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Overview

▪ Traceability and why it’s needed

▪ What is a primary standardisation 

▪ Thorium-227 and its challenges

▪ Half-lives determinations of 227Th and 223Ra

▪ Radiochemistry and time zero

▪ Standardisation of Thorium-227

▪ Absolute gamma-ray emissions
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radioactivity is a key 

mission of NMIs (e.g. NPL) 

to provide the international 

radioactivity community 

traceability to the SI unit of 

the becquerel.
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Importance of traceability– View of a 

Pharmaceutical Manufacturer

• Accurate radioactivity measurements, in order to demonstrate 

compliance with regulators, is vital for the business.

• Important to ensure the correct dose administered to the patient.

• Accurate radioactivity measurements of Radiopharmaceuticals,

is only obtained by using high quality measurement equipment 

calibrated with a Certified Standard Reference Source.

• Accurate nuclear decay data needed for release of product

• -ray emission intensities

• Half-lives
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A few caveats…
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4- coincidence counting

(idealised decay scheme and detectors)




-detector -detector

(4)

Efficiencies:

 = Nc / N

 = Nc / N

Count rates:

N = N0.

N = N0. 

Nc = N0.. 

Activity:

N0 = N.N / Nc
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4- coincidence counting

(real world…)

• Modifying detection efficiency of one channel (typically 

beta channel) to change 

• Multiple methods available

▪ Extrapolating to  = 1 (or (1-)/ = 0)
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May not always be a linear extrapolation or this flat!



HPGe gamma-ray spectrometry at NPL

▪ Calibrated using suite of 

primary and secondary 

standards

~ 295 mm

  ~ 0.043 sr

(0.34% of 4)



HPGe gamma-ray spectrometry at NPL

BART LISA LOKI

• Efficiency curve fit with a b-

spline

• Covariances in calibration 

accounted for 

https://doi.org/10.1016/j.apradiso.2015.04.008

https://doi.org/10.1016/j.apradiso.2015.04.008
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Decay Scheme (Partial…it’s complex)
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Thorium-227 for targeted alpha radiotherapy

https://www.research.bayer.com/en/fighting-cancer-with-radio-immunotherapy.aspx



Dial factors for radionuclide calibrators for 227Th

Photon response curve for 

Capintec

• For Ionisation Chamber measurements (SIR) it is 

not just the activities of the progeny that are 

important.

• Must consider the convolution of the activities and 

their relative responses.



Primary standardisation of 227Th: Challenges

▪ Ingrowth

• Radium-223 and other progeny removed prior to 

administration.

• Total count rate changing with time…including during 

measurement

• Need to divide observed total rate by the calculated sum of 

progeny at time of measurement

• Need to know time elapsed since separation

(time zero, where At(
227Th) = 100%)
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Primary standardisation of 227Th: Challenges

▪ Ingrowth

• Radium-223 and other progeny removed prior to 

administration.

• Total count rate changing with time…including during 

measurement

• Need to divide observed total rate by the calculated sum of 

progeny at time of measurement

• Need to know time elapsed since separation

(time zero, where At(
227Th) = 100%)

▪ Radiochemistry

• Need an efficient method to remove progeny

▪ Nuclear decay data

• Temporal dependence makes half-lives critical for accuracy 

and precision

• Poor precision of gamma-ray emission intensities

• Rn-219

• Po-215

• Temporal relationship with Rn-219 can lead to losses of counts
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Ra-223 radiopharmaceutical: XofigoTM

• Used to treat men with advanced prostate cancer 

when the disease has spread to the bones and is 

causing symptoms (pain). 



Why is it useful to start here for 227Th?

▪ Absolute gamma-ray emission intensities

Needed for determining time zero

For determining activity by ingrowth rate measurements (HPGe)

Th227 and decay progeny share gamma-ray emissions with same energy, 

needed for corrections.

• 223Ra calibration factors for IC



Temporal relationship of 223Ra → progeny

 10 h



Standardisation of 223Ra at NIST
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Standardisation of 223Ra at NPL

Comparison of NPL 

and NIST ionisation 

chamber calibration 

factors

~ 10% difference



Discrepancy between NIST and NPL



Discrepancy between NIST and NPL



Discrepancy between NIST and NPL



Discrepancy between NIST and NPL

RaCl2 unstable in NIST solution



Updated absolute emission intensities

▪ Derive absolute values from primary standard – don’t need to know internal conversion 

coefficients



Where to start?



Summary of half-lives

▪ Critical for calculating corrections for ingrowth

▪ Recommended values (DDEP) for critical radionuclides
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http://www.lnhb.fr/nuclear-data/nuclear-data-table/

Evaluated T1/2 ‘New’ T1/2

227Th 18.718(5) d

223Ra 11.43(3) d



Uncertainties in half-lives

▪ Underestimation of uncertainties a significant problem

• Inconsistent evaluation datasets

▪ Many studies only quote uncertainty of the fit
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Uncertainties in half-lives

▪ Underestimation of uncertainties a significant problem

• Inconsistent evaluation datasets

▪ Many studies only quote uncertainty of the fit
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Analysis of residuals of fit key



Half-life of 223Ra
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significantly 

• Good linearity of 

response
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223Ra) = 11.4363  0.0027 d
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Half-life of 223Ra

