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In a nuclear site, a CAM trig an alarm for alpha contamination...

1) Evacuation of the area
2) Verifications by the radioprotection service
3) Declaration of the incident to the authorities

IRSHN



In a nuclear site, a CAM trig an alarm for alpha contamination...

Rn-222 and daughters Cs-137, Co-60, ...
Rn-220 and daughters & Pu-239, Am-241, ...

Concrete scraping, - Continuous & real-
steel cutting, 3T : / 11 time activity
vaccuming, ... g T \ B , Bl concentration
measurement

1) Evacuation of the area
2) Verifications by the radioprotection service
3) Declaration of the incident to the authorities

IRSHN
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Sources protective
equipment

Filtration
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Transport e e y b - protective
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FUNDAMENTALS OF

AEROSOL PHYSICS
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Relatif size
particle/vacuum
intermolecules

Domain

Physics

Law
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@D Particle

Gaz kinetics Fluid dynamics Fluid dynamics
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Volume equivalent diameter

p=p,

m=m,
X form factor
/—-~\
l/ 3
dp (um)
| 7
Kn T

Domaines de la physique des aérosols (NF M 60-760)

Aerodynamic diameter
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Aerosol behaviour

Gaz to vapor
Vapor conversion

1
; ! . Non-volatile
Condensation particles

! ]

Primary particles

Homogenous

l nucliation
Coagulation Condensation Dust
|
Aggregats Sea
Droplets Volcano
Coagulation |
Coagulation
Coagulation 1

Coagulation

Rain
washout

|
|
|
|
|
|
|
|
|
|
|
|
|
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|
growth ! |Industrial emissions
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! edimentation

0,001 0,01 01 1 10 100
Particle diameter (um)
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Aerosol behaviour in the breathing system

NF EN 481

ET ET
Extra thoracic Extra thoracic
BB TB
Bronchus Tracheo-bronchial
bb
Bronchioles
A

Alveoli
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Aerosol behaviour in the breathing system

. 'ﬁ\\m PM10
AR RN
A\ N
\VAEAVERN

Yl N
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BAVANEER
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10% I
1
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Penetration efficiancy

0,1 1 10 100
Aerodynamic diameter (um)

Alveoli Bronchioles  ==——Tracheo-bronchial Extra-thoracique
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The first radioactice aerosol : radon (?22Rn), thoron (?2°Rn) & progenies (Po, Pb, Bi,...)

Q o
222
(0] Qe { ® Rn
‘ Aerosol
“
'AN 7|4Pb
@ & AChmen; ~ ® p I
< . 1|4Bi
z B-l
M S = ® 'Po
+—
> 8 c Radon
9 o
§ Q l ) Zg l diffusion
< s 8 ‘3 \ ® 'Pb
g S b 5
3 0 55 o
= E ' Ke)
2 T = S c
‘2 2ag ® 5 \/b
o G £ q “— ‘G
(o) (o) = [
g t =] o=
[a] I ‘ < »n l w o
A\
Main mechanisms involved in th - . Emanation
presence of radon progenies in air U, Th, ... ”Ra “Rn
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Aerosol _MAD measures : impactor
activity / mass /... median aerodynamic diameter

l (Radioactive) aerosol

Nozzle Diaﬁ:;eter 0;

Stage 3:>10 um

Jet velocity U

measurement at each stages

—

Jet to plate di sﬁnc_g

/ Stage 2: 2.5 ym
- Collection substrates \| Activity = AMAD
Mass > MMAD
Stage 1:>1.0 ym
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Aerosol _MAD measures : impactor
activity / mass /... median aerodynamic diameter

l Radioactive aerosol KCL + 2#'Am : AMAD = 4,28 + 0,18 um — o, = 1,38 + 0,06
0,70

0,60 /"
0,50 L=
Stage 3:>10 pym :/

1

Stage 2:>2.5 pym [
0,20 I

Stage 1:>1.0 ym

(_I’_

o
N
o

dP/dlog(d,)

o
w
o

0,10 -
0,00 s il D
0,100 1,000 10,000

Aerodynamic diameter (um)
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AIRBORNE RADIOACTIVE

