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Introduction

• Radionuclides are intensively used worldwide in many fields

– Nuclear medicine, nuclear decommissioning, environment monitoring…

• Increase interest for new isotopes in nuclear medicine

– There is a need for a precise knowledge of nuclear data (half-life, energy, emission 
probability…) and precise quantification of activity to optimize isotopes production 
and therapy 

• National metrology Institutes (NMIs) are developing primary 
measurement techniques to measure the activity with an accuracy of 
around 0.5%, also used to measure nuclear data.

– Activity measurement results are traceable to an international measuring system, 
the SIR



SIR
Système International de Référence

• In practice, the unit (Bq for activity) is maintained in each country by a 
NMI or DI (a Designated Institute) and are traceable to the SIR.

• To ensure good measurements in each country, a program of
comparison is defined to regularly demonstrate the capability of each
NMI to properly measure the activity of a given sample isotope.

– The specificity of the radioactivity (each isotope has different properties -
emission type, half-life, emission probabilities…) implies that the activity  
of each isotope has to be measured independently. 

• This capability is evaluated with results of comparison between NMIs as 
well as publications from these NMIs

– The comparison results provide also the mean to compare and validate the 
different measurement techniques used in the different NMIs



Isotope standardization
As primary standardization of activity is based on the detection and quantization of the 
emitted radiation, it involves different techniques and approaches from one radionuclide to 
another.

The best primary standardization methods are designed as: 

• Their calibration based on basic physical principles, not on other radioactivity measurements. 

• The ideal method is under statistical control and the total uncertainty on the result preferably 
reduced to a minimum. 

• Their result is independent of the nuclear decay data (and associated uncertainties)

In general, the primary standardization methods are based on the counting of individual 
decays, via the emitted particles. 

We distinguish: 

• high-geometry (4p or 2p) methods, with a 100% or 50% geometrical efficiency

• defined solid-angle counting methods

• coincidence counting methods.



Primary standardization techniques
Primary techniques depending on the isotopes to be measured

– 4p-g counting
• scintillation detector under a quasi-full solid angle

• Relatively cheap and accurate method. But requires a detailed efficiency calculation

– Coincidence counting
• Set-up consists of two detectors, β-channel and g- channel, measuring the β-decay 

followed a g-emission due to the de-excitation of the daughter nuclide.

• An additional counting channel records the number of coincident events in both 
detectors. 

• The source activity can be directly derived from the count rates in the three channels.

– Liquid scintillation counting (TDCR or CIEMAT-NIST)

• Useful for low energy beta, mixing the radioactive material with liquid scintillation cocktail 

– Defined solid angle 
• Precise measurement for a emitters

– g - g coincidence, 4p or 2p proportional counter…



Tb-161 standardization by 
coincidence

• The variation of the b
efficiency channel is 
obtained by changing 
the low-level energy 
threshold or by optical 
filtering

• 3 gamma channels 
setting are used for the 
extrapolation curves

• Intercep gives the 
activity



Tb-161 standardization



Tb-161 gamma emission

The g-ray spectrometry was performed using a high purity germanium (HPGe) cylindrical
detector. The detector is surrounded by a cylindrical shielding with wall thicknesses of 10 cm of
lead and 2 mm of copper.

The measured activity concentration of the sample is given by standardization measurement.

Known with 
primary 
measurement

Efficiency previously 
measured with isotopes 
of well known emission 
intensities



Tb-161 gamma emission

Most of the measured intensities agree with
previous measurements. But 4 are in total
disagreement.

In addition, our work allows to reduce
considerably the uncertainty value to around
2% instead of around 10%.



Er-169 gamma emission

• 2 gamma lines at 109 and 118 keV low intensities and large uncertainties
(measurements before 70s!)

• But disagreement between different database by a large factor ~3.5

Clear need to have better data!



Er-169 gamma emission

• Gamma emission measured at IRA and PSI with HPGe detectors

• Activity samples measured using TDCR method giving an uncertainty of 0.4%

• Results confirm the value from ENSDF
database (reject DDEP)

• Large improvements on the uncertainties
from 20% to around 1-2%.



