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a b s t r a c t

The measurement of tritium activity in water in the GBq=ℓ range is an important topic in fusion and
other areas. In this work a scintillator detector based on the BC-408 plastic scintillator was built up and
tested in the mentioned range. The structure of the detector was simplified to ease maintenance.
Memory effect and scintillator damage were investigated by means of experiment and simulation. The
results are analyzed in view of further detector development, and conclusions are drawn concerning the
scintillator material.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The monitoring of tritium levels in water is important not only
for environmental protection purposes, but also for the safe
operation of tritium handling facilities. In tritium laboratories, like
the Tritium Laboratory Karlsruhe (TLK, [1]), substantial amounts of
tritiated water are produced during the detritiation of the glove
box or the laboratory atmosphere. This water has to be treated in a
water detritiation system (WDS, [2,3]), to recover tritium and
minimize releases to the environment. Such a facility is foreseen
also for the fusion reactors JET [4] and ITER [5].

Since tritiated water (HTO) is toxic, but behaves chemically as
normal water, direct handling is better to be avoided; therefore an
inline measurement method is preferable [6]. To monitor the
processes in the WDS, it is advantageous to have a near-to-
realtime activity measurement. Taking the time constants of such
processes (on the order of some hours [3]) into account, the
activity concentration of the water should be measured at least
every 10 min, in order to follow the process. The detection limit of
the detector (considering the concentration range in a WDS, [3])
should be on the order of MBq/ℓ, with measurement range up to
the GBq/ℓ region.

The standard method to measure tritium in water is liquid
scintillation counting (LSC) [7]. However, this method is offline,
requires direct handling of tritiated water and produces

radioactive, organic waste, which makes it undesirable for pur-
poses of process monitoring. A detector with solid scintillator,
however, has none of these disadvantages and can be made an
online monitor. Such detectors have been fabricated in the past
(see Section 2.2), but these were constructed to measure HTO only
in the kBq/ℓ range. Therefore the goal of this work was to build
and test a detector for the GBq/ℓ range.

2. Measurement of tritium activity in water

2.1. Challenges of tritium measurement

Tritium is a weak beta emitter with 18.6 keV maximal beta
electron energy. This means that the average penetration depth of
tritium beta electrons in liquid and solid materials is in the
micrometer range [8]. Thus, the size of the surface of a solid
tritium-in-water detector is the main factor in detection efficiency.
Additionally, the low penetration depth makes the detection of
tritium in general more challenging than the detection of other
beta emitters with higher energy.

Semiconductor devices for radiation measurement usually have to
be cooled below the freezing point of water to have low and stable
noise; therefore these are not ideal for tritium detection in water.
They can be used for indirect detection with the BIXS technique [9],
but such detectors require thin beryllium windows (some hundred
micrometer in thickness [9]) as a primary containment. This poses a
hazard for WDS systems with overpressure (WDS facilities can work

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/nima

Nuclear Instruments and Methods in
Physics Research A

http://dx.doi.org/10.1016/j.nima.2015.06.040
0168-9002/& 2015 Elsevier B.V. All rights reserved.

E-mail address: kolloz42@gmail.com

Nuclear Instruments and Methods in Physics Research A 798 (2015) 24–29

www.sciencedirect.com/science/journal/01689002
www.elsevier.com/locate/nima
http://dx.doi.org/10.1016/j.nima.2015.06.040
http://dx.doi.org/10.1016/j.nima.2015.06.040
http://dx.doi.org/10.1016/j.nima.2015.06.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2015.06.040&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2015.06.040&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2015.06.040&domain=pdf
mailto:kolloz42@gmail.com
http://dx.doi.org/10.1016/j.nima.2015.06.040


with up to some bar overpressure [3]). The detection limit of such a
detector for water is reported by Matsuyama et al. to be 3 MBq/ℓ,
which is adequate for a WDS. A sensitivity of 5.5�10�9 cps/(Bq/ℓ)
was obtained, which is several orders of magnitude lower than those
of scintillation counters (see Section 2.2). However, the BIXS techni-
que is still considered as a promising method to measure tritiated
water in the GBq/ℓ to TBq/ℓ range [10].