AEROSOL MEASUREMENT




Measurement goals

Measure

Real-time measure

Sampling then measure

Need a background
compensation method

Natural activity
compensated through
decay

IRSHN

Radionuclide ;':/Cr:s
222Rn + progenies 200
239py 0,18
237Cs 1200

LPCA : practical limit concentration in air
=>» engaged dose of 20mSv over 2000h
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Measurement strategy

Measure

Real-time measure

Sampling then measure

Need a background
compensation method

Natural activity
compensated through
decay

IRSHN

Arbitrary unit

0,9
0,8
0,7
0,6
0,5
0,4
03
0,2
01

G. Islam & A. Haque, Rad. Meas. (23-4) 1994

Measurement areatoalert :  Waiting area to measure

v

Continuous sampling

/&—

100 200 300 400 500

Time (min)

Po-218 ———Pb-214 ———Bi-214 & P0-214 = Pu-239

Example of nuclides activities evolution on a sampling filter
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Some examples of CAM — continuous air monitor
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ROI B

218pg 214pg & 212pg
7

Airbone aerosol a spectrometry ROI |
sampling measurement natural a
Background
estimation
ROI Gross a Background Net a
artificial a 239py, 241Am, etc. substraction

IRSHN

Activity
concentration

Alarm

Report




ROI B

218pg 214pg & 212pg
7

Airbone aerosol a spectrometry ROI |
sampling measurement natural a
Background
estimation
ROI Gross a .| Background Net a
artificial a 239py, 241Am, etc. substraction

IRSHN

Activity
concentration

Alarm

Report




Nuclear detector

Airbone aerosol |
sampling |

Filter

VAVAVAVAVAY
Air sampling

<___
<___
.<.--.
<___

IRSHN



1 Inertial capture
2 Diffusion capture
3 Interception capture

BES 10kV- WD6
Sample

IRSHN

»

SEN

Total efficiency
bt 4

—— @
MPPS = 0,1 um Particle diameter

Total efficiency




19.333um *

1 Inertial capture ; B i S8 a il 4

) i 5.844m ’ Todziume RS rf s ici
2 Diffusion capture c , ’ =3 12.060Hm - - Total efficiency &
3—nterception-capture ; \,/,/_/A31,270um

1l5.405um %1 0,000um
> 3 L

! ’ \’%‘7\9,895pm T E m ' g g
V;&ﬂmimum" Sl L > })}\n Y @ 3 Particle diameter
- ' , \éﬁ‘zo.ﬂapm - 21,967

¥ E8:160um

’ B e 2 -
,-_3‘ . - v &
720.7580m - = e |
\/> } : Total efficiency *
$ . g . 1 ° -
. . -

~ <.

Membrane

BEC 15kV ."WD10mp S$50° * X500 1 5O 00— Speed
Sample _ / : 2 . 0 Jul 24, 2015
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Measuring radioactivity in the air - Metrology of aerosol contamination
The specificity of radioactive aerosols emitting a

a activity - emerging a activity - gross a activity, equivalent to xx

Membranous filter Fibrous filter

Nuclear counter

Nuclear counter

a
::LF'E rsr;i:rc]z:?:e PY ® o Fiber structure
AP N AP N
€ N\
>
€ 7 'z
veg

Ad#.571vVv&DAMA
AMAD : activity median aerodynamic diameter
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T. Geryes et al., Rad. Prot. Dos. (144-14) 2011

Aerosol depth penetration in media & impact on measurement

Illustrative example with a fibrous filter GeoDict illustration

Under-estimation between 1,3 and 2,2 !

