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] Elements in XRF

X-ray fluorescence (XRF) spectroscopy works similarly
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] Elements in WD-XRF
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J Outline

e Photoelectric effect and emission of
characteristic X-rays

e Excitation sources

e Detectors

e Signal processing

e (Geometric arrangement

e Software for spectrum deconvolution
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J Interaction of X-rays with matter

X-rays can interact with the atoms of the material in two different
ways:

* Photoelectric effect: Primary X-ray radiation can ionise atoms of
the material. The X-ray is absorbed in this process

 Scattering:

v’ Elastic/coherent scattering (Rayleigh): no energy loss after
collision with electrons. The Rayleigh effect is present when
electrons are strongly bound (inner atomic electrons)

v’ Inelastic/Incoherent scattering (Compton): energy loss after
collision with electrons. The Compton effect is present when
electrons are loosely bound (outer, less bound electrons)
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] Photoelectric effect

Primary X-ray radiation can ionise atoms of the
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. X-Ray Fluorescence
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1 De-excitation: Fluorescence/Auger
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J Fluorescence vyield

The fluorescence yield is given by the ratio of the emitted fluorescence
photons over the number of the created holes. The competing process is the
emission of Auger electrons as the atom returns to its ground state
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For low Z the Auger electron emission is dominant
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. Emission of characteristic X-rays

The emission of characteristic
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J X-ray energies

, 351 KB/ /Kot
Moseley’s law < sof

Z 251
E=h-A-R-(Z—-b)*  Ff

S 15
h = Planck constant S 10/ 1
R = Rydberg frequency 2 5l
Z = atomic number i el
A =3/4for K_, 5/36 for L, T g ﬁ T8
b=1forK, 7.4 forlL, Atomic Number

X-ray spectroscopy within the

~ (7 _1\2 ~ energy range 1+30 keV offers in
Ka Flevl=10.20-(2-1) Ere.xa = 6380 eV principle the possibility to detect

all the periodic table elements

La E[eV]=~1.89- (Z— 7_4)2 pr_La ~ 10520 eV (Z>10) through their K, L or

even M series of emission lines
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J X-ray scattering

Elastic/coherent scattering (Rayleigh):

no energy loss after collision with electrons.
The Rayleigh effect is present when electrons
are strongly bound.

Rayleigh is more intense for high Z (= heavy)
matrices

Inelastic/Incoherent scattering (Compton):
energy loss after collision with electrons. The
Compton effect is present when electrons
are loosely bound.

Compton is more intense for low Z (= light)
matrices
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J Rayleigh scattering

Incident photon
Energy E,
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(Rayleigh)

It occurs mostly
with inner atomic
electrons
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J Rayleigh scattering
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J Compton scattering

Incident photon
Energy E,

E. < E, Incoherent
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It occurs mostly
with outer, less
bound electrons
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J Compton scattering
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J Linear attenuation coefficient u

Attenuation of photons by a thin layer of thickness dt is described by

dl =1 -u-dt

where [ is the number of photons per unit area and unit time (photon flux)
of which dI are attenuated while penetrating the layer of a material

characterized by the (total, linear) attenuation coefficient u. This is
equivalent to

I=1, e Mt I, t |
| and [, are the photon fluxes behind and in front — .
of the absorber, respectively, and t is the thickness. — >
W is a function not only of the material —_— . —

(atomic number Z) but also of the photon energy E > >
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J Mass attenuation coefficient u,,

H=Hn" P
the total mass attenuation o — Photoelectric
coefficient u,, don’t depend on w Pb adgss 00 Rayleigh
the density p of the material. € ,[Fe l-edges Compton
o 0 KAir K-edge
The coefficient u,, summarizesall < ¢} ¢ K-edge
possible photon interactions T R i Pb
gwy Fe
Hm =Tm + Om zor Ar s
where 1, describes the photo ,;; 10 Pb L
absorption and o, = 0., + 0;,care 2 F e
the contributions by coherentand & - Ce
incoherent scattering, respectively. .
10 . hye
Both kinds of scattering contribute 1 Energly?(keV) 100

much less than the photo
absorption to the total u,,
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L Mass attenuation coefficient u,,

the mass attenuation coefficient of a material that is composed of
several elements, with weight fractions w;,, is

ﬂmzzwi'ldn
i

Use of mass attenuation coefficients suggests replacing the
thickness by the area-related mass m = M/A (mass M per unit area

A) and rewriting the attenuation law as

I=10'e_”m.m

t-p=M/A, in grams/cm?
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. Sources of ionizing radiation

e Radioisotopes (a, y, x-rays)

e X-Ray Tubes

e Electrons (SEM)

e Charged particles (accelerators)

e Synchrotron radiation
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. Sources of ionizing radiation

e Radioisotopes (a, v, Xx-rays)

e X-Ray Tubes

e Electrons (SEM)
e Charged particles (accelerators)

e Synchrotron radiation
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] Radiation sources

