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Abstract 

When measuring radioactive strontium the uncertainty of the chemical yield 
determination method may limit the combined uncertainty of the total measurement 
method. Therefore it is important to compare different methods of yield 
determination with respect to their relative standard uncertainty. It is known that the 
ICP-MS has a lower detection limit than the AAS, but how do they compare to each 
others uncertainty when measuring the chemical yield?  
 
In this work stable strontium isotopes were used as yield tracer and 85Sr was used as 
radioactive yield tracer for the measurements with high resolution gamma 
spectrometry. To evaluate the uncertainties of the measurements the software GUM 
Workbench was used. The expanded uncertainties of the yield determination method 
for AAS, ICP-MS and gamma spectrometry were calculated to be 9.7%, 10% and 3.1% 
(k=2), respectively. 
 
The largest contributor to the relative uncertainty, for both the ICP-MS and the AAS, 
were found to be the volumetric additions. If the uncertainty contributions of the 
volumetric additions are excluded by weighing all the individual quantities instead, 
the factor that contributes the most to the combined uncertainty is the uncertainty in 
the signal (absorbance for AAS or intensity for ICP-MS). For the AAS that uncertainty 
can be lowered further by the use of a bracketing method, using standards to correct 
for any possible drift in absorbance, over time, caused by instrumental error.  
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List of abbreviations 
 
β  Sign for beta radiation, can be β- (negatron) or β+ (positron) 
cpm/cps Counts per minute/counts per second 
dpm/dps Disintegration per minute/ disintegrations per second 
FOI  Totalförsvarets forskningsinstitut, Swedish Defence Research Agency 
λ  Decay constant  
R  The observed decay or count rate (usually in cps) 
τ  Dead time of the ICP-SFMS 
t½ Half-life, time needed to reduce the amount of radioactive decay by a 

factor 2.  
ψ  Counting efficiency constant 
ICP-SFMS Inductively coupled plasma –Sector field mass spectrometer 
[…]a  Prefix noting the sample before separation (also […]init) 
[…]b  Prefix noting the sample after separation (also […]after) 
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1. Introduction 

Strontium, Sr, is a naturally occurring alkaline-earth metal which has chemical 
properties similar to other alkaline-earth metals, in particular calcium and barium. 
Strontium has four stable isotopes, 84Sr, 86Sr, 87Sr and 88Sr which occur mainly as 
SrSO4 and SrCO3 in nature, and make up for 0,025% of the earth crust [1]. There are 
also a number of unstable isotopes, which are formed in the fissioning of e.g. 
uranium and plotunium. 
 
90Sr is one of the most dangerous radioactive strontium isotopes. It is dangerous 
because of its relatively long half-life of 28.79 years and because it possesses similar 
properties as calcium. Therefore 90Sr accumulates in the human skeleton, where the 
beta radiation emitted will be able to cause damage to blood-producing cells [1, 2, 3].  
This is why it is important to have an efficient and reliable method for the 
measurement of radioactive strontium to decimate possible threats on living 
organisms by ingestion of, or exposure to, contaminated samples. In the case of a 
radiological emergency however, the quantity of 89Sr greatly exceeds that of 90Sr, and 
thus a method for measuring this radionuclide is needed as well [4]. 
 
Beta radiation is not monoenergetic, and this presents a problem from a 
measurement point-of-view. If any interfering radionuclide is present in the 
measurement it will be difficult to determine the presence of radioactive strontium.  
Seen in table 1.1 are the different radioactive isotopes of strontium which were 
considered in this work. The 85Sr is used as a radioactive yield tracer, since as the 
energy of the emitted gamma ray is monoenergetic. 
 
When determining the ratio of 89Sr/90Sr the first step is to remove any interfering 
radionuclides, such as barium, yttrium, calcium and sodium isotopes, which is done 
by using a Sr-resin. Then, to make a distinction between the two strontium isotopes 
the daughter of 90Sr, 90Y, is allowed to grow into the sample until a secular 
equilibrium is reached, i.e. the activity of 90Y is equal to the initial activity of 90Sr. 
After being allowed to grow into the sample, yttrium is separated using a Ln-resin 
and the activity of 90Y, measured by Cherenkov counting in the LSC, gives the activity 
of 90Sr.  
 
 Table 1.1. The radioactive isotopes used in this work; with half-life, decay mode and 
ionization energies Ex[2]. 

 
 
The separations are currently performed by loading the sample onto an extraction 
chromatographic resin, which is set to a chemical condition where the resin has 
maximum affinity for the target element and it has a suppressing affinity for any 
eventual interfering radionuclide. Earlier separation methods included e.g. ion 
chromatography[5].   
 
During the separations it is important to have control over the chemical yield. 
Measurements of added stable and radioactive tracers constitute the methods used to 
determine the amounts of analyte before and after separation. The inductively 
coupled plasma- mass spectrometer, ICP-MS, has a low detection limit; it can detect 
trace amounts of analyte and is reliable down to parts per trillion, ppt[6]. This makes 

Nuclide  Decay mode Half-life (t½) Ex (keV) 
90Sr Analyte β- 28.79 years 545 
89Sr Analyte β- 50.53 days 1495 
85Sr Yield tracer ε  64.84 days 514 
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the ICP-MS much more sensitive than the AAS currently in use at FOI for 
determining the yield of strontium separations. Gamma spectrometry on the other 
hand, measures the undiluted eluate from the strontium separation giving the activity 
of the sample, from which one can calculate the yield of radioactive tracer.  
Uncertainty assessments are done for the yield determination process in order to 
obtain the combined uncertainty for the measurement method of radioactive 
strontium. To determine the combined standard uncertainty of a yield determination 
method all uncertainty parameters of the laboratory procedure are needed, such as 
the measured uncertainties from accumulated data, deviation of calibration curves, 
certificate values of measurement standards used in calibration(s), etc. These 
parameters are later combined through mathematical relationships, e.g. in the 
dedicated software GUM workbench [7], and an uncertainty budget is calculated, 
giving the individual contribution to the total variance as well as the combined 
uncertainty. In this way it is simple to identify the shortcomings of the laboratory 
setup that contributes the most to the total uncertainty.  
 
During this work two different versions of the strontium separation method were 
used. One version of the method included the separation of 90Y, from which data was 
used to develop the full yield determination method, of both strontium and yttrium, 
for the ICP-SFMS. The other version, which comprised only of the strontium 
separation, was used to evaluate the three yield determination methods; ICP-SFMS, 
AAS and gamma spectrometry.   

Aim of the diploma work 
This diploma work was aimed at examining the combined uncertainties for the ICP-
SFMS and AAS yield determination methods. Added to the comparison of the two 
methods, using stable yield tracer, was a third, robust, yield determining method 
where gamma spectrometry is used to confirm the yield with regard to the radioactive 
tracer. 
Comparing these three different methods would hopefully give a satisfactory image of 
whether or not they are tantamount, and thus show their respective relative 
combined uncertainty when determining the chemical yield of the separations.  
  

2. Theory 

2.1 Radioactive decay 
As the activity of a radionuclide is constantly changing, whether it is a big or small 
change, one needs to calculate the current activity, with regards to its decay, and this 
is done according to eq. 1 below. 
 

  2/1

)2ln(

0
t

t

eAtA


     (eq. 1) 

 
Where, A(t) is the activity of the sample, A0 the activity at t=0, t is the time passed 
from t0 to the time when the new activity is calculated and t½ is the half-life of the 
radionuclide[8]. Equation 1 is useful during all measurements when analyzing short-
lived nuclides, or when a relatively long period of time has passed since the original 
activity was declared. 