Solid scintillator detectors are a better solution, because the
scintillator can be placed into the water for direct detection of the
tritium beta electrons. The scintillation light can be detected outside
the sample chamber, meaning a safe separation of most of the
detector components from the tritiated water by means of a thick
glass window. Because of possible contamination of the components,
an HTO-detector has to be maintained in a fume hood or a glove box.
For easier maintenance the detector should have a simple structure
(see also Section 3.1). Since radicals are produced in HTO by the
radiation [11], such water can damage materials; therefore scintillator
damage is a possibility, which needs to be investigated.

2.2. Previous works

Several authors built detectors for tritium in water based on
scintillators (see Refs. [12–16]). In these studies various organic
scintillators in various forms were used, and the scintillation light
was measured with PMTs in coincidence mode.

The detection limits of the various detectors were all in the
kBq/ℓ range, but the detection efficiencies scatter over a wide
range of four orders of magnitude (3.85�10�4 to 3.2 cps/(Bq/ℓ)).
For a better comparison of the various detectors it is useful to
calculate the detection efficiency per unit scintillator surface:

ϵ¼ CR
cA � Fsci

ð1Þ

where CR is the count rate of the detector, cA is the tritium
concentration of the water, and Fsci is the surface area of the
scintillator.

The specific efficiencies calculated from the values reported in
the mentioned works are all in the range of 10�6–10�5 cps/(Bq/ℓ
cm2). Considerable memory effect and scintillator damage was not
reported, probably due to the low concentration range of kBq/ℓ.
However, Osborne [14] reported deterioration of the scintillator in
hydrochloric acid, which caused a sensitivity decrease after
130 days.

2.3. Scope of this work

In this study a test setup to measure tritium in water was built and
investigated. No flow chamber was built because the goal was the
testing of the concept for higher concentrations. The detector was
simplified as much as possible to ease maintenance (see Section 3.1).
A plastic scintillator was used because it can be easily formed and was
successfully used for low concentration in previous studies [15]. For light
detection, a PMT was used because the average number of scintillator
photons per decay electronwas expected to be low. Indeed, for a 5.7 keV
electron (average beta energy of tritium), the average number of photons
from the scintillator used in the study (see next section) is around 32
(calculated by integrating the Birks equation [19], using stopping power
data from the ESTAR database [8]).

The main goals of this study were

� build and test a detector with simple construction
� analysis of the detection process of the detector with experi-

ments and simulation
� measurements in the concentration range up to about 30 GBq/ℓ

� measurement of sensitivity and detection limit, and compar-
ison of the results with those obtained by the BIXS method
[9,10].

� investigation of memory effect and/or short term scintillation
damage and

� general conclusions about scintillators used in tritiated water
detectors for high concentration

3. Experimental setup

3.1. Overview

The cross-section of the setup is depicted in Fig. 1. The
simplification of the detector structure meant that only one PMT
was used. For easier maintenance the direct light coupling from
the sample chamber to the PMT was omitted. It would have
involved the application of optical grease and additional elements,
and this would complicate maintenance. The latter is already
complicated if good contamination control with tritiated water is
to be assured.

The outer shell of the setup was cooled to 15 1C to minimize
background drift due to ambient temperature changes, but not so
cool as to allow condensation. The cooling was ensured by means
of a commercially available water cooling unit [20], and a plastic
tube carrying the cooling water, wrapped around the whole setup.
The stability of the water temperature was at least 0.1 1C. The
components are detailed in the following sections.

3.2. Scintillator

As a plastic scintillator, the BC-408 [17] material (produced by
Saint-Gobain Crystals) was used. This material has a light yield of 64%
compared to that of anthracene, its emission maximum is at 425 nm.
The circular scintillator disk with a diameter of 29 mm has been cut
out from a 0.5 mm thick polished plate. The disk was put onto a
holder made of a 1 mm thick stainless steel wire (see Fig. 2) to keep it
away from the bottom of the sample chamber, so that the whole
surface of the scintillator is in contact with the tritiated water.

