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2 x 1 hour lectures on  Nuclear Metrology 

at the National Physical Laboratory (NPL)

• Lecture 1:
– What is nuclear metrology ?
– History, definition of activity, units, Ci, Bq etc.
– Nuclear Data ; the longest half-lives.
– Naturally Occurring Radioactive Materials.

• Lecture 2:
– Nuclear Metrology, definitions and primary methods.
– Example 223Ra standardisation for medical application.
– Gaseous radionuclide metrology example, CTBTO test;



Lecture 1



What is nuclear metrology?

• The measurement of nuclear properties.

– The collection, evaluation and application of (primary 

and secondary) nuclear data, including 

• Fundamental decay properties (e.g. T1/2,  Q-value…)

• Nuclear decay /  structure  signatures for decay   

e.g.  characteristic gamma-ray energies, internal 

conversion coefficients αtot, αK, αL etc. ; Pγ(%) etc;

•  Reaction properties: e.g.  neutron capture / 

scattering cross-sections, (n,fission) probabilities…. 



Lots of applications of nuclear science measurement
• Nuclear power & waste management (134,7Cs ; 90Sr; 239,240Pu, 241Am…..)

• Medical therapies & diagnostics (99mTc, 18F, 82Sr, 177Lu 149,152,155,161Tb, 223Ra…)

• Naturally Occurring (222Rn; 226,228Ra, 40K)  radioactivity measurements.

•  Man-made (nuclear weapons tests) radioactivity evaluations (90Sr, 137Cs, Pu..)

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

• Elemental / isotopic ratio analysis (in-beam techs PIGE ; PNAA..) 

–  Cultural heritage – are your paintings, coins, wine etc. fake?

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

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

All these rely on accurate Nuclear Metrology and high-quality and traceable 

references standards & relate the absolute activity to the number of atoms 

    A = λ N = - ( dN / dt)



Today’s lecture:
• Measurements of Radioactivity in the 

Environment: 
– NORMS (235,8U ; 232Th ; 40K….)

Tomorrow’s lecture: 
• Radionuclide Metrology: 

– Primary and secondary standards.
– Xe/Kr radioactive gas metrology 



NUCLEAR METROLOGY?

It is important to keep accurate, 

traceable records of previous (nuclear 

data) measurements and reference 

standards for potential future 

applications and comparisons….



Some ‘old data’ and previous standards…
Nuclear Physics Summer School, U. York - who’s who 1989.

Includes: Gavin Smith (Manchester); Martin Freer (B’ham); Sean Freeman 

(Manchester / CERN); David Ireland (Glasgow) ; PHR (Surrey / NPL); Gerda 

Neyens (Leuven); John Roberts (IAEA);  Alison Bruce (Brighton); Mike Bentley 

(York); Peter Butler (Liverpool);



Bangor EPSRC Summer School 1995

PHR, Martin Freer (B’ham), Jim Al-Khalili (Surrey), Alison Bruce (B’ton), 
David Ireland (Glasgow), Robert Page (Liverpool), Sean Freeman, David Joss (Liv), 



Inc. Helen Boston (Liverpool),  Kate Jones (Tennessee), Iain Moore 
(Jyvaskyla), David Joss (Liverpool), Dan Watts (York) + Rodi Herzberg 
(Liverpool),  PHR, Sean, Freeman &  David Ireland (Glasgow).

Durham Summer School 1999



Radioactivity in the Environment 

 (TE)NORM. 
- Primordial (long-lived) & cosmogenic sources.
- Decay chains (U, Th & Ac); odd-odd primordials
- How do you measure it ? How much is there?
- NORM activity concentrations using HPGe

Anthropogenic radioactivity:
- Which fission fragments do you expect, when?
- Fission reactor vs nuclear weapons tests.
- Fukushima, criticality signatures, CTBTO ?



ASIDE: Evidence based research, using the best 
the available literature.