2.1.1 Different disintegration products 
As the radioactive mother nuclei decay, a number of different disintegration products 
may be formed, depending on the decay mode of the radioactive nuclei. Often one of 
three basic decay modes occur, either α -, β- or γ-decay, to make an unstable nucleus 
spontaneously transform into a more stable state one [8]. However, there are 
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situations where there is a possibility that the radionuclide decays via different types 
of decay, this is referred to as branched radioactive decay [9]. The daughter of a 
disintegrated radioactive nucleus may also be radioactive itself and does in turn 
produce its own disintegration products. 
 
The α-particle consists of two protons and two neutrons (4He). This leads to the fact 
that it cannot travel more than a few centimetres in air, and due to its size and charge 
an α-particle can be stopped by e.g.  a piece of paper. This sort of radiation is not 
considered especially harmful since it does not penetrate the skin, but if ingested it 
can cause damage to important cells.  
 
γ-radiation, which simplified is ionizing electromagnetic radiation can, on the other 
hand,  penetrate most matter, but the intensity of the γ-radiation decreases with the 
amount of matter it penetrates, as it attenuates. The γ-radiation is monoenergetic 
[10]. 

β-radiation 

Positron(β+) or negatrons (β-) give different disintegration products. Positive β-decay 
comes from nuclides with an excess of protons whereas negative β-decay originates 
from nuclides with an excess of neutrons, resulting in the transformation of a proton 
to a neutron or vice versa. 
The decay of 90Sr yields a product with a higher number of protons than itself since it 
disintegrates with negative β-decay, resulting in 90Y. 
β-radiation has a continuous energy distribution because of the inconsistent split of 
energy that occurs when an element decays with β-radiation. This is because a 
neutrino also is formed taking with it different amounts of energy resulting in a β-
energy ranging from 0 to Emax.  

Electron capture  

Electron capture (ε) is a procedure where an unstable isotope becomes stable or 
reaches more stability when a proton within the nucleus, instead of releasing 
electrons or positrons as is the case in beta decay, takes an electron from the inner 
electron level converting itself into a neutron. 
This results in a movement of electrons into the vacancies of the orbitals, which in 
turn results in a drop in total energy for the isotope. The energy released( ev0

0 ) is a 

monoenergetic x-ray1, distinctive of the element in question, which in turn can be 
detected with the same detectors as that in gamma spectrometry [11]. 

2.2 Instrumentation 
Determination of chemical yield is simply done by comparison of the initial value 
(denoted as the before- or init. sample) of either the radioactive yield tracer or the 
stable yield tracer (eq.2) with the measured value after the separation (denoted as the 
after sample). 
 

     100(%)
.


init

aftersep

tracer

tracer
Yield          (eq. 2) 

 

                                                        
1 X-rays and gamma rays reside within the same wavelength interval in the electromagnetic 
spectrum, making it possible to use similar detectors to detect x-rays as gamma rays. To 
distinguish one from the other by their origin: gamma rays are emitted by the nucleus, while 
x-rays are emitted as a result of electron movement outside of the nucleus [11]. 
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Various instruments and analytical procedures are used for the determination of 
chemical yield.  

2.2.1 ICP-SFMS  
The ICP-SFMS consists of three distinctive parts, an ion source (the plasma), a mass 
filter (the magnet and an electrostatic filter) and a detector (a secondary electron 
multiplier, SEM). The plasma ionizes the sample atoms which after ionization are 
introduced into the mass spectrometer. The instrument measures the stable 
strontium yield tracer, which is partitioned into the different stable isotopes of 
strontium. Multiple elements can be detected during the same measurement, which 
presents the opportunity to correct for any decrease or increase in the signal using 
internal standards, according to the sections below [6]. 

Dead-time and blank correction  

Not all ions can be detected during the measurement, so a dead-time is used to 
correct for the unaccounted occurrences in the measurement to give the true 
intensity. This is done for all measurements. The dead-time corrected intensity is 
given by: 
 



























 blank

blank

Smeas

Smeas
Strue I
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I
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I
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,
,   (eq.3) 

 

where Itrue,S is the dead-time and blank corrected intensity, Imeas,S is the measured 
intensity of the isotope within the sample,  is the dead-time correction factor and 
Iblank is the intensity of the isotope within the blank. 

Internal standard correction  

The element used as internal standard must not be present in the sample matrix prior 
to the addition, since it would produce erroneous result in concentration when 
adding between 1-100 ppb into a matrix containing the element in question. Suitable 
internal standards are elements which have no interferences, one that does not 
interfere with the measurement and preferably an element with only one single 
isotope, to simplify the detection and verification of its presence. Commonly used 
internal standards, when performing analysis with ICP-MS, are 9Be, 45Sc, 89Y, 103Rh, 
115In and 209Bi. 
 

 
Ssi

stdsiStrue
Scorrsi I

II
I
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      (eq. 4) 

 
To receive the corrected value of the intensity (Ii.s,corr,S) eq. 5 is used. Itrue,S is the dead 
time- and blank corrected intensity of analyte in the sample,  Ii.s,std is the dead time- 
corrected intensity of the internal standard in the internal standard blank, and where 
Ii.s, S is the dead time- and blank corrected intensity of internal standard in the 
sample.  

Dilution correction 

Since the sample concentrations measured with the ICP-MS in these experiments are 
down to µg/L correction with a dilution factor is needed as the samples have been 
diluted by approximately 5 orders of magnitude. By correcting for the dilution the 
concentration in the original sample can be obtained [6,12]. 
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2.2.2 AAS 
The atomic absorption spectrometer incinerates the sample using a flame. It 
measures, with a hollow-cathode lamp, the difference in absorption of the before- 
and after-samples collected. In this project the instrument measures the stable 
strontium and yttrium yield tracer. 

Bracketing with standards  

To ensure that the yield-measurements would not be affected by any changes during 
the analysis, as an effect of flaws in the atomic absorption spectrometer etc., a system 
of bracketing can be used. Previous use of this bracketing method, i.e. control 
samples with e.g. known isotope quota (standards), has been used to calibrate 
isotopic ratio measurements where mass discrimination fluctuates during 
measurements [13]. The reason for using bracketing in this work is to make an 
adequate correction for the drift in the signal over a short period of time. 

2.2.3 Gamma spectrometry 
Gamma spectrometry uses a detector to measure the intensity of gamma radiation 
being emitted from different radionuclides. Since the gamma radiation, as x-rays, is 
monoenergetic the intensity can be quantified by the area of the peak.  
 

 
Figure 2.1 A gamma spectrum in close-up. The strontium peak at 514 keV, 
highlighted in the figure, is proportional to the number of emitted gamma rays that 
have been detected during the time of analysis. 
 
From the area of the peak the number of disintegrations that has occurred during the 
counting time can be calculated [14]. 
 
When 85Sr decays, via electron capture (section 2.1.1) to 85Rb 98.5% of the decay is 
into an excited state of 85Rb and when it returns to a stable state a monoenergetic 
gamma-ray is produced [2, 8]. 
To determine the yield one needs to correct the activities from both the measurement 
with the gamma spectrometer and the initial preparation of the sample. This fact is 
illustrated in figure 2.2 below. 
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Ainit                         A0, Sep                                 AMeas. 

 

t2 

Ainit, sep 
t1 

Sample preparation                         Separation                                   Measurement 

 
 

 
Figure 2.2: Time line of the process of preparing, separating and measuring the 
sample and how the correction was made due to radioactive decay, i.e. the correction 
needed to give the correct activity for Ainit and AMeas at the time for the separation. 
 