Main arrangements for source excitation

_T\ P P TH"-.._ E *.ﬂ. T I.E.{_-I'h 4,
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Source
Shielding Detector
Disk shaped sources Annular sources

Slide modified from an original lecture from Prof. Pierre Van Espen, University of Antwerp
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1 Radioisotopes

Choope | 7o | vom | mca | mam | 7co

EETS) 5.9 143,183 22.1,88 59.5 122
(keV)
Elements 51y T-Br  Fe-Mo  Ru-Er Ba-U
(K-lines)
EIerpents Br-| 1-Pb Yb-Pu None None
(L-lines)

While isotopes have fallen out of favor they are still useful for many
gauging applications
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J RI: advantages and limitations

e Pro’s
Compact, simple construction
Portability

Monochromatic excitation

o O O O

Low cost

e Con’s
o Change in flux due to radioactive decay
o Constant radiation exposure

o Non-tunable energy
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J End window X-ray tube

Target (Pos. Potential)

* The filament (cathode) is
heated and releases electrons

Be-window

* The target (anode) is positively
charged creating a difference in
potential

 The electrons are accelerated

and travel from the cathode to
Secondary Electrons the anode, where they are
Primary Electron Beam decelerated

Filament (Neg. Potential)
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J Side window X-ray tube

Lead casing Glass envelope containing vacuum

N /
Qil for heat ( / \
conduction | \ Cathode
€ )
Anode e e ?Y_’
N\ \

7 AN A}
Target / ' \ \\ Window \ Focusing cup

X-ray beam Filament

* Voltage and anode selection determines optimal source
excitation and which elements can be excited

* More power = higher sensitivity
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J Optimization of excitation spectrum

X-ray tube optimization

* Anode material

* High voltage

* Current

* Incident/Exit angle

 Type and thickness of tube window

 Side/End window tube

* |ncident beam aperture diameter and
distance

} Power consumption
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J X-ray tubes

Moxtek end/side
window tubes,

Oxford Model: XTF5011
10W, 50kV

Anode materials: Rh, Ag, Mo

Focus spot size 50-150 pm

Exposure < 0.5 mR/hr -
Newton M47, 50kV 10W
X-ray Source, 400 grs
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J X-ray tube parameters

e Exit window material: Beryllium 30+1000 um thick
* Anode selection determines optimal source excitation

* Tube power: combination of high voltage (kV) and electron current (mA).
According to the binding energies of elements of interest:
v High energy: high kV (low mA)
v" Low energy: low kV (high mA)

* Cooling by internal and/or external water circuit
v' 50+1000 W: air cooled or only internal water for anode
v' 2.4+4 kW: cooling anode and tube housing by external cooling water
from heat exchanger

Side- W, Cr, Mo, Au, etc. Anode 1000pm, 300um (Cr) 2.4 - 3kW Tap water
window

Er?d- Rh, Pd, etc. Cathode 127 - 30um 0.05 - 4kwW Deionized water
window
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J Important concepts

Electronvolt (eV): is the amount of energy gained (or
lost) by an elementary charge (electron/proton) moving
across an electric potential difference of 1V

When a charged particle is accelerated (decelerated), it
emits electromagnetic radiation (Larmor's equation)

Binding energy (eV - keV): is the amount of energy

required to free electrons from their atomic shells (it is
also know as ionisation energy)
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J Origin of X-rays in the X-ray tube

X-rays originate from the interaction of high energy
electrons with the atoms of the anode material

The spectrum of an X-ray tube shows two types of X-ray
radiation:

e Bremsstrahlung: Continuous radiation or white radiation

* Characteristic radiation: Unique energies of anode
element

Both types of radiation depend on the anode material
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J Bremsstrahlung

EM radiation

electron W
nucleus 0

Comes from the German words bremsen (braking) and Strahlung (radiation)

It is electromagnetic radiation that occurs as a charged particle (like an electron)
is decelerated around the nucleus of an atom. The range of changes in velocity is
large and therefore there is a broad range of energies being released
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J Properties of Bremsstrahlung

Kramers’ law (distribution of Bremsstrahlung
intensity with wavelength)

K = constant

EO — F i = current (mA)
I(E) = KiZ E Z = atomic number of

i i anode material

Generated Observed
3 3
L= L=
g g
. =< Duane-Hunt Limit
X-Ray Energy (V) __ X-Ray Energy (eV) |:5c:
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J Emission of characteristic radiation

electron
Electronic
transition and
Accelerated emission of
electrons in the element
tube can remove — characteristic
fluorescence
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--------------------
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J Primary radiation from X-ray tube

