Self-attenuation

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

e Homogeneity ?




Calibration sources
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Attenuation coefficients

e Definition — Beer-Lambert law
e Tables
e Experimental measurement




Attenuation coefficients

Beer-Lamber law : attenuation of a narrow parallell photon beam

Absorbing
material

Monochromatic

photon source ]
Detector

p = density (g.crr)

L = total linear attenuation coefficient of material i for enegy E (cnr)
p X = mass thickness (g.cnr?)

1/ p = mass attenuation coefficient (cn?”.g?)

1 depends on - and Z




Attenuation coefficients (2)

Practical parameter : attenuation coefficient
Partial interaction coefficients:

Photoelectric absorption: Ti(E) kSEse]gk]* 74 g3 (major at low energies)

Compton scattering: Gi(E)

Pair production effect: «i(E) « ~ CONSt- ZZ (only if E > 1022 keV)

Linear attenuation Mass attenuation
coefficient (cm™) coefficient (cm?g?)
Compor | e | o

Depend on the energy, E, and the material (2)
For practical use : tables function of Z and E

Tables : cross sections (I barn = 1044 cn¥) or mass attenuation (cn?.g?)




Attenuation coefficients (3)

Photoelectric absorption coefficient = sum of photoelectric effect in
each electronic shell (subshells):

T+ (T Tt T ) P (Tt T Tz s Tvas Tis)t -

If E < binding energy of shell i, T, =0
For E = Ei : absorption discontinuity: maximum ionisation probability in shell i

T variation versus the energy shows discontinuities corresponding to binding energies of
electrons shells and subshells K, L, M...

Since u=t+c+x
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
[ 1L2: 1.2478
L3: 1.2167

——K:11.1031
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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
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L1: 15.8608
L2: 15.2000
L3: 13.0352

K: 88.0045
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Mass attenuation coefficients

o Composition known -> calculation
o Composition unknown -> measurement

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




XCOM : mixture

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

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

Mass of one HCIl 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 obtain photon cross section data for a single element. compound, or muxture (2 combmnation 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 file (Note: Yowr browser must be file-upload compatible)

[ Submit Information H Reset ]

http://physics.nist.gov/PhysRefData/Xcom/html/xcoml1.html




XCOM Iinput-output

Fill out the form to select the data to be displayed:

B0 0.8
HaCl 0.1

Note: Weights not summing to 1 will be normalized.

BQL 36.45

EED £72.55

Enter the formulae and relative weights separated by a space for each

per line. For

Optional output title: |Muxturz HC 1N

Graph optionz=:

[ Total Attenuation with Coherent Scattering
Total Attenation without Coherent Seattering
D Coherent Scattering

Tncohsrent Scattering

Photoslectric Absorption

[ pair Production in Nueleze Fisld

[ pair Proguction in Elsctron Fisls

[ vone

Additional energies in MeV: (optional) (up to 73 allowsd)

MNote: Enerzies must be between 0.001 - 100000 MeV (1 keV - 100 GeV) (only 4 siznificant fizures will be usad).

One enerzy per line. Blank lines will be iznored.

.12z
0.320

Include the standard grid
Energy Range:
Misienum: [0.07

Maximum: | 10

Constitvents (Atomic Number : Fraction by Weight)
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Experimental measurement

Principle : Use the unknown matrix and a collimated photon beam

Photon
beam Pb collimators

I

Container
Empty filled
container Yo with

unknown
matrix

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




Experimental measurement

Photon
beam Pb collimators

For each energy:
N,(E) = Ny(E) . exp (-H(E) . X)

Thus:

-2

Associated relative uncertainty:
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New 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) = Ny/t;

FEP counting rate
(spectrum 2) = Ny/t,

Hm (cm™) =
(/%) In((Na/t1)/(No/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




+ 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, (s) 180
N, /N, 0.180

i (cm) 0.171

Interpolation for E=300 keV:

® Interpolated value

Linear interpolation: p = 0.122 cm

Logarithmic interpolation: p = 0.117 cm?

200 300 400 500 600
Energy (keV)




Self attenuation

e Simple formula
 Generalisation




Self-attenuation in a volume sample

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

For a thin layer, with thickness de: dl. = I_d Only true if the
0~ € sample is
homogeneous !

This partial photon flux is attenuated through thickness e:

dl :Iiexp(—y-e)de
X

1 = linear attenuation cofficient (cm1)

For the whole volume with thickness x :




Self-attenuation in a volume sample

Intrinsic photon flux: 1, (What you wish to know to derive the activity)
Emitted photon flux: I  (What is recorded by the detector)

Self-attenuation: (G5 :M
LLX

Cutshall et al. NIM 206 (1983) 309
e Approximation for a thin source (ux <1):




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, (s) 180
N, /N, 0.180

i (cm) 0.171

Interpolation for E=300 keV:

® Interpolated value

Linear interpolation: p = 0.122 cm

Logarithmic interpolation: p = 0.117 cm?

