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Impact from nuclear science?

Nuclear Energy &

Decommissioning

Health;

Nuclear

Medicine

Security

& Environmental

Monitoring

Nuclear Physics Research

‘Keeping the lights on, fighting cancer, keeping us safe and keeping us curious’

All rely on confidence in the measurement of radioactive materials.



Lots of applications of nuclear science measurement

• Nuclear power & waste management (134,7Cs ; 90Sr; 239,240Pu, 241Am…..)

• Medical thera(g)nostics (99mTc, 18F, 82Sr, 177Lu 149,152,155,161Tb, 223Ra…)

• NORMs (222Rn; 226,228Ra, 40K) &  man-made environmental (90Sr, 137Cs)

• Chronology / long-term dating (14C ; 238U/206Pb ; 40K/40Ar)

• Nuclear forensics (e.g.,CTBTO weapons test), criticality monitoring 

– (Noble) gas radioactivity & isotopic ratios e.g. 133,135Xe and 87,88Kr

All rely on accurate Nuclear Metrology via traceable references standards

which relate the activity (A) to the number of atoms (N) via 

A = l N = - (dN / dt)



What is a “primary standard”?

A measurement standard established 

using a primary reference measurement 

procedure”

A primary measurement procedure is:

“A reference measurement procedure used 

to obtain a measurement result without 

relation to a measurement standard for 

a quantity of the same kind”

Regan,, Judge,, Keightley & and Pearce (2018). Radionuclide metrology and standards in 

nuclear physics. Nuclear Physics News, 28(3), pp.25-29.



Absolute primary standardisation of radioactive activity

• A ‘primary’ technique can measure, in parallel:

• The Activity = lN = (N / t) = (0.693N) / T1/2.

• The Absolute detection efficiency. 

• ‘No previous knowledge of nuclear data is required’…but:

• Caveat 1: Some knowledge of the decay scheme is useful.

• Caveat 2: The half-life (T1/2) ~ inverse of the decay 
probability per unit time of the radionuclide (l) is needed.



Primary Standards of Radioactivity

The first primary standard was a piece of 
radium (T1/2=1600 ± 7) years, which was 
chemically purified and weighed

▪ 1 g of pure 226Ra  = activity of 1 Curie

i.e. This was actually a mass standard.

There are many more radionuclides of 
interest which have  shorter (or longer) 
half-lives than 226Ra. 

Radionuclide primary standards now are 
based on techniques rather than artefacts



1g 226Ra equivalent to (SI) 3.7x1010 Bq

1 g of pure 226Ra contains (NA / 226) 
particles =  2.7x1021 = N

T1/2(226Ra) = 1600 yrs = 5.0x1010 s

l (226Ra) = ln2 /T1/2 = 1.37x10-11 s-1

A(1g of 226Ra) = l . N =  3.7x1010 s-1
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The Bq is a derived unit (s-1) and the SI unit for radioactivity.

7 independent base units.

All other ‘derived units’ are made from 

combinations of these 7. Examples:

• Bq = s-1

• Pa  = N.m2 = kg.m-1s-2 



4(LS)-

coincidence 

counting

- coincidence counting

Defined by capability to measure 

simultaneously:

(1) The disintegration rate

(2) The detection efficiency
Defined Solid Angle 

-counting

Liquid Scint. (LS) 

Triple-to-Double 

Coincidence 

Ratio counting

Primary standardisation techniques

4/- coincidence counting

PHR et al., (2018). Radionuclide metrology 

and standards in nuclear physics. Nuclear 

Physics News, 28(3), pp.25-29.
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Idealised example of the 4- coincidence method

-  decay (100% fed single cascade)



John Vernon Dunworth, 
Director, NPL 1964–1977
CIPM Vice-President 1968-1975 
CIPM President 1975-1985

Coincidence counting in nuclear physics is 

an ‘established’ idea.



Standardisation of 60Co: NANA (NAtional Nuclear Array) )

• The multi- ray detector 

NANA used as a primary 

standard.

• Absolute activity of 60Co 

determined using the -

coincidence technique. 

• Effect of angular 

correlations on the activity 

clearly observed



High resolution gamma spectrometry

HPGe has excellent energy resolution 

allows for very clean peak identification. 

HPGe measurements are not (usually) 

primary standards, but can be 

secondary.. 

1) Each geometry must have a precise 

calibration.  

2) The nuclear data of the nuclides (i.e. 

T1/2 and P(%) must be precise & 

accurate.



Isotope T1/2 Decay mode Q-value Main Gamma 
emissions (keV) 

Application Reference 

149Tb 4.118(25) h  (16.7(14) %) 

++ (83.3(17) %) 

4.0775(22) MeV 

3.637(4) MeV 

352 (29%) 

165 (26% 

-therapy; 

PET 
[19, 20] 

152Tb 17.5(1) h ++ (100%) 3.990(40) MeV 344 (64%) PET [21] 

155Tb 5.32(6) d  (100 %) 820(10) keV 87 (32%) 

105 (25%) 

SPECT 
[22] 

161Tb 6.89(2) d - (100 %) 593.0(13) keV 49 (17%) 

75 (10%) 

/auger-therapy; 
SPECT 

[23] 

 

Need for highest precision nuclear decay data 

(e.g. T1/2 values, P(%) ) for standardisation….

