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Abstract

Intrinsic “°K radioactive backgrounds from impurities of natural K in liquid scintillation cocktails have previously been dem-
onstrated to limit their use in ultra-sensitive applications. This work explores two methodologies in parallel for the reduction
of 0K backgrounds in the cocktails, and lays the groundwork for use in ultra-sensitive applications. In one method, alterna-
tive low-K liquid scintillation matrix constituents were identified and in the other, a simple purification method for single
components and finished cocktails was developed. Both methods were verified via ICP-MS analysis. Liquid scintillation
counting of selected purified cocktails demonstrated background reduction, improved stability, and enhanced performance.
The best performing purified cocktail was also counted on a custom-built ultra-low background liquid scintillation counter,
with results below the detector background.
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Introduction non-proliferation monitoring [4, 5]. The sensitivity of LSC
detection can be limited by radioactive backgrounds from
various sources (e.g., intrinsic contamination in detector
materials, cosmic radiation), which can conceal the signa-
ture of interest. Additionally, radioactive impurities in LSC

cocktails can also contribute to the radioactive background

Liquid scintillation counting (LSC) is a standard technique
for radiation detection commonly used for a/f detection.
The technique is utilized in a wide variety of fields such as
medical applications [1], environmental processes [2, 3], and
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of the detector [6, 7]. Typically, measurable concentrations
for naturally occurring radionuclides such as “°K, ?*’Th,
and 238U (and their progeny) are of significant concern for
ultra-sensitive detection applications whereas the presence
of these radionuclides at low concentrations is typically less
of a concern for commercial detectors.

To achieve the utmost sensitivity, radioactive back-
grounds are mitigated through a strict selection of radiopure
materials for detector construction. Additionally, shielding
from cosmic radiation can be obtained by constructing and
operating detectors underground [8, 9]. Using this mind-
set, the Ultra-Low Background Liquid Scintillation Coun-
ter (ULB-LSC) at Pacific Northwest National Laboratory
(PNNL) was designed and built using radiopure materials
in the laboratory’s Shallow Underground Laboratory (SUL)
[6, 10, 11]. The SUL provides approximately 30 m water-
equivalent cosmic-ray background reduction [11]. The ULB-
LSC was designed to provide a 30x background reduction
compared to traditional high-sensitivity commercial LSC
detectors, and is described in detail in previous work [10].
The expected ULB-LSC detector background is on the order
of tens of counts per day (cpd) [6].

Reduction in detector backgrounds represent a notable
increase in signal sensitivity, revealing intrinsic radioactive
impurities in LSC cocktails. In previous work [7], measur-
able impurities from natural potassium ("“K) were identified
in commercial LSC cocktails through inductively coupled
plasma mass spectrometry (ICP-MS) analysis, and con-
firmed by high purity germanium counting. Backgrounds
from potassium impurities, specifically from radioactive
isotope “°K (0.01% natural isotopic abundance), were 10?
—103 cpd for 10 mL sample volumes [7], which is orders of
magnitude above the expected ULB-LSC background levels
[6]. These results represent a concerning limitation for ultra-
low background applications.

LSC cocktails are generally comprised of a solvent base,
a primary fluorescent agent (fluor), and a secondary wave-
length shifter. An emulsifier, typically a surfactant, is also
added (ca. 20-30%) to allow analysis of aqueous samples,
as non-polar neat organic scintillators are immiscible with
aqueous solutions. A further investigation of potassium
impurities in individual cocktail constituents via [CP-MS
identified the surfactant component as the dominant vector
for potassium impurities in the cocktails [7]. This is likely
because many surfactants, particularly nonylphenol ethoxy-
lates (NPEs) which have traditionally been used as cocktail
surfactants, are synthesized using a potassium-based catalyst
[12].

In this work, we have explored developing LSC cock-
tails with reduced potassium backgrounds targeting ultra-
sensitive LSC liquid scintillation applications. We have fol-
lowed two distinct approaches: (1) start clean, stay clean, in
which we investigate reduced-potassium or potassium-free
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manufacturing of scintillation cocktails, and (2) develop-
ment of a simple, straight-forward purification process for
commercial off-the-shelf (COTS) and custom-made scintil-
lation cocktails. While the aim of the study was to lower
backgrounds for ultra-sensitive applications, the cocktails
subjected to the developed purification method were also
tested in a COTS LSC detector to observe any impacts on a
commercial system.

