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A FEW WORDS ABOUT LNHB

Laboratoire National
Henri Becquerel

Paris
LNHB, SOLEIL

Atomic and Alternative Energy Commission (CEA)
French Metrology Institute (LNE)

In charge of radioactivity standards (Bq, Gy)
Activity laboratory (Bq): 21 permanent staff (4 phDs — 1 post-doc)
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RADIOACTIVITY METROLOGY AT LNHB

» Goal: Develop and disseminate national radioactivity standards adapted to
users’ needs

* Means: measurement equipment's, radiochemistry, sources preparation,
Monte Carlo simulation, redundant methods

* Proficiencies: specific know-how, experience, tradition

Neutron flux
Monochromatic X-ray source

Development of software

BETASHAPE
COLEGRAM

ETNA
etc

TDCR counter

(Liquid Scintillation o :
Counting) 4w B-y coincidence counting Cryogenic detectors
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Presentation [ | Je rvices - R&D Activities

Visit the lab L NHB'products and serviees Research and Development at LNHB
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= Working Groups.
Nuclear data " News Conferences & publications
' Qur periodic table Follow us Our conferences and publications
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LNHB Web : http://www.Inhb.fr/en/

Atomic and Nuclear ¢

Many applications, such as applied research or detector calibration, require knowledge of the atomic and nuclear data that follow radioactive decay, e.g.

half-life, decay modes and branching ratios, the energies and intensities of the various emissions, etc.

In order to provide wusers with carefully recommended data, an
international working group (Decay Data Evaluation Project, DDEP) was
created in 1995 The update of the recommended data pages is
performed by the Laboratoire Mational Henri Becquerel.

Below are the tables of recommended data for more than 200
radionuclides with detailed comments describing how these values were

chbtained.

Tables of recommended data

DDEP Evaluations

More specifically for users of alpha and gamma spectrometry, we have
also developed Nucléide-Lara.

The online application makes it possible to consult and query the decay
data for more than 400 radionuclides (half-life, decay mode, emission
energy and intensity, decay schem

Mucléide-Lara Application

Practical tool
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Laboratoire National

LNHB

Henri Becquerel

NUCLEIDE LARA:
http://www.Inhb.fr/nuclear-data/module-lara/

W

Hide fshaow main pane

Mucléide - Lara

Library for ggamma and slpha emissions

133Ba - Emissions and decay scheme

Muclide list:

Muclide, element or
mass number search:

or
{e.g.: 57Co, Co-57, Co, 57)

Energy threshold (keV): _
Intensity threshold () | |
Coincidence thresheld (%) _
Show y-7 coincidences
Sort by decreasing intensity
Display:

Datz Tools
Emissions: X Gamma

Emissions Scheme
Alphs

Language: @®EN (D ED (FR

Show all data |l Show scheme onby

Muclide search criteria

Decay mode: FE"z EET B
[((C)And @ Or () X0r)
Emissions: X [@Gammz [FJAlphz
Energy 1 (¢ 25

|+-| | kev
Energy 2 (or ranzgl: @ And
| J=-| KV 1 or
Energy 2 (or rangs):
| |- | kew
Intensity range:
| |- | =
Mass range:
| |- | u

Atomic number range:

Half-life range:

| Data | Tools | emissions | scheme

Element: Barium (Z=56)

Dsughter(s): C5-133 (= 100%)

Q" 517.3 ke

Half-life (Ti): 10.539 (6) a =332.58 (19) 10 =
Diecay constant (A 2.0842 (12) 109 571
Specific activity (Am}: 9.437 (5) 1012 Bq.g’
Reference: KRI - 2015

Diata and emissions file (ASCI text format): Ba-133.1ara.ot

Activity 2 Mass conversion: |‘1E|E{l |Elq |'I O5E-10
Decay calculstion: caloulation step(s)
®: 1= =[1o54m1 |=[roseer [z v

E

Caoincidence threshold: 10%
Emissions (14 lines) sorced by decreasing intensity

Ot o T Joe
Nuclide  (TH) Aft,] Alty)

133p; (10533 a}|'|:|c|c- | [500 | [0.5752525 |2a

Emissions

4 67355 (-) 15.87 (28) X C=
3E3.8485 (12) 2.94 (6) ¥

Ererey (ke Intensiey 39 Tyme Qim0 e e e
30.9731 (-] 62.4 (73 Pear s

356.0129. (71 62.05 (19) ¥ =133 4 1 B0.S980{I=437.0100)

30.6254 (-] 33.8 (4} My O

£0.9373 (11 33.31 (300 ¥ 1331 0 3550130 (T=437.0100)

302.3508 (5) 12.21 (113 v Q2133 3 1

35.053 (-) 12.24 (29) ¥ Ce
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OUTLOOK

Radionuclide decay data and efficiency calibration

* Efficiency calibration in the energy range from 20 keV to 120 keV
* Radionuclide decay data

Low-energy spectra main features

* Full-energy peaks shape
* Scattering

* Escape peaks

* Self-fluorescence

Self-attenuation
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Radionuclide decay data and
efficiency calibration




EQ!SC_E RADIONUCLIDES OF INTEREST IN THE LOW-ENERGY RANGE

* Environmental monitoring (*1°Pb, noble gases)

* Nuclear fuel cycle control (ores, reprocessing solutions,
monitoring of nuclear materials, etc.)

* Reactor dosimetry (°3™Nb, 103mRh)

* Medical applications (diagnostic, therapy)

* Fundamental research (astrophysics, X-ray applications)

°*  Some radionuclides of interest

NN

241Am (59 keV)

210pPp (45 keV)

129|’ 133|’ 133X e

L X-rays of actinides (10 keV — 20 keV)
X-ray emitting radionuclides (**™Nb, 193mRh) (17 keV -23 keV)
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CARNOT NIV )
19 . e BERES




EFFICIENCY CALIBRATION WITH STANDARD SOURCES

Photon emission intensities measurements and efficiency calibration
directly linked:

N(E) _
eE) = ) tl_[C E)= 7~ E(E) tnc

N(E): Net peak area

A: source activity

I(E): photon emission intensity
t: counting time (live time)

Ci: corrective factors

Efficiency calibration in the energy range 20 keV — 80 keV

Few radionuclides for calibration
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Ceatech

TE 18 EFFICIENCY CALIBRATION WITH STANDARD SOURCES

Photon emission intensities measurements and efficiency calibration

directly linked:

