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ARTICLE INFO ABSTRACT

£<2eywords: This work explores the primary activity standardisation of 32Si as part of the SINCHRON project that aims at
325 filling the geochronological dating gap by making a new precise measurement of the half-life of this nuclide. The
P

stability of some of the radioactive test solutions, providing >2Si as hexafluorosilicic acid (H32SiF), was moni-
tored over long periods, pointing to the adequate sample composition and vial type to ensure stability. These
solutions were standardised using liquid scintillation counting with the triple to double coincidence ratio (TDCR)
technique and the CIEMAT-NIST efficiency tracing (CNET) method. Complementary backup measurements,
using 4np-y coincidence counting with 69Co as a tracer, were performed with both liquid and plastic scintillation
for beta detection. While ®°Co coincidence tracing with a liquid scintillator predicted activities in agreement with
the TDCR and CNET determinations, using plastic scintillation turned out to be unfeasible as the addition of
lanthanum nitrate and ammonia to fix the silicon during the drying process generated large crystals that
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compromised the linearity of the efficiency function.

1. Introduction

Radioisotope dating is used in geochronology to establish the abso-
lute geologic age of samples. Silicon-32, a pure beta emitter and a nat-
ural isotope of silicon produced in the atmosphere from cosmic
spallation of Argon, has a half-life of about 150 years which fills the
prevailing dating gap between chronologies determined through 2!°Pb
(22.23(12) year half-life) and l4c (5700(30) year half-life) (Lal et al.,
1976; Tykva and Berg, 2004; Aggarwal et al., 2007; Veicht et al., 2021;
Veicht, 2022). This is a key motivation behind the SINCHRON project,
recently set up to make a new precise determination of the 32Si half-life.

Earlier measurements of this half-life were made with low activity
325j sources (Fifield and Morgenstern, 2009). In this project, 32Si was
produced through high-energy proton irradiation of metallic vanadium
discs at the Paul Scherrer Institut (PSI). Ion-exchange, extraction and
chelating chromatography were combined to produce a pure 32Si solu-
tion (Veicht et al., 2021).

As part of the SINCHRON collaboration, IRA-METAS, the Swiss
designated metrological institute for radioactivity, along with the PTB,
were tasked with determining the activity concentration of the pure 325i
solution, while the measurements of the number of 32Si atoms using
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mass spectrometry were performed by other partner laboratories in the
collaboration.

IRA-METAS received five different solutions of 32Si over a period of
three years. The liquid scintillation samples prepared from some of these
solutions were monitored for extensive periods to identify sample
compositions and vial types conducive to long-term stability. All these
solutions were standardised using the TDCR and CNET techniques (Grau
Malonda, 1999; Broda et al., 2007). 4np-y coincidence counting, with
%0Co as a tracer (Baerg et al., 1964; Chun Guang Yan et al., 2002), was
carried out with both liquid and plastic scintillators in the beta channel
to check independently the other liquid scintillation counting methods.
89Co coincidence tracing with a liquid scintillator yielded activities
compatible with the TDCR and CNET measurements. However, the same
tracing technique with plastic scintillators was inconclusive because the
large crystals produced by the source drying procedure led to marked
non-linearities in the efficiency function.

These methods for activity standardisation and their main results are
described in this paper.
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2. Material and methods

Ion-exchange chromatography was employed to separate the bulk
target material (vanadium), and to concurrently eliminate main impu-
rities (e.g., 22Na, **Ti/*sc, 0Co, 172Hf, 17>173Ly). In order to provide
enhanced purity, an extraction resin (LN® resin, TrisKem, France) and a
chelating resin (Monophos®, TrisKem, France) were also used. Conse-
quently, traces of remnant radionuclides were quantitatively removed.
Finally, evaporation to dryness removed volatile nuclides, here, tritium
and two argon radioisotopes. Following the radiochemical separation
procedure, described in detail by Veicht et al. (2021), the final 32g; el-
uates obtained at PSI and prepared for distribution contain radiosilicon
in the form of hexafluorosilicic acid (HSiA, H,SiFg), in a HCI 0.5 mol/L
matrix.

2.1. 3281 solutions

PSI sent five different radioactive HSiA solutions to IRA-METAS. The
first one, denoted M32Sil, was received in July 2020 in a plastic vial
containing about 5 g and 70 kBq of a solution prepared from a single
irradiated vanadium disk. Its chemical separation had been made on 9
March 2020, and it had undergone five evaporations to remove tritium
residues. This solution was considered part of the method development
at PSI, in order to prove that 32Si solutions with the required purity can
be provided within the SINCHRON collaboration.

The second solution, M32Si2, was in a plastic vial received in May
2021. It was an about 100 kBq/g aliquot from a solution produced with
six irradiated vanadium disks, whereby the fully developed separation
procedure was applied. It had been chemically separated on 23
December 2020, and the eluate had been evaporated ten times to
eliminate tritium traces. PSI sent us a second aliquot from their stock of
the same solution in January 2022 for further tests. Since the radioactive
concentration of the solution changed slightly during storage, this sec-
ond batch is named M32Si6.

Three other solutions, indicated as M32Si3-5 respectively, were
received on 29 September 2021. Each of these 5 g aliquots in Eppendorf
vials came from one different vanadium disk. Their mother solutions had
all been chemically separated in parallel on 14 July 2021. Subsequently,
M32Si3-5 underwent 10, 30 and 50 evaporations, respectively, to
remove potential tritium remnants.

2.2. Sources

2.2.1. Liquid scintillation sources

To perform TDCR and CNET measurements from the M32Sil solu-
tion, aliquots from it were dispensed gravimetrically, using a pycnom-
eter, into nine high density polyethylene (HDPE) and two sandblasted
glass vials using a pycnometer weighed with a Mettler balance traceable
to a primary mass standard. These vials were prefilled with 14.5 mL
Ultima Gold (UG) cocktail and topped up with variable volumes of HCl
0.5 mol/L to achieve a 6.5% aqueous fraction. This large aqueous
fraction was found to be necessary for the stability of samples over
extended periods (Nedjadi et al., 2016), while the addition of HCI 0.5
mol/L, instead of typically water, was preferred in order not to interfere
with the speciation of the HSiA (Finney et al., 2006), as hydrolysis
caused by the addition of water alters the silicon speciation. Aliquots of
carbon tetrachloride were added incrementally to six of the HDPE
samples to alter the detection efficiency by chemical quenching. After
each sample was prepared, the vial was agitated for 2 min with a vortex
shaker, and then centrifuged at 15 revolutions per second for 150 s to
settle down the liquid on the cap and walls. A compositionally matched
blank was also prepared for background subtractions.

