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lonizing Radiation Measurements Impact Most Industries

Radiation hardness

¢ Fundamental science and testing for space-bound

solar panels
research
A4 Health Care Neutron
i : to;no“grapf‘hy
¢ Manufacture and Industry Search for ime. inside
. violation (emiT) Workér;g fuel
¢+ Energy and the environment nie”ut‘iﬁ'.?ﬂzei‘iy:?m !
¢ Security and protection
¢+ International metrology
¢+ National regulators
¢ Secondary calibration labs (e.g., D Catration of

seeds

SSDLs) and accreditation bodies

www.bipm.org Irradiated mangos to permit 4

importation (pest control)



Research in Measurement Science
Supporting the NMI Function

¢ Neutron Science
— Interferometry
— Neutron tomography
— Neutron spectrometry
¢ Radionuclide metrology
— Standardization and sources
— Impurities
— Extraction methodologies
¢ Radiation dosimetry

— Accelerators
— Materials interactions and data
— Calorimetric methodologies

www.bipm.org




Medicine and Healthcare
Powerhouse in the Clinic

¢ Theoretical dosimetry
— Codes and models
— Dose mapping

¢ Safety and Efficacy

SANARIA

— Brachytherapy
— External beam Quantitative @ @
. . . Imaging & iw
— X-ray calibrations (inc. mammography) Biomarkers ey " uau
Alliance

¢ Quantification and Pharma
— Medical imaging (CT, PET)
— Vaccine development
— Traceability to meet regulations
¢+ Innovation for Personalized Medicine
— Nuclear medicine
— Peptide/protein analysis

www.bipm.org



Enabling Industry and Manufacturing
Assuring Quality

¢ Radiation Processing

— Accelerator facilities

— High dose dosimetry

Crosslinking of

— Dosimeter materials

electrical cable surface

¢ Sterilization Techniques
— Medical device sterilization
— Measurement assurance

¢ Manufacturing
— Radiation hardness testing
— Materials processing
— Neutron imaging (seeing inside a closed box)

www.bipm.org




Energy and Environmental Stewardship
Monitoring for Safety

¢ Environment and Safety
— Nuclear power, security
— Natural and manmade

¢ Expertise
— Neutron fluence, cross section
— Radiochemistry
— Low and ultralow level measurements
— Complex matrices

¢ Measurement assurance
— Protocols, methods
— Transfer dosimetry and calibrations
— Proficiency evaluation
— Measurement traceability

www.bipm.org

calibration facility
8



Security and Protection
Confidence and Informed Policy

¢ Decontamination
— Biological organisms
— lrradiation of Mail

¢ Radiation protection

TLD badges on PMMA

— Dosimetry Phantom
— Calibrations

Card with
— Measurement Assurance TLD chips

NVLAP
ISOAEC 17011

¢ Homeland security
— X-ray screening (explosives detection)
— Rad/nuc and neutron (SNM) detection
. / Radiation Detectors
— Nuclear forensics (et s
— Standards and testing

— SRMs and calibrations ANSI

www.bipm.org

Laboratories

ISONEC 17025 plus specific technical
competency requirements from NVLAP
Handbook (160 and 150-23)
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International Metrology in lonizing Radiation

Examples from SIM Field of lonizing Radiation
Measurements

¢ Pote ntia | |y 193 (Nmem be rship in the Argentina CNEA* Dosimetry, Radioactivity

. . .. . . Brazil LNMRI/IRD* Dosimetry, Radioactivity, Neutrons

U N) Countrles need |On|Z|ng radlatlon Canada NRC-INMS Dosimetry, Radioactivity, Neutrons

o Chile CCHEN** Awaiting designation (all services)

measu rements (pa rtlcu |a rly for Mexico ININ* Dosimetry, Radioactivity, Neutrons
medical applications and WO rker Zt. Kitts and Nevis ;KII::,IS:SMRI* ;aci.litiets to be developed (Dosimetry)

ruguay - osimetry
p rote Ct i O n ) USA NIST Dosimetry, Radioactivity, Neutrons

*Designated or **Planned to be Designated

* CIPM MRA ||StS 102 Slgnatorles (aS Of Note Red téext denotesgjea:(sjure_men_ts but ?o _;I)_u_blished CMCs
enotes pending designation or facilities
25 October 2017)

¢ Fifty one signatories (37 with or
preparing designated labs) support
ionizing radiation measurements

11

www.bipm.org



Consultative Committees on lonizing Radiation

¢ CCEMRI established 1958 (CCRI in 1997)
¢ Activities
— Definitions of quantities and units

— Standards for x-ray, y-ray, charged particle
and neutron dosimetry

— Radioactivity measurement and SIR
— Advice to CIPM regarding IR standards
— Planning of international measurement
comparisons
¢ Technical support to BIPM on ionizing
radiation program

¢ |nput to CCRI Strategy

¢ Sections | (M. McEwen), Il (L. Karam) and
11l (V. Gressier)

www.bipm.org 12




ings of 2015)

Sections of the CCRI (from meet

13
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CCRI Guidance Documents on Comparisons and CMCs
In Addition to the Various CIPM MRA General Documents

Rules on Completing CMCs in lonizing Radiation:
https://www.bipm.org/utils/common/documents/jcrb/IR CMC Rules.pdf

Classification of Services in lonizing Radiation:
https://kcdb.bipm.org/appendixC/RI/RI services.pdf
Validity of lonizing Radiation Comparisons under the auspices of the