(E) =

N(E)

129|

210pp
133Ba
241Am
109C(d
113G9n
137Csg
139Ce

166mHO

Efficier

Few ra

C;
A-1(E)-t 1_[

Energy of y-rays

(keV)
39.6

46.5

53.2 - 79.6+81.0
59.5
88.0

80.6

29.5-29.8

30.6 - 31.0

22.0-22.2
24.0 — 24.2
31.8-32.2
33.0-33.4
48.2 -49.1

33.7-34.5

35.1-35.9

25.0-25.5
27.3-27.9
36.5
37.9 - 38.8
55.7 - 57.3

IE) = 7= e(E) n HC

Energy of Ka | Energy of K
X-rays (keV) | X-rays (keV)
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Efficiency

EFFICIENCY CALIBRATION WITH STANDARD SOURCES

Efficiency calibration with point sources + mathematical fitting
* (log-log polynomial — covariances)
E > 120 keV: 0.5 %
5 keV < E < 120 keV: 2 %
Nl ) i o (at best)
2.0E-3 - IHHI + {I
Fh |
el | ..
q i
| o
. Systematic deviations
10E'3 ! I ! | ! I ! | ! I ! | ! I ! | ! I ! | '
10 30 40 50 60 70 80 90 100 110 120
Energy/keV

BmINSTITUT =
CARNOT NIV )

112 o M ey R




EFFICIENCY CALIBRATION OF HPGe DETECTORS

1.1E-2 4
1.0E-2 4
90E3 1 \
> 8.5E-3 Maximum of the
S  8.0E-3 4 .. o
& 75E3- Y efficiency calibraiton
(&) - =D .
£ 6.5E-3- G2 curve depending on
2.4E-3 .
5 e —G3 the detector size and
QQ ) - -
S 20E-3- Si composition (dead
o 1.8E-3 |a er
2 1.6E-34 yer)
¢ T
T 4.0E-4- Not well known
(Use Monte Carlo
2.0E-4 - simulation?)
T T T T v T T T T T T T T 1
0 20 40 60 80 100 120 140

Energy (keV)
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RADIONUCLIDE DECAY DATA .
109
100%
45 Cd 0
4619 (4)d
, / £ (%)
* DDEP evaluation: example 19°9Cd
(keV] & 100
LNE — LNHB/CEA Table de Radionucléides 2.7 88 0344 ey’ i
7=
Stable 2 l z
108
47 Ag
Q% =2155 keV
. Cd
48 61
1 Decay Scheme
Cd-109 decays by electron capture to the isomeric state (88 keV) of Ag-109.
Le cadmium 109 se désintégre uniquement par capture électronique vers l'état isomérique de Uargent 109
(88 keV).
= 2] ;




Laboratoire National

LNHB

Henri Becquerel

RADIONUCLIDE DECAY DATA

This evaluation was first completed by E. Schénfeld in 1996, and was completely reviewed by M.M. B¢
in November 2014. New half-life and y intensity measurement results and improved calculations of the

'Cd - Comments on evaluation of decay data

by ML.M. Bé, E. Schinfeld

internal conversion coefficients were included.

5. Photon Emissions

5.1 X-ray Emissions

The total KX- ray emission intensity is (assuming there is no EC transition to the ground state):
Ty = ex Py + [ /(1 + a)]} = 100 %= 102,2 (9) Y.

The measured values of the ratio fgy / I, are summarized below and compared with the value deduced

from the decay scheme parameters.

Tyl I, Reference
1 IZE(MW Wapstra and van der Eijk (1957Wa05) - outlier
2 26,2 (6) Leutz et al. (1965Le06)
3 222 (6)" Jansen and Wapstra (1966Ja01) - outlier
4 291 (10) Freedman ef al. (1966Frl2)
5 30 (4) Foin ef al. (1968F003)
] 26,2 (5) Campbell and McNelles (1972Cal6)
7 27.0(3) Dragoun et al. (1976Dr07) — superseded by 1979P104
) 273 (6) Plch et al. (1979P104)
9 2734 (27) Hoppes and Schima ( 1982HoZF)
10 27.9(4) Egorov ef al. (1989Eg*#)
11 27.7(5) Unweighted mean
12 27,25 (29) Weighted mean; reduced-y” = 2.4 : Crit. 3~ = 2.8
13 27,92 (45) Present evaluatmr_l using the above equatidy together with the
adopted values of @y, Py, oy, arand [y

2.4% relative difference

M INSTITUT
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X-RAY EMISSION INTENSITIES

K X-ray emission accompanies atomic relaxation consecutive to a vacancy
created in the electronic K shell either by electron capture or internal conversion

(24’¢

. [, — 9K
Internal conversion  Ixk = 377 -

Electron capture Ixk = wg Peg

IXK
IXK+IAK

K Fluorescence yield: wg =

l\: K X-ray emission intensity
|\« K Auger electron emission intensity

Py: Probability of the gamma transition } Balance of the decay
Pe,: Probability of electron caputre in K shell scheme or calculation
wg. Compilation from Schonfeld (compilation)

ag, ar. Internal conversion coefficients — Theoretical calculation (Brlcc code)

2008Ki07 T. Kibédi, T.W. Burrows, M.B. Trzhaskovskaya, P.M. Davidson, C.W. Nestor, Jr.
‘Evaluation of theoretical conversion coefficients using Bricc' Nucl. Instr. and Meth. A 589 (2008) 202-229

B INSTITUT
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X-RAY EMISSION INTENSITIES

° X-ray emission intensities are often derived from calculation — Relative
standard deviation > 2%

* Relative standard deviation of K fluorescence yields: 2%

* Example of germanium: recent measurement and calculation of K fluorescence

yleld ) . A Compilations
Germanium K Fluorescence Yield
@ Present result

0.60
0.59 T ¢ Experimental
values

0.58 B Theoretical

T (Lisbon)
0.57
0.56 L

} Bambynek

0.55 — @--—----; - )

) + 3 o, = Relative
0.54 + 1 .