For liquid scintillation counting using solutions M32Si2-5, the same
protocol was followed. Eleven HDPE vials were gravimetrically pre-
pared using UG and HCI 0.5 mol/L top-ups to achieve a 6.5% aqueous
fraction. No glass vial was used. Seven of these samples were quenched
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with multiple volumes of carbon tetrachloride.

The same procedure was also used for solution M32Si6, but in this
case two additional samples were made without adding any top-up, and
two samples were prepared with a water top-up matching in volume the
gravimetrically deposited radioactive silicon aliquot.

For the CNET standardisations, two different quenched sets of
content-matched UG tritium sources were also composed, using IRA-
METAS tritiated-water activity standards.

2.2.2. %°Co coincidence tracing sources

For 4np(LS)-y coincidence tracing with ®°Co, two %°Co sources as well
as four mixed 325i-5°Co sources were prepared from an IRA-METAS *°Co
standard and M32Sil. The compound sources were designed in such a
way as to vary the silicone-cobalt activity ratio. Both the %°Co and mixed
sources were in the form of HDPE vials, with 14.5 mL of UG to which
complements of 0.5 mol/L HCl were added to make 6.5% aqueous
fractions. Vortex shaking homogenises the cobalt and silicone distribu-
tions inside the samples. The same procedure was also used for stand-
ardising the M32Si6 solution.

Weighed drops of a ®°Co standard solution were also deposited onto
one plastic scintillator —ultrasonically cleaned beforehand - for 4np(PS)-
y coincidence measurements. This UPS-923A plastic scintillator is made
of two pieces which fit together to form a 25 mm height and 25 mm
diameter cylinder, inside which there is a centred cylindrical cavity (3
mm x 12 mm) housing the radioactive deposit. Drops of Ludox colloidal
silica (Sigma-Aldrich GmbH, Germany) with a concentration of 0.03%
mass fraction were subsequently added to the deposition for homoge-
nising the crystallisation process when drying. After drying, the top and
bottom plastic pieces were glued together with optical cement.

Four mixed 325i-%0Co plastic scintillation sources were prepared
from the same cobalt solution and M32Si2, with various silicone-cobalt
activity ratios, using the same procedure, except that here specific
amounts of lanthanum nitrate (La(NOs)3) and ammonium hydroxide
(NH4OH) had to be pipetted on top of the radioactive deposits. This
procedure, developed at PSI, enabled the drying of the silicon solution
without incurring losses, since the HSiA actually releases silicon tetra-
fluoride (SiF4), a volatile gas. All mixed sources were prepared by
combining separate cobalt and silicon aliquots except one that was
prepared from a mixed 328i-%°Co solution. Fig. 1 shows a plastic scin-
tillator with a dried mixed 325i-%°Co source. The drying process made in
a fume box was successful as no trace of silicon was detected, thus
validating the chemical recipe for preventing silicone volatility during
drying.

An additional 32Si plastic scintillation source was conditioned in the
same way for measuring the half-life by following the decay.

2.2.3. Gamma spectrometry sources
Aliquots from each of the six 32Si solutions were used to prepare six
sources in the form of plastic vials filled with 20 mL of HCl 0.5 mol/L.

2.3. Methods

2.3.1. Liquid scintillation counting

Our TDCR system (Nedjadi et al, 2015) operates with a
MAC3-module (Bouchard and Cassette, 2000) with adjustable coinci-
dence resolving time. The TDCR electronic system was tuned for an
optimal response for 32Si and 32P. For each PMT, the threshold was set at
the valley of the single-electron response. Variation of the double and
triple coincidence rates with the coincidence window, for silicon sour-
ces, pointed to an optimal resolving time of 100 ns. The deadtime is of an
extendable type and was set at 90 ps.

Unquenched sources, prepared as described above, were measured
by voltage defocusing varying from 560 V to 340 V in 40 V decrements
as well as grey filtering with self-adhesive films of varying optical
densities. For the quenching measurement, some of these vials, and
those quenched with CCly, were measured with a constant focusing
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32g; 6

Fig. 1. UPS923A plastic scintillator with a crystallised
cobalt drops to prevent the volatility of silicon during drying.

voltage set at 560 V.

Each sample is measured in a sequence of twenty repetitions with a
total counting time ranging from 600 s to 900 s so that the relative
standard deviations of the triple coincidence count rates are lower than
0.1%. Accidental coincidences were taken into account using the
formalism of (Dutsov et al., 2020). The observed triple-to-double coin-
cidence ratios varied between 0.97 and 0.98 for defocusing measure-
ments, between 0.91 and 0.98 for chemical quenching, and 0.86 and
0.98 in the case of grey filtering.

As for the CNET measurements, they were performed with a Tricarb
2700 TR counter, which uses a'**Ba source for determining the quench
parameter (tSIE). The coincidence window was set at 50 ns whereas the
delay before burst, i.e. the duration that the detector delays before
looking for additional pulses after the prompt pulse of an event, was set
at maximum value (800 ns). Every silicon source measurement cycle
was preceded by measuring the quenched tritium sources in the same
conditions.

2.3.2. 4np(LS)-y(Nal) coincidence counting

In this technique (Campion et al., 1960; Baerg et al., 1964), 325 is
standardised by measuring a>2Si-°°Co mixed source. Since 325i, 3P and
%0Co involve mainly allowed beta minus transitions, one assumes a
linear relationship between the beta efficiencies of these nuclides, so the
activity of the mixed source can be determined by extrapolating the
p-efficiency to 100%. Knowing the activity concentration of °°Co from
an independent coincidence determination, one can infer that of 32Si by
subtraction.

Beta-channel detection is achieved with a high diffuse reflectance
optical chamber that accommodates the liquid scintillation vial between
two facing 2-inch photomultiplier tubes. Only the photomultiplier tube
(PMT) with the smallest background noise and best signal/noise ratio
was used in this application. Electronic discrimination was used to alter
the beta detection efficiency. Underneath the optical chamber, an 82
mm diameter Nal(Tl) detector is positioned. This detection system is
housed within a shielded case with five cm-thick lead walls.

Pulse processing in both channels is made with analogue electronics.
A custom-built digital coincidence selector is used to vary non-extending
deadtimes and set the resolving times. A non-extending deadtime of 29
ps was used to ward off PMT afterpulses or scintillator phosphorescence.
Although the %°Co delay spectra between the beta and gamma channel
pulses had full width half maxima lower than 20 ns, a wide coincidence
window of 1.0 ps was set to ensure the detection of all coincidences.