3.3. Sample chamber

The sample chamber consists of the metal outer shell, a glass
cup to hold the tritiated water and the scintillator, and a quartz
window towards the PMT for the scintillation light. The glass cup
was 51 mm tall, with an inner diameter of 30 mm and a wall
thickness of 2 mm (Fig. 2). A polished aluminum cylinder was used
to cover the glass cup on the top and the side for better light
reflection (this part was omitted in Fig. 1 for clarity).

Outer
metal
shell

Glass cup
with
tritiated water

Scintillator
plate

Glass window

PMT

Fig. 1. Cross-section-view of the main part of the setup. The aluminum cup which
surrounds the glass cup (but leaves the bottom open) is not shown for clarity (it is
presented in Fig. 2). The space between the PMT and the glass window is filled with
air. The figure is to scale.
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3.4. Signal readout

As a light detector, a Photonis XP-2262 PMT was used, which has a
bialkali photocathode with a quantum efficiency of 26.5% at the
emission maximum of the scintillator. The supply voltage was 1850 V.
The signal of the PMT was processed by means of Ortec instruments:
a type 113 scintillation amplifier, a 575A main amplifier and an Easy-
MCA-8k multichannel analyzer. The signal pulse threshold was set to
measure also single photoelectron events. The background count rate
of the PMT (cooled to 151C) was around 300 cps.

4. Simulation of detector response

It was important to analyze the theoretically possible spectrum
for different light yields, since scintillator damage is a possibility.
Damage of the scintillator material decreases its light yield [19].

4.1. Description of the simulation

The detector response was simulated by means of the GEANT4
simulation package [21]. The standard electromagnetic physics list
was used, including bremsstrahlung and ionization for electrons,
Compton scattering and ionization for gamma photons, and
scintillation processes for both. The simulation was written utiliz-
ing the GAMOS framework [22]. The necessary parameters were
taken from the ESTAR database [18], the data sheets of the
detector components, and from Refs. [23–27]. The complex refrac-
tion index of stainless steel was not available from any database.
Therefore, it was substituted with that of iron, which is the main
constituent of stainless steel. The obtained data was post-
processed with a custom-written C program to simulate the Birks
quench and to calculate the results for several scintillation yields.

The geometry in the simulation follows the geometry in Fig. 1.
The parts are built up using cylinders and cones, all surfaces have
been defined to be smooth, because the metal surfaces in the
experimental setup are polished and the glass surfaces are also
smooth.

The program simulates the detection process from the decay
electrons until the scintillation photons are absorbed in the
photocathode or elsewhere in the setup. The number of photo-
electrons detected in the PMT is counted for each decay event,
taking into account the wavelength-dependent quantum effi-
ciency of the PMT. The result of the simulation is the
photoelectron-number spectrum (or electron number spectrum)
“measured” with the simulated PMT.

4.2. Results for different light yields

The simulation has been executed for a Birks parameter of kB¼
9:21 � 10�3 g/(MeV cm2) [24]. The light yield ratio Y ¼ Ssim=Sorig (where
Ssim is the light yield in the simulation and Sorig ¼ 9600 photons/MeV

that of BC-408) was 100, 50 and 10%. The results are shown in Fig. 3.
Clearly, the light yield has a significant impact on the spectrum.With the
original light yield the maximum observable electron number in an
event is 14, but with 10% only 4, while the sensitivity is 1.8�10�8 cps/
(Bq/ℓ cm2) and 4.1�10�9 cps/(Bq/ℓ cm2), respectively. The theoretical
maximal sensitivity is about two orders of magnitude lower than those
of previous scintillator detectors. The reason is that only 25.5% of
photons arrive to the photocathode (as calculated from the simulation
results) due to light absorption in the setup, which is the consequence of
the light coupling being omitted. However, this sensitivity is much
higher than that of the BIXS method (Section 2.2 and [9]), and could be
adequate for HTO in the GBq/ℓ range. The simulation does not give a
detection limit, because it depends also on the background stability of
the PMT. This is discussed in Section 5.2.

