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ARTICLE INFO ABSTRACT
Keywords: Tritium accumulation on surfaces, also known as the memory effect, has a wide range of implications
Tritium

for operating and maintaining fusion reactors, astroparticle physics experiments using tritium, and tritium
analytics. At Tritium Laboratory Karlsruhe (TLK), the Tritium Activity Chamber Experiment (TRACE) was
designed and built to investigate the tritium memory effect of a variety of materials. With TRACE, it is possible
to expose samples to high-purity tritium at ambient temperature and measure their retained near-surface
activity in-situ via beta-induced X-ray spectrometry (BIXS). Within this work, the relative memory effect of
two tungsten samples — one pre-contaminated — after a cumulative exposure to tritium of 2100 mbar-h was
determined. The time evolutions of their activity prove the repeatability of the experiment. Attempts were made
to decontaminate one of the samples in-situ. During continuous evacuation, merely 20% of its near-surface
activity could be desorbed at a bake-out temperature of 200 °C.

Tritium monitoring
Tritium Laboratory Karlsruhe
Beta-induced X-ray spectrometry

1. Introduction

When handling gaseous tritium, the wetted surfaces are inevitably
contaminated due to adsorption, also known as the tritium memory ef-
fect. This tritium is unavailable for processing, which poses a challenge
in a variety of situations, including the fuel cycle of fusion reactors
and their necessary tritium accountancy. Adsorbed tritium also leads
to systematic effects in the Karlsruhe Tritium Neutrino (KATRIN) ex-
periment [1], which developed a suitable decontamination strategy [2].
Additionally, the tritium memory effect in analytical systems negatively
impacts their performance in the form of a history-dependent back-
ground signal [3]. Hence, the knowledge of material-specific tritium
accumulation on surfaces is crucial for various areas in fusion, e.g. fuel
cycle modelling, fuel balance, and maintenance, as well as experimental
astroparticle physics.

This work focuses on the Tritium Activity Chamber Experiment
(TRACE), which enables tritium loading of samples, accompanied by
in-situ near-surface activity measurements. Within the scope of this
study, tritium adsorption on two tungsten samples is investigated and
checked for repeatability. In addition, the decontamination efficiency
of continuous evacuation at ambient and elevated temperatures is
quantified.
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2. The tritium activity chamber experiment (TRACE)
2.1. Experimental setup

The centrepiece of the experimental setup [4] (Fig. 1) contains the
solid sample and a silicon drift detector (SDD). A beryllium window
separates the SDD from the gas volume in order to prevent contami-
nation of the detector. The activity is measured via beta-induced X-ray
spectrometry (BIXS) by counting the number of X-rays generated by the
p-electron originating from tritium decay [5-7]. The beryllium, stain-
less steel and tungsten surface areas exposed to tritium are comparable
in size. However, the tungsten sample is the only object in the detector’s
direct field of view. This is ensured by the specifically designed sample
holder, which creates a distance of roughly 3 mm between the tungsten
surface and the beryllium window. A heating sleeve was fitted around
the recipient to homogeneously bake out the entire sample cell. Fig.
2 displays how the sample cell, labelled “BIXS”, is connected to the
tritium gas supply and the pumping section. This setup allows exposing
the sample to high-purity (> 95%) tritium in a pressure range of (10~*—
1000) mbar, as well as creating UHV conditions within the cell, while
continuously monitoring the activity. After exposure measurements, the
gas mixture is then transferred batch-wise to the CAPER facility [8] for
exhaust purification.
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Fig. 2. Schematic of TRACE and its connection to the pumping section and TLK
infrastructure.

2.2. BIXS activity calibration

The activity calibration of the BIXS system must be performed
for each sample material due to differences in X-ray yield. Gaseous
tritium with known isotopic composition, determined by e.g. Raman
spectroscopy [9,10], is filled into the cell and the resulting count rate
is recorded. By measuring pressure, temperature and volume, the total
activity within the chamber can be calculated and compared to the
count rate. One count per second corresponds to an activity of (9.1
+1.8)-10° Bq and (6.9 +1.4)-10° Bq for sample #1 and #2, respectively,
with the volume being the dominant contribution to the uncertainties.

