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The Karlsruhe Tritium Neutrino (KATRIN) experiment aims to determine the effective mass of the electron
antineutrino by investigating the tritium p-spectrum close to the energetic endpoint. To achieve this, there are
stringent and challenging requirements on the stability of the gaseous tritium source. The tritium loop system has
the task to provide the <0.1 % stabilized flow rate of tritium gas into the KATRIN source with a throughput of 40
g/day and a tritium purity>95 %. KATRIN started full tritium operation in early 2019. This paper focusses on the

TLK observed radiochemical effects and confirms that non-negligible quantities during initial tritium operation have

to be expected.

1. Introduction

The KATRIN experiment aims at the determination of the effective
mass of the electron antineutrino with a projected sensitivity of 0.2 eV/
¢ (90 % confidence level) [1]. After first campaigns with deuterium and
traces of tritium [2,3], KATRIN started full tritium operation in early
2019. With the first full tritium measurement campaign, a new upper
limit of 1.1 eV/c? for the neutrino mass was found [4].

After a brief description of the tritium handling (Loop) system fol-
lowed by a recap of the performance of the first 150 d of full T oper-
ation, the focus is set to the observed radiochemical reactions at the
inner surfaces of the Loop system.

2. The KATRIN tritium Loop system

The tritium Loop system and its requirements are described in detail
in [5] and [6], with the operational requirement of 24/7 operation at a
throughput of 40 g/d.

Fig. 1 shows a simplified flow diagram of the Loop system. Tritium is
injected from a pressure controlled buffer vessel over a transfer line and
capillary into the injection chamber in the middle of the WGTS beam-
tube (windowless gaseous tritium source). The capillary, injection
chamber and beamtube are operated at ~30 K (stabilized to 0.1 %) [7].
The gas is pumped out by a cascaded pumping system (DPS1) consisting
of 14 TMPs [8] (turbomolecular pump) type Leybold MAG W2800
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located at pumpports at both ends of the WGTS (windowless gaseous
tritium source) beamtube. Four groups of MAG W2800 are each pumped
by a Pfeiffer HiPace300 pump. The forevacuum is provided by a Nor-
metex/Metal bellows combination which pushes the gas through a
palladium membrane filter (“permeator”) in a buffer vessel. From there
the gas is led over a Laser Raman sampling cell [9] and a regulation
valve back into the pressure-controlled buffer vessel. At the permeator
non-hydrogen components are removed from the gas stream. In order to
avoid blocking of the permeator due to impurity accumulation over
time, a certain amount of gas (“bleed”) is continuously extracted on the
high-pressure side of the permeator and collected in the Exhaust Loop.
The amount of gas not recirculated is continuously replaced from the
Feed Loop which is supplied batch wise with gas from TLK infrastructure.

At the rear end of the WGTS the CMS (calibration and monitoring
system) [10] is attached, containing two TMPs. Downstream, the DPS2
(differential pumping section) [11], consisting of four pumpports and
six TMPs, and the CPS (cryogenic pumping section) [12] are attached.
The combination of DPS and CPS reduces the gas flow rate towards the
spectrometers by >14 orders of magnitude. Gas pumped off at CMS and
DPS2 is collected in the Exhaust Loop and not recirculated.

The overall Loop system consists of 33 TMPs, 4 Normetex/Metal
Bellows combinations, ~220 sensors and ~230 valves. Tritium opera-
tion involves the whole TLK infrastructure, the interfaces (tritium
transfer system TTS, isotope separation system ISS and CAPER) and
combined operation are described in [13,14].
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3. Tritium commissioning of the system

After commissioning the system with deuterium and a ~1% tritium
in deuterium mixture (in chemical state as DT in D) in 2018, operation
with tritium of >95 % purity started in 2019. This section describes the
performance of the system with T and the observed effects.

3.1. Initial high throughput tritium operation

Full tritium operation started in the first quarter of 2019. The
throughput over the WGTS beam tube was ramped up stepwise by
increasing the pressurecontrolled buffer vessel pressure (Fig. 2).
Whereas in the first days stable operation was achieved, the throughput
started to rapidly decrease after a few days of operation, first visible at
the 32.5 scem (standard cm® per minute) setting.

This decrease can be explained by the geometry of the injection
capillary. The injection line inside the WGTS cryostat is fixed to LNj
temperature at the point where the inner pipe diameter is reduced from
6 mm to 2.1 mm. After further 0.9 m, the remaining 4.9 m of the in-
jection capillary are thermally coupled to the beamtube (=30 K). In
principle any gas species apart from hydrogen isotopologues, neon and
helium could freeze out inside the injection capillary at 30 K and form an
orifice which - once the aperture diameter is reduced to such extent that
it dominates the overall conductance — decreases the throughput at a
given buffer vessel setpoint significantly.