5. Measurements and data analysis

5.1. Measuring the spectrum of tritiated water

The measurement was performed as follows: the sample
chamber was filled with 3 ml of tritiated water with a concentra-
tion of 5.8670.07 GBq/ℓ. The sample chamber was closed and the
PMT high voltage was switched on. The pulse height spectrum of
the PMT was measured for several days, because the photocathode
was exposed to ambient light and this increased the background
substantially. After the signal has stabilized, 10-min measure-
ments of the spectrum was performed 100 times in succession.
The spectra were then added, corrected for deadtime and normal-
ized with the measurement time. It was assumed, that the single
electron peak (SEP) can be described with a Gaussian curve, and
the multiple electron peaks are simply the result of single electron
events happening at the same time. Based on these assumptions
the following fitting function has been fitted to the measured
spectrum:

CðCHÞ ¼
XM
n ¼ 1

Cnffiffiffiffiffiffiffiffiffi
2πn

p
� σSEP

� exp �1
2

CH�n � PPSEPffiffiffi
n

p � σSEP

� �2
 !

: ð2Þ

This is a sum of Gaussian curves, where C(CH) is the number of
counts in the CHth channel of the ADC, n means the number of
photoelectrons in an event, Cn is the number of events with n
photoelectrons, M is the maximum number of photoelectrons in
an event, PPn is the center of the nth Gaussian (the peak position),
and σSEP is the standard deviation of the single electron peak. Only
the spectrum part from channel 160 was used for the fitting, since
below this channel the spectrum deviated from the sum of
Gaussians because of unavoidable noise pulses. The resulting

Fig. 2. Inner parts of the sample chamber. (1) Glass cup, (2) scintillator holder,
(3) scintillator, (4) aluminum cup.

Fig. 3. Simulated spectra with various yield factors (Y). Y ¼ Ssim=Sorig , where Ssim
and Sorig are the light yields of the scintillator in the simulation and that of BC-408,
given by the manufacturer, respectively.
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Gaussian curves, together with the measured spectrum are dis-
played in Fig. 4.

The correlation coefficient between the fitted curve and the
measured one was 0.9998, meaning an excellent fit. The same
measurement and fitting procedure was performed for the back-
ground of the setup with distilled water. It was found that the
areas of the Gaussian curves above six-electron events (count of
events with seven or more photoelectrons) match the background
within error, meaning maximum six-electron-events were detect-
able on the HTO spectrum. The background counts were sub-
tracted from the HTO counts and the sensitivity of the detector
was calculated to be 1.39�10�8 cps/(Bq/ℓ� cm2). This is much
lower than the one obtained from the simulation with the
scintillator light yield given by the manufacturer. The reason is
most probably a damage of the scintillator, which can alter the
scintillation yield. The scintillator damage can be caused by the
radicals in the water, as well as the radiation.

A chi-square optimization was performed with the simulation
data, by changing the scintillation yield and the Birks parameter
(which can also be different due to scintillator damage) to fit the
simulated electron number spectrum to the experimental one. The
optimized parameters, yielding the lowest reduced chi-square
value of 275.3, were kB¼0.0 and Y ¼ 17:570:5%. The comparison
of the experimental and the optimized simulated spectrum is
displayed in Fig. 5.

The reduced chi-square value being well over 1.0 indicates that
the fit is far from being perfect. However, if the reduced chi-square
is calculated only above the single electron peak, the value reduces
to 31.4, meaning that the simulated single electron peak deviates
the most from the experimentally measured one. The reason for
this is probably the afterpulses of the PMT, which are mostly single
electron events, indistinguishable from real signals.

5.2. Measurements with different tritium concentrations

The setup was modified for further experiments, as it is
described in Appendix A. The main structure however, remained
the same, except that the PMT was protected from ambient light
by means of a sliding valve during sample change.

The background of the detector was measured continuously in
a one week period, with 5 ml distilled water in the sample
chamber. The measurement time of the individual data points
during the presented measurements was always 10 min. The
background value was between 894 and 904 cps, the slight drifts
attributed to minor changes in detector temperature.

The setup was then calibrated by means of five tritiated water
samples with concentrations from 3.11 to 27.45 GBq/ℓ. In-between
the HTO measurements the tritiated water was taken out from the

sample chamber, the glass cup and the scintillator were rinsed with
distilled water and distilled water filled in. The water amount was
always 5 ml. The threshold of the counting electronics was set in the
valley between the SEP and the noise, and the total count rate of the
detector was measured for each sample. A linear detector response
was obtained: the correlation coefficient between the concentration
and the count rate was 0.9996.