• Excellent long-term 

stability

• Back-to-back system –

reduces background 

significantly 

• Good linearity of 

response over the 

same voltage range

T1/2(
223Ra) = 11.4363  0.0027 d T1/2(

223Ra) = 11.4358  0.0028 d



Half-life of 223Ra



Half-life of 223Ra – Comparison to literature

T1/2(DDEP) = 11.43(3) d

T1/2(This work) = 11.4354(17) d



Half-life of 227Th

HPGe gamma-ray spectrometry (direct) & Ionisation Chamber (indirect)

Decay progeny removed before starting measurements
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𝐴𝑡 = 𝐴0𝑒
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1 − 𝑒𝜆Δ𝑡

𝜆Δ𝑡

50.1 keV 236 keV 300 keV



Half-life of 227Th – HPGe gamma-ray 

spectrometry (direct)

Compton continuum evolving as progeny grow in.

.



Half-life of 227Th – HPGe gamma-ray 

spectrometry (direct)
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Half-life of 227Th – Ionisation chamber 

(indirect)

▪ Measuring the sum of the response

▪ Each radionuclide has a different 

response

▪ Fitting was performed assuming just a 

two-body system i.e. All progeny share 

the 223Ra half-life
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Half-life of 227Th – Ionisation chamber 

(indirect)

𝐴𝑡 = 𝐵𝑇ℎ,0𝑒
−𝜆𝑇ℎ𝑡

1 − 𝑒−𝜆𝑇ℎΔ𝑡

𝜆𝑇ℎΔ𝑡
+ 𝐵𝑅𝑎,0𝑒

−𝜆𝑅𝑎𝑡
1 − 𝑒−𝜆𝑅𝑎Δ𝑡

𝜆𝑅𝑎Δ𝑡

Ra was fixed to (ln(2)/11.4354)



Half-life of 227Th – Ionisation chamber 

(indirect)

▪ Linear relationship between 227Th and 223Ra half-lives

▪ Half-life can be re-evaluated in future

If 223Ra half-life changes.



Half-life of 227Th – Results



Half-life of 227Th – Results

T1/2(
227Th) = 18.697(7) d



Summary of half-lives

▪ Critical for calculating corrections for ingrowth

▪ Recommended values (DDEP) for critical radionuclides
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227Th 18.718(5) d 18.697(7)
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Radiochemistry for 227Th & Time zero

▪ Good radiochemical separation 

of decay progeny essential

▪ Needs to provide a time zero 

close to the time of separation

• Not always possible to 

determine experimentally 

i.e. nuclear medicine 

departments

• Accurate time zero needed for 

precise standardisation



Assessing efficacy of radiochemistry for 227Th



Assessing efficacy of radiochemistry for 227Th

But….



Assessing efficacy of radiochemistry for 227Th

▪ Vacuum box was added to the method.

▪ End of separation = 09:00 UTC

▪ Measured time zero = 08:57:20 UTC  00:01:19



Standardisation of 227Th

▪ Two primary methods used 

4(LS)- coincidence counting

4(LS) counting

▪ Two confirmatory ingrowth techniques used

HPGe gamma-ray spectrometry

Ionisation chamber



Standardisation of 227Th - 4(LS)- coincidence 

counting



Absolute gamma-ray emission intensities

• 11% spread in activities determined by 

main gamma-ray emissions

• -3.4% difference to primary standard

• 8.5 % uncertainty on normalisation 

scaling factor

• Significant improvements using primary 

standard can be made



Standardisation of 227Th – HPGe ingrowth 

measurements

• Using gamma-rays from 223Ra and 219Rn

• 154.2 keV; 269.5 keV; 271.2 keV; 401.8 keV

• I from weighted mean of NPL, NIST and PTB

• Activity at start of measurement determined by:

where,



Standardisation of 227Th – HPGe ingrowth 

measurements

▪ Weighted least-squares fit:

▪ Vary 



Standardisation of 227Th – Results



Standardisation of 227Th – Results

The HPGe result isn’t really the ‘best’ – issue of unpicking the correlations between NPL, NIST 

and PTB absolute gamma-ray emissions for 223Ra



Absolute gamma-ray emission intensities

• Rate calculated using

where,

where,

• Emission intensity using



Absolute gamma-ray emission intensities

70 gamma-rays



Absolute gamma-ray emission intensities

236 keV intensity

• I(ENSDF) = 12.9(11)

• I(NPL) = 12.470(57)

• 3.3% lower than ENSDF

• ~ 20 times more precise

70 gamma-rays



Gamma-ray emission intensities –

comparison to literature



Outcomes

▪ FDA in US have approved traceability for clinical studies of 227Th to NPL – a first

▪ Phase I clinical trials now in proceeding (https://clinicaltrials.gov/ct2/show/NCT03507452)

▪ Investigations of quantitative medical imaging using 227Th

https://clinicaltrials.gov/ct2/show/NCT03507452


Summary

▪ Developed traceability for 227Th through two liquid scintillation 

techniques

▪ Effective radiochemistry technique developed

▪ New precise measurements of the half-lives made for 227Th, 223Ra 

and 211Pb

▪ New precise absolute emission intensities for 227Th and progeny 

derived from primary standard

▪ Still work to do be done on the decay scheme
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Thank you for your time
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