CIPM MRA:
https://www.bipm.org/utils/common/pdf/CC/CCRI/CCRI Validity of IR Comparis

ons.pdf
Special Issues of Metrologia, esp. Vol. 52 (#3, 2015) on Uncertainties in
Radionuclide Metrology

CCRI publications, including guidance and strategy documents:
https://www.bipm.org/en/committees/cc/ccri/publications-cc.html

www.bipm.org 14


https://www.bipm.org/utils/common/documents/jcrb/IR_CMC_Rules.pdf
https://kcdb.bipm.org/appendixC/RI/RI_services.pdf
https://www.bipm.org/utils/common/pdf/CC/CCRI/CCRI_Validity_of_IR_Comparisons.pdf
https://www.bipm.org/utils/common/pdf/CC/CCRI/CCRI_Validity_of_IR_Comparisons.pdf
https://www.bipm.org/en/committees/cc/ccri/publications-cc.html
https://www.bipm.org/en/committees/cc/ccri/publications-cc.html
https://www.bipm.org/en/committees/cc/ccri/publications-cc.html

Services in lonizing Radiation
Current State (since 2000)

Expertise
Facilities

Absorbed dose/rate to air

Absorbed dose/rate to water
Absorbed dose/rate to graphite
Absorbed dose/rate to tissue
Absorbed dose/rate to other materials
Air kerma/rate

Other

Electrons

Beta radiation

X-ray, 10 kV to 50 kv

X-ray, 50 kVto 420 kV

Photons, high energy
0

WO~ U W=
LRSS WNE

: Reference air kermarate Co-6
. 1 Dosimetry Ambient dose equivalent/rate Cs-137
— P rl m a r Directional dose equivalent/rate Ir-192
10 Personal dose equivalent/rate, penetrating 10 Am-241
11 Personal dose equivalent/rate, superficial 11 Co-57
12 Air kerma length product 12 1-125
— Se CO n d a r 13 Air kerma area product 13 Pd-103
y 14 X-ray tube voltage
1 Activity 1 Other 1 Single-radionuclide Xx-00
. 2 Activity per unit mass 2 Gas source .
IVI e et I n 3 Activity per unit area 3 Liquid 2 Multi-radionuclide
4 Activity per unit volume 4 Solid source
. 5 Surface emission rate 5 Aerosol 3 Kx-rays
. 2 Radio- 6 Surface emission rate per unit area 6 Ref. material: other
re u I at I O n S activity 7 Emission rate per unit solid angle 7 Ref. material: foods
8 Emission rate 8 Ref. material: water
9 Efficiency of y-ray spectrometers (vsenergy) 9 Ref. material: biological materials
10 Efficiency of ionization chambers 10 Ref. material: soils?sediments
11 Efficiency of contamination monitors 11 Ref. material: flora
IVI e a S u re m e nt 12 Ref. material: building materials
1 Emission rate 1 Other
ol e 2 Emission anisotropy 2 Monoenergetic neutrons
3 Fluence 3 Thermal neutron
ra C e a I I y 4 Fluence rate distribution
5 Ambient dose equivalent 4 Wide energy range
6 Ambient dose equivalent rate neutrons
o - i) Personal dose equivalent 5 Cf-252 source
3 Neutron 8 Personal dose equivalent rate 6 Cf-252 source, D,0
0 r I n g W I Measurements 9 Absorbed dose to water moderated
10 Absorbed dose rate to water 7 Am-241/Be-9 source
Absorbed dose to graphite 8 Am-241/B source
Absorbed dose rate to graphite 9 Am-241/Li-7 source
a n 13 Absorbed dose to tissue 10 Am-241/F-19source

14 Absorbed dose rate to tissue
15 Absorbed dose to other material

N IVI I S 16  Absorbed dose rate to other material

www.bipm.org 15



Services in lonizing Radiation

Proposed by SIM (2017)
T T T T

1 Absorbed dose/rate 1 Other material 1 Other
2 Kerma/rate 2 Air 2 Electrons
3 Reference kerma rate 3 Water 3 Beta radiation
4 Ambient dose equivalent/rate 4 Graphite 4 X-ray, 10 kV to 50 kv
5 Directional dose equivalent/rate 5 Tissue: superficial 5 X-ray, 50 kV to 420 kv
6 Personal dose equivalent/rate 6 Tissue: penetrating 6 Photons, high energy
1 Dosimetry 7 Kerma length product 7 Co-60
8 Kerma area product 8 Cs-137
9 X-ray tube voltage 9 Ir-192
10 Am-241
11  Co-57
12 |-125
13  Pd-103
1 Activity 1 Other 1 Single-radionuclide source Xx-00
2 Surface emission rate 2 Gas 2 Multi-radionuclide source
3 Emission rate 3 Liquid 3 Kx-rays
4 Efficiency of y-ray spectrometers (versus energy) 4 Solid
5 Efficiency of ionization chambers 5 Aerosol
2 Radioactivit 6 Efficiency of contamination monitors 6 Reference material: other
Y 7 Reference material: foods
8 Reference material: water
9 Reference material: biological materials
10  Reference material: soils/sediments
11  Reference material: flora
12 Reference material: building materials
1 Emission rate 1 Other material 1 Other
2 Emission anisotropy 2 Air 2 Maonoenergetic neutrons
3 Fluence/rate 3 Water 3 Thermal neutron distribution
4 Ambient dose equivalent/rate 4 Graphite 4 Wide energy range neutrons
3 Neutron 5 Personal dose equivalent/rate 5 Tissue 5 Cf-252 source
Measurements © Absorbed dose/rate 6 Cf-252 source, D,0 moderated
7 Am-241/Be-9 source
8 Am-241/B source
9 Am-241/Li-7 source
10  Am-241/F-19 source 16
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Role of Comparisons in lonizing Radiation Metrology