Famous example : Archbishop Ussher, 

Annals of the Old Testament, Deduced From the First Origins of the World 

Bishop James Ussher (1581-1656) 

http://is.gd/g7fxC


Others also tried 
similar methods to 
age the Earth inc. 
Isaac Newton & 
Johannes Kepler.

Moral of the Story:

The physical 
interpretation of the 
results is limited by 
the accuracy of 
the input data
(ideally measured) .



How old is the Earth ? A Chronology of Chronologies…
• Comte de Buffon (1779) - Believes earth is slowly cooling, from the 

rate compared to a small globe, estimated ~75,000 years.

• James Hutton (1795) - ‘The Theory of the Earth (1795)’ Geological 
evolution of the earth’s crust, rock strata formed in layers?

• Lord Kelvin aka William Thompson (1862) - Earth had formed between 
20 and 40 million years, estimated from time to cool and heat assuming 
heat generated by gravitational contraction and scientific estimates of 
earth’s heat conduction (2nd law of thermodynamics).

• Rutherford and Soddy (1903) - Explanation of radioactivity of 
Uranium (U); earth’s internal heat could come from radioactivity. Half-
lives for decays could be billions of years. 

    Rutherford suggests use of helium (α particles) in rocks to age them.

• Boltwood (1907) - ratios of U to Lead to get age of rocks > 109 years.
L. Badash, ‘The Age of the Earth Debate’ Scientific American, August 1989 p 90ff









What if the ‘daughter’ nucleus is also radioactive? 
SECULAR EQUILIBRIUM

..if λ2 >> λ1 (T1/2
1 >> T1/2

2) then A2≈A1

and





Can calculate the age of rocks (and the earth)
via 206Pb / 238U ratio: assuming secular equilibrium. 

where λ is ln2 /T1/2 and 
T1/2 is the decay half-life 
of 238U (~4.5x109 years).

which solves to

Can do the same for 235U : 207Pb ratios in the same samples.



By 1930, the main ‘NORM’ decay chains were characterised….



Calculation of the value of 1 Curie (Ci) in Bq (becquerels)

1 g of 226Ra contains NA / 226 atoms = 1 Ci of activity

NA = Avogadro’s number (6.02x1023 per mol)

i.e. 1g of pure 226Ra contains  2.66x1021 atoms

Half-life of 226Ra (to 222Rn) is T1/2 = 1600(7) years.

T1/2 = 1600 years = 5.0x1010 seconds

Activity (1g) = λ.N =  (ln 2 /T1/2(s)) * Numb of atoms in 1 g

A (1g) = (0.693 / 5.0x1010 s) * 2.7x1021 atoms = 3.7x1010 s-1

                                    i.e. 1 Ci = 3.7x1010 Bq



NORM
Naturally Occurring Radioactive Materials

• Two main sub-groups.

–  Primordial, old - here when the earth formed.

• Singly-decaying nuclei, 40K, 138La, 176Lu, 180Ta.

• Chains: 232Th(228Ac); 235U(227Ac) 238U(226Ra)

– Cosmogenic following cosmic ray interactions) 

• 14C (via 14N(n,p)14C), 7Be, 26Al (spallation)



(Primordial) Radionuclides have long half-lives usually due to: 

(a)  β-decay selection rules / nuclear structure effects and small 

(allowed) Qβ values (e.g. 40K; 138La ; 176Lu ; 180Ta)  and/or

(b) Low Qα values = long T1/2 (Geiger-Nuttall rule) in a decay (e.g., 232Th)



Mass parabolas very useful for understanding
NORMS and radioactivity in general….
e.g., Doubly magic nature of 40Ca20 is
responsible for the long half-life of 40K due to 
highly-forbidden β- decay. 



We can use primordial isotope ratios to age.
• 40K decay to 40Ar - T1/2 for 40K is 1.25x109 years.

– Taking mass ratios using mass spectrographs in rock 
inclusions, can date the rock using the equation: 

– The factor 0.109 is due to the ‘branching ratio’ in the decay 
of 40K, i.e., only 10.9% of the time does it decay to 40Ar.





