Experimentalne metody
Marcel MiGLiERiNi

8. Rontgenova fluorescencna analyza

" princip metody
o interakcia rtg. ziarenia s latkou
o energetické hladiny atomu

" experimentalne vybavenie

" techniky XRF

= aplikacie



XRF

" rontgenova fluorescencna analyza — RFA

" X-ray fluorescence analysis — XRF
o analyticka metoda vyuzivajuca princip rontgenove;
fluorescencie na urcovanie zlozenia a koncentracie
prvkov v rO0znych materialoch a vzorkach

o 1929 — Richard Glocker a Hans-Wilhelm Schreiber



Vyhody XRF

" nedestruktivnost
" dostupnost
" rychla analyza (1 az 30 minut)
" presnost ug/g (ppm)
" moznost analyz v teréne (,,in-situ”)
" jednoducha priprava vzorky
o pomliet, pomieSat s pojivom, zlisovat
o netreba vzorku dalej chemicky spracovavat
" mala pravdepodobnost kontaminacie vzorky
" rozsah analyzovanych prvkov Na(11) — U(92)



Nevyhody XRF

" limity stanovenia nemusia byt dostatocne

" zavislost od zlozenia matrice

" spektralne ovplyvnenia analyzovanych prvkov

" zavislost od velkosti zfn mletia

" zlozity vypocet pri pouziti fundamentalnych
parametrov a zlozitejSich modelov vypoctu

" spektrum ovplyvnené artefaktami pristrojovej
techniky

" absorpcia ziarenia pred dopadom na detektor

" preferencia deexcitacie emisiou Augerovych
elektronov



Princip metody
" kazdy prvok
o Specificka struktura energetickych hladin elektronov
O emisia rtg. ziarenia s jedinecnym zastupenim vilnovych
dlzok v procese fluorescencie
o jednoznacna identifikacia prvku
" detekcny limit
o teoreticky: prvky Iahsie ako bor ;B
o optimalne od fluoru (F
o dobre hodnoty od sodika ;;Na
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Interakcia rtg. ziarenia s latkou

fotoelektron z K vrstvy
AE =E - E,

E

dopadajuice ziarenie
z rtg. trubice alebo
z radionuklidu



Photoelectron
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Oznacenia
ciar

" prechody daneé
vyberovymi
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Augerov elektron

Augerov
/ elektron

e\ E3
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Produkcia Augerovych elektronov

" konkurencny proces k fluorescencii
" vysSia pravdepodobnost pre lahsie prvky
=> spektroskopia Augerovych elektronov
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nergie rtg. ziarenia