Such a decrease was not observed during the deuterium only and low
tritium content commissioning in 2018 [2]. All impurities originating
from the TMPs and beamtube are removed by a permeator and the gas
batches from TLK infrastructure are transferred to the Loop system over a
second permeator. This excludes external contributions leaving an in-
ternal production of impurities induced by radiochemical reaction in
between the permeators and the injection capillary. A known impurity
generated by radiochemical reactions in tritium containing systems in
combination with stainless steel surfaces is tritiated methane [15,16].
This formation of tritiated methane and possibly other impurities by
radiochemistry strongly depends on the amount of carbon available at
the inner surfaces. This amount can be much higher than in the bulk [17]
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Fig. 2. Decrease of throughput during the first 14 days of operation. The
throughput was increased by raising the setpoint of the injection buffer pressure
stepwise. The corresponding flow rates, which would have been reached
without the decrease in conductance due to freeze-out of impurities, are given
in the picture.

but decreases over time as carbon is used up in radiochemical reactions.

3.2. Identification of tritiated methane and CO

After 14 days the injection was stopped, capillary as well as beam-
tube were warmed up to ~80 K. Fig. 3 shows the pressure reading of a
capacitive-type pressure sensor attached to the injection chamber during
the warm-up. Two peaks of gas release were detected and identified by a
simultaneous mass spectrometer measurement as mass 28/CO and
tritiated methane species (mainly mass 24/CT,). Release only occurred
after the beamtube had reached ~80 K. Therefore it can be concluded
that the observed tritiated methane and CO were frozen in between the
LN; coupled part of the injection capillary and the 30 K part.

3.3. Consecutive high T, throughput operation

After the 1st warm up the WGTS was cooled down again to ~30 K
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Fig. 1. Simplified flow scheme of the KATRIN tritium loop system. The pumping systems at WGTS consists in total of 18 TMPs. DPS2, CMS and CPS are not shown.
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Fig. 3. Release of CO and tritiated methane during first warm-up.

and circulation was resumed at 13.5 sccm flow rate. A throughput value
on the level of the first ramp up was reached, verifying that only CO and
tritiated methane contributed to the partial blocking of the injection
capillary and no or negligible amounts of other species were frozen in-
side the capillary.

A 2nd warm up to 80 K level was performed after further 35 days of
operation when the throughput again slowly started to decrease.

A 3rd warm up to 80 K level was performed after further 19 days of
operation. Prior to warming up 2 days of operation at 89.5 sccm gas flow
rate were performed, resulting in a stability of 0.13 %/day. This already
is a factor >100 better compared to the initial stability at this set point.

The bleed value at the Circulation Loop permeator was set to a con-
stant value of 1.4 sccm. The tritium purity of the circulated gas during
the 1st tritium measurement campaign was >97 % [18].

4. Approximation of methane and CO generation
4.1. Quantification of released methane and CO

The amount of gas released during a warm-up of the WTGS beamtube
was estimated by collecting the released gas of the warm-up in a closed
volume behind the roughing pumps.

During 1st warm-up, a release of 8 = 2 cm® (STP) of gas was
observed, during 2nd warm-up 3 = 0.5 cm® and third warm-up 0.8 + 0.2
cm?®. The amount decreases with prolonged tritium exposure pointing to
a significantly reduced impurity gas generation during standard
operation.

The sum of the released gas amount during the three warm-ups
however is not identical to the amount of CO and methane generated
in total: After the 1st warm-up the beam tube stayed at ~80 K for 7 days,
after the 2nd warm-up for 2 days only. During that time, the Loop system
stayed exposed to tritium and was evacuated before resuming circula-
tion. Impurities generated in these time periods were not accounted for.
Taking into account the decreasing generation rate, an upper limit for
the total amount of impurities being generated in the first 78 days of 16
cm® can be assumed.