Cosmogenic radionuclides in the environment

Usually created following spallation with cosmic-ray 
interactions with the atmospohere.



https://www.nndc.bnl.gov/nudat2/

http://www.nucleide.org/DDEP.htm

Nuclear Metrology is Underpinned by evaluated nuclear decay data.

http://www.nucleide.org/DDEP.htm


Alpha decay (sometimes) leaves the A-4 daughter 
nucleus in excited states which can then decay by 
characteristic gamma emission (or competing IC).

α



186.1 keV state populated in 5.55% of 226Ra decays….
Gamma decay competes with internal conversion:
αtot (E2:186 keV) = 0.68

α = Γe/Γγ ( http://physics.anu.edu.au/nuclear/bricc/ ), 
then, 
 Itot=Iγ(1+α) = 5.55%  → 186.1 keV gamma ray emitted 
in  ~ 3.6% of all 226Ra decays [3.6% ~ 5.6% / (1+0.68)]

http://physics.anu.edu.au/nuclear/bricc/


http://www.nucleide.org/DDEP.htm

Underpinned by evaluated nuclear decay data.

http://www.nucleide.org/DDEP.htm


Nuclear metrology relies on accurate Nuclear Decay Data.

Need to id characteristic signatures of specific decays and 
understand underlying nuclear (structure) physics.



http://www.nucleide.org/DDEP.htm

Underpinned by evaluated nuclear decay data.

http://www.nucleide.org/DDEP.htm


Primordial Decay Chains 

(235,238U, 232Th)



Natural decay ‘chains’.

Sequences of α and β
decaying radioisotopes 
from Uranium (Z=92) or 
Thorium (Z=90)
to Lead (Z=82). 

On earth since
formation….isotopic
ratios (e.g. for 235/238U)
used to age the earth.
Longest lived members 
start the chains: 
T1/2 (238U) ~4.5x109 yr
T1/2 (235U) ~7x108 yr
T1/2(232Th) ~1.4x1010 yr



4n = thorium (232Th) chain.

Q. 
T1/2 (232Th) =1.40(1) x 1010 yrs
T1/2 (232U) =68.9(4) yrs

Why is 232Th longer lived?



H. Geiger and J.M. Nuttall (1911) "The ranges of the α particles from various radioactive 
substances and a relation between range and period of transformation," Philosophical Magazine, 
Series 6, vol. 22, no. 130, pages 613-621.  See also: H. Geiger and J.M. Nuttall (1912) "The ranges 
of α particles from uranium," Philosophical Magazine, Series 6, vol. 23, no. 135, pages 439-445. 



There are relatively small variations
for a decay energies across all 
measured, heavy cases. 

Typical a decay energies lie between 
4 and 9 MeV for heavy nuclei.

The corresponding  range in radioactive 
decay half-lives is by contrast, 
ENORMOUS, ranging from  
> 1018 years  to less than microseconds.

When plotted on a semi-log plot of 
decay half-life verses Tα, a correlation 
becomes clear.

This empirical relation underpins understanding of the α decay process in terms of
 a  NUCLEAR QUANTUM MECHANICAL TUNNELLING PROCESS.

The Geiger-Nuttall Rule – explains long lived α-decays



Aside: How do we measure the longest half-lives?

• 238U: T1/2 = 4.5x109 years

• 232Th: T1/2=1.4x1010 years

• 40K: T1/2 = 1.25x109 years

How do we know ?

Too long to see how long for ½ to decay..

Measure absolute activity (A) and 

number of atoms (N) and use A = λN



N (176Lu)  = 4.938(23)x1020

by mass and ICP-MS 
isotope distribution Analysis. 





Half-life T1/2 for 209Bi 2.01(8)x1019 years

Half-life obtained using

A = -dN/dt = λ.N =  (ln2/T1/2).N

N = number of 209Bi atoms in BGO 
Bolometer



ASIDE: Relevance of NORMS and decay 

chains to nuclear (astro)physics?

• α decay of 210Po decay terminates the s-process

• 235,238U, 232Th evidence for the r-neutron process.