The beta detection efficiency was altered by low-level discrimina-
tion. The counting times ranged from 2 min to 25 min per efficiency

0Co deposit. Lanthanum nitrate and ammonium hydroxide were added on top of the liquid silicon and

point, according to the gamma setting and discrimination level, for the
relative standard deviations of the counting rates to be consistently
lower than 0.1%. Each of the ®°Co and mixed 32Si-®Co sources were
measured at two gamma settings: a threshold at the valley before the
low-energy X-ray peak, and a threshold at 661.7 keV.

For standardising the M32Si6 solution, the CAEN DT5725 digitizer
along with the digital pulse processing for pulse height analysis (DPP-
PHA) software were used to shape the pulses. An off-line analysis of the
data was made with an in-house code that implements the pulse-mixing
method (Bouchard and Chauvenet, 1999).

2.3.3. 4np(PS)-4ny(Nal) coincidence counting

Here the beta detector is a UPS-923A plastic scintillator optically
coupled to a low-noise one-inch diameter photomultiplier tube. The very
thin light-tight case that houses this beta detector stands upright at the
bottom of the well of a 120 mm x 120 mm Nal(T]) gamma detector. This
system rests at the bottom of a 50-cm-diameter 5-cm-thick cylindrical
lead shielding covered with an armour-plated sliding square six cm-
thick.

Analogue pulse processing is used as described in 2.3.2. The non-
extending deadtime and resolving time were 29 ps and 1 ps, respec-
tively. Electronic discrimination is used to vary the beta detection effi-
ciency. Measurement times per efficiency point varied between 3 and
30 min to ensure that the relative standard deviations of counting rates
are lower than 0.1%.

2.3.4. HPGe gamma spectrometry

Spectrometric measurements were carried out with an n-type HPGe
detector calibrated with an efficiency curve obtained using a reference
source traceable to international standards. Polyethylene vials prepared
with aliquots from the five silicon solutions were measured for 70-125 h
live-time to check for gamma-emitting impurities.

3. Results
3.1. Gamma spectrometry

No gamma-emitting impurity was observed within the detection
limits in the HPGe-spectra acquired for all the samples prepared from
the M32Si1-5 solutions.

3.2. TDCR and CNET standardisations

The efficiencies and activities were calculated with our own Fortran
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code which takes the PMTs asymmetry and the micelle effect into ac-
count (Nedjadi et al., 2017). The code combines the detection effi-
ciencies of 328i and its 32P progeny using

€ =¢gsi T+ QOEp (€9)

where the index n = AB, BC, AC, D, T refers to any of the various double
coincidences between the three PMTs, denoted as A, B and C, the logical
sum of double coincidences (D) or the triple coincidence (T). The coef-
ficient a is the equilibrium factor computed at the mid-measurement
time using a half-life of 14.284(36) for 32p and 157(7) years for 32gi
(Bé et al., 2011 and 2013; NNDC, 2020). CNET double detection effi-
ciencies were also computed using (1) and assuming PMT symmetry.

The code computes the detection efficiencies separately for each
nuclide before combining them. It uses routines that calculate the beta
spectrum functions of 32Si and 2P at any energy point. Maximum beta
energies of 227.2(3) keV (Ouellet and Singh, 2011) and 1710.66(21)
keV (Bé et al., 2011, 2013) are assumed for 326i and 32P, respectively.
The spectra functions include the screening, finite size, recoil and
radiative corrections. The atomic exchange correction factors were
provided by Mougeot (Mougeot, 2021).

The code calculates the ionisation quenching function by integrating
the Birks’ function with the ESTAR stopping powers of Berger, which
include collisional and radiation stopping powers (Berger, 1993), or
those of Giimiis (Giimiis et al., 2010) or Tan and Xia (2012), or by using
Grau Malonda’s parametrisation (Grau Malonda et al., 1999).

3.2.1. Activity determination of the M32Si1 solution

Fig. 2 compiles the TDCR and CNET activities obtained for M32Si1.
The TDCR activities displayed are the means of 7, 20 and 9 counting
points in the case of defocusing, grey filtering or quenching, in that
order. The uncertainty bars shown are just the standard deviations of the
counting points of the measurement. ESTAR stopping powers and an
ionization quenching factor (kB) value of 0.075 mm MeV ! were used
throughout. A value of 0.12 mm MeV~! yields activities that are, on
average, 0.2% higher; this kB dependence is considered in the uncer-
tainty budget. Including the atomic exchange correction in the beta
spectrum increases the activity concentration by 0.2%.

The values obtained by defocusing are close to each other but are
larger than those predicted by the grey filtering and chemical quenching
measurements. The quenching measurement is 0.3% higher than the
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grey filtering one, and 0.6% smaller than the average of the defocusing
measurements. These differences are rather unusual. Furthermore, the
average TDCR value is 0.9% higher than the CNET prediction; this de-
viation between the methods is larger than expected.

The figure also shows that measurements with HDPE vials yield
somewhat higher activities than measurements with glass vials, which
prompted us to monitor the stability of samples over time. The TDCR
measurements were repeated for all samples eight months later. All
samples were vortex-shaken, centrifuged, and left 24 h in the dark prior
to re-measuring them. For HDPE vials, the activity decreased by 0.6% in
the case of defocusing measurements and by only 0.1% for grey filtering
and quenching. With regard to glass vials, the activity of the defocusing
measurements dipped by 2.8% and that of the filtering measurement by
3.3%. The corresponding drop of the TDCR value was only about 0.7% in
both cases, suggesting that radioactive silicon adsorbs into the walls of
the vials over time. The use of glass vials was henceforth excluded for
standardising this radionuclide.

The sample stability when using HDPE vials was monitored with
weekly CNET measurements over a period of two months. Both the sil-
icon vials and the tritium quenched sources were measured weekly.
Results are shown in Fig. 3. The activity decrease is about 0.7% over one
month. Notice however that there is a full recovery of the activity, even
after eight months, if the vials are shaken prior to repeat measurements,
suggesting that the drop in the activity of these vials may stem from a
deterioration of the emulsion, i.e. a gradual breakup of micelles and a
build-up of HSiA matter at the walls of the vials.

However, these medium-term instabilities cannot explain the rather
unusual differences observed in Fig. 2, since the TDCR and CNET mea-
surements shown there were made within three days.

