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Abstract
The performance of LSC cocktails in ultra-sensitive applications was evaluated. Backgrounds from radioactive contamina-
tions in commercially available and in-house developed liquid scintillation cocktails were measured and compared to the 
predicted background levels of the ultra-low background liquid scintillation counter. Through the ICP-MS assay of the 
cocktails and their constituents, potassium impurities in the surfactant component were identified as a significant source of 
background, potentially limiting the use of LSC counting in ultra-sensitive applications. This work lays the groundwork for 
future research towards ultrapure LSC cocktails for ultrasensitive LSC counting.
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Introduction

Liquid scintillation counting (LSC) is used in a wide variety 
of fields ranging from medical applications [1], environmen-
tal and non-proliferation monitoring [2, 3] to fundamental 
chemistry and physics research studies [4–8]. Organic liquid 
scintillator cocktails are composed of a scintillation solvent 
base, a primary fluorescent agent (fluor), and a secondary 

wavelength shifter [9]. Solvents are typically aromatic ben-
zene derivatives, which are rich in �-electron conjugated 
systems. The light production in a liquid scintillator involves 
a sequence of various physical and chemical processes. Most 
of the energy deposited by ionizing radiation ( � , � ) passing 
through the scintillator media is converted by delocalized �
-electrons of the scintillator base, resulting in the direct exci-
tation of solvent molecules. Molecules in the excited states 
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decay emitting photons, which can be received through a 
dipole-dipole interaction or absorption/reemission by the 
fluor. A secondary wavelength shifter is often added to fur-
ther red-shift the emitted photon wavelength to match the 
sensitivity region of the light detector used by the LSC sys-
tem, typically a photomultiplier tube (PMT).

Neat organic liquid scintillators are not miscible with 
water, due to the difference in molecular polarity. Most scin-
tillator cocktails used in LSC employ surfactants, containing 
lypophilic and hydrophilic groups, to emulsify and stabilize 
aqueous and organic scintillator mixtures. A new water-
based liquid scintillator (WbLS) [10], originally developed 
for deployment of kiloton scale particle detectors, is capable 
of loading water in high content (40%) in organic liquid scin-
tillators with high optical transparency, chemical stability, 
and radiopurity, allowing its application in LSC as well. It 
should be noted that commercial liquid scintillation cock-
tails, designed for particle detection in aqueous solutions, 
are of similar chemical composition of WbLS.

The performance of liquid scintillation cocktails is evalu-
ated based on parameters such as light yield, intrinsic back-
grounds, quench resistance, stability over time, and sample 
load capacity, i.e. the maximum amount of aqueous sample 
that can be dissolved into the cocktail to form a homogene-
ous, optically transparent solution [11, 12]. Intrinsic radioac-
tive impurities can limit the performance of commercially 
available LSC cocktails for ultra-low background applica-
tions. Radioactive decays from the cocktail components 
themselves can interfere with signatures of interest for low 
sample activities [13, 14]. Liquid scintillator cocktails are 
predominantly composed of carbon, one of the main back-
ground sources is represented by radiocarbon 14 C (T

1∕2 = 
5730 y), which cannot be chemically separated. A significant 
reduction of 14 C background is obtained using petroleum-
derived scintillators [15]. In petroleum, that sits underground 
for long periods, the cosmogenic production of 14 C is mini-
mized and most of the radiocarbon originally presented has 
already decayed after millions of years of storage. Another 
significant source of background in liquid organic scintilla-
tors is represented by naturally occurring primordial radio-
nuclides, 40 K, 232 Th and 238 U and their daughters. These 
radionuclides are commonly present in materials [16] and 
may be introduced during scintillator production, sample 
handling, transportation, and/or exposure to dust particu-
lates [17]. As opposed to radiocarbon, impurities of 40 K, 
232 Th and 238 U in liquid organic scintillators can be signifi-
cantly reduced using purification methods. Some examples 
of liquid organic scintillator purification procedures for 
ultra-sensitive applications are reported in [8, 13, 18–20]. 
Progenies in the lower portion of the 232 Th and 238 U chains 
oftentimes are not in secular equilibrium with the rest of the 
chain. When possible, pulse shape analysis can be applied 
to discriminate background contributions from �-emitters 

in the chain. Radon found in air also contributes to elevated 
background in liquid scintillators.