Group H H
I4 =1 B 1 Vil
H Key to Au He
1 Energy Values 2
I in keV ?g A [ VA Vi Wl
0.052 210 Kt Hga 1785 0282 0392 0.526 0.677 081
LI Be ';‘; I_ L B c N 0 F Ne
-
3 4 Lo Lo =1 Lg 5 6 7 8 9 10
©.04 1.07 1.25 130 1.49 15 174 1.83 202 214 221 246 262 282 296 3.13
Na Mg Erout Al si P s cl Ar
1 12 1153 B W3 B YIIB [I5] 1B 13 14 15 16 17 18
3.31 399 365 401 405 4.46 451 193 455 543 5.41 595 590 6.43 6.41 7.06 3.93 765 7.45 8.26 8.05 8.0 864 D07 | 925 1026 | 9.89 10568 [ 1084 1173 [ 11.22 1280 | 11.92 1329 | 1265 4.1
K Ca Sc Ti A Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
19 20 21 22 23 24 25 26 27 28 20 30 3 32 33 31 35 36
0.34 .40 C.45 0.26 0.£1 0.52 0.57 0.58 O0F: 0.65 071 072 176 079 0.35 0.87 053 0.55 ©.01 1.03 1.0 112 115 1.4 1.28 1.32 1.28 1.42 1.45 1.53 159 - .64
13.39 1496 | 1416 13.83 | 149 16.74 | 177 1767 | 16.61 168.62 | 17.45 13,61 | 16841 "9.31 [ 1923 21.66 | 2021 2272 | 2118 2382 | 2216 24594 | 2317 2609 | 24.21 2727 | 2527 =840 | 2636 2972 | 2747 30593 | =5.61 32.29 | 2980 33.54
Rb Sr Y 2r Nb Mo Te Ru Rh Pd Ag cCd In Sn Sb Te | Xe
37 38 39 40 41 42 43 44 45 46 47 48 49 30 51 52 93 94
R 17A 181 187 197 -0n N4 212 217 2 0R 2729 240 242 28R4 2 A5 PRA 270 283 234 2089 28R 315 313 33 379 34c 344 =FRA SR 3R4 377473 394 497 411 4 42
3097 3498 | 3219 36.28 EEVE B321 | 5T.E2 BS21 | E9.31 6723 | 6113 B9.30 | 6299 71.40 | B4.89 7355 | B6.32 7574 | BETQ YFO7 | 7082 BL.2E | V286 8256 | T40F E492 | 770 87 3 | 79.Z0 899.81 | £1.53 92,32 | 8380 94.38
Cs Ba 57 - 71 Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
4.4 462 4.4 44: =[N gd.15 H.34 .40 Yk g.95 1001 o 1Ugs | Y14 1uA Y44 11LS = .~ O = P O 0 A 1 P« e e 2 O e - O S O 7
86.12 97.48 |58.46 101.14 [ 90.39 102.35 | 3533 115,59 [55.85 "08.41 [ 53,43 111.29 [101.00 114.18 [103.65 11715 [106.35 120.16{109.1C 123 2 [111.90 126.35 [114.75 123.54 [117 .35 132.75( 120,60 136.08
Fr Ra Ac Th Pa U Np Pu Am Cm Bk cf Es Fm Md No Lr | Actinides
87 a8 29 a0 91 92 93 94 a5 96 97 a8 a9 100 101 102 103 90-103
12.03 1477 | 1234 1523 | {268 1571 | 1207 1620 | 13.20 1070 | 1361 1722 | 1305 "7.74 | 1423 1828 | 1462 1883 | ~436 1930 | 153" 1907 [ 1566 2056 | 16.02 2117 | 1638 21.¥0