• Abundance ratios used to estimate age of earth.

• Possible (pre-weapon) 244Pu (T1/2~80 million years) 
infers local, recent supernovae / r-process event.



Measuring the amount of NORM?

We can identify the decay products present and 
determine their activity concentrations (Ac)
i.e. decays per unit mass of sample by 

quantifying the characteristic emission signatures 
of the decays in the respective decay chains. 



Origins of NORM

Source: IAEA Tecdoc 1712



Chemical fractionation of NORM decay chains materials.
Usually result in concentration of Ra and subsequent decay 
Products as Ra is water soluble and Rn is a noble gas. 



Thorium (232Th) decay chain experimental gamma signatures.



Uranium (238U) decay chain experimental gamma signatures.



235U heads the 4n+3 chain (Actinium)



A brief history lesson, re the 235U / 
227Ac decay chain…



The 235U parent of 227Ac and 223Ra was identified ~30 years later….. 



Actinium (235U / 227Ac) decay chain experimental gamma 
signatures.



How do you measure NORM?
You could use α spectrometry….

Needs radiochemistry & 
tracers. 
Can be a bit messy, but ok / 
only ideal for some (non-
gamma).



Gamma spectrometry works well. 
Calibrate full-energy peak detection 
efficiency using same geometry 
(Marinelli) standards sources



Absolute calibration of the system is vital.

Use known sources in similar density matrices.

Calibrate efficiency from ~40 keV to 2614 keV.



‘background (2 days) ‘sand sample (2 days)



Cnet = net number of counts (after back sub) in peak
Ef = full-energy peak detection efficiency
Pγ = gamma-ray emission probability
ts = live time for spectrum collection (in secs)
 m = Mass of sample (in kg)
K – production of correction factors K1.K2.K3..etc. for 
dead time, decay correction since start of 
measurement; self-attenuation in sample compared to 
calibration efficiency; random summing; and true 
coincidence summing etc.

The specific activity in a (soil) sample is then given by:





Beware Energy Doublets….beware (226Ra / 235U for example) 





How do we use the Activity Concentration measurements?

The gamma dose rate (D) in units of nGy/hour in the 

outdoor air can be estimated using dose conversion coeffs…

A = measured specific activity concentration (Bq/kg)

Gy = unit of radiation dose = 1 Joule / kg  (1 Sv = Wr x 1Gy) 

226Ra 232Th 40K

This leads to calculation of effective annual doses from 

NORM (in mSv/year)  = 0.00123D  assuming an outdoor

occupancy of 20%.



https://www.nupecc.org/pub/np_life_eb.pdf

Gamma dose across Europe, from NUPECC 2022



Source of exposure Dose
Dental x-ray 0.005 mSv 
100g of Brazil nuts 0.01 mSv 
Chest x-ray 0.014 mSv 
Transatlantic flight 0.08 mSv 
Nuclear power station worker average annual 
occupational exposure (2010) 0.18 mSv 

UK annual average radon dose 1.3 mSv 
CT scan of the head 1.4 mSv 
UK average annual radiation dose 2.7 mSv 
USA average annual radiation dose 6.2 mSv 
CT scan of the chest 6.6 mSv 
Average annual radon dose to people in 
Cornwall 7.8 mSv 

CT scan of the whole spine 10 mSv 
Annual exposure limit for nuclear industry 
employees 20 mSv 

https://www.gov.uk/government/publications/ionising-radiation-dose-comparisons/ionising-radiation-dose-comparisons

Comparison of doses from sources of exposure

https://www.gov.uk/government/publications/ionising-radiation-dose-comparisons/ionising-radiation-dose-comparisons


Lecture 2:

Standards, traceability and two examples..

• Primary and Secondary standards

– Why and how? Links to Nuclear Data.

– Radiopharmaceutical standards

• 223Ra XOFIGO©, an example 

– Radioactive gas releases

• CTBTO tests (Xe) and reactor criticality(Kr)



Links between primary standards of activity 
& underpinning Nuclear Data

• Primary standards needed are needed to calibrate 
measurement systems. 