¢ s ° difference > 4 %
0.53 - I e ————————
0.52 A | Schonfeld
Hubbell

0.51
0.50

Approaches for theoretical and experimental determinations of K-shell decay rates and fluorescence yields in Ge

J. M. Sampaio, T. |. Madeira, J. P. Marques, F. Parente, A. M. Costa, P. Indelicato, J. P. Santos, oy b T
M.-C. Lépy and Y. Ménesguen, Physical Review A 89, 012512 (2014) 117 o« MEysm B L



Low-energy spectra
main features




!-QESCE EXAMPLE: DOUBLE PEAK AT 79-81 keV (**3Ba)

Energy range 15 keV — 100 keV

N-type HPGe detector (coaxial)

N-type HPGe detector (planar)
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I3 FULL-ENERGY PEAKS FITTING

N N(E)
eB) = o I1(E) - tl_[C or A= T1E) @) tnc

Quantitative result directly linked to the full-energy peak area
Direct impact on the final uncertainty

Determining the net peak area may need specific processing

Dedicated processing taking into account:

Full-width at half maximum versus the energy;

Overlapping;
Natural width of incident photons;
Scattering effects.

BINSTITUT
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list ENERGY RESOLUTION

Ceatech

Photon emission initially monoenergetic, but at the detector level,
widening due to:

Energy drifts

Gaussian effects
Fluctuation of the number of charge carriers,
Preamplifier and shaping (electronics) noise,

Non-gaussian effects
Collection of the pairs charges (mobility of the electron/hole)
Pile-up

In spectra: 'peaks’ with defined width and shape more or less
symmetrical

First approximation: Gaussian shape

BINSTITUT .
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ENERGY RESOLUTION: GAUSSIAN DISTRIBUTION

Distribution centered on energy E, with standard
E deviation o

FWHM (full-width at half-maximum): AE
o and AE are linked: AE = 2.355¢

Counts

Energy resolution characterizes the ability of the

Cr2 spectrometer:
* to separate peaks with close energies (resolving
power),
cro | | e and to reach low detection limits.
C/50 1oc--—--=
EWHM, | Energy
+—— FWTM —! : ;
FWTM (Full Width at Tenth of Maximum)
T PWRM e FWFM (Full Width at Fiftieth of Maximum)
GE)=A- (E — Eo)z For a Gaussian peak (ideal case):
— AP\ T o FWTM / FWHM = 1.82
FWFM / FWHM = 2.38
Peak area: S = V2w o -4 Information on the resulting peak shape, especially
on the low-energy part (left side) (charge collection
defects)

BINSTITUT .
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ENERGY RESOLUTION: FULL WIDTH AT HALF MAXIMUM

* Gaussian standard deviation depends on the photon energy, E:
6d2(E)=0f{+F -w-E
w= mean pair creation energy F = Fano factor

40000 -
35000 —
30000 —
25000 -

20000 -

Sigma“*2

15000 -

With w=2.97 eV —> F=0.103

10000 —

5000

. | . I d | b I . I
0 20000 40000 60000 80000 100000
Energy (eV)
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EXAMPLE OF PEAK PROCESSING (**3Ba — 79-81 keV)

Peak Information 4t

Position 80.3767 [ Fix
Background polynomial N ] Delete
1251.917 [ Fix

Beta Deak 1INU Amplitude
Beta DPeak 1IU — Width 0.16471 [~ Fix << Lo
Beta Peak ZINU = .
Beta Peak 2I0 I [Fix <<| Set |>>|
Beta Peak 3INU I- Fix Surface
Beta Peak 3IU0 [ Fix
Beta Peak Perm l- — |66477_43
Caussian Peak - d

[ Fix

Gaussian parameters:
Position: E
Amplitude: A
Standard deviation: o

Can be fixed or freely fitted

COLEGRAM, a flexible user-friendly software for processing of ionizing radiation spectra,
Y. Ménesguen and M.-C. Lépy, Nuclear Inst. and Methods in Physics Research, A 1003 (2021) 165341,
https://doi.org/10.1016/j.nima.2021.165341 mINSTITU
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18 X-RAY SPECTRA: Example around 20 keV

cea tef:L\

109Cd — Ag K X-rays %
* K X-rays: 2 groups "
v Kalpha 2,1 _ :
v Kbetal,2 £ = g
v Escape peaks 3 = . %
W | DV N

Energy (keV)

241Am — Pu L X-rays

° L X-rays: 3 main groups 1 3
/ Lalpha g 13:80 -:_ :
v Lbeta S D
v' Lgamma S N *

3
+ +
+
FE R,

?
C.

+ R
(§+ + +
4+
bR
{++4—¢—+|—++++
R L e
L SRR N
FH+++

Energy (keV)

M INSTITUT
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Relative intensity of K X-rays

X-RAY SPECTRA

2,05 = 2(
_ Ko/Ko2 _
154 41k
1,0—- — 1,C
- Kol(Ko+Kp) ]
0,5—- — 0,

KB/(Ko:+Kp)
00 — 1oc
20 40 60 80 100

Atomic number (2)

Counting

Counting

Kol+2 'vlg Ku1+2 CI 2 Mn
7=12 Z=17
K
05 10 15 20 25 30 35 0
K o Kul
K
Ag Nd o W
7=47 Z=60 =74
K
K K
K, e K,

n i . ¥y
20 21 22 23 24 25 26 27 28 3% 38 40 42 44 5 60 65 70
Energy (keV) Energy (keV) Energy (keV)
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X-RAY NATURAL LINEWIDTH

Photons = transitions between excited levels
Gamma = nuclear levels
X = atomic levels

Heisenberg uncertainty principle

AE . At > % (= 6.582 122 . 1016 eV.s)

At uncertainty of the life time of the energy level
AE uncertainty of the energy

Uncertainties on the energy levels of the transition — photon emission has an energy with
Y om

(15—150)2+(1“/2)2

uncertaitnty : finite line shape that is Lorentzian (I'): L(E) =

Gamma-ray line width = some 103 eV (maximum)
X-ray lines : some eV

Detector widening (Gaussian) : some hundreds of eV

B INSTITUT
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list

Ceatech

X-RAY NATURAL LINEWIDTH

Width of emitted X-ray: sum of width of the two levels of the transition

Element |Z K X-ray Level width Ka2 X-ray | FWHM X-ray
energy (eV) width (eV) (eV) linewidth
(keV) K L2 /FWHM
Nickel 28 7.45 1.44 | 0.52 1.95 155 0.013
Cadmium | 48 22.98 7.28 | 2.62 9.9 200 0.049
Plomb 82 72.80 60.4 6.5 66.8 350 0.19
Uranium | 92 94.65 96.1 9.3 105.4 415 - 0.25