A plausible explanation for these discrepancies may be the presence
of tritium in the solution, as proposed by Kossert (Kossert et al., 2023).
Using a liquid scintillation spectrometer with a logarithmic amplifier,
which we do not have access to in our laboratory, the PTB inferred the
presence of tritium with an activity ratio of about 3.14% on 1 May 2020.
To reanalyse our TDCR and CNET measurements with this hypothesis,
we rewrite the double and triple detection efficiencies in the following
way:

&y =Ensi T Op_si ® Enp + 0 f(Asi, Au) ® Enp (2

where the index n = AB, BC, AC, D, T to refer to any of the various
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Fig. 2. TDCR and CNET activity measurements of M32Sil. All measurements refer to one source except for the quenching measurement which involves nine sources
and the CNET value which is the average of three sources. The CNET measurement is indicated as a pentagon. The rest are TDCR determinations, the relevant
efficiency variation method being indicated in the legend. The red line is the arithmetic average of all TDCR measurements. Standard uncertainties (k=1) are given in
all cases. The TDCR uncertainty bars include only the standard deviations of the activities entailed by the counting points constitutive of a single measurement. The
dashed lines indicate the full TDCR standard uncertainty estimated using the same procedure described in section 3.2.2.
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double coincidences between the three PMTs, denoted as A, B and C, the
logical sum of double coincidences (D) or the triple coincidence (T). The
indices Si, P and H refer to 32Si, 3P and °H respectively. The coefficient
ap.si is the equilibrium factor, 0 is the 3H-32gi activity ratio, while f
(4si,An) denotes the time-dependent SH-32gi decay factor ratio.

Assuming the presence of a tritium impurity does improve the con-
sistency of the TDCR and CNET measurements, as displayed in Fig. 4.
The quenching and grey filtering measurements agree within less than
0.1%, and both agree with the defocusing determination within 0.3%.
The TDCR average and the CNET value are now 0.56% apart but remain
compatible within one standard uncertainty. To avoid repetitions, the
full TDCR and CNET uncertainty budgets are explained in detail in the
next section.

3.2.2. Activity determination of the M32Si2 solution
Surmising the M32Sil solution may contain tritium traces despite
undergoing five evaporations to complete dryness, the M32Si2 solution

was desiccated ten times.

Fig. 5 outlines the activity concentrations predicted by the TDCR and
CNET measurements. ESTAR stopping powers and a kB value of 0.075
mm MeV ! are used throughout. The TDCR activities shown are the
average of 7, 17 and 11 counting points in the case of defocusing, grey
filtering or quenching, respectively. The defocusing activities match
within 0.08%, and their average is consistent with the grey filtering and
quenching values within 0.03% and 0.08% — in that order. Combining
the TDCR activity concentrations gives an arithmetic mean of 109.52
kBq g ! at the date of reference, shown as a red line. It differs by only
0.02% from the CNET determination, which is the average of five
samples measured four times within a week. If the odd inconsistencies
found in the M32Si1 standardisation pointed to the presence of an im-
purity, the coherence of these measurements may be indicative of the
opposite conclusion.

The full uncertainty budget is detailed in Table 1. For the counting
statistics contribution, one thousand sets of correlated random Gaussian

14451 DOR:7.9.20 at 12h UTC kB = 0.075 mm/MeV ESTAR 15mL UG N
] 1mLHCIO5M [
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Fig. 4. 32Si activity values for the M32Si1 solution when assuming the presence of tritium. The same legend as in Fig. 2 is used. Only HDPE vials are shown. The red

line is the arithmetic average of all TDCR measurements.
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Fig. 5. TDCR and CNET activity measurements of the M32Si2 solution. Only HDPE vials are used. Standard uncertainties (k=1) are shown throughout. The TDCR
uncertainty bars include only the standard deviations of the activities entailed by the counting points constitutive of a single measurement. The dashed lines indicate

the full TDCR standard uncertainty (see section 3.2.2 and Table 2).

Table 1
Liquid scintillation counting uncertainty budgets for M32Si2. Uncertainties are
given with k = 1.

Uncertainty item Value in %

TDCR CNET
Counting statistics 0.12 0.10
Background 0.01 0.01
kB & Q(E) 0.20 0.20
Tracer activity & tSIE 0.10
Decay correction 0.03 0.03
Dead-time 0.05 0.09
Weighing 0.11 0.11
Reproducibility/Repeatability 0.10 0.20
Combined uncertainty 0.29 0.35

net coincidence counting rates were generated for each of the counting
points of a defocusing measurement. These sets of Monte Carlo simu-
lated rates were built in such a way as to reproduce the experimental
moments and covariance matrices. These rates are then read by the code
that computes the efficiencies and activities. The ESTAR stopping
powers are used and the kB parameter was fixed at 0.075 mm/MeV. The
standard deviation of the distribution of the activities thus computed is
taken to be the propagation of the rates’ probability density functions on
the activity.

The background component was estimated in a similar way using a
defocusing measurement. One thousand sets of correlated random
Gaussian background coincidence counting rates were generated for
each counting point. The randomly generated rates have mean values,
standard deviations of the means and covariance matrices which match
those of the measured background rates. Corresponding net counting
rates are calculated by subtracting the Monte Carlo background rates
from the measured gross counting rates. Efficiencies and activities are
then computed for these 10° defocusing data sets. The standard devia-
tion of the distribution of the activities found in this way is the propa-
gation of the background uncertainty on the activity.

Since the kB parameter and the electron stopping powers are corre-
lated through the Birks formula, it is not possible to propagate their
uncertainties independently. Therefore, separate sets of 2x10° uniform
deviations of kB between 0.075 and 0.120 mm/MeV were generated at

random, using a rectangular distribution, and then adjoined to five
ionisation quench functions (discussed in section 3.2) to calculate a sum
of 10* activities. This calculation was carried out for a defocusing
measurement. The relative standard deviation of the 10* activities ob-
tained with this procedure is 0.2%.

The uncertainty contribution assigned to the decay correction was
estimated conservatively, assuming 50 years rather than 7 years for the
half-life uncertainty, as the propagation of the half-life uncertainty to
the decay correction factors. The reproducibility component was esti-
mated as the relative standard deviation of six activities obtained with
the three efficiency variation methods. The TDCR combined relative
standard uncertainty obtained from the quadratic sum of these contri-
butions is 0.29%.

For the CNET determination, the main contributions are from the
uncertainty on the kB value and the stopping power model, which were
propagated on the activities as detailed above, and the repeatability, i.e.
the relative standard deviation of the four measurements of five sources
within a week. The CNET combined relative standard uncertainty is
0.35%.

3.2.3. Activity measurements of the M32Si3, 4 and 5 solutions

As part of a further probing of the presence of tritium, three solutions
were prepared anew. The first, M32Si3, also underwent ten evapora-
tions, whereas the M32Si4 and M32Si5 solutions were desiccated thirty
and fifty times respectively.