• Chemical selectivity is really important for novel 

radionuclide standardisation - See talk by Peter Ivanov 

• e.g. Separating A=155 into ‘pure’ 155Tb from 139Ce16O 



High resolution gamma spectrometry – in practice

The peak area 𝑁, gamma emission 

probability 𝑃𝛾 and full-energy peak 

detection efficiency 𝜀𝛾 must all be 

precisely known. 

Considerations must also be given to;

• sum corrections (in close geometry)

• dead times must be corrected 

• in measurement decay of the nuclide.

Measure an ampoule of primary 

standardized solution (i.e. in  Bq/ml).

Radionuclide Metrology and Standards 

in Nuclear Physics. Nuclear Physics 

News, 28(3), (2018) 25–29

𝐴 =
𝑁

𝑃𝛾 𝜀𝛾 𝑡



Peak fitting in gamma spectrometry

Determining the peak area N precisely can also be an issue – there are 

many complicating factors: 

Convolution – two peaks close together;

Interference – two or more peaks at the same energy;

Background structures – such as backscatter peaks and Compton edges 



Absolute -ray emission probabilities

E Energy of the -ray emission

I Emission probability of -ray

N Net peak area of full-energy peak

A0 Activity at the reference time

 Full-energy peak efficiency

t Live time of measurement

m Mass of solution

k1 Correction for radioactive decay

k2 Correction for pulse pile-up (aka Random summing)

k3 Correction for true coincidence summing (TCS)

k4 Correction for self-absorption in source

k5 Correction for transient equilibrium (211Pb onwards

Measure an ampoule of primary standardized solution (i.e. in  Bq/ml).

Measure gammas using a VERY well calibrated HPGe detector at 

different distances, and very well-defined geometries.
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Importance of nuclear data in Nuclear Medicine

PRODUCTION AND 

SUPPLY RADIOPHARMACY ADMINISTRATION
QUANTITATIVE 

IMAGING
DOSIMETRY

CLINICAL RADIOPHARMACY PATHWAY

Half-

life

Gamma-ray emission 

intensities

Decay 

branching ratios

Activity
Quantitative 

Imaging

Quality 

control Dosimetry

Cross-

sections

Production



A ‘high impact’ example:

The standardisation of 223Ra.



Alpha-emitting radionuclides have potential for treating tumours.
223RaCl2 (Xofigo) was the first a-emitting 
drug approved  by the US FDA.

Used in >3,000 clinics worldwide.

Primary Standards of -Emitting Radiopharmaceuticals.



A problem…absolute 223Ra standardisation at NPL

• Different techniques showed excellent 

agreement….

• Including the -spectrometry.

• Do need new measurements of the -

ray emission probabilities?

9% discrepancy from NIST



Large discrepancies in measurements with 

published -ray emission probabilities of 223Ra..

• Main -ray emissions from 223Ra
using nucl data taken from DDEP.

• 18% range in deduced activity
using different transitions.
This is not good enough.

• However, the weighted mean
gives the ‘right’ result.

• Previous results ‘suspicious’ due
to the large spread.









Most up to date, accurate data on 223Ra decay.



Comparison of NPL & (new) NIST and PTB Data.

Now, good agreement between the three main NMIs ☺.



PRoduction of high purity Isotopes by mass 

Separation for Medical Applications

• Suite of medically relevant 

nuclides produced and being 

studied (often with sparse 

Nuclear Data)

• 23 Partners from 13 countries

• 2 National measurement 

Institutes 



Medical radionuclides primary standardisations at NPL since 2015

15O

223Ra

227Th

224Ra

89Zr

155Tb

PET SPECT /auger-therapy -therapy

166Ho

161Tb152Tb 149Tb

128Ba/
128Cs

128Ba/128

Cs

Completed In progress To commence soon

203Pb 212Pb

225Ac

103Pd



The Terbium Toolbox



The half-lives of the Tb quartet before our work…

Sean Collins, Rob Shearman et al., (NPL) 



Chemical selectivity is really important for novel 

radionuclides e.g. Separating ‘pure’ 155Tb from 139Ce16O 

T1/2(
155Tb)=5.2346(36) days

1.6% relative difference to evaluated

Value of 5.32(6) days. 

Order of magnitude improvement in 

the precision.