* & o o

Can be a major component of CMCs

— Results give guidance on uncertainty expectations, useful for CMC review (neat package of results)

— Demonstrates metrological rigor

— Key and supplementary both serve (supplementary particularly in radioactivity because of variety of
reference materials)

Experience can lead to improvements in methods

Planning for future comparisons can optimize resources

Successful participation can support “equivalency”

KCs in ionizing radiation tend to repeat every 10-15 years; SCs tend to be
one-time exercises

Opportunity to interact beyond the RMO [RMO comparisons with outside
participants, CCRI (all 3 sections), and BIPM] as ionizing radiation is a
smallish community

www.bipm.org 18



Comparisons in lonizing Radiation

Interacting with Other NMls/Dls -
¢ Currently listed in the KCDB EXSRAANSARARSWCHNE AN
— 62 comparisons in x and gamma rays, & electron -
measurements (dosimetry); many support SSDLs
— 29 comparisons in neutron measurements (fluence, e TTETTITETr "
fluence rate, emission rate, ambient dose, survey meter) peaERErTAS R LA
— 140 comparisons in measurement of radionuclides O i
(radioactivity); issues with transporting sources - Sk
¢ Comparisons in ionizing radiation include N

—.—

— RMO (often with participants from other RMOs), CCRI (all 3 | ™
sections), and BIPM

+ Absorbed dose to water, absorbed dose rate for beta, air o
kerma (low and med energy, Co-60), personal dose equivalent

VNIM

+ Avariety of neutron energies to support various applications S o
+ Variety of radionuclides for health, security, metrology, 9

environmental protection; single and multiple

— Many matrices (from solutions to solids to dirt)

10, =x; - xg)] / (MBq)

0, Ixs)| (KEaMEQ)

— KCs tend to repeat every 10-20 years; SCs tend to be one-

time exercises :
www.bipm.org —




Choosing Comparisons
CC, RMO and Interlaboratory

¢

¢

¢

¢

Establishing (reestablishing)
capability

Optimizing coverage of CMCs

Meeting regulatory/legal and
other stakeholder support

Regulatory/transport controls

Limited material C¥ AFRIMETS —

Customs (half life issues)

www.bipm.org



Difficulties for lonizing Radiation Metrology Comparisons

¢+ Transport (including customs), safety, and security of radioactive sources can
be problematic (esp. for radioactivity, neutrons)

¢+ Delays (again, customs) lead to increased uncertainties due to radioactive
decay (effectively reducing the amount of sample)

Some facilities are unigue or near-unique

Solutions often depend on movement of the measurement tool rather than
the measurand

— In dosimetry, BIPM.RI(l)-K6 (absorbed dose to water from high-energy photon beams)
requires access to a linear accelerator (not available at the BIPM, which transports its
graphite calorimeter transfer device to other NMls/Dls to measure the absorbed dose to
water on the host’s linac)

— In neutron measurements, CCRI(I11)-K11 (neutron fluence) required access to a reactor
(not available at most NMls/Dls, which brought their measurement devices to all
measure the same neutron field at one reactor)

— In radioactivity, BIPM.RI(II)-K4 (activity of solution) measures very short-lived (hours)
sources, with no time to ship; BIPM transports its traceable chamber to the host labs,

where sources with half lives as short as 110 minutes are measured (see upcoming slide)
www.bipm.org 21



Neutron Comparisons
Centralized Facility to Optimize Resources

K10 in 2001 at the PTB%/ ] 3 o
- B h i D/NM
¢ Neutron key comparisons CCRI(I1)-K11 D | é% -
¢ Status
— 10-year comparison
— Single-center's beams
— Germany, Russia, EU-JRC, Japan, UK, USA, China
— Participants' instruments in the same neutron
fields
¢ Planned to update to replace 8 previous
comparisons (including K10; 0.144 MeV, 1.2
MeV, 5.0 MeV and 14.8 MeV) P —

¢ Source-based (Cf-252) ambient dose K11 in 2011 at the LNE-IRSN,
equivalent (rate) meters in ISO Reference ©adaache (LUANDE accelerator)
Fields supplementary comparison being
planned

Di /

cm -2

—e—

D;/

/ )
4 beam energies of
neutron fluence (27.4
keV, 565 keV, 2.5 MeV,
and 17 MeV)

www.bipm.org 22




Absorbed Dose to Water (BIPM.RI(1)-K6)

BIPM Calorimeter to NMls

¢ Sl traceability with Co-60
— NMI > 1.5 % (transfer > 2 %)

— BIPM standard for comparisons
and calibrations > 1 %

¢ Sl traceability with Photon

Beams

More direct for clinic
than Co-60

Ensures measurement

traceability

Provides confidence
in measurement

Supports CMCs
Satisfies legislation

www.bipm.org

complications
* requires 3 % for reference beam cal
* hospital dosimeter cal mustbe <2.5%

«>5% investigation initiated
«>10% incidentreported
*>20% seriousincident/ accident

Relative uncertainties (%) for dissemination (Direct LINAC)

Comparison of NMI standard (MV) at the BIPM 0.4
Long-term stability of NMI national standard 0.1
Combined standard uncertainty 0.4
Expanded uncertainty (k = 2) 0.8