4.2. Review of literature data

Methane generation is strongly dependent on the surface quality:
Morris [15] and Gill [16] investigated tritium induced methane pro-
duction of various stainless steel surface qualities at room temperature
and 100 °C. All samples showed the highest production rate directly
after start of tritium exposure. The rate declines with exposure time. For
samples with non-degreased surfaces or samples with special coatings,
increased methane generation rates were reported, compared to all
other investigated samples. The rates were higher than one order of
magnitude. Maximum generation rates were observed for the "as
received and rinsed" sample in [15] and the “chemical conversion
aluminum” sample in [16].
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An additional information can be gained from these publications by
comparing the impurity generation rates to the *He generation rate: the
maximum generation rate of methane stayed below the level of the He
generation rate corresponding to the stated tritium amounts and expo-
sure time for almost all the samples. This indicates that in average less
than one molecule of methane per decay inside the volume was created
due to radiochemical reactions at the inner surface. The only data
deviating are the initial days shown for the non-degreased “as received
and rinsed samples” in [15]. For these dedicated samples no measure-
ments with deuterium were reported which could have determined to
which extent outgassing of carbon containing species from the
non-degreased surfaces could have contributed to the observed methane
build-up.

A similar observation is shown in the publication of Coffin [19]
investigating methane generation from tritium-graphite interaction and
tritium stainless steel interaction: the amount of methane reported there
was below the amount of He being generated in the reported time.
Neither of the mentioned publications reported or investigated creation
of CO. Possible mechanism leading to tritiated methane and CO are
electron [20] and ion [21] stimulated desorption of CH4 and CO, radi-
olysis of impurity surface films [22], and subsequent isotope exchange
reactions inside the gas phase [23]. Other candidates are directly trig-
gered reactions by T+ and T>* ions. Most likely one observes a super-
position of various effects.

4.3. Inner surfaces of Loop system

The inner surface of the Loop system consists of anodically cleaned
surfaces of the piping and the metallic blank surfaces of the loop buffer
vessels. The system underwent a final cleaning and degreasing proced-
ure prior to installation. Table 1 gives an overview of the volumes and
surface areas of the relevant parts of the Loop system. Also given are the
mean pressure and corresponding activities during the initial 14 and 78
days of operation. As a reference, the calculated integral amount of *He
created by tritium decay during that time is given.

Morris and Gill reported a generation of tritiated methane of up to 20
cm?®/m? for comparable surfaces. Within the initial 14 days of KATRIN
tritium operation ~8 cm?® of impurities were generated, the upper limit
for impurity generation after 78 days was 16 cm?®. This value is in
agreement with the reported value.

4.4. Carbon exhaustion by tritium exposure

The amount of methane and CO produced during the initial 14 days
is less than the amount of *He being generated in the same time. It is
hereby assumed that per one decay in a given volume max. One radio-
chemical reaction at the surface can take place. From the numbers given
in the table it is concluded, that carbon depletion of the pressure-
controlled buffer vessel and transfer line surfaces — the parts with the
largest surfaces, but also the lowest operation pressures — was not
reached after the initial 78 days of tritium exposure. The total amount of
3He being created in these volumes is far less than the expected amount
of impurity generation from the surfaces. Therefore, the relevant part of
the system was statically exposed to 680 mbar of tritium for 5 weeks in
order to use up the remaining carbon at the surfaces.

4.5. Performance after tritium exposure

The 2nd tritium measurement campaign of KATRIN was performed
during the 2nd half of 2019 with an injection flow of ~90 sccm. There
was no evidence for a freeze-out of methane or CO over a period >60
days. This verifies the success of the described counter measure to
reduce the methane generation.
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Table 1
Surface areas, volumes and tritium amounts inside the system during first tritium operation.
Transfer pumps 4¢ vessel 2¢ vessel 15¢ vessel Transfer line >
Volume (¢) 0.75 4 2 15 5.2 27
Surface (m?) 0.3 0.16 0.1 0.32 0.84 1.7
Initial 14 days
Mean pressure (mbar) 252 615 190 9 9
Mean amount (mbar?) 189 2460 379 136 47 3211
Mean activity (Bq) 1.8E+13 2.3E+14 3.6E+13 1.3E+13 4.4E+12 3.0E+14
He/d (cm®/d) 5.8E-02 7.6E-01 1.2E-01 4.2E-02 1.4E-02 9.9E-01
®He integral (cm®) 0.8 10.6 1.6 0.6 0.2 13.9
Initial 78 days
Mean pressure (mbar) 236 597 188 8 8
Mean amount (mbarz) 177 2388 376 121 42 3103
Mean activity (Bq) 1.7E+13 2.3E+14 3.6E+13 1.1E+13 4.0E+12 2.9E+14
He/d (cm®/d) 5.4E-02 7.3E-01 1.2E-01 3.7E-02 1.3E-02 9.5E-01
3He integral (cm®) 4.2 57.3 9.0 2.9 1.0 74.4
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