. 1144 700 (2472 2926 | IG.C2 4073 | 706 4227 | D065 4236 | 40012 4540 | 41.00 47.00 | 4220 40.72 | 44.47 4025 | 4599 0z 10 | 47.50 §2.50 | 49.1C £5.69 | SC.70 &7 40 | 52.06 £9.05 | £4.06 61.20
Lanthanides | La ce Pr Nd Pm Sm Eu Gd ™ Dy Ho Er m Yb Lu
57-71 37 58 59 60 61 62 63 64 63 66 67 68 69 70 71
468 £.04 484 5.26 9.3 5.49 523 572 543 595 5.64 5.21 5.85 646 6.J5 B.71 5.25 B.58 6.50 7.25 B.72 752 595 7.81 715 8.10 741 5.40 765 8.7
Actinium - Az 89 Bromine - Br 35 Dysprosium - Dy BB Feliurm - He 2 Lutedium - La 71 Mobelur - Ma 10z Radium - Ra 83 Stranfium - Sr 38 Urarium - L 92
Alurminum - & 13 Cadmium - Cd 48 Einstainium - E= 39 Folmiurr - Ho BT Magnesiom - Mg 1z Ogmium - Jg 76 Radon - Bn 36 Sulphur- 5 16 Wanadiurm - % 23
Amelicium - Am 90 Calcium - Ca 20 Craium - Cr GO | yerogea- 111 hanganese - M 22 Qxvgen- OC Rhenium - Re 75 Tantaur - Ta 72 Henon - Xe 04
Antimony - Sh 51 Califamitm - Cf 95 Evrapium - Eu 63 Indiim - [n 49 Iendelevium - kd 101 Falacium - Fd 46 Rhaodium - Rh 45 Techretur: - Tc 43 techiam - ¥k 70
Argon - Ar 18 Carbon - CB Fertmium - Frn 100 lodine - 153 Mercury - Hyg €0 Phosphorus - P 15 Rubidiurm - Rb 37 Teluriurm - Te 52 Yitriam - ¥ 39
Arsenic - Ag 33 Cerium - Ce 58 Fluotine - F 9 Iridiam - ¥ 77 Molybdenurm - ko 42 Plazinam - Pt 78 Ruthenium - Ru 44 TethiLm - “hBS Zinc- Zn 30
Actatine - At 85 Cesium - Cg 55 Francium - Fr 87 Iron - Fe 28 Meadyricm - kd BC Pluzonium - Pu 94 Samatium - Sm B2 Thalliurm - Tl 81 Zicconiarm - Zr 40
Earium - Ba 56 Chlorine - Cl 17 Cadclinium - Cd G4 Kryaton - kr 36 Mean - Me 10 Molanurm - Ma £4 Secandium - S¢ 21 Thaticr - “h 30
Eerkelium - Bk 97 Chrorrium - Cr 24 Gallium - 5z 31 Lanthanum - La 57 Meptunur - Ma 93 Fotassium - k19 Selenium - Se 3¢ Thulium - Trm 69
Beryliun - Ee 4 Cobalt - Co 27 Germanium - Ge 32 Lawreacum - Lr 103 Mizkal - Mi 28 Praseodymiurm - Pr 58 Silican- 5i 14 Tin- Sn5C
Bismuth - Bi 83 Copper - Cu 29 Gold - Au 7S Lead - Ph 82 Miab urm - kb 41 Promethium - Pm G1 Silver - Ay 47 Titaniurr - Ti 22
Eoron -B S Curium - Crn 95 Hefrium - Hf- 72 Lithium - Li 3 Iizrages - W7 Protactinium - Pa 31 Sodiurn - Ma 11 Tungsten - W 74
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Analyzované prvky