¥
Surface filtration
2,0
2
[s]
&
2
[v]
@
5 1,0
o
0,5
0,0 v ' L L] v A v v L v \ ' ¥ T v v ¥ v L L v v v 1] L v v T 1 Ls L T T
0,0 0,5 1,0 1.5 2,0 2,5 3,0 3D 4,0

Dust loading (mg.cm?)
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T. Geryes et al., Rad. Prot. Dos. (144-14) 2011

Aerosol depth penetration in media & impact on measurement

Illustrative example with a membrane filter Illustration

20
Depth Surface filtration Clogging
filtration

Correction factors

0’0 M ' 9§ L M ’ i v ' ' % ¥ L L T Za ' ] B B L ' ' SR TS | .
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0

Dust loading (mg.cm?)
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Fibrous filter Vs membranous filter for alpha spectrometry

[llustration of a measurement on a €569 filter (fibrous) and a FSLW filter (membranous)

=== C569 Pu
—— FSLW Pu

o
I

---- Detector energy window Alpha

o
w

---- Detector energy window Beta

o
N

Taux de comptage normalisé

o
=

o

Energie (MeV)
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Detection upgrade

0.01 Emission angle probability ] Grid impact on the nuclear measurement
. r T T T T
—— Without grid ‘
0.009 ——— With grid 0.9r i
0.008 0.8 a
0.007 0.7 a
0.006 T 06 -
5
L >
0 0.005 . ©05f .
X 5
0.004 Z04F ]
0.003 03 a
0.002 0.2 a
0.001 0.1+ \ .
0 1 L ] 0
0 10 20 30 40 50 60 70 3.5 4 4.5 5 5.5 6 6.5
Emission angle (°) Energy (MeV)
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ROI B

218pg 214pg & 212pg
7

Nuclear detector

Air sampling

IRSHN

Airbone aerosol a spectrometry ROI |
sampling measurement natural a
Background
estimation
ROI Gross a .| Background Net a
artificial a 239py, 241Am, etc. substraction

Activity
concentration

Alarm

Report




CAM general principe — nuclear measurement: a spectrometry
Continuous Air Monitor

—> ROIB >

> 218pg 214pg & 212Pg N Activity
! concentration
Airbone aerosol a spectrometry - ROI |
sampling measurement “| natural a Alarm
Background
estimation Report
ROI Gross a Background Net a
—> e —> > N e >
artificial a 239py, 241Am, etc. “| substraction

Nuclear detector

VVVVYYYVYY
Air sampling
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CAM general principe — nuclear measurement: a spectrometry

Continuous Air Monitor

1800 -
_/ ROI B
—> ROIB > ROl a artificial ROl a natural
1200
=
Airbone aerosol a spectrometry - ROI | §
sampling measurement “| natural a o0 214pg
239py 218p ‘l’
281Am \l, j\
5 ROl A L P
Gl e 0 1000 2000 3000 4000 5000 6000 7000
Energy (keV)

VVVVYYYVYY
Air sampling

IRSHN

G. DOUGNIAUX — EUROPEAN SUMMER SCHOOL — RADIATION MEASUREMENTS AND RADIOCHEMISTRY IN ENVIRONMENT AND DECOMMISSIONING —

STRASBOURG 1-5 JULY 2024

30




CAM general principe — nuclear measurement: a spectrometry
Continuous Air Monitor

—> ROIB >

> 218pg 214pg & 212Pg N Activity
! concentration
Airbone aerosol a spectrometry - ROI |
sampling measurement “| natural a Alarm
Background
estimation Report
ROI Gross a Background Net a
—> e —> > N e >
artificial a 239py, 241Am, etc. “| substraction

Nuclear detector

Reglon q-rtiilcls | Régian acaatusels

W v o
Airsampling  ~  § B ey (kev)
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ROI B

218PO, 214PO & 212Po S
Airbone aerosol a spectrometry ROI |
sampling measurement natural a
Background
estimation
ROI Gross a .| Background Neta | J
artificial a 239py, 241Am, etc. substraction i

Activity
concentration

Alarm

Report

Nuclear detector

Vv v

Air sampling

i 0 0 am S0l e
Enerey (keV)