Only acc
ray phot

Bombar«
shell ele

Radiatio
droppin;

Radiatio

X-ray be

of target -

Counts

(=]

—10kV
—20 kV
—30kV
—40 kV
—50 kV

10

15

20

25 30 35
Energy (keV)

40

45

50

ray

th
itom

n of
f the

1ge of

be

October 27, 2023



J X-ray tube: advantages and limitations

® Pro’s

o Different anode materials available

o Tunable energy by selecting HV

o Low power tubes can be even portable
o Not constant radiation exposure (on/off)
®

Possibility to use modifyiing devices
e Con’s
o Require of power generator

o For power 600 W cooling system is required
o Limited life time (~ 3000 hrs)
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J Primary X-ray beam modifiers

Energy selection:
o Filters
o Monochromators

o Secondary targets

Spatial:

o Collimators
X-ray optics devices
Fresnel zone plates

KB mirror

o O O O
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J Primary X-ray beam modifiers

Energy selection:
o Filters
o Monochromators

o Secondary targets

Spatial:

o Collimators
X-ray optics devices
Fresnel zone plates

KB mirror

o O O O
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J Absorption filters

Titanium Filter transmission curve

Absorption
Edge

Low energy x-rays are

absorbed Very high energy

X-rays are transmitted

X-rays above the absorption edge
energy are absorbed

Om 44 —< u»n =22 4 X

ENERGY

Ti Cr
The transmission curve shows the parts of the source spectrum that are
transmitted and those that are absorbed
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J Absorption filters

1.00E+12

1.00E+11

1.00E+10

1.00E+09

1.00E+08

1.00E+07

1.00E+06

Excitation spectra (Ag, 50 w)

‘4 +15kV, 3.33 mA + Ti-0.025 + Fe-0.025

Q/’

s

o
¢:*/
LAY

e Q 9

o *

.« & o
**"‘0
* ot

*

e o

5 10 15

October 27, 2023



J Primary X-ray beam modifiers

Energy selection:
o Filters
o Monochromators

o Secondary targets

Spatial:
o Collimators
o X-ray optics devices
o Fresnel zone plates
o KB mirror

_
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Courtesy from
Dr. Charalampos Zarkadas, Malvern Panalytical

Non-polarized

sample radiation Sample Polarized tube ]

radiation

Non-polarized
target radiation

A s

3D optics and various
polarization states:

Polarized target
radiation

Non-polarized tube
radiation

Detector

1) Non-polarized primary radiation from X-ray tube to target

2) Non-polarized target fluorescence radiation to the sample + Polarized scattered X-ray tube
radiation behind the target

3) Sample fluorescence radiation into from the detector + Polarized scattered target fluorescence
radiation + Vanishing scattered radiation from the X-ray tube
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Using more secondary targets, it is possible to excite elements
of interest with lines above the respective absorption edges,
optimized sensitivities can therefore be achieved

Sample

1 ';Sample

Polarized f
X-rays £ Fl uorescent
radiation

'ﬂ;be

X-ray tube

Non-polarized
primary radiation
[

Targets /écector
/

Detector

Reproduced from Epsilon 5 specifications sheet (Malvern Panalytical)
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https://www.malvernpanalytical.com/en/learn/knowledge-center/application-notes/AN20130104TOXELEpilson5SolutionToxicMaterial

J Comparison ST vs Direct or filtered

Filters vs ST
1000000 - — Ag anode (2w) at 20 kV, Cu-filter

=Pd anode (600w) at 30 kV, ST-Co
100000 -

m

cp

10000 -

1000

100

10 -~

1 T T T
0 2 4 & E(keV) s

Improved fluorescence and lower background

The characteristic fluorescence of the anode source is used to excite the
sample, with the lowest possible background intensity.

It requires almost 100x the flux of filter methods but gives superior results.
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J Primary X-ray beam modifiers

Energy selection:
o Filters
o Monochromators

o Secondary targets

Spatial:

o Collimators

X-ray optics devices

Fresnel zone plates

KB mirror

o O O O
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. Polycapillary lens vs Pinhole

Collimator/Pinhole

Incident X Rays
™ |

| <+— X-Ray Source

Capillary lens

Incident X Rays
Y

<— X-Ray Source

Spot size ~ 15+20 um
Gain in intensity: 300x
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J X-ray Optics

C
Refractive index: m = —

Uy

refractive index

IR Visible ov X-rays
- : B = Attenuation term
Tl—1—5+lﬁ & = Phase term
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J X-ray total reflection