LA VIILA
. L] r , - r
‘ Periodicka tabulka chemickych prvkov 1
H He
Vodik Hélium
1008 4.003
A A IVA VA VIA VILA
5 4 S 6 7 8 9 10
Li Be B C N O F Ne
Litium Berilium Bor Uhlik Dusik Kuslik Fludr Neon
6.941 9.012 10.811 12.011 14.007 15.999 18.998 20.183
K K1
RGN ERER P;:::y‘;mné Energie doleZityech spekiralnych TR e [Ttk i) [Tan 1w [Tk D) [Zem Tee| [TeE s
11 12 pomocou Osiimé &iar v rozsahu energii 0.7 - 50 keV 13 14 15 16 17 18
(G Py :
Na || Mg Al || Si P S || Cl || Ar
spekirometrie ol Bl ] 3 :
Sodik Hortik Hlinik Kremik Fosfor Sira Chlor Argon
22.990 24.305 26,982 28.086 30,974 31066 35453 39,948
mB IVB VB VIB VIl B Vil InB
234 3389 3692 4012 4091 e 43 4831 4952 5426 5415 5042 SR 6.4%0. (=1 TA54 6.9 766 14TR ®262| [Eam Ro03 Lrs 4570/ 9282 [I5] SERE 1098 103544 nm nm 1245 Hnan 3389 12044 14009
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti v G Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Draslik Vipnik Skandium Titan Vanad Chrom Mangan Zelezo Kobalt Nikel Med' Zinok Galium Germanium Arzén Selen Brom Kriptén
39.098 40.078 44.956 47.880 50,942 51.996 54.938 55.845 58.933 58,093 63.546 63.380 69.723 72.640 74.922 78.960 79.904 83.798
0705 0.719] 0775 0T 0852 086 0923 950 Loix | (155 1100 1040 1 188 1219 1.2 1.317 13 1414 | 40 1.326 1.586 1 63T
13395 (IR A ) 14183 15832 14858 16.745] 137738 17 his) laf12 14615 174 19,598 12367 H.612 19279 21649 20213 zns 2T 2315 2559 24958 mam 1091 214206 wam 15267 1%48h 26,355 29.726 27468 .90 m607 1289 20T R
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb Sr By Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Rubidium Stroncium Yirium Zirkonium Nidb Molibdén | |Technécium| | Ruténium Raodium Paladium Striebro Kadmium Indium Cin Antimdn Telar Jod Xenon
B3.468 87.620 88.906 91.224 92.906 95.940 98.906 101.070 102.906 106420 107 868 112.411 114818 118710 121,760 127.600 126.905 131.293
vesd umsr| [ oam| ser isee| [2osr wene| friee zaw| (2o zaes| |2am aswr| 2s aees| [2en  nasd| | zew  noss| |ems  doas| |aade sanr| (e saer| [aase seer| |aees  aead| (39 aose| [seam aan [4ae 44w
30,968 oKl ESAL1S Je s
55 56 72 73 74 75 T6 7 78 79 &0 81 B2 83 84 85 86
Cs Ba | fuvosom| | HFE Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Cézium Barium Hafnium Tantal Volfram Rénium Osmium Iridium Platina Zlato Ortut’ Talium Olovo Bizmut Palénium Astit Radén
132.905 137.327 57-71 178.490 180.948 183.840 186,207 190.230 192.217 195.084 196.967 200.590 204,383 207.200 208.980 208.982 209.987 222,018
4287 4420 A 466 487 189 2023 Al46 S0 4.198 9472 B&H 10,014 R912 10355 9.175 10708 9442 1106 S713 11440 .98 11823 10268 12213 10.552 125614 10839 13424 1131 13447 11141 11876
87 &8
Fr Ra AKTINOIY
Francium Ridium
223.020 226.025 89 - 13
12037 14.760 12336 15231
B | [T was| [Geem woar| [7035  aes| [Ais wais) [aon asaos| [F1ss o] [Fewe  smew] [Hae Fr] o W
5 58 59 61 62 63 64 65 b6 67 68 69 70 il
ﬁq’EL‘ITID APS La Ce Pr Nd || Pm Sm Eu || Gd Tb Dy Ho Er Tm Yb Lu
Lantan Cér Prazeodym Neodym Prométium Samérium Eurdpium Gadolinium Terbium Dyysprozium Holmium Erbium Tilium Yiterbium Lutécium
SPECTRO APS, spol.s .o, 138,906 140,116 140,908 144,242 146.915 150.360 151.964 157,250 158,925 162.500 164.930 167.259 168,934 173,054 174.967
Izabely Textorisovej 13. 03601 Martin 4681 sodz| | as 5261 [ 5034 Sawe| | 5230 5.722| 5433 5961 5636 #2085 | [ S0 £A4% 6057 6313 6273 H9TH s rax] | 67N 7523 B 2811 7.8 B | 7410 s402 7686 K709
kanceldria: Kolldrova 49/63, 036 01 Martin
tel, 043 4222314
fax. 043 42 24 381 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Stanil mckomaRpcvaak Ac Th Pa U Np Pu || Am || Cm || Bk Ccf Es Fm || Md || No Lr
L e Aktinium Torium Protakti Uran Neptinium Pluténium Americium Curium Berkélium Kalifornium| | Einsteinium Fermium | [ ium| | Nobeli i i
227.028 232,038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.079 252.083 257.095 258.099 259,100 260.105
12967 161 13248 16.719) 13615 17217
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Usporiadanie experimentu