Half-life measurement

• For short half-lifes (several minutes to few months), the 
decay can be used by measuring the signal in a 
dedicated set-up (ionization chamber, gamma 
spectrometer…)

• Longer half-lifes, use the relation A = l.N

– l = ln(2)/T1/2

–A is measured with primary techniques

–N (number of atoms) is measured using mass spectrometry 



Tb-161 half-life

• As the half-life is small (6.9 days) it can 
be measured with a fit on the decay 
curve

• 3 independent systems are used

– CIR (reference ionization chamber)

• Current is precisely measured (<0.05%)

• 23 days of measurements (6564 points)

– TCIR (transportable ionization chamber)

• 16 days of measurement, 2579 points

– g spectrum measurement using a 4pg

counting system. 

• Events counting above a threshold 

• 14 days of measurements, 672 points



Tb-161 half-life

Final value : 6.953(2) days
More precise values than previous measurement 
Uncertainty is 0.03% (10 times less)

This method was also used to determine the
half-life of Yb-175, Lu-177, Tc-99m, Cu-61…



Ho-166m half-life measurement

• Half-life ~1200 years with 15% uncertainty! (measured in 1963)

• New measurement using the number of atoms counting 
method, A = l.N

– Activity was measured using 4pβ–g coincidence technique and 
ionisation chamber, uncertainty 0.24%

– Number of atoms using multi-collector inductively coupled plasma 
mass spectrometry (MC-ICP-MS), uncertainty 0.25%

• Half-life value is: 1132.6(39) years, uncertainty 0.34%!

– 5.6% shorter than database value and a reduction of the uncertainty 
from 15% to 0.34%



Lanthanides measured at IRA

Isotopes T1/2 rel. unc. (%) Meas. technique

Ho-166m 1132.6(39) years 0.34 Atoms number

Tb-161 6.953(2) days 0.03 Decay

Yb-175 4.1615(30) days 0.07 Decay

Lu-177 6.6429(70) days 0.11 Decay

Tb-149 4.1615 h (preliminary) Decay

Tm-167, Tm-168 Under progress Decay

Additional isotopes are also studied (Ac-225, Cu-61, Ba-128…)

Gamma 
intensities 

Tb-161, Er-169 Tm-167 under progress

Additional isotopes are also studied (Ra-223, Ac-225…)

Beta spectrum Shape, Emax : Tm-171 Previously: Cl-36
Under progress: Y-90 (positron)



Summary 

• As metrology institute, IRA is maintaining the unit of the 
activity, the Bq, for Switzerland.

– Use precise primary techniques to measure activity for many 
isotopes. Measurements are validated by international comparison 
through the SIR

• The measurement techniques are also used to measure 
Nuclear Data (T1/2, gamma intensities, beta spectrum) 

– Lanthanides: Tb-161, Yb-175, Tb-149, Tm-167…

• Improve the data precision and reduce the uncertainties

• We are interested and ready to measure new isotopes











Primary activity measurements with 
4pgNaI(Tl) counting

• NaI(Tl) scintillation detector under a quasi-full 
solid angle (99.1% of 4p for IRA set-up)

• Its appeal lies in the rather simple electronic 
circuit to process and count the pulses above some 
threshold and its equal suitability for point, surface 
and volume sources. 

• Well-type detector with a 5”x5” NaI(Tl) crystal.

– Sensitive volume of 1560 cm3, measurement chamber 
43.5 cm3. 

– The crystal and photomultiplier are housed at the bottom 
of a 50 cm diameter and 5 cm thick cylindrical shielding 
covered with a sliding square 6 cm thick armoured plate



Primary activity measurements with 
4pgNaI(Tl) counting

• Principle:

– Count the number of events above a threshold

– Activity concentration  𝐶𝐴 =
𝑅𝑎𝑡𝑒−𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝜀𝑡𝑜𝑡

1

𝑚

where m is the masse of the measured sample and 𝜀𝑡𝑜𝑡 the total efficiency

– Integral counting from zero energy is unreliable (poor resolution, electronic noise, 

Bremsstrahlung radiations…), counting threshold depends on the nuclide, but it is usually set 
at 22.6 keV (K X-ray peak of 109Cd) 

– Use Monte Carlo simulations for efficiency calculation which can produce the detection 
efficiency for any given discrimination threshold. 

