, the next generation tritium beta decay experiment which aims
to determine the neutrino mass scale with a sensitivity of 0.2 eVc−2 (90% CL). In
KATRIN, the tritium flow rate has to be suppressed by more than 14 orders of
magnitude from the tritium injection point in the middle of the tritium source to
the entrance of the spectrometers. The major part (> 107) has to be provided by
the Cryogenic Pumping Section (CPS) that is operated at a baseline temperature
of 3− 4.5 K with pre-condensed argon or krypton as adsorbent.

In order to evaluate the performance of such a cryo-pump in the tritium partial pres-
sure regime of ∼ 10−16 mbar as required for KATRIN, the test experiment TRAP
(Tritium Argon frost Pump) was built at the Tritium Laboratory Karlsruhe and
upgraded for tritium operation during this work. TRAP is a mock-up of the CPS
with regard to its cryogenic properties allowing for the measurement of the tritium
flow rate suppression factor. The results and also the experiences obtained in this
experiment are imperative for the detailed specification of the CPS.

TRAP consists of a bent tube (Cryo-trap) inside a liquid helium bath cryostat. The
main experimental sequence is the following: After evacuating the system and cool-
ing with liquid helium, the pre-condensed gas layer - in this work only argon was
used - is prepared by gas inlet through a capillary. Tritium is then injected with
a known flow rate at the bottom of the Cryo-trap. The small number of tritium
molecules which are able to penetrate the Cryo-trap are detected at the upper end
in the Detection System. From the ratio of the flow rates (flow in/flow out), the
suppression factor is calculated. After a measurement campaign, the Cryo-trap is
regenerated by warming up and purging with gaseous helium.

Most challenging in the experiment is the detection of tritium in the Detection Sys-
tem. Since the amount of tritium to be detected is very low, high sensitivity devices
such as a residual gas analyzer and a silicon solid state detector were employed. Fur-
thermore, a Monte Carlo electron tracking simulation was necessary for calculating
the total amount of tritium in the Detection System.

Three measurements with tritium are presented in this thesis. The upper limit for
the tritium flow rate suppression factor F of TRAP was determined to be

F = (6.9± 0.5stat ± 3.1sys) · 106

and the DT partial pressure during injection of tritium was below

(8.67± 0.06stat ± 2.60sys) · 10−16 mbar .

Both values are barely within the order of magnitude specified for the CPS. There-
fore, it was suggested to operate the CPS at 3 K.

During operation of TRAP, decontamination methods were developed, too. These
allow for an in-situ decontamination of the CPS and the Pre-spectrometer in case
of an unforeseen tritium contamination in these components.
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1

Chapter 1

Introduction

The present work is focused on test measurements for the Karlsruhe Tritium Neu-
trino (KATRIN) Experiment, the next-generation tritium beta decay experiment for
the determination of the neutrino mass scale. This chapter gives a short introduc-
tion to neutrinos and the measurement of their masses. A detailed overview on this
topic is available in [Ott08].

Neutrinos are the lightest elementary particles in the Standard Model (SM) of par-
ticle physics. The SM reduces the number of fundamental particles, which form all
matter, to 12 fermions of spin-1/2. These are grouped into 6 quarks (up u, down
d, charm c, strange s, top t, bottom b) and 6 leptons (electron neutrino νe, electron
e−, muon neutrino νµ, muon µ−, tau neutrino ντ , tauon τ−) categorized in three
families or generations. Table 1.1 gives an overview of these 12 fundamental parti-
cles, wherein each particle is associated to a corresponding anti-particles of opposite
electric charge.

The neutrinos (νe, νµ, ντ ) were introduced in the SM as massless and electrically
neutral particles [Sch97]. However, several experimental observations during the last
decade indicate that neutrinos have mass in contrast to the assumption of the SM.
In the following, the importance of neutrino masses will be discussed by grouping
the relevant themes into three questions.

Table 1.1: The 12 fundamental fermions. The 12 fundamental fermions and their
interactions are summarized in this table. Besides, the corresponding anti-particle with
opposite electric charge exists for each particle.

Generation Electric Interaction
1 2 3 Charge

Leptons
νe νµ ντ 0 weak
e− µ− τ− −e weak, electromagnetic

Quarks
u c t +2/3 e weak, electromagnetic, strong
d s b −1/3 e weak, electromagnetic, strong
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1. Why are neutrino masses so interesting?

Particle Physics: In the SM of particle physics, the fundamental charged fermions
acquire mass through Yukawa couplings of the left-handed1 weak isospin fermion
doublets (νL

e , eL), (νL
µ , µL) or (νL

τ , τL) to the Higgs doublet (Φ+,Φ0) and the right-
handed fermion singlets eR, µR or τR, respectively2. The masses themselves are
not predicted by the SM; they are free parameters that need to be determined ex-
perimentally. Because of maximum parity violation in weak interactions [Gol58],
no right-handed neutrinos and no left-handed anti-neutrinos exist in the SM, which
yields zero neutrino masses.

Non-vanishing neutrino masses are a clear indication for physics beyond the SM.
There is a large quantity of theoretical models to explain how neutrinos acquire
mass. Some particularly attractive models use the See-Saw mechanism, for exam-
ple, to generate light neutrino masses from a heavy sterile neutrino that does not
participate in weak interactions. Others require a Higgs triplet that couples directly
to the neutrinos and produces slightly heavier neutrino masses. Depending on the
experimental results on the neutrino mass scale and the hierarchy of the masses as
well as their mixings, some models will be preferred, others refuted. The knowledge
of the neutrino masses is crucial for the understanding of the generation of fermion
masses in general due to the fact that neutrinos are lighter than all other elementary
fermions by a factor of 105.

Cosmology: Neutrinos play a fundamental role in astrophysical and cosmological
processes, too, for example in supernova explosions. Furthermore, so-called relic
neutrinos, which decoupled < 1 s after the Big Bang, are ∼ 109 times more abun-
dant than baryons in the universe. These neutrinos are distributed homogeneously
over the whole universe with an average particle density of 339 neutrinos per cm3

and play a significant role in the formation of large scale structures acting as hot
dark matter. Figure 1.1 shows how massive neutrinos, even with very low mass,
could contribute to the universe’s overall mass and energy density on the same scale
as all visible matter due to their large number. Because of the Hubble expansion of
the universe, the temperature of these neutrinos has decreased to ∼ 1.95 K [Rin05]
rendering any detection not feasible within the foreseeable future: The cross section
for the commonly considered detection reactions of inverse beta decay and elastic
scattering is ∼ 10−54 cm2 at this energy [Sch97].

2. How do we know that neutrinos have mass?

A vanishing neutrino rest mass was in agreement with experimental data until re-
cently when neutrino oscillations were discovered in solar, atmospheric as well as in

1Left- and right-handedness (or chirality) are defined by the sign of the eigenvalues of the operator
γ5: +1 for right-handed and −1 for left-handed particles. γ5 can be calculated from the the Dirac
Matrices γµ: γ5 = iγ0γ1γ2γ3 [Gri87]. The left-handed ΨL and right-handed ΨR components of a
Dirac Spinor Ψ are obtained in the following way: ΨL = (1− γ5)Ψ/2 and ΨR = (1 + γ5)Ψ/2. For
massless particles, chirality is equal to helicity H = (~s · ~p)/(|~s| · |~p|) with spin ~s and momentum ~p.

2This mechanism postulates the existence of the Higgs particle that has not been discovered yet,
but which might be found soon at the Large Hadron Collider (LHC) at CERN [Mai99, LHC].
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Figure 1.1: Dark matter in the universe. The figure shows the possible contri-
bution of massive neutrinos to the relative density of the universe in comparison to the
other contributions. Ω denounces the density in units of the critical density Ωc = 1
for a flat universe (for an introduction see, for example, [Sch08]). The contribution of
massive neutrinos to hot dark matter is not yet clarified: An upper limit is given by
tritium decay experiments, a lower limit by data extracted from oscillation experiments
of atmospheric neutrinos. The possible parameter space spans ∼ 2 orders of magnitude.

reactor and accelerator neutrino experiments. The observation of neutrino oscilla-
tions is a strong evidence for massive neutrinos.

The first hint to neutrino oscillations was found in the neutrino flux from the sun.
Neutrinos are produced in the sun by several different thermonuclear reactions, the
overall reaction in the pp fusion chain being [Bah06]

4 p → 4He + 2 e+ + 2 νe (Eνe < 20 MeV) . (1.1)

The neutrino flux from the sun has been determined by experiments like Homestake
[Dav94, Cle95, Dav96], GALLEX [Ans92], SAGE [Abd94], (Super-)Kamiokande
[Hos06, Hir89] SNO [SNO00, SNO01, SNO02] and Borexino [Arp08]. It shows a
neutrino deficit compared to the neutrino flux expected from the Standard Solar
Model [Bah06] if the detection reaction is a charged current (CC) reaction mediated
by W± bosons. In this case, the reaction is sensitive to the neutrino flavor as, for
example,

νe + 37Cl → 37Ar∗ + e− (1.2)
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in the Homestake experiment [Dav94]. Neutral current (NC) reactions, on the other
hand, which are mediated by Z0 bosons, show no neutrino deficit as, for example,

να + 2H → να + n + p (1.3)

with α = e, µ, τ in the neutral current induced deuterium breakup observed in SNO
[SNO00]. Here, the total flux of all three neutrino flavors is determined3. The
explanation to this paradigm is the following: Neutrino oscillations transform the
neutrino source flavor state, e.g. νe in case of solar neutrinos, into a different flavor
state, e.g. νµ. These oscillations are enhanced by matter effects (MSW-effect) in
the sun.

The measurement of the flux of atmospheric neutrinos with energies up to several
GeV has been pioneered by Super-Kamiokande [Hos06]. These neutrinos are created
in the earth’s outer atmosphere mainly through the following reactions:

π+ → µ+︸︷︷︸ + νµ

µ+ → e+ + νµ + νe , (1.4)

π− → µ−︸︷︷︸ + νµ

µ− → e− + νµ + νe . (1.5)

The ratio of fluxes of muon and electron neutrinos on the earth is therefore ∼ 2; it is
not exactly 2 since some µ± reach the ground level without decaying. Atmospheric
neutrinos are detected in the Super-Kamiokande detector via their scattering on
nuclei N

νl + N → l + N ′ . (1.6)

where the flavor of the resulting lepton l is equal to the flavor of the detected neu-
trino νl. This CC reaction is strongly directional: The velocity vectors of the original
neutrino and the lepton are almost parallel. Only the leptons e± and µ± are de-
tected by the current event reconstruction algorithms which can distinguish between
the two lepton flavors by analyzing the shape of Cerenkov signals. It turns out that
the ratio of ∼ 2 is only valid for neutrinos with short path length, that hit the
detector straight from above. Depending from the zenith angle, the muon neutrino
flux showed a deficit compared to results from Monte Carlo simulations. A possible
explanation are νµ → ντ oscillations in the atmosphere [Fuk98].

Experiments with reactor neutrinos, for example KamLAND [Ara04], and with neu-
trinos created in particle accelerators, for example in the K2K experiment [Alu94],
support the neutrino oscillation hypothesis and allow for an improved determination
of some of the oscillation parameters (see below).

3Elastic scattering (ES) reactions between (anti-)neutrinos and electrons are sensitive to all three
neutrino flavors, too. However, the cross section for this reaction is higher for νe than for νµ,τ by
a factor of ∼ 7 since Z0 and W± bosons are involved in the former case and not only Z0 bosons.
Therefore, a neutrino deficit is also observed.
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The fundamental mechanism of neutrino oscillations is the following: Neutrinos are
created via a weak interaction in a specific flavor eigenstate |να〉 with α = e, µ, τ . The
flavor eigenstates themselves are superpositions of mass eigenstates |νj〉 (j = 1, 2, 3)
of the mass operator M̂ [Sch97]:

M̂ |νj〉 = mj |νj〉 . (1.7)

Neutrino flavor and mass eigenstates are connected by a mixing matrix4 U :

|να〉 =
∑

j

Uαj |νj〉 and (1.8)

|νj〉 =
∑
α

U †
jα |να〉 =

∑
α

U∗
αj |να〉 . (1.9)

The time dependence of a mass eigenstate is given by

|νj(t)〉 = e−iEjt/h̄ |νj〉 with Ej =
√

p2c2 + m2
jc

4 ≈ pc +
m2

jc
3

2p
for p � mjc .

(1.10)
Herein p is the neutrino’s momentum and c the speed of light. It follows that the
time development of a pure flavor eigenstate |να〉 is then

|ν(t)〉 =
∑

j

Uαj e−iEjt/h̄ |νj〉 =
∑
j,β

UαjU
∗
βj e−iEjt/h̄ |νβ〉 . (1.11)

Thus, the neutrino’s flavor composition changes with time. In the simplified case of
two flavor mixing, the probability P of finding the original να in the distance L as
νβ is given by

P (να → νβ, L) = sin2(2Θ) · sin2

(
∆m2 · L

4E

)
(1.12)

with the neutrino energy E, the mass square difference ∆m2 = |m2
1 −m2

2| and the
so-called mixing angle Θ. Therefore, the observation of neutrino oscillations requires
at least one non-zero neutrino mass. In the case of solar and atmospheric neutrinos,
νe → νµ and νµ → ντ are the dominant oscillation channels, respectively. The free
parameters, difference of squared ν-masses ∆m2

ij and the mixing angles Θij , have
to be determined experimentally. The latest results for the squared mass differences
obtained from oscillation experiments are [PDG08]

∆m2
12 = ∆m2

solar ≈ 8.0 · 10−5 eV2c−4 , (1.13)
1.9 · 10−3 eV2c−4 < ∆m2

23 = ∆m2
atmos < 3.0 · 10−3 eV2c−4 . (1.14)

The absolute neutrino mass scale has to be determined in a different type of exper-
iment. Until now, only upper limits for the neutrino mass eigenvalues are available,
allowing for two mass scenarios as presented in fig. 1.2:

4U is unitarian with U†
jα =

`
U∗

jα

´T
= U∗

αj , where U∗
αj is the complex conjugate of Uαj
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Figure 1.2: Neutrino mass hierarchy. Shown are the mass eigenvalues mi with
(i = 1, 2, 3) as function of m1. The mass differences are determined by solar (∆m2

solar)
and atmospheric (∆m2

atmos) neutrino oscillation experiments. Two scenarios are pos-
sible: Hierarchical neutrino masses where the masses are small compared to the mass
differences and quasi-degenerate neutrino masses where all masses are approximately
equal. [KAT04]

• Hierarchical neutrino masses: The neutrino masses are small compared to the
mass differences. This scheme could be of an inverted hierarchy type, too.

• Quasi-degenerate neutrino masses: All neutrinos have approximately the same
mass; the fundamental mass scale is large compared to the mass differences.

3. How can the absolute mass scale be determined experimentally?

The absolute neutrino mass scale is accessible via various experiments, that can be
subdivided into two groups:

• Indirect methods are model dependent, but generally feature a very high sen-
sitivity to the neutrino mass.

• Direct methods, on the other hand, rely only on the relativistic energy-momen-
tum relation

E2 = m2c4 + p2c2 (1.15)
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with total energy E, rest mass m, velocity of light c and momentum p. Fur-
thermore, the conservation of energy and momentum is presumed.

These methods are described in the following. More detailed introductions to neu-
trino mass searches are available in [Dre05, Ott08].

Indirect methods - 0νββ: The first indirect method given here is the search for
neutrinoless double beta decay (0νββ). The double beta decay is a rare process
where two beta decays happen simultaneously in one nucleus. It is observed in ∼ 30
isotopes for which the simple beta decay is energetically forbidden. In the neutrino
afflicted double beta decay (2νββ) two neutrinos are emitted, thus no information
on the neutrino mass can be extracted. For the neutrinoless double beta decay to
happen, the neutrino has to be a Majorana particle5: An anti-neutrino, which is
emitted at the first decay vertex as a right-handed particle, is reabsorbed in the sec-
ond decay vertex as a left-handed neutrino. The helicity flip involved in this process
additionally requires massive neutrinos since the flip is only possible if a reference
system exists that moves at a higher velocity than the neutrino. 0νββ experiments
are sensitive to the so-called Majorana mass

mee =

∣∣∣∣∣∣
3∑

j=1

U2
ej ·mj

∣∣∣∣∣∣ , (1.16)

a coherent sum where annihilations are possible due to the matrix elements Uej

which are generally complex numbers [Sch05]. The signature of a 0νββ event is the
emission of two electrons with a total energy equal to the total decay energy Q.
The experimental observable, the half-life T1/2 of this process, is connected to the
Majorana mass by

1
T1/2

= G · |Mhad|2 ·m2
ee (1.17)

with the nuclear matrix element Mhad and the phase space factor G.

The highest sensitivity on mee was achieved by the Heidelberg-Moscow-Experiment
that investigates the decay of 76Ge. An upper limit for the Majorana mass of

mee < 0.35 eV/c2 (1.18)

was determined [Kla01]. Part of this collaboration later published a 4.2σ evidence
for the 0νββ process and a Majorana neutrino mass of [Kla04]

mee = 0.44 eV/c2 . (1.19)

Since this result is discussed in a highly controversial manner in the community,
several new 0νββ experiments are under development for clarification, for example

5The fact that the neutrinos are electrically neutral raises the question whether they are their
own anti-particles. In this case they are called Majorana neutrinos in contrast to Dirac neutrinos
where particle and anti-particle are different.
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GERDA [Sch05], Majorana [Aal02] and EXO [Dan00].

Indirect methods - Cosmology: Cosmological studies yield upper limits for the
neutrino masses, too. As mentioned above, relic neutrinos play a significant role in
the development of large scale structures in the universe. The cosmic microwave
background radiation (CMBR) can be used to infer the existence of these neutrinos
as well as to deduce their mass in cosmological parameter analyses. The CMBR was
charted by the WMAP satellite [Hin08]. Its data can be used to extract an upper
limit for the sum of the neutrino mass eigenvalues [Fuk06]:

3∑
j=1

mj < 2.0 eV/c2 . (1.20)

When implementing additional model assumptions and information from other sour-
ces, for example structure investigations in the universe, more stringent results are
possible. A recent investigation published

3∑
j=1

mj < 0.62 eV/c2 . (1.21)

using data from supernovae type Ia and large scale structures disregarding Lyman-α
data [Han06]. However, one should not forget that these results are highly model
dependent. Results from a direct neutrino mass measurement could furthermore
provide additional input data for these models.

Direct methods - Time of flight: The central idea of time of flight measurements is
the following: If the neutrino has mass, its velocity is energy dependent. Neutrinos
from a distant source, e.g. the supernova explosion SN1987A, will arrive on the
earth at distance L at different times depending on the total energy. The neutrino
mass can then be calculated according to

∆tobs = tobs(E1)− tobs(E2) =
L

c

m2
vc

4

2

(
1

E2
1

− 1
E2

2

)
+ ∆t0 (1.22)

with the supernova model parameter ∆t0 that describes the energy dependent neu-
trino starting time difference. Thus, this method is not completely model indepen-
dent although the time of flight principle itself is. From the 19 detected electron
neutrinos from SN1987A an upper limit of

mνe < 5.7 eV/c2 (1.23)

was derived for the electron neutrino mass [PDG08].

Direct methods - Kinematics of weak decays: The neutrino mass can be derived
from the kinematics of weak decays. Most accessible is the so-called effective neutrino
mass

mνe =

√√√√ 3∑
i=1

|Uei|2m2
i (1.24)
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that can be determined from beta decay. The mass eigenstates mj are then given
by

m2
j = m2

νe
−

3∑
i=1

|Uei|2∆m2
ij (j = 1, 2, 3) (1.25)

using the squared mass differences ∆m2
ij from neutrino oscillation experiments. In

order to evaluate mνe , the energy spectrum of beta decay electrons is measured near
the energy endpoint E0. As we shall see in sec. 2.1.1 the number of events with
energies just slightly below E0 is proportional to E−3

0 . Therefore, elements with low
endpoint energies yield a relatively high number of events in the region of interest.

The beta-emitting element 187Re which decays according to

187Re → 187Os + e− + νe (1.26)

has the lowest endpoint energy of all beta emitters with E ≈ 2.46 keV. However, the
specific decay rate is very low and the nuclear matrix element of the transition from
187Re to 187Os is complicated. The main advantage here is that cryogenic bolometers
can be used to detect the decay heat. The rhenium crystal is then beta emitter and
detector at the same time. Up to now, the sensitivity of rhenium experiments is
∼ 7 times worse than that of tritium decay experiments which are introduced in
the next paragraph. The upper limit on the effective neutrino mass provided by the
MIBETA experiment is [Sis04]

mνe < 15 eV/c2 (90% Confidence Level) . (1.27)

The future rhenium experiment MARE [Mon06] aims at a sensitivity of ∼ 0.2 eV/c2

on the effective neutrino mass within a time frame of ∼ 10 years.

Until now, the highest sensitivity for the effective neutrino mass in a direct mea-
surement was obtained in tritium beta decay experiments. In these experiments the
energy spectrum of beta decay electrons of the decay

3H → 3He + e− + νe (1.28)

is analyzed near its endpoint of ∼ 18.6 keV. The technique of tritium beta decay
experiments is introduced in detail in chapter 2. The limit obtained with this method
up to now is [PDG08]

mνe < 2.0 eV/c2 . (1.29)

The next generation tritium beta decay experiment KATRIN will improve this sen-
sitivity by one order of magnitude. KATRIN will employ a very strong gaseous
tritium source and a high sensitivity electromagnetic spectrometer for the analy-
sis of beta decay electrons. A cryogenic pump is used in the so-called Cryogenic
Pumping Section (CPS) to keep the spectrometer essentially free from tritium. In
order to evaluate the pumping properties of such a cryo-pump for tritium, the test
experiment TRAP was built.
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In the framework of the present work, the TRAP setup was modified and upgraded
for tritium operation, and long-term measurements with tritium were conducted.
The results and experiences obtained at TRAP turned out to be imperative for the
final specification of the CPS. This thesis is structured in the following way: After an
introduction to tritium beta decay experiments in general and the KATRIN experi-
ment in particular in chapter 2, the basic principles of cryo-sorption are presented in
chapter 3. Chapter 4 describes the experimental setup of TRAP. The measurements
conducted at TRAP and the results obtained are discussed chapter 5. During the
operation of TRAP, an unforeseen tritium contamination occurred in the system.
Several detritiation campaigns followed and a detritiation method for the CPS was
developed as described in chapter 6. A summary of the final specification of the
CPS focusing on the input from the TRAP experiment concludes this work with
chapter 7.
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Chapter 2

The Karlsruhe Tritium
Neutrino Experiment

This chapter gives an overview of the motivation and experimental techniques of the
Karlsruhe Tritium Neutrino (KATRIN) experiment, whose aim is the determination
of the absolute neutrino mass scale with sub-eV sensitivity. Section 2.1 explains how
the radioactive decay of tritium can be used for the determination of the neutrino
mass. Furthermore, the standard setup of tritium beta decay experiments as well
as the MAC-E-Filter, a high resolution electrostatic retarding spectrometer, are
discussed. After summarizing the requirements for a next generation tritium beta
decay experiment, the KATRIN experiment is presented in sec. 2.2.

2.1 Tritium beta decay experiments

The kinematic investigation of the weak decay of tritium
3H → 3He + e− + νe (2.1)

is the most sensitive model independent way to investigate the neutrino mass scale
relying only on the conservation of energy and momentum. For about 60 years now,
the energy spectrum of tritium beta electrons has been investigated near its endpoint
of ∼ 18.6 keV to determine the effective neutrino mass

mνe =

√√√√ 3∑
i=1

|Uei|2m2
i (2.2)

using the notation introduced in chapter 1. Together with the results from neutrino
oscillation experiments for the squared mass differences ∆mij , all mass eigenvalues
mj can be derived according to

m2
j = m2

νe
−

3∑
i=1

|Uei|2∆m2
ij (j = 1, 2, 3) . (2.3)
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2.1.1 Tritium beta spectrum and neutrino mass

The energy spectrum of beta electrons can be deduced theoretically from Fermi’s
Golden Rule1. Assuming a bare nucleus that decays weakly, one obtains [Wei03]:

d2N

dt dE
= C · F · p · (E + mec

2)(E0 − E)
√

(E0 − E)2 −m2
νe

c4 ·Θ . (2.4)

Herein, p, E and me are the momentum, the kinetic energy and the mass of the
decay electron, respectively. F = F (E,Z + 1) is the Fermi function accounting
for the Coulomb interaction of the outgoing electron with the daughter nucleus of
proton number Z + 1. It can be approximated by

F (E,Z + 1) =
2πα(Z + 1)/β

1− exp[−2πα(Z + 1)/β]
(2.5)

with the fine structure constant α and the relativistic electron velocity β = ve/c.
The step function Θ = Θ(E0 − E − mνec

2) ensures energy conservation and C is
given by

C =
G2

f

2π3h̄7c5
· cos2 θC |Mhad|2 (2.6)

with the Fermi constant Gf , the Cabibbo angle θC and the nuclear matrix element
Mhad. E0 ≈ 18.6 keV marks the endpoint of the β spectrum in case of zero neutrino
mass and equals the total decay energy minus the recoil and vibrational energy of
the daughter nucleus. Figure 2.1 shows a schematic electron spectrum from tritium
beta decay.

When taking excitations of the electron shell into account, eq. 2.4 transfers to a sum
of single spectra

d2N

dt dE
=

∑
i

Wi ·
d2Ni

dt dE
(2.7)

with endpoint energies E0,i = E0 − Vi, where the associated electron excitation
energy Vi is occupied with probability Wi.

Since |Mhad|2 and F (E,Z+1) are independent of mνe , the dependence of the spectral
shape from mνe is given by the phase space only. Furthermore, eq. 2.4 shows that
m2

νe
is the experimental observable and that the influence of the neutrino mass is

only significant at the very endpoint of the spectrum near E0. This implies major
experimental demands for tritium beta decay experiments with sub-eV sensitivity:

1According to Fermi’s Golden Rule, the transition rate for a beta decay, where an electron with
kinetic energy between E and E + dE is emitted, is given by the transition matrix element M and
the density of final states ρ(E) [Wei03]:

d2N

dt dE
=

2π

h̄

˛̨
M2

˛̨
ρ(E) .
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Figure 2.1: Schematic electron spectrum of tritium beta decay. Left: complete
spectrum; right: endpoint region enlarged with two different spectra for two different
neutrino masses. (based on [LoI01])

• A strong tritium source with high beta decay rate is needed for a sufficient
count rate in the region just below the endpoint energy E0. Only a fraction of
2 · 10−13 of all tritium beta events are within 1 eV below E0 (see fig. 2.1).

• The luminosity of the source, that is the product of its cross-section area and
the accepted solid angle for decay electrons, must be large.

• A spectrometer with very high resolution and low background is required for
the energy analysis of decay electrons.

Tritium has the following advantages over other beta emitters for neutrino mass
investigations:

• Tritium has the second lowest total decay energy of all beta emitters. Only
187Re with ∼ 2.5 keV has a lower endpoint energy [Arn03]. Since the portion
of decay electrons with energies just slightly below the endpoint energy E0 is
proportional to E−3

0 , the rate of those electrons is high for tritium compared
to other beta emitters.

• Its short half life of 12.3 y corresponds to a high specific decay activity. There-
fore, only a relatively small amount of source material is needed and the rate
of inelastic scattering in the source is small.

• Tritium beta decay is a superallowed nuclear transition, the nuclear matrix
element |Mhad|2 is therefore independent of E and no energy corrections have
to be applied [Rob88].

• 3H and its daughter, the 3He+ ion, have a simple electron shell configuration
where the excitation energies and probabilities can be calculated precisely (e.g.
for molecular tritium decay T2 → HeT+ + e− + νe in [Sae00]).
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• The cross section for inelastic scattering is relatively low for tritium compared
to other elements due to the low charge number (Z = 1).

A long series of tritium beta decay experiments has been conducted in the past.
Figure 2.2 summarizes some of the results obtained during the last two decades.
It is striking that the error bars on the experimental observable m2

νe
have been

decreased by two orders of magnitude from the earlier experiments of this kind
to the very latest in Mainz and Troitsk. This was only made possible by turning
away from magnetic spectrometers and using a new type of electrostatic retarding
spectrometer, the MAC-E-Filter (see sec. 2.1.2). Equally important is the fact that
the problem of negative m2

νe
could be solved by a better understanding of systematic

effects and by improving the experimental setups.
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Figure 2.2: History of tritium beta decay experiments. Shown are selected
results for the observable m2

νe
c4 of past tritium beta decay experiments. The newest

two experiments in Mainz and Troitsk used MAC-E-Filters and solved the problem of
negative mass-squares by a better understanding of systematic effects.

2.1.2 Standard setup and MAC-E-Filter

Since the end of the 1950s, a standard setup for tritium beta decay experiments has
evolved with the following main components:

• Tritium source: The tritium source contains tritium and provides the beta
decay electrons used in the analysis of the neutrino mass. The main require-
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ments are a high luminosity and a very good understanding of systematic
effects which might influence the shape of the electron energy spectrum.

• Transport system: The transport system guides the decay electrons from
the source to the spectrometer without altering their energy. Furthermore, any
tritium flow rate from the source to the spectrometer needs to be suppressed
in order to keep the spectrometer essentially free from tritium.

• Spectrometer: The spectrometer filters the decay electrons from the source
according to their energy. The spectrometer features a high energy resolution
and low (electron) background.

• Detector: The detector counts the electrons that passed the spectrometer.

The high sensitivity of the tritium beta decay experiments in Mainz and Troitsk
would not have been reached if not a new type of spectrometer had been introduced:
the MAC-E-Filter (Magnetic Adiabatic Collimation combined with an Electrostatic
filter). These spectrometers feature a large accepted solid angle, high energy reso-
lution and low background [Lob85, Bac88, Bon99].

