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Traceability and Primary Standards for Alpha Emitters used in TAT

SI

NMIs (e.g., 
NIST)

Secondary 
Laboratories

Production Sites / 
Radiopharmacies

Clinical Sites Measure the becquerel without 
calibrating to another becquerel.



In TAT, we need to measure the 
administered activity

Traceability and Primary Standards for Alpha Emitters used in TAT

https://images.app.goo.gl/DEytSwNtUHjsYsov6

• Key input for dosimetry and 
quantitative molecular imaging

• For imaging or therapy, we want 
to administer enough activity to 
do the job, but not more

The SI derived unit for activity 
is the becquerel



Defining the becquerel

Bq
Decays per second
(of a radionuclide)



Define “decays” for a nuclide

Defining the becquerel

Bq
Decays per second
(of a radionuclide)

Ac-225 decays mostly (52 %) to the ground state of Fr-221. 
The other 48 % is split between 47 excited states in Fr-221, 
with attendant gamma-ray emissions.

From Decay Data Evaluation Project, accessed: 
http://www.lnhb.fr/nuclear-data/nuclear-data-table/



The measurement… just 
counting the decays

Defining the becquerel

Bq
Decays per second
(of a radionuclide)

Counting methods must be appropriate to the 
decay types, with efficiency models to correct 
for missed counts



The “a” here is really 
important

Defining the becquerel

Bq
Decays per second
(of a radionuclide)

Account for radionuclidic
impurities, including 
breakthrough of parents

Account for progeny



Starting in about 2005, with work on 223Ra, a wave of 
interest in therapeutic radiopharmaceuticals based on 
alpha-emitters has kept metrology institutes busy

Primary standards for activity in TAT



Medically important alpha emitters
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(Some) Medically important alpha emitters
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Primary methods for TAT activity standards



Liquid-scintillation based primary methods

Radionuclide 
decays, emitting 
alpha or beta 
particle 

Some quenching 
mechanisms 
prevent beta 
particle energy 
from exciting 
solvent molecules

Energy is delivered 
to the solvent 
molecule and 
transferred to the 
fluor

Some quenching 
mechanisms 
inhibit energy 
transfer to fluor 
molecules

Fluor molecules relax via 
photon emission, with the 
number of photons being 
proportional to the energy 
of the beta particle

Color quenching 
and scattering 
inhibit PMT 
detection of 
optical photons

α/β
*



• Decay chains
• Progeny include beta-emitters (ε < 1)
• Progeny include short-lived nuclides
• Pre-equilibrium measurements 

(changing ε(t))

• Impurities
• Breakthrough
• Co-produced isotopes

Challenges in LS measurements for TAT

ε = 1
So, what’s the 
big deal?



TDCR is well-suited for TAT nuclides

TDCR

N
D

Where TDCR = 1, ND is 
the decay rate.

• Liquid scintillation counting

• 3-detector system where double and 
triple coincidence events are counted

TDCR = NT/ND = εT/εD

• Vary efficiency
• As εT/εD → 1, ND (and NT) → N

• In practice, a bit more complicated, 
but we have good models!

Triple-to-double Coincidence 
Ratio (TDCR) counting



LS counting efficiencies are high

TDCR = NT/ND = εT/εD

The MICELLE2 model* uses a Monte Carlo 
approach to calculate εT and εD for β- decay 
branches

Triple-to-double Coincidence 
Ratio (TDCR) counting
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0.985 0.990 0.995 1.000

ε D

TDCR

We get about 
5.65 counts per 
224Ra decay

*Kossert & Grau Carles, Appl. Radiat. Isotop. 68, 1482-1488 (2010).