Figures A-C in the supplementary material sum up the activity
concentrations determined with the TDCR and CNET measurements for
the solutions M32Si3-5 in that order, with the ionisation quenching
function calculated with the ESTAR stopping powers and a kB value of
0.075 mm MeV . The TDCR values displayed are the means of 7
counting points in the case of defocusing, 18 in the case of grey filtering
and 11 for quenching. The coherence of the activity determinations is
robust for the three solutions. The activities obtained through defocus-
ing agree within 0.15% for M32Si3 and within less than 0.03% for the
other two solutions. The mean value of the defocusing measurements is
consistent with the grey filtering and quenching measurements within
less than 0.1% in all cases.

Combining the TDCR activity measurements gives a value of 17.54
(5) kBq g~! for M32Si3, 26.91(7) kBq g~ ! for solution M32Si4, and
36.20(10) kBq g’1 for M32Si5, at the same date of reference indicated in
the figures. Uncertainties were estimated as explained in 3.2.2. The
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relative differences between the TDCR and CNET determinations are
0.08%, 0.02%, and 0.03% for M32Si3-5 in that order.

No significant difference exists between the activity standardisations
of these three solutions, suggesting the redundance of ever more desic-
cations to remove hypothetical tritium traces, which supports the view
that tritium is absent or below detection levels in these solutions.

3.2.4. Activity standardisation of the M32Si6 solution

Concerned that no stability monitoring was performed on the sam-
ples prepared from the M32Si2 solution, and that activity differences
between our laboratory and the PTB for this solution might be due to
sample matrices, an additional 1.5 g aliquot, from the stock solution
from which M32Si2 derives, was requested from the PSI. As the stock
solution has been stored in a plastic container that does not fully
maintain the integrity of the activity concentration of its content, this
new aliquot is denoted M32Si6. As indicated in section 2.2.1, this so-
lution was used to prepare the normal samples with UG cocktail and HCI
0.5 mol/L top-ups (6.5% aqueous fraction), in addition to samples with
no top-up or with a water top-up matching in volume the deposited
silicon drop.

The activity concentrations found with the TDCR and CNET methods
are presented in Fig. 6. The same approach as above is used for the
ionisation quenching function. Defocusing, grey filtering or quenching
values are the means of 7, 17 and 11 counting point determinations
respectively.

For vials with 1 mL hydrochloric acid top-up (filled markers) the
situation is not much different from that shown in Fig. 5, for M32Si2.
The defocusing, grey filtering and quenching determinations are
consistent to within 0.1%. Combining the TDCR values for this type of
sample yields a mean activity of 109.94 kBq g}, displayed as a red line,
which differs by 0.14% from the CNET average of five such samples
measured four times within a week. Note that this average M32Si6
TDCR activity is greater (0.31%) than that of the M32Si2 solution,
probably reflecting the mass loss of the stock solution during storage.

Samples prepared with additional water (with an aqueous fraction of
0.2% or with no aqueous top-up), shown with empty markers, present a
visible anomalous or inconsistent pattern. Samples with only a radio-
active deposit fare the worst: 1% deviation for defocusing measurements
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and 0.8% in the case of grey filtering.

This prompted a stability monitoring of these three types of samples
(one of each) by defocusing TDCR measurements once every 3 weeks for
about 2 months. Results are shown in Fig. 7. Samples with hydrochloric
acid top-up are stable and yield a larger activity than the other two
matrix choices which display marked time variations. Samples with
water or no top-up have activities on average 0.25% and 1.0% lower
than the one with additional hydrochloric acid.

This observation is corroborated by the monitoring with CNET
measurements over a period of eight months of four samples with HCL
top-up, presented in Fig. 8. In contrast to the striking drop in activity
found for the M32Sil solution (see Fig. 3), the M32Si6 (and hence
M32Si2) solution exhibits a stable trend over time. This difference in
stability may be in part due to the concentration of non-radioactive
silicon which is much higher in M32Si6/2 than in M32Sil, a result of
the larger number of processed vanadium disks in the former compared
to the latter. In fact, the amount of processed vanadium disks is directly
linked to the final silicon concentration in the final eluate. The con-
centration of stable silicon (sum of 28Si, 29Si, and 2°Si) in M32Si6/2 is
around 20 pg/g (about 400 pg in total, considering seven vanadium
disks), whereas its concentration in M32Sil is only about 3 pg/g solu-
tion, as only one proton-irradiated vanadium disk was utilised to pre-
pare this solution.

3.3. Coincidence efficiency tracing with °°Co

3.3.1. 4zp(LS)-y(Nal) coincidence tracing of the M32Si1/6 solutions
Before proceeding with the measurements, verification was made
that the 328i, 32P and ®°Co beta efficiencies are related in such a way that
increasing experimentally the %°Co efficiency would also increase those
of 32Si and 32P. Using the theoretical beta spectra of these nuclides, a
simple model assuming increasing low-energy discrimination gives the
relationships between the relative inefficiencies of these nuclides shown
in Fig. 9. Within the range of %°Co efficiency variation planned, a quasi-
linear relationship exists between the beta inefficiencies of these nu-
clides, thus justifying the efficiency extrapolation for the mixed sources.
A typical measured p-spectrum of a 328i-5°Co mixture is shown in
Fig. 10. Typically, the p-channel detection efficiency (ep) was decreased
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Fig. 6. Results of TDCR and CNET activity measurements of M32Si6. The red line is the arithmetic average of all TDCR measurements of samples with HCI 0.5 M top-
up (fag = 6.5%). The filled markers concern such samples, while empty markers refer to samples with no top-up or water top-up as indicated in the bottom right. The
types of efficiency variation are indicated in the legend. The TDCR uncertainty bars include only the standard deviations of the activities entailed by the counting
points of the measurement. The CNET value is shown as a pentagon. The rest are TDCR determinations, the relevant efficiency variation method being indicated in

the legend. Standard uncertainties (k=1) are given in all cases.
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Fig. 8. Variation over eight months of the CNET activity concentration of four samples with 1 mL HCI 0.5 M top-up. Each marker is the average activity of the four
samples. Measurements were carried out on a TriCarb2700. A set of quenched tritium standards was repeatedly measured in tandem with the silicon samples.

from a maximum of 92% down to around 55%. Countrates in this
channel varied from 15 to 10 kcps for the source with the lowest
silicone-cobalt activity ratio, and from 47 to 31 kcps for the source with
the largest silicone-cobalt activity ratio.

The measurements were carried out with two gamma channel set-
tings: a discrimination threshold at 43 keV, and a second one at 661.7
keV. The y-detection efficiencies for these two settings were around
8.2% and 3.9%, respectively, at these two thresholds, for the source with
the smallest 32Si-®°Co activity ratio, and around 3.0% and 1.4%,
respectively, for the source with the largest 328i-5°Co activity ratio.

