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Abstract

Radioactive strontium isotopes play an important role in environmental radioactivity.
Reliable activity standards are required in order to validate radioanalytical techniques and
related measurements. In this paper, improved methods for the primary activity standardization
of *°Sr/°’Y based on liquid scintillation counting are presented. To this end, two methods were
used: the CIEMAT/NIST efficiency tracing technique with *H as a tracer and the triple-to-
double coincidence ratio method. Non-negligible discrepancies between the two methods were
found when applying existing analysis techniques. A detailed study was carried out to identify
and eliminate the root causes of these discrepancies.

Eventually, excellent agreement between the two methods was obtained. This required
advanced beta spectrum calculations which were carried out with a specific version of the
BetaShape program taking the atomic exchange effect into account. In addition, it was found
that the quench-indicating parameters determined in commercial liquid scintillation counters
are biased, which can cause significant problems for the CIEMAT/NIST efficiency tracing
method. The effect depends on the counting rate and can be explained by a superposition of the
LS spectra generated by *°Sr/*°Y and the external standard source.
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1. Introduction
In radionuclide metrology, the activity standardization of pure beta emitting radionuclides is
often done by means of liquid scintillation (LS) counting, and the two most frequently used
methods are the triple-to-double coincidence ratio (TDCR) technique and the CIEMAT/NIST
efficiency tracing (CNET) method (Broda et al., 2007). Both methods are based on the same
free-parameter model (Grau Malonda, 1999). When carrying out an activity standardization of
a given beta emitting radionuclide, it is expected that:
i) The results of both methods agree within the uncertainties.
ii)  The results obtained with the same method are consistent when varying the counting
efficiency within certain limits.
It was, indeed, found that both expectations are met when standardizing several radionuclides,
though small deviations have been observed in some cases (see, e.g., Ndhle and Kossert,
2011). However, for some radionuclides, significant trends were observed when varying the
counting efficiency, and/or the results of the TDCR method and the CNET technique were not
in agreement. Such inconsistencies must be regarded as an indication that the model and/or
the measurements were imperfect. When considering the model, some studies focused on the
ionization quenching function Q(F) (e.g., Broda et al., 2002) or the statistical model (Broda
and Jeczmieniowski, 2004; Bobin et al., 2012). Another potential reason for discrepancies
could be inaccurate nuclear decay data, which are required as input data for the efficiency
computation. For beta emitters, the relevant decay data comprise the maximum beta energy
and the shape of the beta spectrum. An interesting example is Ni, a pure beta emitter which
has a maximum energy of only 66.980(15) keV (B¢ et al., 2006). For this radionuclide, it was
shown that discrepancies between the LS methods could only be resolved when using
advanced beta spectrum calculations that precisely include the atomic exchange and screening
effects (Kossert and Mougeot, 2015). Since the study on **Ni, several further systematic

studies with other radionuclides have been carried out, and it was found that deviations —
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which are sometimes rather small — are reduced when using improved beta spectra. In this
work, a study on *°Sr in radioactive equilibrium with its daughter *°Y is presented. Since both
radionuclides have rather high maximum beta energies, the overall LS counting efficiency is
also rather high and little influence of the beta spectrum shapes is expected. Thanks to
advanced measurement and analysis techniques it can, however, be shown that — even in this
case — the more advanced beta spectrum calculations reduce the deviations. Moreover, it was
found that the determination of the quench-indicating parameter can be biased when using
commercial LS counters. Accurate results are obtained only when correcting for this effect.
The work presented here is relevant to ensuring the availability of reliable and reproducible
activity standards for °°Sr/*°Y with low uncertainty. Strontium-90 plays an important role in
industry and medicine, and it is a source for *°Y which — in turn — is widely applied in nuclear
medicine for palliative treatments and cancer therapy. Since *Sr is a nuclear fission product,
it is of concern in fallout from nuclear weapons and nuclear accidents. Consequently, it is one
of the most relevant radionuclides in environmental radioactivity, and accurate activity
standards help to establish corresponding measurements and analysis techniques (see, e.g.,

Bruchertseifer et al., 2008).

2. LS efficiency calculation

Strontium-90 (71,2,=28.80(7) a) decays by beta minus transition with a maximum beta energy
of 545.9 keV to the shorter-lived beta emitter *°Y (71,=2.6684(13) d), which has a rather high
maximum beta energy of 2278.7 keV. In this work, the transition probability of the latter beta
transition was assumed to be 100%, since two other weak beta-gamma transitions were
neglected. The transition energy of *°Y is high enough to make internal pair production
possible (Selwyn et al., 2007), and recent studies confirm that the corresponding probability is

only about 3.2 107 (Pibida et al., 2020; Dryék and Solc, 2020). Therefore, this effect was also



neglected in this work. Nuclear decay data — as stated above — were taken from B¢ et al.
(2006).