3. Tritium sorption behaviour of tungsten
3.1. Sample properties

The samples were cut from rolled tungsten sheets to circular shape
with a diameter of 35 mm and a thickness of 1 mm. After the manu-
facturing processes, X-ray fluorescence analysis revealed an elemental
purity of more than 99%.
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Fig. 3. Measured activity increase of two tungsten samples after repeated exposure to
tritium. The 1 o error bars are smaller than the data points.

3.2. Adsorption

Prior to the first tritium exposure of the samples, the background
count rate of the system was measured for a prolonged time. For
samples #1 and #2, the background rate was 17.2 and 33.4 s~!, re-
spectively. The background increase can be explained by the fact that
other samples were measured in between. A measurement campaign
consists of multiple cycles of tritium exposure at ambient temperature
with a subsequent evacuation period, during which the retained near-
surface activity by the sample is quantified via BIXS. A single cycle was
divided into an exposure time of 20 h and an evacuation time of four
hours. After acquiring the spectra during evacuation, the low-energy
noise is removed and the average count rate is calculated. The count
rate follows Poisson statistics. With an integration time of four hours,
the relative uncertainties of the reported rates are below 0.2%. For the
pressure sensors, an uncertainty of 0.12% of the reading was specified,
which is propagated across the exposure cycles. Fig. 3 shows the rate
increase of the two tungsten samples as a function of total exposure
to tritium. For sample #1, the first two loadings were performed at a
tritium pressure of 1 mbar, which showed no significant rate change.
Afterwards, the loading pressure was increased to 10 mbar, which re-
sulted in a steep rate increase of 12.2s~! until a total exposure of about
550 mbar h was reached. Beyond this point, the rate increased more
slowly, with an additional 8.4s~! over the remaining 1550 mbar h.

To validate this change in adsorption behaviour, the procedure was
repeated with more finely resolved exposures for a second tungsten
sample. Similar to sample #1, the first seven exposures at a lowest
pressure of in this case 0.1 mbar led to no significant rate increase.
Consequently, the loading pressure was set to 1 mbar, which resulted
in a slight linear rate increase of roughly 1.1s~! over an exposure
of 280 mbar h. Further increasing the pressure to 5mbar induced a
transition of the adsorption regime resembling exponential growth to
27.25s71 at about 1100 mbar h, followed by a slower rate increase. As
such, sample #2 confirms the previously observed transitions in tritium
adsorption behaviour.

3.3. Desorption

Two decontamination procedures were applied to sample #1 to
conclude its measurement campaign. Firstly, the system including the
sample was baked out at 200 °C during evacuation to prevent the
recontamination of nearby surfaces. While baking out, the detector
needed to remain switched off to prevent damaging its Peltier element.
To measure the activity with BIXS, the bake-out was interrupted mul-
tiple times as depicted in Fig. 4. Approximately five hours at elevated
temperature led to an initial relative activity reduction of 12.5%.
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Fig. 4. Measured relative activity of the tungsten sample during bake-out at 200 °C.
The 1 o error bars are not visible for most of the data points.
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Fig. 5. Measured activity of the tungsten sample during continuous evacuation at
ambient temperature after a bake-out of 5 h.

To verify the BIXS rate stability in absence of increased temperature,
the second data point was measured for a prolonged time. Fig. 5
shows its time evolution during continuous evacuation at ambient
temperature. Over the course of 60 h, no reduction of surface activity
could be detected.

Hence, four more cycles of bake-out with activity measurement
were applied and after 30 h overall, no further activity reduction was
expected. In total, the activity decreased exponentially by 20% with a
time constant of 6.2 h.

4. Discussion

Overall, the two tungsten samples show consistent behaviour re-
garding tritium accumulation. Furthermore, the tritium accumulation
showed a kink-like transition towards reduced adsorption rates for both
samples. This could be interpreted as the onset from monolayer to
multilayer tritium adsorption. Sample #1 reaches this transition sooner,
since it was already contaminated from a previous iteration of the
experiment, while sample #2 was uncontaminated. Hence, the onsets
cannot be compared directly.