• These can then be used for measuring absolute γ-ray 
emission intensities per decay, Pγ(%) .

• These are needed for:
– medical radiopharmaceutical dose evaluations;  
– nuclear security (e.g., CTBT verification, radioxenon)
– nuclear waste assay (e.g, Np, Pu, Am, Cs isotopes); 
– environmental assay (NORMs); 
– nuclear forensics (e.g., 134,137Cs and U isotope ratios);
– nuclear structure / nuclear (astro)physics research.





When you measure something to obtain a calibration standard, 
precision is important.

If the standard is inaccurate, everything based on it will also be 
inaccurate.

Ionisation chambers are frequently used 
to determine dose for 
radiopharmaceuticals. 

Accurate calibration is critical, as is
access to accurate calibration standards. 

The dose delivered must fall within a 
narrow region for the benefits to the 
patient to outweigh the harm.

The consequences of a miscalibrated 
ionisation chamber in a hospital could be 
serious.



What is a “primary standard”?
From the International Vocabulary of 
Metrology:

“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”



Dissemination of a standard

All measurements that are 
not primary are based off a 
disseminated standard, thus 
the precision and accuracy 
of the standard is vital!

1. The uncertainty of the 
standard can not be 
improved upon. 

2. If the standard is 
inaccurate the whole 
train of measurements 
after will be.



Metrology chain



NPL has maintained the 
traceability of radioactive 
sources to the Bq in the UK 
for over 100 years

The absolute primary standardisation of activity is a key mission of 
National Measurement Institutes such as NPL (UK),  NIST (USA), 

They provide unbroken traceability to the becquerel (Bq) = s-1 .



Nuclear Metrology Group

NPL radium certificate signed 
by Lord Earnest Rutherford

NPL radium bench 1933

 

NPL – Commercial – Not for distribution





Radioactivity standards
Solid
Historically, the primary standard 
was a physical lump of radium, 
which was chemically purified and 
weighed

• 1 g 226Ra = 1 Curie

Standards for calibrating 
equipment (gamma spectrometers, 
surface contamination monitors) 
are often still solid sources, but 
these are secondary standards 
cross-calibrated against primary 
standards.

The first radium standard held 
by NPL was prepared by Mesrs. 
Curie, Meyer and Rutherford.

From “Radiation Science at the 
National Physical Laboratory, 
1912-1955”, E. E. Smith. 



Other forms
Gaseous

Some of the most important 
radionuclides can be encountered 
in gaseous form

• 222Rn – naturally occurring 
• Xenon isotopes – fission 

products
• 18F, 11C – medical applications

Gas standards - quantified as 
activity per unit volume - are 
often needed

Liquid

Almost all modern standards of 
radioactivity are aqueous solutions 
which are quantified in terms of 
activity per unit mass

• The mass of active material is 
incredibly small -  working with 
solutions allows for easier 
handling

• Mass measurements are more 
reliable than measurements of 
volume.



Absolute primary standardisation of activity

• A ‘primary’ technique has  the capability to measure in 
parallel:
• Disintegration rate (Activity of sample = A(t) = λN =N/τ)
• 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 of the radionuclide is needed.



Links between primary standards of activity 
& underpinning Nuclear Data

• Primary standards needed are needed to calibrate 
measurement systems. 

• These can then be used for measuring absolute γ-ray 
emission intensities per decay, Pγ(%) .

• These are needed for:
– medical radiopharmaceutical dose evaluations;  
– nuclear security (e.g., CTBT verification, radioxenon)
– nuclear waste assay (e.g, Np, Pu, Am, Cs isotopes); 
– environmental assay (NORMs); 
– nuclear forensics (e.g., 134,137Cs and U isotope ratios);
– nuclear structure / nuclear (astro)physics research.