The beta transitions of *’Sr and *°Y are both of a unique 1* forbidden nature. In this work, the
corresponding beta spectra were calculated with a new version of the BetaShape program,
taking the atomic exchange and screening effects into account. Compared to the modelling of
the available version of the code (Mougeot, 2017), different improvements were added. The
screening effect is precisely taken into account by the full numerical solving of the Dirac
equation for a Coulomb potential of the nucleus that includes screened potentials (Mougeot
and Bisch, 2014). The exchange effect has been improved by adding the contribution of the
p12 orbitals and by considering more precise atomic energies, as described in (Hayen et al.,
2018) — only s1/2 orbitals and less precise atomic energies were considered in (Mougeot and
Bisch, 2014). The radiative corrections are now those considered in the high-precision study
of superallowed beta decays (Towner and Hardy, 2008; Czarnecki et al., 2004). The program
also provides a spectrum which ignores the above-mentioned effects. In the following, this
latter spectrum is referred to as the “classical” beta spectrum. In several analysis codes which
were used for LS counting in the past (see, e.g., Garcia-Torafio and Grau Malonda, 1985;
Broda et al.., 2000) a shape-factor function C(W)=¢*+p* was used. In the following, this is
referred to as the “old approximation”.

Figure 1 shows the calculated beta spectra of *°Sr (top), °°Y (middle), and *°Sr in radioactive
equilibrium with °Y (bottom). For the latter spectrum, the individual spectra were first

normalized. The *°Y spectrum was then multiplied by the equilibrium factor

T,,( *Sr)
Tl/2 ( 9osr) - Tl/z ( 9OY)

=1.000254 before adding both spectra. In the case of the more advanced

beta spectrum calculations, the probability of emitting low-energy beta electrons is slightly

higher, which is mainly due to the atomic exchange effect.



The LS counting efficiencies were calculated in a similar manner to that described by Néhle
and Kossert (2011): the ionization quenching function was calculated applying the
methodology of the KB code (Los Arcos and Ortiz, 1997) and the atomic composition of the
samples was taken into account. When applying the CNET method, the efficiency
computations for *H and *°Sr/*’Y were carried out with the same value for the kB parameter,

which was selected to be 0.0075 cm/MeV.

3. Experimental details

The solution used for this study contains *°Sr as SrCl,. The composition is similar to that
described by Kossert and Nihle (2015) with an SrCl,-6H,0 concentration of 50 mgL™! and a
YCl3-6H-0 concentration of 46 mgL™! in 0.1 M HCI. The nominal activity concentration is
about 4 kBq/g, and no radioactive impurity could be detected by means of gamma-ray

spectrometry.

The LS samples were prepared with 15 mL Ultima Gold™ LS cocktail using 20 mL glass
vials from PerkinElmer. About 1 mL of distilled water was added to one sample that was then
used to measure the background counting rates. Three additional samples were prepared
adding about 0.6 mL of distilled water to each of them and small amounts of nitromethane to
two of them. Finally, weighed portions of about 400 mg of the radioactive solution were

added. The sample compositions are summarized in Table 1.

The LS measurements were carried out in a custom-built TDCR counter at PTB referred to as
TDCR-M29. The system makes use of an FPGA-based coincidence module (Néhle et al.,
2014) which employs the dead time and the coincidence logic of the MAC3 module
(Bouchard and Cassette, 2000), i.e. it is also a live-timed system with extendable dead time.
In this work, a coincidence resolving time of 40 ns was used. The inner part of the optical

chamber is made of the diffuse reflecting material OP.DI.MA (ODM98), produced by
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Gigahertz Optik GmbH, which holds three Hamamatsu R331-05 photomultiplier tubes
(PMTs). The discriminator thresholds were adjusted just below the single electron peak. An
additional feature of TDCR-M29 is an automated sample changer which is very useful, in

particular when carrying out many measurements over a long time (Kossert and Nahle, 2015).

In addition, two commercial LS counters were used. A Wallac 1414 Guardian™ liquid

scintillation spectrometer was used to apply the CNET method. A measured LS spectrum of
this instrument is shown in Fig. 2 (left). A TriCarb2800 TR from PerkinElmer was also used
to obtain an LS spectrum (Fig. 2, right). However, the application of the CNET method with

experimental data from this counter was omitted as explained in the following section.

