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Abstract
A derivation of the Bateman equation combined with successive liquid scintillation counting measurements was used to 
rapidly determine accurate individual activities of 90Sr and 90Y in samples containing both isotopes regardless of the sample 
age. This method does not require chemical separation of Sr from Y or waiting for secular equilibrium to take place. Accurate 
data can be obtained within 3 half-lives of 90Y ingrowth (i.e. within 5 days), associated uncertainties with this method are 
comparable to those obtained with traditional techniques that include separations. This novel technique allows for decreased 
sample processing cost and time, without reducing data quality.
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Introduction

Strontium-90 and its daughter, 90Y, have a similar cumula-
tive fission yield of approximately 6% [1]. The high yield 
and the longer half-life of 90Sr (28.8 years) make this isotope 
valuable for nuclear forensics applications [2–7]. Addition-
ally, ingested 90Sr can replace Ca in bone and teeth, due to 
the chemical similarities between Sr and Ca. Accordingly, 
90Sr is also important for environmental monitoring [8–12].

Strontium-90 is a pure β− emitter (0.546 MeV); 90Y is also 
a β− emitter (2.281 MeV) and its γ emission (1.578 MeV) 
with the minute branching ratio of 1.4 × 10−6 % makes it 
also essentially a pure β− emitter. Due to the lack of γ or α 
emissions, 90Sr and 90Y are typically quantified via liquid 
scintillation counting (LSC). The wide energy distribution of 
β− decay and the lack of accurate peak discrimination with 
LSC prevent 90Sr and 90Y from being individually quantified 
when both are present in a sample. Several techniques are 
available to compensate for this problem. Common practices 
for the chemical separation of Sr from Y, in solutions that do 
not contain other radionuclides, include precipitation, solid 

phase extraction, or liquid–liquid extraction; 90Sr and 90Y 
are quantified separately following separation. Yttrium-90 
ingrowth can also be measured in the 90Sr sample following 
separation [13–23]. Another technique relies on the higher 
energy β− decay of 90Y and resolving its activity using Cher-
enkov counting—the energy of the β− decay of 90Sr is too 
small to cause significant Cherenkov emissions. LSC can be 
used to determine the total sample activity and 90Sr activity 
is calculated from the difference between the LSC data and 
the Cherenkov counting of 90Y [24–31].

This present study demonstrates the quantification of the 
activities of both 90Sr and 90Y in a liquid sample that do not 
contain other radionuclides, without sample treatment or 
lengthy wait, taking advantage of secular equilibrium prop-
erties of the two radioisotopes and using a derivation of the 
Bateman equation [32].

Experimental

Reagents

Reagent grade chemicals were obtained from Sigma Aldrich 
(St. Louis, MO), JT Baker (Center Valley, PA), Thermo 
Fisher (Waltham, MA), and Alfa Aesar (Ward Hill, MA). 
Single element aqueous phase ICP standards were purchased 
from Inorganic Ventures (Christiansburg, VA) and single 
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element organic phase ICP standards were purchased from 
VHG Labs (Manchester, NH). Strontium-90 radiotracer was 
purchased through the National Isotope Development Center 
(Oak Ridge, TN) and was received from Pacific Northwest 
National Laboratory (Richland, WA). Thenoyltrifluoro-
acetone (TTA) and 2-ethylhexylphosphonic acid mono-
2-ethylhexyl ester (HEHEHP) were purified according to 
the literature [33, 34], all other reagents were used without 
purification.

Instrumentation

Stable isotope concentrations of Sr and Y in liquid samples 
(aqueous and organic phases) were quantified via ICP-OES 
using an Agilent 5100 SVDV ICP-OES, equipped with an 
SPS 3 autosampler with a 1.3 mm interior diameter inert 
PTFE sleeved probe, using the software ICP Expert Version 
7.1.0.6821 (Agilent Technologies, Santa Clara, CA) [35]. The 
instrument set-up conditions for aqueous and organic sample 
analyses are detailed in Table 1. The instrument was calibrated 
with NIST Traceable ICP-OES standards. For aqueous solu-
tion analyses, Inorganic Ventures Sr and Y standards in 2% 
 HNO3 were prepared as a multi-element cocktail via gravi-
metrically diluted in 2%  HNO3. Organic solution analyses used 
VHG Labs single element Sr and Y standards in hydrocarbon 
oil prepared as multi-element cocktail via gravimetric dilu-
tion in  10−2 M HDEHP in dodecane. For ICP-OES sample 

analysis, 1 mL aliquot of aqueous phase was diluted prior to 
analysis with 3 mL 2%  HNO3 and 1 mL aliquot of organic 
phase was diluted with 3 mL  10−2 M HDEHP in dodecane.