20
15
10 -
Relative uncertainties (%) for dissemination (Co-60 to LINAC) .
> ¢
Traceability (Co-60) of national standard for the NMI 04 5: . LJ .:k
(C] =]
Long-term stability of NMI national standard 0.1 § . b A < Il %
) \
Beam quality conversion, k, 1.0 ° il T
10
Combined standard uncertainty 1.1
-15
Expanded uncertainty (k = 2) 2.2
-20
Patient doses5 %= improve cure, reduce T st aweasa

Well-characterized LINAC for dissemination (not available at all
NMIs)

PTB (Germany), NIST (USA), LNE-LNHB (France), NRC (Canada),
ARPANSA (Australia), METAS (Switzerland), NPL (UK), VSL
(Netherlands), NMIJ AIST (Japan), MKEH (Hungary), NIM (2016)
Next: KRISS (2017), ENEA (2018); begin re-comparisons

Results given as ratios with a combined standard uncertainty

BIPM calorimeter mounted on the patient ‘ .
couch of the NIST clinical accelerator

Close-up of BIPM
primary standard
graphite calorimeter on |Neses
CLINAC (BIPM u;= 3.4
107 from 6 to 20 MV)



The International Reference System (SIR)
Ongoing Comparisons in Radionuclide Metrology

¢ Continuous key comparison for gamma-ray emitters
(established 1976)

¢ Indicated as BIPM.RI(II)-K1.nuclide
Highly stable (740 ind. results, 67 nuc.)

¢ Lab submits source, (absolute) activity (method used),
full uncertainty budget

¢ BIPM measures source and determines activity (based
on IC current from Ra-226) e e e

¢ Result is equivalent activity (A,) . '
¢ Most recent result used in DoE i ’ i | | K
— Often linked to other comparisons (for DoE) - |
— Only SIR results go into KCRV E

www.bipm.org A ;f i i o

Black square datess pre 1590




Metrological Challenges
SIR for the Very Short Lived and Non-Gamma-Ray Emitters

¢ [ncreased customs controls inhibit

exchange of sources
SIR geographically fixed
¢ Solution proposed by CCRI(Il): take

instrument to the source (SIRTI)

¢ Other plans for SIR: extension to beta-particle

Well-type Na(Tl) crystal calibrated against SIR
Nb-94 source to monitor stability

Comes with BIPM expertise ©

Primary & SIRTI measurements at host

Initial exercise: BIPM.RI(I1)-K4.Tc-99m (linked to
BIPM.RI(I1)-K1.Tc-99m)

Expanded to F-18, Na-22; eventually to C-11

measurements

www.bipm.org
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BIPM.RI(ll)-K1.Tc-99m and BIPM.RI(II)-K4.Tc-99m
Degrees of equivalence for equivalent activity of *mTc
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Results of the comparison of activity measuremenis of solutions of "sr
by means of liquid-scintillation counting
T T T T T T T

L.
k
L] H
.
e
focotmfnd

0,68

R=Aun! Agpu

0.86 -

LD

0,62 Evaluation carmied out with the hali-fe value determined by the PTB
Tp= 10513d, u=110d

080 T T T T T T T T T T T
_aboratary w*“’%‘a” e @ et e ot g1® o
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Radionuclide Measurement Method Matrix

Shining the Light Far

Categorized by
— Radiation-type

— “Primary” measurement method
Degree of difficulty color-coded
CMC support by comparisons results
In general, results using one primary .
method can not support claims (for the same -
nuclide) by another method '
Secondary methods not grouped

Uncertainties are NOT benchmarks, but are
“reasonable” to expect (for CMC reviewers’ aid)

www.bipm.org

iz - |3 L3
ity | [ H sl fE fs
sl E R R
|i8‘!5‘a5§"!=;§ T (2
h 3 |BEEYE ¢ |2 :Eﬁigui-Egils
EERREE R MR FLEELEE
ULl LR BRI FLERFFL
E :
|
: =]
Zh -
slul
P - B
Rationale

Radioactivity CMCs are nuclide specific

Currently in excess of 1000 different combinations
(quantity/nuclide/matrix) in CMCs

Comparison results (quantity/nuclide/matrix) valid for
“limited” time (eventually will be 10 years)

Need to cover more than 1 quantity/nuclide/matrix
with each comparison

Primary methods of radionuclide metrology can be
grouped according to nuclide characteristics and
behavior

In principal, one comparison could support dozens of
CMCs at a time (shining the light further)

26



Strategizing Radioactivity Comparisons
All Labs are Welcome to Participate

¢ MMM necessary, but not sufficient
— Does not cover matrix-based sources (soil,

water, biologicals, etc.) — g ?
— Does not cover secondary methods MMM R 2017 NPL
. t t f ” d . t I MMM 133ye 2018 LNE-LNHB
(important for smaller and environmenta — — — —
la bS) ERM (Env, Rea, Mon) 29Th 2020 8D
Medical (123mTe, 192Ir, ) 2021 TBD
¢ Sources Gas (1Ar, 55Kr) 2022 T8
. . Calibration/Tracers (3H, 5Cr, 152Eu,) 2023 TBD
— Sometimes become available unexpectedly ndustria e T o .
(saving money) ERM (0K, 210po, 235U) 2025 8D
. Medical (123’“Te, 192 ) 2026 TBD
— Sometimes are hard to get
S . hard Proposed CCRI(Il) 10-year Plan for
— Sometimes are hard to transport Key Comparisons (K2)

