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Introduction
Attenuation coefficients

Self-attenuation

— Simple analytical formula
— Generalisation

— Practical tools

Examples




Introduction

 Emission of photons attenuated through the
sample

 |If sample different from the calibration (size,
shape, density, chemical composition)
— Reduction of the photon beam

— « False » peak areas
— Correction factor required to get the true activity

« Homogenelty ?




Calibration sources
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Attenuation coefficients

e Definition — Beer-Lambert law
e Tables
 Experimental measurement




Absorbing
material

Monochromatic
photon source

Detector




Interaction

Photoelectric
Compton
Pair production

Total

Attenuation coefficients (2)

t »constZ*° g3

X X
k » constsZ2

Linear attenuation
coefficient (cm-1)

Mass attenuation
coefficient (cm2g1)

t/r
sir
k/r

m/r=t/r+s/r+k/r




Attenuation coefficients (3)
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t variation versus the energy shows discontinuities corresponding to binding energies of
electrons shells and subshells K, L, M...

Since m=t+s+k
U has the same discontinuities, function of
the material atomic structure (2)




Germanium mass attenuation coefficient

Attenuation coefficients (4)

Ge binding
energies :

L1: 1.4143
L2:1.2478
L3:1.2167

—K:11.1031

[ —

(¢ m/ g)

|
)
10°
FPhoton Energy (MeV)

Total Attenuation with Coherent Scattering
Coherant Scattering

Incoherent Scattering

Fhotoelectnic Absorption




Lead mass attenuation coefficient Attenuation coefficients (5)

Lead

Pb binding
energies :

M1: 3.8507
M2: 3.5542
M3: 3.0664
M4: 2.5856
M5: 2.4840

L1: 15.8608
L2: 15.2000
L3: 13.0352

K: 88.0045

10° 10"
Photon Energy (MeV)

— Total Attenuation with Coherent Scattering
Ceharent Scattering

- Incoharant Scattering

——  Photoslectric Absonption
Pair Production in Electron Field




Mass attenuation coefficients

e Composition known -> calculation
e Composition unknown -> measurement

e Calculation: Attenuation coefficient table
— XCOM (NIST Database)
— Example for HCI 1N




XCOM : mixture

Defining the mass fraction of each compound for HC| 1N:
Matrix : HCI 1IN = 1 mole of HCI in 1 liter of solution

HCI 1N density = 1.016 (1L = 1016 g)

Mass of one HCl mole = 1+ 35.45 =36.45¢

Resulting input parameters for XCOM

Compound 1: HCI
Mass fraction: 36.45

Compound 2: H,O
Mass fraction = 1016 — 36.45 = 979.55




Element/Compound/Mixture Selection

In this database, it 1s possible to obfam phofon cross section data for a single element. compound, or mixfure (a combination of elements and compounds). Please fill out the
following information:

Identify material by:

O Element
O Compound
® Mixture

Method of entering additional energies: (optional)

(& Enter additional energies by hand
O Additional energies from fils (Note: Fowr browser must be file-upload compatible)

[ Submit Information ][ Resat ]

http://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html




XCOM Iinput-output




XCOM Results




Experimental measurement

Principle : Use the unknown matrix and a collimated photon beam

Photon
beam Pb collimators

11/ [ 11

Container
Empty filled
container with
unknown
matrix

TwO successive measurements
- Empty container
- Container filled with unknown matrix with thickness x




Experimental measurement

For each energy:

No(E) = Ny(E) . exp (-u(E) . X)

Thus:
N, (E)

_1
07" (e

Associated relative uncertainty:




Experimental arrangement







Experimental measurement

Problems:

- Single line gamma emitters should be used to avoid
coincidence summing effects

- At low energy — small angle Compton scattering
contribution

=> the collimated source and the sample far from
detector

=> High intensity sources required — storage problem ?

- Time consuming




Measured linear
attenuation coefficient

Energy/keV

FEP counting rate
(spectrum 1) = N 4/t;

FEP counting rate
(spectrum 2) = N J/ty

m (cm™) =
(1/%) In((N 1/t1)/(N2/t2))

39

39.49

4.81

0.842

45

10.26

2.18

0.619

53

5.18

1.612

0.468

59

78.70

32.29

0.356

81

89.17

50.18

0.230

17.20

11.45

0.163

2.44

1.78

0.128

6.19

4.59

0.120

14.70

11.15

0.110

6.67

5.08

0.109

48.52

37.25

0.106

7.25

5.63

0.101

60.06

48.78

0.083
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+ Standard solution HCI
= Phosphogypsum
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Interpolated attenuation coefficient

Example: attenuation in a 10 cm thick matrix for 300 keV energy

Mesurement of p for some energies:

Energy/keV 100
N; (s 1000
N, (s1) 180
N, /N, 0.180
i (cm1) 0.171

Interpolation for E=300 keV:

Linear interpolation: p = 0.122 cm

Logarithmic interpolation: p=0.117 cm?

