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## 5172220023: MAJOR METROLOGICAL SCIENCE

KEYWORDS: PHOTOELECTRIC EFFECT/EXTREME ULTRAVIOLET/EUV DETECTOR.
KANLAYA THANASIN: DESIGN AND DEVELOPMENT OF EUV DETECTOR USING
SILICON MOLYBDENUM MIRROR. ADVISOR: ASST.PROF. RATTACHAT
MONGKOLNAVIN, Ph.D., 67 pp.

This thesis describes the development of Extreme Ultraviolet (EUV) radiation
detector. The investigation prioritized on the performance of the detector especially its fast
response to photon at wavelength of 13.5 nm thus the photoelectric effect principle is
used to devise such a detector. Metals with suitable work function were investigated such
that the metal with best response was identified. The detector performance was
investigated at Siam Photon Laboratory Synchrotron Light Research Institute (Public
Organization) where Photoemission Spectroscopy (PES) beam line can provide EUV
radiation with known wavelength and intensity through angle-resolved photoemission
spectroscopy. The efficiencies of the detector were measured in comparison to a
commercialized diode detector SXUV HS5 Si/Zr which has a detectable window around
13.5 nm. It was found that silver (Ag) was the best material to make such a detector where
the work function is 4.73 eV. When the detector was used to measure the radiation with
wavelength of 13.5 nm, it was shown that the detector can perform as well as the SXUV
HS5 Si/Zr. In order to increase the detection efficiency, the detector can be used in
cooperation with silicon molybdenum mirror (Si/Mo) for better wavelength selectivity. The
efficiencies of the detector used silver metal detecting photons of 12 nm,13.5 nm and 15
nm were 1.7%, 2.47% and 1.38% respectively. In comparison with SXUV HS5 Si/Zr, the
efficiency at 13.5 nm was 3.74%. It can be concluded that the proposed EUV detector has
a potential to be further used in semiconductor industry development as well as
measurement of EUV radiation (5-50 nm) in other applications that are comparable with
other widely used solid state radiation detectors.
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3.1.9 vidnsadanaTninlalan SXUV HS5 Si/zr

3.2 AUEISEUANTUlATATAULINTIR TayaAIWNATA
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nanafluginsnidrAnganunsninll 1 uddanidneAraniaenanineunnegniauiis
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MNUNAUAR

3.2.1 Havlnaiusieiiiad(continuous spectrum) wasdulasasaugnilaasaanuilutiu
1% 1 dl :/I (N a . = g g ¥
WANNUADLUBIALALNUAUNTLIA (infrared) AuDNLANELIE (X-rays) waziaenig i
auNIALAADUNE UANINLELUANAINYUNIniNTENI duaLA LR85 (undulator)

alnmaiurasuasiulasnsauilfaclanwenlscnaufsagaunuuasndeu
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NALIURALT TUde A uAIauINUdIMAN WA BBuLLAsTuTATRTaUAL
4 L

wasuatinasaiiia

= o ) ) ) a & aa o

HAudinganan(high intensity) wasiulasnsauiiluuasniaonudingslaaianiy

Lasann duglanad aANNENgINd AN IANIALA LW (bending magnet)

2LALINHULYIN

{ANANga(high collimated) uasdulasmsaugnaseanniiuanans Tuuuaduds

N

a lﬂl dl dJ o [~3 o al v o v
UAANINNITARDUNTDIDUNIA TIUUIARMAILANLTENUALN AN 19
a = o A e
uavtulAsnrautAnaNAEILENNDL(brilliance) g9NIN