224Ra decays by four α-emissions
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𝐝𝑵𝟏

𝒅𝒕
= −𝝀𝟏𝑵𝟏

𝐝𝑵𝒊

𝒅𝒕
= 𝝀𝒊−𝟏𝑵𝒊−𝟏 − 𝝀𝒊𝑵𝒊 (𝒊 = 𝟐, 𝒏)

Following Bateman (1908), concentrations 
of isotopes in a decay chain are calculable 
from initial concentrations and decay 
constants (λ)



Beta-decaying 
nuclides:
212Pb, 212Pb,208Tl

224Ra reaches equilibrium 6 d after tsep
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220Rn 55.8(3) s 1.000178(1)
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212Po 300(2) ns 0.7385(11)
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64 %

36 %

*Pre-equilibrium activity assays are tricky



(212Bi + 212Po) LS 
efficiency demands 
special attention

More than summing the activities
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212Po 300(2) ns 0.7385(11)

208Tl 3.058(6) min 0.4144(20)
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See, e.g., Kossert et al., ARI 87, 274-281 (2014)
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τ



Importance of survival corrections

T1/2 (At-217) = 32.3 ms
T1/2 (Po-213) = 3.7 μs
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• Decay chains
 Progeny include beta-emitters (ε < 1)
 Progeny include short-lived nuclides
• Pre-equilibrium measurements 

(changing ε(t))

• Impurities
• Breakthrough
• Co-produced isotopes

Challenges in LS measurements for TAT

ε = 1
So, what’s the 
big deal?



Equilibration considerations
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224Ra (longest-lived progeny is 
212Pb, T1/2 = 10.6 h) takes > 6 d 
to reach equilibrium

Separated from its parent, 
212Pb (longest-lived progeny is 
212Bi, T1/2 = 60.55 min) reaches 
equilibrium in ~ 12 h.

Breakthrough of the parent 
leads to “supported” 212Pb  



Measuring during ingrowth

Th-227 differs from previously considered decay chain 
nuclides because we cannot wait for equilibrium.
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Estimate 100 % LS counting efficiency for 
alpha emissions

Calculate efficiencies for beta emissions 
with MICELLE2

Preliminary LS efficiency calculations
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Time evolution of LS efficiencies
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(more counts from progeny per 
Th-227 decay)



So, for a given LS 
source, we predict the 
decrease in 
experimental TDCR 
and an increase in 
efficiency over time.

Time-dependent efficiency curves
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• If we assume the LS source is 
stable, then the observed triple-
to-double coincidence ratio is 
expected to change as the beta-
emitting progeny grow in

• Our efficiency model tracks the 
ingrowth

• The slope of the curve is 
predicted by the counting 
efficiencies for the beta-
emitters, so the free parameter 
(figure-of-merit) can be 
adjusted to fit the experimental 
data to the model

• Modeled efficiencies are then 
used to calculate activity

The single Figure-of-Merit model
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• Decay chains
 Progeny include beta-emitters (ε < 1)
 Progeny include short-lived nuclides
 Pre-equilibrium measurements 

(changing ε(t))

• Impurities
• Breakthrough
• Co-produced isotopes

Challenges in LS measurements for TAT

ε = 1
So, what’s the 
big deal?



The problem of breakthrough

In our 224Ra standardization campaigns, 228Th 
breakthrough was mostly insignificant. Except for 
the one time it 
wasn’t. tsep fTh-228 at tsep

9/14/2018 (3.3 ± 0.4) x 10-6

11/2/2018 (5.0 ± 1.6) x 10-6

2/8/2019 (4.2 ± 0.6) x 10-6

4/22/2019 (9.7 ± 0.1) x 10-4
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See:  https://doi.org/10.1021/scimeetings.0c01048
Bergeron et al., ARI 155, 108933 (2020).

ornl.gov

https://doi.org/10.1021/scimeetings.0c01048


‘Negligible’ breakthrough in the literature 



228Th decays mostly to the ground state of 224Ra

NaI(Tl) won’t see 228Th in spectrum
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~0.35 emissions 
per 224Ra decay

http://www.lnhb.fr/nuclides/Th-228_tables.pdf

Mostly 212Pb
~0.93 emissions 
per 224Ra decay



The resolution of HPGe
allows identification of the 
weak γ-ray peaks from 228Th 
decay