An ultra-low background liquid scintillation counter 
(ULB LSC) was constructed at Pacific Northwest National 
Laboratory [21]. The ULB LSC is housed in the PNNL 
Shallow Underground Laboratory [22], which provides 
roughly 30 m water-equivalent reduction from cosmic-ray 
background [23]. Additionally, the ULB LSC was designed 
using the concepts from the development of the PNNL 
ultra-low background proportional counters [24]. A full 
description of the ULB LSC design can be found in [25], 
but aspects that are relevant to the liquid scintillation cock-
tail background studies will be discussed here. The ULB 
LSC is comprised of two PMTs that are arranged at 90◦ 
to the samples, as opposed to the more traditional face-on 
configuration of commercial systems. A hollow ultra-pure 
copper light-guide, coated and polished for maximum light 
transmission, connects the face of each PMT to the sample 
holder. This geometry was chosen to provide the capabil-
ity to shield each of the PMTs from each other as well as 
from the sample to mitigate intrinsic radioactivity present 
in the PMTs from contributing to the background. Addition-
ally, optical simulations of the geometry were performed to 
ensure light-collection efficiency was maximized [26]. The 
internal detection configuration is then further shielded via 
layers of ultra-low background copper and various grades 
of lead. Finally, veto panels are used in anti-coincidence to 
eliminate events caused by any cosmic-ray contributions. A 
diagram of the system is presented in [25]. Additionally, the 
entire system is nitrogen purged to prevent Rn backgrounds. 
As the ULB LSC is more sensitive than typical commer-
cial instrumentation used in above-ground laboratories, the 
radiopurity of the constituents of samples, such as the liquid 
scintillation cocktail, can limit the sensitivity of detection for 
low-level applications.

The background estimation for the ULB LSC from the 
construction materials is given in Table 1. The values for 
the various materials have been updated since the initial 
background budget published by Erchinger et  al. [21]. 
Values were updated based upon recent assay work from 

Table 1  Predicted background rates, based on simulation, for compo-
nents of the ULB LSC construction and operation [21, 27]

Background source Rate [counts/day] Fraction [ %]

External � rays (K, Th, U) 1.50 ± 0.90 12.3
Pb shielding 0.50 ± 0.22 4.1
Cu shielding 1.07 ± 0.10 8.8
Light guide coating 8.01 ± 0.23 65.7
PMTs 0.25 ± 0.02 2.0
Plastic LSC vial 0.85 ± 0.09 7.0
Total expected background 12.19 ± 0.96 -
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rare-event search physics experiments [28–32]. The updated 
background budget is roughly 25% higher than the previ-
ous estimations [21]. However, these improvements are still 
too low to account for the observed background rates from 
the ULB LSC. The target background range for the ULB 
LSC is 10–100 counts per day (cpd), which would provide 
10-100x more sensitivity compared to commercial systems 
with a background rate of 1–10 counts per minute (cpm) 
depending on the location, scintillation cocktail, and sample 
matrix. Initial measurements using the ULB LSC observed 
420 ± 50 cpd background [21] for a standard polyethylene 
scintillation vial with 20 mL of Ultima Gold LLT. While 
this still presents an improvement compared to commercial 
systems at roughly 0.3 cpm, this is an order of magnitude 
above the expected background. Given the intrinsic 14C,40 K, 
232Th, and 238 U content in liquid scintillation cocktails, the 
increased background is suspected to arise from the cocktails 
themselves. Therefore, to achieve the sensitivity improve-
ments expected from the ULB LSC, a reduction of the LSC 
cocktail’s intrinsic background is necessary.