= ¢y, > Py n=1-9o

ﬁcrit (deg) ~

Z: Atomic number
A: Atomic mass
p: Density

Uerie = V20

1.651 Z 9
E(keV) \/A p(cm3)
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J Glass capillaries

Ecrit = E2 < E1 < Emax

0 <E < Emax Ecrit = Emax

. ___ | _ /
——

Multiple reflections in a
straight glass capillary

source ’,—-\ sample .
e Focusing X-rays by thousands
e »=————— & | focal spot . . ] ]
I R of individual capillaries
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J Polycapillary lenses

Bundles of thousands glass mono-capillaries in
certain arrangements can be used for:

* Directing
* Focusing

* Parallelizing
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1 Polycapillary lenses

e Spot size — FWHM (E)
e Gain Factor — G(E)
* Focal distance

400
350 b) :'I- *: * Mo-Ka
"% .d‘f f  «FeKa
£ 300 ‘..'s ."'.
> 250 ”'.,'-.... 4
v h :
2 - o,
o 150 °
N
100 K Focus position 9,7 mm
50 27 pm spot size @ Mo-Ku
0 46 pum spot size @ Fe-Ka
4 5 6 7 8 9 10 11 12 13 14 15 16 F P.Romanoetal, JAAS 2017,
Distance (mm) DOI: 10.1039/c6ja00439c
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Polycapillary lenses can be used for micro-XRF scanning applications
In combination with conical lens the inspected volume can be restricted in

depth, thus allowing 3D scanning of samples

Focused
beam

Sample

Probed
volume/

E—
———

Elliptic
policapillary lense

Microfocus
X-ray d
detector anode x-ray
tube

Focused

beam
Probed R —
volume e

Elliptic
policapillary lense

Half-lense Microfocus
anode x-ray
tube

X-ray

detector
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J Main configurations of XRF spectrometers

e Non-dispersive instruments
The characteristic radiation is filtered and measured by one or several
detection channels/measurement condition, optimized for detection of one
element

e WDXRF
The characteristic radiation emitted by the sample is separated by
wavelengths (in multiple channels or sequentially by scan) by using an
arrangement of x-ray collimators and diffracting crystals bringing selected
wavelength photons to a detector

e EDXRF
The characteristic radiation is measured with a detector capable of producing
a signal of amplitude proportional to the energy of the incident photon
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] Detectors

~

. .
Proportional Counters | Poor energy resolution

* Scintillation Detectors ) WDXRF

* Si(Li)

* LEGe

* PIN Diode Improved energy resolution
 SDD EDXRF

* CCD, CMOS cameras
e CZT, other
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] Detectors

* Proportional Counters
e Scintillation Detectors
 Si(Li)

* LEGe

* PIN Diode

e SDD

* CCD, CMOS cameras

e CZT, other
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] Main features of detectors

* Intrinsic Efficiency

Ratio of photons that produce a signal to the total number of
photons that reach the detector. Depends on energy of the photon,
attenuation in detector entrance window and detector absorption

* Energy resolution
Capability to differentiate close by amplitude (energy) signals

* Charge collection time

Time required to collect charge. Depends on the drift velocity of the
charge carriers
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] Main features of detectors

Detector

Proportional
Counter

Scintillation Nal(TI)

Avalanche
photodiode

Semiconductor
Si(Li), SDD, HPGe

CCD

0.2-50

3 -10000

0.1-50

1-10000

0.1-70

Energy
resolution at

5.89 keV
(AE/E, %)

15

40

20

Charge
collection
time (us)

0.2
0.25

0.001

0.5-15
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. Intrinsic Efficiency

T: Fraction of X-rays that is transmitted through the entrance layers
D: Fraction of X-rays that is detected in the sensitive volume

C =

e e(E) = T(E) D(E)

]

-_____,,.-Au contact

Dead Layer (Ge/Si)
1 — e~ lusi(EdpsiXsil

usi (E;)psi

| Active volume (Ge/Si)

D(E;) =

T(E;) = e~ l#Be(Ei)ppeXpettau(EDpauXautisi(E)psiXsi]
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] Efficiencies of different detectors

Window transmission Detector stopping
100% -
Window
3 Detector
1 1000 pm CdTe %
750 mm CdTe p—
& um Be 1000 wm Si v
12 um Be wm i NN
EL 500 pmsi "%
wm Be L
Y 1Y
g
510% 1
o
o
I
£ X
=
£
~
[e]
N MaMg Si S C K TiCrFeNi2ZnAs Zr MoAg Cd BaNdDy Ta Au U
1% T —————t r ——T—TT T —1
0 1 10 100

Energy (keV)