The background count rate increased during the measurement
series, which implies a memory effect. The background, 24 h after
the last HTO measurement, was more than 50 cps higher than the
background in the beginning. It took a month for the count rate to
decrease to 904 cps, just in the range of the background in the
beginning.

After the measurements the scintillator was taken out from the
setup, and rinsed with distilled water 3 times. Then it was
dissolved in 15 ml InstaGel scintillator cocktail, and measured in
the same LSC machine, as the one used for the water samples.1 The
scintillator plate contained 12 Bq tritium, which evidences a
retention of tritium in the scintillator. The tritium retention is
most probably responsible for the memory effect. The detection
limit is high due to the memory effect: if one takes the highest
measured background into consideration, the signal shall be
higher than that value. If the detection limit is calculated accord-
ing to Ref. [28], using the highest measured background and its
standard deviation, its value is 29 MBq/ℓ, which is high compared
to the target value mentioned in Section 1.

Besides the memory effect, the signal of the detector showed a
delay after exposing the PMT to the samples (i.e. opening the
sliding valve; see Fig. 6). The analysis of the signals is described in
Appendix B. It took about 1.5 h for the signal to reach its final value
during a HTO measurement and about 2–2.5 h to approximately
stabilize in the case of background measurements. The back-
ground also drifted after the measurement of the two highest
HTO concentrations. As detailed in Appendix B, this behavior can
be attributed to the adsorption/desorption of tritiated molecules
on the surface of the scintillator. Such a delay limits the usage of
such detectors to monitor processes which have time constants
longer than 2.5 h.

6. Conclusions and outlook

A plastic scintillator-based detector was constructed and tested
for tritiated water in the GBq/ℓ concentration range. The actual
measured sensitivity of the detector is lower than that in the

Fig. 4. The measured HTO spectrum and the first six fitted Gaussian curves. The counts
in the channels are calculated for 10 min livetime. Above channel 1600 the HTO
spectrum did not differ significantly from the background. As a consequence, from
the 7th Gaussian, the areas under the Gaussian curves for background and HTO
were the same within error, therefore these are not shown.

Fig. 5. Comparison of the optimized simulated spectrum with the experiment. The main
parameters of the simulation: kB¼0.0 g/(MeV cm2), Ssim ¼ 1680 photons=MeV.

1 The LSC machine was tested by means of samples with and without dissolved
plastic scintillator, the resulting correction is included in the result.
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simulation, due to (most probably) the damage of the scintillator
surface by tritiated water. A considerable memory effect is also
observable, which was not an issue for concentrations in the kBq/ℓ
range. This increases the detection limit significantly above the
desired 1 MBq/ℓ. Besides that, the signal of the detector does not
react instantaneously to the change in the sample concentration,
but shows 1.5–2.5 h delay in reaching the stable value. The last
two effects are attributed to the (time-dependent) adsorption/
desorption of tritiated molecules onto/from the scintillator. Such
effects are not favorable for a WDS which has time constants of
less than some hours.

The issues above imply, that a plastic scintillator material is not
the most adequate to be used in a detector for the GBq/ℓ
concentration range. Another, more resistant material, e.g. a YAP
scintillator [29] however, may be satisfactory, though confirmation
awaits future measurements.
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Appendix A. Modifications on the setup

The PMT in the first experiments had to be switched off if the
sample chamber was to be opened, and it took two days until the
PMT signal was stabilized. This makes it impossible to follow the
short-term reaction of the detector to sample change. Therefore,
the setup was modified as follows:

� The sample chamber was redesigned, so that the glass cup is
fixed at the top of the chamber. This makes the quartz window
unnecessary (which was holding the glass cup before).

� The glass cup inner diameter and the scintillator diameter was
enlarged to 40 and 39 mm, respectively.

� In place of the window, a sliding valve was built in, which
provides leak-tight protection of the PMT.

� A new PMT, type 9813B from ET-Enterprises, has been built in.
It has a larger gain (7 � 107) than the previously used one, but
other characteristics are similar (bialkali cathode, quantum
efficiency, etc.).