The measured count rate (cps), from the peaks of the gamma spectra, are then used 
to calculate the activity AMeas., which will be used as the after-sample in the 
calculation of the yield from the separation. AMeas is given by: 
 

mI

RR
A BG

Meas 





.     (eq.5) 

 
where 
 

Geostdnom kk      (eq.6) 

 
In eq.5, R is the observed count rate of the sample, RBG is the observed count rate of 
the background, Iγ  is the gamma emission probability for the radionuclide at the 
energy E, m is the mass of the sample and Ψ is the measurement efficiency. In eq. 6, 
Ψnom is the nominal measurement efficiency (with no assigned uncertainty) kGeo 
represents the geometrical reproducibility (to which extent the loading of the sample 
is reproduced, giving the same geometry when the sample is analysed) and kstd is the 
uncertainty in the calibration standard, this equation is used to assess the uncertainty 
of the measurement efficiency, i.e. the uncertainty in the measurement efficiency is 
carried by kstd and kGeo. 
 
In this work the activity at the time of the separation was not received from the 
software, therefore one needs to solve eq. 1 for A0 (as opposed to A(t)) to obtain the 
correct activity at the time of the separation, this gives the following relationship: 
 

½

22ln
.

,0

t

t
Meas

sep

e

A
A           (eq.7) 

The activity of the initial sample also needs to be corrected for the time passed, it too 
according to eq.1, where t2 is the time passed from the separation to the 
measurement. 
 

      (eq. 8) 
 
Ainit,sep is derived from eq. 1, with t1 as the time passed from preparation of the sample 
until separation, see figure 2.2. [15]. 

½

12ln

..
t

t

initSepinit eAA






7 
 

2.2.5 Liquid Scintillation Counter 
A liquid scintillation counter (LSC) detects the light flashes of Cherenkov radiation to 
measure the radioactivity of a radioactive substance.  
To calculate the initial activity of the sample eq. 10 is used where minit is the initial 
mass of the sample, S0 is the specific activity in the sample at t=0. 
 
         A(90Sr)init = minit· S0(90Sr)·e((-ln2) ·t)/t½

          (eq.9) 
  
The data, Rmeasurement, is acquired as counts per minute, cpm. The β-energy of 90Sr is 
relatively low so the contribution to the number of counts is negligible, whereas 89Sr 
has a high Eβ, max (1.5 MeV) and is thus contributes significantly to the measurements.  
 

Ycher

tmeasuremen RR
YA

90,

090 )(



                        (eq.10) 

 
Since 89Sr has a relatively long half-life (see table 1.1), compared to 90Y (t½= 64.00 
h)[16], its contribution to the counting can be observed as a part of the background 
radiation. This makes the differentiation between 90Sr and 89Sr possible, seeing as 90Y 
can be separated from 89Sr and analysed with LSC as described earlier in the report 
(Introduction).  
To calculate the counting efficiency, for 90Y in eq. 10, eq. 11 is used.  
 

         
ref

90Ycher, Y)A(

R
   90                   (eq.11) 

 
where A(90Y)ref is the radioactivity of a certified reference solution and R is the count 
rate registered by the instrument. By calculating the activity of 90Y, according to eq.11, 
and then solving eq. 12 for A(90Sr)0 one receives the activity of 90Sr after the 
separation. 
 
 

(eq. 12) 
 
 
With repeated measurements one can verify the presence of a specific radionuclide by 
plotting the logarithm of the activity of 90Y, at different t, giving a line with the slope 
of λY90. The relation between half-life and the decay constant is [10]; 
 

      
½

)2ln(

t
                                 (eq.13) 

 
As mentioned earlier in this report, the half-life is specific for a radionuclide so with 
this information, sometimes in combination with chemical separation, one can 
disclose the identity of a radionuclide. 
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Figure 2.3: A description of the ingrowth of 90Y (A(90Y)0 =0 Bq) from 90Sr (A(90Sr)0 
= 45Bq) as a function of time based on eq. 12. 
 
When 90Sr decays to 90Y a secular equilibrium is formed, according to figure 2.3, i.e. 
when the half-life of the daughter nuclide is much smaller than the half-life of the 
mother nuclide (t½(1)>>t½(2)), the initial activity of the latter is kept as constant as 
the daughter “grows in to” that initial activity [9]. 

2.2.4 Cherenkov radiation   
When a charged particle travels faster than the phase velocity of light, in transparent 
medium, Cherenkov radiation is emitted. The energetically charged particle moving 
within the medium displaces electrons of some of the atoms which cross its path 
giving rise to electromagnetic radiation which in turn combine into a wave front. 
 
As all wave fronts of the emitted light moves through a single point in the medium at 
the same time, an equivalent of a sonic bang, i.e. the intensity of light is of great 
magnitude, is produced [17, 18]. 
This phenomenon is restricted to high energy beta-radiation, and according to eq. 14 
(derived in ref. 18) one can calculate the threshold energy; 
 

MeV

n

KE






















 1
1

1

1
511,0

2

   (eq.14) 

 
Where KE is the minimum kinetic energy needed to produce Cherenkov radiation, 
0.511 MeV is the electron rest mass of the β-particle and n is the refractive index of 
the medium in which the particle travels. With a refractive index of 1.333, for water, 
the threshold energy needed of the β-particle is at least 261 keV [18]. 
 

2.3 Uncertainty assessments 
The use of uncertainty assessments is important in measurements, since it states the 
quality of a measurement result. Combined uncertainty may give validity and 
traceability to measurements. The definition of the concept of uncertainty does not 
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mean that one doubts the reliability of the measurement, but instead that knowledge 
about it gives an increased trust in the validity of the results. It is a parameter which 
is bound to the result and that symbolize the spread of the values from e.g. a scale, 
thermometer, volumetric instrumentation etc.  
 
Assessing the uncertainty of a measurement method means that one needs to 
consider all possible sources of uncertainties, the easiest way being to follow the 
planned experimental procedure and assessing every individual uncertainty as one 
encounters them. But still weighing the work effort against the product, the 
procedure is meant to make the experimental part more effective, not the other way 
around.  

2.3.1 Relative standard uncertainty 
The relative standard uncertainty is preferred when comparing uncertainties, as it is 
often expressed as the percental value of the result.   

2.3.2 Combined uncertainty 
The total uncertainty of a specific measurement result y is called the combined 
uncertainty and is denoted uc(y). It takes into account the uncertainty contributions 
from all input quantities needed to calculate the measurement result. To be able to 
express all uncertainty contributions as standard uncertainties one might need to 
convert them from another statistical distribution, e.g. from a rectangular 
distribution [19]. When all uncertainty contributions are converted the combined 
uncertainty can be calculated according to; 
 

         22
21 )(,...)),(( iic xucxxyu           (eq. 15) 

 
Where y(x1, x2…) is the model equation of the input quantities, u(xi) is the standard 
uncertainty of the component xi and ci is the sensitivity coefficient with regard to xi, 

i.e. the partial derivative of
ix

y




. 

2.3.3 Uncertainty budget 
The purpose of an uncertainty budget is to show to which extent the different 
individual parameters contribute to the combined uncertainty, and also to show what 
can be done in order to decrease the uncertainty, if needed [19]. The uncertainty 
budget gives the relative variance contribution from the different input quantities.   
 