For high Z elements, the natural linewidth is not negligible
compared to the energy resolution of the detector

Shape of emission lines : Lorentzian

Widening of the detector : Gaussian

BmINSTITUT =
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TELS X RAY NATURAL LINEWIDTH

Ceatech

Gaussina and Lorentzian Gaussina and Lorentzian

Lorentzian

Gauspian \ Lorentzian
Gaussian

JL

GAaussian \Voidt Peak = Lorentzian ®Gaussian
] (Voigt profile)
+oo
V(E)y=| L(EY-GE-E)-dE

BINSTITUT
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T3 X-RAY NATURAL WIDTH

Ceatech

——————

g

€

S 133Ba — Cs Kf3
Gauss function
Chi2 = 3.3

1%)

<

=

&

2

ks

)

e

Leboratoire National 336 34.1 34.6 351 356 36.1 36.6

LNHB Energy (keV) 120 P




. Counting

Relative residuals

Laboratoire National

LNHB

Henri Becquerel

X-RAY NATURAL WIDTH

Voigt shape

13888 -
1000 A
s
T T T T T T
344 348 35.2 Voigt shape 55 ¢ 36 36.4
Energy (keV). ~
37 +
+
L
+ + #+  +
2 L + +
+ o+ + + + ++
+ + o+ +y + . 'l . +
1_+ _-"_-# = ot A B :F +++I-#’+#*‘:+# . -;++*¢£’- + o+
N o ++++}.,,,,,¢+_:+ A +f-++‘to-_;_"£+ g # gt Lt
N e T S s o Fa T e L
Fo +++i+"§°*++ t+ ++++++:"-'o-4”+ LR R e e R
_1--.,,__,_ +++:":++II+++ N Bt ;-3-"'-+ v ""++"'"_;_"' -':':,, +"++o-
+ +t 4 +
A ++;"_'-_o- + T, . ++ L +*+ +*++ g "
N + + E + +
-2 -+ + + + + + + P L
+ + + 4+
34 + ** * *
* +
4
-5
-6
N
. . . . . . .
33.6 34.1 34.6 35.1 35.6 36.1 36.6

Energy (keV)

133Ba — Cs Kp3
Voigt function
Tabulated * values for I

Chi =1.65

*Campbell, J.L.,Papp,T,, 2001,
Widths of the atomic K-N7 levels,
Atomic Data and Nuclear Data Tables 77, 1-56.
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DETAILED PROCESSING OF SPECTRA

Example of processing of L X-rays of Pu (**!Am)

24LAm spectrum

= Gedeon_241Am_1Ms.spm

e

AT e

it
FHE - b gy
T i

1000 7

600

R T

M+MW+ ot

Counts per channel

+
wo

1001

E«M

13 18 23

Energy (keV)

fpe

Important for accurate
determination of
photon emission

intensities

.....

T uuT

FEREE

BmINSTITUT
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DETAILED PROCESSING OF SPECTRA

Example of processing of UO, spectrum in the 10 keV — 200 keV energy range
(enrichment: 5.2%)

238 —, 234Th—s 234pgM —, 234Pg —s 234
235U — 231Th_) 231pa
Spectra include gamma lines from different radionuclides

and X-rays from U, Paand Th

30000 +

25000 +

20000 4

Counts per channel

15000 +
M INSTITUT

10000 u
5000 @MJ
y L J
i |
CARNOT NNV

Energy (keV) « B  BRES




DETAILED PROCESSING OF SPECTRA

Example of processing of K X-rays of UO, (enrichment: 5.2%)
238(J —» 234Th—s 234PgM —, 234pPg —, 234

235 _, 231Th—s 231Pg

92.3 (34Th)

10000 -
: Important for

accurate
% 1000 _ determination
° of photon
8 Tt . .
£ 1004 *‘-} : emission
3 j

+ 1 intensities

10'5

l_

[ ~100 eV Energy (keV)
o~ 500 eV -&NASQINTC% université
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ESCAPE PEAKS

Effect consecutive to the photoelectric absorption: ejection of the
photoelectron is accompanied by atomic relaxation (rearrangement of
the electronic shells) with emission of X-ray photons characteristic of the

detector material (Ge, Si...)

Incident photon
(E = hv)

X-ray characteristic
of the detector
material

Photoelectron

Photoelectric
absorption

aaaaaaaaaaaaaa
aaaaaaaaaaaaaa
aaaaaaaaaaaaa
qqqqqqqqqqqq
4444444444
4444444444
4444444

B INSTITUT
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ESCAPE PEAKS

K binding energy of Ge: 11 keV

Below 11 keV: No escape

Above 11 keV :
Escape of characteristic
Ge X-rays

Counts per channel

Counts per channel

100000
50000

10000
5000

1000
500

100
50

104
51

14

Monochromatic photons 10 keV

T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000

Energy (eV)

Monochromatic photons 15 keV

10000 4
5000

1000 4
5004

100
504

E-GeKa
E-GeKp

T
10000

Energy (keV)

M INSTITUT
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ESCAPE PEAKS

If photoelectric absorption occurs close to the detector surface, Ge characteristic X-rays
may escape from the detector active volume — only part of the incident energy is
recorded:

— Escape peak(s) at E - E,
Ge:Ey,=99keV Ey,=11.0keV  (afew percent)
Si: Ey =1.74 keV (a few per thousand)

. . . Relative intensity of the escape peak to the main peak
» Escape effect in Ge is more intense 16
14_- \\ —— Kalpha
. . 1 il —— Kbeta
Smaller interaction depth, <127 \.\_\_\ —— Ktotal
. N
Larger fluorescence yield, "] \.t\_L
. . L g \
Larger energy of characteristic X-rays. S
2 6- \
11\
r \
2—- H"-u.\. \\r___._____
° 0 ?_IU I 4|0 ' SIO SIO 1(IJO
Energy (keV)

M INSTITUT
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SELF FLUORESCENCE (RARE)

Fluorescence induced in the source material by incident energies > binding energy of the
source material

Example : Nb dosimeter — activation -> 23™Nb and impurities (182Ta).

- Tantalus' torment

Niobium is from Niobé, Tantalus’ daughter (son of Zeus) in Greek mythology,
as tantalum, which was first discovered, is always mixed with niobium.