Appendix B. Analysis of the time dependence of the detector
signal

As it is mentioned in Section 5.2, the measured count rate did
not change abruptly after changing the HTO concentration and
opening the sliding valve, but increased/decreased gradually in the
case of HTO/background measurements. To investigate this phe-
nomenon, the double-electron peak (DEP2) was used. The reason
for this is that the DEP is still significant in the spectrum, but
minor temperature changes do not affect it (unlike the SEP). The
DEP count rates were determined for every 10-min measurement
by fitting (2) to each measured spectrum. The count rates of a
typical HTO and a following background measurement are pre-
sented in Fig. 6.

As a theoretical description of the above, the following model is
proposed: the count rate of the detector is the sum of three
components, the background (BG), the count rate proportional to
the concentration in the water (concentration: cA), and the count
rate due to tritiated molecules on the surface of the scintillator
(number of molecules on the surface: Nsur):

CR¼ BGþK1 � cAþK2 � Nsur : ðB:1Þ
The number of tritiated molecules on the surface is supposed to

change according to the following equation:

dNsur

dt
¼ cAH�Nsur

τ
ðB:2Þ

where H is a constant and τ is the mean time one molecule spends
on the surface. The first term says that the speed of adsorption is
proportional to the tritium concentration in the water and the
second term expresses that the rate of desorption is proportional
to the number of molecules on the surface. This equation has
basically the same form as the Lagergren equation [30], which is
the simplest equation describing adsorption kinetics.

Assuming a clean scintillator placed into HTO with concentra-
tion cA, the solution to Eq. (B.2) is

Nsur ¼ cAHτ 1�expð�t=τÞ� �
: ðB:3Þ

By placing this function into Eq. (B.1) one can fit the parameters (H
and τ) to the experimental data, as shown in Fig. 6. This fit was
done for all HTO measurement data series, yielding fitted para-
meter values with errors under 10%. The obtained values of τ were
the same within experimental error, giving τ¼ 21:0 min as
average.

According to Eq. (B.3), the coefficient of the exponential should
be directly proportional to cA. The correlation coefficient between
the experimentally obtained values is 0.9668, meaning a fair
correlation. These results imply that this simple model of adsorp-
tion approximately describes the observed process.

In case the scintillator is in distilled water, and there are N0

tritiated molecules on the surface of it in the beginning, the
solution to Eq. (B.2) is

Nsur ¼N0 expð�t=τ0Þ ðB:4Þ
where τ0 is a time constant as in (B.2), but its value can be different
in the case of desorption in distilled water, because some of the
tritiated molecules can diffuse into the scintillator material slightly
while the scintillator is in HTO. The effect of this is approximated

Fig. 6. Response of the detector to tritiated water and distilled water afterwards. Only
the DEP count rate is displayed (see Appendix B). Tritiated water concentration:
27.4570.31 GBq/ℓ. The elapsed time is measured from the beginning of the first
measurement after opening the sliding valve. The dashed lines show the fit result
using Eqs. (B.1), (B.3) and (B.4) (see Appendix B).

2 Events, where two photoelectrons are detected.
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here by allowing a longer desorption time. Eq. (B.1) with Eq. (B.4)
in place of Nsur was fitted to the data obtained from the back-
ground measurements. A second exponential was added to it with
independent parameters, which was necessary to describe the
slow drift of the background 4–5 h after the start of the measure-
ment. This drift can mean molecules which were strongly bonded
to the scintillator, thus having an even longer desorption time. The
obtained values for τ0 were the same within error, the average
value was 30 min, with errors less than 5%. The time constants of
the slow drift were on the order of 300 min, but with errors up to
40%. This can mean that the second exponential as a model of the
drift is not accurate.

Osborne [14] observed a similar behavior in a flow cell detector,
but the time constants were much shorter, under 10 min. This can
be attributed to the different scintillator material and/or the flow
of water, which can alter the adsorption/desorption process.

In conclusion, the delayed response of the detector can be
approximately described by assuming adsorption/desorption of
tritiated molecules, but the details of the diffusion into and out of
the scintillator, the bonding of molecules and the effect of water
flow needs to be investigated further.
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