IRSHN




= ROl artificial a
+ ROl natural a —218po

A ROl natural o —214Po
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—>  ROIB >
Activit
218pg 214pg & 212pg S v
concentration
Airbone aerosol a spectrometry - ROI
sampling measurement natural a Alarm
Background
estimation Report
ROI Gross a .| Background S Net a J
Q@m0 rd . B
artificial a 239py, 241Am, etc. substraction i
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How the activity measurement is done?

| I |

B I a-artificial I a-natural I

2 pie >ie >
| | |

| I |

| | |

| | |

| | |

| I |

| | |

| | |

| | |

| I |

| | |

| | |

| | |

| I |

| | |

| | |

| | |

| I |

| | |

' oal \ '

| /\ | |

1 - - - b ameetcntt s e 4

0 1000 2000 3000 4000 5000 6000 7000 8000
——Experiment ——Simulated Pu-239 peak
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A.Justus, Health Physics (120-4) 2021

How the activity measurement is done?

I I I

B )| ocartificial | 1 a-natural | Option 1: 4-ROI algorithm
| 1 ROI2 ROI4 |
:: : erlemsm— : ROI1 ROI3

(04
(o | i ROIZ * ROI4
' ' ' = ROI1 = const X ROI2 X mo
: : : = cons ROI4
: : : _ ROI3
: : : = TRU = ROI14p45s — K X ROIZ
[ I I
I I I
i I I
i I I
[ I I
I I I
i I - l I
0 1000 2000 3000 4000 5000 6000 7000 8000
——Experiment ——Simulated Pu-239 peak
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A.Justus, Health Physics (120-4) 2021

How the activity measurement is done?

| | |

B )| ocartificial | 1 a-natural | Option 1: 4-ROI algorithm
I 1 ROI2 ROI4 |
:: : »>lerle T > : ROI1 ROI3

(0.8
| ROI1 | i ROIZ ~ ROI4
' ' | = ROI1 = const x ROIZ X o>
! : ! - cons ROI4
: ! : ~ ROI3
| ! | = TRU = ROI1 055 @ROIZ
| | |
1 1 1
| | |
| | |
| | |
1 1 1
i I - l I
0 1000 2000 3000 4000 5000 6000 7000 8000
——Experiment ——Simulated Pu-239 peak
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G. Hoarau et al., Health Physics (122-5) 2022

How the activity measurement is done?

|
a-artificial I o-natural

[
»

i ROI2 ROI4
""" ROI3

Option 1: 4-ROI algorithm

A 4

A

ROI1 ROI3
ROIZ X ROI4

A

P«

ROI1

ROI1 t X ROI2 X ROIS
=3 = I
cons ROI4

ROI3
= TRU = ROI14.4¢5 — const X ROIZ X ROIA

= TRU = ROI 14055 — K X ROI2

In grey, a measurement with a deposit of 7 mg of
alumina aerosol

= Kclean ia Kdirty

‘M
0 1000 2000 3000 4000 5000 6000 7000 8000

——Experiment ——Simulated Pu-239 peak

I R S N G. DOUGNIAUX — EUROPEAN SUMMER SCHOOL — RADIATION MEASUREMENTS AND RADIOCHEMISTRY IN ENVIRONMENT AND DECOMMISSIONING —

STRASBOURG 1-5 JULY 2024



G. Hoarau et al,, Patent FR 3110709, 2021
G. Hoarau et al,, Health Physics (122-5) 2022
G. Dougniaux & G. Hoarau, Rad. Pro. Dos. (199-18), 2023

25
False negative zone
Event hidden in the background

Option 1: 4-ROI algorithm

o
(=)

TRU = ROI1g4s5 — K X ROI2

true a # estimated a*

i

Knowledge on aerosol properties

DAerosol A A Aerosol B ¢ Aerosol C @ Aerosol D

o

Estimated a”

3 I ¢
- ? = False positive zone ,
=1 % Background considered 0.8
= 1% Background zone i asanevent + + %} : % I % 7
- 3 = [ ]
0 5 10 15 20 25 ] {ﬁ’? ff 1 $

True a* 0.4 .ﬁ, ? %@@ i
.......... [llustration of an alarm threshold ~ ------ Equality line rﬂm%%j; g i 0g
———- Dispersion of the measured values

0 5 . 10 15 20

Mass of aerosol sampled by the CAM (mg)
Fig. 6. Evolution of the K parameter related to the particle mass sampled for the non-radioactive aerosols A (CJ), B (&), C (%), and D (@).
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G. Bortels & P. Collaers, ARI (38-10) 1987

How the activity measurement is done?