200 300 400 500 600
Energy (keV)




Interpolated attenuation coefficient

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

Interpolation for E=300 keV : ® Measured values

® Interpolated value

Linear interpolation: p = 0.122 cm?

Logarithmic interpolation: p = 0.117 cm*

0 100 200 300 400 500 600
Energy (keV)

Self-attenuation at 300 keV :

~l-exp(tmgo-X) 1-exp(0.117-10)

Catt = =(0.589

H300 - X 011710




Self-attenuation in a volume sample

Self-attenuation: oY)
UX

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

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

{ X } Mes = measured
mes

[CattJoms _ L 1-exp(-1%) sample

[Cat s {P‘X} Cal : calibration
1—exp(—uX) | source

Cself -



Self-attenuation in a volume sample

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

= &eql 1:Self

 Thus the efficiency transfer factor Is:

1— exp(—px)} Mes = measured
mes

f _[Catt ]mes _{ pX sample

I I E PSRRIl  Ca! : calibration
T source
H cal




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

_ R A . Cat mes
Emes = Scal "Iself =¢cal TC
att al

Energy (keV)

Hici (cm”.g™)
Huc (Cm-l)
Densities: | [Ca Jcal

Wsilica (CM?.g™)
water/HCl = 1.016 — -
silica = 0.25 Msilica (Cm )

sand/resin = 1.54 | [Cal
fseir (Silica)
Msand (sz-g_l)
I-lsand (Cm-l)

[Caxl
fserr (sand)




General formula

« Realistic if the source is far from the detector (parallel beam - normal
iIncidence) - small source

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

N




General formula

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

[dV [exp(-u(E)-e(r,1))de

[V [de
\ Q0

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(—u(E)-e(r,t))-T(E,r,t)-P(E,r,t)-dQ

Catt = == = >
[dV [T(E,r,t)-P(E,r,t)-d
V 0

Denominator = « self attenuation » for a transparent sample

HU(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

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

Catt mes

Self — [C ] gmes — gcal 'fSeIf :gcal )
att Ical

f

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




Self-attenuation in Marinelll geometry

[dV [exp(-u(E)-e(r,1))-T (E,r.t)-P(E,r,t)-d
V 0

att —

[dV [T(E,r,t)-P(E,r,t)-d@
V Q0

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

 Change of matrix




Self —attenuation In silica

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

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

(cm2.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

e Fe (7.5 g.cm?)

Radionuclide

Energy/keV

Mass att
coefficient

(cm2.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

Pomb 210/
1L6/12/01/RacB O
. 8650 n°

=8 MG ey
\9,5\( ALER
928/03/0%




500

Influence of the filling height

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

1000

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

1500 2000 2500 500 1000 1500 2000

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

2500




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 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

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

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

r
=
o
[}

¢ Filled 18 mm
m Filled 22 mm

Efficiency transfer factor

o
=
3}
@
“—
—
(&)
—
(%)
c
©
—
>
=
>
(3}
c
[
o
=
=
L

¢ Filled 22 mm
n Filled 18 mm
500 1000 1500 2000 2500

500 1000 1500 2000 2500 Energy/keV
Energy/keV

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

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

Soureepenauete 5 o Experimental calibration

—— Source ponctuelle a 10 cm (référence)

——— Source ponctuelle & 20 cm Wlth Volume sources

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

Sand-resin (d=1.54)
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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/HCl = 1.016
silica = 0.25
sand/resin = 1.54

Emes = €cal 'fSeIf =&cal -

Simple expression :

{1— exp(—px)}
foop = Ca ]mes _ pX mes
[Catt ]cal {1_ eXp(—pX)}
HX cal




Application example

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

Catt mes

f — = < -THes
>l [Catt ]cal

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

Complete
ETNA

Energy |Siica __|Silica
, mu

0,0674 1,383
1,296
1,270
1,251
1,201
1,142
1,103
1,072

el |
0| o1 |
0.0379 | 1,323
0,0295 | 1,264
1,156
1135
1,093
—

 [sed  Jsad s
| teamu
0.385] 0,750

[ 80[ 0,178 0,274 0,836
100] 0,126 0,194 0,950

0,129 0,199 0,883
0 y i)

0,0427 1,341

TNA
TNA

32 3|2
7S 7|5
| ® | ®
= =

0,828
0,865
0,882
0,908
0,932
0,948
0,963

0,092 0,141 0,913
1000| 0,067 0,103 0,934
2000] 0,047 0,072 0,952




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

e 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

e Monte Carlo methods