¢ External (stakeholder) requests may alter
priorities (plan is flexible beyond 3 years)

www.bipm.org 27



A Word on Uncertainties in IR Measurements

¢ Measureand-dependence

— Decay of source I =
.. 3.14% EC (1.33h)
— Impurities I

(270.954)

: 0 12
— Matrix (stable) E (igﬁ,zh)
Main B 633.5 keV s ) 124
¢+ Method-dependence e / wrree
. 687N
— Power feed and environment (stable)

1509 keV
1376 keV

/ %5 % EC
2834.58 3
0

— Instrumentation and model Mein B 1098 e :
— Sample preparation o | T

¢ “Darkness” ) Hond
— History of the source (including production) /
— Environmental influences — / e
— Laboratory practice () e
— ??? (but NOT distance to Sol) T ey

www.bipm.org ()



Determining the KCRV in IR Measurements

Assigning Uncertainties to a Constantly Changing Value

Previously: arithmetic mean (presumes equal weight) *=z*= & s weigt [ s point
CCRI(I1): KCRV Determination Method (KCRV ) =t () s<] 7 ]
— Balance among efficiency (accuracy), robustness R
(resistance), and reliability (confidence) N e
(max arithmetic or M-P unc) n Small a== arithmetic mean

— Expansion from Mandel-Paule (interlab variance) [seeing

the forest from a tree]

‘understated’ uncertainty?

— Full use of information in uncertainty budget g T—
— Transition between a=0 (arithmetic mean) & a=2 (MP) ;o

— Maintains scientific-technical judgment (and normalized
error test)

73

Paule mean

e
u } If a=2, Mandel-

Gives KCRV and associated uncertainties

Optimal solution for relatively small datasets

Labs’ native uncertainties used for Degrees of * Data quality i variable
. *  Measurement uncertainties are informative
Eq u |Va |e N Ce *  Uncertainties tend to be understated
. Data seem consistent, but are not
CMC may have tlghter unce rtalnty than KCRV ¢ Very good for “imperfect” data

www.bipm.org +  Lessinfluenced by unknown outliers with “low” unc.

29



The KCRV, In Action*

1 15 . T T T T T T T
ChOOSIng a Closeness to “truth
Reliability of Uncertainties ] T T — e
(chance within 1 or 2 sigma) :\ —yy
. . .. .§ 131 4 7:7M'p ]
uncertainty variation due to error £ % N
. . . i \o.\
a=0 > 2 times variation expected from 2., N — 1
E “a —
metrological reasons L= \\‘\ —
1.1 — e, ]
a=0 uninformative uncertainties Test of EFEICIENCY M. M.P < weighted
=] . arithmetc , M- wel e
(arithmetic mean) Estimators by o+———F———— 91.5 —
. Computer —_~
informative uncertainties . . A
a=2-(3/N) = . Simulation RELBLITY |yt
(trending underestimated); KCRVs - e ]
. . . e E A/ —v—AM
informative uncertainties (modest g1/ e ]
a=2 error, no trend to g —- WM
underestimation; Mandel-Paule) Z 151 . .
z B “Confidence” in ung.
. well-defined uncertainties, Bio] gttty |
consistent data (welghted mean) weighted << M-P < PMM < arithmetic
0.5 T T T T
www.bipm.org 0 5 10 15 2 30

*For more details, see http://publications.jrc.ec.europa.eu/repository/bitstream/111111111/26811/1/lana25355enn.pdf N



Applying the KCRV, to Example KCRVs
BIPM.RI(I1)-K1 (SIR Results)

Radionuclide Value Value
Mean,,, (old) method KCRV,,, (new) method
(NE k=4) (potential for wider uncertainty)
Zn-65 29 657 (67) kBq 29 694 (44) kBq
Sr-85 29 972 (42) kBq 29 975 (46) kBq
Ba-133 43 929 (67) kBq 43 906 (55) kBq
Eu-152 14 929 (27) kBq 14 919 (35) kBq
Lu-177 558.8 (2.8) MBq 560.1 (1.8) MBq

Outlier Determination
Outlier rejection based on technical grounds
CCRI(I): final arbiter to correct or exclude any data from the calculation of the KCRV
www.bipm.org Statistical tools may be used to indicate data that are extreme 31



Practical Implementation of Uncertainty Analysis in
Radionuclide Metrology

CHAPTER LEAD AUTHOR
n Introduction L. Karam

Uncertainty of nuclear counting S. Pommé

Weighing uncertainties in quantitative source preparation
for radionuclide metrology

n Uncertainty of combined activity estimations G. Ratel
Example of Monte Carlo uncertainty assessment in the field P. Cassette
of radionuclide metrology

Special issue

Uncertainties in Radionuciide Metrology “ The uncertainty of the half-life S.Pommé

° Un Certaln tles In n Uncertainties in nuclear decay data evaluations M.-M. Bé
Radlon UCIIde MEtrOIOgy Uncertainties in 4mtB—y coincidence counting R. Fitzgerald

| 8 |
° Ch a pte rs a ut h o) red by eXpe rt n Assessment of the uncertainty budget associated with 4my A
. n Uncertainty evaluation in activity measurements using

V. Lourengo

metrologia

The uncertainty of counting at a defined solid angle S. Pommé

counting
metrologists in their field of e
Specialization “ Uncertainties in gamma-ray spectrometry M.- C. Lépy

n Typical uncertainties in alpha-particle spectrometry S. Pommé

° 52, N U m be r 3, J U n e 2015 m Uncertainties in internal gas counting M. P. Unterweger
m Uncertainties in surface emission rate measurements M. P. Unterweger
(S1-5212)