Half-life of 152Tb

T1/2= 17.867(11) h

• 2.1 % relative difference to 

evaluated half-life of 17.5(1) d

• x10  improvement in the precision

• IC & LS affected by contaminants –

results in poor precision vs HPGe

10-1

100

101

102

103

R
a
te

 (
s

-1
)

271.1 keV 344.3 keV 511 keV 586.3 keV

0 20 40 60 80 100120

-20
-15
-10
-5
0
5

10
15
20

R
e
s
id

u
a
ls

 (
%

)

t - t0 (h)

0 20 40 60 80 100120

t - t0 (h)

0 20 40 60 80 100120

t - t0 (h)

0 20 40 60 80 100120

t - t0 (h)

10-5

10-4

10-3

10-2

10-1

100

101

102

p
A

 (
s

-1
)

152Tb

134Ce/134La

153Tb

151Tb
152mEu

152Eu

153Gd

0 20 40 60 80 100 120

-10

-5

0

5

10

15

z
-s

c
o
re

t - t0 (h)



152Tb →152Gd Decay spectroscopy: talk by Ed O’Sullivan.

• Poorly understood, beta feeding 

of high excitation energy states 

close to Q-value window ~3.9 

MeV not known (Pandemonium)

• Sources made at CERN-ISOLDE 

(proton on Tantalum target)

• Measured decay gammas at ILL 

using the FIPS HPGe array

• New transitions, new levels 

• Angular correlations.

Eγ2

271 keV
344 keV

615 keV

Eγ2

344 keV
0 keV

344 keV



Half-life of 161Tb
T1/2  = 6.9637(29) d

• 6 measurements from 2 laboratories

• 1 % diff. to evaluated T1/2 of 6.89(2) d

• x7  improvement in the precision.



161Tb decay spectroscopy

ENSDF: I(74.6 keV) = 10.20(54) %

This work: I(74.6 keV) = 10.183(57) %

Sean Collins, Rob Shearman et al., (NPL) 



161Tb beta decay branching ratios from 

absolute emission intensities

Not published yet

Discrepant from ENSDF 

lifetime of 3.14(4) ns.S.M.Collins, R. Shearman et al., 



NANA for External  Experiments

• National Nuclear Array 

(NANA) developed for 

Nuclear data  and Primary 

standardisation work,

• Also allows collaboration with 

international experiments in 

nuclear physics ‘curiosity 

driven’ research. 



NANA collaborating in nuclear structure & astrophysics

STELLA @ IPN-ORSAY
12C+12C nucleosynthesis

NuBALL at IJC Lab
166Dy, 178W,  238U(n,f)

FATIMA @DESPEC, FAIR Phase-0
94Pd, 190W, 170Er beam, …..

IDATEN at RIBF-RIKEN
94Pd (test), 82Nb, ~78Ni, ~100Zr,  128Pd..

94Pd: A.Yanena et al., PL B 138805 (2024)
190W: E.Sahin et al., PL B 138976 (2024) 

166Dy: R.L.Canavan et al., PR C101 (2020) 024313
178W M.Rudigier et al., PL B301 (2021) 135140
134-8Te: G.Hjaeffner et al., PR C103 (2021) 034317

M.Heine et al., NIM A903 (2018) p1-77

G.Fruet et al., PRL 124 (2020) 192701

NP2112-RIBF212: Fast-timing 𝛾-ray spectroscopy of exotic 

nuclei at RIBFH. Watanabe, P. H. Regan, and B. Moon



Application of -singles for  of FATIMA



CTBTO: Gaseous Radionuclides.

• Co-located with UN and IAEA in Vienna

• Organisation created to support implementation and 

verification of international Comprehensive Test Ban Treaty

• Aim to detect any nuclear explosion conducted on Earth – in 

the underground, underwater or in the atmosphere 

• International Monitoring System (IMS) has been established 

to coordinate monitoring and sharing of data

• IMS comprised of 321 stations and 16 laboratories across the 

globe, with sensors for:

• Seismic (underground), hydroacoustic (undersea), 

infrasound (atmosphere) and radionuclide (particulates 

and radioxenon in the atmosphere)





β-β-γ-γ

Goodwin et al, 2019. A high-resolution β-γ coincidence spectrometry system 

for radioxenon measurements. NIMA, 978, 164452. 

https://doi.org/10.1016/j.nima.2020.164452

https://doi.org/10.1016/j.nima.2020.164452
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Irradiate 235U targets to produce noble gaseous radioactive (Kr, Xe) sources

135Xe81

135Xe81



Precision metrology important in nuclear structure: 

Direct measurement of B(E3:3- →0+) in 150Gd

Maximal octupole collectivity across the Z = 64 isotopic chain: B(E3) values in 150Gd, 

S.Pascu et al., submitted to PRL July 2024

150Gd studied @IFIN-HH

with  ROSPHERE

by 

i) RDM 140Ce(13C,3n)150Gd

Ii) 147Sm(6Li,3n)150Tb EC → 150Gd decay



Summary

• ‘Realising the becquerel’  is scientifically challenging..

• Primary & secondar) standard methods vary for each species... 

• High precision data is needed for medical radioisotopes. 

• Public confidence requires real-time  radioactive gas metrology. 

• There are strong and direct links between ‘curiosity driven’  nuclear 

physics and nuclear metrology for societal benefit. 