[

nanwuziiluiad(pulse) uaviulasnsaugniantlassasnunludneusifuiad
3 v 1 dl Vv a a o o’/J dgl ¥ dl o
dur fleendinilaluduidung Aniuuaeignldlunimesesiissuunisnsaadnd
ANNAZLRLA LN13TAT9LIA57 (low time resolution) AN LASRINANWRIZ AR
Talilasuudasmuman
[~1 dld o a e o a ::
HunasniamantimidaBunn(briliance) 1evailnaiuuasiulasnsautiuainng
Y o 1% 1 [ a a =® o v
sAnlAuinanlaanisA uIUNINg g Lasiularnseauasatnimnin bl luns
neaeslngfiArAnudiniuinsgunaentundsunli
uuasiinanlsd(polarized light) wasTulasnsauannuainaniaaiuu(bending
(1 '8 dlda v [
magnet) 1unasinanlsfuuuszunundfAn1sresdun AN s U uiussuIL1e9
LUANTLAREUTITDID1NA
[ 1o a dld 49/ o . dl 1o a
duwnaandlanaaniaauluilannn(clean environment) a9 N LUAIN TR KA
Fulasasauniaulussuunneuiugruoyinia(ausulszuns 107 Torr) il

=

wasnlARnstuitlenannis@aws nlisieenistiaunnn [10]
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3.3 wAlAN LA UlATATaU

Tun1nnimeaasludnafinusiiAamatianiefinu  photoemission  spectroscopy
(PES) nanistseansldsudnsnnismaaauilsy@nsninaesdan dalussunn1saasauss
dd” v % % dl a md‘ % [ %
2e9an18uannn L ulinainuanafnuiiasainilguan iAo AN UAUTEs
ANAR3TATAT BTN UBLANNIRindSine Feazldaenislinasauniaaudinga

wnazuanslugtlaasdnd dawanslunini 3.3.1

1E15 - ' - -
< ] : 1
S ! ' ]
g 1E144 ——BM3 A F
S ] U60,1" harmonic | :
0 : U60,3" harmonic :
o - -
& U60,5" harmonic
= e U60,7* harmonic | 3
B pi R 27 =N =N ]
[ ] ]
2 . -
o e .
a
= 1E12 - E
2 : :
£ ] ]
o ' i
o | Natural emittance : 95.81 nm rad |
z Coupling constant : 0.00316
T 1E11 ——r—r—r—rrT] T} ——

10 100 1000 10000

Photon energy (eV)

NN 3.3.1 I maunandnaAwmasaasing [10]

NANNIINAAAUBIRNUIUTN P UNANEN A LMLNFI28191.0 x 10" TWRauFAaduIf
52100 Rauani Teflunin1megelA1189N T a9 U TN AU a0 TN ARa9N
. . e s I .
A1NN90LADHUAIRBNNT W TTIANANUNI UeEsiese lugtuuwazilunins gy

o =l all o v
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1E14

1E13

1E12

1E11

TR ETTIT B EERTTT BRI BTSN |

1E10

—
m
©o
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Flux @ sample (photons/s/100mA)
3

PERRTTTT BTSRRI B R eI |

-
m
~J

—+=1" harmonic (G#1), simulation %4 542,
¢ harmonic (G#2), simulation
- e 5" harmonic (G#2), simulation
—==5" harmonic (G#3), simulation
—a==7" harmonic (G#3), simulation
¢ 1% harmonic (G#1). experiment
¢ harmonic (G#2), experiment
5™ harmonic (G#2), experiment
= 5" harmonic (G#3), experiment
a 7™ harmonic (G#3), experiment

-3

31

Opening angle : 0.2 mrad (ver.) X 1 mrad (hor.)
S1 = 100 micron
S2 = 50 micron

A‘A‘

A

100 1000
Photon energy (eV)

A 3.3.2 LaA9Tanasa e inma [10]

NANIINAAALTRITNNAILINAAUNZ DTN ABaIR1N17D TN AU L F e

v
o 1

499 40 aanazanlaas (eV) 19160 alanmIaulnas warfalsdg 220 aanasanliasd 09

1040 adnmsaulnas sananalunini 3.3.2

Q\“\\

Undulator beamline

14

Undulator radiation spectra@Gap: 45 mm F2.0x10

0.5

B 2

E 4 |

? o e |,
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b=y 2 e F1.0
.%' — Flux calc.

