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ARTICLE INFO ABSTRACT

Handling Editor: Sheldon Landsberger

The activity concentration of °H in water samples collected from places unaffected by nuclear activities or for
human consumption can be very low. In these cases, determination procedures must achieve a Minimum

Detectable Activity (MDA) low enough to ensure that °H is accurately determined. In this paper, we present a
method that uses a new Liquid Scintillation Spectrometer (LSC in what follows): the Quantulus GCT 6220.
Furthermore, a new liquid scintillation cocktail, the ProSafe LT+, has been tested for 5H measurement, showing
to be a good option for the determination of low levels of this radionuclide. The MDAs achieved are low enough
to enable the measurement of very low levels of °H in recent environmental water. The results obtained using a
Quantulus GCT 6220 and Prosafe LT + are compared to those obtained with a Quantulus 1220 and Prosafe HC +

as liquid scintillation cocktail.

1. Introduction

3H is a radioactive isotope of hydrogen with a half-life of 12.32 +
0.02 years, and decays by p~ emission with a maximum energy of
18.5906 + 0.0032 keV (Purcell and Sheu, 2015). Such low energy makes
LSC our technique of choice for its determination in environmental
samples.

3H is present in the environment due to different natural and artifi-
cial sources. The natural production of >H comes from the interaction of
cosmic rays with stable 1*N in the upper atmosphere: G*N+ n- 2C+
fH) (P. G. Young and Foster, 1972). 3H can also be found in neigh-
bouring waters of nuclear power plants [3], 51 production facilities, and
nuclear test sites (Oms et al., 2019). Other sources include nuclear ac-
cidents (Machida et al., 2023; Povinec et al., 2017) and nuclear fuel
reprocessing plants (Sudprasert et al., 2022) This artificial production of
3H is expected to increase due to the future operation of nuclear fusion
reactors where it will be used as fuel (Abdou et al., 2015).

The wide availability and high environmental mobility of H (Fer-
reira et al., 2023; Oms et al., 2019) makes this radionuclide particularly
relevant in monitoring programmes (Jankovic et al., 2012; La Verde
et al., 2021; Sudprasert et al., 2022) where its determination in tap
water is mandatory in many cases. One of such programmes is the

Spanish Environmental Radiological Surveillance Network, coordinated
by the Spanish Nuclear Safety Council (Butragueno et al., 1992). Our
laboratory belongs to such network and, therefore, is committed to the
measurement of °H in tap water.

The activity concentration of >H in tap water samples from the city of
Seville (Spain) has been decreasing during the last years. An example
can be seen in Fig. 1 where data on the concentration of *Hin tap water
collected in Seville are presented together with the systematic Minimum
Detectable Activities (MDA) so far obtained with the previous methods
used at our laboratory. In recent years, the activity concentrations have
been too close to MDA. We expect that the cause of this decrease might
be the global decay of tritium, as there has been no significant contri-
bution from nuclear tests in the last three decades and there are no
nuclear power plants in the vicinity of the city of Seville. A similar decay
has been observed in several areas (Duliu et al., 2018; Gusyev et al.,
2016). This makes it necessary to achieve an improvement in our pro-
cedure to lower the MDA to allow a realistic determination of *H con-
centration in human consumption water.

An increase of MDA can be seen at some points in Fig. 1. The
counting efficiency and background count rate proved to be stable at
that time in our Quantulus 1220 spectrometer, these sharp changes are
due to the electrolytic enrichment: The concentration factor was an
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Fig. 1. °H activity concentration in drinking water results and MDAs obtained
in Seville from January of 2017 to December of 2022 [12]. A steady decrease in
activity concentration can be contemplated.

average of 4.55 for all 12 samples, while it was 6.48 in 2019. Some
possible explanations for this could be a poor refrigeration of the system
in 2018 or cells that weren’t properly cleaned.

Our previous measurement technique was based on the use of a
Quantulus 1220 LSC and ProSafe HC + as a liquid scintillation cocktail.
Although the mentioned spectrometer is designed for low-level count-
ing, under current conditions, our present method does not provide a
low enough MDA. To overcome this problem, we have carried out a set
of improvements of the procedure aimed to decreasing the MDA to make
it possible to determine >H at the very low levels recently found in
drinking water.