Figure 2.3 shows the principle of the MAC-E-Filter. Two superconducting solenoids
at each end of the spectrometer create a strong inhomogeneous magnetic guiding
field for the decay electrons. The magnetic field strength drops from the bore of the
solenoids to the middle plane, called analyzing plane, by many orders of magnitude.
Decay electrons starting from the tritium source at the left are guided along the mag-
netic field lines on cyclotron tracks to the detector on the right with an accepted
solid angle of up to 2π. Due to the magnetic gradient force in an inhomogeneous
magnetic field, the electrons’ cyclotron energy E⊥ is transferred adiabatically to lon-
gitudinal energy E‖. Adiabatic means that the magnetic field changes only slightly
during one cyclotron circulation of the electrons, that is the electrons’ magnetic mo-
ment µ = E⊥/B remains constant [Jac99]. As indicated by the momentum vectors
in fig. 2.3, the beam of electrons in the analyzing plane will be almost parallel.

A strong electrostatic field is applied inside the spectrometer vessel by means of ring
or wire electrodes set on high voltage. The electric field created in that way retards
electrons on the left side and repels those with insufficient energy to overcome the
potential barrier. On the right side, the electrons are re-accelerated to the original
energy before hitting the detector. Thus, the spectrometer works as an integrating
high-pass filter, whereas the detector counts the electrons that passed the retarding
potential. The relative sharpness ∆E/E of a MAC-E-Filter is given by the ratio of
the minimum magnetic field Bmin in the analyzing plane and the maximum magnetic
field Bmax in the beamline of the whole experimental setup:

∆E

E
=

Bmin

Bmax
. (2.8)

The tritium beta spectrum is analyzed by changing the relative electrostatic potential
between the tritium source and the MAC-E-Filter stepwise. At each voltage setting,
the detector counts the number of electrons reaching the detector.
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Figure 2.3: Principle of the MAC-E filter. Electrons from the source are guided
through the spectrometer on cyclotron tracks along the magnetic field lines. Since the
magnetic field drops by several orders of magnitude along the way, cyclotron energy
is transferred to energy in longitudinal motion (indicated by momentum vectors). In
the central analyzing plane, the electron beam is almost parallel and an electrostatic
retarding potential can be used for analyzing the energy of the decay electrons.

2.1.3 Current neutrino mass limits and requirements for a next
generation beta decay experiment

The latest tritium beta decay experiments in Mainz [Pic92, Wei93] and Troitsk
[Lob85, Bel95] both employ MAC-E-Filters as spectrometers but different tritium
sources with different systematic effects. The Mainz experiment, which uses a quench
condensed krypton source, published [Kra05]

m2
νe

= (−0.6± 2.2stat ± 2.1sys) eV2/c4 (2.9)

corresponding to an upper limit for the effective neutrino mass of

mνe < 2.3 eV/c2 (95% Confidence Level) . (2.10)

The Troitsk experiment, using a gaseous molecular tritium source, obtained [Lob99]

m2
νe

= (−1.9± 3.4stat ± 2.2sys) eV2/c4 (2.11)

under empiric consideration of a step function with two additional fit parameters2.
They published an upper limit of

mνe < 2.5 eV/c2 (95% Confidence Level) . (2.12)
2New limits for the neutrino mass from the Troitsk experiment were published in 2003 [Lob03]:

m2
νe

= (−2.3± 2.5stat ± 2.0sys) eV2/c4 ⇒ mνe < 2.05 eV/c2 (95% Confidence Level) .

However, this result was not published as a regular journal paper and is not considered by the
Particle Data Group [PDG08].
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The results from both experiments, eqs. 2.10 and 2.12, were used by the Particle
Data Group for a combined analysis which led to an upper limit for the neutrino
mass of [PDG08]

mνe < 2.0 eV/c2 . (2.13)

The experiments in Mainz and Troitsk have reached their respective sensitivity limits
since the systematic uncertainties cannot be reduced further. A new generation of
tritium beta decay experiments is required to reach a sensitivity in the cosmologically
relevant sub-eV regime. The aim is to improve the sensitivity for mνe by one order of
magnitude, which is equivalent to an improvement of the sensitivity on the observable
m2

νe
by two orders of magnitude. Compared with the current experiments, a next

generation tritium beta decay experiment therefore requires:

• a higher tritium source strength (∼ factor 80): Since the energy interval of
interest below the beta decay endpoint rapidly decreases with smaller neutrino
masses, the signal rate has to be increased in order to maintain a sufficient
count rate on the detector. This can be accomplished by a larger source cross-
section and an increased tritium column density in the source.

• a larger analyzing plane in the spectrometer (∼ factor 10): Because of
magnetic flux conservation (Φ = B · A = const), any increase in the source
cross-section leads to an increase of the analyzing plane area. The same is true
for any decrease of ∆E/E according to eq. 2.8.

• a better energy resolution of ∆E ≈ 1 eV in the spectrometer (∼ factor 4)

• a reduction of systematic uncertainties (∼ factor 100)

• an increased measurement time (∼ factor 10) for decreasing statistical
errors

2.2 The KATRIN experiment

The Karlsruhe Tritium Neutrino (KATRIN) Experiment is the next generation tri-
tium beta decay experiment whose aim is the determination of the effective neutrino
mass with a sensitivity of

mνe < 0.2 eV/c2 (90% Confidence Level) (2.14)

for a vanishing neutrino mass signal. The discovery potential for a neutrino mass of
0.35 eV/c2, for example, will be 5σ according to the reference design [KAT04].

2.2.1 General overview

The KATRIN experiment is being built and will be operated on site of the For-
schungszentrum Karlsruhe (FZK) by an international collaboration that includes
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most of the expertise on tritium beta decay experiments worldwide. The tritium
source of KATRIN (see sec. 2.2.2) as well as the transport system (sec. 2.2.4) will be
located inside the existing Tritium Laboratory Karlsruhe (TLK), which is licensed to
handle the required amount of tritium and has a closed tritium loop for purification
of tritium [TLK05, TLK08].

Figure 2.4 shows an overview of the KATRIN beamline, which follows the standard
setup of tritium beta decay experiments introduced in sec. 2.1.2. KATRIN consists
of a strong gaseous tritium source, the magnetic transport system, a tandem of
two spectrometers of MAC-E type and the electron detector at the very end of the
70 m beamline. A detailed description of the KATRIN experiment is available in
[KAT04]. In the following, only the most important aspects of the KATRIN setup
will be highlighted with emphasis on the necessary tritium flow rate suppression in
the transport system.

Detector

Main Spectrometer

Tritium source

Transport System 

Pre-spectrometer

Figure 2.4: Overview of the beamline of the KATRIN experiment. The beta
decay electrons from the tritium source are guided adiabatically via superconducting
solenoids along the Transport System into the spectrometers. The main energy analysis
is being performed in the Main Spectrometer, an electrostatic retarding spectrometer
of MAC-E type (see sec. 2.1.2). The detector at the very end of the beamline counts
the electrons with energies high enough to pass the spectrometers. (based on [Leu07])

2.2.2 Tritium source

The tritium source of KATRIN is an ultra-luminous Windowless Gaseous Tritium
Source (WGTS) that delivers ∼ 1010 beta electrons per second for analysis in the
spectrometers3. The WGTS consists of a 10 m long tube of 90 mm diameter filled
with gaseous molecular tritium. The tritium is injected in the middle of this tube
and pumped out at its ends with turbomolecular pumps providing a source profile
as depicted schematically in fig. 2.5. The tube is embedded in a series of supercon-
ducting solenoids which create a maximum magnetic field strength of 3.6 T inside
the beamline for transportation of the decay electrons.

3The total tritium activity in the source is > 1011 Bq. However, only electrons which are emitted
in the transported magnetic flux tube of 191 Tcm2 in forward direction with an angle < 51◦ with
respect to the magnetic field lines are analyzed in the spectrometers and may finally reach the
detector.
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Figure 2.5: The tritium source of KATRIN is operated in closed loops in order to
achieve both the stabilized tritium injection rate and the purity. Tritium is injected in
the middle of the WGTS tube (Windowless Gaseous Tritium Source) and pumped out at
its ends. 99% of the tritium is re-transferred to the control system for T2 injection (Inner
Loop), 1% is redirected into the laboratory’s tritium recovery and isotope separation
system for purification (Outer Loop). Tritium from the Transport System (see sec 2.2.4)
is transferred to the Outer Loop and the laboratory’s tritium retention system.

The main task of the WGTS is to provide a stable and energetically undisturbed
beta rate. Systematic investigations yield an optimum tritium column density of
ρd = 5 · 1017 molecules/cm2, where the tritium beta decay rate is high, yet the
probability for inelastic scattering relatively low. The column density must be kept
stable on a 0.1% level during each runtime period of ∼ 60 d with 3 − 5 runs per
year. Since ρd is directly connected to the tritium purity in the source, the WGTS
temperature and the tritium injection rate, stringent requirements exist on these
parameters, too:

• The tritium injection rate of 1.8 mbar l/s or 40 g/d must be stabilized on an
0.1% level. The stabilization is provided in the so-called Inner Loop (fig. 2.5),
where the tritium gas is injected into the middle of the WGTS from a pressure
stabilized buffer vessel via a capillary of stabilized gas conductance [Stu10].

• The tritium purity in the source must be above 95%. The purity is ensured
in the so-called Outer Loop (fig. 2.5), which consists mainly of infrastructure
facilities of the TLK like, for example, the Isotope Separation System. 1% of
the gas flow from the Inner Loop is redirected to the Outer Loop for purifi-
cation. The tritium purity is monitored in real time via Raman spectroscopy
[Sch09].

• The source temperature of 27 K must be kept homogeneous along the WGTS
tube and stable in time, both on an 0.1% level. The temperature of 27 K lowers
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the gas conductance of the WGTS tube, therefore decreasing the necessary
tritium injection rate to maintain the column density. Furthermore, Doppler
broadening is suppressed. The solution for the stabilized temperature of the
source tube is that of forced flow cooling by two-phase neon in two copper
tubes which are brazed along the WGTS tube.

In order to test the feasibility of the stabilized tritium injection, the test experiment
TILO (Test of Inner Loop) was built by TLK and the Institute for Nuclear Physics
(Institut für Kernphysik, IK) of FZK. It was operated with deuterium and helium
at 77 and 300 K and confirmed the principle of using a pressure stabilized vessel for
injection [Kaz08]. Furthermore, in-line Raman spectroscopy on flowing hydrogen
isotopes was examined at TILO [Lew07].

2.2.3 Energy analysis and electron detection

2.2.3.1 Spectrometer tandem

For energy analysis, KATRIN uses two spectrometers, the smaller Pre-spectrometer
working as a pre-filter for the larger Main Spectrometer. Both feature the same
underlying principles (refer to fig. 2.6):

• Both spectrometers are of MAC-E type (see sec. 2.1.2) sharing one supercon-
ducting solenoid.

Solenoids
B = 4.5 T Solenoid

B = 4.5 T

â-electrons

Correction air coils

Detector

Electrode

B = 3

B = 2

x

x

10 T
-4

10 T
-2

10 e /s
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10 e /s
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<10 e /s
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Figure 2.6: Schematic of the spectrometers of KATRIN. The smaller Pre-
spectrometer operates as a pre-filter for the larger Main Spectrometer, suppressing the
electron rate by 7 orders of magnitude from ∼ 1010 e−/s to 103 e−/s. The Main
Spectrometer analyzes the electron energy and further reduces the electron rate to
< 10−2 e−/s at the detector. Air coils are employed to compensate the terrestrial
magnetic field in the analyzing plane, where the magnetic field strength is only 3·10−4 T.
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• In order to minimize background events from ionization of the residual gas,
both vessels are operated at ultra-high vacuum (UHV) conditions (pressure
below 10−11 mbar).

• A stable retarding potential relative to the ground potential is applied to wire
electrodes inside the spectrometer vessels. The beta spectrum is scanned by
varying the electric potential on the WGTS between −20 and −1000 V. There-
fore, a ceramic insulator is necessary in the beamline. It will be inserted in
the Transport System in-between the DPS2-F and the CPS (see fig. 2.5).

• The outer walls of the spectrometers are also on high (negative) potential for
electromagnetic shielding. Furthermore, electrons released from the walls of
the spectrometers by cosmic rays are rejected by the slightly higher (negative)
potential of the wire electrodes (100− 200 V).

Yet, the two spectrometers strongly differ in dimension and purpose: The Pre-
spectrometer works as a pre-filter for the Main Spectrometer at a relative voltage of
−18.3 kV to the WGTS. It rejects all decay electrons except those near the endpoint
E0 of the spectrum (electron rate reduction factor ∼ 107). This strongly minimizes
background in the Main Spectrometer due to ionization of the residual gas. The
Pre-spectrometer itself is a stainless steel UHV recipient of 3.4 m length and 1.7 m
diameter [Hab09].

The energy analysis of the electrons is performed in the Main Spectrometer of∼ 24 m
length and 10 m diameter (see fig. 2.7). The retarding potential relative to the
WGTS can be varied between −18.5 and −18.7 kV for scanning of the spectrum.
With a maximum magnetic field of 6 T in the KATRIN beamline and a minimum
field of 3 · 10−4 T in the analyzing plane of the Main Spectrometer, the energy
resolution (0% to 100% transmission) is

∆E = 0.93 eV (2.15)

at 18.6 kV according to eq. 2.8. Air coils arranged around the main spectrometer
vessel allow to compensate the terrestrial magnetic field [Val09].

It is imperative for KATRIN to keep the spectrometers essentially free from tritium.
Beta electrons from tritium decaying in the spectrometers can create secondary,
low energy electrons by shake off and ionization of the residual gas. If those enter
the transported magnetic flux and are guided onto the detector, they increase the
background in the energy region of interest below the endpoint E0. In order to
keep the background contribution due to tritium penetration into the spectrometers
below 1 mHz, the maximum tritium flow rate into the Pre-spectrometer must be
kept below 10−14 mbar l/s [KAT04]. With a hydrogen pumping speed of ∼ 104 l/s
in the Pre-spectrometer and ∼ 5 · 105 l/s in the Main Spectrometer, the worst case
tritium pressures are about 10−18 mbar and 10−20 mbar, respectively [KAT04]. More
details on the tritium flow rate suppression can be found in sec. 2.2.4.
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Figure 2.7: The inside of the Main Spectrometer vessel. The photo shows the
inside of the Main Spectrometer vessel during construction of the scaffolding that is
needed for mounting of the inner wire electrodes.
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2.2.3.2 Focal Plane Detector

The Focal Plane Detector at the very end of the beamline should not only detect
all electrons, that passed the retarding potentials, but also enable systematic inves-
tigations. This leads to the following requirements:

• a high electron detection efficiency (> 90%)

• the ability to process high signal rates (∼ 1 MHz) for calibration measurements
with sources like 83mKr

• a good positional resolution for monitoring the radial source density and the
electron transport properties of the spectrometers

• a high background suppression (< 1 mHz), which requires active and passive
shielding as well as a good energy resolution (< 600 eV FWHM, Full Width
Half Maximum) to suppress background events at different energies

• a good time resolution (< 100 ns) to enable time-of-flight measurements

Figure 2.8: Prototype of the Focal
Plane Detector. [Doe08]

The Focal Plane Detector is jointly being
developed by the Massachusetts Institute
of Technology, Massachusetts (USA), the
University of Washington, Seattle (USA),
and FZK. The detector will be a seg-
mented PIN diode of ∼ 90 mm sensi-
tive diameter. The detector segments are
arranged in a dartboard design with 12
rings, each ring featuring 12 segments.
Adding the 4 segments in the center, this
amounts to a total number of 148 pixels,
each with a surface area of ∼ 42 mm2.
Figure 2.8 shows a prototype of the detector that will be tested in the near future.

2.2.4 Transport system

The task of the Transport System is twofold:

• At first, decay electrons from the source must be transported adiabatically on
cyclotron tracks along the magnetic field lines to the Pre-spectrometer.

• Secondly, the tritium flow rate must be suppressed from ∼ 10−3 mbar l/s at the
exit of the WGTS to < 10−14 mbar l/s at the entrance of the Pre-spectrometer
as indicated in fig. 2.9.
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Figure 2.9: Tritium flow rate suppression in KATRIN. Since tritium in the
spectrometers will increase the experiment’s background, the maximum allowed tritium
flow rate into the spectrometers is 10−14 mbar l/s. Therefore, the tritium flow rate has
to be suppressed by more than 14 orders of magnitude from the injection point in the
middle of the WGTS to the entrance of the Pre-spectrometer. A first reduction in the
order of 107−108 is achieved by differential pumping with turbomolecular pumps in the
WGTS and DPS2-F. The remaining reduction factor is achieved via cryo-sorption in the
CPS. The indicated flow rate values were obtained from Monte Carlo simulations [Luo05,
Luo04]; the run of the curve for the flow rate in the CPS is a rough approximation.

The Transport System consists of two main components: the Differential Pumping
Section (DPS2-F, refer to sec. 2.2.4.1) and the Cryogenic Pumping Section (CPS,
sec. 2.2.4.2). Both feature a maximum magnetic guiding field of 5.6 T generated by
superconducting solenoids at liquid helium temperature.

2.2.4.1 Differential Pumping Section (DPS2-F)

The Differential Pumping Section DPS2-F suppresses the tritium flow rate toward
the spectrometers by differential pumping with turbomolecular pumps. Figure 2.10
shows a schematic of the DPS2-F. It consists of five tubes of 1 m length and 90 mm
diameter which are kept at 77 K in order to reduce their vacuum conductance.
They are tiled by 20◦ with regard to each other in order to prevent beaming effects
of molecular flow, and intersected by four pump ports of 2000 l/s conductance each,
where turbomolecular pumps are attached. Monte Carlo simulations predict that
this configuration will reduce the tritium flow rate toward the spectrometers by ap-
proximately 5 orders of magnitude from ∼ 10−3 mbar l/s to ∼ 3 · 10−9 mbar l/s
[Luo04]. For safety reasons, however, 10−7 mbar l/s is considered to be the tritium
flow rate which enters the CPS and needs to be suppressed there [KAT04].
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Figure 2.10: Schematic of the Differential Pumping Section DPS2-F. The
DPS2-F employs the principle of differential pumping in order to suppress the tritium
flow rate in the direction of the beamline. The beamline’s vacuum conductance is
decreased by keeping the tubes at ∼ 77 K, whereas the pumping ports avail a pumping
speed of 2000 l/s. Strong superconducting solenoids set up a maximum magnetic field
of 5.6 T for guiding the decay electrons. (based on [KAT04])

Ions like T+, T+
3 , DT+

2 or 3He+ are continuously produced in the WGTS by tritium
decay and ionization processes. As charged particles of low energy, they could be
guided along the magnetic field lines into the Pre-spectrometer past the pump ports
of the DPS2-F. In order to eliminate this additional tritium flow of charged particles,
electric dipoles are foreseen in the DPS2-F which deflect the ions to the walls of the
beamline where they will be neutralized. Furthermore, Fourier-Transform Ion Cy-
clotron Resonance (FT-ICR) can be used to monitor the ion density and composition
at the entrance and exit of the DPS2-F [Sta04].

2.2.4.2 Cryogenic Pumping Section (CPS)

A further reduction of the tritium flow rate with mechanical transport pumps is
not possible due to the pumps’ capture factor and back-diffusion inside the tur-
bomolecular pumps. Since the tritium flow rate from the DPS2-F toward the
spectrometers will be < 10−7 mbar l/s, the integral amount of tritium leaving the
DPS2-F during one measurement campaign of ∼ 60 days will only be ∼ 0.5 cm3.



26 CHAPTER 2. THE KARLSRUHE TRITIUM NEUTRINO EXPERIMENT

Tritium

Ar

Stainless steel substrate

Figure 2.11: Schematic of tritium
pumping on pre-condensed argon.
The CPS employs cryo-sorption of tri-
tium on pre-condensed argon.

Therefore, a sorption pump integrated
into the beam tube is considered as the
next pumping unit, which means that
the beam tube itself is operated as a
cryo-surface for pumping tritium. The
main requirements for this pump are a
high pumping speed for tritium per sur-
face area and a long term tritium reten-
tion at operation conditions resulting in
a tritium flow rate suppression of > 107

[KAT04]. Additionally, it should allow
for an easy and complete removal of the
tritium at stand-by conditions (regenera-
tion). A cryo-sorption pump with pre-condensed argon as adsorbent at 3 − 4.5 K
(see fig. 2.11) turns out to be the ideal choice for pumping tritium in the CPS as
discussed in sec. 3.1.2.

In order to test such a cryo-pump with pre-condensed argon as adsorbent for pump-
ing tritium in the very low pressure and flow rate regime required for the Pre-
spectrometer, the test experiment TRAP has been built at TLK. This rig is not
only used to measure the tritium retention factor of a CPS-like cryo-pump, but also
to obtain input data for the specification of the CPS. In this thesis the mechanism of
cryo-sorption of tritium on pre-condensed argon is investigated theoretically and ex-
perimentally leading to the specification of the CPS [CPS08a] that is summarized in
the following. An explanation for the different design choices is available in sec. 7.2.

According to the specification [CPS08a], the CPS will consist of two parts, the
upstream CPS1-F and the downstream CPS2-F (see fig. 2.12). The CPS1-F is a
cryo-pump at 3 − 4.5 K with pre-condensed argon as adsorbent and will pump the
major part of tritium during standard operation. It consists of tube sections that
are tilted by 15◦ with respect to each other in order to prevent beaming effects of
molecular flow. The different sections of the CPS1-F are:

• Section 1: This section at 77 K is 655 mm long and has a diameter of
148 − 152 mm. A black coated ringlike insert with a high thermal absorp-
tion coefficient (> 0.9) shields the following 3 − 4.5 K sections from thermal
irradiation from the DPS2-F. The insert can be exchanged for an alternative
solid tritium source (condensed tritium source).

• Port 1: This port features a DN160 CF and three DN40 CF flanges for
connection of vacuum pumps and sensors.

• Sections 2-4: These tube sections of ∼ 1100 mm length each are kept at
3 − 4.5 K coated with pre-condensed argon during standard operation. In
order to increase the adsorption surface, these tubes feature fins as depicted in
fig. 2.13. The remaining free inner diameter is ∼ 75 mm. The argon condensate
is prepared by injection of gaseous argon through three perforated capillaries
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Figure 2.12: Schematic of the Cryogenic Pumping Section. The CPS consist
of two parts: the CPS1-F, where the major part of tritium is pumped by cryo-sorption
on pre-condensed argon at 3 − 4.5 K and the CPS2-F where both, residual tritium
from the CPS1-F and residual hydrogen from the Pre-spectrometer, are pumped by
non-evaporable getter (NEG) strips. The CPS1-F and CPS2-F are separated by a cold
gate valve. Strong superconducting solenoids around the beamline set up a maximum
magnetic field of 5.6 T for guiding the decay electrons. (based on [CPS08a])

placed along the tubes. The temperature of the walls is kept at 6 K during
argon preparation.

• Section 5: This shorter section of 688 mm length corresponds to sections 2-4,
yet does not feature argon injection capillaries.

In the CPS2-F non-evaporable getter (NEG) strips will be used to pump traces of
tritium from the CPS1-F as well as residual hydrogen from the Pre-spectrometer.
Furthermore, the CPS2-F will function as a backup pump in case of failures in the
cooling system of the CPS1-F to provide enough pumping speed until the gate valve
in front of the Pre-spectrometer is closed. The CPS2-F consists of:

• Section 6: This section of 734 mm length and 112 − 114 mm diameter at
77 K houses cartridges with NEG strips.



28 CHAPTER 2. THE KARLSRUHE TRITIUM NEUTRINO EXPERIMENT

Figure 2.13: Test piece of the CPS1-F beamline. The fins were manufactured
by milling and the 3 grooves along the beamline, where the argon injection capillaries
will be placed, by spark erosion. [CPS08b]

• Port 2: This port features a DN250 CF and a DN200 CF flange for access of
a 83mKr calibration source and a monitor detector for monitoring the source
parameters. The large ducts are furthermore needed for access to the NEG
cartridges.

• Section 7: The last section of ∼ 1274 mm length and 112−114 mm diameter
at 300 K houses cartridges with NEG strips. During calibration measurements
with the 83mKr source, this section will be operated at 77 K.

Both parts, the CPS1-F and the CPS2-F, are separated by a cold gate valve of
150 mm inner diameter at ∼ 4.5 K that allows for an independent regeneration of
the components. In order to facilitate any unforeseen decontamination procedures of
the CPS, the complete beamline will be gold plated. A magnetic guiding field of 5.6 T
maximum field strength is applied along the beamline for electron transportation.

The tender for the construction of the CPS was won by ASG Superconductors S.p.A.,
Malacalza Group. The technical design report for the CPS [CPS08b] is now finished
and construction may start. The delivery of the CPS is expected for 2010.
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Chapter 3

Cryo-Sorption on
Pre-Condensed Gases

This chapter describes the important aspects of cryo-sorption with regard to the
Cryogenic Pumping Section of KATRIN (chapter 2) and the test experiment TRAP
(chapter 4). Section 3.1 summarizes the requirements for the CPS and demonstrates
why a cryo-sorption pump with pre-condensed argon as adsorbent, that is the sub-
strate on which the gas molecules are bound, was chosen for KATRIN. Section 3.2
presents the basic mechanisms of cryo-sorption, whereas the influence of various pa-
rameters on the pumping performance is discussed in sec. 3.3. Finally, some relevant
data for cryo-sorption of hydrogen on pre-condensed argon is addressed in sec. 3.4.

3.1 The Cryogenic Pumping Section of KATRIN

3.1.1 Requirements for the CPS

The Cryogenic Pumping Section (CPS) is the final pumping stage in front of the
spectrometers. Since basically no tritium is allowed in the spectrometers (tritium
partial pressure in the Pre-spectrometer < 10−18 mbar), special care has to be taken
when specifying the CPS. The main requirements are

• a high pumping speed for tritium per unit surface (specific pumping speed),

• a long term tritium retention at operation conditions and

• an easy and complete removal of the tritium at stand-by conditions (regener-
ation).

The tritium retention efficiency of a sorption pump can be estimated using the so-
called mean sojourn time, which describes the time period after which a previously



30 CHAPTER 3. CRYO-SORPTION ON PRE-CONDENSED GASES

adsorbed gas particle is again desorbed [Hae81]:

ts = t0 · exp
(

EB

RTc

)
, (3.1)

where t0 is the adsorbed particle’s period of oscillation perpendicular to the surface
(∼ 10−13 s), EB is the binding energy for one mole of adsorbed gas, Tc the operation
temperature and R = 8.314 J/(K mol). For acceptable performance within KATRIN
the sorption pump should have a mean sojourn time which is comparable to the
experimental run duration (∼ 60 days or about 5.2 · 106 s).

3.1.2 Possible pumping mechanisms for CPS

Two kinds of sorption pumps with different binding energies are known: getter
pumps in which gas molecules are chemically bound to the adsorbent (chemisorp-
tion) with typical binding energies in the order of 100 kJ/mol and cryo-sorption
pumps based on van der Waals forces between gas and adsorbent molecules with
binding energies below 10 kJ/mol.

The getter pumps widely used for pumping hydrogen in UHV and XHV1 systems
have a very high specific pumping speed and can provide the required suppression
factor with reasonable dimensions (see for example [Ben83]). The characteristic
binding energy for hydrogen in getter material is as large as 85 kJ/mol leading to a
mean sojourn time of about 8·108 s at 200 K operation temperature [Hae81]. On the
other hand, the high binding energy demands a high temperature during regenera-
tion. In fact, with technically feasible temperatures, tritium cannot be completely
extracted from the getter material. Taking into account the three year integral op-
eration time of KATRIN, a significant accumulation of tritium in the getter is to be
expected increasing the probability of tritium migration toward the spectrometers.

Other kinds of pumps often used at UHV conditions are cryo-sorption pumps. The
energy of physisorption employed in these pumps is much lower than that in getter
materials (e.g. for hydrogen it is lower than 2 kJ/mol). With such a binding energy
the mean sojourn time of hydrogen molecule in the adsorbent is about 10−12 s at
100 K. Since the strength of the attractive van der Waals forces goes like r−7 with
distance r between the molecules [Hak06], the effective operation of a physisorption
pump requires low temperatures. At liquid helium (LHe) temperature, for example,
the mean sojourn time for hydrogen is in the order of 1010 s. Due to the lower bind-
ing energy, the removal of hydrogen during regeneration can be performed at lower
temperatures compared to getter materials. Two adsorbents are most widely used
in cryo-sorption pumps: activated charcoal and molecular sieves. Both of them have
similar adsorption properties and can provide huge specific pumping speeds [Day03].
The main disadvantages of these are possible dust production and the formation of
chemical compounds during the regeneration at elevated temperature.

1Ultra-high vacuum: 10−12 mbar < P < 10−7 mbar; extreme-high vacuum: P < 10−12 mbar
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Over the last decades (from 1960 on) layers of pre-condensed gases were investi-
gated as adsorbents in UHV conditions [Hae81]. The results obtained show that
the adsorption energy is close to that for solid adsorbents but that the sorption
capacitance is much lower due to the much smaller condensed gas layer thickness
available. Morphology studies of condensed gas layers such as argon, krypton and
xenon [Nep05] indicate a high porosity (up to 15%) when prepared at low tempera-
tures (below 20 K). The main advantage of condensed gas layers compared to solid
adsorbents is that the layer can easily be removed together with any adsorbed tri-
tium, which minimizes the residual tritium contamination. Furthermore, the use
of an inert gas as adsorbent is ideal for operation with tritium due to its chemical
inactivity. For the Cryogenic Pumping Section of KATRIN pre-condensed argon or
krypton at 3− 4.5 K are therefore considered.

3.2 Cryo-sorption on pre-condensed gases

The term cryo-sorption describes a process where gas particles are bound at low
temperature to a highly porous adsorbent. Latter can be, for example, charcoal but
also a gas condensate, in which case the adsorbent is also named cryo-deposit. The
pumped gas bound onto the adsorbent by van der Waals forces is named adsorbate.
The coverage a is defined as the ratio2

a =
number of particles in adsorbate
number of particles in adsorbent

(3.2)

and should be kept as low as possible (refer to sec. 3.2.3).