Potassium reduction approaches
Start clean, stay clean

Drawing from concepts typically employed in low-back-
ground detector development and ultra-sensitive appli-
cations, the start clean, stay clean approach consists of
selecting radiopure starting materials and mitigating con-
tamination at each step of the manufacturing process to
minimize radioactive backgrounds. By working with manu-
facturers to create radiopure materials, this approach can
be extremely effective for lowering radioactive backgrounds
[13, 14]. This method was employed during the design and
construction of the ULB-LSC to minimize inherent radio-
active backgrounds present in construction materials [6].
The same method can be applied to the manufacturing
of LSC cocktails. Following previous work [7], we have
investigated potential alternative low-K surfactants with a
start clean, stay clean approach towards the manufacturing
of low background LSC cocktails [7]. Surfactants with "*K
content one to two orders of magnitude lower compared to
those previously reported [7] were identified via ICP-MS
analysis. Results are shown in Fig. 1.

Purification

An alternative to the start clean, stay clean method is
to purify materials of intrinsic radioactive contamination
after manufacturing. Commonly used methods for analyte
specific purification processes include procedures such as
ion chromatography, liquid-liquid extraction, and precipi-
tation. We have developed a method of purification that
is less time-consuming and laborious than the aforemen-
tioned techniques, the details of which are patent pend-
ing [15]. Several commercially-available LSC cocktails
from different manufacturers, as well as a custom cocktail
developed at Brookhaven National Laboratory (BNL),
went through our purification process. The efficacy of the
purification method was verified through ICP-MS analysis
of the as-received (referred to henceforth as baseline) and
purified cocktails. In order to determine potential perfor-
mance effects (i.e. scintillation efficiency), baseline and
purified samples were spiked with known quantities of
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Fig. 1 Potassium concentrations (ug-g™') in a series of low-K sur-
factants. Samples 1-6 (dark blue) are from the Novel line by Sasol
and samples 7-10 (light blue) are from Brookhaven National Labora-
tory). All reported values are upper limits, aside from samples 8 and
9, denoted by an asterisk. The average concentration of COTS sur-
factants typically used in liquid scintillation cocktails is denoted by
the red-dashed line. (Color figure online)

radioactive standards (*H, '*C, °Sr) and evaluated using a
commercial LSC detector (PerkinElmer Quantulus 1220).
Results from these measurements are reported in "Com-
mercial LSC" section. Lastly, to investigate the impact of
this method for ultra-sensitive measurements, we meas-
ured the backgrounds for a selected purified cocktail on
PNNL’s ULB-LSC ("ULB-LSC" section).

Trace K analysis methodology

ICP-MS

Ten surfactants were analyzed as part of the
start clean, stay clean investigation, since surfactants are
the dominant vector for elevated potassium backgrounds.
Six surfactants from the low-K, NPE-free Novel line were
received from Sasol (Sandton, South Africa), and four sur-
factants were received from BNL. Further details about the
BNL surfactants were not provided to comply with BNL
Intellectual Property. For the development and validation
of the purification technique, six surfactant constituents
from two commercial companies, National Diagnostics and
Meridian, were selected. Since cocktail recipes tend to be
proprietary, no further information was provided for these
six surfactants. Additionally, three commercial cocktails
(PerkinElmer Ultima Gold uLLT, National Diagnostics
Ecoscint Ultra, and Meridian Gold Star LT?) and one cus-
tom cocktail (Brookhaven National Laboratory) were used
to test the purification technique.

Assay methods followed those as described in detail in
di Vacri et al. 2022 [7]. Ultra-low background perfluoro-
alkoxy alkane (PFA) screw cap vials from Savillex (Eden
Prairie, MN) were used for preparation of reagent solu-
tions and sample dilutions for ICP-MS analyses. Polyeth-
ylene (PE) LSC vials (PerkinElmer, Waltham, MA) were
used for sub-sampling and first level dilutions of the sam-
ples. PFA vials (20 mL; PerkinElmer) were also used for
sample counting in the ULB-LSC.

Optima grade nitric and hydrochloric acids (Fisher Sci-
entific, Pittsburg, PA) and 18.2 MQ-cm deionized water
from a MilliQ system (Merk Millipore GmbH, Burling-
ton, MA) were used for preliminary labware cleaning and
preparation of reagent solutions. All labware underwent
preliminary cleaning and validation before use [7].