1 I [
B I a-artificial I a-natural I Option 1: 4-ROI a|gorithm

| | |
| ! ! Option 2: tail & peak-fitting
| | |
| | |
: ! :; 1) Peaks shapes have to be
: ! ! constant
: ! ! 2) Need a good statistic to
: ! ! perform the fits
| I |
| | |
| | |
| | |
| I |
| | |
| | |

\ | I - ‘ { I

0 1000 2000 3000 4000 5000 6000 7000 8000
——Measure ——Fit
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IRSHN

o B B o
ZZZRH—) R 214B1—> 214P0—)210Pb
164 ps

o B B o
22°Rn—> N 212B1—> 212P0—> 208Pb
300 ns

ZZORn
o Short Yes
coincidence
time icial
— Artificia
B I No 3
Long
= delay =9 coincidence
time Yesy 222p

R. Mattson et al., Rad. Prot. Dos. (63-2) 1996

Option 1: 4-ROI algorithm
Option 2: tail & peak-fitting

Option 3: ABPD
Alpha-beta pseudo coincidence

Supress = 25% of radon events



Gigantic BDD

IRSHN

Spectrum

Conv1

Conv2

Conv3

Y

Specific neural network

Spectra acquired in IEC standard conditions

Output

a activity

G. Dougniaux & J. Baccou, CFA 2023

A. Roblin et al. To be published

Option 1: 4-ROI algorithm

Option 2: tail & peak-fitting
Option 3: ABPD

Option 4: |IA

Spectra acquired in dusty conditions

Amazing results not yet
published from A. Roblin,
PhD student

Algorithm Accuracy Precision Recall Algorithm Accuracy Precision Recall
1A 100.00% 100.00% 100.00% 1A 99.74% 99.92% 99.56%
4-ROI 99.82% 99.96% 99.68% 4-ROI 62.22% 57.17% 95.02%




INSTITUT DE RADIOPROTECTION
ET DE SURETE NUCLEAIRE

RADIOACTIVE AEROSOL
METROLOGY

Monitor performance tests




= Alpha activity concentration (Bg/m3)

Display

= Beta activity concentration (Bg/m?3)

Air inlet
= Radon activity concentration (Bg/m?3)

Analyses &
treatments

Detector

Filter

Air outlet

IRSHN

Static test

* Flow
Background
Dead time
Solid sources
= Leak

= Surcharge

NENNRNAN

How about dynamic tests?



Display

Air inlet

Analyses &
treatments

Detector

Filter

Air outlet

IRSHN

Aerosol retention before the detector

Aerosol distribution on the collection filter
Aerosol depth-penetration in the collection filter
a self-absorption in the filter / deposit
Radon/thoron influence on the measurements

Algorithms performance



M. Ammerich, Report CEA-R-5484, 1989
M. Guelin, Report CEA-R-5636, 1990

. . . P.Z , JRNIST (95-2) 1990
Experimental installation : ICARE tests bench etwoos, JRNIST (95-2)

IRSN — Saclay — France

Tests in accordance with NF EN ISO/IEC 17025
Cofrac 1-1243 accreditation
ASN authorisation FO05031

Veine ICARE

Baie de
contréle

Voie artificielle

Voie naturelle

Voie gaz

I R S N G. DOUGNIAUX — EUROPEAN SUMMER SCHOOL — RADIATION MEASUREMENTS AND RADIOCHEMISTRY IN ENVIRONMENT AND DECOMMISSIONING —
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Strandard aerosol dimensions

Probability

'y
Artificial nuclides

Radon progenies

——p Attached
/ fraction (80%)