As cryo-deposits, gases with higher characteristic temperatures (e.g. melting point)
than those of the gases to be pumped are considered. With a well suited adsor-
bent/adsorbate combination, the intermediate forces between the two species are
higher than the forces amongst the adsorbate particles3. Therefore, a final pressure
below the saturation pressure of the gas in question is possible and gases like neon,
helium and hydrogen can be pumped effectively at higher temperatures.

Among others, CO2, CH4, NH3 and Ar are considered as cryo-deposits. Although
CO2 provides the lowest final pressure [Hae81], the question of which gas to use is
decided by the application. The chemical inactivity of noble gases like Ar and Kr,
for example, makes them ideal cryo-deposits for tritium adsorption in KATRIN.

Common to other solid adsorbents, gas condensates feature high specific (inner)
surfaces, yet with some additional advantages:

• Due to the preceding condensation, very clean adsorption surfaces are pro-
vided.

2The definition given here is taken from [Hae81].
3The latter describes pure sublimation which is also called condensation in cryogenics
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• One of the major issues when using solid adsorbents like charcoal is the me-
chanical attachment of the adsorbent to the metal cryo-surface with good
thermal contact. Since cryo-deposits are adsorbed onto the cryo-surface, the
thermal contact is excellent.

• The cryo-deposits themselves have a good thermal conductance; the tempera-
ture of the adsorbent surface facing the recipient is therefore cooled effectively
by the cryo-surface below.

• The adsorption properties of cryo-deposits can be regulated by the choice of
the gas and by the preparation conditions (see to sec. 3.3.1).

• Cryo-deposits allow to completely remove the adsorbed gas. The cryo-deposit
is freshly prepared for the next pumping cycle.

The last item is the most important one for KATRIN: By using pre-condensed noble
gases as adsorbent in the CPS, no tritium inventories are collected over time. After
each measurement period of ∼ 60 d the CPS is regenerated by warming up, which
releases the adsorbed tritium together with the adsorbent. For the next measurement
period, a new adsorbent is prepared without any residual tritium contamination.

3.2.1 Average crystallite size and monolayer capacitance

The major property of any adsorbent is the average crystallite size δ, which is
strongly connected to the specific surface A0 [cm2 g−1] and hence, to the adsorption
capacitance [Hae81]:

A0 =
a0FNA

MA
with F = 3.464

(
M

4
√

2 NA · ρ

)2/3

. (3.3)

Herein, F [cm2/particle] describes the surface area occupied by one adsorbate par-
ticle, which can be calculated assuming tightest packing [Emm37]. MA and M are
the molar masses of adsorbent and adsorbate particles, respectively, ρ is the adsor-
bate density and NA the Avogadro number. a0 describes the adsorbent’s monolayer
capacitance:

a0 =
adsorbate amount forming one monolayer on the adsorbent

adsorbent amount
(3.4)

which is practically independent of the adsorbate type [Hae81]. Assuming that the
adsorbent consists only of cubicles with edge length δ, the following relation between
δ, a0 and A0 is valid:

δ =
6

A0 ρA
=

6MA

ρA a0 FNA
⇔ a0 ∝

1
δ

(3.5)

with the adsorbent’s density ρA. Thus, the more grained the adsorbent is, the more
adsorption spots are available on the inner surface of the adsorbent; a0 increases.
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The particle diameters of He, H2 and Ne are smaller than the distances between next
neighbors in cryo-deposits like CO2, CH4 and Ar. Therefore, adsorption on lattice
sites can be assumed [Hae81]. All the adsorbents and adsorbates mentioned here
form cubic face centered lattice structures. If the interaction to the next neighbors
is predominant, the preferred area of growth are the 111 and 100 lattice planes. A
particle adsorbed at such a site has three or four next neighbors. A smaller aver-
age crystallite size δ promotes the existence of incomplete lattice planes and holes,
where adsorbate particles can have five, eight or even nine next neighbors. These
adsorption sites are energetically favored due to the higher binding energy and will
be occupied first after adsorption of the adsorbate particle by diffusion along the
crystallite surfaces (also refer to sec. 3.2.2).

During the pumping process, the coverage a increases. The binding energy per mole
EB decreases at the same time, since unfavored adsorption spots will be increasingly
occupied. If the monolayer capacitance a0 is reached, forces amongst the adsorbate
particles become predominant: The cryo-sorption is degenerated towards condensa-
tion resulting in a higher equilibrium pressure. Thus, the design of any cryo-sorption
pump needs to take this effect into account by providing a cryo-surface large enough
for very low coverage a and high monolayer capacitance a0.

3.2.2 Cryo-sorption mechanics

According to [Hae81], the following steps can be considered as the process involved
in physical adsorption:

1. A gas particle hits the adsorbent by chance.

2. The gas particle is thermally accommodated and sticks with probability α to
a crystallite surface facing the recipient. The sticking coefficient α strongly
increases with decreasing temperature.

3. The gas particle, now called adsorbate particle, diffuses along the crystallite
surface into deeper layers of the adsorbent.

4. After the mean sojourn time ts, the gas particle is desorbed from the crystallite
requiring the energy EB per mole.

5. At low temperatures with α ≈ 1, the adsorption on neighboring adsorbent
crystallites is very probable.

With pumping time t, the coverage a increases until the maximum coverage

amax =
dnA/dt · tmax

nadsorbent
⇔ tmax =

nadsorbent

dnA/dt
· amax (3.6)

is reached. Herein, nadsorbent is the total number of adsorbent particles and dnA/dt
the constant adsorption rate which is given in eq. 3.7. tmax is the pumping time
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after which the pumping speed per surface area quickly drops to zero, whereas it is
essentially constant for t < tmax.

The measurement time period of KATRIN, that is the time period before the cryo-
surface in the CPS is regenerated, needs to be chosen in a way to ensure a sufficiently
high pumping speed. According to eq. 3.6, a large number of adsorbent particles
nadsorbent will increase the maximum pumping time tmax. Since the adsorbent layer
thickness is limited (refer to sec. 3.3.1), an adequately large cryo-surface area needs
to be made available. For KATRIN, 60 days are planned for one measurement time
period.

3.2.3 Adsorption, desorption and equilibrium pressure

The adsorption rate on the surface area S can be expressed as [Rot90]

dnA

dt
= 2.63 · 1022

[ √
g/mol K

s mbar cm2

]
· PαS√

MT
(3.7)

for pure physisorption, where P is the partial pressure of the pumped gas, M the
adsorbate molecular mass, T the gas temperature and α the sticking coefficient. The
desorption rate, on the other hand, is [Rot90]

dnD

dt
=

n

ts
= n · 1013

[
1
s

]
· e−EB/(RTc) (3.8)

with the number of adsorbed gas particles n and ts as introduced in eq. 3.1.

In equilibrium the adsorption and desorption rates are equal and the adsorbate
pressure is called equilibrium pressure

Peq =
n
√

M T

α S
· 3.80 · 10−10

[
mbar cm2√

g/mol K

]
· eEB/(RTc) . (3.9)

A strong dependence of the equilibrium pressure from both, the binding energy EB

and the cryo-surface temperature Tc, is observable. Furthermore, Peq increases with
increasing coverage a, since

a =
n

nadsorbent
. (3.10)

This general behavior is summarized in so-called adsorption isosteres and isotherms.
The former describe the dependence of adsorbate pressure from adsorbent temper-
ature at constant coverage, the latter give the adsorbate pressure vs. coverage at
constant temperature. Examples of these characteristics are presented in fig. 3.1 and
3.2. It is obvious that Peq strongly depends on the kind of cryo-deposit in question
and its preparation conditions, too. The best results (lowest equilibrium pressure)
were achieved for CO2. Furthermore, fig. 3.1 demonstrates that the equilibrium
pressure due to H2 cryo-sorption on CO2 is considerably lower than the saturated
vapor pressure from H2 condensation.
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Figure 3.1: Adsorption isosteres of H2 adsorption on CO2. Parameters during
the preparation of the CO2 condensate: thickness 28 µm, condensation temperature
11.2 K and condensation pressure 7 · 10−5 mbar. Additionally, the isostere for H2

condensation is shown. (based on [Hae81])
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Figure 3.2: Adsorption isotherms of H2 adsorption on various cryo-deposits. The
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3.3 Parameters of cryo-sorption on pre-condensed gases

Generally, the performance of a cryo-sorption pump is dependent on the cryo-deposit
preparation and the operation conditions. The most important parameters to be
considered when designing any cryo-pump are discussed in the following.

3.3.1 Preparation parameters

Preparation temperature: Experimental studies predict that an optimal conden-
sation temperature exists for each cryo-deposit which provides a minimal average
crystallite size δ and hence a maximum specific (inner) surface A0 [cm2 g−1] and a
maximum monolayer capacitance a0 [Hae81]. For argon, 6 K turns out to be the
optimal preparation temperature [Nep05], which should be taken into account when
specifying the CPS.

Deposition rate: Generally a high deposition rate will lead to small crystallite
sizes, as the cryo-deposit buildup is too fast for the re-crystallization, which is fa-
voring large crystallite sizes [Hae81].

Layer thickness: The cryo-deposit surface facing the recipient is subject to heat-
ing by irradiation and adsorption. The heat conductance of the residual gas can be
neglected in UHV conditions. Since the heat conductance of the cryo-deposit is not
infinite, its temperature will be higher than the temperature in the bulk material
(see fig. 3.3). This will lead to a higher equilibrium pressure and decrease the ca-
pacity as the crystallite size will grow. The thickness d of the cryo-deposit should
therefore not exceed ∼ 1 µm too much [Hae81].

Adsorption Irradiation

d
T1

T2
T1>T2

Figure 3.3: Thickness of cryo-deposit layer.

3.3.2 Operating parameters

Operating temperature: The operating temperature of the cryo-surface has a
strong impact on the partial pressure as shown in fig. 3.1. The lower the tempera-
ture, the lower the equilibrium pressures will be. Furthermore, if the cryo-surface’s
operating temperature is increased above the temperature at which the cryo-deposit
was prepared, an irreversible re-crystallization will occur towards an increasing of
the average crystallite size due to the increased mobility of the adsorbent particles
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at higher temperatures. The tritium retention performance of the CPS is therefore
connected to the operational temperature. If lowering the temperature from ∼ 4.5 K
to ∼ 3 K is technically not too complicated, it would be beneficial for KATRIN as
the tritium pressure would be decreased by several orders of magnitude.

Amount of pumped gas, coverage: During the pumping process, the coverage
increases with time along with the equilibrium pressure according to fig. 3.2. The
KATRIN measurement time period needs to be chosen accordingly.

Heat load on cryo-surface: The adsorption of warm gas on the cryo-deposit
will lead to evaporation of the latter. Therefore, measures should be taken for
pre-cooling the gas which is being adsorbed. Furthermore, it is known that heat
irradiation from other (warm) parts of the recipient can lead to desorption of hy-
drogen from the cryo-surface [Ben76]. This effect will be weakened by employing a
cryo-deposit, but should nonetheless be avoided by shielding the cryo-surface in the
CPS from this irradiation (refer to sec. 3.4.3).

Radioactivity of adsorbed gas: The radioactivity of adsorbate particles trans-
fers additional energy to the cryo-deposit which can lead to desorption of both,
cryo-deposit and adsorbate particles. This issue will be further addressed in sec. 4.1.

3.4 Data for hydrogen and argon at low temperature

In the CPS-relevant low tritium pressure regime of < 2.6 · 10−16 mbar [CPS08a]
no literature data are available for cryo-sorption of tritium on argon cryo-deposit
at 3 − 4.5 K. Yet, some data exist that should be taken into account. They are
summarized in the following.

3.4.1 Argon cryo-deposit properties

An important aspect of the performance of a cryo-sorption pump with pre-condensed
gas as adsorbent are the preparation parameters of the cryo-deposit as described in
sec. 3.3.1. For argon, 6 K turns out to be the ideal preparation temperature [Nep05]
leading to an average crystallite size of δ = 60 nm. In this case, the monolayer
capacitance a0 and the specific surface A0 are

a0 = 5.8 · 10−2 mol H2/mol Ar and (3.11)
A0 = 138 m2 g−1 , (3.12)

respectively [Hae81]. Figure 3.4 shows the vapor pressure over temperature for
various gas condensates including argon. The lowest temperature in the diagram for
argon is ∼ 20 K; data for the argon vapor pressure at ∼ 4.5 K was not available.
However, it shows that the argon pressure at 4.5 K should be well below 10−11 mbar.
Therefore, the argon gas load from the CPS to the Pre-spectrometer is low enough
to maintain a total pressure below 10−11 mbar in the Pre-spectrometer as specified
in [KAT04] via pumping with turbomolecular pumps.
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Figure 3.4: Vapor pressure for various gas condensates. Data for the argon
vapor pressure could not be found for∼ 4.5 K. For most data sets the lowest temperature
is that of the triple point of argon (83 K). (based on [Day04])

3.4.2 Hydrogen vapor pressure

The vapor pressure dependence from temperature for the six hydrogen isotopomers
is given in fig. 3.5. This is the pressure in thermal equilibrium one would expect
above the condensate if more than one monolayer of hydrogen was adsorbed on the
cryo-surface. In this case the forces in-between the hydrogen molecules are dominat-
ing over the forces in-between hydrogen molecules and the cryo-surface substrate.

The data allow for some predictions for cryo-sorption of hydrogen on argon at 4.2 K,
the temperature of the cryo-surface in the TRAP experiment: The equilibrium pres-
sures in the case of cryo-sorption will follow those of condensation of the pure iso-
topomer (see table 3.1): It will increase in the sequence T2, DT, D2, HT, HD, H2

[Sou86]. Since the zero point energy of vibration of the molecule against the ad-

Table 3.1: Molar mass and vapor pressure at 4.2 K of hydrogen isotopomers.
The masses are calculated using data from [Lid92]; the pressure data are from [Sou86].

H2 HD HT D2 DT T2

Molar mass [g/mol]: 2.016 3.022 4.024 4.028 5.030 6.032
Pressure at 4.2 K [mbar]: 8E-7 5E-9 5E-10 5E-11 4E-12 2E-13
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Figure 3.5: Vapor pressure for hydrogen isotopes. (based on [Sou86])

sorption surface goes with m−1/2, the vapor pressure follows the sequence of falling
molar masses (see table 3.1): The smaller the mass, the higher the zero point energy
and the easier to remove the molecule from the surface.

3.4.3 Influence of infrared irradiation

Figure 3.6 shows the vapor pressure dependence at very low temperatures for H2

and D2. It was found that the pressure is practically constant at ∼ 10−9 mbar for
temperatures below ∼ 3 K [Ben76], a circumstance that questions the possibility of
pumping H2, which is the major component in UHV systems, at low pressure.

Benvenuti et al. [Ben76] found that infrared irradiation from parts inside the vacuum
vessel, which are at room temperature, impinges on the condensation surface and
creates phonons inside of the material. These phonons travel to the cryo-surface,
transmit their energy to the condensate and lead to the desorption of H2. This
increases the equilibrium pressure according to sec. 3.2.3. Furthermore, it was found
that a pre-condensed layer of a heavier gas like Ne, Ar or N2 significantly lowers the
H2 desorption rate: This layer with a much lower Debye temperature4 than H2 works
just like a low-pass filter preventing the high energy phonons from entering the layer
and reaching the H2 condensate [Hae81].

In order to reach a low H2 pressure, the cryo-surface should be made of a material
4The Debye temperature θ defines the maximum energy of phonons inside a solid state body:

E < h̄ωD = kBθ with the cut-off frequency ωD and the Boltzmann constant kB [Iba99].
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with a low absorption coefficient for infrared irradiation and it should be covered
with an adsorbate, e.g. a pre-condensed layer of a heavier gas. Furthermore, any
infrared irradiation should be either shielded, its temperature lowered or prevented
altogether. The influence of the aforementioned measures are shown in fig. 3.6.
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Figure 3.6: H2 and D2 vapor pressure at very low temperature. Based on
measurements from Benvenuti et al. [Ben76], Bächler et al. [Bae62], Borowik et al.
[Bor60], Honig et al. [Hon60] and Lee [Lee72]. The continuous line belonging to the data
set of Benvenuti et al. gives the pressure P in dependence of condensate temperature
T calculated according to the Clausius-Clapeyron equation lnP = −B/T + C with
constants B and C. The black boxes indicate the hydrogen pressure measured at∼ 2.3 K
for different substrate/irradiation combinations. The vapor pressure is higher at very
low temperatures than theoretically expected. (based on [Hae81])
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3.4.4 Hydrogen cryo-sorption on pre-condensed argon

Table 3.2 shows some data for sticking coefficients α for hydrogen cryo-sorption on
various cryo-deposits. Since no isotope effect is visible for the systems H2/CO2

and D2/CO2, no isotope effect is expected in the system Q2/Ar (Q=H,D,T), either.
Therefore, the sticking coefficient for tritium cryo-sorption on pre-condensed argon
at 4.2 K is about 0.7.

Table 3.2: Sticking coefficients for different cryo-deposit/adsorbate systems at low
coverage a → 0 and gas temperature T = 300 K.

cryo-deposit adsorbate Tc [K] α reference

Ar H2
11 0.1 [Hun63]
4.2 0.7 [Yuf70]

CO2 H2

20 0.42 [Yuf67]
12.4 0.68 [Tem71]
11 0.5 [Hun63]
4.2 0.6 [Yuf70]

CO2 D2

20 0.4 [Yuf70]
14 0.5 [Yuf70]
4.2 0.6 [Yuf70]

H2O H2
20 0.55 [Yuf67]
11 0.9 [Hun63]
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Chapter 4

The Test Experiment TRAP

This chapter describes the TRAP (Tritium Argon frost Pump) test experiment for
the Cryogenic Pumping Section of KATRIN. Section 4.1 gives the motivation for the
experiment and in sec. 4.2 the general principle is discussed. A detailed description
of the experimental setup can be found in sec. 4.3.

4.1 The Motivation

The Cryogenic Pumping Section (CPS) being operated at 3 − 4.5 K according to
[CPS08a] needs to suppress the tritium flow rate by seven orders of magnitude below
10−14 mbar l/s (refer to sec. 2.2.4.2). The maximum allowed T2 pressure at the outlet
of the CPS1-F can be estimated from this by considering CPS2-F as a straight tube
of vacuum conductance C ≈ 38 l/s without any getters. In the molecular flow
regime, the gas flow rate Q through a tube of vacuum conductance C and upstream
(downstream) pressure P1 (P2) is given by [Rot90]

Q = C · (P1 − P2) ≈ C · P1 . (4.1)

From this, an upper limit for the T2 pressure at the outlet of the CPS1-F can be
derived [CPS08a]:

PCPS1−F < 2.6 · 10−16 mbar . (4.2)

However, tritium in the CPS is not only pure T2: DT is also present, since the isotope
separation system of TLK always provides tritium with a small amount of DT. In
the worst case of 95% purity, for example, the isotopic mixture contains 90% T2 and
10% DT. Furthermore, HT will be generated by isotopic exchange reactions with
residual H2 from the beamline walls of the transport system. Only with increased
runtime of the experiment, the walls will be thoroughly contaminated with tritium
and the generation of HT will abate. All three tritiated hydrogen isotopomers T2,
DT and HT will hence be present in the CPS and all their partial pressures should
not exceed the order of 10−16 mbar. For comparison, their saturation pressures at



44 CHAPTER 4. THE TEST EXPERIMENT TRAP

4.2 K are orders of magnitude higher (see table 3.1).

In order to reach significantly lower partial pressures, pre-condensed argon will be
employed as adsorbent at 3−4.5 K in CPS1-F. However, the radioactivity of tritium
will transfer additional energy to the adsorbent and lead to desorption of both,
adsorbent and adsorbate. With an average beta electron energy of about 6 keV,
the range of these is in the order of µm. This means that essentially all energy
could be deposited in the adsorbent since the pre-condensed gas layer is similar in
thickness. As the sublimation energy for solid argon is 8048 J/mol [Hae81], up to
∼ 60 000 atoms of argon could be evaporated by a single average tritium decay.
Depending on the coverage of tritium on argon, also tritium will be evaporated and
might therefore pass the CPS (migration, see fig. 4.1).

Cryo-sorption pumps for pumping tritium were already employed in earlier tritium β
decay experiments, in Mainz [Kra05] with graphite coating of the electron transport
channel and in Troitsk [Bel95] with argon frost coating. Both experiments published
an observed tritium flow rate suppression toward the spectrometers due to these
pumps, yet no numerical data on the suppression factors were published.

Since no further data on tritium adsorption on pre-condensed gases at the CPS
relevant pressure regime of ∼ 10−16 mbar are available in literature and because of
the immense importance of the CPS as the last tritium retention unit in front of
the KATRIN spectrometers, the test experiment TRAP has been built at TLK to
investigate the properties of tritium adsorption on pre-condensed noble gases. The
main objectives of TRAP are:

• to prove that the concept of tritium retention by a cryo-pump with pre-
condensed argon is working and to determine the tritium flow rate suppression
factor,

• to provide input data and experience for the specification of the CPS,

• to develop and test the regeneration procedure of the cryo-pump and

• to have the possibility to test different cryo-deposits (e.g. krypton).

Ar condensate

Stainless steel

Tritium molecules

Figure 4.1: Tritium migration. Through successive adsorption-desorption pro-
cesses, tritium might migrate trough the CPS.
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4.2 Principle of TRAP

The main task of the TRAP experiment is to determine the tritium flow rate sup-
pression factor

F =
Qin

Qout
=

incoming tritium flow rate
outgoing tritium flow rate

(4.3)

of a cryo-sorption pump at 4.2 K1 with pre-condensed argon as adsorbent. TRAP
can be considered as a mock-up for the Cryogenic Pumping Section of KATRIN
with the following general features (see fig. 4.2):

1. TRAP is comparable to the CPS with regard to its cryogenic parts:

• The cryo-surface consisting of a 20◦ bent tube (Cryo-trap) is cooled in a
liquid helium (LHe) bath cryostat to a temperature of ∼ 4.2 K.

• The vacuum conductance of the Cryo-trap is approximately the same
which is planned for the CPS.

• The cryo-surface area is about 1/10 of the CPS. However, with only about
1/10 of injected tritium in TRAP compared to the CPS2, the tritium
surface densities will be similar.

2. Unlike the CPS, TRAP does not include a superconducting magnet system for
guiding decay electrons.

3. TRAP is constructed in such a way that it simulates the most important
functions of the CPS (refer to fig. 4.2):

• The argon cryo-deposit is prepared on the cryo-surface via a capillary.
The argon gas exits the capillary through tiny holes along its length and
is distributed approximately homogeneously over the cryo-surface.

• Tritium is injected from a calibrated buffer vessel at the bottom of the
Cryo-trap. From the pressure drop in the vessel the average injection flow
rate Qin can be calculated.

• Tritium passing through the Cryo-trap can be detected by a residual gas
analyzer (RGA) or a silicon solid state detector. The outgoing flow rate
Qout needs to be determined in the Detection System (sec. 4.3.7).

• The Cryo-trap is regenerated after each measurement interval by warming
up and evaporating any adsorbed tritium together with the argon cryo-
deposit. In order to avoid an increase of contamination of the weakly
contaminated (upper) parts of the Cryo-trap, purging with gaseous he-
lium (GHe) in the direction from low to high contamination is applied
during warm up.

• The cryo-surface can be baked afterwards at ∼ 400 K.

1In TRAP, a liquid helium bath cryostat is used. Therefore, the temperature of the cryo-surface
is that of the helium boiling point.

2Maximum inventory in the CPS: 1 Ci after ∼ 60 d
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Figure 4.2: Schematic of the TRAP experiment. After evacuation of the system
and cool-down with LHe, argon is injected via a perforated capillary and distributed
approximately homogeneously over the Cryo-trap to form the adsorbent. Tritium in-
jection is performed from a calibrated buffer vessel via a low-conductance capillary at
the bottom of the Cryo-trap. Tritium which has migrated along the Cryo-trap can
be detected at the top with a residual gas analyzer (RGA) or a silicon detector. In
order to remove the tritium after a measurement phase, the LHe in the cryostat is
evaporated and the Cryo-trap is being heated with a built-in heater. The Cryo-trap is
simultaneously purged with gaseous helium from top to bottom to keep the the tritium
contamination at the upper end of the Cryo-trap low.
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4.3 Experimental setup of TRAP

This section covers the experimental setup of the TRAP test experiment. Figure 4.3
shows a simplified flow diagram of the system which consists of seven subsystems:
The Cryo-system, the Cryo-trap, the Argon Inlet System, the Tritium Inlet System,
the Helium Purging System, the Pumping System and finally the Detection System.
These subsystems are shortly described in the following. More detailed descriptions,
especially for the first four subsystems, can be found in [Eic04]. Appendix A sum-
marizes the changes to the experimental rig that were necessary for operation with
tritium.
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Figure 4.3: Simplified process and instrumentation diagram (PID) of TRAP.
A detailed flow diagram is available in appendix D

4.3.1 The Cryo-system

The Cryo-system provides the temperature of 4.2 K for the Cryo-trap (see sec. 4.3.2):

• A standard vertical LHe bath cryostat of 500 mm diameter and 1500 mm
height is used as a container for the Cryo-trap.
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• A heater mat at the bottom of the cryostat allows to increase the LHe evapo-
ration rate if necessary.

• The Cryo-trap and additional equipment shown in fig. 4.4 are fixed on the
cryostat flange. TVO3 temperature sensors [Sue95] on the base of carbon re-
sistors allow for the temperature measurement of the Cryo-trap during cooling
down. Superconducting LHe level meters ascertain the LHe fill height in the
cryostat.

• The He pressure in the cryostat is monitored by an absolute pressure sensor
of membrane type.

• The exhaust He from the cryostat is warmed up in a water bath heater, counted
by a gas counter (FI on fig. 4.3) and transferred either

– through a ∼ 300 m subterranean line to the helium liquefier at the In-
stitute for Technical Physics (ITP) during cooldown of the cryostat and
measurements with deuterium or

– to the laboratory exhaust channel during tritium measurements which
ensures that no tritium is transferred to ITP in case of a leakage in the
Cryo-trap.

The LHe consumption rate in steady state is about 3 l/h [Eic04].

4.3.2 The Cryo-trap

The Cryo-trap (or cryo-surface) consists of a stainless steel tube (DIN standard
1.4571, ASTM 316Ti) of 50 mm diameter and 1 m length with two straight parts
and an angle of 20◦ in-between them to prevent the beaming effect of molecular flow.
It is closed at the bottom and connected to the Detection System via the connecting
tube (see fig. 4.4). The Ar coverage of the Cryo-trap is done by the Argon Inlet
System (see sec. 4.3.3), the tritium inlet by the Tritium Inlet System (see sec. 4.3.4)
through the tritium inlet tube at the bottom (see fig. 4.4).

The gas conductance of the Cryo-trap can be estimated using the formula of a
straight tube of diameter D = 5 cm and length L = 100 cm in the molecular flow
regime [Rot90]:

C = 3.81

[
l

s cm2

√
g/mol

K

]
· D3

L
·
√

T

M
. (4.4)

For molecular tritium (M = 6 g/mol) and T = 4.2 K, the conductance is ∼ 4 l/s.

The Cryo-trap can be heated by a heater wrapped and brazed around the tube. This
is needed for the regeneration procedure as well as for baking out.

3Translation of ”TBO” from Russian: thermally resistant, moisture resistant, compacted
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Figure 4.4: The cryostat internals. (based on [Bra03])
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4.3.3 The Argon Inlet System

Argon is injected from a calibrated buffer (volume 1.3 l) by adjusting a needle valve
to the desired inlet flow rate. The latter can be determined from the pressure drop
in the buffer measured with an absolute pressure gauge (MKS Baratron 390HA,
range 0-1000 Torr). The argon cryo-deposit is prepared on the cryo-surface through
a perforated capillary, which runs along the Cryo-trap to the bottom and is heated
above ∼ 80 K to prevent freezing of argon inside and on the outside of this capillary.
The diameter of the capillary is 2 mm, the hole spacing along its length 5 cm and
the diameter of each hole 0.2 mm providing a homogeneous distribution of the argon
adsorbent on the cryo-surface.

4.3.4 The Tritium Inlet System

Tritium is injected from a calibrated buffer (volume 1.3 l) through a needle valve and
a low-conductance capillary (C ≈ 10−5 l/s) which allows for setting inlet flow rates
in the 10−7 mbar l/s regime. The pressure drop in the buffer during inlet is measured
with an absolute pressure gauge (MKS Baratron 690A, range 0-10 Torr, accuracy
0.12%). Tritium enters the Cryo-trap at the bottom via the capillary mentioned
before and the tritium inlet tube (see fig. 4.4). The latter is located inside an
insulation vacuum and in addition heated above ∼ 30 K to prevent adsorption of
tritium on its inner surface. Furthermore, TVO temperature sensors attached to the
tritium inlet tube are used to monitor its temperature.

4.3.5 The Helium Purging System

About 150 mCi of tritium is supposed to be collected on the Cryo-trap during a
measurement run. Afterwards, the cryo-surface will be regenerated which means the
removal of the argon cryo-deposit together with any adsorbed tritium. During the
regeneration procedure, the Cryo-trap is heated and purged with helium gas in order
to preserve the tritium surface contamination gradient from high contamination at
the injection point (bottom part of the Cryo-trap) to low contamination at the top.

The helium gas flow, which is controlled by a flow controller, enters the Cryo-trap
from the top and leaves it at the bottom through a cold valve (HV023) and the helium
purge tube (see fig. 4.4). The argon/helium/tritium mixture is hereupon transferred
through a transport pump (VP042) to the tritium retention system of the laboratory.
The roots pump VP042 is part of the Pumping System (see sec. 4.3.6).