A class 10,000 cleanroom and a laminar flow hood
providing a class 10 environment at PNNL were used for
sample preparation and analyses. Measurements were per-
formed using an Agilent 8900 triple quadrupole ICP-MS
(Agilent Technologies, Santa Clara, CA), equipped with
an integrated autosampler, a microflow PFA nebulizer and
a quartz double pass spray chamber. Potassium determina-
tions were performed in cool plasma with NH; in MS/MS
mode. Plasma, ion optics, and mass analyzer parameters
were optimized based on the instrumental response from
a prepared 1 ng-g~' K standard solution. The acquisition
method included three replicates and ten sweeps per meas-
urement. Acquisition times were set based on the expected
signal, in order to maximize the instrumental precision
by improving counting statistics. Quantitation of "*K was
performed through an external calibration curve, using
potassium standards with natural isotopic composition
(Inorganic Ventures, Christiansburg, VA). The signal at
m/z of 39, pertaining to the most abundant potassium iso-
tope (*°K) was used as the signal for quantitation, and was
cross-checked with m/z 41 (*'K) for isotopic anomalies.
All samples measured were at natural isotopic abundance
levels for K. Samples were diluted in 2% nitric acid solu-
tion and were prepared and analyzed in triplicate. Three
process blanks were prepared for each unique set of meas-
urements, and signals from samples were process blank
subtracted. It is worth pointing out that ICP-MS does not
detect radiation from decays, it measures ions. Therefore,
the ICP-MS results reported here are in concentrations
(e.g., ppm or ug-g~! of sample), but when required, corre-
sponding activities (e.g., mBq-kg™!) were calculated based
on the specific activity and natural isotopic abundance “°K.
For reference, 1 ug-g~' "“K corresponds to 30.5 mBq-kg™
from 4°K.

@ Springer



4226

Journal of Radioanalytical and Nuclear Chemistry (2023) 332:4223-4229

Commercial LSC

A PerkinElmer Quantulus 1220 liquid scintillation coun-
ter was used to measure baseline and purified samples
(PerkinElmer Ultima Gold uLLT, National Diagnostics
Ecoscint Ultra, and Meridian Gold Star LT?) at Savannah
River National Laboratory (SRNL). Samples were retained
in 20 mL low-diffusion anti-static PE counting vials, were
light- and temperature-adapted for a minimum of 12 h prior
to initial sampling, and were stored in a dark, temperature-
controlled chamber until completion of sampling. Spectral
data were acquired across the full energy spectral region
(channels 1-1024) with the instrument held at a fixed operat-
ing temperature of 18 °C. Data were collected sequentially
in quintuplicate for a duration of 12 h for each measurement.

K mitigation in LSC cocktails
ICP-MS assay results
Start clean, stay clean: alternative surfactants

Potassium concentrations for alternative, low-K surfactants
from Sasol and BNL are reported in Fig. 1. The data are
represented as the average and standard deviation of three
replicates, unless otherwise noted, and are compared to the
average content of potassium in surfactants used in com-
mercial LSC cocktails [7]. In nine of the ten samples, potas-
sium content is well below the average concentration in the
other COTS surfactants, in some cases by two orders of
magnitude. This result indicates that these surfactants are
potential radiopure starting material for manufacturing low-
background LSC cocktails within a start clean, stay clean
approach. We have not tested the performance of these sur-
factants when incorporated in LSC cocktails, as that inves-
tigation was beyond the scope of this study. However, other
workers [16, 17] have shown the efficacy of other NPE-free
surfactants in LSC cocktails. The commercially available
low-K, NPE-free surfactants tested in this study may be
appropriate alternatives to high-potassium surfactants in
commercial or custom LSC cocktails.

Purification

Surfactants Selected previously analyzed surfactants [7]
were used to test the efficacy of the purification method
developed within this work. Figure 2 shows "“K concentra-
tions measured in the surfactants via ICP-MS before and
after application of the purification method. Our method
reduced "K impurities by a factor of four, on average, for
all purified surfactants. Aside from National Diagnostics
surfactant sample 6, for which the method was not as effec-
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Fig.3 Potassium concentrations (ug-g™") in various low-background
commercial cocktails before and after purification. PerkinElmer’s
Ultima Gold uLLT performed best in the purification trials with
a 38x reduction in "K concentration

tive, all other surfactants had an average "K reduction of a
factor of ten. Before purification, surfactants had "“K impu-
rities ca. 5 times higher than commercial as-purchased LSC
cocktails. Assuming no change in efficacy, using a purified
surfactant in a commercial or custom LSC cocktail could
reduce "”K impurities in the final cocktail by an order of
magnitude.