Fig. 11 displays the efficiency extrapolations at these two gamma
energy regimes for a %°Co source prepared from the solution used to
prepare mixed silicone-cobalt sources. The corresponding efficiency
extrapolations for one of the 328i-5°Co sources are shown in Fig. 12. In
both figures, linear fits are adequate for modelling the data throughout
the efficiency coverage, and the data at the two gamma conditions

converge well. The same holds for the other two mixed sources, but for
the source with the highest 325i-%Co activity ratio, the experimental
data are better described with a quadratic efficiency function. This is
probably a result of the inadequacy of the pulse shaping we used for this
very high counting rate source rather than some self-absorption inside it.
The presence of tritium residues in the silicon solution could also
contribute to the non-linearity (see below in section 4).

The residuals of the linear efficiency extrapolation least-square fit,
for the two gamma settings in the case of a mixed silicone-cobalt source,
are displayed in Fig. 13 as an example. The residuals are presented just
to illustrate the scatter of the data. In practice, these simple fits are not
used to determine the activity concentration. Instead, Monte Carlo
linear fits that take the uncertainties of both &5 and pgp,/p into account
(Nedjadi et al., 2012) are performed. Ten thousand fits are made by
varying stochastically (1-ep)/ep and pgp,/pc within their distributions
assumed to be Gaussian. The mean of the intercept distribution is then
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Fig. 10. 328i-%Co beta spectrum obtained with Ultima Gold scintillator and a 2-inch photomultiplier tube.

considered to be the actual intercept while the standard deviation of the
distribution is estimated to be the intercept uncertainty.

Table 2 lays out the intercepts found for a cobalt source and the four
mixed 328i-%°Co sources in the two gamma settings. The Si-Co activity
ratio is indicated for each mixed source. The degrees of freedom of the
linear efficiency extrapolations range from 30 to 40, with an average of
35. The uncertainties shown are the standard deviations of the intercept
distributions, as described above. The intercepts for the 661.7 keV
threshold have bigger uncertainties, because of the lower gamma
detection efficiency. The intercepts for the two gamma settings are
consistent within 0.2% for the three sources with an 328i-%°Co activity
ratio lower than 2, and within 0.7% for the very active source. The
arithmetic mean activities of the three mixed sources agree within 0.1%.
The last column on the right lists these mean activities with their full

uncertainties. Combining the activity concentrations of the three sour-
ces, obtained with linear efficiency extrapolations, gives an arithmetic
mean of 14.395(84) kBq g’l at the date of reference.

Table 3 spells out the uncertainty budget adopted for these coinci-
dence measurements with efficiency tracing. The uncertainty of the
tracer activity (°°Co) dominates the uncertainties. A median value of the
relative standard deviations of the intercept distributions of all the
measurements was used as the Monte Carlo extrapolation uncertainty.
The counting statistics stands for a typical standard deviation of the
mean of ppep,/pc. Reproducibility is the relative standard deviation of
six efficiency-extrapolated activities obtained with three sources and
two gamma settings. The combined uncertainty obtained from the
quadratic sum of the uncertainty components is 0.59% (k=1).

Finally, the M32Si6 solution was also standardised using the same
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Fig. 11. %°Co 4n(LS)-y(Nal) efficiency extrapolation curves. Green circles stand for a threshold at 43.0 keV while blue squares represent a threshold at 661.7 keV.

The lines are linear fits.

4TTR(LS)-y(NaI(T1))

[P Py/PeMco = CeolMeo/ (Msir(1+a)) [ kBa/g ]

AT P T T B L T i S W T W I R B

LN B e e L By

32Si60C0201101

©  LLD =43.0 keV [J LLD=661.7 keV
MM von Tewn ¢ ly wyad povs Fow pailasuwall vanwlon pod pras Foaw el
0.0 0.2 0.4 0.6 0.8 1.0
(1-¢€g)eg

Fig. 12. 325 %0Co 4nB(LS)-y(Nal) efficiency extrapolation curves for the M32Sil solution. Green circles show measurements at a 43.0 keV y-threshold, while the blue
squares depict values obtained for a threshold at 661.7 keV. The lines are linear fits.

technique but with using a fast digitizer to obtain data in list-mode
format in addition to a custom-built software for a subsequent offline-
analysis. In this case, the activity concentration found was 110.25(44)
kBq/g.

3.3.2. 4np(PS)-4ny(Nal) coincidence tracing of the M32Si2 solution

The B-spectra obtained for mixed 328i-%°Co sources using UPS923A
plastic scintillators and a one-inch PMT have a typical shape presented
in figure E in the supplementary material. However, unlike the high beta
detection efficiencies obtained in the 4nf(LS) case, here they are dras-
tically reduced because of the crystal structure, shown in Fig. 1, which
causes a strong self-absorption. The maximum e obtained for these
sources was 50.3%. Using the Ludox seeding agent to homogenise the
crystallisation during the drying process did not mitigate much the beta

10

efficiency loss. g3 was varied by electronic discrimination to a minimum
of 20.0%. Beta counting rates ranged from 9.2 to 15 keps for the most
active 328i-%9Co source, and between 4.0 and 7.4 keps for the least active
one. The background rate was in the 0.3-1.2 cps range.

A typical 4r gamma-ray spectrum of the mixed sources is presented
in figure F in the supplementary material. Here, a discrimination
threshold at 59.5 keV and another one at 661.7 keV were used. For the
source with the minimum 325i-%°Co activity ratio, the y-detection effi-
ciencies were respectively 55% and 43% at these two thresholds. For the
one with the maximum activity ratio, they were 31.0% and 27.7%,
respectively.

Fig. 14 reports the efficiency extrapolations for a ®°Co plastic scin-
tillation tracer source at the two gamma-thresholds (59.5 keV and 661.7
keV). High beta efficiencies are achieved, and the linear fits are adequate
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Table 2
Extrapolated activity concentrations of M32Sil. The reference date is 7.9.2020
at 12h UTC. Uncertainties are given with k = 1.

Source Agi/ Activity concentration in kBq/g
Aco 43.0 keV 661.7 keV Average
y-threshold y-threshold

60C0201102 332.91 £ 0.45 333.41 + 0.58 333.16 +
0.82

328i60C0201101 0.26 14.399 + 0.071 14.376 + 0.095 14.388 +
0.074

328i60C0201102 0.43 14.401 + 0.063 14.371 £ 0.079 14.386 +
0.069

328i60C0201103 0.93 14.390 + 0.058 14.372 + 0.072 14.381 +
0.083

325i60C0201104 2.02 14.653 £ 0.102 14.556 £ 0.136 14.605 +
0.148

Table 3

Uncertainty budget for the ®°Co 4nB(LS)-y coincidence tracing of the M32Sil
solution.