4.3.6 The Pumping System

In the Pumping System several pumps can be used for evacuation. They are subdi-
vided into two groups:
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• Pumps with negligible amount of tritium, exhaust to the laboratory clean
exhaust:

– VP060: Turbomolecular pump, Pfeiffer TPU170

– VP061: Turbomolecular pump, Pfeiffer TMU200MP

– VP062: Roots pump, Alcatel ACP28

• Pumps carrying tritium, their exhaust is transferred to the main stage of TLK’s
central tritium retention system, where the atmosphere of all glove boxes is
being detritiated (average tritium activity ∼ 1 MBq/m3):

– VP040: Ion getter pump, Leybold IZ12 (no exhaust, never used in the
experiments)

– VP041: Turbomolecular pump, Pfeiffer TPU170

– VP042: Roots pump, Alcatel ACP15

This subdivision is imperative for the experiment since the Detection System (refer
to sec. 4.3.7) could be contaminated with tritium, if any connection existed from the
pumps VP061 and VP062 to TLK’s tritium infrastructure.

The roots pump VP042 is also used as a transport pump during the regeneration
procedure (see sec. 4.3.5). Furthermore, a cold cathode pressure sensors allows for
measuring the total pressure in the system.

4.3.7 The Detection System

Tritium migrating through the Cryo-trap can be detected in the Detection System
directly with a residual gas analyzer4 and via its β decay electrons with a silicon
solid state detector. Figure 4.5 shows a schematic of the TRAP Detection System
viewed from above with the following main features:

• The Si detector is located inside a solenoid manufactured at ITP [Geh06]. It
generates a magnetic field of 0.1 T maximum strength. β electrons are guided
onto the detector surface on cyclotron tracks.

• The Si detector is cooled via a liquid nitrogen (LN2) bath in order to decrease
electronic noise.

• A gate valve allows for the separation of the Detection System from the rest
of the experimental setup during regeneration. This prevents strong contami-
nation of the Detection System.

• A second gate valve allows for the separation of the RGA and detector cham-
bers.

4Type 1: mass range 1− 100 amu (atomic mass unit); type 2: 1− 6 amu; details in appendix F.
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Figure 4.5: The Detection System of TRAP. The Detection System features a
residual gas analyzer (RGA) for detection of tritium in the gas phase and a silicon
detector for detection of tritium via its decay electrons. (based on [Mel06, Geh06])

The strong support structure that has been built for the detector, the LN2 dewar
and the solenoid is visible in fig. 4.6. The solenoid alone weighs ∼ 150 kg and is
placed 2 m above ground.

The following sections will introduce the detector components in detail, which is
necessary for the discussion of the experimental results. For further information see
[Stu07].

4.3.7.1 Requirements for the Si detector and its electronics

In the following, the requirements for the semiconductor detector and its associated
electronics are given:

• All components must be vacuum compatible and cavities as well as closed
volumes are to be avoided since the total pressure in the Detection System
will be as low as 10−9 mbar during measurements.

• The measured spectrum is always superimposed by the electronic noise of the
detector and its electronics (refer to fig. 4.7). The noise contribution to the
detector’s signal should therefore be as low as possible.
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Figure 4.6: Front view of the TRAP experiment.
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Figure 4.7: Influence of electronic noise on the measured beta spectrum.
Left: low electronic noise threshold, the tritium β spectrum will be clearly discernible
above the noise; right: high electronic noise, the threshold will overlay the tritium β
spectrum. (based on [Stu07])
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• The detector should be rather large for a large accepted solid angle. However,
this increases its depletion layer capacitance and electronic noise.

• The main noise contribution stems from the first amplification stage, where
the signal’s strength is still very low (µV). Therefore, it has to be conceived
preferably noiseless, cooled like the detector chip itself and positioned near the
detector to avoid capacitive disturbances in the connections between the two.

• Microphonics has to be avoided with a proper carrier for the detector chip.
These acoustic signals excite lattice oscillations in the detector material that
superimpose the electric signal.

• For every recorded signal, the time information should be saved, too. Mi-
crophonics can then be discriminated by the characteristic fast succession of
signals.

• Electrons continuously lose energy while traversing the detector. The amount
of energy stored in this way in the so-called deadlayer is not visible to the
readout electronics. The deadlayer is the detector’s top layer that is insensitive
to radiation. It consists of SiO2 in the case of the TRAP detector. Depending
on this layer’s thickness, the measured spectrum is shifted to lower energies
and thus into regions with higher electronic noise contribution. In addition, the
detector’s energy resolution is decreased. From this follows that the deadlayer
must be as thin as possible.

The technically best solution for these issues would be a segmented detector that
features a large overall surface with small individual pin sizes. However, such a design
requires amplification electronics for each single detector pin which considerably
increases costs. For TRAP, the cheaper solution of a standard silicon PIN diode
with 300 mm2 surface area and an in-house produced first amplification stage was
chosen.

4.3.7.2 Detector chip

The semiconductor detector from ORTEC is a reverse-biased silicon PIN diode (OR-
TEC BU-014-300-500, bias voltage 40 V), where the ”P” layer is doted with boron
and the ”N” layer with arsenic. The intermediate layer ”I” is of intrinsic silicon ma-
terial. The diode has an active surface of 300 mm2 and a depletion layer of 500 µm
thickness with a deadlayer of only 50 nm.

Since the original detector housing from ORTEC suffered from very strong micro-
phonics in the energy region of interest up to 20 keV, the Si chip has been removed
from its standard shell and glued onto an aluminum-oxide (Al2O3) substrate using
Epotek H20E, a silver epoxy manufactured by Epoxy Technology. Figure 4.8 shows
the disassembled ORTEC detector and fig. 4.9 the finished TRAP detector. Al2O3

was chosen for being an electrical insulator with a high heat conductance value of
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18 − 28 W(m ·K)−1 [ITK06] which is necessary for the detector cooling concept
applied in the experiment (refer to sec. 4.3.7.3).

PIN diode

Spring

Housing

Figure 4.8: Disassembled ORTEC detector BU-014-300-500. The PIN diode
was pressed against the housing by the spring visible in the top left. This attachment
probably caused vibrational motion which led to the strong microphonics observed with
this setup. [Wue04]
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Abbildung 3.9: Die demontierte PIN-Diode, der Keramikträger
und der keramische Abstandshalter. Die PIN-Diode ist auf einen Ke-
ramikträger geklebt. Keramikträger und keramischer Abstandshalter werden
auf einer Kupferhalterung montiert.

Abbildung 3.10: Die auf der Halterung montierten PIN-Diode (links) und
der Kermikträgers mit der elektrischen Kontaktierung (Mitte: von vorne,
rechts: von hinten).

Aufgabe der Elektronik ist es, den durch die Erzeugung der freien Ladungsträ-
ger in der Sperrschicht und durch die angelegte Spannung erzeugten Ladungs-
impuls in einen Spannungsimpuls umzuwandeln, zu verstärken und schließ-
lich dem Datenaufnahmesystem zuzuführen. Dazu ist in Serie zur PIN-Diode
ein Widerstand geschaltet. Der resultierende Spannungsabfall wird über einen
Kondensator einem JFET (Junction Field Effect Transistor) zugeführt, der
hier als erste Vorverstärkerstufe fungiert. Abbildung B.1 zeigt den Schaltplan
der ersten Vorverstärkerstufe. Diese erste Vorverstärkerstufe ist unmittelbar
hinter dem Detektor angebracht. Dadurch werden äußere Störeinflüsse mini-
miert. Zusätzlich hat dies den Vorteil, dass die erste Vorverstärkerstufe ebenso
wie der Detektor durch den Kupferkühlfinger gekühlt wird. Dies führt zu einer
Reduzierung des thermischen Rauschens des JFETs.

Figure 4.9: The TRAP detector. Left: the Si chip is glued on Al2O3 and screwed
on a copper ring; center: front side of the Al2O3 plate with electric contacts; right:
back side. [Wue04]

4.3.7.3 Cooling concept

In order to significantly reduce electronic noise, the detector chip and the first ampli-
fication stage (JFET hybrid, fig. 4.12) are cooled during operation to approximately
−100◦C by a copper cold finger dipping into liquid nitrogen (refer to fig. 4.10). The
silicon detector chip on its Al2O3 substrate is screwed onto the hollow ending of the
cold finger (fig. 4.11) with the JFET hybrid sticking inside. The electric signals are
led out of the vacuum chamber via a feedthrough.
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Figure 4.10: Detector cooling concept. The detector and the first amplification
stage are cooled via a copper cold finger submerged in liquid nitrogen. (based on
[Kaz04])
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Figure 4.11: Detector bearing. During operation, the copper carrier of the detector
is screwed onto the cold finger (the JFET hybrid being enclosed inside). The photo
shows the original ORTEC detector that suffered from strong microphonics. It was
later exchanged for the one depicted in fig. 4.9.
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4.3.7.4 Detector electronics and data acquisition system

4x JFET

Figure 4.12: Hybrid chip of the
first amplification stage. [Wue04]

An incident β electron creates electron-
hole pairs in the detector’s semiconduc-
tor material, each requiring an energy of
3.7 eV in silicon at −100◦C. An average
tritium β electron of ∼ 6 keV will there-
fore produce around 1621 electron-hole
pairs [Stu07]. The bias voltage (40 V)
separates these charges so that a current
flows.

The electronics connected to the Si de-
tector (refer to fig. 4.13) needs to con-
vert this charge burst into a voltage sig-
nal which can then be amplified and
recorded with the data acquisition sys-
tem. Therefore, a resistor is connected
in series to the PIN diode and the volt-
age drop at the resistor due to the electric current is fed into a JFET (Junction Field
Effect Transistor). For TRAP four JFETs (Type: IPE-316/4/6 [Wue04]) are oper-
ated in parallel as the first amplification stage right behind the Si detector. They
are located on the JFET hybrid depicted in fig. 4.11 and in more detail in fig. 4.12.
A circuit diagram of the JFET hybrid is available in appendix E.

The voltage signal from the JFET hybrid is led out of the vacuum chamber via an
electric feedthrough. Additionally, the pins on the feedthrough are used for the bias
voltage, the test pulser input and connections for temperature measurement and
heating of the JFET hybrid. The actual pre-amplifier, a reassembled CANBERRA
MOD.2001, where the first amplification stage was removed, is located just outside
of the vacuum chamber near the feedthrough. Here, the signal is being shaped and
amplified. The following main amplifier, built by the University of Washington in
Seattle (USA), amplifies the signal further, digitalizes and passes the signal to the
data acquisition system ORCA [ORC04] together with a time stamp generated by
a trigger card.

The reassembling of the detector chip, the manufacturing of the JFET hybrid and
the modification of the pre-amplifier was performed by an expert in the IPE (Institut

Electric
feedthrough

Modified 
CANBERRA
pre-amplifier

Main 
amplifier ORCA

LN2 cooled

JFET 
hybridPIN diode

UHV chamber

Figure 4.13: Principle of the data acquisition system. (based on [Stu07])
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für Prozessdatenverarbeitung und Elektronik) [Wue04].

ORCA, the Object oriented Realtime Control and Acquisition software system, was
originally developed for the SNO experiment [SNO00] but will also be used in KA-
TRIN. It allows to set the threshold value of the Analog-to-Digital Converter (ADC)
and the gain of the main amplifier. For each event, the energy information as well
as the time stamp are saved. For analyzing the spectral data with ROOT [ROO06]
various utilities were developed [Stu07].

4.3.7.5 Energy calibration and detector background

It is imperative to check the energy calibration of the detector electronics regularly
during the tritium measurements with TRAP. Usually, this is done by using the
photopeak in the energy spectrum of γ emitters of specific energy (see fig. 4.14, for
example). The sharpness of this peak is defined by the detector’s energy resolution
at the given energy.

However, this method cannot be applied in TLK, since a handling license exists
only for 3H, depleted uranium and, since 2007, 83mKr and 83Rb for calibration of
the KATRIN experiment. The calibration of the detector electronics during the
measurements is therefore conducted with a highly accurate pulse generator, that
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Figure 4.14: Molybdenum spectrum measured with the Si detector. Depicted
is the detector response on the Kα line of molybdenum at 17.479 keV. Electronic noise,
which dominates the low energy regime, was cut off. (based on [Stu07])
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was itself calibrated against nuclear standards in the following way:

1. Before bringing the detector and its electronics to TLK, an 241Am source
with different exit windows was used for calibration in a licensed laboratory.
The americium emits γ quanta of 59.9 keV which excite characteristic X-ray
fluorescence in the window foil. Table 4.1 contains the available windows and
their characteristic γ energies. The spectrum was recorded with the detector
for each window in order to get the dependence between incident energy and
ADC channel.

2. A pulse generator (type Hewlett Packard 33120A 15MHz Function / Arbitrary
Waveform Generator) was connected to the test input of the JFET hybrid
and a voltage signal of 200−1000 mV was applied. From this, the dependence
between voltage and ADC channel was obtained.

3. The two results are combined for the dependence between voltage and energy.

Assuming that the energy calibration of the PIN diode is sufficiently stable, the
detector electronics can be calibrated without the need for a γ emitter. More infor-
mation on the calibration of the test pulser is available in [Stu07].

The detector’s energy resolution was determined with the 241Am source and the Ba
window:

∆E(FWHM) = 2.1 keV at E ≈ 30 keV . (4.5)

As mentioned earlier (sec. 4.3.7.1), a low background threshold is imperative for
tritium detection with the Si detector. Before starting any tritium measurements,
the background in the energy window 6 − 20 keV was determined to be as low as
0.07 counts/s, which is sufficient for the TRAP experiment (see sec. 5.3.2).

Table 4.1: X-ray fluorescence energies for various materials. [XRD01]

Cu Rb Mo Ag Ba Tb
Eγ [keV] 8.048 13.37 17.479 22.162 32.193 44.481
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Chapter 5

Measurements with TRAP

All runs conducted at the TRAP experiment are summarized in table 5.1. This
chapter presents the results from the TRAP runs#3-#6. The last three runs had
to be aborted due to an increased tritium contamination in the system in case
of runs#7 and #8 and due to mechanical damage in case of run#9. Nevertheless,
decontamination methods as described in chapter 6 were developed and tested during
these three runs.

This chapter is structured in the following way: The common procedures for all
runs are introduced in sec. 5.1. Section 5.2 presents the results obtained in the last
deuterium run (TRAP run#3). Before the tritium runs (run#4-#6) are presented
in sec. 5.4, the method of tritium detection is explained in sec. 5.3.

Table 5.1: TRAP runs. In the framework of this thesis, runs#3-#9 were conducted.
The abbreviations stand for: SS - Stainless Steel, RGA - Residual Gas Analyzer, Si -
Silicon detector.

Run Time Inj. Detection Material in Remarks
[d] gas device Detection System

#1 11 D2 RGA as-received SS commissioning [Eic04]
#2 7 D2 RGA as-received SS commissioning [Eic04]
#3 11 D2 RGA electropolished SS D2 run (sec. 5.2)
Changes of the experimental rig for tritium operation (appendix A)
#4 18 tritium RGA electropolished SS

tritium runs (sec. 5.4)#5 32 tritium RGA/Si electropolished SS
#6 39 tritium RGA/Si as-received SS
#7 9 tritium Si gold plated SS aborted: increased

tritium contamination#8 21 tritium Si gold plated SS
Detritiation of the complete TRAP setup, (sec. 6.5)
#9 56 tritium Si gold plated SS aborted: mech. damage
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5.1 Common procedures for all TRAP runs

5.1.1 Cooling of the cryo-surface

All runs with the TRAP experiment start with evacuation of the Cryo-trap and
cool-down of the cryostat with liquid helium. In order to maintain a constant cryo-
surface temperature of ∼ 4.2 K over the whole runtime period, the cryostat needs
to be refilled with liquid helium, which is delivered from the liquefier in the ITP to
the TRAP experiment in 268 l transport vessels. The refilling is necessary at least
every 12 h, the refilling itself taking approximately 1 h. The cryostat is slightly
pressurized during operation:

• If the helium exhaust from the cryostat is transferred to ITP through the
helium return line (refer to the simplified PID in fig. 4.3), the overpressure in
the cryostat is ∼ 100 mbar due to the gas conductance of the ∼ 300 m long tube
to ITP and the pressure in the helium reservoir at ITP. During refillings with
liquid helium, the overpressure increases to ∼ 200 mbar. The helium return
line to ITP is only used when no tritium is injected into the Cryo-trap, that
is in deuterium measurements (refer to sec. 5.2) and in tritium measurements
during cooldown of the cryostat and preparation of argon condensate.

• During and after tritium injection, the helium from the cryostat is transferred
to the laboratory exhaust channel for safety reasons in case of a leak in the
Cryo-trap. The cryostat is deliberately pressurized to ≤ 50 mbar overpressure
in order to prevent condensation of air inside the cold helium volume. This is
done by redirecting the helium exhaust of the cryostat through a regulating
valve. Yet, during the refillings with liquid helium, when large helium amounts
are to be conducted, the helium is transferred to the laboratory exhaust chan-
nel through tubes of high gas conductance. The overpressure in the cryostat
then drops to zero.

5.1.2 Preparation of the argon condensate

Before preparation of the argon cryo-deposit, the Cryo-trap is evacuated and cooled
down with LHe leading to a total pressure of ∼ 10−7 mbar in the Cryo-trap. The
argon condensate is then prepared during 2 − 3 h with an average argon injection
rate of 9 ·10−3 mbar l/s at low liquid helium fill height in the cryostat as explained in
sec. 5.2.2.2. The rate of deposition was chosen rather high to obtain a small average
crystallite size (refer to sec. 3.3.1). The injection capillary was heated with a heating
power of about 20 mW during deposition to prevent freezing of argon inside or on
the outside of the capillary. With an argon amount between 75 mbar l (run#6) and
96 mbar l (run#4), a condensate layer thickness of about 1−2 µm is reached, which
corresponds to ∼ 1500 monolayers. After condensation of argon on the cryo-surface,
the turbomolecular pump VP061 (see simplified PID in fig. 4.3) was used to pump
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down any surplus of argon. The argon pressure in the Cryo-trap is higher than
the argon saturation pressure at 4.2 K, since surfaces with temperatures above the
preparation temperature are also accessible to argon during preparation (e.g. parts
above the Cryo-trap).

Morphology studies predict a smaller average crystallite size and hence a higher
monolayer capacitance of the argon condensate for preparation temperatures around
5 K compared to those at 4.2 K [Nep05]. In order to reach a higher temperature dur-
ing argon condensate preparation, the helium pressure in the cryostat was increased
to ∼ 2 bar absolute pressure during argon deposition in run#6.

5.1.3 Regeneration of the cryo-surface

At the end of each run, the argon cryo-deposit along with any adsorbed tritium needs
to be removed from the Cryo-trap. This so-called regeneration of the Cryo-trap is
achieved by warming up and purging with gaseous helium from top to bottom. A
detailed description of the procedure is available in appendix G.

During regeneration, the helium purge gas flow rate needs to exceed the tritium
diffusion rate in helium in order to conserve the tritium contamination gradient
from high contamination at the injection point (bottom) to low contamination at
the exit point (top). The diffusion rate can be estimated as follows:

Einstein’s equation [Ott98]
X2 = 2Dt (5.1)

yields the mean squared diffusion length X2 within time t. D, being the diffusion
coefficient for tritium in helium, should be slightly smaller than the helium self-
diffusion coefficient

DHe =
η

ρ
(5.2)

due to the higher average mass of the tritium isotopomers HT, DT and T2 (see
eqs. 5.2 and 5.3). η is the gas viscosity and ρ the mass density given by

ρ =
P

kB T
· MHe

NA
(5.3)

at pressure P and gas temperature T . Herein, MHe = 4 g/mol is the atomic weight
of helium and NA the Avogadro constant.

Since an upper limit for X2 is sufficient, DHe is used in place of D. Assuming
T = 30 K, η ≈ 4 · 10−5 g cm−1s−1 [Lid92] and P = 1 bar during helium purging, the
mean squared diffusion length is √

X2 = 0.22 cm (5.4)

within 1 s.
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On the other hand, a purging flow rate of 4 l/min yields an average displacement of

v = 3.4 cm/s (5.5)

in the Cryo-trap of tube diameter 5 cm. This helium purging flow rate should
superpose any tritium diffusion along the Cryo-trap and is therefore used during the
regeneration procedure.

5.2 Deuterium run (TRAP run#3)

Before starting measurements with tritium, three complete runs with deuterium
were performed. These runs allowed to test boundary conditions of the TRAP cryo-
pump like the maximum pumping speed and capacitance. Since high gas flow rates
and amounts are needed for the determination of these parameters, they cannot
be measured with tritium due to safety reasons. Results from the commissioning
runs#1 and #2 can be found in [Eic04]. In the following, run#3 will be presented.
While measuring with deuterium, only the RGA is available for detection in the
Detection System.

5.2.1 Description of the deuterium run

At the beginning of run#3 the Cryo-trap was evacuated using the turbomolecular
pump VP061 (see fig. 4.3). After cooldown of the cryostat with liquid helium, three
experimental phases were conducted during which the cryostat was kept at 4.2 K
for nine consecutive days:

• In phase I, the gate valve HV061 was closed and deuterium was injected into
the Cryo-trap and adsorbed onto the blank stainless steel cryo-surface. The
aim was to be able to compare the capacitance and equilibrium pressure of
adsorption on stainless steel with those of adsorption on argon condensate as
conducted in phase II. When the capacitance limit of the stainless steel surface
was reached, the deuterium injection was stopped and the surplus of deuterium
gas was pumped with the turbomolecular pump VP061 (refer to sec. 5.2.2.1).

• In phase II, argon condensate was prepared as described in sec. 5.1.2 over the
layer of previously adsorbed deuterium. Afterwards, the deuterium injection
was resumed and deuterium was adsorbed on argon condensate for six days
(sec. 5.2.2.2 and 5.2.2.3).

• In phase III, the deuterium injection was continued, but the valve HV061
to the turbomolecular pump VP061 was opened to obtain the deuterium flow
rate suppression factor of the TRAP cryo-pump (sec. 5.2.2.4).

Finally the Cryo-trap was regenerated by warming up and purging with gaseous
helium (refer to sec. 5.1.3).
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5.2.2 Results

The results of run#3 are presented as partial pressure data obtained with the resid-
ual gas analyzer of 1 − 100 amu mass range which was calibrated before measure-
ments as described in sec. 5.3.1. The detection limit of the RGA for deuterium is
∼ 5 ·10−14 mbar (see appendix F). Beyond, the pressure reading is dominated by the
RGA’s electronic noise superimposed on the ionization current, which can lead to
negative pressure readings, too. The silicon semiconductor detector is not available
for measurement with non-radioactive deuterium.

5.2.2.1 Deuterium adsorption on stainless steel

TRAP type pumps used for differential pumping in vacuum systems are usually
characterized by three parameters: the trapping coefficient Γ = ntrapped/nin, the
transmission coefficient W = ntrans/nin and the reflection coefficient R = nref/nin,
where n stands for the number of gas molecules in each case. These coefficients are
related to each other by Γ + W + R = 1 [Sak88] and were calculated for the TRAP
like case of cylindrical tubes with tube length to radius ratio L/r = 40 and sticking
coefficient α = 0.6. The results given in [Smi66] are Γ ≈ 0.88 and W < 0.001.

In the first phase of the measurement, deuterium was injected into the Cryo-trap at
flow rates of 10−6 and 10−5 mbar l/s (10 and 100 times higher than expected for
KATRIN). As can be seen from fig. 5.1, the pressure in the RGA chamber was of
the order of 10−13 mbar which is 10 times lower than the vapor saturation pressure
of deuterium at 4.2 K [Sou86]. Since R must be very close to zero due to the small
diameter of the tritium inlet tube compared to the diameter of the Cryo-trap, Γ ≈ 1
and α ≈ 1 can be assumed. The beaming effect in TRAP is compensated by the
bent in the tube. Taking into account that these parameters are equal for both
injection flow rates, the pumping speed limit of the blank stainless steel cryo-surface
was not yet reached.

Nonetheless, the capacitance limit was reached with an inlet amount of 1.4 mbar l,
which corresponds approximately to one monolayer of deuterium on the cryo-surface
taking into account that the physical surface is approximately ten times the geomet-
rical one. The capacitance limit is visible in fig. 5.1 as the strong increase of the
partial pressure after approximately 30 h of deuterium injection. Such behavior of
the outlet pressure can be explained by a change of the adsorption mechanism from
physisorption on stainless steel to pure condensation.

Furthermore, periodic fluctuations of the deuterium partial pressure are apparent
corresponding to the 12 h refill periods of the cryostat. During cryostat refills and
for approximately two hours afterwards, the overpressure in the cryostat is increased
from ∼ 100 mbar to ∼ 200 mbar (refer to sec. 5.1.1) which, in turn, increases the he-
lium temperature by ∼ 0.1 K [Mal73] and therefore the deuterium partial pressure.
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Figure 5.1: Run#3: Deuterium adsorption on stainless steel. Displayed is
the time development of the deuterium partial pressure reading of the 1 − 100 amu
RGA. Two different deuterium injection rates (10−6 mbar l/s and 10−5 mbar l/s) were
used. The capacitance limit is visible as the pressure increase after approximately one
monolayer of deuterium on stainless steel is reached.

5.2.2.2 Argon pressure variation in time

After reaching the capacity limit of the pure stainless steel substrate, the argon
condensate (∼ 91.7 mbar l) was prepared on the previously adsorbed deuterium at
∼ 4.2 K as described in sec. 5.1.2

The time evolution of the argon partial pressure after preparation is shown in fig. 5.2.
One again observes a 12 h periodical rise of the partial pressure as it was the case with
the deuterium pressure (sec. 5.2.2.1). The argon pressure then exceeds the limit of
10−11 mbar expected from the diagram in fig. 3.4. The explanation for this behavior
is the following: When the cryostat refilling is started and the LHe in the cryostat
starts to boil, the parts of the connecting tube (fig. 4.4) inside the cryostat which are
above LHe level are cooled to lower temperatures thus adsorbing more argon and
decreasing the equilibrium pressure; the argon pressure drops instantaneously. When
the liquid helium level decreases with time, these parts of the tube emerge from the
LHe and are warmed up again, releasing argon. During these adsorption-desorption
cycles, argon is gradually transferred to parts of the tube which are always below the
LHe level and at ∼ 4.2 K: the argon partial pressure diminishes with time which is
visible in fig. 5.2, too. Therefore, surfaces with a temperature above the cryo-surface
temperature should be avoided during argon preparation. This has to be considered
in the design of the CPS, too.
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Figure 5.2: Run#3: D2 adsorption on argon. Displayed is the time development
of the argon and deuterium partial pressure readings of the 1 − 100 amu RGA. Two
different deuterium injection rates (10−6 mbar l/s and 10−5 mbar l/s) were used.

Since we were already aware of this fact from the previous commissioning runs#1
and #2, where the argon peaks even reached 10−8 mbar, the argon condensate was
prepared at a LHe fill height below the minimum fill height of standard operation
depicted in fig. 4.4.

5.2.2.3 Deuterium adsorption on argon cryo-deposit

In phase II of the measurement run, deuterium was injected and adsorbed on ar-
gon cryo-deposit. The time evolution of the deuterium partial pressure is shown in
fig. 5.2. The injection rate was at first set again to 10−6 and 10−5 mbar l/s. Again
the periodic 12 h fluctuations are visible, yet the capacity of the argon cryo-deposit
for deuterium is much higher than that of the pure stainless steel cryo-surface. The
injection rate was even further increased to 10−4 mbar l/s leading to a D2 partial
pressure above the detection limit (see fig. 5.3).

The binding energy per mole adsorbate EB can be estimated assuming steady state
conditions in the Cryo-trap: In this case the injection flow rate equals both the
total adsorption rate on the cryo-surface as well as the total desorption rate ev-
erywhere along the cryo-surface. The desorption rate dnD/dt is given by eq. 3.8.
With dnD/dt ≈ 2.75 · 10−4 mbar l/s and n ≈ 3 · 1020 molecules, one obtains a
binding energy around 1400 J/mole, which is comparable to available literature
data [Hae81]. On the other hand, calculating the equilibrium pressure according
to eq. 3.9 yields Peq ≈ 10−9 mbar for α ≈ 0.7 in the case of deuterium adsorption
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Figure 5.3: Run#3: Deuterium adsorption on argon at high injection rate.
Displayed is the time development of the argon and deuterium partial pressure readings
of the 1 − 100 amu RGA. Two different deuterium injection rates (10−5 mbar l/s and
10−4 mbar l/s) were used. For the higher injection rate, an equilibrium pressure above
the RGA’s detection limit of ∼ 5 · 10−14 mbar is reached.

on argon condensate [Hae81]. Since the RGA shows a deuterium partial pressure
between 10−13 − 10−12 mbar (fig. 5.2) this can be seen as a clue that the assump-
tion of steady state along the cryo-surface is not valid. Rather, the adsorption and
desorption rates will be higher at the deuterium injection point and lower towards
the upper end of the Cryo-trap.

5.2.2.4 Deuterium flow rate suppression factor

In the last phase of the experiment (phase III), the deuterium flow rate suppression
factor

F =
Qin

Qout
(5.6)

of the Cryo-trap was estimated.

The incoming deuterium flow rate Qin equals the injection rate which can be calcu-
lated from the pressure drop in the inlet buffer vessel. It was set to

Qin ≈ 10−3 mbar l/s . (5.7)

The outgoing deuterium flow rate Qout was determined by continuous pumping of the
Cryo-trap with the turbomolecular pump (TMP) VP061 during deuterium injection
(refer to fig. 5.4):
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Figure 5.4: Run#3: Deuterium
flow rate suppression factor. Sche-
matic for calculation (see text).

The pumping speed of the pump is known
for helium from the technical specifica-
tions (S = 150 l/s) and the vacuum con-
ductance C of the channel connecting this
pump to the Cryo-trap can be calculated
using eq. 4.4. With

S−1
eff = S−1 + C−1 (5.8)

and M = 4 g/mol, T ≈ 296 K, D = 6 cm
and L ≈ 30 cm, one obtains:

Qout = Seff · p ≈ 5 · 10−12 mbar l/s .
(5.9)

Herein p ≈ 5 · 10−14 mbar is the deu-
terium partial pressure measured with the
residual gas analyzer. Since the deu-
terium pressure is at the detection limit of
the mass filter in this mode of operation,
one can only give an upper limit for the
deuterium pressure resulting in an upper
limit for the outgoing flow rate Qout and
a lower limit for the flow rate reduction
factor

F =
Qin

Qout
>

10−3 mbar l/s
5 · 10−12 mbar l/s

= 2 · 108 . (5.10)

The scheme of this approximation is quite realistic for the given KATRIN geometry
where the Pre-spectrometer functions just like a turbomolecular pump with a high
pumping speed for hydrogen isotopes.