Decay of 182Ta (mainly K X-rays of W) induces photoelectric effect in Nb
— additional K X-rays of niobium superimposed
on K X-rays from the decay of %™Nb
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SELF FLUORESCENCE (RARE)

Neutrons

Activation in a nuclear reactor of

niobium dosimeter with Ta impurities
BNb-> 3MNb 181T4-> 18275

Photoelectric effect (photons from
182T3 decay) in niobium

X-ray spectrometer

Needs to calculate a corrective factor for this extra-counting
Monte Carlo simulation
Here, about 5% photons/ Bq 18°Ta
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SELF FLUORESCENCE (RARE)

Neutrons e B
e 7 1481 (13 d
B %) k&
L]
b \13 hé:h‘ié‘k\g‘?i§$ ﬁ?'& {ml’-‘jz‘\? P
0.1414 FET :
o S ﬁ‘?ﬁé“'ﬁ 1510.25
93Nb_> 93mNb 181Ta_> 182Ta - R%j\n | ¥ T T T O é"ﬁh {487 5048
0.563 &5
L y | 111 O Bmb oo 1442.826
15'?\9 | 11l 2 bv'?t?h@ﬂ?b?“&ﬁ?_' P
;5:\3 || | L1 f1s L] ] AR R 1331.1152
n_:__\u || IEEEEEEEEEEEE R PEPRS — 12891498 | 10
- Pt
LT I I N N S N | Bl 12574121
8 R
1 \5 - 1 I I I I 1 | | "\;"?QE:. 12214009
&
(I I I I A I I S . _ o & 1135.99
I S HE SN EEEE || | | & 620,43
: o
R S | L L B | ) Y Y Y 5 220.4268
Gy Y ¥ Yy i i 1 1 I ¥ soososss
2 1 ! ] 1 D Sistle
1ﬁW
Needs to calculate a corrective factor for this extra-counting
Monte Carlo simulation
Here, about 5% photons/ Bq 18°Ta
mINSTITUT
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SELF FLUORESCENCE (RARE)

Neutrons 3
50 000 o=
=
35 %é >
=2 NbKa = 3
93Nb_> 93mNb 181Ta_> 182Ta = g :_
s 2 = |
g = Nb Kp 1 3
| I
L,
e TR
“Lﬁf‘;&#ﬂ*&‘ry@ ,JW. gl wr”ﬂ ; L;ul - TL I
. ' I A
0 10 20 30 40 50 60 70 80 90 100
Energy (keV)

Needs to calculate a corrective factor for this extra-counting
Monte Carlo simulation
Here, about 5% photons/ Bq 18°Ta
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Scattering
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SCATTERING
Spectrum of 129

300000 -
T
= :
S Scattering « bumps »
© 100000~
) YuuuUU —
o ]
£ 700004
[ = J
3 50000
O -
30000~
_ Escape peaks 39.6 keV
+ /
10000 * \\¥
+ F
+
M +T+ e
+ +
+ Tttt +
"'|'+++++ + 00 +++++ * +H+ IE N TSI
I T T T T I T T T T | T T T T | T T T T | T T T T |
16 21 26 31 36 41

Energy (keV)

Position and intensity of « bumps » depend on energy
and on source-detector geometry
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1,00
SCATTERING
O 0,96
)
o 0,94 -
(&)
E & 0,92
EC - g 4 ~ =
1+ a(l—cosB) 50904 [v- 10 keV Wy g
Z0ss] [~ 20keV LS
) { |-=-30keV
©086- |-+ 40keV S
. o 50 keV R R, O
E= Energy of incident photon £084- | . gokev x\"\\
E.= Energy of scattered photon (Compton effect) T ;8 ::x £
- —-—— - “m
0 = Scattering angle 0,80 -
LA BN IR IR RN IR DL LA LA LA EENLE BN R
o= i 0 10 20 30 40 50 60 70 80 90 100 110 120
511 . o
Scattering angle (°)

This effect should be taken into account but depends on:
°* Energy range,
* Energy resolution of the spectrometer
* Source-detector geometry (+ shielding and environing materials)

J, Plagnard, C, Hamon, M,C, Lépy, 2008, Study of scattering effects in low-energy gamma-ray spectrometry,
Applied Radiation and Isotopes 66, 769773,
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EXPERIMENTAL STUDY

Goal : Determine the contribution of elements environing the radioactive
ource to the scattering bump

‘ Successive measurements withdrawing elements
around the radioactive source radioactive (1°°Cd) :

Tungsten collimator

S i ~aty
'iﬂﬁ-':l':""ulj | -',
il . 3 - 7

!

Detector = N-type planar HPGe
Active area = 300 mm?
Thickness = 10 mm
FWHM at 6 keV =170 eV

|_I:‘

Lk

1\ 4

|
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EXPERIMENTAL STUDY

Goal : Determine the contribution of elements environing the radioactive
ource to the scattering bump

‘ Successive measurements withdrawing elements
around the radioactive source radioactive (1°°Cd) :

Source without
plastic ring

Tungsten collimator

Detector = N-type planar HPGe
Active area = 300 mm?
Thickness = 10 mm
FWHM at 6 keV =170 eV

M INSTITUT
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EXPERIMENTAL STUDY

Goal : Determine the contribution of elements environing the radioactive
ource to the scattering bump

‘ Successive measurements withdrawing elements
around the radioactive source radioactive (1°°Cd) :

Source without
plastic ring
maintained with
wires

(no plastic drawer)

Tungsten collimator

Detector = N-type planar HPGe
Active area = 300 mm?
Thickness = 10 mm
FWHM at 6 keV =170 eV

M INSTITUT
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EXPERIMENTAL STUDY

Goal : Determine the contribution of elements environing the radioactive
source to the scattering bump

‘ Successive measurements withdrawing elements
around the radioactive source radioactive (1°°Cd) :

[ mylarfoils+ | [ I — -
— plastic ring + Speak
| GOUTCE AT |- oo oo e

Variation ¢f the

mylar foils +
,,,,,,,,,,,,,,, source drawer

"""""" mylar foils only 2
1000/ """""""""""""" """""""""""""" LONL """

20080000

Counts per channel

bjackground

; } 19 20 22 23

21
Energy (keV)

Detector = N-type planar HPGe
Active area = 300 mm?2
Thickness = 10 mm
FWHM at 6 keV =170 eV
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APPLICATION : EFFICIENCY TRANSFER

Experimental calibration using standard sources (LNHB)