Minimum detectable 
activities at early times are 
high, due to the Compton 
background from 224Ra and 
its progeny

HPGe detection of 228Th faces challenges

50 100 150 200 250

1E+03

1E+04

1E+05

1E+06

228
Th228

Th

C
o
u
n
ts

Energy (keV)

228
Th



Half-lives determined with 
pre-equilibration data 
require more complicated 
fitting

Half-lives determined with 
post-equilibration (> 6 d past 
tsep) data are fairly robust 
against 228Th breakthrough 

Can half-life detect < 1 ppm 228Th?
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Monitoring half-life can 
provide sensitivity to ppm-
level 228Th breakthrough…

….if you can distinguish a deviation 
of 2σ from the evaluated half-life 
(i.e., you’re the best in the world at 
measuring half-lives)

…and you measure until 50 days 
post-separation
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on Day 15.
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> 2x DDEP uncertainty
> 2x a typical (NMI) 
uncertainty



Data are being considered 
for a new half-life 
evaluation (DDEP*)

There is spread in the 
dataset, and estimated 
uncertainties vary

Nobody’s that good!
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*http://www.lnhb.fr/nuclear-data/nuclear-data-table/
Bergeron et al., ARI 170, 109572 (2021).



Gamma-ray spectrometry and 
half-life cannot provide an 
early measure of 228Th 
breakthrough in 224Ra

This is a problem for any 
column-produced TAT nuclide 
(e.g., 212Pb from 224Ra, 225Ac 
from 229Th)

So, catching breakthrough is a challenge
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Along with breakthrough for column-
produced materials, there is serious 
concern right now about co-produced 
isotopes that cannot be easily separated

The 227Ac impurity in accelerator-produced 
225Ac has regulators concerned with 
licensing

Other impurities are tricky, too

It’s not the dose to patients that’s the concern; it’s the occupational 
exposure to workers and the disposal questions. (Similar issues have come 
up with 177mLu impurities in 177Lu radiopharmaceuticals.)

https://www.fda.gov/media/152472/download
From the 2021 FDA-NRC Workshop on Ac-225.

https://www.fda.gov/media/152472/download


Recently standardized alpha-emitters (NIST)

Recent work at NIST has included 
standards for

• 223Ra
• 224Ra
• 212Pb

• 227Th
• 225Ac



Recently standardized alpha-emitters (NIST)

Recent work at NIST has included 
standards for

• 223Ra
• 224Ra
• 212Pb

• 227Th
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Recently standardized alpha-emitters (NIST)

Recent work at NIST has included 
standards for

• 223Ra
• 224Ra
• 212Pb

• 227Th
• 225Ac

• Preliminary 
(unpublished) results 
in red

• Uncertainties on 227Th 
activity calibrations 
vary with time

uc / %

223Ra 0.21
224Ra 0.31
212Pb 0.23
227Th 0.30 to 0.45
225Ac 0.27



Using liquid-scintillation-based 
primary methods, NMIs have 
developed standards for a (growing) 
list of alpha emitters for TAT 

Dissemination of these standards 
proceeds by different paths

Disseminating the becquerel

Bq
Decays per second
(of a radionuclide)

Iγ



End-user measurements

In most cases, producers and end-users 
measure activity via

• Radionuclide calibrator (reentrant 
well-type ionization chamber)

• Gamma-ray spectrometry

Iγ



Traceability and Primary Standards for Alpha Emitters used in TAT

SI

NMIs (e.g., 
NIST)

Secondary 
Laboratories

Production Sites / 
Radiopharmacies

Clinical Sites

• Direct calibration
• Benchmark calibration 

factors/settings
• Decay data



Direct calibration

https://www.nist.gov/calibrations

• Submit source to calibration lab
• Certification of massic activity
• Local calibrations can be adjusted based on results