After a new measurement procedure with a lower MDA was estab-
lished, it was validated by measuring a proficiency test sample that
served as quality control. After confirming that the results are valid and
reliable, this method was used for the determination of 3H in tap water
samples for monitoring.

2. Experimental

Tap water samples from the public water supply in Seville were
collected monthly from 2016 to 2023. After sampling, they were stored
until analysis. The procedure is applied to six samples simultaneously.
Our first step was to purify and concentrate to make possible the mea-
surement of >H by LSC. For this, water was first distilled. Then, 1.00 g of
NayO, was added to each sample to increase the electrical conductivity.
In rutinary tasks, our set of six samples was analysed along with one
procedural blank and three additional spiked samples to determine the
enrichment factor to a total of 10 concurrent analyses.

The second step was electrolysis (Baeza et al., 1999). Our choice is to
concentrate each of the 10 samples from 250 ml to 20 ml in stainless
steel electrolytic cells. A schematic of this electrolysis system is shown in
Fig. 2. Finally, PbCl; is used to neutralise the final samples that are
distilled once again. Additional spiked and blank vials were used for
efficiency calibrations and background determinations, respectively.
The 3H spike solution was provided by the Physikalisch-Technische
Bundesanstalt and had an activity concentration of 9.13 Bq/g on
January 01, 2005.

Once this is done, two alternative methods have been used to
continue the experimental procedure. Following the first method, the
sample is mixed with the Prosafe HC + liquid scintillation cocktail in a
scintillation vial and measured with a Quantulus 1220 spectrometer. In
the second method, the sample is mixed with the ProSafe LT + scintil-
lation cocktail inside a vial and measured with the Quantulus GCT 6220
spectrometer for >H determination. >H activity concentration and the
corresponding MDA were evaluated according to the equations that are
listed in a previous publication (Villa and Manjon, 2004). The scintil-
lation vials used for this study were provided by Meridian Bio-
technologies Ltd. They are made of polyethylene and allowed to
measure a mixture of up to 20 ml, which corresponds to the total volume
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Fig. 2. Schematic of our electrolysis system. The outer shell of an electrolytic
cell is connected to the negative terminal of a current source, while the inner
rod to the positive terminal. A current will, consequently, flow through the
water sample, starting an electrolytic process. A gas exit is used to conduct the
H2 and O2 produced in the reaction outside of the laboratory. This entire
process is performed inside a freezer to prevent the water from boiling, which
would produce an important loss of tritium. All 10 electrolytic cells are con-
nected in series to ensure that the same intensity runs through all of them.
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introduced in each vial used for this study.
The activity concentration at the time of sampling was determined as
follows.

In 2ete
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Where Xg, Xp are the count rates (in counts per minute) of the sample
and background respectively, ¢ is the counting efficiency, V the volume

inside the counting vial (in liters), t. the time elapsed between sample
collection and the measurement, T , is the half-life of 3H and m;, my the

sample masses before and after enrichment. P is the enrichment
parameter defined as (Villa and Manjon, 2004):
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Where Zgi.q; is the count rate obtained for each one of the three spiked
samples. Agpireq; refers to the activity of the spike added to each cell,
Vipikedj i the volume of each spiked sample inside the vial after the
procedure, and Mgpiied;ij, Mspiked,rj are the masses of the spiked samples

before and after electrolysis. An enrichment parameter is obtained for
each spiked sample. The three results are averaged for obtaining P:
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Regarding the determination of MDA, it is done according to (Villa
and Manjon, 2004; Currie, 1968):
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Where t (min) is the measurement time for the sample.

MDA ( [4]

3. Results
3.1. Switching to ProSafe LT + as a scintillation cocktail

Because MDA was close to the expected activity concentration, a
change in the choice of scintillation cocktail was studied. The new liquid
scintillation cocktail was ProSafe LT+ with the aim of decreasing the
MDA of our technique without changing the sample preparation or
counting time. The parameters used to compare both cocktails are pre-
sented in Table 1. A previous study on the response of this scintillation
cocktail can be found in (Varlam et al., 2019), where several aspects of
ProSafe LT + are assessed as it is a competitive REACH-compliant so-
lution for the determination of 3H. Our results show good agreement
with those obtained by the authors.

Table 1

Measured values of the parameters affecting the minimum detectable activity
and minimum detectable activity using two different liquid scintillation cock-
tails. These results were obtained by measuring spiked and blank vials in a
Quantulus 1220 LSC.