In this work, we have investigated traces of intrinsic 
radioactive impurities in both commercially-available and 
in-house developed LSC cocktails. Ultra-trace elemen-
tal analysis with Inductively Couple Plasma Mass Spec-
trometry (ICP-MS) was performed at PNNL, focusing on 
radionuclides 40 K, 232 Th and 238 U. Potassium contamina-
tions were identified as a dominant source of background. 
Concentrations of nat K on the order of a few to tens of �g⋅
g−1 , corresponding to activities of a fraction to a few Bq⋅
kg−1 from 40 K, were measured. Impurities of Th and U were 
determined in the pg⋅g−1 regime, corresponding to activity 
levels of �Bq⋅kg−1 . A comparison with high purity germa-
nium (HPGe) measurements performed at Savannah River 
National Laboratory’s (SRNL) Underground Counting Facil-
ity (UCF) was also performed, showing agreement between 
the two techniques. Single constituents of the LSC cocktails 
were also investigated via ICP-MS. The surfactant compo-
nents were identified as the major sources of potassium con-
taminations in the LSC cocktails. Potassium concentrations 
in the cocktails were measured orders of magnitude higher 
compared to thorium and uranium.

Experimental

Materials

Ultra-low background perfluoroalkoxy alkane (PFA) screw 
cap vials from Savillex (Eden Prairie, MN) were used for 
preparation of reagent solutions and sample dilutions for 
ICP-MS analysis. Polyethylene (PE) LSC vials (Perkin 
Elmer, Waltham, MA) were used for sub-sampling and 
first level dilutions of the samples. Fused silica crucibles 

(Technical Glass Products Inc, Painesville Twp., OH) were 
used for sample dry ash in a tube furnace. Optima grade 
nitric and hydrochloric acid (Fisher Scientific, Pittsburg, 
PA) and 18.2 M Ω⋅ cm deionized water from a MilliQ system 
(Merk Millipore GmbH, Burlington, MA) were used for pre-
liminary labware cleaning and preparation of reagent solu-
tions. All labware underwent preliminary cleaning before 
use. PFA vials, fused quartz crucibles, and pipette tips were 
sonicated in a 2 %(v/v)  Micro90TM (Cole-Parmer, Vernon 
Hills, IL) solution, rinsed in MilliQ water and leached in 3M 
HCl and 6M HNO

3
 solutions. LSC vials were cleaned in a 

2 %(v/v)  Micro90TM solution followed by thorough rinse in 
deionized water. Following cleaning, all vials and crucibles 
were validated: a small volume of 5 % nitric acid solution 
was pipetted into each vial/crucible, vials were recapped 
and shaken. PFA vials were heated at 80◦ C for at least 12 h 
while LSC vials and crucibles were kept at room tempera-
ture for a few hours. After this period, PFA vials were cooled 
down to room temperature and solutions from all vials and 
crucibles were analyzed on an ICP-MS for the analytes of 
interest. Validations are performed to assure that measured 
background signals from the containers for the analytes of 
interest are within instrumental background. Any labware 
not meeting such requirement underwent additional cycles of 
cleaning and validation until signals were measured within 
instrumental background.

Standard solutions of 229 Th and 233 U (Oak Ridge National 
Laboratory, Nuclear Science and Technology Division, 
Nuclear Medicine Program, Oak Ridge, TN) were used 
for determinations of 232 Th and 238 U via isotope dilution 
method. A potassium standard solution (Inorganic Ventures, 
Christiansburg, VA) with natural isotopic abundance was 
used to generate external calibration curves for K quantita-
tions. Vials used to store samples for HPGe measurements 
were acid cleaned with fuming nitric acid (Fisher ACS 
grade), rinsed with deionized water (18.2 M Ω⋅cm), and 
dried.

Samples

Samples of commercially-available liquid scintillation cock-
tails, listed in Table 2, were received from vendors for ICP-
MS analysis. Single components constituting the cocktails 
were received and analyzed for Meridian Gold Star LT2 
cocktail, National Diagnostics Ecoscint Ultra and H cock-
tails. Two samples of LSC cocktails developed and produced 
at Brookhaven National Laboratory (Upton, NY) were also 
investigated.