4. Analysis and results
The experimental data were analysed as described in previous articles (see, e.g., Ndhle and

Kossert, 2011) with corrections for background, decay and decay during the measurement.

In the course of a preliminary analysis, small deviations between the results of the CNET and
the TDCR methods were found. Further similar *°Sr measurements at PTB indicate
comparable deviations. These deviations were slightly larger when using higher *°Sr activities
(higher counting rates) in the LS samples and lower when measuring lower activities.
Eventually, a closer look revealed a bias of the quench-indicating parameter SOP(F) as
determined in the Wallac counter. At PTB, the experimentally determined SQP(E) value is
used to determine a related *H efficiency from a calibration curve. This calibration curve, i.e.
the function *H efficiency vs SQP(E), is obtained from an independent measurement of a °H
activity standard solution (tritiated water) with a similar composition to the LS samples of the

nuclide under study.



When preparing LS samples at PTB, the composition of the background sample (No. 1) is
usually very similar to the composition of one of the radioactive samples (No. 2) which does
not contain any nitromethane (cf. Table 1). Therefore, similar results for the quench-
indicating parameter are expected. In the case of *°Sr, this was, however, not so. The
measured quench-indicating parameter SOP(E) of the *°Sr sample was found to be

significantly larger than the SQP(E) of the background sample. In the following, the bias is

defined as ASOP(E) = SQP(E), ,, —SOP(E) with SOP(E)_, and SOP(E)

background ° Sr-90 background

being the measured quench-indicating parameters of the unquenched *°Sr LS sample (No. 2)

and the background sample, respectively.

A systematic analysis of several LS measurement data collected at PTB over a number of
years indicates that this bias is correlated with the net counting rate of the unquenched *°Sr
sample, i.e. a higher net counting rate leads to a higher bias. In commercial LS counters, the
quench-indicating parameter is automatically determined from the LS spectrum created due to
irradiation with an external gamma-ray emitting source, referred to as the external standard
(SOP(E) = Spectral Quench Parameter of the External standard). In the Wallac counter, the
external standard corresponds to a '**Eu source, and the system applies an algorithm to the
measured spectrum (see, e.g., Grau Malonda, 1999). A prerequisite of the CNET method is
that this quench-indicating parameter does not depend on the radionuclide in the LS sample
and it should also not depend on the counting rate. Apparently, these requirements are not
fulfilled in the case of *°Sr, which might be due to an overlap of the spectrum created by
%0Sr/”°Y and the spectrum due to the detection of radiation originating from the '>*Eu source.
The effect could be eliminated when measuring the LS spectrum of the *°Sr/*°Y LS sample
and subtracting it from the LS spectrum obtained when measuring the LS sample plus the
external source (after normalization of both spectra). When assuming that no such subtraction
is performed by the commercial counter system, it is expected that the bias also depends on
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the activity of the external standard source. Figure 3 shows the bias as a function of the net
counting rate divided by the activity of the external standard source. It is noteworthy that the
data used for Fig. 3 were obtained in a period of about 12 years. Therefore, the activity of the
external '*?Eu standard (712=13.5 a) changed significantly. Interestingly, Fig. 3 shows an

almost linear correlation.

A similar study was carried out with measurement data from the TriCarb counter, which
contains a '**Ba (T1,2=10.5 a) source as an external standard. Here, the quench-indicating
parameter is the #S/F (transformed Spectra Index of the External standard), and a similar bias

was found (see Fig. 3, right).

For the Wallac measurements described in this work, the bias was found to be ASQP (E ) =6

which corresponds to about 0.77% of the measured value (SQP(E)=780). After correction, the
993r/°%Y activity increases by about 0.06%. It was assumed that all samples are affected by the

same bias ASOP(E).

In the TriCarb, the bias was found to be AsSIE =10 which corresponds to about 1.9% of the
measured value (£SIE=472). After correction, the *°Sr/*°Y activity increases by about 0.05%,
i.e. the effects in both counters are very similar. The final results from the TriCarb are about
0.13% lower than those of the Wallac counter. Similar small deviations between the two
counters were found for other radionuclides and are assigned to potential imperfect signal
treatment in the TriCarb that is not discussed in this article. In the following, the TriCarb data

are omitted.

The background sample (cf. Table 1) does not contain any carrier solution, and consequently,
its composition differs slightly from that of sample No. 2. One may wonder whether this
difference could also cause a bias for the quench-indicating parameter. Therefore, a further

background sample was prepared using 15 mL Ultima Gold, 0.6 mL of distilled water and

8



400 mg of a corresponding carrier solution as described in Section 3. The quench-indicating
parameter of the new background sample was found to be slightly lower in both commercial

LS counters, but the differences were not significant.