5.2.3 Conclusions

During this test measurement with deuterium, the flow rate suppression factor was
determined. Compared to the design value of F > 107 for the CPS [KAT04], the
result for deuterium looks very promising. Although TRAP itself is shorter than
the complete CPS, it can still manage to provide a higher suppression factor than
demanded. On the other hand one should not forget that this value is only valid for
deuterium, where no radioactivity is present. The influence of radioactivity on the
pumping properties can only be investigated by using tritium instead (see sec. 5.4).

Special care needs to be taken when specifying the CPS to prevent a high argon gas
load to the Pre-spectrometer. Therefore a cold valve separating the cold (3− 4.5 K)
from the warm (77− 300 K) part of the CPS is suggested to be introduced into the
design (see sec. 7.2).
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5.3 Tritium detection and surface effects in TRAP

Before presenting the results obtained during the tritium runs, the method of tritium
detection shall be introduced first. Figure 5.5 shows the Detection System where
the outgoing tritium flow rate Qout from the Cryo-trap, which equals the incoming
flow rate into the Detection System, is marked along with several components it can
be subdivided into:

QG: accumulation rate of tritium in the gas phase increasing the tritium pressure
QW : accumulation rate of tritium on the walls of the Detection System
QD: adsorption rate of tritium on the detector surface
QC : adsorption rate of tritium on the copper cold finger shown in fig. 4.11
QB: permeation rate of tritium into the walls’ bulk material1

Qout = QG + QW + QD + QC + QB . (5.11)

The first constituent QG can be determined by the RGA, the second two QW and QD

are accessible with the Si detector. However, the last two are not directly accessible
and will be estimated or in case of QB addressed by employing gold plated tubes for
future measurements (refer to sec. 5.3.5).

1The adsorption rate of tritium on the walls of the Detection System is the sum of the accumu-
lation rate QW and the permeation rate QB . Only in case of negligible QB , the tritium adsorption
rate on the walls is represented by QW alone.

Si detector

Solenoid

Qout

QW
QG QD

QB

QC

RGA

Figure 5.5: Constituents of the outgoing flow rate. Tritium entering the De-
tection System is either accumulated in the gas volume increasing the pressure (accu-
mulation rate QG), accumulated on the walls of the Detection System (accumulation
rate QW ), adsorption on the cold detector surface (adsorption rate QD), adsorbed on
the copper cold finger (adsorption rate QC) or diffuses into the bulk material of the
Detection System’s walls (diffusion rate QB). (based on [Mel06, Geh06])
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5.3.1 Tritium detection with the RGA

A residual gas analyzer directly detects tritium in the gas phase and can therefore
be used to obtain the accumulation rate in the gas phase QG (refer to fig. 5.5). Two
different RGAs are available, albeit not simultaneously: a 1 − 100 amu and a high
resolution 1− 6 amu RGA from MKS (technical specifications in appendix F).

During the tritium runs, DT (atomic mass 5) was used for observation for the fol-
lowing reasons:

• DT is the most abundant isotopomer in the inlet mixture. Not pure tritium
but a hydrogen mixture containing tritium atoms is injected in the experiments
(refer to sec. 5.4.1).

• Mass 5 showed the lowest background reading of the tritium isotopomers HT,
DT and T2 prior to tritium injection.

• DT is pumped worse on Ar frost than T2, since the saturated vapor pressure
of condensation is lower for T2 than for DT [Sou86]. The DT pressure will
thus give an upper limit for the T2 pressure.

• HT, although being the worst of the tritium isotopomers to be pumped (see
sec. 3.4.2), could not be used for observation, since mass 4 could be HT, D2

and He. It was impossible, even with the high resolution 1 − 6 amu RGA, to
separate D2 from HT. Yet, D2 and He could be separated (masses calculated
using data from [Lid92]: He 4.0026 g/mol, HT 4.0239 g/mol, D2 4.0282 g/mol).

Prior to the tritium measurements, both RGAs were calibrated against a cold cath-
ode total pressure gauge using the appropriate correction coefficients for the gases
in question [Ley02]: The 1− 100 amu RGA using both He and Ar at ∼ 10−5 mbar,
the 1− 6 amu RGA with He at ∼ 10−6 mbar.

5.3.2 Tritium detection with the Si detector

The Si detector is used to detect tritium nuclei via their beta decay electrons, which
hit the detector creating an energy signal between 0 and 18.6 keV. Unlike the RGA,
the Si detector is primarily sensitive to tritium located on the walls of the Detection
System and on the detector surface itself, which makes the contributions QW and
QD in eq. 5.11 accessible. The total contribution to the detector’s count rate from
tritium in the gas phase is negligible, as the following calculation demonstrates:

As we shall later see (sec. 5.4.2.1), the DT partial pressure in the Detection System
(V ≈ 2.5 l) never exceeds 10−13 mbar. Therefore, the maximum tritium decay rate
in the gas phase amounts to dN/dt ≈ 0.011 s−1 at room temperature2, which is also

2The ideal gas law PV = NkBT and the decay equation −dN/dt = λN with the tritium decay
constant λ = 1.78 · 10−9 s−1 were used in the calculation.
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the maximum count rate possibly observed on the detector. The real count rate
will be much lower due to the geometry, the detection probability and the region
of interest chosen (see sec. 5.3.2.1). For comparison: The count rates one obtains
during the measurements in the energy window 6− 20 keV are between 0.2 s−1 and
2 s−1 (sec. 5.4.2.2). The contribution of tritium in the gas phase to the count rate
measured with the detector is therefore negligible.

Furthermore, the Si detector is sensitive to all other radiations from any source
which might hit its surface. Since the RGA’s filament casts light on the detector,
the Si detector and the RGA cannot measure simultaneously.

5.3.2.1 Spectral shape

Figure 5.6 shows the integral tritium spectrum measured with the Si detector during
run#6 (see sec. 5.4) together with a simulated one. Both fit well above ∼ 5.5 keV.
Below this value the measured spectrum is dominated by electronic noise. Therefore,
the energy window for tritium detection in TRAP has been set to 6− 20 keV: The
lower cut suppresses electronic noise, the upper one marks approximately the end-
point of the tritium β spectrum taking the ∼ 2.1 keV detector energy resolution at
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Figure 5.6: Tritium spectrum measured with the Si detector during run#6.
Scaled to the experimental spectrum is a simulated one of a Si detector with 2.1 keV
energy resolution and 50 nm dead layer. Deviations between the two are based on inac-
curacies in the detector response models and on electronic noise which is not considered
in the simulation. (based on [Stu07])
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30 keV into account. Prior to any tritium measurement, the background count rate
(electronic noise) in the energy window amounted to ∼ 70 counts/1000 s (70 mHz).

Since radioactive decay is a random process following Poisson statistics, an expo-
nential dependence of the time difference distribution of two consecutive events is
to be expected as shown exemplarily in fig. 5.7 for the detector run 4442 during
TRAP run#6. In particular background events originating from vibrational micro-
phonics would lead to distortions in the time difference distribution and, indeed,
some detector runs are affected by such noise. As it turns out, microphonics at the
TRAP detector induces signals, which are quite similar to the tritium β spectrum.
If a discrimination between real β signals and noise signals is not unambiguously
possible, it is advantageous to process data including this vibrational noise, as this
will lead to an over-estimation of tritium in the Detection System.
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Figure 5.7: Time difference distribution of detector run 4442. The time differ-
ence between two successive events shows an exponential behavior. (based on [Stu07])

5.3.2.2 Detector count rate and magnetic field

The Si detector is used to detect tritium nuclei via their radioactive decay. The
tritium β electrons hit the Si detector creating N events in the energy window
6−20 keV during a detector run period ∆t = 1000 s. If the detector run was started
at time t, the average count rate is given by

A(t) =
N

∆t
. (5.12)

The TRAP experiment has two operational modes when measuring with the Si
detector, which lead to two different count rates:



74 CHAPTER 5. MEASUREMENTS WITH TRAP

• Magnetic field off: The count rate at the detector is Aoff (t), originating
from β electrons hitting the detector surface by chance. Aoff is primarily
generated by tritium adsorbed on the cold detector surface.

• Magnetic field on: The count rate at the detector is Aon(t). Three different
mechanisms are involved in generating the count rate:

1. β electrons from tritium adsorbed on the detector hit the detector directly.

2. β electrons from tritium adsorbed on the detector travel away from the
detector and are reflected back at the magnetic pinch in the middle of
the solenoid. They are then guided along the magnetic field lines onto
the detector surface (also see fig. 5.5).

3. β electrons from tritium located on the stainless steel walls of the Detec-
tion System are guided magnetically to the detector surface (fig. 5.5).

Generally Aon > Aoff holds true.

5.3.2.3 From count rate to surface contamination

The tritium adsorption rate on the detector surface QD and the accumulation rate
on the walls of the Detection System QW can be determined from the count rates
Aoff (t) and Aon(t). In order to achieve this, we first need to calculate the time-
dependence of the tritium surface contamination on the detector CD(t) and on the
walls of the Detection System CW (t) (both in Bq). These contaminations transfer
to the count rates with and without magnetic field in the following way:

Aoff = c · CD + a · CW (5.13)
Aon = r · c · CD + b · CW (5.14)

with constants a, b, c and r:

a: fraction of the wall contamination detected by the detector with magnet off
b: fraction of the wall contamination detected by the detector with magnet on
c: fraction of the detector contamination detected by the detector with magnet off
r: reflection coefficient due to the reflection of decay electrons in the magnetic field

Using eq. 5.13 and 5.14, one can calculate the surface contaminations in terms of
the measured count rates Aoff and Aon:

CW =
r ·Aoff −Aon

r · a− b
, (5.15)

CD =
Aoff

c
− a

c
·
r ·Aoff −Aon

r · a− b
(5.16)

≈
Aoff

c
(a � c) . (5.17)



5.3. TRITIUM DETECTION AND SURFACE EFFECTS IN TRAP 75

The parameters a, b, c and r are specific to the TRAP geometry and its magnetic
field. Since the cyclotron radii3 [Ott98]

r =
√

2Eme

Be
(5.18)

of tritium decay electrons in the Detection System’s magnetic field are similar to the
tube dimensions, it is difficult and questionable to estimate the parameters a, b, c and
r from purely geometrical considerations. Instead, an electron tracking Monte Carlo
(MC) simulation was implemented in a diploma thesis [Stu07] supervised during this
work.

5.3.2.4 Monte Carlo electron tracking simulation

The above parameters a, b, c and r were determined via an electron tracking MC
Simulation using electron tracking code also employed for electromagnetic field cal-
culations for the KATRIN spectrometers [Glü06]. The simulation of tritium decay
in the TRAP Detection System works in the following way [Stu07]:

1. Homogeneous distribution of DT molecules on the detector surface and the
walls of the Detection System. This assumption is quite realistic taking into
account that the hydrogen surface diffusion coefficient will be high at 300 K.

2. Simulation of tritium decay: randomized heading of outgoing β electrons and
their energy using a discrete tritium β spectrum

3. Stepwise tracking of electrons in the magnetic field, collision check with walls
or the detector after each step

4. If the walls are hit: The electron is lost, no implementation of backscattering
from the walls since the contribution is negligible [Stu07].

5. If the detector is being hit:

• Simulate the backscattering probability of electrons on the detector sur-
face along with the energy loss while passing the detector dead layer. A
new electron tracking loop is started for the backscattered electron, which
might again hit the detector due to reflection in the magnetic field.

• Simulate the detector response along with the energy loss in the detector
dead layer and the detector’s energy resolution.

3Non-relativistic approximation with radius r, kinetic energy of electrons E, electron mass me,
magnetic field B and elementary charge e
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Improvements4 with regard to the originally published result in [Stu07] yield the
following constants:

a = (6.51± 0.07) · 10−4 , (5.19)
b = (1.58± 0.01) · 10−3 , (5.20)
c = (7.12± 0.03) · 10−2 and (5.21)
r = 1.21± 0.01 . (5.22)

The errors are statistical errors of the MC simulation [Stu07].

Not considered in the simulation are the production of secondary electrons and
collisions of the decay electrons with residual gas molecules. In the first process elec-
trons with energies < 50 eV are produced [Rei77], which is far below the relevant
energy window 6 − 20 keV. Collisions with molecules of the residual gas can be
neglected at the standard operation pressure of < 10−8 mbar.

Yet, other issues exist which are not included in the simulation. First and foremost
is the assumption that tritium is decaying on the surface of the stainless steel wall,
which is a simplification in view of surface roughness and the existence of surface
water (refer to sec. 5.3.4): It is probable that decay electrons lose energy while
traversing from cavities to the stainless steel surface or deposit energy in the surface
water layer. Thus, a systematic error of 100% was assumed on CW . The systematic
error on CD was assumed to be 100%, too, if CD was calculated with the exact
relation in eq. 5.16. A smaller systematic error of 30% was applied on CD for the
calculation according to the approximation in eq. 5.17 since this equation depends
on c alone.

Figures 5.8 and 5.9 show the regions of the Detection System’s walls from where
decay electrons are guided to the Si detector with magnet off and on, respectively.
Only a small fraction of the decay electrons starting from the walls of the Detection
System at a certain location Z actually reach the detector. Furthermore, the results
of the MC simulation are reasonable concerning the regions of the Detection System
from where decay electrons can reach the detector:

• The fraction of decay electrons, that start at a certain distance Z from the
detector and reach the detector surface, is very low without magnetic field
(< 2.4%). The fraction drops rapidly with increasing Z (see fig. 5.8).

• A small fraction of decay electrons starting from the spherical wall of the
T-piece facing the detector reach the detector by chance (see fig. 5.8).

• The detector is shielded from some wall regions; none of the decay electrons
starting from these walls reach the detector (see fig. 5.9).

• The fraction of decay electrons which are guided onto the detector along the
magnetic field lines is highest for the spherical wall of the T-piece facing the
detector (see fig. 5.9).

4The internal surfaces of the gate valves in the Detection System were not considered before.
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Figure 5.8: Results of MC simulation: magnet off. The Monte Carlo simulation
allows for the identification of the Detection System’s walls from where decay electrons
can reach the detector. These wall regions are shown in black in the upper picture, the
detector being at Z = 0. The lower picture shows the portion of electrons starting at
respective Z positions that actually hit the detector. As expected, the portion of decay
electrons reaching the detector drops with Z. (based on [Stu07])
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Figure 5.9: Results of MC simulation: magnet on. The Monte Carlo simulation
allows for the identification of the Detection System’s walls from where decay electrons
are guided along the magnetic field lines to the detector. These wall regions are shown
in black in the upper picture, the detector being at Z = 0. The lower picture shows
the portion of electrons starting at respective Z positions that actually hit the detector.
Only a few percent of all the decay electrons in the Detection System are detected.
(based on [Stu07])
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5.3.3 Tritium adsorption on the silicon detector

Tritium is being adsorbed on the detector surface since the detector contamination
CD increases with time as we shall see in sec. 5.4.2.3. The removal of this contam-
ination from the detector can be achieved by heating the detector to ∼ 75◦C for
half a day which causes the detector count rate to drop back to the background rate
of about 70 mHz in the energy window 6 − 20 keV. Therefore, it is reasonable to
assume pure physisorption of tritium on the cold detector which consists of SiO2 and
pre-condensed H2O. The latter is still present in the Detection System since baking
of the detector and the first amplification stage is not available above 80◦C.

If steady state is not yet reached, the effective adsorption rate of hydrogen molecules
Q2 (Q=H,D,T) on the detector surface is given by

dn

dt
=

dnA

dt
− dnD

dt
, (5.23)

where n is the number of Q2 molecules adsorbed on the detector. The adsorption
rate dnA/dt and the desorption rate dnD/dt are given by eq. 3.7 and eq. 3.8, respec-
tively. Under the assumption of constant pressure P , one obtains a linear differential
equation for the time dependence of the detector contamination n(t), which is solved
by

n(t) = 2.63 · 1022

[ √
g/mol K

s mbar cm2

]
· PαS√

MT
· ts ·

(
1− e−t/ts

)
+ n0 · e−t/ts (5.24)

as described in detail in appendix B. The number of hydrogen molecules n on the
detector surface and the tritium surface activity CD are linked by the decay law

CD(t) = 2λr · n(t) , (5.25)

where r is the tritium purity and λ = 1.78 · 10−9 s−1 the tritium decay constant.
The time development of the total tritium surface contamination is obtained by
combining eqs. 5.24 and 5.25:

CD(t) = 5.26 · 1022

[ √
g/mol K

s mbar cm2

]
· PαSλr√

MT
· ts ·

(
1− e−t/ts

)
+ C0 · e−t/ts (5.26)

with starting values n0 and C0 = 2λr · n0. This means that the number of tritium
molecules on the detector increases until the adsorption and desorption rates are
equal. Equation 5.26 is later used to fit the data for the tritium contamination of
the Si detector (see sec. 5.4.2.3).

5.3.4 Tritium adsorption on the stainless steel walls

Tritium is being adsorbed on the stainless steel walls of the Detection System, too
(see sec. 5.4.2.6). Using the notation from eq. 5.11, the adsorption rate can be



80 CHAPTER 5. MEASUREMENTS WITH TRAP

represented as the sum of the accumulation rate on the surface QW and the perme-
ation rate into the surface QB. The tritium adsorption capability of stainless steel
is strongly connected to the amount of surface water where tritium is being trapped
by isotopic exchange reactions or by physisorption [Shm03]. Nishikawa et al. [Nis00]
identified three different kinds of such water:

• Physically adsorbed water, whose amount is correlated to the water vapor
pressure by Langmuir isotherms. Thus, physically adsorbed water can be
removed by purging with dry gas and vacuum treatment.

• Chemically adsorbed water, which cannot be removed by purging with dry
gas alone, but which requires additional heating above ∼ 100◦C.

• Structural water, which includes -OH bases, that is strongly bound to the
metal surface via hydrogen bonds and cannot be removed in reasonable time
even with heating.

The tritium trapping mechanism on the surface can be split into three different
sub-reactions, where the first two are connected to the surface water:

• Physisorption: Tritium is bound to the surface water via van der Waals
forces. The adsorption and desorption rates are given by eq. 3.7 and 3.8,
respectively.

• Isotopic exchange: Tritium is isotopically exchanged with hydrogen present
in the surface water. The reaction is in principle reversible, but the amount of
hydrogen in the Detection System exceeds the amount of tritium by far: The
H2 pressure is at least three orders of magnitude higher than the DT pressure
(see sec. 5.4.2.1). Therefore, the isotopic exchange reaction can be regarded
as non-reversible in TRAP.

• Chemisorption: Tritium is bound covalently to the metal surface. Hydrogen
molecules are dissociated when chemically bound to the surface of metals. The
adsorption rate is proportional to the square root of the hydrogen pressure in
the Detection System [Lae89]. With the conditions present in the Detection
System during measurements, this process is not reversible: The walls of the
Detection System are at room temperature, yet for the removal of chemisorbed
hydrogen, higher temperatures are required.

All three reactions are heterogeneous reactions5 with constant reaction rates k that
follow the Arrhenius equation

k = k0 · exp
[
−EA

RT

]
. (5.27)

5Heterogeneous reactions have reactants in two or more phases.
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Herein, EA is the activation energy per mole for the reaction in question, T is the
temperature and k0 and R = 8.314 J/(mol K) are constants.

For physisorption, the behavior described in sec. 5.3.3 evolves as follows: The effec-
tive adsorption rate decreases with time since the desorption rate from the surface
increases with the amount of tritium molecules adsorbed. EA from eq. 5.27 is nega-
tive in this case and the reaction rate increases with decreasing temperature. With
the conditions present during the TRAP measurements, the amount of tritium bound
to the stainless steel walls of the Detection System by isotopic exchange reactions
and chemisorption increase with time without reaching saturation (see sec. 5.4.2.6).

The tritium contamination on the stainless steel walls of the Detection System can-
not be described as well as the tritium contamination on the Si detector, where only
physisorption needs to be discussed. It is unknown to what degree physisorption,
chemisorption and isotopic exchange reactions are involved in the process of col-
lecting tritium on the stainless steel: This strongly depends on the history of the
stainless steel in question [Lae89]. Therefore, a linear fit, which corresponds to a
constant pumping speed of the stainless steel walls, was used for determination of
the tritium adsorption rate.

5.3.5 Tritium diffusion through the stainless steel bulk

As we shall see later in sec. 5.4.2, the constituents of the outgoing flow rate (eq. 5.11)
QG, QW and QD are very low. Therefore, the tritium adsorption rate on the stainless
steel walls of the Detection System is not equal to the accumulation rate QW alone,
but the tritium permeation rate into the stainless steel bulk material QB needs to be
taken into account, too. Tritium dissolved in the stainless steel bulk can neither be
detected by the residual gas analyzer nor by the silicon detector since beta electrons
lose all their energy while traversing to the surface.

After adsorption and dissociation of hydrogen molecules on the stainless steel surface,
atomic hydrogen is dissolved and chemically bound in the stainless steel bulk. The
dependence of the concentration of atomic hydrogen in the bulk cQ from the pressure
of molecular hydrogen above the stainless steel surface PQ2 is given for ideal gas
conditions by Sievert’s Law [Lae89]:

cQ = K ·
√

PQ2 . (5.28)

The Sievert constant K, also called Solubility, depends from temperature T according
to

K = K0 · exp
(
−∆H

RT

)
(5.29)

with the heat of solution ∆H and the parameter K0, which is connected to the
standard molar entropy change involved in the solution process. Literature values
for the Sievert constant show a strong variation that is mostly due to oxide layers
on the metal surface and defects in the lattice. Conservative values for ∆H and K0,
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which yield a high solubility K, are given for H2 and 300-series ASTM stainless steel
in [San05]:

∆H = 5.9 kJ mol−1 (5.30)
K0 = 135 (mol H2) m−3 MPa−1/2 . (5.31)

Assuming that isotope effects are negligible with regard to solubility, which is sup-
ported by [San05], the average permeation rate into the stainless steel bulk material
QB can be determined from this data by inserting the partial pressure of DT, the
most abundant tritium isotopomer in TRAP, in eq. 5.28 and dividing by the injec-
tion time.

The result obtained in this way should be handled with care, though. Sievert’s Law
(eq. 5.28) is only valid for pure materials with a perfect lattice. Any occurrence of
trapping sites for hydrogen in the metal lattice, like grain boundaries, phase bound-
aries and dislocations, leads to different experimental results. The fact that the
DT pressure expected in the TRAP Detection System is very low (< 10−13 mbar)
raises further questions concerning the application of eq. 5.28. At very low pressures
hydrogen trapping in defects and on surface water becomes predominant over pure
solution in the lattice [San05]. Zarchy et al. [Zar79] report on low pressure tritium
permeation through stainless steel ASTM 304. The permeation rate dominated
by diffusion along grain boundaries reported in this work is lower than the per-
meation rate expected from lattice dominated diffusion. Furthermore, it is known
[San05, Swa79], that oxide layers on the metal surface concludes the square root
dependence from pressure, as the dissociation of hydrogen on the metal surface is
suppressed. Taking into account that the stainless steel surfaces in the TRAP De-
tection System are certainly oxidized, the data for ∆H and K0 given above, which
were obtained from thoroughly purified samples, will yield an upper limit for the
amount of tritium in the bulk.

The uncertainties in estimating the amount of dissolved tritium in the stainless steel
bulk material of the Detection System at such a low pressure are huge; the errors
are easily 100%. In order to rule out or at least minimize these uncertainties, the use
of a different material with much lower solubility for hydrogen at room temperature
is advised, for example gold [McL73]. Therefore, gold plated tubes in the Detection
System of TRAP are considered for further measurements with tritium.

5.3.6 Tritium adsorption on the copper cold finger

Tritium adsorbed on the copper cold finger (see fig. 4.11) can neither be detected by
the RGA nor by the Si detector: Due to the geometry, decay electrons from tritium
adsorbed on the copper cold finger cannot reach the sensitive detector surface. Yet,
the tritium adsorption rate on the copper cold finger QC can be neglected compared
to the other contributions QD, QW and QB for the following reasons:

• The probability for tritium molecules to reach the copper cold finger is rela-
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tively small as indicated by the schematic in fig. 5.10:

P =
Aring

Atube
≈ 20% , (5.32)

where Aring is the frontal surface area of the ringlike cavity and Atube the cross
section of the detection chamber. Therefore, more tritium will be adsorbed per
unit time on the Si detector and the Al2O3 bearing than on the copper cold
finger.

• The surface area of stainless steel is much larger than that of copper in the
Detection System. The surface area ratio is

Acopper

Astainless steel
≈ 2% . (5.33)

Furthermore, the tritium trapping capacity, which is strongly influenced by
surface water (see sec. 5.3.4), is higher for stainless steel at room temperature
than for copper at ∼ 173 K [Nis00].

• The solubility of hydrogen in copper is smaller than the one of hydrogen in
stainless steel at room temperature [McL73]. The difference in solubility is
further increased by the temperature difference between the stainless steel
walls and the copper cold finger. Therefore, hydrogen solution in copper is not
an issue in TRAP.

Detector 
bearing 

(Cu)Si detector

Ringlike cavity

From cryo-trap

Walls of Detection System

Si detector

Top view:

Front view:

Al2O3

Figure 5.10: Schematic of the detector surroundings. Shown are the top and
front views of the Si detector surroundings with the narrow ringlike cavity between the
detector bearing and the walls of the Detection System.
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5.4 Tritium runs (TRAP runs#4-#6)

After the last deuterium run (run#3, see sec. 5.2) the experimental setup was
changed for tritium operation (refer to appendix A). Thereupon, six runs with tri-
tium were conducted, the major objective being the determination of the tritium
flow rate suppression factor

F =
Qin

Qout
=

incoming tritium flow rate
outgoing tritium flow rate

. (5.34)

The experimental procedures and the results of runs#4-#6 with tritium are pre-
sented in this section. The last three TRAP runs had to be aborted due to a high
tritium contamination in the system (run#7 and #8) and due to mechanical damage
(run#9).

5.4.1 Description of tritium runs

The main experimental parameters of the TRAP runs#4-#6 are summarized in
table 5.2 and explained in the following:

• Ar amount: The argon gas amount used for preparing the argon condensate
of 1− 2 µm thickness

• Ar preparation pressure: The absolute pressure in the liquid helium cryo-
stat during preparation of the argon adsorbent. In run#6, the cryostat was
pressurized in order to obtain a temperature around 5 K.

Table 5.2: TRAP tritium runs#4-#6: parameter summary. The abbreviations
stand for: SS - Stainless Steel, RGA - Residual Gas Analyzer, Si - Silicon detector.

Run#4 Run#5 Run#6
Ar amount [mbar l] 96 94 75
Ar preparation pressure [bar] ∼ 1 ∼ 1 ∼ 2
Hydrogen amount [mbar l] 0.096 0.096 0.13
Activity [GBq] 4 5.6 5.6
Average injection rate [mbar l/s] ∼ 10−6 ∼ 10−6 ∼ 10−7

Injection duration [d] 1 1.5 10
Steady state duration [d] 13 25 18
Material in Detection System SS (electropolished) SS
RGA type [amu] 1− 100 1− 6 1− 6
Detection method 100% RGA ∼ 80% RGA ∼ 90% Si
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• Hydrogen amount: Not pure tritium, but a hydrogen mixture of 43% DT,
19% T2, 7% HT and 31% non-tritiated hydrogen molecules was injected. The
gas composition, determined by gas chromatography, is known with an uncer-
tainty of ∼ 10%.

• Activity: The tritium activity in the tritium inlet mixture (44% tritium)

• Average injection rate: The average tritium injection rate measured from
the pressure drop in the tritium inlet buffer vessel (see for example fig. 5.11)

• Injection duration: The duration of tritium injection

• Steady state duration: Time spent with cold cryostat after stopping tritium
injection

• Material in Detection System: The surface material of the tubes in the
Detection System.

• RGA type used in the run: 1− 100 amu or 1− 6 amu

• Detection method: Detection device and approximate percentage of mea-
surement time
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Figure 5.11: Pressure in the tritium inlet buffer BD002 during run#6. The
tritium inlet buffer needs to be refilled regularly. With decreasing pressure in the buffer,
the tritium injection rate decreases, too. The average injection rate is calculated by
dividing the total injection amount through the total injection time.
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Generally, each run consists of two main phases:

• The Injection phase: During the injection phase tritium is continuously
injected into the Cryo-trap. It allows for the determination of the tritium flow
rate suppression factor as described in sec. 5.4.2.7.

• The steady state phase: During the steady state phase no tritium injection
occurs. The Cryo-trap is left standing with tritium adsorbed on the argon
cryo-deposit. It allows for the investigation of tritium migration as described
in sec. 5.4.2.3.

It can be seen from table 5.2 that runs#4 and #5 had relatively high tritium in-
jection rates and short injection durations compared to run#6. They were used
to investigate tritium migration. Run#6, on the other hand, with its long tritium
injection duration was used to calculate the tritium flow rate suppression factor.

Run#4 was the first tritium run with the TRAP experiment. For tritium detection,
the 1 − 100 amu RGA was used observing mass 5 (refer to sec. 5.3.1). In order to
be more sensitive to tritium in the gas phase and to cross check the results obtained
before, a different high resolution RGA of mass range 1− 6 amu was employed dur-
ing run#5. Additionally, the Si detector was tested. When stable operation of the
Si detector could be guaranteed, it became the main instrument for tritium detec-
tion in run#6. The 1 − 6 amu RGA was then used exclusively during the liquid
helium refillings of the cryostat where strong microphonics on the detector rendered
measurements with the detector impossible. During the measurements with the Si
detector, its energy calibration was regularly checked with an accurate test pulser.