4π(LS)-γ 
coincidence 

counting

γ-γ coincidence 
counting

Defined by capability to measure 
simultaneously:

 (1) The disintegration rate
 (2) The detection efficiency

Defined Solid Angle 
α-counting

Triple-to-Double 
Coincidence Ratio 

counting

Primary standardisation techniques

4πα/β-γ coincidence counting
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Idealised example of the 4πβ−γ coincidence method

β−γ decay (100% fed single cascade)



Assumptions ?

For example: 137Cs is a pure 
beta decay, and has one 
radioactive decay product 
137mBa (t1/2 = 2.55 min), which 
decays by an isomeric 
transition to 137Ba (stable).

(1) The radionuclide under study must produce β and γ 
emissions in coincidence

  β and γ emissions are not truly simultaneous; 
 The detection and counting processes take a finite and variable 

amount of time.
 The decays must occur within a given “resolving time”. 
  The resolving time must be << the mean time between decays 

otherwise the number of “random coincidences” will be too great. 
 Likewise the level lifetimes must be << the chosen resolving time.



More Assumptions  / Corrections ?
• (2) The radionuclide under study must produce β and γ 

emissions in coincidence

• Need to account for:
• Any angular distributions/correlations between 

coincident radiations (ideally measure over 4π solid 
angle – e.g. using liquid scintillation counter ).

• Beta detector sensitive to gammas and vice 
versa…correct for energy dependent detection 
efficiency.

• Account for additional decay branches (e.g. via 
internal conversion followed by electrons (from ICE) 
or X-rays.



Beta sensitivity to gamma emissions



Liquid scintillation counting
Samples are mixed with a liquid scintillation cocktail, which 
produces pulses of light in response to ionising radiation. 
The samples are loaded into a liquid scintillation counter 
which records the number of pulses counted per minute. 
This can be related back to the activity of the sample.

Advantages:

• High detection efficiency
• Very low background
• Low energy threshold



Primary standard of radioactivity standard for 60Co 
using  γ-γ energy coincidences with NANA



Transfer of Primary Standards of Activity 
to Secondary Standard

Fidelis : traceable link to NPL’s 
Primary Standards.Primary Standard 

(MBq/g)

Secondary Standard 
Ionisation Chamber

(pA/g)

Calibration Factor
(pA/MBq)



Ionisation chambers
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Transfer instruments
The primary techniques 
described are often time-
consuming and challenging, 
particularly when there is 
nothing to compare with.

Most standardisation labs 
such as NPL maintain a suite 
of transfer instruments, such 
as ionisation chambers, which 
are calibrated with material 
standardised by primary 
techniques. 
These are easier and quicker 
to operate and allow 
standards to be disseminated 
easily.

The BIPM in Paris also maintain an 
ionisation chamber, which is used 
to compare results from different 
laboratories across the years. 
This is known as the International 
Reference System (SIR)



Ionisation chambers
The simplicity of the ionisation 
chamber is its key advantage.

The manufacturing process is 
reproducible, so calibration 
factors measured on one master 
chamber can be applied to 
replicate chambers.

For similar reasons, the 
instrument can be extremely 
stable. 
The response varies very little 
over decades. 
Factors measured 20-30 years 
ago (or more) can still be used.



Ionisation chambers

Ionisation chambers are not perfect.

To contain the pressurised gas, they 
have thick metal walls which will 
absorb most β- particles and low-
energy gamma or X-ray emissions

A lot of interactions are needed to 
produce a measurable current – 
therefore they are only useful at 
higher activities

They are also not selective – so are 
of little use when multiple 
radionuclides are present without 
extra work

Monte Carlo simulation of an IC

From R. Townson, F. Tessier and 
R. Galea EGSnrc calculation of 
activity calibration factors for 
the Vinten ionisation chamber 

Applied Radiation and Isotopes 
(Volume 134, April 2018, Pages 
100-104)

https://www.sciencedirect.com/science/journal/09698043/134/supp/C


Impurities – ionisation chambers
Response to 𝑋𝑋 (cal. factor 𝑓𝑓𝑋𝑋) in 
presence of 𝑌𝑌 (𝑓𝑓𝑌𝑌) is given by:

𝐼𝐼 = 𝑓𝑓𝑋𝑋𝐴𝐴𝑋𝑋 + 𝑓𝑓𝑌𝑌𝐴𝐴𝑌𝑌

𝑓𝑓𝑌𝑌 is not known unless 𝑌𝑌 has been 
previously standardised.