Figure 4 shows the results of the activity analyses under various conditions. In a first step, the
data were analysed using the “old approximation” with C(W)=¢*+p?. In this case, the CNET
results (crosses) show a little trend and the unweighted mean is about 0.26% lower than the
unweighted mean of the corresponding TDCR results (open circles). When using the classical
beta spectrum, the CNET results (open diamonds) still show a slight trend and the unweighted
mean is about 0.16% lower than the unweighted mean of the corresponding TDCR results
(open squares). The unweighted mean values are also shown in Table 2. The deviation
between the two methods is reduced to less than 0.1% when the CNET results are corrected

for the SOP(E) bias (open triangles).

When using the more advanced beta spectrum calculations that include atomic-exchange and
screening effects, the results of both methods (blue, filled symbols in Fig. 4) increase slightly,
and the relative deviation between the methods is reduced to be less than 0.04%. When

considering the uncertainties, this deviation can be considered as not significant.

Table 2 includes results obtained when using a modified Birks parameter

kB =0.0110 cm/MeV. When using this value, the deviation between the two methods
increases to about 0.18%, even if the quench-indicating parameter correction is applied and
the new beta spectra are used. Interestingly, the mean value of both methods is very similar to
the final result which is based on kB = 0.0075 cm/MeV. This shows that the application of
both methods is advantageous, since the mean value is often very robust to changes of the kB
parameter. A similar anti-correlation was found in previous works (see, e.g., Ndhle and

Kossert, 2011; Kossert and Mougeot, 2015; Kossert et al., 2018).



Uncertainties were conservatively estimated according to common practice in radionuclide
metrology (Kossert et al., 2015), and corresponding uncertainty budgets for both methods are
shown in Table 3. The unweighted mean value a = 3.981(6) kBq/g (cf. Table 2) is taken as the
final result. Since the results of the two methods are correlated, e.g., due to the beta spectrum
and due to the weighing procedures, the relative uncertainty is conservatively estimated to be

0.14%, which corresponds to the relative standard uncertainty of the TDCR method.

5. Conclusions and discussion

The work presented here again reveals that commercial LS counters are imperfect. In previous
articles and conference papers, the importance of threshold adjustments, correct dead-time
treatment and the accurate determination of the starting time of a measurement were
emphasized, and problems due to certain features (like the delay before burst counting in
TriCarb counters) were criticized (Cassette, 2017; Kossert and Nahle, 2011). Here, the list of
problematic aspects is extended, since the determination of the quench-indicating parameter is
— in some cases — also not reliable.

One potential solution to this problem could be to prepare composition-matched sources for *H
and the nuclide under study when applying the CNET method. Such an approach has often been
applied at NIST (see, e.g., Collé et al., 2008) and good results have been obtained. The approach
requires some expertise concerning sample preparation and also has some drawbacks. For
instance, it reduces the flexibility of the method and, in some cases, it is difficult or even
impossible to prepare appropriate matched sources. Another solution could be to build a CNET
counter rather than to buy a commercial system. This would ensure full control over all relevant

parameters including PMT discriminator thresholds, and a live-time-based extendable dead
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time could be used. At present, the radioactivity group at PTB plans to build its own CNET
counter, which is to comprise an external standard to measure a quench-indicating parameter.
A further important conclusion is that accurate beta spectra calculations are essential to reduce
(or even eliminate) discrepancies between the results from the CNET and the TDCR methods.
For the high-energy beta emitter *°Sr/*’Y, the changes are lower than for ®*Ni (Kossert and
Mougeot, 2015) or %°Co (Kossert et al., 2018) but still clearly visible.

The analysis presented here can also be regarded as a validation of new beta spectra
calculations and — as already mentioned — we have similar findings for several other beta
emitting radionuclides, and a comprehensive review article is planned.

Despite the significant progress made for allowed and unique forbidden beta transitions, the
computation of beta spectra of non-unique forbidden transitions is still challenging. For this
type of transition, the nuclear structure must be taken into account, and to date, there is still no
full model with related computation tools. For the development of such a model, it is essential
to have access to reliable experimental data, which must include precise measurements of the
low-energy part of the beta spectra. It has been demonstrated in several works that metallic
magnetic calorimeters (MMCs) are excellent tools for this task (Rotzinger et al., 2008; Loidl et
al., 2010, 2014, 2019). MMC:s are a special type of low-temperature detector which provides a
high energy resolution, high linearity and a low energy threshold when carrying out 4n
measurements of beta emitting radionuclides. The experimentally determined beta spectra can
also be used directly for the analysis of LS counting data or to apply the TDCR-Cerenkov
method (Kossert, 2010; Kossert et al., 2014). In this way, considerable improvements were
achieved for *'Pu (Kossert et al., 2011a) and *°Cl (Kossert et al., 2011b), and preliminary
results for *Tc look promising.