Nature of uncertainty Value in % (k = 1)

Background 0.063
Decay correction 0.002
Deadtime 0.041
Resolving time 0.005
Timing 0.002
Weighing 0.015
Tracer activity 0.246
Monte Carlo efficiency extrapolation 0.504
Counting statistics 0.100
Reproducibility 0.112
Combined uncertainty 0.59

for fitting the extrapolation functions.

The efficiency extrapolations for one of the 32Si-°Co sources are
shown in Fig. 15. The efficiency functions begin at rather high relative
inefficiencies and present a marked departure from linearity. This is
quite different from the liquid scintillation coincidence situation where
high efficiency and linear extrapolation ensue, as indicated in Fig. 12.
The solid lines are quadratic fits throughout the efficiency range. The
intercepts from such fits converge towards a value that is around 25%
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Fig. 13. Residuals of the 4np(LS)-y(Nal) efficiency extrapolation for the M32Sil solution.
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higher than the expected activity concentration. This is clearly not
satisfactory and is a consequence of the strong self-absorption inside the
source caused by the crystal structure. Note that the mixed source pre-
pared from a mixed 325i-°°Co solution, by contrast to topping a cobalt
with a separate silicon aliquot, presented the same efficiency loss and
non-linearity as exhibited in Fig. 15.

The dashed lines in this figure are linear fits of the portion of the data
that behaves linearly, at much higher inefficiencies. These linear fits
predict consistent intercepts that are close to the expected activity value,
but they will not be used for the final results.

To demonstrate that the crystal structure is the actual cause of the
severe efficiency loss, a %°Co plastic scintillation source was prepared by
adding Ludox and then an aliquot of lanthanum nitrate and ammonium
hydroxide was drop deposited gravimetrically on top of the radioactive
cobalt chloride. During the drying process a crystal structure, like the
one shown in Fig. 1, formed. This ®°Co source was then measured in the
4nB(PS)-4ny(Nal) system. The resulting efficiency function, for a gamma
threshold at 661.7 keV, is displayed in turquoise diamonds in Fig. 16.
For contrast, the blue squares in the figure represent the same data for a
normal ®°Co plastic scintillation source prepared with just the radioac-
tive deposit from the same solution. Clearly the effect of adding
lanthanum nitrate and ammonium hydroxide is to severely reduce the
beta detection efficiency. There is however no breach of linearity sug-
gesting that the non-linear behaviour of the efficiency functions dis-
played in Fig. 15 is attributable to the self-absorption of silicon in the
crystal structure.

4. Discussion

Key findings of these exploratory measurements of the 32Si test so-
lutions prepared from proton irradiated vanadium disks pertain, first, to
the stability of samples. No accurate activity standardisation of this
nuclide can be performed with unsteady samples.

Three conditions are necessary for preparing stable samples with the
hexafluorosilicic solutions. Firstly, HDPE vials should be used instead of
glass ones as the latter adsorb radioactive silicon into their walls,
probably through Si-ion exchange. When using samples in glass vials,
the determined activity was found to be lower by about 3% after a
period of 8 months. Secondly, samples should be topped-up with a large
fraction of HCI 0.5 mol/L. Using water instead of HCI 0.5 mol/L top-up
interferes with the speciation of the HSiA. Samples with only the
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Fig. 14. 4np(PS)-4my(Nal) efficiency extrapolation curves for the ®°Co tracer. Green circles are for a threshold at 59.5 keV whereas blue squares stand for a threshold

at 661.7 keV. Linear fits are shown as dashed lines.
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Fig. 15. 325i-°°Co 4np(PS)-4ny(Nal) efficiency extrapolation curves for the M32Si2 solution. Green circles and blue squares represent measurements at 59.5 keV and
661.7 keV y-thresholds respectively. The solid lines show quadratic fits over the whole efficiency range, while linear fits of the high inefficiency range are displayed as

dashed lines.

radioactive deposit or samples with small water top-ups were found to
be unstable or to have up to 1% lower activities than samples to which
about 1 mL of HCl 0.5 mol/L had been added after the HSiA aliquot.
Thirdly, the radioactive silicon solution should have a sufficiently large
concentration of non-active silicon. The contrast between the stability
profiles of the M32Sil and M32Si6 solutions, shown in Figs. 3 and 8
respectively, is stark. Non-active silicon mitigates the wall adsorption
and the speciation issue.

Now regarding the activity standardisations, Table 4 summarises the
values obtained for the various tested solutions using liquid scintillation
counting and coincidence tracing with ®°Co.

For the M32Si1 solution, the TDCR measurements (defocusing, grey
filtering, quenching) did not present their expected internal coherence

and were unusually higher (0.9%) than the CNET determination.
Assuming this solution contained a tritium impurity quantified by the
PTB improved the self-consistency of the TDCR measurements and
reduced the discrepancy between the TDCR and CNET values to 0.56%.

This solution was also standardised with coincidence tracing with
60Co. The tabulated arithmetic average of six efficiency extrapolations,
obtained from three sources of varying silicon to cobalt activity ratio and
two gamma thresholds, deviates by 0.03% from the liquid scintillation
determination (arithmetic mean of TDCR and CNET activities) assuming
no tritium impurity and by 0.79% if one assumes there is tritium at an
activity ratio of 3.14% on 1 May 2020.

Concerned about the effect of the potential presence of tritium on the
efficiency extrapolation in the coincidence tracing with ®°Co, four mixed

12
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Fig. 16. Effect of the lanthanum nitrate and ammonium hydroxide on the ®°Co 41p(PS)-4ny(Nal) efficiency extrapolation curve at the 661.7 keV threshold. Turquoise
diamonds show data for a °°Co plastic scintillation source prepared with a radioactive drop to which an aliquot of lanthanum nitrate and ammonium hydroxide was
added immediately after deposition. Blue squares depict the same data for a normal ®°Co source prepared with only the radioactive deposit.

Table 4

Summary of the activity concentrations (kBq/g) of the various 32Si solutions
standardised. LS (Liquid Scintillation) indicates the average between the TDCR
and CNET techniques. Uncertainties are given with k = 1.

Solution = TDCR CNET LS 4nB(LS)-y Reference date
M32Sil 14.46(7) 14.34(5) 14.40(7) 14.39(8) 07.09.2020 12h
UTC
M32si1? 14.32(7) 14.24(5) 14.28(7) 07.09.2020 12h
UTC
M32Si2 109.52 109.53 109.53 15.09.2021 12h
(31) (38) (38) UTC
M32Si3 17.54(5) 17.55(5) 17.55(5) 01.11.2021 12h
UTC
M32Si4 26.91(7) 26.92(9) 26.91(9) 01.11.2021 12h
UTC
M32Si5 36.20 36.21 36.20 01.11.2021 12h
(10) 12) 12) UTC
M328i6 109.86 109.77 109.86 110.25 15.09.2021 12h
(35) (41) (41) (44)° UTC

@ Assuming a tritium impurity and applying corresponding corrections.
b Acquisition was carried out with a fast digitizer.

