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Outlines 

• A brief blurb about the low radioactivity assay group at IHEP

• Introduction of our works

– Measurements of 238U (and 232Th)in copper to sub-ppt level
– Measurements of Th and U in PPO to 10−14 g/g level
– …

• Short summary for low background measurement
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The low radioactivity assay group at IHEP

• IHEP has the experience on ICP-MS for nearly 20 years, mainly focused on biological and 
environmental samples 

• The assay on ultralow background materials has been initiated from 2016 

• A new low radioactivity assay group at IHEP has been formed and grown, 
collaborating with nEXO and JUNO experiments

• Group members:
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The low radioactivity assay group at IHEP

• Goals: to measure radio-impurities in different detector materials for ultra low 

background physics researches, such as neutrino-less double beta decay, precise 
oscillation parameters of neutrinos, dark matter…

• Facilities and instruments
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Why ICP-MS? 

• The highly sensitive methodologies known to date 

– High-purity germanium detector (HPGe) 
• Non-destructive measuring technique
• Typical sensitivity: ppb (10−9 g/g) or sub-ppb level for 238U and 232Th
• Higher sensitivity requires days or even weeks of running, hard to reach 10 ppt level 

– Neutron activation analysis (NAA) 
• Higher sensitivity
• Need reactors for activation 

– Inductively coupled plasma mass spectrometry (ICP-MS) 
• A fast and sensitive elemental analysis technique
• Almost all the naturally occurring elements and many non-natural, radiogenic elements
• High sensitivity: sub-ppt levels for many elements 
• Typically used to analyze samples that are liquids

– Samples need to be pretreated
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Sample preparation techniques for ICP-MS

• Clean solutions are very important for obtaining accurate results from ICP-MS

– Diluted acid solution, HNO3 is the ideal choice
– Total dissolved salts (TDS) <0.2%
– ….

• Sample preparation techniques for ICP-MS

– Dilution, simple but effective as long as the interested elements are detectable

– Acid extraction, matrix effect and extraction efficiency

– Digestion, wet digestion and dry ashing

– Ion exchange, cation exchange and anion exchange

– Enzymolysis, for biological samples

– ……
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Co-precipitation approach to measure amount of 238U in copper to 
sub-ppt level using ICP-MS, Y.Y. Ding et al., NIM A, 941 (2019) 162335

• Motivation: to screen copper, a widely used detector shielding material, for EXO

• Cu can be dissolved in acid, then measured by ICP-MS after dilution (TDS<0.2%)

– 1ppt U in Cu → ~0.0007ppt U when [Cu(NO3)2]=0.2%

• A customized approach was developed to separate U in copper

– When dissolved in HNO3, soluble Cu(NO 3)2 as well as other nitrates formed

– When adding small amount of ammonia water, Cu2+ and other metal ion precipitate

– When adding excess ammonia, other metal ion precipitates remain unchanged but copper 
precipitate dissolved because of the formation of soluble copper ammonia complex

– Precipitate can be filtered, hence separation of U and copper is realized

– Dissolve precipitate using acid for ICP-MS measurement

Cr (III), Co (III),  Ni, Zn, Ag and Pt group can also form ammonia complex
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Choice of co-precipitator/carrier

• Necessity of co-precipitator

– [238U] is at ppb level: 238U recovery efficiency >90% 
– [238U] is at ppt level: 238U recovery efficiency  ~0

• Co-precipitator: precipitates simultaneously under the conditions employed in order to 
increase the recovery of the elements of interest

• Choice of co-precipitator: FeCl3, ZrCl4

– 233U recovery efficiency for blanks :
• 71% ± 4% with ZrCl4 as co-precipitator
• 48% ± 2% with FeCl3 as co-precipitator

• Zr was chosen, and the concentration was optimized by experiments
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Flowchart of pre-treatment process
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• Step 1: ~30 g Cu-HNO3 solution 
(~3g Cu) was spiked with 233U, then 
co-precipitator was added



Flowchart of pre-treatment process
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• Step 2: Add excess NH3
.H2O 

into the mixture under agitation

– Cu(OH)2 was formed in the 
beginning; then [Cu(NH3)4]2+

were formed, Cu-precipitate 
disappeared gradually

– While U, Zr and other metal 
impurities are precipitates 



Flowchart of pre-treatment process
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• Step 3: Filter the mixture using 
syringe-operated filter units
– The filter unit need to be rinsed by 

ammonia water to decrease the lost 
of  U caused by pH change

– A small device was designed and 
made to relieve technicians from 
heavy work 



Flowchart of pre-treatment process
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• Step 4

– Precipitate in filter units can 
be washed out using HNO3

– Eluant was collected   for ICP-
MS measurements after 
suitable treatments



Flowchart of pre-treatment process
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• Blanks  are always necessary

– To determine the background 
introduced by reagents, 
labware, environment

– For method detection limit



ICP-MS measurement: Interferences

• Spectral interference
– Isobaric interference

• For 238U and 233U measurements, the isobaric interference can be ignored since there is 
no isobar for these two isotopes 