Uncertainty determination for activity measurements by

M.- N. Amiot

means of the TDCR method and the CIEMAT/NIST efficiency K. Kossert

» http://iopscience.iop.org/00 tracing technique

Uncertainty associated with Monte Carlo radiation
- . i . F. 0. Bochud
transport in radionuclide metrology
Determination of a reference value and its uncertainty ,
17 S. Pommé
through a power-moderated mean

www.bipm.org
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http://iopscience.iop.org/0026-1394/52/3
http://iopscience.iop.org/0026-1394/52/3

Implementing Comparisons in lonizing Radiation

“Pilot” (aka, practice) Comparisons

— Can serve a purpose (assessing a protocol)

— Can be expensive investment (half life, regulation on transport)

— Rare in radioactivity and dosimetry, almost never in neutron measurements (costly)
“On-going” comparisons support metrological infrastructure

— SIR* to support nuclear data, efficiency curves for ionization chambers

— Air kerma and absorbed dose to water to support regulatory requirements globally
Special problems

— Short sample lifetime (traveling chamber for gamma-ray-emitting sources)

— Limited source material (sometimes, participation must be limited)
Do Not Be Deterred: to pilot a comparison in ionizing radiation

— Sketch the procedure out in advance of writing your own protocol

— Use all available resources (protocols, guidance from experienced labs, etc.)

— Listen to stakeholders to learn of upcoming needs
www.bipm.org 33
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CMCs in lonizing Radiation
From KCDB, http://kcdb.bipm.org/appendixC/default.asp

sarch <SILI§@DB
¢ Currently over 4100 CMCs in ionizing BTN onizing Radiation
radiation (about 1/6 of total) published

Your selection : Dosimetry, Canada

6 summa ry CMC descriptions match your selection. Flease select one or more CMCs, then click

- 1 O 1 2 D OSi m et ry on 'view' to access more information.

Select Quantity Source Country  NMI  RMO

— 2 88 2 R a d ioa Ctivity Absorbed dose/rate to water Photons, high energy Canada NRC SIM

Absorbed dose/rate to water Co-60 Canada NRC SIM

_ 207 N t Air kerma/rate X-ray, 10 kV to 50 kv Canada MNRC SIM

e u ro n S |} Air kerma/rate X-ray, 50 kV to 420 kv Canada NRC SIM

. ] Air kerma/rate Co-60 Canada NRC SIM

¢ Generally reviewed by all RMOs O e e e mc

. . . . earch $IKE€DB
- Wlde Varlety Of pOSSIbIe Clalms (e'g‘l Calibration and Measurement Capabilities

Ionizing Radiation

ra d io a Ct iVity a n d refe re n Ce m ate r i a I S) In the CMCs uncertainty statements, the notation Q[a, b] stands for the root-sum-square of the
terms between brackets: Qla, bl = [a” + I:pi]uz
requires widely available expertise

Your selection : Icnizing Radiation, Neutron Measurements, Canada

— Submissions reviewed to the “rules”

Canada, NRC (Mational Research Council)
Complete CMCs in Ionizing Radiation for Canada (.pdf file)

— ”Va | |d atio n” by various mec h anisms as |0 NG  imoeces qu.‘l::valent rate. Neutron dossmster 8.0E-06 Sv h? to 2.06-04 Sv b

Dand rtai tv(k 2, level of confidence ~95%) in %: &

as they are avallab/e tO any rev’ewer ::fut p;:u:;u;ruct‘dbtt dceut3mt 1E5m Am-241/Be-9 IS0 8529-3
www.bipm.org ippme.fimho':f"h“ﬂéﬁns 35
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CMCs in lonizing Radioactivity

CMCs in

Country RMO Radioactivity

South Africa AFRIMETS 36|

Australia APMP 32

- China APMP 176

Why are there so many in n

Japan APMP 217

R d - - - f)l)f?f)f?f)f?f) Korea (Republic of) APMP 189

Cuba COOMET 63

Russian Federation COOMET 124

Ukraine COOMET 15

Austria EURAMET 100

Bulgaria EURAMET 16

Czech Republic EURAMET 104

France EURAMET 206

Germany EURAMET 158|

Hungary EURAMET 78|

Italy EURAMET 13

Netherlands EURAMET 57

Poland EURAMET 68

Romania EURAMET 37

Slovakia EURAMET 37

Slovenia EURAMET 5

Spain EURAMET 107

Switzerland EURAMET 21

. . Turke: EURAMET 3

*Note that mixed sources will have several United Kinadom EURAMET 116

lines, but are counted as a single CMC IRCEC it L0

Argentina SIM 48

CMCs in Radioactivity as Available BM'azf' z:m Z‘:

. . exico

www.bipm.org on the KCDB (appendix C) USA o 27 36




Why Are There So Many Radioactivity CMCs?