3H-5°Co liquid scintillation sources were prepared, with IRA-METAS
tritiated water and ®°Co standards, in such a way as to vary the
tritium-cobalt activity ratio (0.25%, 1%, 4.5% and 7.5%). These sources
and a pure ®°Co source were measured with the system described in
section 2.3.2 with a CeBrs detector for counting the gamma-rays. The
effect of the presence of tritium on the efficiency function is shown in
Fig. 17. The data in red shows the linear efficiency function for a pure
60Co source. For the mixed source with 0.25% tritium-cobalt activity
ratio, no effect is visible on the efficiency function, which is not shown so
as not to clutter the figure. However, >H-°"Co mixed sources with higher
activity ratios do introduce non-linearities in the efficiency profiles
(blue, black and green).

A 3% tritium impurity activity ratio in the M32Si1 solution translates
into 0.8%, 1.3%, 2.8% and 6.1% >H-%CCo activity ratios in the four
32gi 60Co mixed sources prepared for the coincidence tracing method.
However, as discussed in 3.3.1, only the source with the highest
826i 60Co activity ratio presented a quadratic rather than linear effi-
ciency function. If there were a 3% tritium impurity activity ratio one
would expect at least two of the 325i-°"Co mixed sources to present this
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departure from linearity, which is not the case. This suggests that the 3%
tritium activity ratio may be overestimated.

As regards the M32Si2 solution, which underwent ten rather than the
five desiccations performed on M32Si1, the TDCR measurements display
strong internal coherence (relative deviations lower than 0.1%) and
their average matches the CNET mean value within 0.02%. Attempts to
back up this activity determination with coincidence tracing with 4°Co
using plastic scintillators failed because the addition of lanthanum ni-
trate and ammonium hydroxide to fix silicon onto the plastic during the
drying process generated a thick energy-absorbing crystal structure
which drastically cuts the beta detection efficiency and renders the ef-
ficiency function non-linear.

M32Si3-5 test solutions were evaporated 10, 30 and 50 times
respectively to eliminate potential tritium residues. Their TDCR activity
standardisations showed robust internal coherence, the defocusing, grey
filtering and quenching measurements matching to within 0.1% (see
figures A-C in the supplementary material). The averages of the TDCR
determinations deviate by 0.08%, 0.02% and 0.03% from their respec-
tive CNET counterparts for the three solutions in that order. The activity
measurements of these solutions did not reveal any compelling differ-
ence, thereby indicating that it is needless to desiccate more than ten
times the HSiA to reduce hypothetical tritium traces below detection
level.

Standardising the activity of the M32Si6 solution with the TDCR and
CNET methods led to the same observations made for M32Si2, except
that its activity values are 0.3% higher than those obtained for the latter,
demonstrating that the plastic container, in which the stock solution has
been stored, does not preserve the activity concentration of the solutions
it holds. As shown in Table 4, the confirmatory standardising of this
solution with ®°Co coincidence tracing corroborated the liquid scintil-
lation counting average within 0.4%.

Comprehensive uncertainty budgets for the TDCR, CNET and coin-
cidence tracing methods were given in Tables 1 and 3 and discussed in
section 3. Even if these budgets are augmented to include uncertainties
pertaining to activity concentration variations during storage, the full
combined relative standard uncertainty (k = 1) of any of these tech-
niques is unlikely to exceed 1%.
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Fig. 17. Effect of tritium at different activity ratios on the %0Co 4np(LS)-y(CeBrs) efficiency extrapolation curve for a window around the 1173.2 keV peak.

5. Conclusion

As part of the SINCHRON collaboration, which seeks to make a new
precise determination of the 32Si half-life with high activity sources,
IRA-METAS standardised several test solutions over a period of three
years.

These preparatory investigations identified the conditions necessary
to make stable 32Si liquid scintillation samples, i.e. the use of hexa-
fluorosilicic acid solutions with a substantial non-active silicon content,
preferring HDPE to glass vials, and topping-up the UG samples with
large fractions of HCI 0.5 mol/L, representing the solution’s matrix.

The TDCR measurements of the first test solution showed unexpected
inconsistencies and their average unusually deviated by about 0.9%
from the CNET measurement. Analysing samples from this solution with
a Quantulus logarithmic amplification the PTB determined that a tritium
impurity was present in the solution with an about 3% activity ratio.
Allowing for this impurity improved the self-consistency of the TDCR
measurements and reduced the TDCR-CNET discrepancy to about 0.6%.

The rest of the tested HSiA solutions underwent at least twice the
desiccations performed on the first solution to eliminate tritium traces.
The TDCR standardisations of these solutions using defocusing, grey
filtering and quenching presented robust internal coherence in all cases,
and the averages for these activity determinations closely matched the
corresponding CNET measurements.

B-y coincidence tracing with %°Co was used as an independent
method to probe the validity of these liquid scintillation measurements.
It is to be noted that this method does not need a-priori knowledge about
decay data such as beta spectrum shapes and maximum beta energies.
The activity standardisation of the first solution with this technique,
using a liquid scintillant for beta detection, predicted an activity con-
centration in agreement within a standard deviation with the liquid
scintillation value, whether one considers the presence of tritium or
ignores it. The effect of tritium on the efficiency extrapolation of ®°Co
was investigated and shown to introduce a detectable non-linearity
when the *H-%0Co activity ratio exceeds 1%. The analysis of the effi-
ciency functions of the 25i-%°Co mixed sources suggests that the tritium
content of the first solution may be overestimated. Finally, coincidence
tracing with %°Co was also used effectively to corroborate the liquid
scintillation determination of the activity of the M32Si6 solution.

The attempt to implement this tracing technique with a plastic
scintillator for beta detection was not successful. Adding lanthanum
nitrate and ammonium hydroxide to prevent the volatility of silicon
during the drying process created a chunky crystal structure. The self-
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absorption in the source severely reduced the beta detection efficiency
and set non-linearities in the efficiency function.

The analyses of the uncertainty budgets of these techniques indicate
that one can standardise the activity of the PSI hexafluorosilicic solu-
tions with less than 1% relative standard uncertainty provided the sta-
bility conditions laid out above are met. This is an important step
towards a new and precise half-life determination. However, such a
determination also requires a precise determination of the number of
325i nuclei, which is not the subject of this article.
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