A calibration curve can be 
derived, either by nonlinear 
fitting or by Monte Carlo 
simulation. 
This can be used to derive a 
calibration factor for impurities.

If the gamma emissions of a 
particular radionuclide 𝑌𝑌 form a 
set 𝑰𝑰 with energies 𝐸𝐸𝛾𝛾𝑖𝑖and 
emission probabilities 𝑃𝑃𝛾𝛾𝑖𝑖, then:

𝑓𝑓𝑌𝑌 = �
𝑖𝑖∈𝑰𝑰

𝑃𝑃𝛾𝛾𝑖𝑖  𝑔𝑔(𝐸𝐸𝛾𝛾,𝑖𝑖)

Where 𝑔𝑔(𝐸𝐸) is a function which 
describes the ionisation 
chamber response as a function 
of energy.

𝐼𝐼 = 𝑓𝑓 𝐴𝐴



High Resolution Gamma Spectrometry

A high purity germanium detector can 
also be used to prepare standards.

The activity calculated depends on:

• Having a precise detector 
calibration

• Knowing precisely the gamma 
emissions per decay

Germanium detectors can measure any 
sample type, and are selective, so can 
measure samples with more than one 
radionuclide present.



NPL HPGe γ-ray spectrometers

• HPGe detectors, ‘BART’ and ‘LORAX’. 
• Located in 10 cm thick Pb walled ‘coffins’

• Cd/Cu grading to reduce Pb X-rays 

• Samples held in place using engineered 
holders and kinematic mounting systems



Full-energy peak efficiency curves

BART



A ‘high impact’ example:

The standardisation of 223Ra.



Nuclear Medicine: XofigoTM 

• First α emitting radionuclide 
approved by the US FDA and 
licensed in the EC from Nov. 2013 - 
223RaCl2 solution.

• Targeted palliative treatment of bone 
metastases from late stage             
castration resistant prostate cancer

• Extends patient life ~ 
average 3 months

• Under investigation for 
bone metastases from 
breast & ovarian 
cancer.

• Now used in >3,000 
clinics worldwide; 
supplied through Bayer 
(formerly Algetha)



223Ra ground state, 3/2+

Eα=5607(4) keVEα=5716(4) keV



Interesting aside: (rare) Heavy-particle decay
• Possible to calculate Q values for 

emission of heavier nuclei
– Is energetically possible for a large 

range of heavy nuclei to emit 
other light nuclei.

• 14C emission observed from 
222,223Ra
– emission probability is much 

smaller than alpha decay

• Simple barrier penetration estimate 
can be attributed to very small 
probability to preform 14C residue 
inside heavy nucleus







A problem…absolute 223Ra standardisation at NPL

• Different techniques showed 
excellent agreement….
• Including the γ-spectrometry.

• So why do need new measurements 
of the γ-ray emission probabilities?

9% discrepancy from NIST



Large discrepancies in measurements with 
published γ-ray emission probabilities of 223Ra..

• The main γ-ray emissions from 
223Ra are show using (previous) 
nuclear data taken from DDEP.

• An 18% range in the deduced 
activity using different gamma 
transitions was determined. 

 This is not good enough.

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

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



Uncertainty budget of the 223Ra
269.5 keV γ-ray emission probability



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



Comparison of main γ-ray 
emission probability of 223Ra and decay 
progeny to DDEP recommended value.



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

• Now, good agreement between the three NMIs.



CTBTO

NPL – Commercial – Not for distribution

• 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)



88Kr calibration project – Accelerator & pile

   
 

  
 NPL – Commercial – Not for distribution
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Can irradiate U targets for standardised 
noble gaseous radioactive (Kr, Xe) sources



β-β-γ-γ

NPL – Commercial – Not for distribution

Goodwin et al, 2019. Developing a laboratory-based beta-gamma coincidence detection system: 
Progress so far. SNT 2019, Vienna.