X-ray tube
ok Detector Signal
Sj dicde Processing
Electronics
(3) Preamplifier
»
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; ¥
. i L-. !
- 4

Analysis
Software (5)

|

Ell t | Lina | Concentration| Unerainty | Intensity
Cr Ka 28.16% 013%] 3 2E+02
Mn Ka 1.50% 0.03%  20E+0
_ Photoelectron Fe Ka 50.54% 0108  4E5Es02
Ca Ka 0% 0.09%| Z24E+00
Fe atom Mo atom Hi iz 15.05% D12%  16E=0D
Cu Ka 0.12% 0.01%]  14E+00
Sample Mo Ka 0615 .o 1EEsm
Result
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Komponenty spektrometra

" zdroj rtg. ziarenia
o rtg. trubica
o radionuklid
o synchrotron

" detektor

" nabojovo-citlivy predzosilnovac
" digitalny impulzny procesor

" mnohokanalovy analyzator

" napajanie a rozhranie k PC

" vyhodnocovaci softvér

" tienenie (Al + mosadz)

15






Courts

Zdroj rtg. ziarenia

" Mini-X
o Ag tercik; napatie 10 - 40 kV
o prud 5 -200 mA
o Be okienko hrabky 500 pm

O priemer zvazku cca 2 mm
s pouzitim kolimatora

Ag Target @ 40 kV Au Target @ 40 kV
Agﬂ.u AULB
120° X-Ray Cone

Aul_ﬂ

Be

L%}

Agm
AULY
; , - 17
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45

Energy (keV) Enargy (ke



Detektor ziarenia af i S—

" Gi-PIN detektor

'Detentnr
o plocha 6 mm? Fi WTE':'Inp
. :’__‘-t" onitor

o hrubka 500 um

o 12.5 um Be okienko Cooler
o termoelektrické chladenie Mgtl:]“dtmg
"y

149 eV FWHM ||

25,6 15 paaling fima
PiB Ratio: 6200/1

Cammin

BT Mal

Ensray el



Citlivost Si-PIN detektora

" Al (E=1.49 keV) je citlivost 60% vo vakuu, avsak len
16% za pritomnosti vzduchovej medzery 1cm
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/ / / /
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O F MNe NaMgAISiP

|MM||

SClAr CaTi CrFe

L

Energy (keV)
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20%
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1.0E+00

\

500 pm Si-PIN

\

e T

1.0E+D1
Energy (keV)

1.0E+02
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Techniky XRF - podla geometrie

" TXRF (total reflection x-ray fluorescence)

o totalny odraz, uhol dopadu niekolko min, hibka
vniknutia niekolko nm, vyssia presnost (0.01 pg)

" GIXRF (grazing-incidence x-ray fluorescence)
o modulacia uhla dopadu okolo kritickeho uhla

o hibkovy profil

" pu-XRE, 3D-pu-XRF (micro x-ray fluorescence)

o fokusacia zvazku, rozlisenie radovo um, 3D profil

= XAS (X-ray absorption spectroscopy)

20



uXRF - schéma experimentu

High & Low Magnificabon

CCD Camaras
@ D SHLI) Detector T
Tube & P
Capillary X%, 48" - — .
Optics N ["_["1. }

Detector Signals

Analyzar



uXRF - pristrojove vybavenie

" zdroj: rtg. Rh, max 40 kV, max. 1000 mA (40W)

" monokapilarna fokusacia (najmensia stopa 300 pm)
= Si(Li) plosny detektor (LN,)

" EDAX-FWHM 144 eV/Mn,,

" moznost prace vzduch/vakuum

" detekovatelne prvky Na - U (vo Vakuu)
K - U (na vzduchu) - |

" vypocet koncentracii:
bez standardov / s kalibraciou

" citlivost cca 0,01 hm. %

" zobrazenie vzorky

EV: 40 uAmp: 55 DMag: 100x




Co je to povrch?

povrch (~1 nm)
3 atomove vrstvy

ultra-tenky film (1 -10 nm)

\ / 3 - 30 atomovych vrstiev

tenky film (10 nm - 1 pm)
30 - 300 atomovych vrstiev

<— objem
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Prvkové mapy povrchu
O S Mo




Spektrum pXRF

A | D:AMossbauer\Martin_Cesnek\tablety_Tibet-cervene\tbl_Tibetl-cervena-sum.spc Spc-Sum...