• Receive calibrated source
• Certified for massic activity and total activity
• Local calibrations can be performed with received 

source

Contact: jeffrey.cessna@nist.gov

https://www.nist.gov/calibrations


The calibration curve

• The calibration curve 
approach can be used 
whether the standard 
activity (Astd) of the 
calibration source is known
at the time of measurement 
or not0.8
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• The uncertainty on Astd is combined with 
the uncertainty on Aread (including fit, 
decay correction, etc.) to determine the 
uncertainty on any activity measured with 
the determined calibration setting

• “Dialing in” is also possible if Astd is known



Practical considerations for calibrations

• Geometry matters: the calibration geometry 
should match the measurement geometry

• Benchmark settings: may come from 
instrument manufacturer or literature –
should be verified for specific instrument

• Traceable calibration means a “documented 
unbroken chain of calibrations”

• Using a calibration setting from a NIST 
(or NPL…) publication does not make a 
measurement “NIST-traceable” 

B CA

Pictures from biodex.com, capintec.com



Pb-212 radionuclide calibrator settings

Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.



Pb-212 radionuclide calibrator settings

Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.

Napoli et al., ARI 166, 109362 (2020).



Pb-212 radionuclide calibrator settings

Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.

Seems Capintec settings neglect 
progeny beyond 212Bi

The 2.6 MeV γ-ray from 208Tl 
accounts for much of the overall 
ionization chamber response to 
212Pb and its progeny

For decay chain nuclides 
especially, users should take 
care when referencing 
theoretically-determined 
radionuclide calibrator settings Settings can result in 

3.2x to 6.8x errors.

DS Aread / ATDCR Note

101 4.20 DS given in manual for 212Pb in isolation.
158 3.23 DS given in manual for 212Pb in equilibrium 

with 212Bi.
30 6.83 DS given in manual for sum of 212Pb and 

212Bi activity
146 3.40 DS given in manual for sum of 212Pb and 

212Bi activity (to be multiplied by 2)

571 1.18 DS given in manual for 208Tl (to be divided 
by 2)

662 1.04 DS reported by Napoli et al. for 212Pb



Pb-212 radionuclide calibrator settings

Capintec Inc, 1986. Radionuclide Calibrator Owner's Manual, Revision E. Ramsey. Capintec Inc, NJ.

Seems Capintec settings neglect 
progeny beyond 212Bi

The 2.6 MeV γ-ray from 208Tl 
accounts for much of the overall 
ionization chamber response to 
212Pb and its progeny

For decay chain nuclides 
especially, users should take 
care when referencing 
theoretically-determined 
radionuclide calibrator settings Settings can result in 

3.2x to 6.8x errors.

DS Aread / ATDCR Note

101 4.20 DS given in manual for 212Pb in isolation.
158 3.23 DS given in manual for 212Pb in equilibrium 

with 212Bi.
30 6.83 DS given in manual for sum of 212Pb and 

212Bi activity
146 3.40 DS given in manual for sum of 212Pb and 

212Bi activity (to be multiplied by 2)

571 1.18 DS given in manual for 208Tl (to be divided 
by 2)

662 1.04 DS reported by Napoli et al. for 212Pb



Pre-equilibrium calibrations (e.g., 227Th)
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• Adopt a single calibration setting
• A time-dependent 

“multiplication factor” is applied 
to give the correct activity

Fenwick et al., in preparation.
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• Determination of absolute 
gamma-ray emission intensities 
(Iγ) supports calibrations via 
gamma-ray spectrometry
• Opportunities to improve 

evaluated decay data
• Benchmarks to compare 

calibrations/standards

• Here again, traceable 
calibration means a 
“documented unbroken chain 
of calibrations”

Standards dissemination via decay data

Astd

Iγ = N/εA



Re-evaluated data impact calibrations



Summary and conclusions

SI

NMIs (e.g., 
NIST)

Secondary 
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Production Sites / 
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Clinical Sites

• Primary standards from NMIs –
‘realizing the becquerel’

• Traceability can be achieved 
through direct calibration or 
through a chain
• Each link in the chain introduces uncertainty

Traceability and Primary Standards for Alpha 
Emitters used in TAT
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