2.4 Chemical separation 
A solid phase extraction resin works as a chromatography method, though not in the 
conventional chromatographic way. The analyzed element is either retained or 
eluted directly. Finding a suitable separation resin is a search for a resin that has, 
ultimately, no affinity for interfering species, at least at some chemical condition. 

2.4.1 Strontium 
The chemical equilibrium for the strontium separation is believed to be [20]; 

 

EENO 233
2 )Sr(NO 2Sr    

 
where E represents the crown ether which is present on the column material and 
NO3

- is which in this work is the conjugate base of HNO3. The affinity of strontium to 
the resin increases with the concentration of NO3

-, with a maximum around 3-8 M. 
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Since the affinity for barium, one of the major interfering radionuclides present 
during strontium separations, is negligible at concentrations above 5 M a 
concentration of 8 M HNO3 is preferred when loading the sample.  
After loading the sample onto the resin, 3M HNO3 - 0,05 M of oxalic acid (H2C2O4)  is 
added to act as a competitive complexing agent in order to elute any occurring 
tetravalent actinides [21]. 

2.4.2 Yttrium 
The chemical equilibrium for yttrium and the extractant in the Ln-resin is;  

 
  HHY 3)Y(HY )(3Y 322

3  

 
where the (HY)2 represents the dimer of HDEHP, di(2-ethylhexyl)ortophosphoric 
acid that is present in the column material[22]. 
 

3. Materials 

The samples consisted of Milli-Q water with different activities of 90Sr added. The 
85Sr solution (97.7 Bq/g) was added in three different activities (10, 12 and 15 Bq) to 
the sample and was also used when determining the uncertainty of the geometry in 
gamma spectrometry, the 50 Bq 90Sr spike (97.92Bq/g) was added to the samples and 
another 90Sr solution (97.94 Bq/g) was used for determining the uncertainty of the 
geometry in Cherenkov counting. Method blanks were used throughout the 
experiment.  

3.1 Reagents and standards 
For the separations different concentrations of HNO3 was used (8 M, 0.05 M, 3 M), 
with the addition of 3 M HNO3 + 0.05 M H2C2O4 for the strontium-separation. 30% 
H2O2 (Scharlan, HIO136) was used to dissolve the digested reference samples. The 
stable standards used were an yttrium standard (10 086 mg/L), strontium ICP-
standard (Merck, Sr(NO3)2 ) (1 000 mg/L) and stable strontium (5 000 mg/L). A 
sodium solution (0.1 mg/L) was added to all samples for the AAS-analysis, prepared 
from NaCl and Milli-Q, in order to prevent ion suppression. Indium (CLIN-1AY, 10 
mg/L) was used as internal standard during the ICP-MS analysis. Control samples for 
the AAS were prepared from strontium standard (99.2 mg/L) and yttrium standard 
solution (1 000 mg/L) for the strontium and yttrium separation, respectively. All 
reagents and standards used were of p.a. grade.  

3.2 Resin cartridges  
Sr-resin cartridges packed with crown ether (4,4’(5’)-di-t-butylcyclohexano-18-
crown-6) diluted in octanol was used during the initial strontium separation. Ln-
resin cartridges packed with HDEHP, was used for separation of 90Y. All resins were 
purchased from Eichrom (Darien, Illinois, USA). 

3.3 Instrumental setup 
The instrument used for the AAS analyses was an AAnalyst 300(Perklin Elmer, 
Waltham Massachusetts, USA) equipped with; a LuminaTM Sr-lamp for the analyses 
regarding strontium and a LuminaTMY-lamp for the analyses regarding yttrium. An 
Autosampler AS-90 with an Autosampler AS-90 controller was used for sampling. 
The software used to retrieve the data was AA WinLab Analyst. 
 
For the liquid scintillation counting a 1220 Quantalus Ultra low level Liquid 
Scintillation spectrometer (Wallac, Turku, Finland) was used, collecting the data 
using WinQ-Counter. The data was then retrieved with the software Easy View. 
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An HPGe detector (Ortec, 80%) was used for the gamma spectrometric 
measurements and the spectra was analyzed using the software GammaVision 6.01 
(EG&G Ortec, Oak Ridge, TN, USA). 
 
The ICP-MS (Element 2, Thermo-Finnigan, Bremen, Germany) used the Thermo 
Element software to run the instrument and to collect the data.    
 

4. Method 

4.1 Preparation of samples 
Reference materials consisting of clover (AQCS, IAEA-156) and milk powder (AQCS, 
IAEA-152) were used to confirm the method with other sample matrices. A total of 10 
Bq 85Sr each were added to the reference samples.  
 
Before separation, of both strontium and yttrium, 0.1 mL (0.5 mL for the after 
sample from the yttrium separation to AAS analyze) was withdrawn from the samples 
to be diluted in order to determine the chemical yield, using AAS or ICP-MS. The 
AAS fraction was diluted to 10 mL with 9.7 mL Milli-Q and 0,2 mL Na (100 mg/mL).  
Fractions taken to the ICP-MS measurements were diluted to a concentration of 15 
µg/L stable strontium and 18 µg/L of stable yttrium, with 0.2 mL 14 M HNO3, Milli-
Q and with 20 µg/L indium as internal standard. During these experiments an 
internal standard of 20 µg/L of 115In was used in all blanks, standards, reference 
material and samples. 

4.2 Separation 
The Sr-resin cartridges were attached to a vacuum box with a 20 ml plastic column 
on top and were conditioned with 5 mL 8 M HNO3. Each sample was loaded the 
column, the sample vessel was rinsed with 5 mL 8 M HNO3 which in turn was added 
onto the resin. 
 
The resin was rinsed three times, first with 5 mL 8 M HNO3, then with 0.05 M 
H2C2O4 in 3 M HNO3 and finally with another 5 mL 8 M HNO3. To elute strontium, 15 
mL of 0.05 M HNO3 was added to the separation column and the fraction was 
collected for measurement of 89Sr. This fraction was then left in order to let 90Y grow 
in. 
 
For yttrium separation, Ln-resin cartridges were attached to a vacuum box with 20 
mL plastic columns attached on top. The resins were initially conditioned with 5 mL 
0.05 M HNO3. The sample was then loaded onto the resin and the sample vessel was 
rinsed with another 5 mL 0.05 M HNO3. The resin was then rinsed with 17 mL 1 M 
HNO3 and eluted into a scintillation vial with 6.5 mL 6.5 M HNO3. 

4.3 Measurements of radioactivity  
The samples containing 85Sr were measured using the gamma spectrometer about 
one day after the separation. Measurement time was about one hour per sample. 
Measurement results were then corrected for radioactive decay to a reference time 
according to figure 2.3. 
 
The background, and any eventual 89Sr (Eβmax = 1.5 MeV) was measured via 
Cherenkov counting using the LSC directly following the strontium separation, one 
could also follow the ingrowth of 90Y with the LSC [23]. The measurements following 
the yttrium separation gave the activity of the 90Y (Eβmax = 2.3 MeV) that had grown 
into the sample after the strontium separation. 
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When measuring the samples from the yttrium separation in the LSC a correction of 
the activity with a factor 1.102 (6.5 ml/5.9=1.102) was made since a significant 
portion of the sample is taken for analysis in the AAS and ICP-MS (0.5 ml + 0.1 ml). 