– Polyatomic interference 
• Measured and estimated. The polyatomic interference on 233U and 238U measurements for 

both blanks and Cu-samples are less than 0.01 ppt. Can be ignored if the U in copper is at 
the 0.1~1 ppt level

• Non-mass spectroscopic interference
– Physical interference, the most critical one in this work is the matrix effect 
– TDS in blanks or Cu-samples were <0.1% by mass, can be ignored for ordinary 

analysis, but should be considered in low background analysis
• Internal standard method (e.g. standard addition method)
• Isotope dilution method 
• Argon gas dilution
• Chemical separation method
• …
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Matrix effect

• Isotope dilution method (short for IDM) for the quantification of U

– A known amount of standard (isotopically enriched form of the analyte, 233U in this work) 

was added to the sample

– Analyte(238U) and standard(233U) are in the same matrix, the matrix effect significantly 

suppressed

– If the isotopes are mixed homogeneously, their ratio is expected not to change during the 

entire analytical procedure (sample preparation, analyte separation, and enrichment)

– The ratio of 238U to 233U can be obtained by ICP-MS, the concentration of 238U can be 

calculated 

– The 233U recovery efficiency cannot be obtained
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measured ratio 
of 238U to 233U
by ICP-MS

238U NOT 
originated from 
tracer solution

238U or 233U 
originated from 
tracer solution, 
known amount

R =(n238 + n’238 )/ n’233



Matrix effect

• The standard addition method (short for SAM) was also applied for quantification of U

– Suppress the matrix effect by matrix matching

– Concentration  of 233U and 238U were obtained
– Recovery efficiency of 233U and MDL of 238U
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Method detection Limit (MDL)

• MDL for 238U in copper was obtained by measuring eight reduplicative blanks 
– MDL is calculated as 2.998⋅SD (standard deviation)
– Two quantitative methods (SAM and IDM) were used to cross-check each other
– 233U recovery efficiencies obtained by SAM are listed

• A MDL of ∼0.1 ppt is consistently achievable for the two different quantitative methods

• Measured 238U vs. the different 233U recovery efficiencies, no obvious dependency was found, 
indicating the robustness of the pre-treatment and analysis
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Method detection limit: 232Th
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• Determination of Th in copper is also required, but we are short of 229Th at that time

• MDL and recovery efficiency were measured and calculated when 229Th finally arrived

• It’s a pity the data are too later for publication



Practical applications of the approach 

• Th and U in many copper samples from different universities or institutes were 
measured and are measuring in our lab using the approach

• Structural part  of the detector

• Th and U was determined to be ~ppt

• Higher radon release rate for machined copper 

• Conclusion: The surface of the copper is contaminated after machining.
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} Question: Is the surface Contaminated？

232Th/ppt 238U/ppt

Surface 0.44±0.11 1.92±0.08

Inside 0.23±0.04 0.43±0.05



Measuring Th and U contaminants in PPO to 10−14 g/g level via acid extraction 
Mengchao Liu, et al., NIM A 1041 (2022) 167323 

• Motivation:

– The Jiangmen Underground Neutrino 
Observatory (JUNO) : determine neutrino 
mass hierarchy and precisely measure 
oscillation parameters

– Radiopurity is a fundamental aspect for 
JUNO
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– JUNO central detector will be filled with 20 kton LS
– JUNO LS recipe

• 2.5g/L PPO (2,2-diphenyl oxazole)

• 1~3mg/L bis-MSB(1,4-bis(2-methylstyryl)benzene)

• LAB (linear alkyl benzene)

– 60 t PPO is needed, one of the main sources of radio-impurities
– To develop a reliable and precise measuring approach for PPO QA/QC (Th and U)



Measuring Th and U contaminants in PPO to 10−14 g/g level via acid extraction

• Minimal requirement of JUNO PPO: 0.34ppt for 238U or 232Th

– Minimal requirement of JUNO LS radiopurity: 10−15 g/g of 238U or 232Th
– 20 kt LS, 2.5g/L PPO and 1~3mg/L bis-MSB in LAB

• MDL with 99% confidence level in the approach 

– 0.033 ppt  for 232Th in PPO
– 0.040 ppt  for 238U in PPO

• Can be applied for QA/QC of PPO
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Acid Extraction

• Pre-treatment method: acid extraction

– Typical liquid–liquid extraction: organic phase and aqueous phase
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PPO, a white solid 
with the melting 
range of 76~78oC

Acid solution, HNO3
Dissolved in 
organic solvent

Liquid state under 
high temperature

Advantages
• No extra organic solvent, lower background
• Higher extraction efficiency  under higher temperature
• Highest PPO concentration, smallest volume
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Optimization of Pre-treatment parameters

• Optimization of  nitric acid concentration

– At least 90% Th and 85% U in PPO are not water-soluble
– Insoluble Th and U compounds react with nitric acid to become acid-soluble species 

followed by transferring to acid phase
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• Violent oxidation reaction
• PPO turned yellow and acid phase 

became yellowish-green
• Acid phase contains too much PPO

Matrix effect?