Energy (keV)




« Software for visualization of the dependence of
Interaction coefficients on element and energy
EPICSHOW (NEA databank)

EPICSHOW is part of the EPIC (Electron Photon Interaction Code) system.
The program allows interactive viewing and comparison of data in the EPIC
data bases.

Plots and listings can be obtained.

The EPIC electron, photon, and charged particle data bases are available
with this package.

The data bases include data for elements hydrogen (Z=1) to fermium
(Z=100) over the energy range 10 eV to 1 GeV.




Self attenuation

e Simple formula
e Generalisation




Intrinsic photon flux: I, (What you wish to know to derive the activity)
Emitted photon flux: |  (What is recorded by the detector)

For a thin layer, with thickness de: dlo — Iide s(,)anrlr)\/ptlreuiesif the
homogeneous !

This partial photon flux is attenuated through thickness e:

dl = I—Oexp(- mxe)de
X

1 = linear attenuation cofficient (cm-1)

For the whole volume with thickness x :

l, exp(-m xe) 3€ _ I & exp(-m>x)
X MXX




Self-attenuation in a volume sample

= 1- exp(-m>Xx)
-0
XX

Intrinsic photon flux: I, (What you wish to know to derive the activity)
Emitted photon flux: |  (What is recorded by the detector)

_1- exp(-mx)

Self-attenuation: [
nx

e Approximation for a thin source (ux <1) :

73X
| =1y x 1-




Interpolated attenuation coefficient

Example: self-attenuation in a 10 cm thick matrix for 300 keV energy

Interpolation for E=300 keV :

Linear interpolation: p = 0.122 cm?

Logarithmic interpolation: p = 0.117 cm

Energy (keV)

Self-attenuation at 300 keV :

_1- exp(- M3p9°X) _1- exp(-0.117:10) _

Coyt = 0.58¢

Mo XX 0.117x10




Self-attenuation in a volume sample

Self-attenuation:  [oHMEEISJAGL,
X

 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

:1/Cq
I'TX

1- exp(-mx)

_ -1 _
Cseh‘ — Catt —

« If both are subject to self-attenuation, the corrective factor is the ratio of
the self attenuation for each material

X Mes = measured

_[Cmt]l;nleS _ 1o exp(-mx) o sample
Csef = 7.7, - .
[Catt]ca| X Cal : calibration

1- exp(-mx) source




Self-attenuation in a volume sample

e Can also be computed as a transfer factor from an
efficiency calibration established reference material to
measure a different mateial (in the same geometry)

Emes — Ecal >fSeIf

 Thus the efficiency transfer factor Is:

1- exp(-mx) Mes = measured

_[Catt]mes — T mes sample

f = — | Mes : :
o Cad  1- expimx) cal : cafibration
X source




Transfer from an efficiency calibration established with a liquid source
(filled with 10 cm HCI) for matrixes silica and sand:

emes = ecal >1cSeIf :ecal R

Energy ke\)
Hncr (cnt.g™)

Huci (cmh)
Densities: [Cax Jcal

Hsiica (CNT.Q™)
water/HC| = 1.016 - =
silica = 0.25 Msilica (CM™)

sand/resin = 1.54 [Cad
fSe|f (Silica)

Msand (sz g_l)
Hsand (C m_l)

[Card
fserr (Sand)




General formula

» Realistic if the source is far from the detector (parallel beam - normal
Incidence) - small source

* Not true for environment measurements (d’, d" » d)

N




General formula

 Must consider all possible trajectories for each point of the volume
sample -> integration over solid angle and sample volume

dV exp(-m(E)>e(r,t))d
1%
dv dw

\% w

Point P with position r, and emission
direction t

e: path in the sample matrix

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




General formula

dV exp(-m(E)»e(r,t)) T (E,r,t)P(E,r,t)d

Catt =YW == ==
dv T(E,r,t)>P(E,r,t)>xdW

Vv 7%

Denominator = « self attenuation » for a transparent sample

U(E) : attenuation coefficient of the sample material for the
energy E

e : trajectory through the sample

T : Transmission through absorbers (container, detector
window, ...)

P : Probability of full-energy absorption in the detector

This correction can be numerically computed (Gauss-Legendre integration)




Efficiency transfer factor

o Transfer factor from an efficiency calibration
established reference material to measure a different
material (in the same geometry)

att
— —_ es
emes — “cal >1cSelf — “cal ::‘ ‘
att cal

This transfer factor can be numerically computed (Gauss-Legendre
Integration)




Self-attenuation in Marinelll geometry

dV exp(-m(E)>e(r,t))q (E,r,t)P(E,r,1)d
Cat = E—

dvV T(E,rt)P(E,rt)ydW

\% w

The general expression must be extended to
different parts of the sample, according to the
path of the photons

Numerical integration using different volumes

This correction can be numerically computed (Gauss-Legendre integration)




Monte Carlo simulation

o Self attenuation can be computed using
Monte Carlo methods

— General codes (GEANT, MCNP,
PENELOPE, etc)

— Dedicated software (DETEFF, GESPECOR,
etc.)