4.4 Measurements for yield determination 
The diluted before- and after samples were measured with AAS and ICP-SFMS. The 
samples analysed in the AAS were measured with standards around them.  
A control sample was also run with regular intervals to assess the reproducibility of 
the result of the bracketing method. The results of the control sample were then 
compared to data collected during previous measurements. Cinit, sep and Cafter, sep are 
acquired as data from the measurements done on the AAS, calculated by the software 
from three calibration points.  
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5. Results and discussion 

For this diploma work the method of bracketing was used by surrounding the 
samples with standard solutions of known concentration. Seeing as bracketing had 
not been used with the AAS the theory of correcting with standards needed to be 
developed during the diploma work.  
The change that occurs in the standard measurements was used to correct for any 
difference in absorbance which might occur during sampling, e.g. by a fluctuating 
flame or a decreasing signal from the lamp.  
 
Seeing as the absorbance recorded declined over a very short period of time, making 
it necessary to place standards around every sample. This was made to assure that 
the difference in time, between sampling the control and the sample, would be as 
small as possible. The sample loading, after calibration, was as follows (where K 
represents the standards and P represents the samples): 
  

K1,1, P1, K1,2, P2, K1,3,P3, …, K1,n, Pn, K1,n+1  (eq.16) 
 

Absorption of samples as a function of time
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Figure 5.1: An example illustrating the relationships of the different factors of 
correcting Pn with regard to the control samples, brackets, analyzed. The relative 
distance between Pn,NEW and Pn is the same as the difference between K1,korr and the 
Calibration point(K0), i.e. the value of Bsample.  
 
The difference between the absorbance of K1,n and K1,n+1 is represented by a linear 
relationship(seen in figure 5.1), as a function of time. This assumption is based on the 
fact that these are the measurements closest in time to the measurement of the 
sample. As with most graphs, whether they are polynomial or exponential, when the 
differences between the x-values are small enough the relationship between them can 
roughly be assumed to be linear. Since these measurements are measured 
immediately before and after the sample, as close as one can get with rinsing, a linear 
relationship is assumed. 
 
For yttrium it is not suitable to use the highest calibration standard when performing 
the correction, since the calibration curve is polynomial. Therefore the second 
calibration point is used during the measurements, this is because it is the point 
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which govern the form of the equation. The calibration curve for the yttrium 
standards can be seen in figure 5.2. 
 

Calibration curve for Y standards
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Figure5.2: Illustration of the calibration curve for the yttrium standards (0, 50 and 
150 mg/l), showing the relevant concentration/signal area of the samples.  
 
By using the second (50mg/l) calibration standard instead of the third (150 mg/l) the 
resulting relative difference, due to the subsidence in absorbance, will give a smaller 
variation. 
 
With this linear relationship, on half of the time interval between them, a theoretical 
point called K1, korr exists, which is the value of the control sample at the time of the 
analyze of Pn (t(Pn)).  
 

2

)( 1,1,1
,1


 nn

korr

KK
K     (eq.17) 

 
Eq.18 above is true if the sample is analyzed exactly in-between the two control 
samples. If that is not the case, i.e. if two samples are analysed between K1,n and K1,n+1, 
the linear relationship between them needs to be defined to obtain the first-grade 
equation between them. 
 

y = kx +m     (eq.18) 
 
Where y is the absorption, x is the time at which Pn was analyzed, m is the 
concentration at t=0, and k is the slope of the curve. This gives a better estimation of 
K1,korr since sampling of Pn is not measured precisely in the middle of the two control 
samples 
 
Uncertainty assessments of K1,korr can be made in two different ways, depending on 
the brackets. Since the values of K1,1 and K1,2 both are mean values, the uncertainty of 
the one point, K1,korr, can either be a result of the standard deviation for each 
replicate, or it can be assessed by the method of least squares.  
The latter is used if the control samples differ greatly in concentration. Detailed 
information regarding the least square function one receives and the corresponding 
uncertainties for y(σy), for k(σk), and for m(σm) which are expressed in eq. 19.  
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y± σy = (k± σk)x+ (m± σm)    (eq.19) 
 

Absorption of samples as a function of time
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Figure 5.3: The relationship between the brackets, K1,n and K1,n+1, the K1korr value 
and the calibration point, K0. 
 
If B1>>B2,, which can be seen in figure 5.3, then the slope is so big that the replicates 
can no longer be assumed to be of the same statistical population and thus the 
standard deviation of BSample has to be assessed by the method of least squares. [24] 
 
By comparing the control sample, K0, with K1,korr one receives a relationship which 
will give the relative correction coefficient (here denoted Bsample, and illustrated in 
figure 5.3) according to eq. 19.  
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BSample gives the relative difference between the measured value Pn and the corrected 
value, Pn, NEW,, as seen below in eq. 21.   
 

   Pn, NEW = Pn + B sample    (eq.21) 

5.1 Comparison of different yield determination methods 
To assess the bracketing method properly, and to confirm the proposed methodology, 
control samples (0.5 mg/L stable strontium) were run during the measurements of 
the samples. This benchmark sample concentration was observed to differ during the 
time of the measurement, and as it had a set concentration it would be possible to 
evaluate the effectiveness of the bracketing method’s ability to correct for the 
difference in absorbance over time. As the measured concentration of the control 
sample differed, there also needed to be a value to aim the correction towards.  
If one would assume that the initial control sample also needed to be corrected, as it 
usually was measurement number five, it cannot be used as a guiding value when 
controlling if the theory holds. So the accurately corrected control samples were given 
by re-calculating the calibration curve, for each K1,korr, and thus a new absorbance to 
concentration ratio is established for the respective control sample, as seen below in 
table 5.1. 
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Table 5.1: Evaluation of differences when using bracketing when determining the 
chemical yield of separations using the AAS method. 
Sample ID 

 
Adapted calibration curve 

[mg/L] 
Relative difference 

[mg/L] 

Control 1 0,500 0,503 

Control 2 0,496 0,498 

Control 3 0,499 0,497 

SD 0,0023 0,0029 

Rel. SD(%) 0,46 0,59 

 
Table 5.1 shows that instead of re-calibration for each sample measurement we can 
use the bracketing method and thus receive a value close to it. Bracketing is more 
time efficient, seeing as we do not need to produce the calibration equations for each 
measurement, and it still produces values within the uncertainties of the initial value.   

5.1.1 Expanded uncertainties and combined uncertainties 
The contributing factors from the uncertainty budgets, propagated for the different 
yield determination methods, can be seen below in Table 5.1.1-5.1.3. The model 
equations used within the GUM Workbench software can be seen in Appendix A. 

Table 5.1.1: Uncertainty budget for the chemical yield using the gamma 
spectrometric method (k= 2). Values with contributions less than 2 percent are not 
shown in the table.  
Quantity Value Standard 

Uncertainty 
Definition Index 

I 0,98500 4,1·10-3  Emission probability for 85Sr at 514 
keV 

2,1 % 

kstandard 1,0000 0,015  Uncertainty in the calibration 
standard  

29,0 % 

N 2215,0 51  Number of counts at 514 keV during 
tmeasurement 

68,3 % 

Yield 86,63 5,6 % (rel.) 
 
The largest contributor to the combined uncertainty using the gamma spectrometric 
method comes from the number of counts, and thus the initial activity and/or the 
measurement time also plays a part in the uncertainty. To eliminate this source of 
uncertainty the number of counts need to be increased to the point when the 
uncertainty is small enough so that it is not significant in comparison to the other 
uncertainty contributions.  
 