B | D:AMossbaueriMartin_Cesnekltablety Tibet-modre\modra_tbl-sum.spc Spc-Sum...
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Techniky XRF - podl'a sposobu detekcie

" EDXRF (energy dispersive x-ray fluorescence)

o emitovane ziarenie je analyzovane podle energie
* energetickeé rozliSenie 120-600 eV pre 5.9 keV (Mn K,,)
* teoreticky od prvku Z=3, prakticky od Na (Z=11)
* detekcny limit lepsi pre tazké prvky (od 1ppm do 100%)

" WDXRF (wavelength dispersive x-ray fluorescence)

o emitovane fotony su pred detekciou separovane
difrakciou na vhodnom monokrystali
* energeticke rozliSenie 5-20 eV pre 5.9 keV (Mn K))
* lepSie detekéné limity, lepsi pomer S/N
* drahé zariadenie (krystal, optika), dlhé casy merania

* 100x nizsia ucinnost
26



X-ray

EDX _ WDX WDX source

detector

amplifier and
muiti-channel 27
analyser



[Cretector

XRF spektrum

Comgpton
soatter
1.5 keV

Sample

1.0E+00 5

Spectrum measured by detector
./ Ivcludes attenuation in Be and detector,

escape peaks, electron escape

Intensity
/’

1.0E-01 +
Scatter of tubs
Compton scatter i

1.0EL2 . l\
from detector

- s
1.0E-03 - ' A% /

1 .GE'M ] T 1 ] i ] ] T r i r ] T T i T T ] T ] T T T i T T T T

a0 50 10.0 15.0 200 2510 0.0

Energy (keV)



Counts

Priklad spektra EDX

1.0E+05 -
. Fe K
CrK, /e "
\ | p‘ FeK,
10E+04 ——F
: . Ni K,
‘ I ‘I'. “ / »
I I Kg
| |‘| I -
1.0E+03 4 Escape ‘ I ‘ i Mo K Mo K
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‘ ‘ ‘ | | “ / Compton scatter
\\ ‘ LY Fe K, , of Ag in anode
J ‘ ‘ | Sum Peak \ /
(1 \I ( J | \
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e
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10E+01 ++
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\ 1 | 1I
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Al Ar

Compton scatter

1.0E+00
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Environmental tube brehmstrahlung of tube brehmstrahlung
Interference
0 5 10 15 20 25



WD XREF spektrum
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* Cu Fe Ka Lines ——
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Stolne — rucné analyzatory
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Techniky XRF

EDXRF

——
g il
RSN T
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o e
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WDXRF




WD XRF

" analyzyuz od F (Z=9)




Pristroj ED XRF
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Rychla analyza od 1 do 30 minut

| !
s |
= e
= = *
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Rozmery a typy vzoriek

" tekute a prchave vzorky sa nedaju merat vo vakuu
" u tekutych vzoriek musi byt pristupna hladina

" pevné vzorky: od 0.1 mm do asi 10x10x10 cm

" neda sa merat v dutinach

" nedaju sa merat vzorky, z ktorych vycnievaja dohora
akekolvek artefakty

" u vzoriek s vysokym podielom organickych latok
(plasty) alebo I'ahkych prvkov (bor, litium) je znizena
presnost merania kvoli pritomnosti odrazeneho
ziarenia rtg. lampy

" inak sa da zmerat prakticky cokolvek

36



Priprava vzoriek

filtrovanie

obohacovanie
rozpustnych latok

filtrovanie -

tavené

perly tablety kyveta tenky film kyveta filtre filtre pevné vzorky




Aplikacie

" kovospracujuci priemysel
" sklo, keramika a stavebne materialy
" natery a produkty na baze mineralnych olejov

" historicke objekty a umelecké predmety (pigmenty v
malbach, zistovanie pravosti umeleckych predmetov,
datovanie v archeologii)

" pritomnost tazkych kovov v biologickych vzorkach
o vlasy, kosti, krv

" potraviny, vzorky z prostredia — vzduch, voda, poda

" Stadium meteoritov
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