Comparison of different detector’s efficiency from AMPTEK
https://www.amptek.com/products/x-ray-detectors/fastsdd-x-ray-detectors-for-xrf-eds/fastsdd-silicon-drift-detector
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Transmission

d “Light” elements (Na, Mg, Al, Si

Vacuum atmosphere or He flushing
is required in the x-rays path
between sample and detector

1.0
0.8
0.6
- - Air 10 mm
04r Loy - - - Air20mm
. . ’ He 20 mm
. . /
0.2} - ’ Be 1/3 mil
. 7
L /I n 25 Be 0.5 mll
0.0k - - - - Belmil
1 L 1 L 1 L 1 L
1 2 3 4 5

Energy (keV)

Ceramic sample Helium
14001 50kv 600mA 100s No Helium
1200 SI
. K

& 1000_
-
5 800_
8 600

400

200

1 2 3 4
Energy (keV)

The improvement in the intensity of Al-K
and Si-K characteristic X-ray lines is
significant, 22 and 7.3 times respectively
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J Energy resolution

Full Width at Half Maximum (FWHM) of a peak

FWHMIZ’eak — FWtHMIZVOise + FWtHMgtat

Electronic noise Statistical fluctuation in number of charge carriers
12000 -
Mn Ko, 5.895 keV
10000 - FWHMStat = 23548V€FE
8000—- € = Energy to create e-h pair

F = Fano factor (~0.114)
E = X-ray energy

6000

FVWHM = 156 eV
4000 -
| Mn-K,, E = 5895 eV
2000 - Mn KB
y FWHM,,,,  ~120eV
FWHM,, .. ~100eV
Energy, keV
(Modified from an original lecture by Prof. P. Van Espen, % FWHMPeak ~ 156 ev

AXES, University of Antwerp)
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. Gas detectors: Proportional counters

*  Gas detectors: Chamber filled with a gas (often noble gases) and voltage plates known as electrodes

*  X-rays can ionize the gas, but mostly interact with the cathode and knock out electrons, which further
ionize the gas

Ener, .
Detector gy‘ Effect used for detection
resolution
lonization
| n m v chamber Poor Voltage is low, only primary lonization of the
= - (recomb) gas and collection of charge
= S
: . § 5 I /-J
.o . l ‘ 3 & b {
. : 2 « 2 E ]
s - e « $ & 3 ] ] - Multiple lonization of the gas and collection
. V &z s E ' lonization . ;
. . ® . @ e 3 S of charge, number of ions collected is not
" . b3 e 1 chamber None g .
. <€ g3 g 1 (saturation) proportional to energy deposited by the
= § 8d / charged particle tracks-> dose rate
O«
B 2MeV , ,’ S
/ ©
® Atoms or molecules of fill gas /, & 5 z
-~ = o o
® Electrons (-} % 1 MeV ’,/’ 5 E g
mes Anede(+) ] e eme————— - & e §
/ Q :g 3
_/ Radiation /, g o ;
/ &
Applied Voltage
. Progressive growth of ionization in a strong
® Typ'cal gaS. P-10 (Ar+Methane), Geiger Miller None electric field between the anode and the
. . counters cathode
0,
® EfﬂC'ency > 90 A) Charge multiplication in avalanches

* Energy resolution ~15%
« Charge collection ~ 0.2 ms ‘ Used in WDXRF to detect energies below 6 keV
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J Scintillation detectors

Photons or particles produce a spark of light, which intensity is proportional to the energy deposited
Light spark impinges into a metal plate and produces the ejection of electrons (inverse photo-effect)
Electrons are accelerated to the next plate (dynode) and multiply the effect of ejection of electrons
The electron cloud is furtherly multiplied and finally collected as a pulse of charge

Crystal Photo-multiplier Tube * Typical scintillator: Nal(Tl)
“ > > * Efficiency > 90 % (for E > 5 keV)
‘ L LU A ot * Energy resolution ~ 40 %
* Charge collection ~ 0.25 ms
Nal, BGO h
LaBr, CeBr A A A
{ \ The poor energy resolution is due to several contributions:
meter - Statistical variations in electron production at the crystal,

- Non-uniform reflectivity of the reflecting covering of the crystal
- Non uniformity of photocathode and/or PMT sensitivity

- Statistical variations in electron production at the photocathode
- Statistical variations in dynode multiplication

- Electrical noise and high voltage fluctuations

HV

VL/]/ Gamma ray Cathode (-)
cintillation I Anode (+) . .
o mmm) Used in WDXRF to detect energies > 6 keV
. Emitted photo-electron - Dynodes
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J Semiconductor detectors

» X-rays produce electron-hole pairs,
whose number is proportional to the
energy of the radiation (average energy
to produce an electron/hole pair is
3.6eV for Si and 2.9eV for Ge)