– Different sources geometry can be used (point-like, ampoules, vials…)

• 4pg counting is a relatively cheap and 
accurate method. However, it requires 
a detailed calculation of efficiency



4pβ–g coincidence counting
principle



4pβ–g coincidence counting
principle

Even for a simple decay-scheme radionuclide, the 4pb counter is generally affected by 
additional counts due to its sensitivity to the g –transition. 
The counting rates have to be modified to take into account the interaction of g -photons 
and conversion electrons.

aT is the total internal conversion coefficient

εce is the detection efficiency for conversion electrons of the β-detector

εβγ is the detection efficiency for g -photons in the β-detector

εc represents the probability of observing additional coincidences



4pβ–g coincidence counting
principle

𝑁𝛽 = 𝐴 ෍

𝑟=1

𝑛

𝑎𝑟 𝜀𝛽𝑟 + (1 − 𝜀𝛽𝑟)(
𝛼𝜀𝑐𝑒 + 𝜀𝛽𝛾

1 + 𝛼
)𝑟

𝑁𝛾 = 𝐴 ෍

𝑟=1

𝑛

𝑎𝑟𝜀𝛾𝑟

𝑁𝑐 = 𝐴 ෍

𝑟=1

𝑛

𝑎𝑟 𝜀𝛽𝑟𝜀𝛾𝑟 + (1 − 𝜀𝛽𝑟)𝜀𝑐𝑟

In case of complex decay-scheme with n different b branches with intensities 𝑎𝑟, the count 
rates can be expressed as:

The activity cannot be determined directly from 

the counting rates as they are depending on the 

emissions probabilities.



4pβ–g coincidence counting principle

One can demonstrate that :

𝑁𝛽 = 𝑁0[ 1 − 𝐾 + 𝐾
𝑁𝑐

𝑁𝛾
] 𝑁0 when 

𝑁𝑐

𝑁𝛾
1

where 𝐾 = σ𝑟=1
𝑛 𝑎𝑟𝐶𝑟

𝑘
(1 −

𝛼𝜀𝑐𝑒+𝜀𝛽𝛾

1+𝛼
)𝑟 is a constant

When 𝜀𝛾 , 𝜀𝑐 , 𝜀𝑐𝑒 , 𝜀𝛽𝛾 remain fixed

K and N0 can be determined graphically varying 
𝑵𝒄

𝑵𝜸

without precise knowledge of the nuclear data (decay 

branching ratio, emission probabilities, conversion coefficients…)

σ



4pβ–g coincidence counting
principle

• In practice we use: 

𝑁𝛽 = 𝑁0[ 1 − 𝐾 + 𝐾
𝑁𝑐

𝑁𝛾
]  or    

𝑁𝛽𝑁𝛾

𝑁𝑐
= 𝑁0[1 + (1 − 𝐾)(

1− ൗ
𝑁𝑐

𝑁𝛾

ൗ
𝑁𝑐

𝑁𝛾

)

A plot of 
𝑁𝛽𝑁𝛾

𝑁𝑐
vs 

𝑁𝑐

𝑁𝛾
or 

1− ൗ
𝑁𝑐

𝑁𝛾

ൗ
𝑁𝑐

𝑁𝛾

yields a straight line with slope (1 − 𝐾)𝑁0 and intercept 

𝑁0 for 
𝑁𝑐

𝑁𝛾
= 1

In practice we keep 𝜀𝛾, 𝜀𝑐 fixed and we modified 𝜀𝛽 either by adding plastic films with 

different densities in front of the detector, by changing the detector energy 
threshold level or changing the geometry (distance between source-detector)



Example of Cs-134
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