The relative combined uncertainty for the AAS was 10% (k=2) in accordance with 
earlier results from Vesterlund et al. [25], (k=2), when not using bracketing to correct 
for the drift in absorbance. The uncertainties and the combined uncertainty for when 
bracketing is used can be seen in table 5.1.2 below. 
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Table 5.1.2: Uncertainty budget for the chemical yield using the AAS method with 
bracketing, (k= 2). Values with contributions less than 2 percent are not shown in the 
table. 
Quantity Value Standard 

Uncertainty 
Definition  Index 

VInitFractionAAS 100.00·10-6 2.20·10-6 Volume of sample fraction, before 20.3 % 

VMQ1 0.010000 110·10-6 Volume MQ to sample, before  3.9 % 

VMQ2 9.700·10-3 107·10-6 Volume MQ for dilution, before  4.9 % 

VAfterFractionAAS 100.00·10-6 2.20·10-6 Volume of sample fraction, after 20.3 % 

VAfterTot 0.015000 165·10-6 Total volume after separation 5.2 % 

VMQ3 9.700·10-3 107·10-6 Volume MQ for dilution, after 4.9 % 

CInit 2.0467 0.0289 Measured concentration, before 8.5 % 

CAfter 1.3700 0.0365 Measured concentration, after 30.4 % 

YieldAAS (%) 87.85 9,7 % (rel.) 
 
The main contribution to the combined uncertainty for AAS is, as stated in ref. [25], 
the different volumetric additions and the dilutions. To lower the uncertainty further 
one will have to preclude the usage of pipettes and instead measure the different 
volumes by using a scale of appropriate quality. The same problem occurs when 
determining the yield with ICP-MS, as seen in table 5.1.3.  

Table 5.1.3: Uncertainty budget for the chemical yield using the ICP-SFMS 
method,(k= 2). Values with contributions less than 2 percent are not shown in the 
table. 
Quantity Value Standard 

Uncertainty 
Definition  Index 

VaFraction1 100,00·10-6  2,20·10-6  Volume fraction dilution 1, before 17,8 % 

VaFraction2 100,00·10-6 2,20·10-6 Volume fraction dilution 2, before 17,8 % 

VaTot1MQ 9,500·10-3 104·10-6 Volume MQ to dilution 1, before 4,1 % 

VaTot2MQ 9,900·10-3 109·10-6 Volume MQ to dilution 2, before 4,5 % 

VaMQ 0,010000 110·10-6 Volume MQ in sample to ICP-MS, 
before 

3,4 % 

VbFraction1 100,00·10-6  2,20·10-6  Volume fraction dilution 1, after 17,8 % 

VbFraction2 100,00·10-6 2,20·10-6 Volume fraction dilution 2, after 17,8 % 

VbTot 0,015000  165·10-6  Total volume sample to ICP-MS, 
after 

4,5 % 

VbTot1MQ 9,500·10-3 104·10-6 Volume MQ to dilution 1, after 4,1 % 

VbTot2MQ 9,900·10-3 109·10-6 Volume MQ to dilution 2, after 4,5 % 

YieldICP (%) 92,86 10 % (rel.) 
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It was quite obvious that the uncertainties from the dilutions would be a main 
contributor to the relative standard uncertainty also here, as seen in table 5.1.3.  
However, with the results in hand, the combined uncertainty was not expected to be 
so high. The calculated uncertainties for the different methods are combined 
measurement uncertainties and are calculated in accordance with the ISO/GUM[26]. 

 

Table 5.1.4: The expanded uncertainties of the three yield determination methods, 
(k = 2). 
Yield determination method Relative standard uncertainty2 

ICP-MS 10 % 

AAS (with bracketing) 9,7 % 

Gamma spectrometer 5,6 % 

 
 
To get a clear image of how the different analytic methods compare to one another 
they were set in relation to the counting statistics of the Cherenkov counting 
according to; 
 

              
 22)(

cher

cherc
c R

Ru

Y

Yu
u                      (eq. 23) 

 
where the value of the uncertainty of the yield determination of respective method is 
kept constant (uc(Y)) and the uncertainty of the Cherenkov counting (u(Rcher)) is 
varied[19], this gives figure 5.1.1 below. 

Combined uncertainty as a function of the uncertainty in the counting statistics of the 
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0

5

10

15

20

25

30

35

40

45

50

0,1 1 10 100

1s uncertainty in the counting statiscis of the Cherenkov counting (%)

C
o

m
b

in
ed

 u
n

ce
rt

ai
n

ty
, 

k=
2 

(%
)

U(c ) ICP-MS

U(c )γ-spectrometry

U(c ) AAS

 
Figure 5.1.1: The combined uncertainty of each yield determination method as a 
function of the counting statistic of the Cherenkov counting (where k= 2). 
                                                        
2 The relative standard uncertainty is the value in percent of the standard uncertainty relative 
to the result.   
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As seen above the values for the ICP-SFMS and AAS follow each other, whilst the 
gamma spectrometric value is lower. Though, the combined uncertainty of the 
gamma spectrometric method starts to increase before the uncertainty of the signal is 
at 1%, whereas the uncertainty of the AAS- and the ICP-MS-method does not start to 
increase until around 2, 5%. 
 
Compared to Vesterlunds [25] value of 3.3% for the gamma spectrometer, a relative 
uncertainty of 5.6% was acquired with this experimental procedure. Though, 
Vesterlund made the assumption that the uncertainty of the measurement, after a 
long enough time eventually would be insignificant. This greatly affects the relative 
combined uncertainty seeing as the uncertainty of the measurement is the largest 
contributor, as seen in table 5.1.1. If we were to make the same assumption, that the 
uncertainty of the measurement is low enough, the relative uncertainty would be 3. 
1%. This may be achieved by either increasing the added activity of 85Sr, or measuring 
the 85Sr for a longer period of time, or a combination of the two. 
 
As proposed earlier, in theoretical studies by Vesterlund et al., further lowering of 
combined uncertainty, in the AAS method, could be accomplished by weighing in the 
different volumes of the sample and solutions instead of using volumetric 
dispensings. This was investigated with GUM Workbench, where the densities of the 
volumes were assumed to be 1. The same assumptions were made for the ICP-SFMS 
method, to investigate the effect on the uncertainty based on volumetric 
measurements and the amount of dilutions. The following results, as seen in figure 
5.1.2 and figure 5.1.3, could be observed; 
 

Combined uncertainty for AAS as a function of the uncertainty in the counting 
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Figure 5.1.2: The combined uncertainty for the AAS yield determination method as 
a function of the counting statistics of the Cherenkov counting (where k= 2). 
 
The relative uncertainty for AAS using bracketing shows that when the uncertainties 
of the volumes become insignificant, the uncertainties in the bracketing method 
become a contributor to the combined uncertainty. This is because of the fact that 
when the volumetric measurements are taken out from the budget, the absorbance 
becomes the main contributor to the relative uncertainty. This is seen in figure 5.1.2 
where the combined uncertainty is lower for the bracketing method, with volumes 
measured with a scale, than with the other yield determination methods using AAS.  
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Combined uncertainty for ICP-MS as a function of the uncertainty in the counting 
statistics of the Cherenkov counting
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Figure 5.1.3: The combined uncertainty for the ICP-SFMS yield determination 
method as a function of the counting statistics of the Cherenkov counting (where k= 
2). 
 
The relative uncertainty of the ICP-SFMS yield determination method can also be 
varied, similar to the description for AAS above. By using a scale to weigh the 
different quantities the relative uncertainty is lowered to 2%. If one of the dilutions 
are excluded the relative uncertainty would be 7.7%. 
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5.2 Yield determination of the yttrium separation with ICP-SFMS 
In order to evaluate the complete separation procedure of the strontium analysis, i.e 
when we want to measure the quota of 89Sr/90Sr, one also need to take into 
consideration the uncertainties of yield determination of the yttrium separation. The 
uncertainty budget for the strontium separation can be seen in the section above 
(5.1). 