From KCDB, http://kcdb.bipm. org/appendGC/defauIt asp
¢ CMCs acknowledge customer needs B
— Each radionuclide gets its own CMC

Radioactivity
CMCs

SIM 686
— Each measurement method gets its own EURAMET 1126 (+110)
CMC E COOMET 232
— “the light shines far” for comparisons, but :l:R'vII:/IETS 63962
not for CMCs (specification of radionuclide)
¢ Multi-nuclide source (T[] == ==
— Each radionuclide gets its own line = B =
— Entire source gets one identifier (i.e., 1 B R B e
¢ Comparisons organized strategically to ==
optimize coverage S P g == g
www.bipm.org 37



“Rules” for Acceptable CMCs
from CIPM MRA-D-04, p. 13

Fully implemented and approved QMS
Range and uncertainties as supported by QMS

Documentation (infamous col. P/15) to underpin CMC claims
— Results of key and supplementary comparisons
— Documented results of past CC, RMO or other comparisons (including bilateral)
— Knowledge of technical activities by other NMls, including publications
— On-site peer-assessment reports
— Active participation in RMO projects
— Other available knowledge and experience
Note that comparisons are not always available or practical

“International Rules for Completing the CMC Tables for lonizing Radiation”

— http://www.bipm.org/en/cipm-mra/cipm-mra-documents/ (“additional instructions” for
RI)
— Col. Pisrevised to, “Evidence supporting this measurement/calibration service”

¢ Interlaboratory communication is key

www.bipm.org
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The Good and the “Not so Good”
Preparing and Reviewing lonizing Radiation CMCs

for Tonizing Radiation

o o . . International Rules for completing the CMC Tables
¢ Follow specific instructions
—_ D ete rm | nhe d by CC R | R M O WG on C M CS Agreed at the RMO Working Group meeting 18/9/00 and updated on
26/09/03, 24/09/04 and 21/11/06. Reviewed on 29/11/07 and no further
H H changes made. Reviewed on 12/06/09 and corrected on 26/10/2009.
* Any docu mentatlon to Su ppo rt Cla I mS Reviewed on 29 April 2010 with changes marked in red.
—_ Ava i | a b | e to revi ewe rs This document should be read together with the BIPM instructions for drawing up
CMC EXCEL files contained within the JCRB Document "CMCs in the context of the
- Best If p eer- reVi ewe d ( p u b | | cat | ons CIPM MRA" (CIPM-MRA-D-04). The EXCEL templates are also available on the
4

JCRB web site. Each submission of an EXCEL file should include a row, between the

CO m p a ri SO n re p O rtS’ etc . ) b ut n Ot O b I igato ry headings and the first CMC (row 3), to include the column letter A, B, ete., associated

with each heading, to facilitate CMC review.

— Whatever the reviewer will accept can be valid

¢ Example of proper CMC in lonizing Radiation
(showing recent revisions)

v
Calib, Measurement Sy " R dLevel Conds Eupanded U o r"d“ d Semice Administration Feb-16
List of Comparison:
Instrument Covera L measurementioal
Instrument or Minimu | Mazimu Parame | Source of Commes
Quantiiy | nstrumen: Topeor | o mae | " Specifications velue funis | ge o M Commen Comme:
2
5 |DOSIMETRY
lonization Rapport BIPM-99/05 (1999); J Res NIST | 29 W-anode beam qualities; 11 Mo- Updated draft
Air chambers | Calibration in Xray, 104,135 (1990); Draftesportlor |y 0 o0d on anode beam gualities; 6 Rh-anode. report with
Motrologia Fachaical Supplomonton- RAD- fes; i
kerma |{other doseirate| 217 303INSt | gp g | 3p gy |Gy 1| 10KV |conform toISO 40371 5 2 ~95% | Yes free-air NIST 04 November| SMCRAD- | 454 | wgr | Deamaualiies; see ed
Tato. | instrumenten | Mational 1050 (2000) chambers : Metrologia 40, oo | MsT-1001 pilts. s added
epocial toots) | Standard KW 06031 (2003) BIPMLRI() K2; Metrologia rationsfionizing-radix. most recent
a 49, 06006 (2012) BIPWLRI() K2 ray.htm#46010C fo ference.
A ‘C‘:I';ITIY?;‘:;; Calibration in X ray, Approved on 49 W-anode beam qualities; see
. kerma |(other doseirate| NSt | ge g | 4e o3 |y o] SOKY |conformtorsosoz7af Wl 2 | s | ves free-air st | Y Res MIST 108, 385 (2003) BIPMARI)- [ oPRO 0 O SRAD- | 4o | er (nutpn y s
national t0300 (2000) chambers K3 NIST-1002 rationsfionizing.-rad/x-gamma-
www.bipm.or " :
pne standard % ray.htm#46010C for list.
s




Example of “Not so Good”
lonizing Radiation CMCs with Issues

www.bipm.org

SIM Comments on EURAMET CMCs (from )
Dosimetry and Activity (EURAMET RI )

Reviewing Laboratory: NRC (Canada: Malcolm McEwen, malcolm mecewen@nre-cnre.ge.ca; Raphael
Galea, raphael galea@nrc-cnrc.ge.ca), NIST (USA: Michael Mitch, michael mitch@nist.gov; Michael

Unterweger, michael unterweger@nist.gov; Lisa Karam, lisa karam@nist.gov), CNEA (Argentina:
Margarita Saravi, saravi@cae.cnea.gov.ar; Amanda Iglicki, iglicki@cae.cnea.gov.ar)