Free fraction
(20%)

Working zones

Environment

Coarse aerosol

0,4 um 4 um

5n 0,2 um
10 102 10~ 1 10
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Efficiency response for monitor #2
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G. Hoarau et al. CFA2019
G. Hoarau, PhD thesis, 2020

Experimental installation : ICARE tests bench — example with Rn + coarse aerosol test
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G. Hoarau, PhD thesis, 2020
G. Dougniaux et al. Report IRSN SCA/2015-55

Experimental installation : ICARE tests bench — example with Rn + coarse aerosol test
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G. Hoarau, PhD thesis, 2020
G. Dougniaux et al. Report IRSN SCA/2015-55

Experimental installation : ICARE tests bench — example with Rn + coarse aerosol test
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G. Hoarau, PhD thesis, 2020
G. Dougniaux et al. Not yet published

Experimental installation : ICARE tests bench — example with Rn + coarse aerosol test
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Do not hesitate, sometimes | answers
gregoire.dougniaux@irsn.fr

1 - What is an aerosol

2 — How a radioactive airborne contamination can be measured
= Continuous Air Monitor CAM

= Filtration

= Algorithms

» Detection limits

3 — CAM tests: ICARE tests bench
= Behaviour in standard conditions
» Performance in complex situation, case of decommissioning site

4 — Numerical twins
» Neural networks (IA algorithms)
= Aerosol numerical model + radiation transport simulation
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IRSHN

IRSN IS THE PUBLIC EXPERT

ON NUCLEAR AND RADIOLOGICAL RISKS
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radioactive materials,
radioactive sources.

Against the risks associated
with ionizing radiation.

Operational support
capacity.
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hours of training

POST-DOCTS

DOCTORS OR PERSONS
QUALIFIED TO LEAD
RESEARCH

MORE THAN 100 TRADES

Researchers and engineers in biology,
biochemistry, geology, chemistry,
thermodynamics, mechanics,
neutronics, IT, radiation protection,
doctors, agronomists, veterinarians,
technicians in biology, biochemistry,
radiation protection, modelization ...




3 areas of expertise

HEALTH AND THE

ENVIRONMENT NUCLEAR SAFETY SECURITY

IRSN is active in 3 areas : IRSN conducts studies, IRSN provides assistance
monitoring the research and assesses and technical support in
environment, the the safety of nuclear the field of sensitive
population and the facilities and the activities

workers in normal, transport of radioactive

incidental and materials,

accidental situations,

expert assessment and
research.
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Activity concentration: natural Vs artificial

Radionuclide LPCA Usual AMAD Usual concentration
Bq/m3 #/m3
010

222Rn + progenies
239py 0,18 0 .

237Cs 1200 5 0,1

LPCA : practical limit concentration in air = engaged dose of 20mSv over 2000h
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|IEC 60761 2" Ed:2002 - NF EN 60761 march 2005
Equipment for continuous monitoring of radioactivity in gaseous effluents

» part 1: General requirements

= part 2: Specific requirements for radioactive aerosol monitors including
transuranic aerosols

= part 3: Specific requirements for radioactive noble gas monitors

= part 4: Specific requirements for radioactive iodine monitors

= part 5: Specific requirements for tritium monitors

|IEC 61578 1stEd:1997

Radiation protection instrumentation - calibration and verification of the effectiveness of
radon compensation for alpha and/or beta aerosol measuring instruments - test methods



Type tests - Series 60761, parts 1 to 5

] Static tests

» Flow rate, leak tests, ...

» Background

» Detection efficiency with solid sources

(Repeatability-reproducibility, saturation tests, influence of other radiations, ...)

| Dynamic tests in real operating conditions (with aerosols)

» Reference response: monitor indication versus reference activity

» Linearity of the response in function of the activity concentration

» Response time in function of the activity concentration

» 222Rn: influence on the artificial measurement and effectiveness of the compensation
» Head collection efficiency: in function of the size of the aerosol, flow rate, ...

COFRAC accreditation for 12 tests
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