β-β-γ-γ

NPL – Commercial – Not for distribution

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





	Slide Number 1
	2 x 1 hour lectures on  Nuclear Metrology �at the National Physical Laboratory (NPL)
	Lecture 1
	What is nuclear metrology?
	Lots of applications of nuclear science measurement
	Slide Number 6
	Slide Number 7
	Some ‘old data’ and previous standards…�Nuclear Physics Summer School, U. York - who’s who 1989.
	Slide Number 9
	Slide Number 10
	Slide Number 11
	 ASIDE: Evidence based research, using the best the available literature.�Famous example : Archbishop Ussher, 
	Slide Number 13
	How old is the Earth ? A Chronology of Chronologies…
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Can calculate the age of rocks (and the earth)�via 206Pb / 238U ratio: assuming secular equilibrium. 
	By 1930, the main ‘NORM’ decay chains were characterised….
	Slide Number 22
	NORM
	Slide Number 24
	Slide Number 25
	We can use primordial isotope ratios to age.
	Slide Number 27
	Cosmogenic radionuclides in the environment
	Nuclear Metrology is Underpinned by evaluated nuclear decay data.
	Slide Number 30
	Slide Number 31
	Underpinned by evaluated nuclear decay data.
	Slide Number 33
	Underpinned by evaluated nuclear decay data.
	Primordial Decay Chains (235,238U, 232Th)
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Aside: How do we measure the longest half-lives?
	Slide Number 41
	Slide Number 42
	Slide Number 43
	ASIDE: Relevance of NORMS and decay chains to nuclear (astro)physics?
	Measuring the amount of NORM?��We can identify the decay products present and determine their activity concentrations (Ac)�i.e. decays per unit mass of sample by ��quantifying the characteristic emission signatures of the decays in the respective decay chains. �
	Origins of NORM
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Lecture 2:�Standards, traceability and two examples..
	Links between primary standards of activity �& underpinning Nuclear Data
	Slide Number 67
	Slide Number 68
	What is a “primary standard”?
	Dissemination of a standard
	Metrology chain
	Slide Number 72
	Nuclear Metrology Group
	Slide Number 74
	Radioactivity standards
	Other forms
	Absolute primary standardisation of activity
	Links between primary standards of activity �& underpinning Nuclear Data
	Slide Number 79
	Slide Number 80
	Idealised example of the 4pb-g coincidence method
	Assumptions ?
	More Assumptions  / Corrections ?
	Beta sensitivity to gamma emissions
	Liquid scintillation counting
	Slide Number 86
	Transfer of Primary Standards of Activity �to Secondary Standard
	Ionisation chambers
	Transfer instruments
	Ionisation chambers
	Ionisation chambers
	Impurities – ionisation chambers
	High Resolution Gamma Spectrometry
	NPL HPGe -ray spectrometers
	Full-energy peak efficiency curves
	A ‘high impact’ example:��The standardisation of 223Ra.
	Nuclear Medicine: XofigoTM 
	Slide Number 98
	Interesting aside: (rare) Heavy-particle decay
	Slide Number 100
	Slide Number 101
	A problem…absolute 223Ra standardisation at NPL
	Large discrepancies in measurements with published -ray emission probabilities of 223Ra.
	Uncertainty budget of the 223Ra�269.5 keV -ray emission probability
	Most up to date, accurate data on 223Ra decay.
	Comparison of main -ray �emission probability of 223Ra and decay progeny to DDEP recommended value.
	Comparison of NPL & (new) NIST and PTB Data.
	CTBTO
	88Kr calibration project – Accelerator & pile
	Slide Number 110
	Slide Number 111
	Slide Number 112
	Slide Number 113
	Can irradiate U targets for standardised noble gaseous radioactive (Kr, Xe) sources
	β-β-γ-γ
	β-β-γ-γ
	Slide Number 117
	Slide Number 118