LSC cocktails Four LSC cocktails (three commercial, one
custom) were purified using the same method used for
the surfactants. Results are shown in Fig. 3. All cocktails
showed reduction of "*K concentrations after purification,
where values ranged from a factor of 7 to a factor of 38.
The purification method proved especially effective for the
PerkinElmer Ultima Gold uLLT and National Diagnostics
Ecoscint Ultra cocktails, with reduction factors of 38X and
35x, respectively. Meridian GoldStar LT?> and BNL House
cocktail’s ™K concentrations were reduced by factors of
7x and 9x, respectively. Although there was variability in
the purification efficiencies amongst the various cocktails,
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the purification method reduced "“K in all the cocktails by
roughly one order of magnitude. In addition, the purifica-
tion method lowered "¥K concentrations in two commercial
cocktails with the highest baseline contamination to near
or below that of Ultima Gold uLLT, which has the lowest
baseline contamination for "*K for the commercial cock-
tails measured.

Impact
Commercial LSC

Baseline and purified cocktails were evaluated for back-
ground contributions by LSC to demonstrate the effects of
the purification method on commercial cocktails. Spectral
data were acquired across the full energy region of interest
(ROI) including *°K contributions, if present (K-ROI; chan-
nels 500-1000), and are shown in Table 1. For consistency
and comparison with ULB-LSC backgrounds, results are
reported as cpd for each sample. In addition, a brief scoping
study to demonstrate LSC performance capabilities for puri-
fied cocktails was conducted. A 5.5 mL aliquot from each
of the six primary samples (baseline and purified versions
of the three commercial cocktails) was transferred to four
pre-weighed 6 mL anti-static Pico Prias (PerkinElmer) vials.
One vial was reserved for background measurements due
to the vial geometry changes and the other three were each
spiked with one of three calibrated NIST traceable isotope
solutions (Eckert & Ziegler Isotope Products, Berlin, Ger-
many). Selected to cover a range of energies and matrices,
the calibrated solutions included a low-energy beta in water
(*H), a medium-energy beta in base ("*C in 0.1 M NaOH),
and a high-energy beta in acid (°°Sr in 0.1 M HCI). Each
respective Pico vial with transferred cocktail, baseline or
purified, was spiked with 100 uL of calibrated solution for
a decay-corrected activity of 16 decays per minute total in
solution. LSC measurements were analyzed for the optimal
ROI specific to each isotope: channels 50-320 for *H, chan-
nels 50-650 for *C, and channels 50-920 for %°Sr/*°Y, as
well as the full energy range (channels 1-1024).

Table 1 Quantulus 1220 LSC detector results for the K-ROI for three
commercial, off-the-shelf LSC cocktails before and after purification

Cocktail Background (cpd) % Reduction
Baseline Purified

Ultima Gold uLLT 6550 + 80 5980 + 80 9

Meridian LT? 8540 + 90 7750 £ 90 9

ND Ecoscint Ultra 10,000 + 100 6450 +80 36

Values are reported as cpd for consistency with data collected from
the ULB-LSC

Results from the measured subaliquots were used to cal-
culate efficiencies and estimate the minimum detectable
activity (MDA) and figure of merit (FOM) for each cocktail.
The MDAs were used to evaluate background measurements
as recognized values consistent and quantifiable for low-
level counting applications [10], and are shown in Table 2.
MDA calculations were made using the following equation
[18]:

271 + 4.65+/C,T,

eX V. xT,x60

MDA =L, =

where, for a specified geometry, L, represents the detection
limit, C, is the background count rate in counts per day,
T, is the background count time in days, € is the counting
efficiency for the specified geometry and matrix, V| is the
sample mass in grams, and T is the sample count time in
minutes. The FOM parameter was used to comparatively
assess the sensitivity, or signal-to-noise, for the spiked
cocktail solutions counted by LSC [19-22]. Higher fidelity
measurements would be indicated by a larger FOM value, as
it relates counting efficiency performance and background
count rates. FOM values were estimated using the equation
below, and improvements from purification as measured by
LSC are shown in Table 3:

FOM = €*/b

where € is the counting efficiency for the specified geometry
and matrix and b is the background count rate in counts per
day.

Initial performance testing on a commercial LSC detector
for the purification of these commercial cocktails showed
consistent improvements with slightly lower MDAs and
higher FOMs than baseline forms. In addition, observed
counting statistics between repeat measurements were
consistent.