For the walls of the Detection System electropolished stainless steel was chosen ini-
tially for vacuum reasons. Later, when the diminutiveness of the contributions QG,
QW and QD became apparent (refer to sec. 5.4.2), the issue of tritium permeation
through the stainless steel bulk material was raised. Normally, such permeation
is negligible at room temperature, yet compared to the other small contributions
it might become predominant. Furthermore, the electropolishing of stainless steel
saturates its surface a few microns deep with hydrogen, which promotes tritium
permeation into the bulk by isotopic exchange reactions [Glu05]. The tubes in
the Detection System were changed hereupon temporarily to ”as-received” (non-
electropolished) stainless steel tubes for run#6. At the same time, the possibility
for non-galvanic plating of these tubes for future runs was investigated [Stu07] and
finally put into effect by magnetron sputtering. The gold layer thickness achieved in
this way was 250 nm. Galvanic plating was rejected since this method would satu-
rate the surface with hydrogen, leading to isotopic exchange reactions with tritium
gas.

The following runs with a gold plated Detection System (runs#7-#9) had to be
aborted due to reasons mentioned before.
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5.4.2 Results

The experimental results of TRAP are presented in a combined way for the tritium
runs#4-#6: the RGA data is given in sec. 5.4.2.1 and the data from the Si detector
in sec. 5.4.2.2. Sections 5.4.2.3 and 5.4.2.6 discuss the tritium surface contamina-
tion on the Si detector and on the walls of the Detection System, respectively. The
determination of the tritium pressure as well as an estimate for the amount of tri-
tium dissolved in the bulk material of the Detection System’s walls can be found
in secs. 5.4.2.4 and 5.4.2.5. Finally, the tritium flow rate suppression factor of the
Cryo-trap is derived in sec. 5.4.2.7.

5.4.2.1 RGA data

Figures 5.12 and 5.14 show the DT partial pressure over time for run#4 and #5,
respectively, along with a linear fit applied to the data points. The values presented
are not only data obtained during tritium injection but also afterwards. The corre-
sponding diagrams for run#6 can be found in appendix C.1.

It is obvious from the slopes of the fit functions that no change in the DT partial
pressure with time is observable in all runs. In fact, the DT partial pressure is always
below the RGAs’ detection limits of ∼ 5 · 10−14 mbar which is visible in figs. 5.13
and 5.15, where the frequency of pressure readings are plotted against the pressure
readings: The distributions are Gaussian centered around zero, the RGAs’ electronic
noise exceeds the ionization current produced by the residual DT. Slight deviations
from the Gaussian shape are visible in the data sets from the 1−6 amu RGA. These
can be attributed to the sharp drops of the partial pressure existing in figs. 5.14 and
C.1, where instabilities in the RGA’s very sensitive electronics seem to occur.

An upper limit for the accumulation rate in the gas phase QG (see sec. 5.3) can be
estimated by assuming that the DT pressure gradually increased during the 10 d
tritium injection period in run#6 until the RGA’s detection limit of 5 · 10−14 mbar
was just reached upon stopping the injection:

QG <
∆P · V

∆t
=

5 · 10−14 mbar · 2.5 l
10 d

< 60 T atoms/s , (5.35)

where V = 2.5 l is the volume of the Detection System.

A small amount (∼ 10−4 mbar l) of helium at room temperature was injected into
the Cryo-trap during the regeneration of the cryo-surface in run#4. This immedi-
ately led to desorption of both argon and DT from the cryo-surface as indicated
in fig. 5.16. The DT pressure increased more than three orders of magnitude from
< 5 ·10−14 mbar to > 10−10 mbar. Therefore, any gas entering the Cryogenic Pump-
ing Section of KATRIN should be pre-cooled before reaching the argon adsorbent
in order to prevent such desorption.
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Figure 5.16: Run#4: Injection of warm He. The injection directly led to strong
desorption of DT from the cryo-surface. The partial pressure increased to∼ 10−10 mbar.

5.4.2.2 Si detector data

The detector count rates Aoff (t) and Aon(t) for magnetic field off and on, respec-
tively, are determined in the following way: During a detector run period of 1000 s
that started at time t, the spectral data from the Si detector are recorded with the
ORCA system and converted to ROOT files [Stu07]. These are then used in a prob-
ability analysis for suppression of electronic noise and microphonics:

The time difference between two independent events that happen at a constant rate,
which is exactly the case in radioactive decays, is described by the exponential dis-
tribution [Sta08]

Pλ(t) = λ · e−λt (5.36)

with the probability density Pλ(t) and the rate factor λ.

dP = Pλ(t) dt (5.37)

is the probability, that the first event arrives in the time interval [t, t + dt]. The
probability for a time difference < dt between two consecutive events is then

P = Pλ(0) dt = λ dt . (5.38)

The rate factor λ is calculated by dividing the total number of events in the energy
window 6− 20 keV through the detector run duration of 1000 s.

In the data analysis, only those events in the energy window 6− 20 keV are consid-
ered, for which the probability P for the time difference to the predecessor event in
the same energy window is higher than 0.1%. The number of valid events is deter-
mined and divided by 1000 s in order to obtain the count rates Aoff or Aon. If more
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than 30% of the events in the detector run are omitted due to a low probability P ,
the detector run is considered to be noise dominated and discarded. This method
was tested on different, more or less noisy, detector runs and proved to be reliable.

Figure 5.17 shows the data obtained in this way plotted against time for run#6 dur-
ing the injection phase. Figures 5.18 and 5.19 show the analogous data for run#5
and #6 during the steady state phase. The error bars indicated in the diagrams
are pure statistical errors. All count rates increase with time, so tritium is being
collected in the Detection System. Furthermore, Aon(t1) > Aoff (t2) with t1 ≈ t2 is
true6.

During run#6 the Si detector was heated to ∼ 75◦C at the end of the injection phase
in order to remove any tritium adsorbed on its surface. The measured count rate
with magnetic field off Aoff dropped from ∼ 1200 counts/1000 s at the end of the
injection phase to ∼ 70 counts/1000 s at the beginning of the steady state phase.

In order to further evaluate the data, the total tritium contamination on the walls of
the Detection System CW and on the detector CD needs to be calculated according
to eqs. 5.15, 5.16 and 5.17.

6In fact, it is impossible to determine Aon and Aoff simultaneously for the same time t, since one
cannot measure with and without magnetic field at the same time. Therefore, neighboring detector
runs with |t1 − t2| = 1000 s are used in eq. 5.15 and 5.16.
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Figure 5.17: Run#6: Si detector data during injection phase. Shown is the
count rate measured with the Si detector in the energy range 6− 20 keV over time. For
explanations see text.
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Figure 5.18: Run#5: Si detector data during steady state phase. Shown is
the count rate measured with the Si detector in the energy range 6− 20 keV over time.
For explanations see text.
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Figure 5.19: Run#6: Si detector data during steady state phase. Shown is
the count rate measured with the Si detector in the energy range 6− 20 keV over time.
For explanations see text.
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5.4.2.3 Tritium on the silicon detector

The time development of the total detector contaminations CD(t) was calculated
with the approximation (eq. 5.17) in order to minimize systematic uncertainties: The
data calculated from eq. 5.16 includes a systematic uncertainty of 100% whereas the
calculation according to the approximation eq. 5.17 only 30% (see sec. 5.3.2.4). The
error introduced by using the approximation is negligible compared to that from the
MC simulation.

Figure 5.20 presents the time development of the detector contamination CD for the
10 d tritium injection phase in run#6. Figures 5.21 and 5.22 show the appropriate
data for the steady state phases of run#5 and #6, respectively. The diagrams calcu-
lated according to the exact equation (eq. 5.16) are available in appendix C.2. The
error bars indicated are pure statistical errors calculated by Gaussian error propa-
gation from the statistical errors on Aoff and on the MC parameter c.

The time dependence of the detector contamination shows the expected behavior:
Its increase rate is large at the beginning and the contamination approaches satu-
ration when the adsorption and desorption rates of tritium are equal. Therefore,
tritium migration along the Cryo-trap can be excluded for the ∼ 10 d measurement
intervals during the steady state periods of runs#5 and #6 (see figs. 5.21 and 5.22).
Otherwise, the adsorption rate on the detector should suddenly increase together
with the pressure in the Detection System according to eq. 3.7; the result would be
a kink in the curves.
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Figure 5.20: Run#6: Approximate detector contamination CD during in-
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The data for the detector contamination CD in the diagrams was fitted to

CD(t) = X · ts ·
(
1− e−t/ts

)
+ C0 · e−t/ts (5.39)

allowing for the determination of the sojourn time ts and the product of pressure
and sticking coefficient (Pα) by comparison with eq. 5.26. In the latter case, one
gets

Pα = 1.9 · 10−23

[
s mbar cm2√

g/mol K

]
· X

√
MT

Sλr
(5.40)

from which the tritium pressure in the Detection System can be derived. A detailed
discussion follows in sec. 5.4.2.4.

The sojourn time ts was determined from the run#6 data during the injection phase
(fig. 5.20) that offers the lowest statistical error:

ts = (424300± 5018stat) s . (5.41)

The systematic error on ts, which is introduced by the 30% systematic error on CD,
is negligible compared to the statistical error. The sojourn time ts obtained from
the injection phase of run#6 is equal to that obtained from the steady state phase
in run#6 (fig. 5.22). For the fit of the run#5 data (fig. 5.21), ts was fixed for the fit
routine to converge.

Using eq. 3.1, the average binding energy of tritium molecules on the detector surface
can be estimated from the sojourn time ts and the detector surface temperature
TC = (173± 10sys) K:

EB = RTc · ln
[
ts
t0

]
= (61.7± 0.0stat ± 3.6sys) kJ/mol . (5.42)

The relatively high binding energy and the easy removal of the tritium contamination
on the detector at ∼ 75◦C suggest that the trapping mechanism of tritium on the
surface involves both, adsorption on pre-condensed water and isotopic exchange.

An upper limit for the tritium adsorption rate on the detector surface QD can be
obtained from the highest slope of CD(t) at t = 0. Differentiation of eq. 5.39 and
dividing by the tritium decay constant λ leads to

QD <
1
λ

dCD

dt (t=0)
=

X

λ
− C0

λ ts
, (5.43)

assuming that one tritium atom exists per tritium molecule (DT being the most
abundant isotopomer in the inlet mixture).

The limits for the adsorption rates are then

QD < (25188± 211stat ± 9341sys) T atoms/s (5.44)

for the injection phase in run#6 (fig. 5.20),

QD < (4622± 156stat ± 2625sys) T atoms/s (5.45)
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for the steady state phase in run#5 (fig. 5.21) and

QD < (866± 247stat ± 991sys) T atoms/s (5.46)

for the steady state phase in run#6 (fig. 5.22). The systematic errors were calculated
by error propagation from the systematic errors on X and C0 using eq. 5.43. The
systematic errors of X and C0 itself were determined by deviating CD by 30% and
checking the influence on the two in eq. 5.39.

The variation in the adsorption rates are directly connected to the different DT
partial pressures in the Detection System as discussed in the next section.

5.4.2.4 DT partial pressure in the Detection System

Since DT is the most abundant tritium isotopomer in the hydrogen injection mixture,
P in eq. 5.26 can be regarded as the DT partial pressure. The product of P and
the sticking coefficient α can be estimated using eq. 5.40 with the complete detector
surface (including not sensitive parts) S = 5.43 cm2, the gas temperature T ≈ 300 K,
the DT molar mass M ≈ 5 g/mol and the tritium purity of the inlet mixture r = 44%.
Including the fit results for X from sec. 5.4.2.3, one obtains

Pα = (8.67± 0.06stat ± 2.60sys) · 10−18 mbar (5.47)

for the injection phase in run#6 (fig. 5.20),

Pα = (2.06± 0.02stat ± 0.62sys) · 10−18 mbar (5.48)

for the steady state phase in run#5 (fig. 5.21) and

Pα = (0.64± 0.06stat ± 0.19sys) · 10−18 mbar (5.49)

for the steady state phase in run#6 (fig. 5.22). The systematic errors on (Pα) and
later P (see below) were determined by error propagation from the systematic error
on X using eq. 5.40.

In order to calculate P , the sticking coefficient α for hydrogen physisorption on the
173 K detector surface is required. Yet, the surface condition of the Si detector,
e.g. amount of pre-adsorbed water, can only be estimated which makes adopting
α from literature questionable. A lower limit for the sticking coefficient, however,
will result in an upper limit for the DT pressure in the Detection System: The
sticking coefficient for hydrogen chemisorption on metallic nonevaporable Zr-V-Fe
alloy getter at room temperature is ∼ 0.03, for example [Day07]. The one for
hydrogen physisorption on the detector surface at 173 K should be in the same
order, at least. Using α = 0.01 will thus yield an upper limit for the DT pressure in
the Detection System:

P < (8.67± 0.06stat ± 2.60sys) · 10−16 mbar (5.50)
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for the injection phase in run#6,

P < (2.06± 0.02stat ± 0.62sys) · 10−16 mbar (5.51)

for the steady state phase in run#5 and

P < (0.64± 0.06stat ± 0.19sys) · 10−16 mbar (5.52)

for the steady state phase in run#6.

The DT partial pressure is highest during tritium injection in run#6 as expected:
When assuming a constant pumping speed of the cryo-surface, the pressure in the
system increases when additional gas is constantly offered. The DT pressure in
steady state, that is after tritium injection, is lower in case of run#6 than in run#5.
Several explanations are possible for this phenomenon:

• The argon cryo-deposit was prepared differently. In run#6 the pressure in
the cryostat was increased for a higher preparation temperature in order to
approach the optimum preparation temperature of 6 K. This leads to a smaller
average crystallite size and more trapping sites with a high binding energy were
available. Therefore, the equilibrium pressure is lowered (refer to sec. 3.3.1).

• The tritium injection rate was higher in run#5 than in run#6. Therefore, the
average adsorption site of tritium molecules on the cryo-surface is shifted down-
stream toward the Detection System. The probability of tritium molecules to
reach the detector is hence higher in case of run#5.

• The tubes of the Detection System were treated differently in the two runs:
run#5 employed electropolished stainless steel tubes, whereas standard (”as-
received”) components were used in run#6.

5.4.2.5 Tritium atoms dissolved in the stainless steel bulk

With the pressures calculated above, an estimate for the concentration of atomic
tritium in the stainless steel bulk material of the Detection System’s walls can be
obtained from Sievert’s law (eq. 5.28) with the solubility

K = 12.7 mol m−3 MPa−1/2 (5.53)

calculated from the data in [San05]. For the tritium injection period in run#6, one
obtains

cQ < (1.63± 0.01stat ± 0.49sys) · 10−15 mol cm−3 . (5.54)

This result needs to be handled with care, though. The indicated systematic error
stems from the uncertainty of the calculated DT pressure alone. Yet, as described
in sec. 5.3.5, the notion of hydrogen solubility in the stainless steel lattice is no more
valid for the very low pressure regime of TRAP which renders the application of
Sievert’s law (eq. 5.28) questionable. Therefore, the result in eq. 5.54 should be
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regarded rather as a very rough estimate for the tritium concentration in the walls
of the Detection System.

The permeation rate of tritium into the walls of the Detection System QB (refer
to sec. 5.3) can be estimated for the tritium injection period of run#6: Assuming
that the whole volume of the stainless steel bulk is saturated with DT up to the
concentration given in eq. 5.54 during the 10 d injection,

QB < (425681± 0stat ± 127704sys) T atoms/s (5.55)

is obtained as an upper limit. Again, the value for QB should be takes as a very
rough estimate only.

5.4.2.6 Tritium on the walls of the Detection System

The total tritium contamination on the walls of the Detection System CW (t) was
calculated from the count rates Aoff (t1) and Aon(t2) with |t1 − t2| < 1000 s and
t = max(t1, t2) using eq. 5.15. Figure 5.23 shows the time development of CW for
the injection phase in run#6. Figures 5.24 and 5.25 show the appropriate diagrams
for the steady state phases in run#5 and #6. In all data sets the ∼ 100% systematic
uncertainty of the MC simulation on CW needs to be taken into account in addition
to the statistical errors shown in the diagrams. The statistical errors were calculated
by Gaussian error propagation from the statistical errors on Aoff and Aon and on
the MC parameters a, b, c and r.
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It is conspicuous, that the starting tritium contamination CW is much higher for
run#5 (fig. 5.24) than for run#6 (figs. 5.23 and 5.25). The walls of the Detection
System were already slightly contaminated with tritium in run#5 from the previ-
ous run: As described in sec. 5.4.2.1, a small amount of warm helium was injected
into the system during run#4 leading to an immediate desorption of tritium from
the cryo-surface. A larger difference in the count rates Aon and Aoff for run#5
(fig. 5.18) compared to run#6 (figs. 5.17 and 5.19) is the result.

The phenomenon of negative contamination values in the run#6 data can be at-
tributed to the very low tritium contamination on the walls of the Detection Sys-
tem. After run#5, the electropolished stainless steel tubes in the Detection System
were exchanged for new ”as-received” tubes which were never used in any tritium
environment before. Therefore, the count rates measured with the detector with
magnetic field switched on (Aon) are much lower in run#6 than in run#5. The
wall contamination CW is calculated according to eq. 5.15, where the denominator
(ra−b) is negative. Negative values of CW will occur, if the numerator (rAoff−Aon)
is positive, that is if Aon < rAoff . This means that when applying the magnetic
field, the increase of count rate (Aon − Aoff ) is dominated by decay electrons from
tritium on the detector that travel away from the detector and are reflected back in
the magnetic field and not by the tritium contamination on the walls.

As discussed in sec. 5.3.4, a linear fit

CW (t) = m · t + y0 (5.56)

was applied to the data points of CW (t) in order to describe the tritium accumulation
rate on the walls of the Detection System. This corresponds to a constant tritium
pumping speed of the walls of the Detection System which is realistic regarding the
large adsorption surface and the small pumping speed.

The accumulation rate on the walls of the Detection System is then

QW =
m

λ
≈ (68652± 27921stat ± 68652sys) T atoms/s (5.57)

for the injection phase in run#6 (fig. 5.23),

QW ≈ (28938± 11079stat ± 28938sys) T atoms/s (5.58)

for the steady state phase in run#5 (fig. 5.24) and

QW ≈ (18309± 8506stat ± 18309sys) T atoms/s (5.59)

for the steady state phase in run#6 (fig. 5.25) assuming that one tritium atom exists
per tritium molecule (DT being the most abundant isotopomer in the inlet mixture).

The accumulation rates on the walls of the Detection System are all equal within
the error bars. The uncertainties involved in the MC simulation are too large to
really distinguish any differences. Yet, taking the DT pressures into account (see
sec. 5.4.2.4), the adsorption rate, which is equal to the sum of QW and QB, shows
the expected behavior: It is highest for run#6 during tritium injection and lowest
for run#6 after the injection of tritium.
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5.4.2.7 Tritium flow rate suppression factor

In this section the tritium flow rate suppression factor

F =
Qin

Qout
(5.60)

of the TRAP cryo-pump is finally calculated. This factor can be used as a lower
limit for the tritium flow rate suppression factor of the Cryogenic Pumping Section of
KATRIN which will be, in fact, an improved and optimized TRAP-like cryo-pump.

In order to determine F , the tritium injection rate Qin and the outgoing tritium
flow rate

Qout = QG + QW + QD + QC + QB (5.61)

must be measured simultaneously. Run#6 is the only TRAP run so far where the
tritium injection flow-rate was chosen low enough for a 10 day non-stop injection
without exceeding the maximum allowed tritium inventory of 5.6 GBq in the Cryo-
trap.

The injection rate Qin is calculated from the pressure drop in the tritium inlet buffer
vessel (see fig. 5.11):

Qin = (3.6± 0.2stat ± 0.2sys) · 1012 T atoms/s (5.62)

Qout is determined from the data given in the previous sections for the tritium
injection period of run#6:

• Accumulation rate in the gas phase:

QG < 60 T atoms/s . (5.63)

This value, being extremely low compared to the other contributions, can be
neglected in the calculation of the tritium flow rate suppression factor (see
below).

• Accumulation rate on the walls of the Detection System:

QW ≈ (68652± 27921stat ± 68652sys) T atoms/s . (5.64)

• Adsorption rate on the Si detector:

QD < (25188± 211stat ± 9341sys) T atoms/s . (5.65)

• Adsorption rate on the copper cold finger:

QC is negligible as discussed in sec. 5.3.6.

• Permeation rate into the bulk7:

QB < (425681± 0stat ± 127704sys) T atoms/s . (5.66)
7The statistical error is smaller than 0.5 T atoms/s.
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Putting all together, the tritium flow rate suppression factor of the TRAP cryo-pump
is

F =
Qin

Qout
> (6.9± 0.5stat ± 3.1sys) · 106 (5.67)

determined from the data of the injection phase in run#6 with the outgoing flow
rate

Qout ≈ QW + QD + QB < (519521± 27922stat ± 205697sys) T atoms/s
= (2.0± 0.1stat ± 0.8sys) · 10−14 mbar l/s . (5.68)

It is assumed herein that one tritium atom exists per tritium molecule (DT being
the most abundant isotopomer in the inlet mixture).

5.4.3 Conclusions

The TRAP measurements with tritium demonstrated that a reduction of the tritium
flow rate in the order of ∼ 107 is feasible. The overall tritium flow rate suppression
factor for TRAP was determined to be

F =
Qin

Qout
> (6.9± 0.5stat ± 3.1sys) · 106 . (5.69)

Nevertheless, one should keep in mind that the flow rate suppression factor de-
termined in the TRAP experiments is that for the specific isotopic mixture which
was injected into the Cryo-trap with DT as the most abundant isotopomer. For
a different mixture, the flow rate suppression factor will be different. If HT is the
dominating hydrogen species, for example, F will be lower due to the higher equi-
librium pressure of HT (see discussion in sec. 3.4.2). This could well be the case
in the CPS of KATRIN due to isotopic exchange reactions of T2 with residual H2

on the walls of the beamline and due to the higher pumping speed in DPS2-F for
the heavier DT and T2 molecules. The CPS should therefore be conceived in a way
to greatly improve its tritium retention performance compared to TRAP. The most
important measures are

• to lower the operating temperature to ∼ 3 K,

• to decrease the coverage by increasing the cryo-surface area,

• to integrate a fin structure in the beamline and

• to make the CPS longer than the Cryo-trap in TRAP.

Furthermore, a large safety margin for the tritium flow rate suppression factor should
be introduced in CPS also due to the large uncertainties existing in the estimate of
the tritium permeation rate into the bulk material of the stainless steel walls of the
Detection System (QB). An upper limit for QB was estimated from the solubil-
ity of tritium in stainless steel using available literature data. However, published
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values for the Sievert constant show a strong variations which is connected to the
history of the steel sample used in such measurements, e.q. the existence of an oxide
layer, electropolishing and cold working. Therefore, further runs with TRAP are
recommended with gold plated stainless steel tubes in the Detection System. This
should strongly suppress QB and allow for a comparison of the experimental results
obtained with stainless steel and gold plated tubes.

Taking the Knudsen effect into account, the DT pressure in the Cryo-trap is lower
than the partial pressure in the Detection System (eq. 5.50) due to the temperature
difference: In the molecular flow regime, the pressures P1 and P2 in two chambers
separated by an orifice depend from the gas temperatures in the chambers T1 and
T2 according to [Hae81]

P1

P2
=

√
T1

T2
. (5.70)

If the connection is a tube instead of an orifice, the dependence is

P1

P2
<

√
T1

T2
for T1 > T2 . (5.71)

The deviation from the exact equation increases with the length of the connect-
ing tube. In case of TRAP, eq. 5.70 is a good approximation. Therefore, the DT
pressure in the Cryo-trap is in the order of 10−16 mbar and in agreement with the
requirements for the CPS. However, the HT pressure will be higher as mentioned
earlier.

Concluding, one can say that the tritium flow rate suppression factor F lies within
the order of magnitude specified for the Cryogenic Pumping Section of KATRIN
[KAT04]. A summary of all recommendations from TRAP which led to the specifi-
cation of the CPS are given in sec. 7.2.
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Chapter 6

Detritiation of TRAP

After an increased tritium contamination was observed in TRAP, various detritia-
tion procedures were investigated. The detritiation procedure that was developed is
of major interest for the CPS, too. It was shown that an in-situ detritiation of the
CPS and the Pre-spectrometer is feasible in case of an unforeseen tritium contami-
nation during the runtime of KATRIN.

This chapter presents the detritiation campaigns conducted at the TRAP experi-
ment. The first section (sec. 6.1) gives an introduction and explains how the in-
creased tritium background affects the detector signal. Furthermore, a benchmark
parameter for evaluation of the detritiation success is defined. Section 6.2 reviews
current knowledge on tritium contamination of stainless steel and the detritiation
thereof. Sections 6.3, 6.4 and 6.5 cover the methods and results of the detritiation
campaigns performed at TRAP. The possibility of detritiation of the CPS or even
the Pre-spectrometer is deduced in the final section (sec. 6.6).

6.1 Increased tritium contamination at TRAP

After three successful TRAP measurements with tritium, run#7 had to be aborted
due to a very high tritium count rate in the energy window 6− 20 keV even before
tritium injection was started. As it turned out, the tritium contamination level of the
upper parts of the rig above the cryostat (refer to fig. 4.2) had increased beyond an
acceptable limit for the experiment. The source of this contamination was unknown,
yet the following possibilities have been discussed:

• After TRAP runs#4 and #5, purging of the Cryo-trap with gaseous helium
was continued for ∼ 11 d at a flow rate of 1 l/min even after finishing the
regeneration procedure described in appendix G. After run#6, however, the
purging was continued for ∼ 3 d only. Maybe residual tritium in the system
was therefore relocated towards the Detection System.
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• The gas injection system of TRAP as well as the hood had to be relocated
by ∼ 3 m to make room for the infrastructure facility AMOR (Anlage zur
Molsieb Regenerierung). Therefore, TRAP was left without any pumping for
four months before all connections were rebuilt and leak checked. As no tritium
could be removed from the system during this time period, the probability for
tritium relocation towards the Detection System is increased compared to the
constantly evacuated system.

• AMOR extracts tritiated water from molecular sieves for waste processing
and disposal [Hut96]. The tritium background level in the laboratory exhaust
channels in the vicinity of this facility is ∼ 4 times higher than in the rest of
the laboratory [Bes08] which might have caused an increased tritium contam-
ination due to a backflow of tritium through the laboratory exhaust channel.
This topic is addressed in more detail in sec. 6.5.

In order to enable further tritium measurements, TRAP had to be detritiated by
a factor of 1000. The experience obtained thereby is of utmost importance for
the CPS and maybe even for the Pre-spectrometer, too. Keeping in mind the fact
that TRAP was contaminated with tritium, a method for in-situ detritiation of the
KATRIN components CPS and Pre-spectrometer is desirable.

This expands the experimental objectives of TRAP introduced earlier in sec. 4.1 by
the following objective:

Develop and test an in-situ detritiation procedure for decontamination of the CPS
and the Pre-spectrometer.

6.1.1 Detritiation benchmark parameter

A benchmark parameter is needed in order to quantify the tritium contamination
in TRAP and to compare different levels of contamination. It is already known
from sec. 5.4.2.2 that tritium adsorbs on the cold Si detector surface, which leads
to a gradual increase of the count rate on the detector. This also happens without
any tritium injection, since the system is already slightly contaminated with tritium
from previous runs.

Without tritium injection, the tritium pressure in the Detection System is dominated
by desorption of HT from the walls of the Detection System. HT is created by
isotopic exchange reactions with H which is still the most abundant hydrogen isotope
in the system. The adsorption rate of tritium molecules on the Si detector surface,
given by eq. 3.7 for pure physisorption, exceeds the desorption rate from the detector
surface (eq. 3.8)

• if the tritium contamination in the vicinity of the Si detector is high compared
to that on the detector and

• if the time window of measurement is smaller than the sojourn time ts (eq. 3.1).
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The increase rate m [Hz/s] of the detector count rate Aoff in the energy window
6− 20 keV for magnetic field off is then solely defined by the adsorption rate of HT
molecules on the detector surface:

m = 2.63 · 1022

[ √
g/mol K

s mbar cm2

]
P α S c λ√

MT
(6.1)

with HT pressure P , sticking coefficient α, detector surface S = 5.43 cm2 (including
non-sensitive parts), MC parameter c = 7.12 · 10−2 (see sec. 5.3.2.4), tritium decay
constant λ = 1.78 · 10−9 1/s, atomic mass M = 4 g/mol and gas temperature
T ≈ 300 K. Integration leads to the time dependence of the detector count rate

Aoff (t) = m · t + A0 (6.2)

as shown in figs. 6.1 and 6.2 at the beginning of run#6 and #7, respectively. The
linear dependence from time t as described by eq. 6.2 is well fulfilled. However, the
considered time window in fig. 6.2 is already comparable to ts; the curve of the graph
is slightly visible since the desorption rate from the detector surface increases.

The slope m is three orders of magnitude higher for the data at the beginning of
run#7 compared to the corresponding data for run#6, making further measure-
ments with tritium impossible. For comparison: During tritium injection in run#6
the count rate on the detector without magnetic field increased from ∼ 200 to ∼ 1300Background before run#6
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Figure 6.1: Detector background before run#6. Shown are the counts in the
energy window 6− 20 keV measured with the Si detector during 1000 s over time. The
magnetic field is off. The line represents a linear fit with a slope of 2.3 · 10−7 Hz/s.
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Figure 6.2: Detector background before run#7. Shown are the counts in the
energy window 6− 20 keV measured with the Si detector during 1000 s over time. The
magnetic field is off. The line represents a linear fit with a slope of 3.5 · 10−4 Hz/s.

counts per 1000 s in 10 days (fig. 5.17). The parameter m, being directly propor-
tional to the HT pressure in the Detection System, constitutes a suitable benchmark
parameter for evaluation of the tritium contamination in the system.