Parameter ProSafe HC+ (Jan-Apr, ProSafe LT+ (Sept-Oct
2022) 2022)

Efficiency (%) 243+21 246+ 35

Background (cpm) 1.1+05 0.61 +0.03

Sample volume (ml) 5 8

MDA (Average) (Bq/ 394 226

m®%)
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In Table 1 we can see that the MDA is reduced by using this new
scintillation cocktail. This is mainly due to the reduction in the back-
ground count rate in the *H region (From 1.1 cpm with the ProSafe HC
+ cocktail to 0.61 cpm with ProSafe LT+), see Fig. 3, and to the fact that
this new cocktail has a higher capacity for neutral (pH = 7) samples.
This allows the introduction of a sample volume up to 8 ml inside the
vial, instead of the 5 ml previously used with the ProSafe HC+. These
two factors reduce the MDA according to Eq. (4).

The background spectra obtained with our Quantulus 1220 for each
scintillation cocktail are depicted in Fig. 3. There is a significant dif-
ference between the count rates in the low-energy region, which is
specifically where the ®H counts will appear. For *H measurements in
the Quantuus 1220, the summing window including channels 28-154
was used.

3.2. Optimization of the quantulus GCT 6220

Although we achieved an improvement by switching to a different
scintillation cocktail, our aim was to push the MDA to lower levels. A
second measure taken for the decrease of the MDA was using a newer
low background LSC, the Quantulus GCT 6220.

This new spectrometer can be used for low level determinations
despite not having a thick passive shielding and separate Photo-
multiplier Tubes (PMTs) for guard detection. These shortcomings are
compensated by using newer technology, which consists of a BGO
(Bismuth Germanate, Bi4Ge3O13) guard detector. Its light signal can be
picked up by the coincidence PMTs and discriminated from the actual
light pulses produced inside the vial. However, the BGO guard detector
does not detect all background events. The GCT (Guard Compensation
Technology) technology can be used to compensate for missed back-
ground events (Edler, 2017). This technique can be competitive with the
more traditional thick shielding approach, but at the cost of making
additional calibrations prior to each set of measurements.

Regarding this guard compensation, there is the GCT setting. A good
discussion on the meaning of this parameter can be found in (Edler,
2017). In a measurement protocol, the GCT parameter can be set as OFF,
LOW or HIGH. The background count rate decreases when the GCT
parameter is changed from OFF to LOW or HIGH but counting efficiency
should not be affected (Feng et al., 2017). The LOW and HIGH settings
will optimize the guard efficiencies in different spectral regions: GCT
LOW is better used in the region 0-112 keV, and GCT HIGH is used for
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Fig. 3. Background spectra for each one of the scintillation cocktails. Back-
grounds are similar for medium and high energies, but vastly different in the
low energy region. This makes the background count rates fundamentally
different for *H measurement applications.
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counting in the region 0-28 keV (Edler, 2017). These efficiencies are
automatically determined by the machine during routine calibrations.

To determine the impact of these settings on the measurement of >H,
they have been assessed and the corresponding efficiencies and back-
ground count rates calculated. The MDA was used as the optimization
parameter due to the decrease in °H levels in tap water collected in
Seville. Results are shown in Table 2, where the GCT parameter was
selected as OFF, LOW and HIGH. Background count rates were similar
for OFF and LOW GCT settings, along with counting efficiency. The
baseline MDA refers to that calculated with the efficiency and back-
ground count rate with all special measurement settings turned off and
has a value of 284 Bq/m®.

Crosstalk correction was also evaluated, which works by using a
Pulse Amplitude Comparison (PAC) circuit. Pulses with a height differ-
ence greater than a certain PAC parameter will be rejected, thus
reducing crosstalk. This correction did not prove to reduce the MDA
while GCT is in LOW setting for >H measurements in our case. The
luminescence correction setting was also evaluated, which works by
performing single photon measurements. This allowed for a small
reduction in MDA, but not enough for us to meet our objective. Finally,
setting the GCT setting to HIGH allowed the background count rate to
decrease from around 1 cpm-0.07 cpm, which allowed for an important
reduction in the MDA.