Radioactive isotopes of Sr and Y were quantified with a 
Beckman LS 6500 scintillation counter (Beckman Coul-
ter, Brea, CA) using Ecoscint Original scintillating cocktail 
(National Diagnostic, Atlanta, GA). The counting window was 
set for all channels to be open and count times were either 5 
or 20 min, depending on the sample activity. A volume of 
0.5 mL of each sample was diluted with 19.5 mL of Ecoscint 
scintillation fluid in 20 mL vials, for optimum counting effi-
ciencies. This large volume of scintillation fluid was used 
in order to enhance the detection of the high energy 90Y β−. 
With this geometry, efficiencies for both 90Sr and 90Y are 
approximately 99% [36]. All counting data were corrected for 
background.

Bateman derived counting technique

Secular equilibrium applies to a system in which the parent has 
a much larger half-life than the daughter and is a state achieved 
when parent and daughter isotopes have reach equal activities. 
In particular, the ratio of the decay rates follows the criterion 
shown in Eq. 1 [37].

(1)
λparent

λdaughter
≤∼ 10−4

Table 1  Instrumental operating 
conditions for the ICP-OES 
used in the analysis of stable 
aqueous and organic samples

*SVDV synchronous vertical dual view

Aqueous solutions Organic solutions

Torch 1.8 mm injector, one piece Torch
Agilent G8010-60228

1.4 mm injector, 
demountable 
Torch

Agilent G8010-
60233

Spray chamber Twister Spray Chamber with helix, Glass Expansion 20-809-
9199HE

Nebulizer SeaSpray 2 mL/min
Glass expansion
A14-07-USS2

Conikal 2 mL/min
Glass expansion
A14-07-UC2

Pump tubing material PVC Solva Flex
Sample pump speed (rpm) 12 12
Uptake delay (s) 25 30
Rinse time (s) 30 40
Read time (s) 5 5
RF Power (kW) 1.20 1.20
Stabilization time (s) 15 15
Viewing mode SVDV* SVDV*
Viewing height (mm) 8 8
Nebulizer flow (L/min) 0.7 0.7
Plasma flow (L/min) 13 12
Aux flow (L/min) 0 1
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The half-life of 90Sr and 90Y are 28.8 years and 2.67 days, 
respectively; accordingly, the decay rate constant ratio 
between parent and daughter is 2.54 × 10−4, within the defi-
nition of secular equilibrium. With the assumption that the 
sample is isotopically pure, (i.e. it is composed of only 90Sr 
and 90Y) the total activities can be calculated according to 
Eq. 2 (for time zero) and 3 (for any time).

Using Eq. 2, we define the initial ratio of 90Sr to total 
initial activity as Eq. 4

We use this ratio to define the initial activities of 90Sr and 
90Y in terms of the initial total activity (Eqs. 5 and 6).

We express the number of atoms, N (Eq. 7), as a function 
of the initial activity equations (Eqs. 8 and 9).

The Bateman Equation accounts for the number of atoms 
of a parent and its daughter (in this case, 90Sr and 90Y) as 
defined with Eqs. 10 and 11, respectively [32, 37].

The initial quantities of Sr and Y are unknown and we 
substitute Eqs. 8 and 9 into Eqs. 10 and 11; we express the 
initial number of atoms in terms of initial total activity—
measureable via LSC—leading to Eqs. 12 and 13. We fur-
ther simplify Eqs. 13 to 14.

(2)A0
tot

= A0
Sr
+A0

Y

(3)Atot = ASr + AY

(4)x = A0
Sr
∕A0

tot

(5)A0
Sr
= x ⋅ A0

tot

(6)A0
Y
= (1 − x) ⋅ A0

tot

(7)A = λ ⋅ N

(8)N0
Sr
=

x ⋅ A0
tot

λSr

(9)N0
Y
=

(1 − x) ⋅ A0
tot

λY

(10)NSr = N0
Sr
⋅ e−λSr⋅t

(11)NY =
λSr

λY − λSr
⋅ N

0
Sr
⋅

(

e−λSr⋅t − e−λY ⋅t
)

+ N0
Y
⋅ e−λY⋅t

(12)NSr=

(

x ⋅ A0
tot

λSr

)

⋅ e−λSr⋅t

LSC measurements provide measured total solution 
activities; we convert Eqs. 12 and 14 to activities using 
Eq. 7, leading to Eqs. 15 and 16.

The sample is isotopically pure and we use Eq. 3 to 
combine Eqs. 15 and 16; we obtain Eq. 17.