Using eq. 6.1 with 0.01 < α < 1 as in sec. 5.4.2.4, the HT pressure in terms of m is
restricted to the interval

1.9 · 10−12
[
mbar s2

]
·m < P < 1.9 · 10−10

[
mbar s2

]
·m . (6.3)

For the slopes in the two figures above, one obtains

4.4 · 10−19 mbar < P < 4.4 · 10−17 mbar for run#6 and (6.4)
6.7 · 10−16 mbar < P < 6.7 · 10−14 mbar for run#7. (6.5)

Both values and also the surface contamination of the walls of the Detection Sys-
tem, which was measured by smear tests, are much lower than the permitted limits
(concentration in air: 3 · 105 Bq/m3 ≈ 7 · 10−9 mbar; on surfaces: 100 Bq/cm2).
Therefore, ”contaminated” at TRAP means that the tritium contamination is too
high for measurements but still no concern for safety.
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6.1.2 Tritium in the Si detector bulk material

During operation of the (LN2-cooled) Si detector, tritium is adsorbed on its SiO2

surface. The detector count rate in the energy windows 6− 20 keV is thus increased
according to eq. 6.2. The accumulated tritium contamination on the surface can be
easily removed by warming up the chip to ∼ 75◦C. After half a day of heating, the
detector count rate in the energy interval 6− 20 keV drops back to the background
rate A0. Over the course of time, that is from run#4 to run#7, A0 has increased
from its initial value of ∼ 70 counts per 1000 s (refer to sec. 4.3.7.5) to ∼ 300 counts
in 1000 s.

Experience shows that this contamination cannot be removed via heating at such a
moderate temperature, which leads to the conclusion that atomic tritium is solved
in the Si bulk material. The number of tritium atoms bound in this way amounts
to

(300− 70)/(1000 s)
λ

= 1.3 · 108 (6.6)

in the active detector volume of 150 mm3.

The SiO2 surface layer impedes the penetration of hydrogen isotopes into the Si
bulk as reported for deuterium in [Nic95]. The data for deuterium concentration in
polycrystalline Si published there is many orders of magnitude higher than in case
of TRAP. This is barely a surprise considering the fact that they measured the deu-
terium permeation rate at a much higher deuterium pressure than the relevant HT
pressure in TRAP. Furthermore, atomic deuterium was used in their experiments.
In TRAP, however, dissociation of HT is required prior to the solution of tritium in
the bulk material.

6.1.3 Contaminated components of TRAP

The tritium contaminated components of TRAP include:

• vacuum components (tubes, valves, vacuum gauges) of stainless steel type
ASTM 304 and 316 (including the Cryo-trap),

• gold plated stainless steel tubes in the Detection System,

• copper components in the vicinity of the detector (fig. 4.11) that are kept at
173 K during measurements and

• the Si detector with Al2O3 substrate and SiO2 surface.

All these components had to be detritiated, yet the stainless steel surfaces constitute
the major challenge in reducing its tritium contamination to an acceptable level for
the following reasons:
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• Detritiation of gold surfaces is much easier than detritiation of stainless steel,
since hydrogen molecules are weakly bound to the surface compared to stainless
steel. At first, hydrogen molecules do not dissociate upon contact with the
surface due to the high activation energy for this reaction [Sto93]. Secondly,
physisorption of molecular hydrogen is observed only below 15 K [Ebe82],
whereas chemisorption of molecular hydrogen takes place on unsintered gold
films1. Yet, the binding energy is low (25 to 40 kJ/mol) and desorption already
occurs above 150 K [Sto96]. As we shall see in sec. 6.4, the gold plated tubes
of the Detection System could indeed be detritiated quite easily.

• According to sec. 5.3.6, the tritium contamination on the copper components
can be neglected compared to the one on stainless steel.

• Al2O3 and SiO2 at the detector constitute small surfaces compared to the gold
and stainless steel ones.

In the following section, detritiation of stainless steel is addressed in more detail.

6.2 Tritium on stainless steel and its detritiation

In sec. 5.3.4 tritium adsorption on the stainless steel walls of the Detection System
was discussed in detail. The same argumentation can be adopted for the contam-
inated system at the beginning of run#7, where the pressure is still in the order
of 10−13 mbar (refer to eq. 6.5): The tritium contamination on the stainless steel
surfaces in TRAP is strongly influenced by the amount of surface water which can
be categorized into physically and chemically adsorbed water as well as structural
water (see sec. 5.3.4). If tritium atoms are present in the structural water, e.g. after
isotopic exchange reactions with gaseous tritium, they are strongly bound to the
surface making detritiation of stainless steel so difficult compared to gold and cop-
per where the amount of surface water is much lower [Nis00].

Depth profiles obtained by chemical etching of tritium loaded stainless steel samples
followed by Liquid Scintillation Counting (LSC) of the acid solution revealed a sub-
surface layer of 15 − 20 µm thickness highly enriched with tritium [Tor04, Per02].
Its specific activity was approximately two orders of magnitude higher than the one
in the stainless steel bulk [Per02].

Due to the surface water layer, tritium release from stainless steel is mostly in form
of tritiated water [Sur88, Hir84, Won91]. The ratio of desorbed HT to desorbed
HTO, for example, was reported to be 1/8 − 1/6 for heat treated stainless steel
samples and ∼ 1/230 for ”as-received” stainless steel [Cor92]. Since TRAP could
not be properly heat treated, the latter ratio is more realistic for the contaminated
stainless steel components of TRAP.

1The components of the Detection System were not yet sintered. For this procedure, a temper-
ature of > 700 K is required.
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Due to the high mobility of hydrogen atoms in metals, a time-delayed re-growth
effect of surface tritium after detritiation of the surface is observed even at room
temperature [Per02, Cor05].

The most commonly considered methods for detritiation of stainless steel are:

• Thermal desorption: Thermal desorption, often in an inert gas stream,
is used for evaporation of the physically and chemically adsorbed tritiated
surface water from stainless steel. The method gains considerably in efficiency
for temperatures above 150◦C [Cor92]. However, temperatures above ∼ 350◦C
will strongly increase the solubility of tritium in stainless steel (see eq. 5.29)
and thus increase the tritium inventory in the stainless steel bulk. An ideal
temperature for thermal desorption was reported around ∼ 300◦C [Per02].

• Isotopic exchange reactions with protium/deuterium: By offering hy-
drogen/deuterium, the isotopic equilibrium of the three hydrogen isotopes in
the system is disturbed leading to isotopic exchange reactions that remove tri-
tium from the metal surface. This is one method for removing the strongly
bound structural water. Various investigations for detritiation with this meth-
ods have been conducted, among them were, for example, purging with Ar-NH3

and Ar-H2 mixtures [Per02] as well as purging with humid air [Cor92, Tor04].

• Washing/leaching: Surface tritium and tritiated water is removed from
stainless steel by washing with or submersion in liquids. To some extent iso-
topic exchange reactions might contribute as well. Examples of this method
are given in [Pen06].

• Chemical or electrochemical etching: Stainless steel surfaces are decon-
taminated by removal of a very thin surface layer, in particular the oxide layer
where tritium is chemically bound [Won91]. This method is also used for de-
termination of tritium contamination depth profiles by first etching the metal
sample followed by LSC of the solution [Tor04].

• Glow discharge: The stainless steel walls are bombarded with ions in a
plasma and thereby eroded. The so called sputtering of the surface is not only
driven by direct ion bombardment, but also by bombardment with neutral
atoms, which in turn were accelerated via collisions with ions. This method
was used for detritiation, for example, in He or H2 [Nak04] and He-O2 glow
discharges [Hop07].

• Open flame heating: The metal surface is detritiated by heating with an
open flame. For example, detritiation of stainless steel ASTM standard 316
with methane-air flame is described in [Per02].

• Melting: During this destructive method stainless steel components are melt-
ed (at ∼ 1600◦C) in order to remove tritium from the bulk material for later
waste disposal [Ros00].

Only the first three methods are feasible in TRAP. These are covered in the following.
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6.3 First in-situ detritiation campaign

In the following section (6.3.1), various procedures are described which were em-
ployed in the first in-situ detritiation campaign of TRAP. The results are provided
in sec. 6.3.2.

6.3.1 Methods of detritiation

• Heating of components: The components of TRAP were heated during
all the following procedures in order to increase the reaction rates of desorp-
tion and isotopic exchange. Different temperatures were applied following the
schematic in fig. 6.3. The heating temperature inside the cryostat was limited
to 120◦C to prevent the styrofoam convection shields below the cryostat cover
from melting (see fig. 4.4). The temperature on the components above the
cryostat were limited to 160 − 180◦C. The maximum heating temperature of
the detector is 80◦C. Above, the glue fixing the detector chip on its Al2O3

substrate softens.

• He-H2 purging: A mixture of He and 5% H2 was purged through the system
at ∼ 1 bar with a flow rate of 30 l/h according to the schematic in fig. 6.3 for
∼ 2 d. The gas stream entered the system behind the Si detector and left the
Cryo-trap through the cold valve at the bottom of the cryostat. Detritiation
was expected by isotopic exchange of wall tritium with molecular hydrogen
from the gas stream.

• Methanol flooding: A buffer vessel containing liquid methanol was con-
nected to the system near the Si detector (refer to fig. 6.4). Afterwards, TRAP
was evacuated together with the methanol vessel. Due to the low freezing point
of methanol at ∼ 10 mbar, the methanol freezes inside the buffer vessel and can
be evaporated by warming up the vessel with a hot air blower. The system was
filled with this method with 100 mbar methanol vapors and left standing for 10
minutes. The vapors were then pumped down and the procedure was repeated
12 times. Detritiation was expected by isotopic exchange reactions with the
hydrogen atoms in methanol (CH3OH). After methanol flooding, heating of
the system for several days was required to evaporate all methanol from the
system. Since water is bound to methanol via hydrogen bonds, tritiated water
from the metal surfaces was removed by this process, too.

• N2-H2O purging: N2 was purged through a water bath at 10◦C. The humid-
ified N2 stream was injected behind the Si detector and transferred through
the cold valve as depicted in fig. 6.3. For ∼ 4 d the system was purged at
∼ 1 bar with a gas flow rate of 60 l/h and for ∼ 3 d purging was performed at
∼ 74 mbar and 240 l/h. Detritiation was expected due to isotopic exchange
reactions with the hydrogen in water molecules. Furthermore, reactions ex-
changing tritiated water on the surface with pure (non-tritiated) water from
the gas stream contribute to the detritiation.
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Figure 6.3: First in-situ detritiation with gas purging. The gas stream enters
the system behind the Si detector and is transferred from areas of lower tritium con-
tamination above the cryostat to areas of higher tritium contamination at the bottom
of the cryostat. There, the gas stream exits the Cryo-trap through the cold valve.
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Figure 6.4: First in-situ detritiation with methanol flooding. The methanol is
injected into the system just behind the Si detector.

6.3.2 Results and discussion

Regularly after the detritiation steps, the heaters were stopped and the system was
thoroughly evacuated. The Si detector was then cooled and the background increase
rate without magnetic field (benchmark parameter m) was determined for the whole
system (for PID see fig. D.1):

• The Cryo-trap KY001 was at room temperature.

• Valves HV005 and HV006 between Cryo-trap and Si detector were opened.

• HV004, HV007, HV022 and HV023 were closed.

• HV061 was opened and the TMP VP061 was running.

The results of the first in-situ detritiation campaign are presented in fig. 6.5 as the
time development of the benchmark parameter m. It is obvious, that the contami-
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Figure 6.5: Results of first in-situ decontamination campaign. Initial con-
tamination with cold cryostat; components baked according to fig. 6.4; (1) He-H2 (5%):
Purging at ∼ 1 bar with ∼ 30 l/h for ∼ 2 d; (2) CH3OH: 12× flooding for ∼ 10 min with
100 mbar; (3) Baking only; (4) Baking only; (5) N2-H2O (10◦C): Purging at ∼ 1 bar
with 60 l/h for ∼ 4 d.

nation inside the system could not be lowered. Worse still, the contamination in the
vicinity of the Si detector was increased. It seems, as if tritium was relocated from
the stronger contaminated Cryo-trap to the lower contaminated Detection System,
especially during flooding with methanol vapors. But also during purging with He-
H2 and humid N2, tritium back diffusion against the general flow direction exists.

An additional gate valve just above the cryostat is recommended and was intro-
duced during the ultrasonic bath cleaning campaign (sec. 6.4) in order to separate
areas of higher tritium contamination (Cryo-trap) from those of very low tritium
contamination (components above the cryostat).

6.4 Cleaning in ultrasonic bath

After the limited success of the first in-situ detritiation campaign (sec. 6.3), the com-
ponents of TRAP above the cryostat were disassembled for cleaning in an ultrasonic
bath. Furthermore, a CF63 gate valve was introduced just above the cryostat to
separate the higher contaminated Cryo-trap form the low contaminated upper parts
of the setup (refer to fig. 6.7).
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6.4.1 Cleaning procedure

The surface contamination of the disassembled components (see fig. 6.6) was first
determined by smear tests2. The components listed in table 6.1 were then cleaned
in a large ultrasonic bath with deionized water at 70◦C for several hours. The
water in the bath was measured for tritium contamination with LSC (LSC analyzer:
PerkinElmer Tri-Cab 2800TR) before and after cleaning. Treatment of the gold
plated tubes of the Detection System in the ultrasonic bath was impossible, since
the gold layer would have been removed during this process. Therefore, they were
only rinsed with deionized water. After cleaning, all components were bathed in
ethanol and heated with a hot air blower to remove any residual water.

2A defined surface area is smeared with a piece of styrofoam which is then dissolved in a liquid
scintillator (PerkinElmer Insta-Gel Plus). The tritium content of the solution is determined via
LSC. The errors of such measurements are easily 100% since the force applied during smearing and
the surface area smeared have a strong impact on the amount of tritium removed from the surface.
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Figure 6.6: Disassembled components. Items: (1) VAT CF63 gate valve (HV006);
(2) cold cathode pressure gauge (RP002); (3) VAT CF16 angle valve (HV022); (4) CF40
T-piece (connection to item no. 2); (5) VAT CF63 gate valve (HV061); (6) CF63-CF40
T-piece; (7) VAT CF63 gate valve (HV005); (8) CF60-40 transition flange; (9) Pirani
pressure gauge (RP003); (10) turbomolecular pump (VP061); (11) KF25 automatic
valve (AV061); (12) KF16-KF25 transition flange; (13) CF63 cross piece; (14) gold
plated detector chamber; (15) gold plated RGA chamber and T-piece of the Detection
System. A PID is available in appendix D.
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6.4.2 Results and discussion

Table 6.1 shows the results of the ultrasonic bath detritiation campaign for the
components cleaned in the bath. The columns indicate:

• Item no.: The item number according to fig. 6.6. The number in brackets
states, whether it is the 1st, 2nd or 3rd cleaning of the given component.

• Smear test [Bq/cm2]: The surface contamination determined by smear
tests, errors are easily in the order of 100%

• Leaching time [h]: The treatment time in the ultrasonic bath

• Water contamination [Bq/ml]: The specific water contamination in the
bath before and after detritiation, errors are about 5%

Table 6.1: Results of detritiation in ultrasonic bath. The item numbers cor-
respond to those in fig. 6.6. Some items very cleaned more than once (indicated in
brackets). The second column presents the surface contamination determined by smear
tests. The third column gives the cleaning time in the ultrasonic bath and columns four
and five the specific water contamination before and after cleaning, respectively, mea-
sured by liquid scintillation counting. With the volume of water in the bath (column
six), the released tritium activity can be calculated (column seven).

Item Smear Leaching Water contamination Water Total
no. test time before after amount removed

[Bq/cm2] [h] [Bq/ml] [Bq/ml] [l] [kBq]
1 (1st) 1.2± 1.2 3.6 0.3± 0.02 2.9± 0.15 6.0± 0.3 15.6± 1.2
1 (2nd) - 3.9 0.3± 0.02 2.3± 0.12 4.0± 0.2 8.0± 0.6
1 (3rd) - 3.0 0.2± 0.01 1.3± 0.07 10.0± 0.5 11.0± 0.8
2 (1st) 94± 94 3.0 0.2± 0.01 12.3± 0.7 1.5± 0.1 18.2± 1.3
2 (2nd) - 4.1 0.3± 0.02 12.9± 0.7 0.7± 0.0 8.8± 0.6
2 (3rd) - 1.4 0.3± 0.02 12.6± 0.7 0.6± 0.0 7.4± 0.5
3 (1st) 30± 30 3.0 0.2± 0.01 6.2± 0.31 0.5± 0.0 3.0± 0.2
3 (2nd) - 3.2 0.3± 0.02 0.5± 0.03 0.4± 0.0 0.1± 0.0
3 (3rd) - 2.4 0.3± 0.02 0.5± 0.03 0.6± 0.0 0.1± 0.0
4 (1st) 5.8± 5.8 1.7 0.1± 0.01 17.1± 0.9 2.5± 0.1 42.6± 3.0
4 (2nd) - 1.4 0.1± 0.01 3.1± 0.16 2.0± 0.1 6.0± 0.4
5 (1st) 4.2± 4.2 5.1 0.1± 0.01 3.5± 0.18 1.7± 0.1 5.8± 0.4
5 (2nd) - 3.3 0.2± 0.01 0.4± 0.02 2.0± 0.1 0.4± 0.0
6 (1st) 4.5± 4.5 3.5 0.1± 0.01 4.5± 0.23 4.0± 0.2 17.6± 1.3
7 (1st) 1.6± 1.6 4.6 0.3± 0.02 52.0± 2.6 5.0± 0.3 258.5± 18.3
8 (1st) 0.2± 0.2 3.0 0.2± 0.01 1.3± 0.07 0.5± 0.0 0.6± 0.0
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• Water amount [l]: The total amount of water, measurement errors are about
5%. Actually, the ultrasonic bath was completely filled with water (∼ 75 l)
and the components to be cleaned were put inside plastic bags which were then
filled with deionized water, too. Thereby, not all of the water was contaminated
after treatment, but only the water inside the bag (< 10 l). The water outside
was regularly checked for contamination in case of tritium penetration through
the plastic bags.

• Total removed [kBq]: The total activity which was removed from the com-
ponent in question taking the water background before treatment into account

The tritium surface contamination was determined to be < 100 Bq/cm2 for all sam-
ples which is below the permitted contamination limit outside the laboratory. The
highest surface contamination was found on the cold cathode pressure gauge (item
2 in fig. 6.6) which is no surprise taking into account that such devices work just
like ion-getter pumps. The gauge was cleaned 3 times, the removed tritium con-
tamination only decreasing slowly. It is also conspicuous, that tritium is removed
quite early in the cleaning process, since the removed activity is almost the same for
treatment during 4.1 and 1.4 h.

One of the three VAT CF63 gate valves, that is item 7 in fig. 6.6, showed the highest
contamination release of 258.5 kBq. The other two gate valves (items 1 and 5 in
fig. 6.6) showed moderate to low tritium releases and were cleaned several times.

After detritiation, subassemblies of the components were individually checked for
contamination with the Si detector. Thereby it was found, that rinsing of the gold
plated tubes with deionized water was enough to decrease their tritium contamina-
tion to an acceptable level: The components were rinsed with water 3 times; the
removed tritium contamination was 6 kBq, 0.8 kBq and 0.5 kBq (equal to the water
background). However, many stainless steel components were not sufficiently detri-
tiated even after repeated cleaning in the ultrasonic bath.

The following components were therefore exchanged for new ones (PID in fig. D.1):

• Two pressure gauges: RP002 of Pirani type (item 9), RP003 of cold cathode
type (item 2 in fig. 6.6)

• Three vacuum valves: HV022 (item 3), AV061 (item 11), HV005 (item 7 in
fig. 6.6)

• Various vacuum components: the CF63 cross (item 13), two T-pieces (items 6
and 14), transitions (items 8 and 12 in fig. 6.6)

• The turbomolecular pump VP061 (item 10 in fig. 6.6), which could not be
cleaned in the ultrasonic bath at all.

The only parts which were actually cleaned and reused are the gold plated tubes of
the Detection System and two VAT CF63 gate valves. One of those was introduced
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just above the cryostat as HV008 in order to be able to separate the Cryo-trap from
the components above the cryostat (see fig. 6.7). The other was used as HV005. Since
no new experimental insights were expected from the RGA (refer to sec. 5.4.2.1), it
was removed together with HV006, which became obsolete after removing the RGA.

At the end of the detritiation campaign with the ultrasonic bath, the benchmark pa-
rameter for the components above HV008 was low enough for further measurements
with tritium:

m = 7.1 · 10−8 Hz/s . (6.7)

6.5 Second in-situ detritiation campaign

Shortly after the ultrasonic bath cleaning campaign was finished successfully, TRAP
was again contaminated and the next tritium run (run#8) had to be aborted, too:

The infrastructure facility AMOR released traces of tritiated water vapors into the
laboratory’s exhaust channels. The tritium activity in the exhaust channel increased
from the background reading of ∼ 0.5 MBq/m3 to 7 MBq/m3. The exhaust of
TRAP’s roughing pump VP062 (refer to appendix D for PID) was connected to the
same channel and tritium penetrated against the air flow direction in the exhaust
channel backwards through the roughing pump VP062 and the turbomolecular pump
VP061 into the interior of the TRAP experiment. Since the Si detector is so sensitive
to tritium, the benchmark parameter m increased for the components above HV008
from the initial 7.1 · 10−8 Hz/s to 2.7 · 10−5 Hz/s.

Thereupon, it was decided to retry some in-situ detritiation methods from sec. 6.3.1,
after having introduced HV008 for separation of the Cryo-trap from the low contam-
inated parts above the cryostat. The specific procedures performed in the second
in-situ detritiation campaign are described in sec. 6.5.1. Section. 6.5.2 discusses the
results achieved.

6.5.1 Method of detritiation

The newly introduced valve HV008 allows for a separate detritiation of the upper
and lower parts of the system (refer to fig. 6.7). The gas inlet and outlet for the
components above HV008 are both just behind the Si detector as was the case during
the first in-situ detritiation campaign (sec. 6.3.1). The gas injection into the Cryo-
trap below HV008 is conducted through the argon injection capillary of the Argon
Inlet System (refer to sec. 4.3.3); the evacuation is done through the cold valve at
the bottom of the cryostat. Heating of the components as indicated in fig. 6.7 was
maintained throughout the procedures described in the following.

• Methanol flooding: The components above HV008 were flooded for 10 min
with ∼ 4 mbar methanol and then evacuated as described in sec. 6.3.1. This
procedure was repeated ten times. Afterwards, the system was baked for 1 d.
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• D2 flooding: Both, the components above and below HV008 were repeatedly
flooded with D2 at various pressures and evacuated after some time (ranging
from hours to days). The exact numbers are summarized in fig. 6.8 where the
results are presented, too. Since the residual gas pressure in TRAP is still
dominated by H2 and the amount of D2 and T2 in the system is very similar,
flooding with D2 leads to a stronger disturbance of the steady state condition
compared to H2. A stronger increase in the isotopic exchange rate is therefore
expected when offering D2. This is different in strongly contaminated systems,
where tritium atoms are the dominating hydrogen species.

~75°C

~180°C

~150°C Si detector

Cold valve

Gas inlet / outlet

~120°C

HV008

Detection System

Gas outlet
Gas inlet

Figure 6.7: Second in-situ detritiation with deuterium flooding. The newly
introduced gate valve HV008 allows for the separation of the higher contaminated Cryo-
trap from the much lower contaminated parts above HV008 during detritiation.
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6.5.2 Results and discussion

After the detritiation steps, the benchmark parameter m was checked with the Si
detector (for PID see fig. D.1):

• Valves HV007 and HV008 were closed. Therefore, only the components above
the cryostat were checked for contamination.

• HV005 was opened (HV006 was already removed after cleaning in the ultra-
sonic bath, see sec. 6.4.).

• HV061 was opened and the TMP VP061 was running.

The results of the second in-situ detritiation campaign are presented in fig. 6.8
along with a detailed description of the detritiation parameters. m was decreased
by approximately two orders of magnitude to ∼ 3 · 10−7 Hz/s which seems to be the
detritiation limit. The time needed was ∼ 2 months.
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Figure 6.8: Results of second in-situ decontamination campaign. Shown in
this picture are results for the upper parts above HV008 only. Components were always
baked according to fig. 6.7; (1) CH3OH: 10× ∼ 10 min at 4 mbar, afterwards baking
for 1 d; (2) D2: ∼ 1/2 d at ∼ 300 mbar; (3) D2: 7× 30− 60 min at 10− 20 mbar, 1×
∼ 16 h at 10−20 mbar; (4) CH3OH-D2: ∼ 1 d at ∼ 120 mbar CH3OH and ∼ 800 mbar
D2, D2: 17 h at 16 mbar, 6 h at 85 mbar, 40 h at 65 mbar; (5) D2: 7× 20 − 26 h, 1×
5 h, 1× 6 h, 1× 67 h, 1× 48 h at 50 − 90 mbar; (6) D2: 19× ∼ 1 d at 10 − 20 mbar,
evacuation with TMP over weekends; (7) D2: 8× ∼ 1 d at 10 − 20 mbar, evacuation
with TMP over weekends



122 CHAPTER 6. DETRITIATION OF TRAP

The following procedure was determined to be most effective for TRAP in view of
detritiation performance and workload:

1. continuous baking of components (120− 160◦C) and evacuation

2. flooding with D2 up to ∼ 10 mbar

3. wait for ∼ 1/2 d

4. evacuate

5. start again at 2)

The Cryo-trap below HV008 was also detritiated with this method. At the beginning
of run#9 when the cryostat was cooled with LHe and argon condensate was prepared
on the cryo-surface, the benchmark parameter m was determined for the complete
system with HV008 opened. The time development of the detector count rate in
6 − 20 keV for magnetic field off is given in fig. 6.9 along with the slope m. Using
eq. 6.3, the HT partial pressure is restricted to

5.9 · 10−19 mbar < P < 5.9 · 10−17 mbar . (6.8)

The second in-situ detritiation campaign was successful and enabled further tritium
measurements with TRAP. The detritiation was only possible due to the gate valve
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Figure 6.9: Detector background before run#9. Shown are the counts in the
energy window 6− 20 keV measured with the Si detector during 1000 s over time. The
magnetic field is off. The line represents a linear fit with a slope of 3.1 · 10−7 Hz/s.
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HV008 which was introduced into the experimental setup in order to separate the
stronger contaminated Cryo-trap from the much lower contaminated components
above the cryostat.

6.6 Conclusions for CPS and the Pre-spectrometer

Figure 6.10 shows the background count rate in 6−20 keV at the beginning of run#9
with cold cryostat and argon cryo-deposit prepared for magnetic field on and off.
This data set can be compared to the one presented in fig. 5.17 which was obtained
during tritium injection in run#6. In the latter case, the outgoing tritium flow rate
Qout was determined to be in the order of 10−14 mbar l/s (refer to sec. 5.4.2.7).
The conclusion is that the outgoing tritium flow rate Qout achieved after the second
in-situ detritiation campaign (sec. 6.5) is at least of the same order, too. Although
the surface material was different for the two data sets, this is still valid because
of the higher binding energy and solubility of tritium in stainless steel compared to
gold (refer to sec. 6.1.3).

The detritiation method described in sec. 6.5.2 allows to decontaminate the CPS
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Figure 6.10: Detector background before run#9, both rates. Shown are the
counts in the energy window 6 − 20 keV measured with the Si detector during 1000 s
over time for both, magnetic field on and off.
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to an acceptable level leading to an acceptable tritium flow rate towards the Pre-
spectrometer. Furthermore, the HT pressure in the Detection System (eq. 6.8)
is approximately of the same order of magnitude which is required for the Pre-
spectrometer. The efficiency of the detritiation will be even higher in case of the
CPS and the Pre-spectrometer due to the higher temperatures available during bake
out. This will strongly increase the tritium desorption and isotopic exchange rates.

Considering the work of Roland et al. [Rol06], it should be possible to further op-
timize the detritiation procedure obtained at TRAP. They determined the equilib-
rium constants for isotopic exchange reactions between D2 and H2O on the surface of
stainless steel 304 vessels using a very similar method to the one employed during de-
tritiation of TRAP: A stainless steel vessel of type 304, whose surface was purposely
covered with a layer of H2O, was flooded with ∼ 1 mbar D2 and left standing for dif-
ferent reaction time periods, ranging from 40 s to 10 h. The relative concentrations3

on the stainless steel surface was then determined by outgassing measurements. It
was found that the relative concentration of HDO strongly increases with reaction
time until ∼ 1 h, where saturation is reached. The relative concentration of D2O
reaches saturation later, after ∼ 4 h. Yet, its relative concentration is approximately
one order of magnitude lower than that of HDO. Assuming that most of the tritium
on the stainless steel surfaces is in form of tritiated water (HTO and T2O), a re-
action time of ∼ 1 h together with more frequent exchanges of D2 might yield a
better detritiation performance. However, automation of the process is required in
this case.

For the CPS setup, the following recommendations can be derived from the experi-
ence obtained during detritiation of the TRAP components:

• The beamline of the CPS should be gold plated to allow for an easier detriti-
ation compared to stainless steel.

• The CPS should be subdivided into two parts which are separated by a valve.
This allows for an independent detritiation of the higher contaminated up-
stream from the lower contaminated downstream part.

• The CPS should feature a tritium monitoring detector to make sure that
the tritium background is low enough before opening the valve to the Pre-
spectrometer.

All recommendations from TRAP which led to the specification of the CPS are
summarized in chapter 7.

3Ratio HDO/(H2O+HDO+D2O) and D2O/(H2O+HDO+D2O) of HDO and D2O, respectively
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Chapter 7

Summary and Impact on the
CPS

This chapter summarizes the results and experiences obtained with the TRAP ex-
periment (sec. 7.1) and presents their impact on the design of the CPS (sec. 7.2).
The final section (sec. 7.3) gives an outlook on the future of the TRAP experiment.