5.2.1 Uncertainty budget  
Since previous yield determination methods for yttrium with the AAS were based on 
measurements on only the after sample, compared with the weighed volumes, a trial 
was made to see whether measurements of the before and after samples would give 
any difference in relative uncertainty.  

Table 5.2.1: Uncertainty budget for the chemical yield of yttrium using the ICP-
SFMS method, (k= 2). Values with contributions less than 2 percent are not shown in 
the table. 
Quantity Value Standard 

Uncertainty 
Description Index 

IaYIS 779.8·103 14200 Intensity of internal standard 
in the yttrium sample, before 

8.2 % 

IaY 633.81·103 7350 Intensity of Y in the sample, 
before 

3.3 % 

VaYFraction3 2.0000·10-3 44.0·10-6 Volume of fraction taken to 
dilution 3, before 

7.5 % 

VaYFraction2 200.00·10-6 4.40·10-6 Volume of fraction taken to 
dilution 2, before 

11.2 % 

VaYFraction1 100.00·10-6 2.20·10-6 Volume of fraction taken to 
dilution 1, before 

11.5 % 

VSrfrac 0.014800 163·10-6 Volume of fraction taken to 
from the eluate of the Sr-
separation 

2.7 % 

VaMQTot2 9.900·10-3 109·10-6 Volume of MQ taken to 
dilution 2 

2.9 % 

VaMQTot3 9.800·10-3 108·10-6 Volume of MQ taken to 
dilution 3 

2.8 % 

IbYIS 763.7·103 14400 Intensity of internal standard 
in the yttrium sample, after 

8.8 % 

IbY 448.76·103 5310 Intensity of yttrium in the 
sample, after 

3.4 % 

VbYFraction3 1.0000·10-3 11.0·10-6 Volume of fraction taken to 
dilution 3, after 

2.4 % 

VbYFraction2 200.00·10-6 4.40·10-6 Volume of fraction taken to 
dilution 2, after 

11.3 % 

VbYFraction1 100.00·10-6 2.20·10-6 Volume of fraction taken to 
dilution 1, after 

11.5 % 

VbYTot1 6.5000·10-3 71.5·10-6 Total volume of sample at 
dilution 1, after 

2.9 % 

VbMQTot2 9.900·10-3 109·10-6 Volume of MQ taken to 
dilution 2, after 

2.9 % 

VbMQTot3 9.800·10-3 108·10-6 Volume of MQ taken to 
dilution 3, after 

2.8 % 

VbMQ 8.6000·10-3 94.6·10-6 Total volume MQ taken to 
dilution 1, after 

2.2 % 

YieldYICP (%) 60.88 13 %(rel.) 
 



22 
 

As the dilution factor is the largest contributor to the combined uncertainty one can 
see that the choice of running the before and after sample might not be the method 
which has lowest uncertainty. Measuring quantities volumetrically produces a larger 
contribution to the combined uncertainty than weighing, so what happens with the 
uncertainty budget when the volumes are weighed instead, seen below in table 5.2.2.  

 

Table 5.2.2: Uncertainty budget for the chemical yield of yttrium using the ICP-
SFMS method, volumes are weighed (k= 2). Values with contributions less than 2 
percent are not shown in the table. 
Quantity Value Standard 

Uncertainty 
Description Index 

IaYIS 779.8·103 14200 Intensity of internal standard 
in the before-sample 

34.3 % 

IaY 633.81·103 7350 Intensity of the uncorrected  
before-sample 

13.8 % 

IbYIS 763.7·103 14400 Intensity of internal standard 
in the after-sample 

36.5 % 

IbY 448.76·103 5310 Intensity of the uncorrected 
after-sample 

14.3 % 

YieldYICP (%) 60.88 6,3 % (rel.) 
 
When comparing these two uncertainty budgets there are some differences. As can be 
seen in Table 5.2.2, if all volumetric quantities were to be weighed instead of added 
by volume, the resulting relative uncertainty would be 6,3%. Compared to the result 
of the strontium uncertainty budget, where all volumes also would be weighed, the 
result here is significantly bigger. The reason for this is that the yttrium analysis had 
a higher standard deviation of its mean intensity.  
 

Table 5.2.3: The relative standard uncertainties of the two different methods of 
assessing the amount of yield tracer present prior to the separation, with k = 2. 
Yield determination method Relative standard uncertainty 

ICP-SFMS volumetric fraction from sample 13 % 

ICP-SFMS all quantities weighed 6,3 % 
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6. Conclusions 

When the different yield determination methods and their relative combined 
uncertainties are compared, the differences are small when we compare AAS and 
ICP-SFMS. If one would exclude one step of dilution for the ICP-SFMS samples the 
relative uncertainty would decrease, but this would result in a need to decrease the 
amount of stable strontium yield tracer. A decrease in yield tracer added to the 
separation, in turn, would result in a need to re-validate the method.  
It is also possible to lower the relative uncertainty by eliminating volumetric 
measurements, and instead using a scale to weigh in the volumes. However, it would 
be time consuming since every added quantity would be weighed. 
For the AAS the bracketing method, proposed in this diploma work, may be a way to 
lower the relative uncertainty, but only after the contributing dilution factors have 
been eliminated by weighing instead of volumetric dilutions. 
One needs to take into consideration that this is a method meant to be used when 
time is scarce, such as in an emergency preparedness situation, so the determination 
of which method to use for yield determination should in some way reflect which one 
is more time efficient.  
 
Regarding the second part of the diploma work, the method development for the ICP-
SFMS for analysis of strontium- and yttrium samples, the dilutions of samples are the 
largest uncertainty obstacle to conquer. Seeing as one needs to perform several 
dilutions, to receive a concentration of the different yield-tracers that does not clog 
the instrument and the sample introduction system, using small fractions of sample it 
is no wonder that dilutions are the main contributor to the uncertainty in the method. 
As mentioned earlier, if the volumes in the dilutions were not performed 
volumetrically but instead weighed, the relative uncertainty of the method would be 
considerably smaller, but not time efficient seeing as the dilutions already are time 
consuming. By introducing smaller amounts of yield tracer one would be able to 
eliminate at least one dilution. The only problem is that we aim to over-spike the 
sample with strontium, as it occurs naturally. If a decrease of strontium spike is to be 
possible we need to evaluate at which amounts we still have enough spike solution to 
disregard the effect of the naturally occurring strontium.  
   