Samples of Ultima Gold uLLT, Ultima Gold AB, and 
Ecoscint Ultra were also independently purchased (different 
production lots) for HPGe analyses at SRNL. Subsamples 
of the same production batch of the BNL cocktails were 
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provided to PNNL and SRNL for ICP-MS and HPGe analy-
ses respectively.

ICP‑MS determinations

A class 10,000 cleanroom and a laminar flow hood provid-
ing a class 10 environment at PNNL were used for sample 
preparation and analyses. Determinations of K, Th and U 
were performed 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. Thorium and ura-
nium determinations were performed operating the instru-
ment in single quadrupole, no-gas mode. Plasma, ion optics 
and mass analyzer parameters were optimized based on the 
instrumental response from a standard solution from Agi-
lent containing 0.1 ng⋅mL−1 of Li, Mg, Co, Y, Ce and Tl. 
The instrumental response from Tl was used as a reference 
signal to maximize the signal/noise ratio in the high m/z 
range. Oxides were monitored and kept below or around 
2 % based on the m/z=156 and m/z = 140 ratio (CeO+/Ce+ ) 
from Ce in the standard solution. Potassium determinations 
were performed in cool plasma with NH

3
 reaction mode. 

Instrumental parameters were optimized based on the instru-
mental response from a 1 ng⋅g−1 K standard solution, in 
house diluted from a stock solution. An acquisition method 
including three replicates and ten sweeps per measurement 
was used. Acquisition times were set based on the expected 
signal, in order to maximize the instrumental precision by 
improving counting statistics. For the quantitation of 232 Th 
and 238 U, samples were spiked with a known amount of 
229 Th and 233 U tracers prior to digestion. Concentrations 
were calculated using isotope dilution methods, using Eq. 1:

where Aanalyte and Atracer are the instrumental responses for 
the analyte and the tracer, respectively, and Ctracer is the 
spiked concentration of tracer in the sample. Quantitation 
of nat K was performed through an external calibration curve, 

(1)Concentration =
Aanalyte ⋅ Ctracer

Atracer

using potassium standards with natural isotopic composition. 
The signal from the most abundant isotope, 39 K, was used 
as a reference for measurements. Potassium natural isotopic 
abundance was assumed in the samples. It is worth pointing 
out that ICP-MS does not detect radiation from decays, it 
measures ions. Results are obtained in concentrations (e.g., 
ppt or pg⋅g−1 of sample). Corresponding activities (e.g., �
Bq⋅kg−1 ) are calculated based on the specific activity and 
isotopic abundance of the studied radionuclides. For interest 
in this work, 1 pg⋅g−1 238 U corresponds to 12.4 �Bq⋅kg−1 , 
1 pg⋅g−1 232 Th corresponds to 4.06 �Bq⋅kg−1 and 1 �g.g−1 
nat K corresponds to 30.5 mBq⋅kg−1 from 40 K (0.01% natural 
abundance).

All samples were prepared and analyzed in triplicate. 
Process blanks (n = 3) were prepared for each analysis. Sig-
nals from samples were process blank subtracted. Results 
are reported as the average and standard deviation of three 
independent replicates. Samples underwent a dry ash diges-
tion in fused quartz crucibles in a tube furnace (Thermcraft, 
Winston-Salem, NC) for Th and U assays. Portions of ca. 
50-100 mg of sample were digested at 800◦ C under a 4 L ⋅
min−1 air flow. A known amount, on the order of 100-200 
fg, of 229 Th and 233 U radiotracers was added into each sam-
ple replicate and process blank prior digestion. Sample and 
radiotracer masses were determined gravimetrically. In order 
to determine potassium recoveries, some of the sample rep-
licates were spiked with a known amount of nat K from a 
standard solution, ca. 500 ng, corresponding to a concentra-
tion of the order of 5 �g⋅g−1 in the cocktail, prior digestion. 
After full digestion, any residual ash in the crucibles was 
redissolved in 8M HNO

3
 on a hotplate at 170◦ C, followed 

by boiling off of the 8M HNO
3
 solution and reconstitution 

of the samples in a 2 % HNO
3
 solution for ICP-MS analysis. 