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

e Time-consuming ? Dedicated sofware
are optimized




Practical tools

Methods for self-attenuation correction
 Empirical methods — simplified computing
* Analytic approach

— ANGLE

— ETNA , etc.

e Monte Carlo methods

— DETEFF

— GESPECOR
— General codes (GEANT, PENELOPE, MCNP)




Examples

* Importance of the material density

 Influence of the filling height

e Change of matrix




Self —attenuation In silica

 Silica low density (0.25 g.cm)
 Sand (mainly silica) (2.5 g.cm-3)
e Thickness 1 cm

Radionuclide Energy/keV | Mass att Self- Self-
coefficient attenuation attenuation

(cm?.g?) Silica Sand

0.356 0.957 0.662
0.0773 0.990 0.909

0.0526 0.993 0.937




Self —attenuation In steel

 Fe (7.5 g.cm?)

Radionuclide

Energy/keV

Mass att
coefficient

(cm?.g)

Self-
attenuation

1cm

Self-
attenuation

1 mm

Self-
attenuation

0.1 mm

2.39

0.056

0.465

0.915

0.0735

0.769

0.973

0.997

0.0495

0.835

0.982

0.998

For the low energies, only the very first thickness contributes




Influence of the filling height




Influence of the filling height

Plastic vial filled with HCI 1N - Reference height=46,5 mm — diameter=39 mm

At 10 cm At contact

¢ Filling height = 35 mm
= Filling height = 40 mm
Filling height = 43 mm
Filling height = 45 mm
e Filling height = 48 mm
x Filling height = 50 mm

500 1000 1500 2000 2500 500 1000 1500 2000 2500

About 5 % variation for 10% change in filling height

More important when the height is reduced
More sensitive for low-energies

More sensitive at short source-to-detector distance

= 40 mm filling height
42 mm filling height
x 44 mm filling height
e 45 mm filling height|
47 mm filling height
¢ 50 mm filling height




Influence of the filling height

Plastic vial at contact - Reference height=46,5 mm — diameter=39 mm
Silica (d=0.24) Sand-resin (d=1.54)

Efficiency transfer for silica Efficiency transfer for sand

500 1000 1500 2000 2500 500 1000 1500 2000
Energy/keV Energy/keV

40 mm — 500 keV: HCI 1.11; silica 1.10; sand 1.12
50 mm — 500 keV: HCI 0.946: silica 0.951; sand 0.944

2500




Influence of the filling height

Plastic vial at contact - Reference height=20 mm — diameter=39 mm

HCI (d=1.016) Sand-resin (d=2.54)

20 mm +/- 2 mm HCI at contact 20 mm +/- 2 mm - Sand at contact

Lol
o o
= &

¢ Filled 18 mm
= Filled 22 mm

©
oo

o
=N

Efficiency transfer factor

o Filled 22 mm
= Filled 18 mm
500 1000 1500 2000 2500

500 1000 1500 2000 2500 EnergylkeV
EnergylkeV

_
o
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o
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8
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2
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Ov
0,96
0,
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18 mm — 500 keV: HCI 1.049: sand 1.059
22 mm — 500 keV: HCI 0.955: sand 0.947




Efficiency calibration for different geometries
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\ | ———" Source ponctuelle & 20 cm

Source ponctuelle a 2 cm
Source volumique (silice d=0,25) au contact

- Source volumique liquide (d=1,016) au contact
Source volumique (sable/résine d=1,54) au contact

Source ponctuelle a 5 cm
—— Source ponctuelle a 10 cm (référence)

T
100

Energie (keV)

Experimental calibration
with volume sources

Silica low density (d=0.24)
HCI 1N (d=1.016)

Sand-resin (d=1.54)




Efficiency transfer

Transfer from an efficiency calibration established with a liquid source
(filled with 4.65 cm HCI) for matrixes silica and sand:

Densities:
water/HCIl = 1.016
silica = 0.25
sand/resin = 1.54

= ecal >1:Self = cal N

Simple expression :

1- exp(-mx)
f :[Catt]mes — X mes
>l [Catt]cal 1- exp(-mx)
X




Application example

Transfer from an efficiency calibration established with a liquid source
(filled with 4.65 cm HCI) for matrixes silica and sand:

C

.|: — att Imes

Self — | |
Catt cal

Comparison
of the generalised formula
(ETNA code) with the
simple one

~ | o2 Jmu_ [Tenser [ema |
e[ ozet | ooea | 1383 | |
el | [ | s |
e[ oars | oosr | i34t | 1270 |
I I I R R
 [sad  [sand  [Smple  [EWA |
| ieamu  [Tanser [emA |
1 71 T
0| oz o3| om0 | |
e [ [ T oem |
80| oirs | 0274 | 083 | 0865 |




Summary

 Self attenuation is of main importance for low energies
and high densities

* In case of high attenuation only a thin layer of the
sample located close to the detector is important

 In case of homogeneous matrix, it can be computed if
the attenuation ccefficient is known

Methods for self-attenuation correction

« Empirical methods — simplified computing
* Analytic approach

« Monte Carlo methods