Point sources
Volume sources :
Liquid in plastic container
(standardized geometries: SG15, SG 50 and SG 500)

Samples to be measured:
Volume sources :
different matrices in plastic container
Gaz in stainless stell containter

Efficiency transfer ?
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COMPARISON OF SPECTRA

Spectra recorded with standard sources:

24IAm: L X-rays + 59.5 keV

Z%Point source \ 241Am-50cm3

v |
N
1e+006 1 +
1e+006 1
2 2
EGOOOOO 1 | : + éﬁmmo 4
5 ’ g .
a +
0 + 9]
€ +  f = N
3 ¢ 3 g
100000 | Lok ) 100000 - rog +
00000 + T +: + ++ + F +++ ++ W -+
N ¢ + ++
W&} :f tﬁ: :i +++ & M + o #ﬁ W W": i .
L — e ‘
N—r" ~—
10 60 10 60
Energy/keV Energy/keV
Point source at 10 cm Volume source (50 cm3) at 10 cm

Scattering depends on the geometry
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MONTE CARLO SIMULATION

PENELOPE* code

Result : Energy deposition in selected “bodies”

Body 18 : source material (or Mylar® film)
Body 19 : container (or plastic ring)

(scattering angles around 7/2)

*Salvat, F. “PENELOPE-2018: A code System for Monte Carlo Simulation of Electron and Photon Transport”
Document NEA/MBDAV/R(2019)1, OECD Nuclear Energy Agency, Boulogne-Billancourt, France, 2019. Available from

:/lwww.nea.fr/lists/penelope.html.
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MONTE CARLO SIMULATION

Monte Carlo simulation for 60 keV photons
Point source at 10 cm

Full energy peak

1.E+6
*
1.E+5
Scattering at 90°
L1E+4 /
c Ge K escape peaks —», £
5 Ge K X-rays \’ LAY
T1E+3 N 7 ~
2 g st T
5 o s o‘,
SLE+2 AR v
N R
o oo
W o
1E+1 A LV ’.,gw,“‘”‘
' ¢ DR X5 A
1.E+0 T
3 13 23 33 43 53

Energy/keV
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Counts per channel

MONTE CARLO SIMULATION

Monte Carlo simulation : 60 keV photons
Point source at 10 cm from the detector window

1.E+6
- . . *
Blue: scattering in Mylar® foil
1.E+5
1.E+4
*
»"\0.
> %,
1.E+3 * l: 2‘
* M W
/w‘ &,
LE+2 +— N el
N\ 0’:0, #‘
*® U |
“‘oy‘ :"“ , ]
LE+ “o’o“,o”o. e tnnta S = h
. L2 . B 4
¢ e M E_. = | [ .
s 1™ o
] H N EE B [ ]
| ] H =
1.E+0 +—m—mam—n = B — - — T
3 13 23 33 43 53
Energy/keV
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SIMULATION DE MONTE CARLO

Monte Carlo simulation : 60 keV photons
Point source at 10 cm from the detector window

1.E+6

Blue: scattering in Mylar® foil

LEss Red: scattering in plastic ring

1.E+4

1.E+3 *

Counts per channel
L
\\

1.E+2 - f
N v o
qs’, “’:5‘ .ON ; me
o (”0! * !0" 3 "ol ..W ’ :. ‘?' h

1EH . o e NS . ® Sa. & i O

o0 .: .. ( J o 00 .... : [ ] Fl n [ | h

[ee | o 00 ° e o He H Il N
1.E+0 -+ . O

3 13 23 33 43 53
Energy/keV
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SIMULATION DE MONTE CARLO

Monte Carlo simulation for 60 keV photons
Liquid (H,O) in a 50 cm? plastic container at 10 cm from the detector window

1.E+6
*

1.E+5
D 1E+
G
- *
G .’“MM
‘g_l.E+3 o
%) . “M
c ~/
8 * S ‘é“
O 1.E+2 - - ““

J o\\ o\
P
» »
1.E+1 'e% +* ¢ .'."‘v"
. Vo et%e W oo
hd +*6 0’ * “0 *
*» * e 606 o0
1.E+0 .
3 13 23 33 43 53
Energy/keV
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SIMULATION DE MONTE CARLO

Monte Carlo simulation for 60 keV photons
Liquid (H,O) in a 50 cm?3 plastic container at 10 cm from the detector window

1.E+6
Blue: scattering in the plastic container .
1.E+5
D 1E+4
S
*
S ST o
g 1.E+3 >
% . M
= v
2 " P F il
O 1.E+2 o *» ““ ? .
4 N T
A
1E+1 m O:g . ¢ oa"’ J
' AN IR S
[ *®
| B | - M ““:"0 "‘0 * = '
HEE N » ¢ o 406 o HEEE B
H B 1] | | | H HEEEES
1.E4+0 +—=m—==nn5 . L | T T
3 13 23 33 43 53
Energy/keV
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SIMULATION DE MONTE CARLO

Monte Carlo simulation for 60 keV photons
Liquid (H,O) in a 50 cm? plastic container at 10 cm from the detector window

1.E+6
Blue: scattering in the plastic container
Red: scattering in liquid ¢
1.E+5
1.E+4
*
S

=
m
+
N

Counts per channel
H
m
+
w

1.E+1 -

Energy/keV
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SIMULATION DE MONTE CARLO
Monte Carlo simulation for 60 keV photons

1E+6 1E+6
. N . .
Blue: scattering in Mylar® foil Blue: scattering in the plastic container
Red: scattering in plastic ring Red: scattering in liquid ¢
1E+5 1E+5
g T 1Em
: . 5
*
§ . -§ Rons
@ 1E+3 * ’ @ 1.E+3
a o
g + ﬁ‘\ @ . /r’:: .
c F’ s * c
5 A . =1 - xw
§1E+2 > - 8 1E+2 X v
[§] A4 o -0
by s u -
‘w v “ P ’ He
1E4 . ¥ un—‘%*—‘—g‘—h#‘ o o~ S L I
| * E+1 -
.r AR T . ® : Ya - g
e oo e o | | F n .
+oll LN L] L [ L EEE
1.E40 : = 1.E+0 = - = . .
3 13 23 33 43 53 3 13 23 33 43 53
Energy/keV Energy/keV

Laboratoire National
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RESULTING SPECTRA

[¥ 4]
: L
5 Water R=1.5 em H=dem _Recording of all incident

energy (45 keV)

Recording of partial
incident energy following
Comton scattering in the
source material

10

1 H

0.036 0.038 0.04 0042 0.044 0.046 0.048
Energy (keV)
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HOW TO DETERMINE THE FULL-ENERGY PEAK AREA ?