For °H measurements, the counting efficiency significantly
decreased when GCT was set to HIGH. The MDA relative change listed in
Table 2 has been defined in a way that allows to predict which combi-
nation will yield the lowest MDA in the analysis of real samples:

EOFF 2.71+4.75,/2Zp;t

& 2.71+4.75\/Zporr-t

Being X3; the background count rate for each row of Table 2, and ¢;
the counting efficiency for that specific combination of settings. The sub-
index *OFF’ refers to a measurement made with the GCT set to OFF.

According to our results, GCT HIGH must be set in the case of activity
concentration levels close to the MDA. However, GCT OFF or GCT LOW
could be a better selection for high activity concentration levels due to
the higher counting efficiency. When setting the GCT to HIGH, some
efficiency is lost, but the background count rate is greatly reduced.

MDArel =

[5]

3.3. Validation

The selected settings were validated by performing measurements of
a Quality Control sample provided in the IAEA-TERC-2022-01/02 Pro-
ficiency Test. This was a water sample, which included 90gy, 210pp,
137Cs, 134Cs and 241Am, along with 3H, in known amounts. Due to the
presence of radionuclides other than 3H, this sample was double distilled
before mixing with the scintillation cocktail ProSafe LT+. Three aliquots
of this distilled sample were taken and then diluted with blank water to
different activity concentration levels, mixed with our liquid scintilla-
tion cocktail, and then measured with our settings to validate our sys-
tem. Results are shown in Fig. 4.

According to our results, shown in Fig. 4, the new measuring

Table 2

Results of the optimization for different combinations of settings in the new
spectrometer Quantulus GCT 6220. These were obtained with a measurement
time of 600 min and the scintillation cocktail ProSafe LT+.

Mode Efficiency Background MDA relative
(%) (cpm) change

GCT OFF 229+21 1.06 +0.09 1 (Baseline)

GCT LOW 212+19 0.99 +0.09 1.04

GCT LOW + crosstalk 205+21 0.88 + 0.15 1.02
correction (high)

GCT LOW + luminescence 21.2+2.0 0.76 £ 0.12 0.91
correction

GCT HIGH 17.4+1.6 0.07 £0.03 0.36
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Fig. 4. Results of the validation procedure described previously. Measured
activity is presented against added activity for each one of the three vials. The
bisector shows that the measured activity is compatible with the nominal value.

procedure, consisting of the scintillation cocktail ProSafe LT+ and the
use of the LSC Quantulus GCT 6220 is accurate. It is important to note
that this only validates the measurement and not the electrolytic
enrichment part of the process, as the Quality Control sample has not
been concentrated by electrolysis. This was our choice because in this
study, improvements were made only in the radiometric measurement,
keeping the electrolytic enrichment the same as the last few decades.

3.4. Application to water samples

The new method based on the use of liquid scintillation cocktail
Prosafe LT+ and the liquid scintillation spectrometer Quantulus GCT
6220) has made it possible to measure >H in tap water collected in
Seville for our monitoring work. This procedure has been used routinely
from May to October of 2022 and during 2023 for monitoring mea-
surements of >H. Fig. 5 shows the valid monitoring results acquired with
our improved technique. The MDAs obtained ranged from 74 Bq/m?® to
121 Bq/m3, which made possible the realistic measurement of envi-
ronmental water samples, all of them with concentrations above MDA.

4. Conclusions

The use of ProSafe LT -+ has allowed for the determination of >H with
lower backgrounds and greater sample volumes inside the liquid scin-
tillation vial, resulting in a decrease in MDA. This, along with the
implementation and optimization of the newer liquid scintillation
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Fig. 5. Results of monitoring of °H in drinking water in Seville using the
optimized measurement procedure previously described: ProSafe LT+ and
Quantulus GHT 6220 with GCT set to HIGH. Every data point is above the MDA,
making the new method suitable for our scope of being capable of performing
measurements of °H in tap water reliably.
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spectrometer Quantulus GCT 6220 has allowed us to continue making
measurements of low activities of *H for monitoring work.

For the optimization of the Quantulus GCT 6220, different mea-
surement modes, mostly based on the GCT parameter, have been
compared. GCT HIGH has been the preferred option in the case of low
activity concentrations of *H, and GCT OFF can be selected for high
activity concentrations of >H. The results obtained using the new liquid
scintillation cocktail and Quantulus GCT 6220 have been assured by
comparing them to previous data. Additionally, the trueness of mea-
surement has been confirmed using quality control samples.
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