7.1 Summary

In the framework of this work, the last experimental run with deuterium was fin-
ished (sec. 5.2) and the setup was changed for tritium operation (appendix A). Three
measurements with tritium followed with increasing importance of the semiconduc-
tor detector as the main tritium detection device in the Detection System (sec. 5.4).
In order to derive the tritium adsorption rates on the detector and on the walls
of the Detection System, a MC electron tracking simulation was implemented in a
diploma thesis (sec. 5.3.2.4). Since the permeation rate through the bulk material of
the stainless steel walls of the Detection System can be estimated only roughly, the
relevant tubes were coated with gold for future measurements. After the occurrence
of a strong contamination in the Detection System, the components in question were
successfully decontaminated (chapter 6).

Summarizing, the TRAP experiment has fulfilled its main objectives given earlier in
sec. 4.1:

• It has proven that the concept of tritium retention by a cryo-pump with pre-
condensed argon is working. This issue was imperative for the licensing of the
KATRIN experiment by the regulating authority: Since the controlled area
of TLK ends just downstream of the CPS, an experiment was required to
demonstrate that the amount of tritium released to the environment through
the Pre-spectrometer is below the allowed limit.
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• The tritium flow rate suppression factor was determined to be

F =
Qin

Qout
> (6.9± 0.5stat ± 3.1sys) · 106 . (7.1)

As discussed in sec. 5.4.3, the tritium flow rate suppression factor given here
is that for the specific hydrogen mixture used in the TRAP runs.

The remaining uncertainties in the determination of F can be ruled out by
future measurements with gold plated tubes in the Detection System.

• The setup and operation of TRAP has provided tremendous input data and
experience for the specification of the CPS. The findings and the resulting
implications for the CPS are given in sec. 7.2.

• A regeneration procedure for the cryo-surface was developed and successfully
employed during three measurements with tritium (see appendix G).

• In this work only argon was tested as cryo-deposit. However, no additional
changes in the experimental rig are necessary for operation with krypton, for
example. This could be done in future measurements.

Furthermore, the additional objective given in sec. 6.1 was fulfilled:

• An in-situ detritiation procedure for decontamination of the CPS and the Pre-
spectrometer was developed and successfully tested in TRAP.

In conclusion it can be stated that the TRAP experiment, the first experiment spe-
cially built for KATRIN that operates with tritium, was a success. It managed to
determine the tritium flow rate leaving the Cryo-trap on the extremely low level
of ∼ 10−14 mbar l/s. Furthermore, it provided essential experience and input data
for the specification of the CPS. Especially the setbacks connected to the increased
tritium contamination in the system proved to be valuable afterwards: They re-
vealed possible contamination sources for the CPS and the Pre-spectrometer. In
addition, decontamination procedures were developed which allow to decontaminate
both components to an acceptably low residual tritium contamination.

7.2 Specification of the CPS

In the following, aspects of the specification of the CPS [CPS08a] are summarized,
where results and experiences from TRAP decisively determined the CPS design.

The major impact from TRAP is visible in fig. 7.1: The original design of the CPS
foresaw two independent cryostats that were separated by a warm gate valve. Both
parts, the CPS1-F and the CPS2-F, were to be operated as cryo-sorption pumps at
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Cold gate valve

CPS1-F
CPS2-F

Warm gate valve
Calibration sources

Calibration 

sources

Ar: 4.5 K

Ar: 4.5 K

Ar: 3 - 4.5 K

NEG: 77 / 300 K

Figure 7.1: Comparison of old/new CPS design. Earlier in the design of the
experiment it was planned to operate both parts of the CPS as cryo-sorption pumps
with pre-condensed argon as adsorbent at ∼ 4.5 K. The two parts of the CPS were
separated by a warm gate valve [KAT04]. The results of TRAP showed that the cryo-
surface temperature should be lowered and that a cold gate valve should be introduced
for separation of the CPS1-F and CPS2-F. The design was changed thereupon in favor
of a single cryostat. Furthermore, it was decided to operate the CPS2-F with non-
evaporable getter (NEG) strips at 77/300 K in order to guarantee sufficient pumping
speed in the CPS2-F in case of a failure in the cooling system. (based on [CPS08b])
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∼ 4.5 K with pre-condensed argon as adsorbent. However, the results which were
obtained during the measurements with TRAP as described in chapter 5 made the
following changes necessary compared to the original design in [KAT04]:

• The temperature of the cryo-sorption surface should be lowered in order to
achieve a higher tritium flow rate suppression factor as discussed in sec. 5.4.3.
Especially HT, having the highest equilibrium pressure, poses the major chal-
lenge. Lowering the temperature from 4.5 K to 3 K will decrease the HT vapor
pressure by ∼ 5 orders of magnitude according to fig. 3.5. In case of HT ad-
sorption on pre-condensed argon, the decrease of equilibrium pressure should
be similar. Thus, the new design of the CPS1-F allows for the operation in
the temperature range 3− 4.5 K.

• Surfaces which are warmer than the cryo-surface have to be avoided during
preparation of the argon condensate. Otherwise, the argon background pres-
sure will be too high for the Pre-spectrometer (see sec. 5.2.2.2). A cold gate
vale at ∼ 4.5 K instead of a warm one is therefore foreseen between the CPS1-F
and CPS2-F. This valve will be closed during preparation of the cryo-deposit.

• Any injection of warm gas leads to an immediate desorption of adsorbent and
tritium (see sec. 5.4.2.1). The tritium entering the CPS1-F should therefore
be thermally accommodated. In the new design this is achieved by a tube
section of an intermediate temperature of 77 K at the entrance to the CPS1-F.
A schematic overview of the CPS beamline is given in fig. 7.2.

NEG 77 / 300 K

77 K

Cold gate valve

Tritiu
m flow rate 

< 10-14 mbar l/s
CPS1-F

Ar condensate (3 – 4.5 K)

CPS2-F

Purge He inletPurge He outlet

Figure 7.2: Schematic of the CPS beamline. (based on [CPS08b])
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• TRAP showed that the amount of tritium leaving the Cryo-trap and entering
the Detection System is in the order of 10−14 mbar l/s. Since the CPS1-F
will have a higher tritium flow rate suppression factor than TRAP due to its
more than 10 times larger cryo-surface, the amount of tritium entering the
CPS2-F will be even lower than that entering the Detection System of TRAP.
Therefore, it was decided to operate the CPS2-F with non-evaporable getter
(NEG) strips at 77/300 K instead of pre-condensed argon at ∼ 4.5 K. This
will guarantee a sufficient pumping speed in the CPS2-F in case of a failure
in the cooling system and allow to close the gate valve in front of the Pre-
spectrometer without contaminating the latter.

• The specification of the CPS should allow for the operation with krypton as
cryo-deposit in the CPS1-F, which may further increase its tritium retention
capability. The difference in operation with argon or krypton is mainly the dif-
ferent heating power required for heating the injection capillaries. The heating
is necessary to prevent premature condensation of the gases inside the capil-
laries. For comparison, the boiling points are 87.3 K for argon and 119.9 K for
krypton [Lid92].

Other recommendations for the design of the CPS are connected to the investigations
regarding the tritium contamination in TRAP as described in chapter 6:

• The inner surface of the CPS should be gold plated in order to enable a much
easier detritiation of the surface in case of an unforeseen tritium contamination
(refer to sec. 6.4.2).

• Special care should be taken on how to connect the CPS to the laboratory
exhaust channels of TLK. The connection should be conceived in a way that
it is located as far away from the stack as possible. Otherwise, a tritium con-
tamination of the CPS could occur through back diffusion of tritium through
these channels as discussed in sec. 6.5.

• A tritium monitor should be foreseen in the CPS1-F that monitors the tritium
contamination level before opening the cold valve. Such a monitor could be
a solid state detector similar to the one employed in TRAP mounted in the
pump port of the CPS1-F.

• The two-barrier safety concept of TLK requires the cooling fluid helium and
the beamline of the CPS to be separated by two barriers. Otherwise, with
only one single barrier, any leakage in this barrier could lead to a tritium
contamination of the refrigerator that is located outside of TLK.

• The experience obtained during operation and decontamination of TRAP calls
for a valve between the CPS1-F and CPS2-F in order to separate areas of high
tritium contamination from those of low contamination if an in-situ detritiation
of the CPS is required. The cold gate valve mentioned above exactly fulfills
this requirement.
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• The cold gate valve should be inserted with the sealed plate facing upstream
where the tritium contamination will be higher. Thereby, the surface accessible
to tritium is smaller in case of closed valve.

The theory of cryo-sorption, whose most important aspects are summarized in chap-
ter 3, recommends the following optimizations to the design of the CPS:

• The thickness of the prepared argon layer should not exceed ∼ 5 µm in order
to keep its surface temperature low (refer to sec. 3.3.1).

• The operation temperature of the cryo-surface must be kept lower than the
preparation temperature of the argon cryo-deposit at all times in order to
prevent recrystallization in the argon condensate (see sec. 3.3.2). Therefore,
the CPS cryostat cannot be a simple bath cryostat like the TRAP cryostat, but
needs the possibility to set more than one temperature (operating temperature:
3 − 4.5 K, argon preparation temperature ∼ 6 K). This is achieved by tubes
filled with LHe that are connected to the outside of the CPS1-F beamline. The
higher temperature during argon preparation is achieved by an electric heater.

• The coverage of the argon frost pump CPS1-F should be kept low. Since
the maximum amount of tritium gathered on the argon during the 60 day
run time is fixed with ∼ 1 Ci [KAT04], the coverage can only be decreased
by increasing the cryo-surface area, for example by introducing baffles in the
CPS1-F as shown in fig. 2.13. One should keep in mind that residual hydrogen
coming from the Pre-spectrometer also increases the coverage in the CPS1-F.
Therefore, the hydrogen from the Pre-spectrometer should be suppressed in
the CPS2-F by non-evaporable getters (NEG).

• The baffles in the CPS1-F also prevent desorbed tritium from traveling far
along the beamline since the neighboring baffle stopping the particle motion is
only ∼ 1 cm away. Thus, this measure will greatly hinder the tritium migration
towards the Pre-spectrometer.

• In order to minimize desorption of tritium due to thermal irradiation from
the DPS2-F, the first tube section is coated black resulting in a high thermal
absorption coefficient (> 0.9).

An important objective of TRAP was the development and test of a regeneration
procedure for the cryo-surface. Such a procedure was successfully developed and can
be found in appendix G. A similar procedure is foreseen for the CPS1-F:

• The regeneration of the CPS1-F will be performed by heating and simultaneous
purging with gaseous helium from the closed cold gate valve to the upstream
end which is connected to the DPS2-F (see fig. 7.2). The purge gas enters the
CPS1-F through a small flange at the upstream end of the cold gate valve and
exits the CPS1-F through another small flange at the downstream end of the
warm gate valve which connects the CPS to the DPS2-F.
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• While regenerating the CPS1-F with purging, the mixture of helium/argon/tri-
tium can be transferred to the ring manifold of the the main stage of the
central tritium retention system of TLK. The valve to the ring manifold must
not be opened without an ample helium flow rate, otherwise a strong tritium
contamination of the CPS1-F will occur.

Summarizing, it can be stated that the results and experiences from TRAP decisively
defined the specification of the CPS [CPS08a].

7.3 Future of the TRAP experiment

After repairing the mechanical damage inside the cryostat, the main focus of fu-
ture measurements of TRAP is the elimination of uncertainties connected to the
permeation rate of tritium through the walls of the Detection System. Therefore,
gold plated tubes, for which the permeation rate is much smaller [McL73], will be
employed instead of stainless steel ones. This will allow for the determination of the
flow rate suppression factor with a much higher confidence.

Furthermore, measurements with krypton as cryo-deposit instead of argon are con-
sidered. Due to its higher atomic number, it features stronger van der Waals forces
between adsorbate and adsorbent particles. This results in a lower tritium partial
pressures in the Cryo-trap and thus to a higher tritium suppression factor at the
same temperature compared to argon. Such a measurement could answer the ques-
tion, whether it is possible to employ krypton at 4.5 K instead of argon at ∼ 3 K
and still have a comparable tritium retention.

Apart from measurements directly connected to the CPS, TRAP allows to investi-
gate tritium pumping properties of cryo-pumps with pre-condensed gases as adsor-
bent which are of interest in other scientific fields, too. In the nuclear fusion reactor
ITER [ITE01], for example, cryo-pumps with activated charcoal are employed for
pumping of the exhaust gas from the tokamak [Glu06]. As mentioned above in
sec. 3.1.2, charcoal has some disadvantages with regard to operation with tritium,
one of them being possible dust formation.

TRAP is a working experimental rig licensed for operation with tritium and could,
for example, measure adsorption isotherms of tritium adsorption on different gas
condensates: At constant temperature (4.2 K), the tritium content in the Cryo-
trap, that is the coverage, is increased stepwise. The silicon detector could then be
used to determine the tritium equilibrium pressure during the steady state phase.
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Appendix A

Changes in the Experimental
Setup

For operation with tritium, parts of the experimental setup had to be changed com-
pared to the status described in [Eic04]. Appendix A.1 summarizes the requirements
for safe tritium operation; their implementation is described in appendix A.2. Fur-
thermore, changes were also made in order to improve the experiment (see appendix
A.3).

A.1 Requirements for safe tritium operation

For the safe operation of the TRAP experiment with tritium, certain requirements
had to be fulfilled. First of all, a complete safety description for licensing of the
experiment was prepared. The general guidelines are summarized in the following:

1. It is necessary for TRAP to fulfill TLK’s so-called Technical Terms of Deliv-
ery and Acceptance which describe tritium compatible components like buffer
vessels and pipework. The most important features for TRAP are:

• the utilization of certified (tritium compatible) materials and metal seal-
ings,

• the X-raying of 50% of all weldings,

• to prevent cavities, where tritium inventories could be collected,

• to keep volumes as small as possible and

• to smoothen inner surfaces.

2. The (primary) tritium containment should be enclosed within a secondary
containment (two barrier concept).

3. Tritium monitors should be used to detect any accidental tritium releases.
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4. The TRAP experiment needs connections to the TLK infrastructure for con-
taminated exhaust gases.

Item 1 was already considered while building the cryostat internals (fig. 4.4) and
the gas injection system [Eic04]. Yet, some of the above requirements could be
officially relaxed by a concession request since the total tritium inventory in TRAP
is relatively small (< 4 Ci ≈ 1.5·1011 Bq) and the experiment operates at low tritium
pressures: The highest tritium pressure of ∼ 100 mbar exists in the tritium reservoir
of 25 cm3 volume; in the rest of the experiment, the tritium pressure is well below
0.1 mbar.

For the last three items additional construction work was necessary as described in
the next section.

A.2 Changes of the setup for safe tritium operation

• In order to enforce the two barrier concept, the gas injection system is enclosed
in a hood (see fig. 4.6) that is connected to the laboratory’s clean exhaust. The
cryostat itself constitutes a secondary hull for the cryostat internals (fig. 4.4).

• Ionization chambers below the hood and above the cryostat are used for tritium
monitoring.

• During tritium runs, the helium return line to ITP is not used since tritium
might penetrate into the LHe of the cryostat in case of a leak. The exhaust
helium is instead transferred to the laboratory’s clean exhaust and wasted
through the stack. The maximum inventory in the Cryo-trap, which would be
released to the environment in accidental case, is 1 Ci = 37 GBq. The TLK’s
license allows for a weekly tritium release of 2 · 1012 Bq through the stack.

Due to the length of the return line to ITP, a considerable overpressure of
∼ 100 mbar in the cryostat is necessary for helium transportation. The tube to
the laboratory’s exhaust, on the other hand, is very short with the ventilation
system creating a slight underpressure in the exhaust channels. Therefore,
needle valves were introduced in the piping to the laboratory’s clean exhaust
channel to ensure a slight overpressure in the cryostat in order to prevent any
leakage of air into the cryostat.

• The Pumping System of TRAP (sec. 4.3.6) is separated into two parts: Pumps
that carry a negligible amount of tritium in terms of safety considerations
(VP060, VP061 and VP062), whose exhaust is transferred to the laboratory’s
clean exhaust, and pumps for evacuation of the Tritium Inlet System (VP040,
VP041 and VP042). The exhaust of the latter pumps is transferred to the
main stage of TLK’s central tritium retention system.

Unlike described in [Eic04], no getter pumps are used for pumping tritium.
The ion getter pump VP040 was never commissioned, too.
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A.3 Improvements to the experimental setup

The following changes were made compared to [Eic04] in order to improve the setup:

• The vacuum conductance from the Cryo-trap toward the Detection System
was increased by exchanging the DN40 CF components of the Detection and
the Pumping System to DN63 CF components. Furthermore, the DN40 CF
angle valves used in the system previously were exchanged to DN63 CF gate
valves.

• The RGA chamber was enlarged to DN63 CF components in order to prevent
increased outgassing due to heating of the walls by the RGAs’ filaments.

• The Detection System was enhanced with the Si detector as described in detail
in sec. 4.3.7.
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Deduction of CD(t)

In the following, eq. 5.24 is deduced from the effective adsorption rate of hydrogen1

on the Si detector surface
dn

dt
=

dnA

dt
− dnD

dt
. (B.1)

The adsorption rate dnA/dt and the desorption rate dnD/dt are given by eq. 3.7
and 3.8, respectively. Putting all together, one obtains an inhomogeneous linear
differential equation for the number n of hydrogen molecules on the detector:

dn(t)
dt

+ A · n(t) = B (B.2)

with

A =
1
ts

and B = 2.63 · 1022

[ √
g/mol K

s mbar cm2

]
P α S√

MT
. (B.3)

The parameters are:

ts: Sojourn time (see eq. 3.1)
P : Hydrogen pressure in the Detection System. Since a mixture of hydro-

gen molecules is injected, ”hydrogen pressure” should be understood as an
effective value. In the following, P is assumed to be constant.

α: Sticking coefficient for hydrogen on the Si detector
S: Si detector surface area, including non-sensitive parts
M : Molar weight of hydrogen. Since a mixture of hydrogen molecules is in-

jected, it should be regarded as an effective value, too.
T : Gas temperature, ∼ 300 K

The general solution of an inhomogeneous linear differential equation is obtained by
the sum of the general solution of the associated homogeneous and a specific solution
of the inhomogeneous differential equation [Mer06].

1Q2, all six hydrogen isotopomers are considered
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Homogeneous differential equation: The associated homogeneous equation

dn(t)
dt

+ A · n(t) = 0 (B.4)

is solved by
nH(t) = C · e−At (B.5)

with constant C.

Inhomogeneous differential equation: According to [Mer06] a specific solution
for the inhomogeneous equation can be derived from the general solution of the
associated homogeneous equation by the method of Variation of the Constant, where
the constant C is regarded as a function of t:

nI(t) = C(t) · e−At . (B.6)

Putting eq. B.6 in eq. B.2, one obtains(
dC(t)

dt
· e−At −A · C(t) · e−At

)
+ A ·

(
C(t) · e−At

)
= B , (B.7)

which is solved by

C(t) =
B

A
· eAt . (B.8)

Thus, a specific solution of the inhomogeneous differential equation is

nI(t) =
B

A
. (B.9)

The general solution of the inhomogeneous differential equation is the sum of eqs. B.5
and B.9:

n(t) = nH(t) + nI(t) = C · e−At +
B

A
. (B.10)

The constant C is constrained by the boundary condition

n(0) = n0 , (B.11)

which means that at t = 0 already n0 hydrogen molecules stick to the Si detector.
It then follows that the constant C is

C = n0 −
B

A
. (B.12)

Putting eqs. B.3, B.10 and B.12 together together, eq. 5.24 is finally obtained.
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Additional diagrams

Diagrams that were excluded from chapter 5 in favor of readability can be found
here.

C.1 RGA data from run#6

The RGA data from run#6 do not yield any new insights and are quite comparable
to those from run#5 (refer to sec. 5.4.2.1). Nevertheless, they are included for
completeness.
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Figure C.1: Run#6: RGA data. Data for DT with the 1−6 amu RGA: the dotted
line marks the end of the injection phase, a linear fit f(x) = p0 + p1x was applied.
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C.2 Detector contamination - exact calculation

The tritium contamination on the detector CD can be calculated in two different
ways:

• In sec. 5.4.2.3, the approximation from eq. 5.17 was used. The uncertainties
of the MC simulation introduce a systematic error of 30% on CD (refer to
sec. 5.3.2.4).

• In this section, the exact formula from eq. 5.16 is used. This yields a higher
systematic uncertainty of 100% on CD (refer to sec. 5.3.2.4).

The data for the detector contamination CD calculated in the latter way is shown in
figs. C.3, C.4 and C.5. The data points CD(t) were calculated from the count rates
Aoff (t1) and Aon(t2) with |t1 − t2| < 1000 s and t = max(t1, t2) using eq. 5.16. The
error bars are statistical errors calculated by Gaussian error propagation from the
statistical errors on Aoff and Aon and on the MC parameters a, b, c and r.

The data was fitted to eq. 5.39. The adsorption rate on the detector QD and the
DT partial pressure in the Detection System P are calculated in the same manner
as described in sec. 5.4.2.3 and sec. 5.4.2.4, respectively. The results are:

QD < (17788± 3816stat ± 29920sys) T atoms/s and (C.1)
P < (7.3± 1.1stat ± 7.3sys) · 10−16 mbar (C.2)

for the injection phase in run#6 (fig. C.3),

QD < (3690± 410stat ± 4235sys) T atoms/s and (C.3)
P < (−8.4± 6.5stat ± 8.4sys) · 10−18 mbar (C.4)

for the steady state phase in run#5 (fig. C.4) and

QD < (297± 244stat ± 2595sys) T atoms/s and (C.5)
P < (4.5± 0.5stat ± 4.5sys) · 10−17 mbar (C.6)

for the steady state phase in run#6 (fig. C.5).

As a consistency check, these results are compared to the results obtained earlier in
secs. 5.4.2.3 and 5.4.2.4, where the approximation from eq. 5.17 was used: All values
for QD and those of run#6 for P are comparable. Yet, the systematic errors are
much higher. The DT partial pressure value for run#5, on the other hand, shows a
difference of ∼ 2 orders of magnitude. This can be attributed to the high starting
contamination on the walls of the Detection System in run#5 (refer to sec. 5.4.2.6):

Equation 5.16 can be written as

CD = C ′
D −

a

c
CW , (C.7)

where C ′
D is the approximated detector contamination (eq. 5.17). If CW is at least

c/a ≈ 109 times higher than C ′
D, CD will be very small or even negative as is the

case for run#5.
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Appendix D

Process and Instrumentation
Diagram and List of
Components

In the following, the list of components as well as the process and instrumentation
diagram (PID) of TRAP are given. The PID in fig. D.1 shows all components which
were ever part of the experimental rig. For comments refer to table D.1.

Table D.1: List of components.

Name Description
AV001 Part of flow controller TYLAN FC730, VCR 1/4 in.
AV044 Balzers EVCF40, ISO CF40 (controlled by VP041)
AV052 Leybold EV25 EM VA, ISO KF 25 (controlled by VP042)
AV061 Leybold EV25 EM VA, ISO KF 25 (controlled by VP061)
AV062 Balzers EVCF40, ISO CF40 (controlled by VP060)
BD002 Tritium inlet buffer vessel: 1.3 l
BD030 Argon inlet buffer vessel: 1.3 l
HV001 Valve on tritium storage vessel, VCR 1/4 in.
HV002 Swagelok SS-4BG-V51, VCR 1/4 in.
HV003 Swagelok SS-4BG-V51, VCR 1/4 in.
HV004 VAT UHV16 angle valve, ISO CF16
HV005 VAT UHV63 gate valve, ISO CF63
HV006 VAT UHV63 gate valve, ISO CF63 (removed during ultrasonic bath

cleaning, see sec. 6.4)
HV007 Pink angle valve, ISO CF16
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Name Description
HV008 VAT UHV63 gate valve, ISO CF63 (introduced after ultrasonic bath

cleaning, see sec. 6.4)
HV020 Swagelok SS-4BG-V51, VCR 1/4 in.
HV021 Swagelok SS-4BG-V51, VCR 1/4 in.
HV022 Swagelok SS-4BG-V51, VCR 1/4 in.
HV023 Swagelok SS-8UW-TW (cold valve, handle extended)
HV024 Leybold angle valve, ISO CF40
HV025 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV030 Swagelok SS-4BRG-V51, VCR 1/4 in.
HV032 Swagelok SS-4BG-V51, VCR 1/4 in.
HV033 Leybold angle valve, ISO KF16
HV040 Swagelok SS-4BG-V51, VCR 1/4 in.
HV041 VAT UHV16 angle valve, ISO CF16
HV042 Swagelok SS-4BG-V51, VCR 1/4 in.
HV043 Swagelok SS-4BG-VCR, VCR 1/4 in.
HV044 Leybold angle valve, ISO KF25
HV045 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV046 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV047 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV048 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV049 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV050 Balzers angle valve, ISO KF25
HV051 Pink angle valve, ISO KF50 (part of TLK infrastructure)
HV060 VAT UHV16 angle valve, ISO CF16
HV061 VAT UHV63 gate valve, ISO CF63 (exchanged later to VAT UHV63

angle valve, ISO CF63, see sec. 6.4)
HV062 Pink angle valve, KF25
HV063 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV064 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV065 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV066 Swagelok SS-8BG-VCR, VCR 1/2 in.
HV068 Swagelok SS-4BG-V51, VCR 1/4 in.
HV081 Leybold butterfly valve, ISO KF40
HV082 Leybold angle valve, ISO KF16
HV090 Swagelok SS-4BRG-V51, VCR 1/4 in.
HV091 Leybold angle valve, ISO KF25
KY001 Cryo-trap (see sec. 4.3.2)
RF020 Part of TYLAN FC730 flow controller, VCR 1/4 in.
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Name Description
RF080 Gas flow meter, Elster Experimentiergaszähler
RGA MKS residual gas analyzer (see appendix F)
RP001 MKS Baratron 690A (0-10 Torr)
RP002 Leybold Thermovac (Pirani)
RP003 Leybold Penningvac (cold cathode)
RP031 MKS Baratron 390HA (0-1000 Torr)
RP080 Membrane pressure gauge (0-10 bar), ISO KF16
RP081 Membrane pressure gauge (0-1.6 bar), ISO KF16
RV002 MKS flow controller (adjusted electronically)
RV003 Swagelok SS-4BMG-VCR, VCR 1/4 in.
RV031 Swagelok SS-4BMG-V51, VCR 1/4 in.
RX080 Ionization chamber, Berthold Multi-Logger LB5310 (below hood)
RX081 Ionization chamber, Berthold Multi-Logger LB5310 (above cryostat)
Si Si detector (see sec. 4.3.7)
VP040 Leybold IZ12
VP041 Pfeiffer TPU170, turbomolecular pump
VP042 Alcatel ACP15, roots pump
VP060 Pfeiffer TPU170, turbomolecular pump
VP061 Pfeiffer TMU200MP, turbomolecular pump
VP062 Alcatel ACP28, roots pump
VP090 Pfeiffer DCU, pumping trolley
WT080 Water heat exchanger
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Figure D.1: PID of TRAP.
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Appendix E

JFET Hybrid Circuit Diagram
102 ANHANG B. SCHALTPLÄNE DER DETEKTORELEKTRONIK
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Figure E.1: Circuit diagram of the JFET hybrid. The JFET hybrid is depicted
in fig. 4.12 and introduced in sec. 4.3.7.4. (based on [Wue04])
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Appendix F

Residual Gas Analyzers

Two residual gas analyzers from MKS, both of type Spectra Microvision Plus Smart
Head, with different mass ranges (1 − 100 amu and 1 − 6 amu) are used in TRAP.
The most important data of the residual gas analyzers are summarized in table F.1.

Table F.1: RGA specifications. Exert from [MKS04]

Mass range 1− 100 amu (1− 6 amu)
Maximum operational pressure 10−4 mbar
Detection limit Faraday: 2 · 10−11 mbar

Channelplate SEM: 5 · 10−14 mbar
Single channel SEM: 2 · 10−14 mbar

Mass stability with T = const Better than ±0,1 amu during 8 h
Resolution < 10% between two peaks of same height
Maximum baking temperature 250◦C (electronic unit disconnected)
Maximum operational temperature 200◦C (faraday mode)
Vacuum connection ISO CF40
Ion source options Open, UHV, closed, cross-beam
Ion source stability 2 · 10−4 A/mbar
Ion source parameters Electron energy: 20− 100 eV

Emission current: 0− 5 mA
Ion energy: 0− 10 V
Ion acceleration potential: 0 bis −130 V

Specified outgassing rate < 10−9 mbar l/s
Filaments Twin tungsten
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Appendix G

Regeneration of the Cryo-trap

After each run, the Cryo-trap needs to be regenerated. The procedure is presented
in the following. Refer to fig. 4.4 for an illustration and fig. D.1 for a PID.

1. Start evaporation of the LHe with the heater mat that is situated at the bottom
of the cryostat.

2. When temperature increase measured by the TVO sensors gets visible on the
Cryo-trap (temperature rises above 4.2 K), start purging with GHe. Set the
volume flow rate to ∼ 4 l/min and purge through HV020, HV021, HV022,
(HV008)1, HV023, HV024, HV025, HV048, HV050, AV052, VP042 and HV051
into the tritium retention system of TLK.

3. When all the LHe is evaporated from the cryostat, switch on the tube heater
to warm up the cryo-surface (heating power ∼ 60 W).

4. Flood the cryostat with warm GHe to get rid of the cold GHe.

5. When the cryo-surface reaches ∼ 100 K after ∼ 3 h, decrease the purge flow
rate to ∼ 1 l/min and continue heating and purging for several days.

6. Stop purging when the system reaches ∼ 300 K after ∼ 3 d.

7. Evacuate, using first VP040 and VP042 and then VP061 and VP062.

1Inserted after detritiation with ultrasonic bath, refer to sec. 6.4
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[Sue95] M. SÜSSER, ICEC Proc. 17 (1995)

[Sur88] R. A. SURETTE, R. G. C. MCELROY, Fus. Technol. 14 (1988) 1141

[Swa79] W. A. SWANSIGER, R. BASTASZ, J. Nuc. Mater. 85 (1979) 335

[Tem71] K. E. TEMPELMEYER, J. Vac. Sci. Technol. 8 (1971) 612
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