Thorium and uranium recoveries were measured > 50% in 
all samples, whereas potassium recoveries were very low 
low (< 50% ) for most of the samples. Further investigations 
about potassium losses were considered beyond the purpose 
of this work and were not performed. Given the levels of 
expected concentrations ( ∼ �g⋅g−1 , determined from pre-
liminary dry ash analyses), high dilutions or liquid liquid 
extractions in 2 % HNO

3
 solution were performed, depend-

ing on sample water miscibility, for potassium determina-
tions. Dilution factors of the order of 10,000-100,000 were 
required prior to ICP-MS injection.

HPGe measurements

Radioactive contributions from 40 K were measured using 
HPGe in the UCF at SRNL in five of the samples listed in 
Sect. 2.2: two LSC cocktails developed in-house at BNL, 
Ultima Gold uLLT and Ultima Gold AB from Perkin Elmer, 
Ecoscint Ultra from National Diagnostics. Regarding BNL 
LSC cocktails, the same production batch analyzed at 

Table 2  List of commercially available liquid scintillation cocktails 
received from vendors and analyzed in this study

Vendor Product

Perkin Elmer Ultima Gold uLLT
Perkin Elmer Ultima Gold AB
Perkin Elmer Low-level NPE-free
Meridian Gold Star LT2
National diagnostics Ecoscint ultra
National diagnostics Ecoscint H
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PNNL via ICP-MS was measured at SRNL. Perkin Elmer 
and National Diagnostics samples were instead different, 
independently purchased, production lots compared to the 
samples analyzed at PNNL. For the HPGe measurement, 
samples were prepared in an ISO-17025 accredited low-level 
radiochemistry laboratory and placed in acid rinsed vials, 
sealed, and bagged for placement in UCF HPGe detectors. 
The detectors are surrounded by a layer of ultra-pure copper, 
an outer layer of 10 cm minimum unsealed, low-background 
lead housed in the UCF vault located 14.6 m below ground 
level and constructed from pre-WWII USS Antietam (CG-
54) steel and backfilled with layers of borated cement, spec-
ular hematite, and clay for a water overburden equivalency 
of 31.7 m [33]. Two types of HPGe detectors were used, a 4 
mL Well (ORTEC) and a GMX n-type (Canberra). Both are 
set up so that radon daughters are driven out of the sample 
chamber using the liquid nitrogen exhaust. Gamma spectra 
acquisition began several days after sample placement into 
the detector chambers in order to remove spectral contri-
butions from radon daughters. Samples were counted for a 

minimum of one week and results from each detector were 
corrected for background and detector energy efficiency with 
the final results given in Fig. 2 as the average of both 40 K 
determinations.

Results

Table 3 reports the levels of potassium, thorium and uranium 
measured in the LSC cocktails via ICP-MS elemental analy-
sis. Concentrations (in pg⋅g−1 of cocktails) of nat K, 232 Th and 
238 U were determined via ICP-MS. Corresponding activi-
ties, in mBq⋅ kg or �Bq⋅kg−1 of cocktail, were determined 
based on radionuclide specific activities. Concentrations of 
nat K were converted to the corresponding activity of 40 K 
assuming natural isotopic abundance of potassium in the 
samples. Results for each sample are reported as the aver-
age and standard deviation of three independent replicates.

Figure 1 shows results in terms of decays⋅day−1⋅sam-
ple−1 from 40 K, 232Th, and 238 U in a 10 mL volume (typi-
cally used for sample analysis) of each cocktail. Each 
value is reported as the average and standard deviation of 
three independent replicates. Error bars are hidden under 

Table 3  Results of the ICP-MS elemental analysis of the LSC cock-
tails, reported as the average and standard deviation of three inde-
pendent replicates. Concentrations, in pg⋅g−1 , of nat K, 232Th, and 238 U 
determined via ICP-MS were converted to activity based on the spe-
cific activity of each radionuclide

LSC cocktail 40 K [mBq⋅kg−1] 232 Th [ �Bq⋅
kg−1]