Electrons and holes are collected from
the depleted active region to the
electrodes, where they result in a pulse
that can be further amplified and finally
measured

* This pulse carries information about the
energy of the original incident
radiation. The number of such pulses
per unit time also gives information
about the intensity of the radiation

I — g
meter
_— - _ .
o
Semiconductor material _/ Radiation
Electrons (-) EEE—— Anode(+)
Positive ion(+} Cathode(-)

Typical detectors: Si(Li), LEGe, SDD

Efficiency > depending on window and thickness
Energy resolution ~3 %

Charge collection ~ 5-20 us
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J Charge collection time

The local velocity of a charge carrier is given by

108
v(x) = u- E(x)
@ GaAs [(ELECTRONS)
— . . g
1 = mobility S / -
L A = —
g = =
. . . =~ P :f -
In Si at 300 K (valid at low fields g AT
- 7 I'ig
E < 10%V/cm) Z 108 ,/// bt < =
e A P T=300K =
l(electrons) = 1350 cm?/Vs b oy —“ﬁgﬁgﬂo’“‘sz
7 NI —o
w(holes) = 480 cm?/Vs < // ,
105 i
10° 10> 10* 10° 10°

ELECTRIC FIELD (V/cm)
The mobility is growing up to about 10%V/cm
At high fields (E > 10°V/cm) constant drift velocity ~ 10’cm/s
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[ Silicon Lithium detectors - Si(Li)

Using the purest Si the depleted region has thickness of maximum 2 mm. Using the
process of Li “drifting”, it is possible to create a “compensated” region where the
concentrations of donors and acceptors are almost exactly balanced on thicknesses up to
10 mm. In tis region the material has almost the same behaviour on instrinsic Si.

to preamplifier

Au contact
(c 20004)

Lithium-drifted
intrinsic region

N-type region
-500V

P-type region
(dead layer, c. 0.1 um)
Au contact

(c. 2004)

* Energy resolution ~ 140 — 170 eV (Mn-Ka)

* Charge collection ~ 10 us
g e 5 H Photo Credit: Mirion Technologies
¢ In p ut ca Pa bil |ty 10 p hoton 5/ sec https.//www.canberra.com/fr/produits/detectors/si-li-detectors.htm/
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J Low-energy Ge detectors - LEGe

Ge crystal can have a depleted, sensitive thickness of centimeters, and therefore (thanks
also to the higher Z) can be used for detection of high-energy X-rays. They are called high-
purity Ge detectors (HPGe) because they can be used as detectors without any doping. The

major drawback of Ge detectors is that they must be cooled to liquid nitrogen temperatures
to produce spectroscopic data.

* Energy resolution ~ 140 — 170 eV (Mn-Ka)

o Cha rge collection ~ 10 us Photo Credit: Mirion Technologies
e 5 https://www.canberra.com/fr/produits/detectors/
* Input capability ~ 10> photons/sec germanium-detectors.htm/
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J Si-PIN detectors

A PIN diode (p-type, intrinsic, n-type diode) is a diode with a wide undoped intrinsic
semiconductor region between a p-type semiconductor and an n-type semiconductor.
The depletion region exists almost completely within the intrinsic region, which has a
constant width (or almost constant) regardless of disturbances applied to the diode.

+
|
1 . -

P i(m) n’ ' ,
_%T - &
G ) S By & '

* Energy resolution ~ 170 — 190 eV (Mn-Ka)
* Charge collection ~ 10 us

o e ~ 5
° In pUt capa bil Ity 10 photons/ SecC Image reproduced from http://www.jowil.de/Semester8/Optoelectronics.pdf
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] Silicon drift detectors - SDD

The charge is drifted from a large area into a small read-out node with low capacitance,
independent of the active area of the sensor. Thus, the serial noise decreases and
shorter shaping time can be used. For SDDs faster counting is enabled and higher
leakage current can be accepted, drastically reducing the need for cooling.

anode

integrated FET c:;’_f field strips

e path of
=82 electrons

back contact

* Energy resolution ~ 130 — 150 eV (Mn-Ka)
* Charge collection ¥ 1 ms

* |nput capability ~ 106 photons/sec Detector photograph reproduced from
https://www.rayspec.co.uk/x-ray-detectors/silicon-
https://tools.thermofisher.com/content/sfs/brochures/TN52342 E 0512 drift-detectors/xrf/

M_SiliconDrift _H.pdf
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] Signal processing

Mean pulse amplitude(s)

E,
/\/\/\/\j—’ Arbitrary time scale (T)
/\/\/E_g’
Linear amplifier Voltage signals to

Detector discriminator (and
and pre-amp counting circuitry)
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. Analog signhal processing