Table2 MDA results for baseline and purified commercial cocktails,
with percent improvement for purified cocktails

Cocktail ~ Baseline (Bq’kg™") Purified (Bqkg™) %
Improve-
ment

uLLT 82+0.6 6.4+04 23

‘H LT? 6.2+03 6.1+0.5
ND Ultra 6.3 +0.4 59+05
uLLT 7.0+0.6 6.7+0.7 5
“4C  LT? 8+2 6.0+14 26
ND Ultra 10+4 65+1.1 38
uLLT 3604 3.6 £04 0
N0Sr  LT? 41+02 3.30 £ 0.07 20
ND Ultra 4.8+0.3 39+02 19
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Table3 FOM for baseline and purified commercial cocktails, with
percent improvement for purified cocktails

Cocktail Baseline Purified %
Improve-
ment
ulLLT 810 + 120 1390 + 150 42
*H LT? 1280 + 160 1900 =+ 300 33
ND Ultra 1150 = 160 1600 + 200 27
uLLT 4500 + 500 4700 + 700 5
4C LT? 4440 + 60 5500 + 300 19
ND Ultra 3700 + 200 5240 + 130 30
ulLLT 5350 + 190 5430 + 190 1
NSy LT? 4700 + 200 6100 + 300 24
ND Ultra 3840 + 140 5338 + 103 28

Values represent average count rates acquired over a 14-day count
time

An investigation of the stability of spiked cocktails was
performed with repeat measurements up to 180 days post-
sample preparation. Using the FOM values shown in Table 3
for comparison, the samples demonstrated consistently high
stability for *H in water and *’Sr in dilute acid for both base-
line and purified samples (<10% reduction in FOM). How-
ever, “C in dilute base did not maintain stability. After 180
days, the FOM had reduced by 96% for baseline samples
and between 24-65% for purified samples, with Ultima Gold
uLLT demonstrating the least reduction in FOM. While 4C
in base did not show the same stability as the other two
spikes, the purified sample was significantly more stable
over time.

ULB-LSC

To understand the full extent of the impact of the purifica-
tion method on ultra-sensitive LSC measurements, the cock-
tail that demonstrated the best "“K-reduction was tested on
the ULB-LSC. An ultra-low background PFA vial was filled
with 20 mL of baseline and one with purified PerkinElmer
Ultima Gold uLLT and counted for one week. The instru-
ment background was determined by measuring a cylindrical
piece of polyvinyl toluene (PVT), which is a known radio-
pure scintillator. This provided a measurement of the intrin-
sic background of the detector itself to which the baseline
and purified could be compared. The resultant count rate for
the PVT was 80 cpd (K ROI), 205 cpd (full spectrum), which
is the measured background for the instrument. Figure 4
shows the spectra from the uLLT contributions (baseline
and purified) over the entire channel range for the instrument
compared to the intrinsic instrument background. The differ-
ence between the baseline cocktail (in black) and the purified
cocktail (in orange) indicate an observed reduction from the
purification technique of roughly 4x. While this is not in
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Fig.4 ULB-LSC spectra for baseline (black) and purified (orange)
PerkinElmer Ultima Gold uLLT. The instrumental background was
measured using PVT (blue). (Color figure online)

agreement with the ICP-MS results, it is likely because the
purified sample is below the ULB-LSC’s background count
rate as demonstrated by the statistical agreement with the
PVT spectra (in blue). Therefore, it was concluded that the
purified Ultima Gold uLLT cocktail would yield the lowest
possible backgrounds for sample counting in the ULB-LSC.

Conclusions

Intrinsic radioactive impurities in commercial LSC cock-
tails, namely from long-lived radionuclide “°K, have pre-
sented a limitation for ultra-low background LSC detection
[7]. Two techniques have been explored to mitigate this limi-
tation: start clean, stay clean, which provided a potential
solution to high "”K concentrations by replacing a prob-
lematic constituent (surfactants) with low-K alternatives;
and purification, which removed "”K contamination in the
finished LSC cocktail by at least an order of magnitude.
Through the development of a fast and simplistic purifica-
tion technique, this study has shown that reducing the lev-
els of potassium in commercial LSC cocktails significantly
improves performance on a commercial LSC detector by
lower minimum detectable activity and higher detection
efficiencies and figure of merit values. In addition, the puri-
fication method lowered a commercial cocktail’s “°K below
the background count rate of a custom-made ultra-low back-
ground detector, laying the groundwork for ultra-sensitive
LSC detectors and applications.
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