238 U [ �Bq⋅kg−1]

Ultima Gold 
uLLT

130 ± 30 16 ± 9 50 ± 30

Ultima Gold 
AB

170 ± 50 20 ± 14 30 ± 20

Low-level NPE-
free

113 ± 3 8 ± 2 29 ± 2

Ecoscint Ultra 2320 ± 60 19 ± 5 270 ± 20
Ecoscint H 3360 ± 90 53 ± 12 290 ± 20
GoldStarLT2 1280 ± 60 500 ± 200 1100 ± 700
BNL 1 116 ± 6 13 ± 1 460 ± 120
BNL 2 116 ± 12 25 ± 11 520 ± 140

Fig. 1  Contribution to radioac-
tive background from 40 K, 232
Th, and 238 U in terms of decays⋅
day−1 in a 10 mL volume of 
each analyzed scintillation 
cocktail. The predicted baseline 
background for the ULB LSC 
at PNNL is marked with a red 
dashed line

Fig. 2  Content of 40 K in some of the investigated LSC cocktail from 
ICP-MS and HPGe analyses. Data obtained from the two techniques 
are in agreement. The discrepancy for the Ecoscint Ultra sample (of a 
factor of ∼ 3) could be attributed to the different production lots
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the marker where not visible. The red dashed line in the 
plot is the level of the predicted background in the ULB 
LSC (Section 1). For all cocktails, background from 232 Th 
and 238 U is significantly below the predicted baseline back-
ground for the LSC system. Decays were calculated only 
accounting for the parent radionuclide in the chain. Even 
accounting for decays from the full decay chain, assuming 
secular equilibrium, the resulting background would be 
below the LSC counter intrinsic background. Impurities 
of 232 Th and 238 U in the cocktails, therefore, do not rep-
resent a concern for ultra-sensitive measurements. On the 
contrary, the background potentially generated by potas-
sium contaminant in the cocktails is significantly above 
the system predicted background for all the cocktails. The 
content of potassium in the scintillation cocktails, thus, 
limits the sensitivity of the system and may be a concern 
for ULB measurements.

Potassium measurements in the cocktails performed via 
ICP-MS at PNNL were compared with results obtained at 
SRNL via HPGe counting. Figure 2 reports results, in mBq 
of 40 K per kg of cocktail, obtained at PNNL and SRNL for 
five of the investigated cocktails. The agreement between 
data obtained with the two techniques represents a further 
validation for both methods. A slight discrepancy, of a fac-
tor of ∼ 3, was observed for the Ecoscint Ultra cocktail from 
National Diagnostics. The discrepancy may be attributed 
to different production lots, as the samples were indepen-
dently obtained by PNNL (provided by the manufacturer) 
and SRNL (purchased).

The analyses of the commercially available and in-house 
developed LSC cocktails for traces of radioactive impuri-
ties revealed that intrinsic contaminations of potassium 
may be a significant contributor for radioactive background 
increase, limiting sensitivity in ULB LSC applications. The 
dominant vectors of potassium in the cocktails were investi-
gated through ICP-MS elemental analysis of cocktail single 
constituents. Surfactant components from two of the inves-
tigated cocktails were analyzed. Samples of the six single 
surfactants utilized in the Ecoscint H and Ecoscint Ultra 
LSC cocktails production from National Diagnostics were 
received as blind samples, as listed in Table 4. It was only 
revealed that surfactants 1, 2 and 3 are used as a mixture in 
Ecoscint H; a mixture of surfactants 4, 5 and 6 is a constitu-
ent of Ecoscint Ultra. Neither the nature of each surfactant 
nor the relative composition of each surfactant mixture were 
revealed. Concentrations of nat K measured in the single sur-
factants, along with those measured in the LSC cocktails 
are also reported in Table 4. Considering the content of the 
surfactant mixture in the cocktails ( ∼20-30% ) reported in 
the MSDSs, the potassium amount determined in the sur-
factants accounts for the potassium content measured in the 
cocktails.