ICIF Total time for processing one pulse ~ 15-20 ms
adl — —T1—

'; PA —H A apc Hmca HG)
IDETECTOR@) / @ / @

PREAMPLIFIER LINEAR AMPLIFIER

@_J/rf@m @M@ |H||

Arrayrsalbgttardighisd doed éntend Ale € dtopeats ¢he drfipdif wta rgetivit hid steahet eetimrmines
Bul st ftosiebatge Efustrttadbieydte pricanofdd enfMotiag afdtspeobisthgimbatidaas to
tingskéinedibag peEytdnad {opithatngdda@rchannel in the multichannel analyzer (MCA).
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] Digital signal processing

i K“x-.m*_.fff Analog signals
b nnnnn 1nnamn are measured against an
| J i internal HF clock
] . LUUL
. Iy . and sampled

NN * | _/_\_

I innnEm) e —

signal in Fast discrimination DSP Evaluation of height  Shaping

Total time for processing one pulse ~ 15-20 ns
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1 Multichannel analyzer

“Count”
added to

)0

a7

address “n

Event counts

X000

NN
O AT,

0... n ...N

memory address/location [channel number]
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1 Construction of EDXRF spectrum

The energy scale
(X-axis) is divided
into narrow
bands of energy,

called “channels”

EI.2I] EI.3l] EI.AII] 6.50 6.60
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J Geometry arrangement

Maximize the detection of x-ray emission while minimizing the detection of the
primary radiation scattered at the sample

i%%\' Al
- \\\\

< e i ’.
\‘ R i ; %ﬂ‘i
L

\\\\\‘ Wllm .:rlfﬂl‘ﬂ’”””ﬂ”””lll”lllllll‘

Coherent scattering Incoherent scattering
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J Geometry arrangement

Secondary
target

October 27, 2023



J Modelling a peak

Peak position

Peak described by a Gaussian Continuum ‘
n l 2
5 . 5 N b4 H (% — xp)
x° =) ly@) =yl y(0) =b+H-exp|——
: 1 1
10000 Peak height _
1 oo «  Spectrum vy, Peak width
8000 7 - —— Fit y(i)
6000 ° °

Minimum:
No direct analytical solution
Search y? for minimum

4000 H

2000 -

0 :9:9:9:9:9:0.0:0:0.0:0:¢ DO P 8.8 N C OO ODO
280 300 320 340 360 38C

Channel, i
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J The need for advanced peak model

CuKa zn Ka
100k ﬂ
CuKp
10k Zn Kp
Fe K Ni
1Kk Cu esc Ka “
100

10

T T T T T
500 600 700
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J Spectral background

/,- = Fluorescence intensity (cps)

IB = Background intensity (cps) T .NB, o
190 195 200 205 21.0 215 220
Energy (keV)
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. Spectrum deconvolution

P(i,Ej;) = G(i,Ejy) + fsS(i, Ejx) + frT(i, Ejx)

2.0 Gaussian
Shelf
Gaussian: , .. Tail
Gain (E; — Ejx) 5
G(i,E-k) = exp |— / &
s 2 28% £ -
Step: £
Gain E(i) — Ej 00
S l, E - 87" C T T T T T T T T T T T 1
( ]k) 2E]k f [ \/EO' 2.0 3.0 4.0 5.0 6.0 7.0 8.0
Energy, keV
Tail:
Gain E(i) — E; E(i) — E; 1
T(i,Ejk)— exp[ ® ]k]er c[ @ ]k+ ]
2yoexp [— —] Yo V20 V2y
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1 Determination of parameters

Fit of pure metal foils spectra

10° e Spectrum
2 Fit
(e
3 Cont
S 10° :
T+ Step
= Tail
2 10°
£
10
I I ' I I I I I
6 7 8 9 10 11 12
6_
4- ..
Q 2—- ® o 60 o. ° & P b
I o ‘o o oMo © ° ® © L] PSS ) 0og®® o
S o] ST B8 g m A
-% 2d ®e3 “* L X oot g “, ‘&.' , 00 °¥s o0
& 4] A -
] %
'6 T 1 1 : T T T T T T
6 7 8 9 10 11 12
Energy, keV
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J Software for spectrum deconvolution

PyMCA

ESRF

Win 10

No

No

Different options

Yes

Fund. Par.