Interference analysis for ICP-MS measurements

• Matrix effect

– TDS0.2%, can be ignored in this assay
– Small amount of PPO may stay in the acid phase and influence the signal of ICP-MS
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• Evaluation of Matrix effect
– Acid phase after extraction, marked as M, was 

separated and used for the evaluation
– M was diluted by 20, 12, 6, 3 and 1.5 times 

separately with 5% HNO3, and the diluted 
solutions were marked as M1, M2, M3, M4 and M5, 
respectively

– Fig. 2 shows the measured cps versus the 
relative Th and U concentrations

– The data points agreed perfectly with the linear 
fit, indicating negligible matrix effect

• Negligible matrix effect, standard curve method 
can be applied for quantification



Q: Has all the Th and U been extracted from PPO?

• Inherent question for the acid extraction

– Many chemical species of Th and U, can they all react with 5% HNO3 to form acid-
soluble species? If not, what is the extraction efficiency?

• Best way to answer this question: a standard PPO sample with known amount of Th and 

U, the species of Th and U should be the same as that of the PPO samples to be determined

• What we do:

– Recoveries of tracers (229Th and 233U ) to evaluate the effectiveness of the three-
stage extraction strategy

– Cross-check using other methods with different measuring principles 
– Estimation of acid extraction efficiency
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Q: Has all the Th and U been extracted from PPO?

• Recoveries of tracers (229Th and 233U )

– Nearly 100% recovery efficiencies of 229Th and 233U were obtained in both the 
spiked PPO samples and blanks

– Both extraction fractions and recoveries indicated that three-stage extraction was 
sufficient to extract all acid-soluble Th and U species
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Still don’t know whether 
there are non-acid-soluble 
Th and U species in PPO

Extraction 
fraction 

Extraction 
efficiency



Cross check

• Direct evidence to prove whether  Th & U in PPO are fully recovered by acid 
extraction

• Vaporization approach: 
– PPO was heated and vaporized in the quartz crucible until nothing visible left; the crucible 

was washed with 35% HNO3; treated for ICP-MS measuring

• Data from Daya Bay anti-neutrino experiment: no difference in magnitude 

• NAA results from INFN:  

– Sensitivity of NAA: 0.x ppt for 232Th or 238U
– PPO sample with ~1 ppt Th and ~2 ppt U measured simultaneously: no difference
– PPO sample:  ~0.1ppt using acid extraction approach, lower than detection limit of NAA
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Acid extraction 
approach (ppt)

Vaporization 
approach (ppt)

232Th 56.9 ± 6.8 52.5 ± 2.0

238U 28.7 ± 3.9 26.4 ± 8.3



Estimation of acid extraction efficiency and fraction

• The approach will also be applied to 
monitor PPO samples from different 
purification steps before real 
production, which may contain different 
amount of  Th and U (even sub-ppb level)

• Does the efficiency depend on the 
Th or U concentration in PPO?
– The answer is No
– The extraction fractions and 

efficiencies were relatively stable in 
a wide range of Th and U 
concentrations in PPO

• The approach is reliable, stable and 
sensitive for the quality testing of 
JUNO PPO
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Extraction 
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Practical application: JUNO PPO

• Production of 60 t high-quality PPO for JUNO started since Jul. 2021

• Each production batch was  check at IHEP for optical properties and content of radio-
impurities

• The reliable and precise measurement of the Th and U in PPO as well as the corporation 
with the manufacturer help to decrease the Th and U in JUNO PPO down to ~0.1ppt, 
which meets the minimal requirements (0.34ppt) of JUNO LS with further purification
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Other low background measurements 

• Radio-impurities in wavelength shifter (bis-MSB) of  JUNO LS: dry ashing and 
acid extraction

• Radio-impurities in acrylic, material for building JUNO center detector
– C. Cao, et al., A practical approach of high precision U and Th concentration measurement in acrylic, 

NIM A 1004 (2021) 165377

• Radio-impurities LS master solution, LS, water, dust… for JUNO 

• Radio-impurities in silicon wafer, capacitors, …for nEXO

• ……
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How to perform low back ground measurement (ICP-MS)?

• Clean environment: clean room, routine maintenance and monitoring are necessary

• Clean Instruments: not contaminated, maintenance and monitoring

• Clean labware: 
– Made of suitable materials that can be cleaned to certain level,  such as PFA
– A standard cleaning precure; checked by ICP-MS before use

• Clean reagents: 
– Ultra-pure water, high-purity HNO3, … (purification if necessary)

• Sample preparation techniques (for ICP-MS)
– Separation and enrichment
– Familiar with the chemical and physical properties of the components of the objects to be 

determined

• ICP-MS measurement: routine maintenance and checking during measuring

• Evaluation of the whole approach: interferences, MDL, recovery, reliability,….

• Training for the operators: safety training, chemical training, experimental details
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Thank you for your attention!