This equation has three unknown parameters: the initial 
total activity, A0

tot
 , the final total activity, Atot , and the ratio, 

x=A
0
Sr

/

A0
tot

 . Over the course of several days (2–21 days), 
we measure (LSC) multiple times the sample activity con-
taining 90Sr and its growing daughter 90Y. The counts and 
the times at which they occur are plotted in the software 
OriginPro 2015, defining the first count as A0

tot occurring 
at t = 0. This plot for measured total activity as a function 
of time is then fitted with a non-linear curve fit. The curve 
fitting and Eqs. 5 and 6 provide the x ratio for the initial 
measured activity and we quantify the initial 90Sr and 90Y 
activities using the measured total initial activity.

Method validations

In method validation, we disrupted the secular equilibrium 
of a 90Sr/90Y solution using solvent extraction, to quantify 
the individual Sr and Y concentrations using our fitting 
equation. A solution of  10−5 M Sr and  10−5 M Y in 0.1 M 
 NaClO4 buffered at pH 5.5 with 1 mM MES buffer was 
spiked with a 90Sr/90Y solution that had reach secular equi-
librium, to obtain an activity of approximately 250 Bq/
mL. This solution was contacted with equal volume of 
 10−2 M HEHEHP in dodecane for 2 h (determined to be a 
sufficient time to reach equilibrium) on an orbital shaker. 

(13)

N
Y
=

λ
Sr

λ
Y
− λ

Sr

⋅

(

x ⋅ A
0

tot

λ
Sr

)

⋅

(

e
−λ

Sr
⋅t − e

−λ
Y
⋅t
)

+

(

(1 − x) ⋅ A0

tot

λ
Y

)

⋅ e
−λ

Y
⋅t

(14)

NY =

(

x ⋅ A0
tot

λY − λSr

)

⋅

(

e−λSr⋅t − e−λY⋅t
)

+

(

(1 − x) ⋅ A0
tot

λY

)

⋅ e−λY⋅t

(15)ASr = x ⋅ A0
tot

⋅ e−λSr⋅t

(16)

A
Y
=

(

x ⋅ A0
tot

λY − λSr

)

⋅

(

e−λSr⋅t − e−λY⋅t
)

⋅ λY + (1 − x) ⋅ A0
tot

⋅ e−λY⋅t

(17)
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HEHEHP will preferentially extract trivalent Y into the 
organic phase, leaving the Sr in the aqueous phase, shift-
ing both organic and aqueous phases away from secular 
equilibrium in opposite directions. The biphasic samples 
were then centrifuged for 5 min at 3000 rpm and 0.5 mL 
aliquots of each phases were added to 19.5 mL of Ecoscint 
Original. These new samples were counted (LSC) daily for 
22 days. At 22 days, the samples will have achieved secu-
lar equilibrium and we use the measured activity beyond 
that point to calculate the specific 90Sr and 90Y activities to 
compare to the curve fitting technique. A sample of aque-
ous solution similar to that above and without any contact 
with an organic phase was also measured multiple times 
over the same 22-day period.

In a second method validation, we compared results 
obtained using a 90Sr/90Y solution and our fitting equation 
with data obtained using stable Sr and Y and direct con-
centration measurements. The second validation technique 
consisted of a solvent extraction study with variable TTA 
concentration; one experiment was conducted using 90Sr and 
90Y radioisotopes and the second experiment employed sta-
ble Sr and Y. In this case, we are again aiming at disturbing 
the secular equilibrium between 90Sr and 90Y, as Y and Sr 
form complexes with ligands, but of different strength. This 
technique sought to compare the distribution coefficient for 
each element (as a radioisotope or a stable isotope) between 
an organic phase and aqueous phase, providing a means to 
compare the Bateman-derived technique with stable ele-
ment ICP-OES analysis. The total activities of the radi-
otracer samples were measured using LSC and individual 
activity of 90Sr and 90Y were calculated using the Bateman 
equation; stable Sr and Y respective concentrations were 
measured using ICP-OES. The resulting ligand extraction 
mechanism from both experiment sets (radiotracer and sta-
ble isotopes) were then compared. Stable isotope samples 
contained an aqueous phase of  10−5 M Sr and  10−5 M Y 
in 0.09 M  NaClO4 with 0.01 M acetate buffer at pH 4, the 
organic phases consisted of 0.02–0.1 M TTA in xylenes; 
the two phases were of equal volumes. The two phases 
were contacted for 2 h on an orbital shaker, centrifuged for 
5 min at 3000 rpm, and 1 mL aliquots of each phase were 
sampled for ICP–OES analysis. The organic stable aliquots 
were diluted with  10−2 M HDEHP in dodecane and ana-
lyzed using ICP-OES [35]; the aqueous stable aliquots were 
diluted with 2%  HNO3 and analyzed with ICP-OES [35]. 
The radiotracer studies consisted of an aqueous phase con-
taining 150 Bq/mL 90Sr + 90Y, in presence of stable Sr and 
Y  (10−5 M Sr and  10−5 M Y), 0.09 M  NaClO4, with 0.01 M 
sodium acetate as buffer at pH 4, the organic phases con-
sisted of 0.02–0.1 M TTA in xylenes; the two phases were of 
equal volumes. Radiotracer aliquots (0.5 mL) of each phase 
were added to 19.5 mL of Ecoscint Original and counted for 
5 min several times over the course of 3 days. The diluted 