241Am - Volume source (50 cm3) at 10 cm

1e+(
50000 =%
500000 |
1000C
- 500( 100000
E 50000
@ -
= £
< 100C2
g ; 0000
o 502
c E 5000
3 8
Q
10C
5¢ 000
500
1C
. 100
fel:] 34 29 44 43 54 59 64

Energy (kel)

Energy (keV)
Subtraction of a linear background ? Which limits ?

Gross: 5 444 932 —4 954 364 Gaussian fitting:

Gross: 5 748 933 —5 089 688 5276141
=B o0 Pane [




Self-attenuation
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Solid sample

Self-attenuation factor: F(E, m) =

Void
(transparent)

e(Em)
e(E,0)

Self-attenuation in a volume sample

For the solid sample, the number of
exiting photons is lower than the
number of emitted photons

Count rate for the solid sample
< count rate for a void sample
(R(E) < Ry(E))

B INSTITUT
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Self-attenuation in a volume sample

Intrinsic photon flux: 1, (What you wish to know to determine
the sample activity)

Exiting photon flux: I (What is recorded by the detector)

/ Only true for an
ial |
For a thin layer, with thickness de: dl, = = de homogeneous material !

0

This partial photon flux is attenuated 1y
through thickness e: dl = —--exp(—u-e)de

p: linear attenuation coefficient (cm)

For the whole volume with thickness x:

1 —exp(—u-x)
Hex

Iy (*
I = —f exp(—u-e)de =1, -
X 0

BmINSTITUT =
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Self-attenuation in a volume sample

Intrinsic photon flux: I, (What you wish to know to determine the sample activity)
Exiting photon flux: I  (What is recorded by the detector)

1—exp(—u-x
[=1,- p(—4 - x)
W x
1—exp(—u-x
Self-attenuation factor: Cy s = 'up.(xli )
Approximation for a thin source (u-x < 1):
1—u-x
1-— X - —_
I =1, —2“ Care 2

I\CNSTITCL)IT 2
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Self-attenuation in a volume sample

1 —exp(—p-x)
pex

Self-attenuation factor: Cy s =

If the measured sample is subject to attenuation and the calibration source is
not, a correction factor must be applied to the peak area that is : C "

_1: u-x
1 —exp(—p-x)

Cself = Catt

If both are subject to self-attenuation, the correction factor to the peak area of
the measured sample is the ratio of the self attenuation for each material:

1 [ Umes'Xmes
_ (Catt)mes _ l1-exp(—pmes*mes)] _ Hmes'Xmes 1—€Xp(—HUcal'Xcal)
Cself = -1 — Lol X - )
(Catt)cal [ cal”cal UcalXcal 1—€XP(—HUmes'Xmes)
1-exp(—HUcqlXcal)

Mes: measured sample
Cal: calibration source

B INSTITUT
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Self-attenuation in a volume sample

1 —exp(—p-x)
pex

Self-attenuation factor: Cy s =

Can also be used to compute the transfer factor from an efficiency calibration
established reference material to provide efficiency for measurement in
different geometry

€mes = €cal * fself

Thus the efficiency transfer factor is:

[1—exp(—l~lmes‘xmes)

f _ (Catt)mes _ UmesXmes _ _Hcal'Xcal 1—exp(—Umes " Xmes)

self — - - - . -

f (Catt)cal [1 exp(=Hcal¥cal) Umes'Xmes 1—€Xp(—HUcal'Xcal)
Hecal*cal

Mes: measured sample
Cal: calibration source
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SELF-ATTENUATION: GENERAL FORMULA

All possible trajectories for each point of the volume sample must be taken into
account —integration over solid angle and sample volume:

P(r,t) Sample

Detector

[, av [, exp(—u(E).e(7-£) - dQ)
[, av [, da

Cate =

Point P with position #, and emission direction ¢

e: path in the sample matrix

Add the container absorption and probability of
full-absorption of the photon energy in the
detector active volume

_l
CARNOT NIV
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SELF-ATTENUATION: GENERAL FORMULA

Taking into account probability of absorption in the detector:

P(r,t) Sample [, av [ exp(~u(E).e(7-©)-T(E,#¢)-P(E,7T)-dQ)

Catt = N N
J, av [, T(E,#,t)-P(E,7,t)-dQ

Denominator = « self attenuation » for a transparent sample

H(E): Attenuation coefficient of the sample material for energy E

e: Path through the sample
T: Transmission through absorbers (container, detector window, etc.)

P: Probability of full-energy absorption in the detector

Detector

BINSTITUT .
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list

e MONTE CARLO SIMULATION

Self attenuation can be computed using
Monte Carlo simulation

* General codes (GEANT, MCNP, PENELOPE, etc.)
* Dedicated software (DETEFF, EFFTRAN, GESPECOR, etc.)

Any geometry (including non-cylindrical symmetry)
can be considered

Can include scattering in the source and environing materials

Time-consuming? Dedicated sofware are optimized!

B INSTITUT
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SELF-ATTENUATION: EXAMPLES

Volume source at 10 cm

_ Self-attenuation depending on source matrix
1,0 PP PP —= 4
0,9 - T
0,8 -
c 07-
o) g
® 0,64
3 o
g 0,54
S 04l
o —=— Grass (D=0,363)
D 03- —=— Cellulose (D=0,2)
: —=— Water (D=1)
0,2 4 —=— HCI 6N (D=1,097)
o —=— Concrete (D=2,3)
0,0 -
! ! ! L ' ! ! L
10 100 1000
Energy (keV)
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SELF-ATTENUATION: EXAMPLES

Volume source at 10 cm (zoom)

Self-absorption depending on source matrix
1,0 H o i . ST & S .
0’9_ -/.___.——l/
0,8 /
= =
i) 1
5 06-
2 051
& .
5 047 —+— Grass (D=0,363)
@ 0,3 - —=— Cellulose (D=0,2)
1 —— Water (D=1)
et —=— HCI 6N (D=1,097)
0,14 —=— Concrete (D=2,3)
0,0
! ! ! ! ! ! L
10 100
Energy (keV)
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SELF-ATTENUATION:EXAMPLES
Relative difference for 2 mm change
100 keV: 2.8%

Water source at 10 cm 50 keV: 3%
20 keV : 5%-6%

Self-attenuation versus filling height

1.0+

Self-attenuation

o
I
1
N
(o))
3
=)

o
W
|

1

i

!