The authors, therefore, emphasize that further improvements of beta spectrum calculations and

corresponding high-precision measurements are needed and that it is extremely important for
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the required research to receive sufficient support from the nuclear physics community and

funding bodies.
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Table 1

Recipe for preparation of the *°Sr/*°Y LS samples. Sample No. 1 is the background sample.

Sample No. 1 2 3 4
Ultima Gold™ 15 mL 15 mL 15 mL 15 mL
Distilled water I mL 0.6 mL 0.6 mL 0.6 mL
CH;NO:; (diluted with Opul opul 30 pl 60 pl

pseudo-cumene 1:1)

Weighed portion of 0 mg ~400 mg ~400 mg ~400 mg

9Sr/*Y solution

17



Table 2

Results of the activity concentration determined with various analysis conditions.

Conditions selected for

the analysis

Activity
concentration
from CNET
in kBq/g

Activity
concentration
from TDCR
in kBq/g

Relative
deviation
between both

methods

Unweighted
mean (CNET,
TDCR) in
kBq/g

Relative
deviation to

final result

Old approximation with
C(W)y=p*+¢°, no SOP(E)
bias correction, kB=

0.0075 cm/MeV

3.9691

3.9794

0.26%

3.9742

-0.18%

Classical beta spectrum,
no SQP(FE) bias
correction, kB= 0.0075
cm/MeV

3.9738

3.9800

0.16%

3.9769

-0.11%

Classical beta spectrum,
with SOP(E) bias
correction, kB= 0.0075
cm/MeV

3.9764

3.9800

0.09%

3.9782

-0.08%

Beta spectrum with
screening and atomic
exchange effect, with
SQP(E) bias correction,
kB=0.0075 cm/MeV

3.9806

3.9821

0.04%

Final result =

3.9813

0.00%

Beta spectrum with
screening and atomic
exchange effect, with
SOP(FE) bias correction,
kB=0.0110 cm/MeV

3.9769

3.98402

0.18%

3.9805

-0.02%
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Table 3

Standard uncertainty components assigned to the activity concentration a of a *’Sr solution

measured by liquid scintillation counting.

TDCR CNET
Component u(a)/ain % u(a)/ain %
Statistic (relative standard deviation, 3
samples, number of repetitions per sample > 0.02 0.01
10)
Weighing 0.01 0.01
Dead time 0.05 0.07
Background 0.02 0.02
Adsorption 0.05 0.05
TDCR value 0.02 _
3H standard as tracer _ 0.02
Radionuclide impurities (none detected) 0.05 0.05
Model and decay data (e.g. beta spectrum
shape, kB parameter etc.) 0.1 0.1
Decay correction <0.01 <0.01
Square root of the sum of quadratic

0.14 0.15

components
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Figure captions

Figure 1: Beta spectra of *°Sr, *°Y and *°Sr/*’Y calculated with a new version of the
BetaShape program. The calculations were carried out taking the atomic exchange and
screening corrections into account (blue dotted line). When ignoring these effects (red dashed
line), the result is referred to as the “classical” spectrum. A shape-factor function C(W)=¢*+p*

was used for the spectra denoted by “old approximation” (purple dot-dashed).

Figure 2: LS spectra of *°St/*°Y recorded with a Wallac 1414 LS counter with a logarithmic
amplification (left) and a TriCarb 2800 TR LS counter with a linear amplification (right).

Corresponding background spectra have been subtracted.

Figure 3: Left: Bias of the quench-indicating parameter SOP(E) and the ratio of the counting
rate of a *°Sr/*’Y LS sample and the activity of the external '*?Eu standard source. Right:
Corresponding bias for the £SIE from a TriCarb 2800 TR counter with a '**Ba source as an

external standard.

Figure 4: Activity concentration as obtained for the CNET and the TDCR methods as a
function of the counting efficiency. The uncertainty bars represent only a statistical
component which was calculated as a standard deviation of the mean of several repetition
measurements. A shape-factor function C(W)=¢*+p? was used for data denoted by “old

approximation”.
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