QXAS WinQXAS
Released by IAEA IAEA
Availability Free upon request Free upon request Free download
SIPEEIL DOS @ Win 95
Environment
Multiple ROIs®) No Yes
Scatter peaks fit  Basic models Basic models
Spectrum format Sld ELELE *.asc (ASCII)
conversion el * spe (QXAS)

* spe (QXAS) =P
Batch run Yes No
Quantitative tools Multiple AISEE]

P sensitivity

(a) Possibility of running on DOS Box for Windows
(b) Capable of selecting multiple Region of Interest for fitting

WinAxil
Canberra

$55S
Win 95-XP

No

Advanced

Multiple Canberra
& Ortec, *.asc,
*.spe

Yes

Elemental
sensitivity
Fund. Par.

bAXxil
BrightSpec
$555

Win 10

No

Advanced

*.asc, *.spe, *.spc,
*.txt, *.csv, *.mps,
* xml, *axml

Yes

No
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Spectrum HUWC.5PE

HUC-binder 50401000 ucZ40]1 . =spe
Axil

=1y

LOAD
STOF
DISPLAY
ROI
CALIB
X-LINES
KLM-MARK
FIT
REFPORT
SAVE_RES
PLOT
EBATCH
BACKGRND
! ! SCAT_ROI
1500 2000

Channel Humbenr G0
CANCEL

(1]
n
t
5
~
L
h
a
n
]
e
1
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Win QXAS (IAEA, free)

'J_‘\l File Library Model Wew 3Spectra Batch Processing  Simple QXas  Window Help - & X

= H SR el = E ?e
x| 8| AJA A wkf0E | s Ll B(R| = s
4-9-2008
RIS 121539
Real Time :
i
LiveTime :
3000

Dead Time :
100.0 %

Calibration

ZERD [gY)
-58.0877

GAIM [844ch)
12,3642

Fit Info

ROI#1
13931976

Chi"2 |380.7

Element LineGroup | | Shape Corection Add : g[hKifa
I_J hd [ Escape + Rh KB
™ Incoherent M ¥ Bh KA
Custom Lines [ Coherent ™ Sum +-Rh KB
Channel 755 Energy 9.28 keV Counts 195 Model I0: Alloy
Current Model: Alloy For Help, press F1
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PyMCA (ESRF, free)

[D.W.U.L!l. p=mv=esz=za (G (K000 ) () I U ) ) £]
Orlglnal Stack newroi 1
g"
Q a
g i
T T T
0 30 10 130 200 o 90 10 120 200
Column Column
[ 400 MEA | memovemca | mercacemca | [ & A0 IMAGE || a&rmwemes || &reuEmuee |
"MCA | RE3 Condnter
Pl E) % sues o3 Calibration/Nore v
Active Curve Usesh: 0 B 1 <
1e+05 3 ROTS of EDF Stack SUM
10mm - ROl Type  From Ta RawCourve  NarCounes
1 1 IR pefak 1 2000 52097664007 50183664007
* 10000 o
= ] 2 Ca Charnel 123962 161282 241900e+007  2.002046+007
S 1000 ! !
8 b 3 newroid  Charnel 151282 154487 LOBO7e+008  -14974%
1= 45 Charnal  BL4.103 5234987 B.7153%6+005 -5,21956+006
iy S Pb Charnel 961550 110256 |S.67433e+006 -5.5591=+005
silhs:
I
a
[ addrer [ ceeeror [ Rest | [ tasd || saee
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J WinAxil (Canberra)

i:;ﬁWinaxil - [NIST2710Cd20M ap W ax]
ﬂ,EiIe Edt View Dizplay Toolz Analyze Setup Window Help Test _|E|i|

S|=|S| olAfn] Llefu el 5w orlwlulE] 22

SO Counts)

F
98 | f

50 [ Ph
. Zn

45

a0 ¢

35

30 ¢ S

Zr

25 |
: Rh
a0

I
Ll A T

15

160 240 320 400 430 260 g0 720 gao G50
Channels

For Help. press F1 |ChiSgr=1.3 |Chan 0. 0 Counts |KLM @ &z |05/25/98 [18:12:42
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J bAXxil (BrightSpec)

N-l"

O®®® @. @@@ ®® .@ @

bvvd Spectrure: Jglaod

TE80

134

———

(2]

a0

—wi 3

w

g1 vd 3]
£ sl
UJ Blcin)o]Flnel
tia gl A=l els|ala
mﬁﬂmﬂmmmmmmmufMJmm

B8] 5d v] 2| roim] Te| Ruf R Fa] 2q) cdf tn] saf bl Te| ] xef
= Bl L) | ol vl Re] 0= x| rt) 0l bigl M 6 B | Fo] At !
Frl Ral
La] Ce| er) wo| Fml sml Eul Gof Tof oyl Kol EriTm vb|
2| T o) u| | Pulaed oo ] o] Es| Fml g o

unes K| kol xbllL L) 2] 12] ) w ] pu] vl n) o] o] ) sicd

¥ nchyds zum panks | Coh paek | Incoh peak | Dmls Remm

{

24q 40 60
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Thanks for your attention!
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