TTA does not lead to quenching during counting. The dis-
tribution coefficients were calculated using Eq. 18, where 
[M](org) and [M](aq) are the concentration of the element in 
the organic phase and in the aqueous phase, respectively. 
We plotted these calculated values as a function of the TTA 
concentration.

Results and discussion

Curve fitting results

Using the first method validation dataset (using the extract-
ant HEHEHP), we counted (LSC) daily for 22 days the aque-
ous and organic phase aliquots from one sample and the 
uncontacted aqueous aliquot. Data are presented with Fig. 1.

Figure 1 shows that the uncontacted aqueous phase had 
not quite reached secular equilibrium at the time when 
we prepared the sample; this was most likely due to the 
tracer being acidified immediately prior to use and the time 
between acidifying and spiking the solution was not ade-
quate for both the 90Sr and 90Y to completely dissolve in 
solution. In addition, the organic phase contains both 90Sr 
and 90Y, with 90Y accounting for the majority of the activ-
ity; this is shown by the decrease in total activity (12–7 Bq). 
Finally, the aqueous phase consists primarily of 90Sr and the 
later counts show the ingrowth of 90Y as secular equilibrium 

(18)D =
∑

[M](org)

/

∑

[M](aq)

Fig. 1  Activities of organic (blue squares) and aqueous phases (green 
triangles) from containing  10−5 M Sr,  10−5 M Y, and 250 Bq/mL of 
90Sr/90Y, contacted with  10−2 M HEHEHP in dodecane at pH 5.5; the 
red circles are an aliquot of uncontacted aqueous phase to show initial 
activity, and the dashed lines represent each consecutive 90Y half-life. 
(Color figure online)
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is achieved. We can attribute the loss of Y at the early stage 
of the experiment to the formation of a third phase, which 
does not impact the validity of the procedure.

We fitted Eq.  17 using OriginPro 2015’s nonlinear 
curve fit to each of the three data sets shown in Fig. 1, to 
obtain the exact 90Sr-to-Total activity ratio (x, as shown 
in Eq. 4). The resulting curve fits are shown with Figs. 2, 
3, and 4.

Table 2 presents the calculated x ratio and associated fit 
coefficient of determination for each data set. The individual 
initial activities for 90Sr and 90Y can be quantified using the 

x ratio values and the initial total activities determined with 
LSC. While the extraction system used for this study was 
not optimized for optimum extraction, data show that the 
Bateman derivation is a good fit for the 90Sr/90Y behavior 
(R2 ≥ 0.99), regardless of the initial ratio.

First method validation

For the first method validation, we had prepared samples 
containing stable Sr and Y  (10−5 M each) and a spike of a 
90Sr/90Y solution that had reach secular equilibrium. This 
aqueous solution was equilibrated with  10−2 M HEHEHP in 
dodecane and an aliquot of each phase was sampled for suc-
cessive LSC counting over 22 days—all counting data were 
corrected for background. Data were fitted with Eq. 17. The 
fitting function provided x ratio values for each sample. We 
used the measurements at 22 days as final activities—after 
22 days, the samples will have achieved secular equilibrium 
and 50% of the activity will come from 90Sr and 50% from 
90Y.