NMI Service ID Col. Comment
E g . Traceability 1s given as MKEH but in the reference comparison
EUR el 0 doc (EUROMET #738) the traceability is listed as BEV.
2,0-2-1001 - S
Clanification 1s needed.
EL;RCBREAE_% g}iF_ p Is “similar to” normal indication for Section I (dosimetry)
e 1004 U CMCs (it is for Section II, radioactivity)? If not, please remove
The same uncertainty is claimed for this beam, which has a 300
EUR-RAD-MIRS/ /F- I times lower dose rate than the x-ray beam used in the reference
2.0-2-1003 comparison (#1001). It is surprising that there is no impact of
this very low dose rate
EUR-RAD-MIRS/ /F- R Duplicate service ID in rows 8 (#1004) and 9 (#1004), but very
2,0-2-1004 different CMCs; please clarify. Renumbering may be needed.
EUR-RAD-MIRS/ /F-| N, O, | Check entries in row 9— possibly should be the same as those in
2,0-2-1004 P row 10 (#1005)
EUR-RAD-MIRS/ /F- P BIPM website indicates that EURAMET report 1177 1s only in
2,0-2-1005, 1006 Draft A status, therefore can’t be used as proof of capability.
RAD-MIRS/ /F- Although these are all (appropriately) the same CMC (but
EUI; 0-2-2001 2602 E AbB' separate due to radionuclide), all the lines should contain all of

the full information.
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Example of “Not so Good”

onizing Radiation CMCs with Issues

www.bipm.org

CIPM MRA Appendix C Calibration and ment C {CMC) Declarations
Cmiomton o Serice L=l or Fange Messumment Expanes Uncertainty Re®mnce Stancem sses Listor Agrministraton
‘Conditions.Independent In calibration Comparisons
ananie supporting this
Tty | Instrument Sarmum i Fammeter |Epeciicanons| | wmue itz Toermge ey E e Etsnces | Eoumeof . [FiilEerves|  Eerice ]
Cass or Artiact e Factor | Confidence | expanded tracmability = I lsentiter | Calegory
smruce
=it one?
P o N
Fersonal | Desemeter | Cawoaton || 0.000% EED Sun w40 we | =0=037, = E] z ==rny ~es Graphite WMIER] | EURAMET.RKL- | EURRAD- | 1.90.5 | MIRS/NE
dose =n 120 waer o 150 KV han =ty EE (EURDMET | MIRE( iVF oz
equivsent =an spectrum lonisation =735 2,0-2-1001
mteat 10 phantm Serles, SORV chamber
mm desth against a o 150KV,
camiorated mam. 30 ma
monior
=ramper e
in =
Fersonal | Dosemeter | Caiorafion | 0.000007 0.002 Eun Tei3m 150-2037 5 B z == es Graphit=. WREH milar EURRAD- | 1.90.8 | MIRE/LEF
dose on 120 water i =ity RAMET. Y- | MIRSS) 57 oz
equivsient s 12. 2013} lonisation 5 (EUROME 2.0-2-1002
=teat 10 phantm chamber =738
mm desth against a
camiorated
monior
=ramper e
in =r P
Femsonal | L Tairaton | 0.000001 | G.0000% Eun =) Eo-aE7 T = E3 =% ) Traonite WREH Smiiar o EURFAD- | 1907 |WMIFEIEE
amse 2n 120 waer 278 MBq (1. u =ty EURAMET. RIT- [MIRS/) /P zoz
equivsient s 12. 2013} lonisation 55 (EUROMET [fz.0-2-1003
mteat 10 phantm chamber =738
mm desth against a
Fersonal Eun Amzat IE0-a03 5 B z == es Graphit=. WREH “smilar to WAIRE LIS
dose 173 @8q . =ty EURAMET. RIT- oz
equivsent 3 2. 2013 lonisation 55 (EUROMET
mteat 10 phantm chamber =738
mm desth against a
rmy, 40 B0 | 1504037, T B z == es Graphit=. WREH “smilar to TEE | MIREIEE
o 150 KV han =ity oz
spactrum tonization
Series, SOKW chamber
\ o 150 kY,
mac 30 ma
=) o= T B z ~En ves E-Lre EC TZ.7.24-a0 | IFE/ s
: bllberry; (B MIRE | intenabcmton: oz
tods/ fom | 1, batance Cylingal cal i ‘comparson on
@ Er-50, e
{dlamater Fom| and K-40 In wiki
£ som, aquecus. bllbermy powder ,
hesght Fom 1 [sciutan, s= supported by
o€ cm), of standara CORII-ES
density fom weights
o,5t01 gom
7 00000 Eara 3 T T = E3 =R ) TaibraEd | LE-LMAE EURFAD- | 227 208 | MIFE/E
bliberry; HEGe (B MIRE | intersbomtons | MIRE 2F 137 oz
Cylingd cal spectomets| o) companscnon | 2.0-22002
geomety T, CRM Er-50, CE13T
{eameter tom| and K-40 In wiks
£ som, aquecus. bllbermy powder ,
hesgnt Fom 1 [sciutan), s= supported by
o€ cm), of standara CORII-ES
density fom weights
/ o.5t01 gont
[ — — s
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Reminders...

¢ lonizing radiation metrology supports a vast array of
industries, and legal and regulatory aims

¢ Measurement traceability enables international trade
¢ CMCs document capabilities to support measurement

traceability

— “Mutual Recognition” and “Equivalency” allow comparability
within stated uncertainties

— CMCs provide basis of analysis and confidence to customers
/\

— “Optimizing” CMCs for efficiency and practicality [secondary]
* International approach (especially through comparisons) 'Sta,(}hom/ers‘l \‘|

brings robustness and validity to measurements

www.bipm.org 42



Capacity
Building &
Knowledge
Transfer

Thank You!

Lisa Karam

lisa.karam@nist.gov

Bureau
International des
T Poids et

{ Mesures
www.bipm.org