;
)
o0
=
3

o
o
!
w
o
=
3

T I L] T
20 40 60 80 100 120 140 160 180 200
Energy (keV)
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SELF-ATTENUATON IN THE SOURCE MATERIAL

For volume samples: attenuation of emitted photons within the source
Example: calibration using liquid sources (50 cm? vials)

Chemical composition of the liquid solution depending on the radionuclide
(chemical element for stability): generally HCI O0.1N.

Etalonnage Détecteur G9 - SG15 a 10 cm (G92)

1,0E-02

Reference HCI0.1 N -
516
755e’ 129|' 131| HZO 60608 «54Mn
Soke
109 *5TCo
Cd HCI IN 60Co
8,0E-03 -65zn
1135, HCI 6N :
E | I I 1 . - 88y
2 3 3 109Cd
1255b HCI ZN & LOE-05 "T v 1138n
' z o 13384
152y, 166mHo HCl 1N s
20703 z +130Ce
241Am, 239py HN03 IN 1. ) - 15260
. 2078
210ppy HNO, 0.1N S R N A ]
0 20 40 60 80 100 120 140 160 180 200
Energla (keV)

Important for energies < 200 keV
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SELF-ATTENUATON IN THE SOURCE MATERIAL
EFFICIENCY TRANSFER

ETNA s a software for computing efficiency transfer and coincidence summing
corrections for gamma-ray spectrometry.

The software has been developed at the Laboratoire National Henri Becquerel and
Is available upon request.

i

Options ?

Efficiency transfer I LCoincidence summing cnrrectinnl Miscellaneuu&l - M

— Geametry
[Lalibration geomety

Calibration geometry IUndefined j el
Add Calibration geonmetry

j teazurement aeametny ‘

Meazurement geametm IUndefined
properties

Add Measurement geametiy

— Dutput file properties

y

File type I.-’-'«SEII | ; Hro @
""A,‘ ': =
Fil |C-hAngSol = - R | Y.
ile name hangSol by = : [
| N B
::::::::: An‘.'ll.umu-v!..u»:u! “"._._ _ RUREAR SATIINAL DE SETROTGHIE

Start eampting |

I\CNSTITC%T 2
ARNOT  EUTYIVETENE:Y
174 « 4

CEA LIST [ PAR's -SACLAY




Rendement

Laboratoire National

LNHB

Henri Becquerel

Etalonnage Détecteur G9 - SG15 a 10 cm (G92)

1,0E-02
8,0E-03
6,0E-03
[
I : I
I k
’r ;
4 0E-03
-]
2 0E-03 m
X
= =
-
0|0E+00 __')H( X T - T T - T - T T T T T
1] 20 40 60 80 100 120 140 160 180
Energie (keV)

200
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x22Na
51Cr
& 54Mn
55Fe
A57Co
60Co
=65Zn
4 855r
+ 88Y
109Cd
=1135n
o 133Ba
» 134Cs
+137Cs
o 139Ce
= 152Eu
207Bi

.
universite
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Etalonnage Détecteur G9 - SG15a 10 cm (G92)

1,0E-02

x22Na
51Cr
8 .0E-03 s 54Mn
55Fe
*57Co
60Co
6,0E-03 -05Zn
. + 855
I - 88Y
T 100Cd
~1133n
0 133Ba
- 134Cs
+137Cs
2,0E-03 °139Ce
x - 152Eu
207Bi

Rendement
D
-

=]
B
L5, ]

4,0E-03

OI 0E+ 00 T x * T . T T - T - T T T T T
0 20 40 60 80 100 120 140 160 180 200

Energie (keV)

Laboratoire National
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B8  PRACTICAL TOOLS

Ceatech

Different methods to calculate self-attenuation correction factors

Empirical methods — simplified computing

Analytical approach

e ANGLE
e ETNA, etc.

Monte Carlo simulation

DETEFF

EFFTRAN

GESPECOR

General codes (GEANT, PENELOPE, MCNP)

Difficulty : knowledge of the mass attenuation coefficients
(exact composition of the sample material
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SUMMARY

Radionuclide decay data and efficiency calibration

* Few radionuclides available
* Decay data poorly known/correlations
* Systematic deviations

Low-energy spectra main features

Peak response function (energy resolution, X/gamma-ray)

Escape peaks
Self-fluorescence (rare)
Scattering phenomena in the source and surrounding materials

(unavoidable)

Self-attenuation

* Depending on the energy
* Depending on the geometry .

@
Low-energy range: interesting area ! Lot of fun ! v\
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ICRM GSWG
International
Committe for

Radionuclide
Metrology

Different information on the WG actions

* WG meeting presentations
and actions status

* Training course presentations
* Practical information
* Etc.

ICRM Gamma Spectrometry Working Group
Web page : http://www.Inhb.fr/icrm_gs_wg/

ICRM Gamma-Ray Spectrometry Working Group

The Gamma-Ray Spectrometry Working Group is devated to the development of the metrologic.al asp-ecls of gamma-ray spectrometry and its applications,
This includes, but is not restricted to: measurerment techniques and equipment, determination of photan emission intensities, detector efficiency

caliprations (including Monte Carlo methods), coincidence-summing corrections, uncertainties, correlatiol ew instrumentation, and X-ray spectrometry.

w U
Meetings & WG actio
Workshops ast & on-goin g}

w’l U"
Past exercises & Events & Courses
Publications




| ﬂ ICRM Gamma Spectrometry Working Group
B Web page : http://www.Inhb.fr/icrm_gs_wg/

ICRM GSWG
* On going actions:

e Benchmark for Monte Carlo simulation

e Efficiency (completed)
e Coincidence summing correstions (on-going)

e Calculation of detection limits (leader: Milton van Rooy)

e Self-attenuation (just starting)

* Next International Committe for Radionuclide Metrology (ICRM) conferences
v" The ICRM Low Level Radioactivity Measurement Techniques conference will take place from May 2 to May 6, 2022
at Gran Sasso National Lab (ltaly)
v The 2023 ICRM conference will take place in Bucharest (Romania)
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