Fig. 2  Non-linear curve fit for the uncontacted aqueous phase con-
taining  10−5 M Sr,  10−5 M Y, and 250 Bq/mL of 90Sr/90Y; the dashed 
lines represent each consecutive 90Y half-life

Fig. 3  Non-linear curve fit for the aqueous phase containing  10−5 M 
Sr,  10−5 M Y, and 250 Bq/mL of 90Sr/90Y after contact with  10−2 M 
HEHEHP in dodecane; the dashed lines represent each consecutive 
90Y half-life

Fig. 4  Non-linear curve fit for the  10−2 M HEHEHP in dodecane 
phase, after contacting the aqueous phase containing  10−5 M Sr,  10−5 
M Y, and 250  Bq/mL of 90Sr/90Y; the dashed lines represent each 
consecutive 90Y half-life

Table 2  Values for x ratio (90Sr-to-Total activity ratio) and fit coeffi-
cient of determination (R2) calculated for data sets shown in Figs. 2, 
3, and 4

Phase Uncontacted aque-
ous

Contacted 
aqueous

Contacted 
organic

x 0.542 0.838 0.304
R2 0.997 0.999 0.990
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To gauge the precision of the curve fitting technique, the 
ratios calculated from the final counts (day 22) were com-
pared to the ratios calculated with each set of count data as 
it was fitted with the function. We calculated the percent 
differences between the curve fit calculated x-values and 
the 22-day x-values. Figure 5 presents such percent differ-
ence for the average obtained with nine separate samples; 
the percent difference is plotted as a function of the number 
of count days (i.e. at 5 count days, the samples had been 
counted on 5 separate consecutive days).

Figure 5 shows that the average percent different is con-
stant and close to 0 over the whole time range, but with 
larger uncertainties during the first four days. Even after only 
2 count days, the average percent difference is < 2%. Count-
ing over the course of 6 days decreases the average percent 
difference to zero with a standard deviation of less than 1. 
Typically, counting methods (without separations) require 
the samples to achieve secular equilibrium before an accu-
rate value can be determined (as here, at day 22). Being able 
to gain an approximate value in 2 days and an accurate value 
in less than 1 week is a drastic improvement, compared to 
the necessary 3 weeks required to reach secular equilibrium.

Second method validation

For the second validation we had prepared two sets of extrac-
tion samples, using variable TTA concentrations; one set 
employed 90Sr and 90Y radioisotopes (quantified with LSC) 
added to stable Sr and Y, while the second experiment set 
employed exclusively stable Sr and Y (quantified with 

ICP-OES). The individual Sr and Y radiotracer concentra-
tions were derived using the Bateman curve fitting function 
and the stable Sr and Y concentrations were quantified using 
ICP-OES for both the aqueous and organic phases. The dis-
tribution coefficients, D, were plotted as a function of TTA 
concentration as shown with Fig. 6. Under the conditions of 
this study, no significant concentrations of Sr were detected in 
the organic phase in either experiment. We observed a shift of 
D values between the stable and radiotracer sample sets. This 
difference is potentially due to differences between the aque-
ous phases. The radiotracer spike of 90Sr/90Y was in  HClO4 
to ensure the Sr and Y stayed in solution without sorbing to 
the vial. After the addition of the radiotracer, the solution had 
to be brought back to pH 4 with NaOH. With the addition of 
NaOH, there may have been localized hydrolysis that occurred 
with the Y. Overall though, the Bateman derived concentra-
tion values based on LSC data provided a similar trend com-
pared to the study conducted with stable metals and ICP-OES 
quantification.

Under acidic conditions (pH ≤ 2), the ligand dependent 
slope of TTA has a slope equal to the charge of the metal being 
extracted; extractions of trivalent metals such as Y exhibit a 
slope of 3. When the pH is increased above 2, the slope of 
the ligand dependence plot gradually decreases. This change 
is believed to be partially due to the increase in the aqueous 
phase solubility of TTA as pH increased. The slopes of both 
the stable and radiotracer experiments were similar to those 
reported in the literature [34].

Fig. 5  Average percent difference between the ratio x (90Sr to total 
activity ratio) calculated via the Bateman derivation curve fitting 
function and from the final secular equilibrium (day 22) plotted 
versus the number of count days, uncertainty was calculated as the 
standard deviation of triplicate samples

Fig. 6  Comparison of ligand-dependence slope analysis studies for 
spiked and stable solutions of  10−5  M Y and  10−5  M Sr in 0.1  M 
 NaClO4 buffered at pH 5.5 with 1 mM MES buffer contacting  10−2 M 
HEHEHP in dodecane. Spiked solution concentrations were quanti-
fied using the Bateman derived curve fitting and stable solutions were 
quantified using ICP-OES data. Uncertainties were calculated as 2 
times the standard deviation of triplicate samples
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Conclusion

This work demonstrate that a Bateman derived fit devel-
oped in this paper provides accurate quantification of each 
90Sr and 90Y in solutions that are not in secular equilib-
rium. This method has the advantage of providing data 
as accurate as traditional methods, but without costly 
and time-consuming elemental separation and data are 
obtained within a very short time (5 day counting).
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