If the relative uncertainty can be reduced, for both the strontium and the yttrium 
separation by using smaller quantities of stable yield tracer, the ICP-SFMS yield 
determination method would be greatly preferred to the AAS from an uncertainty- as 
well as a time effective viewpoint. 
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Appendix A 

ICP-MS - Strontium yield determination, model equations  
YieldICPpercent = YieldICP * 100; 
YieldICP=mb/ma; 

{Dilution correction for the calibration standard} 
C20ppb=((((((Cstandard*Vfrac1)/VTotfrac1)*Vfrac2)/VTotfrac2)*Vfrac20ppb)/V20ppb)*k; 

V20ppb = Vfrac20ppb + V20ppbMQ + V20ppbHNO3+V20ppbIn; 

VTotfrac1 = Vfrac1 + Vfrac1MQ; 

VTotfrac2 = Vfrac2 +Vfrac2MQ; 

{BEFORE-SAMPLE} 
{Dead time corrected intensity of the indium blank} 
IISStd = (IStd/(1-IStd*)); 
{Dead time and blank corrected intensity of the internal standard in the before-sample} 
IaTrueIS = (IaIS/(1-IaIS*))-(IaBlankIS/(1-IaBlankIS*)); 
{Dead time and blank corrected intensity of 88S in the before-sample} 
IaTrueSr88 = ((IaSr88)/(1-IaSr88*))-(IaBlankSSr88/(1-IaBlankSSr88*)); 

IaCorrSr88 = (IaTrueSr88*IISStd)/IaTrueIS; 

{Conversion fron intensity to concentration} 
CaCorr=(IaCorrSr88)/(I20ppb /C20ppb); 
{Dilution correction for the before-sample} 
mag=(((((CaCorr *VaTot1)/VaFraction1)*VaTot2)/VaFraction2)*VaTot); 

VaTot1 = VaFraction1+VaFraction1MQ+VaFraction1HNO3+VaFraction1In; 

VaTot2 = VaFraction2 + VaFraction2MQ;  

VaTot = VaMQ+VaSr+VaSr90+VaSr85; 

{AFTER-SAMPLE} 
{ Dead time and blank corrected intensity of the internal standard in the after-sample } 
IbTrueIS = (IbIS/(1-IbIS*))-(IbBlankIS/(1-IbBlankIS*)); 
 
{Dead time and blank corrected intensity of 88S in the after-sample} 
IbTrueSr88 = (IbSr88/(1-IbSr88*))-(IbBlankSSr88/(1-IbBlankSSr88*)); 

IbCorrSr88 = (IbTrueSr88*IISStd)/IbTrueIS; 

{ Conversion fron intensity to concentration} 
CbCorr=(IbCorrSr88)/(I20ppb /C20ppb) ; 
{Dilution correction for the after-sample} 
mbg=(((((CbCorr *VbTot1)/VbFraction1)*VbTot2)/VbFraction2)*VbTot); 

VbTot1= VbFraction1+ VbFraction1MQ+VbFraction1In + VbFraction1HNO3; 

VbTot2 = VbFraction2 + VbFraction2MQ; 

{Conversion from micro- to milligram} 
mb= mbg/1000 ; 

ma=mag/1000 ; 
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AAS - Strontium yield determination, model equations 
YAASprocent = YAAS * 100; 
YAAS= mAfter/mInit; 
 
{Mass of stable strontium before separation} 
mInit = (((CInitNEW * VInitSampleAAS)/VInitFractionAAS)*VInitTot); 
 
{Combined uncertainties of the volumes used before separation} 
VInitTot=VMQ1 + VStabSr+ VSr85+VSr90; 
VInitSampleAAS=VNa+VInitFractionAAS+VMQ2; 
 
{Mass of stable strontium after the separation } 
mAfter=(((CAfterNEW*VAfterSampleAAS)/VAfterFractionAAS)*VAfterTot); 
 
{Combined uncertainties for the volumes used after separation} 
VAfterSampleAAS=VNa+VAfterFractionAAS+VMQ3; 
 
{BRACKETING} 
{Correction of before and after samples with bracketing} 
CInitNEW = CInit + BInitSep; 
BInitSep = CInit * (1-(K1Korr / K0)); 
CAfterNEW = CAfter + BAfterSep; 
BAfterSep =CAfter*(1-(K2Korr / K0)); 
 
{The relation stated below is only valid if the measurement of the sample occurred precisely in-between the 
measurement of the two standards } 
 
K1Korr = (Ka + Kb)/2; 
K2Korr = (Kb + Kc)/2; 
 
 

Gamma spectrometry - Strontium yield determination, model equations 
Yprocent = Y * 100; 
Y=A0Sep/AInitSep; 
 
{Decay correction from sample preparation to the time of separation} 
AInitSep=AInit* exp(-ln(2) *t1 /t½); 
 
{Initial activity from the yield tracer} 
AInit= mSr85 * SSr85; 
 
{Decay correction from reference date to time of preparation of sample} 
SSr85 = S0 * exp(-ln(2) *t /t½); 
 
{Decay correction from measurement to time of separation} 
A0Sep = AMeas/ exp(-ln(2) *t2 /t½); 
 
{Calculates the activity at the time of the measurement} 
AMeas=(R) / (*I);  
 
{The contribution to the uncertainty from geometrical and kalibration effects to the measurement efficiency} 
=2 * kGeo * kstandard; 
 
{Re-calculation of the data to counts per second} 
R = N/trun; 
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ICP-MS - Yttrium yield determination, model equations  
YieldYICPpercent = YieldYICP * 100; 

YieldYICP=mbY/maY; 

{ Dilution correction for the calibration standard } 
C20ppb=((((((Cstandard*Vfrac1)/VTotfrac1)*Vfrac2)/VTotfrac2)*Vfrac20ppb)/V20ppb)*k; 

V20ppb = Vfrac20ppb + V20ppbMQ + V20ppbHNO3+V20ppbIn; 

VTotfrac1 = Vfrac1 + Vfrac1MQ; 

VTotfrac2 = Vfrac2 +Vfrac2MQ; 

K20ppb = (I20ppb/C20ppb); 

{BEFORE-SAMPLE} 
{Dead time corrected intensity of the indium blank } 

IISStdY = (IStdY/(1-IStdY*)); 

{Dead time and blank corrected intensity of the internal standard in the before-sample} 
IaYTrueIS = (IaYIS/(1-IaYIS*))-(IaYBlankIS/(1-IaYBlankIS*)); 

{Dead time and blank corrected intensity of yttrium in the before-sample} 
IaYTrue = ((IaY)/(1-IaY*))-(IaBlankSY/(1-IaBlankSY*)); 

IaYCorr = (IaYTrue*IISStdY)/IaYTrueIS; 

{Conversion fron intensity to concentration} 
CaYCorr=(IaYCorr)/K20ppb; 

{Dilution correction for the before-sample} 
maYg=(((((((CaYCorr *VaYTot)/VaYFraction3)*VaYTot3)/VaYFraction2)*VaYTot2)/VaYFraction1)*VaYTot1); 

VaYTot1 = VSrfrac + VstabY; 

VaYTot2 = VaYFraction1 + VaMQTot2; 

VaYTot3 = VaYFraction2 + VaMQTot3; 

VaYTot = VaYFraction3 + VaIn + VaMQ + VaHNO3; 

{AFTER-SAMPLE } 
{Dead time and blank corrected intensity of the internal standard in the before-sample} 
IbYTrueIS = (IbYIS/(1-IbYIS*))-(IbYBlankIS/(1-IbYBlankIS*)); 

{Dead time and blank corrected intensity of yttrium in the after-sample} 
IbYTrue = (IbY/(1-IbY*))-(IbYBlankS/(1-IbYBlankS*)); 

IbYCorr = (IbYTrue*IISStdY)/IbYTrueIS; 

{Conversion fron intensity to concentration} 
CbYCorr=(IbYCorr)/ K20ppb; 

{Dilution correction for the before-sample} 
mbYg=(((((((CbYCorr *VbYTot)/VbYFraction3)*VbYTot3)/VbYFraction2)*VbYTot2)/VbYFraction1)*VbYTot1); 

VbYTot2 = VbYFraction1 + VbMQTot2; 

VbYTot3 = VbYFraction2 + VbMQTot3; 

VbYTot = VbYFraction3 + VbIn + VbMQ + VbHNO3; 

{Conversion from micro- to milligram} 
mbY= mbYg/1000 ; 

maY=maYg/1000 ;  
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