Single Gold Star LT2 LSC cocktail constituents were 
also received from Meridian. The surfactant component of 
this cocktail is a mixture of three Nonyl-PhenolEthoxylates 
(NPEs). All three NPEs were analyzed for potassium via 
ICP-MS. Results, along with the K content in the cocktail 
and the approximate content of each NPE in the cocktail, are 
reported in Table 5. Considering the content of the NPEs in 
the cocktail (20–30% ), and the measured potassium concen-
trations, again the potassium amount measured in the sur-
factant components accounts for the total potassium content 
in the cocktail.

It is worth noting that some surfactants, including NPEs, 
are typically synthesized using a potassium based catalyst, 
which validates results from this work.

Table 4  Concentrations of 
nat K measured via ICP-MS in 
Ecoscint Ultra and Ecoscint H 
LSC cocktails from National 
Diagnostics and their surfactant 
constituent components. Results 
are reported as the average and 
standard deviation of three 
independent replicates

nat K [ �g⋅g−1]

Ecoscint H 110 ± 3
Surfactant 1 250 ± 30
Surfactant 2 310 ± 30
Surfactant 3 433 ± 1
Ecoscint Ultra 76 ± 2
Surfactant 4 620 ± 50
Surfactant 5 <0.3
Surfactant 6 600 ± 40

Table 5  Concentrations of nat K measured via ICP-MS in the GoldStarLT2 LSC cocktail from Meridian, and in three Nonyl-phenolethoxylate 
(NPE) surfactants constituent components. Results are reported as the average and standard deviation of three independent replicates

nat K [ �g⋅g−1]

GoldStarLT2 42 ± 2
NPE a 240 ± 13
NPE b 177 ± 4
NPE c 205 ± 5



5603Journal of Radioanalytical and Nuclear Chemistry (2022) 331:5597–5604 

1 3

Conclusions

Intrinsic radioactive backgrounds in commercially availa-
ble and in-house developed LSC cocktails were determined 
from trace analysis of naturally occurring radionuclides 
nat K, 232Th, and 238 U. Backgrounds in terms of decays⋅day−1 
from a volume of 10 mL sample were estimated using radio-
nuclides specific activities, and compared to the predicted 
baseline background of the ULB LSC at PNNL. As opposed 
to Th and U, intrinsic impurities of K were determined as a 
concerning source of background contribution, potentially 
limiting sensitivity in ULB LSC applications. Potassium 
was measured in the ∼ �g⋅g−1 regime in all the investigated 
cocktails, translating to activities ranging from ∼100 to ∼
3000 mBq⋅kg−1 of cocktail from the radioactive isotope 
40 K (0.01% ) of naturally occurring potassium. Agreement 
between data obtained via ICP-MS at PNNL and via HPGe 
at SRNL provides a validation of the results. In a 10 mL por-
tion of liquid scintillator cocktail, background would range 
from a hundred to a few thousands of decays per day, orders 
of magnitude above the estimated baseline background level 
of the ULB LSC at PNNL (12 ± 1 counts⋅day−1 ). Although 
only a fraction < 100% of total decays will actually generate 
counts in the ULB LSC, the high 40 K content will affect the 
detection limits of the instrument.

The primary source of potassium impurities in the cock-
tails were investigated and identified as the surfactants, 
typically produced using K-based catalysts. The surfactant 
component in the LSC cocktails is necessary for the analy-
sis of aqueous samples. It stably emulsifies aqueous phases 
in the organic scintillation mixtures, which are otherwise 
immiscible. This work provides key information about 
intrinsic backgrounds in LSC cocktails for ultra-sensitive 
applications. The results of this study open the way to future 
research and development for the production of high-purity 
LSC cocktails for ultra-sensitive applications. Further inves-
tigation of potential purification processes of LSC cocktails 
and surfactants, alternative surfactant production, and the 
use of alternative low-K surfactants in LSC cocktails are of 
interest to improve the radiopurity of LSC cocktails. The 
possibility to reduce potassium contaminations in LSC cock-
tails by one order of magnitude would result in extremely 
low-background LSC cocktails that would benefit a wide 
range of fields, including fundamental science, environ-
mental monitoring, non-proliferation and national security 
applications.
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