To be able to compare tungsten regarding tritium uptake to other
materials studied in [11], the relative tritium memory effect will be
defined as the ratio of the count rate during evacuation after a total
exposure of 2100 mbar h, and the rate during the preceding tritium
loading. In the previous study [11] using a similar setup, stainless steel
coated by various materials, e.g. gold and tungsten, was investigated.
As a reference, the memory effect of uncoated type 316LN stainless was
determined to be 1.28% and a tungsten coating approached 12%. Of all
the materials studied, gold proved to have the lowest memory effect
with 0.82%.
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For the two tungsten samples used in this study, the initially mea-
sured background is included in both rates. This yields a value of (2.04
+0.02) % for sample #1 and (2.95 + 0.03) % for sample #2. When sub-
tracting the background rate prior to the calculation of the memory ef-
fect, this changes to (1.12+0.03) % and (1.45 +0.03) % for sample #1
and #2, respectively. Only the statistical uncertainties are considered,
however, neglecting the fact that sample #1 was already contaminated
at the beginning of this study leads to an underestimation of its relative
memory effect. In both cases, the elemental tungsten sample showed
a significantly lower memory effect than the tungsten coating studied
in [11].

In terms of total attained surface activities, (1.95 +0.39) MBq cm™2
and (2.31 +0.47) MBq cm~2 on the samples were determined.

It is currently not possible to entirely disentangle tritium accumu-
lation on the sample from adsorption on nearby stainless steel and
beryllium surfaces. In order to do so, a more sophisticated background
model is required.

During 30 h of bake-out at 200 °C, the visible activity of the system
including tungsten sample #1 could be reduced by roughly 20%, or (7.0
+1.4) MBgq. It has to be emphasized that with BIXS, tritium desorption
and temperature-induced migration deeper into the bulk cannot be
distinguished, since it is only sensitive to near-surface activity. One
limited possibility to distinguish diffusion into the bulk from desorption
is to bake out the sample in a vacuum oven and trap the released tritium
by converting it to water via oxidation. Liquid scintillation counting of
the generated tritiated water could offer insights on the sample’s bulk
activity. Another possibility would be to analyse the sample’s elemen-
tal depth profile using time-of-flight secondary-ion mass spectrometry
(TOF-SIMS). Contaminating two samples but baking out only one prior
to the analysis and comparing the results could reveal information on
the respective surface and bulk activities. Both methods can only be
applied ex-situ and require removing the sample from the recipient,
which potentially influences the state of the sample.

During bake-out, the activity might have been released in the form
of Q,0 (Q = H, D, T) or tritiated volatile hydrocarbons, in view of the
need for elevated temperatures. With higher temperatures, the activity
might have been reduced even further. Within TLK’s safety framework,
temperatures above 200 °C require additional safety measures [12] due
to increasing tritium permeation. Hence, a decontamination method
that is also effective at ambient temperatures is advantageous. One of
these methods is UV/ozone cleaning [2,13-15], which appears to be
a promising alternative for in-situ decontamination that needs to be
investigated further.

5. Conclusion and outlook

The TRACE setup allows for in-situ measurements of tritium ad-
sorption on and desorption from solid samples. Within this study, the
tritium memory effect of two tungsten samples was investigated by re-
peated expositions to high-purity tritium and continuous activity moni-
toring via BIXS. Both samples showed consistent behaviour of accumu-
lation and after an exposure of 2100 mbar h, their near-surface activi-
ties amounted to (1.95 +0.39) MBq cm~2 and (2.31 +0.47) MBq cm™2.
A reduction of near-surface activity during continuous evacuation was
only observed at elevated temperatures.

A redesign of the experimental setup is in progress. This includes an
extension of the temperature range during tritium loading to >1000K
to more realistically simulate conditions within the fusion fuel cycle,
as well as an integrated UV source to investigate the efficiency of
UV/ozone decontamination. Furthermore, simulations of spatial activ-
ity distributions are being carried out to facilitate the decoupling of
sample activity from the activity of the surrounding vessel surfaces.
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