€

(w00 L ®%1°0/5/4d) xnj3

0.0

Y ¥ T T T ¥ T
200 400 600 800
Photon energy (eV)

VerFWHM 0 0084 mm
oo HoeFWHM 01377 me

AN 3.3.3 LAAITTULANAENUAS(Undulator beamline) 1848017naaaddulasnsats [10]
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3.4 1AFRINA lUAD1UNAARIATU photoemission spectroscopy (PES)

3.4.1 anninAaasfiny photoemission spectroscopy (PES) dsznaulifasdegryayinia

AuFuniseasiinindidnasaunisEsanfaetinszuLdsiafaatinanislgnias

119(MBE) Wazn19iaANNluudmian(SMOKE)

3.4.2 fagouey nAduiunsiAsziininalannseu Tl iestledinnindanuaes
AANATAULLL angle-resolved (Thermo VG Scientific, ARUPS10) wa angle-
integral(Thermo VG Scientific, Alpha110) & A ithuieaIfnaTauNdam 5 Ala
Aanmseuliag HAMTLIATA AES Laznawny 1 nladlannsaulias 4 uiumatia

LEED

o

3.4.3 Mgy INARIUTLNITLTENFAaNN aLlA1uLUIBNAIq Y INIARIUFUNNT
iR dEnnsauiaaunsasinnsatlnmesias laaauanineudaeiluidloaay
dld [ % a a & % E% o o I v
PHNAY 3 NIAALANATARINAA WAZAINIT0 AAIINGRUALFARENAE electron-
bombardment heater IAaNgUUOREIAAT 1400 1ARIY TuNTLLABUAT LMLER
Aa0ei1914 temperature-controlled  manipulator 184OMNIAX  Ip8I81N190AYLAN

anngRlimanii120 1nanu Ineldlulnsiaumas

u q

3.4.4 fegryaunniaduiuilgnianunstsznavliléion effusion  cell  uaz e-beam

evaporatorsl,umﬁ?l,ﬂaﬂuﬁ’] NN LI Rk temperature-controlled manipulator

a

TraanuisnmauANg )R 15494mN 1400 LAAIU AL RHEED optics 71lEwaA9nu

a

AANATDL 15 NIALANATAUINAR

3.4.5 fagryynAduiunisdnanailuudimanilsenaulifon Saau-teau s n
anlsered Inaainnsnlfudiauinuwlinanligeqan 1600 14 Tunsulasusiumis
SNk temperature-controlled manipulator 189 OMNIAX Tmﬂmmmmuqu

aouinftlEenged 120 et tael¥lulanamisan [10]
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3.5 LATRIND LUADIUNARBIATU photoemission spectroscopy (PES)

al v % dl A a s [ %3 a o
a07inmaeadnu PES Usynauldfiog Asaailedinsnsinasnutadatanasawn
angle-integral (Thermo VG  Scientific, CLAM2) uwaz@u1saninsailnmaséogleaan

asnaudnetutislaasuninasanu 3 dladianmnsanias [11]

A schematic diagram of PES station

Flux monitor _
gold mesh \
photodiode

XAS#1
L A _
2 = - < XPS
g3 f;\ / @ Beam
o
=, chopper
Gas cell
-0, pm
Linear transporter B Pﬁyl:n» Nrf:lh
“ % ] Lo - 4 blades OFHC
with lj» samf)le bank ,\,-{)’ XASH2 it
"
—| ®
N 4v
f
First-entry air-lock I
with 4-sample bank
Siam Photon Laboratory

Synchrotron Light Research Institute

AWA 3.5.1 LAAITEULNIIN NI ULBI AN LN ARDIN A1 Photoelectron Emission

Spectroscopy (PES)[11]
3.6 AAEN9NUIRELRIRO1UNANRY Photoelectron Emission Spectroscopy (PES)

wimnsrnviramalulatads luida U ATUAINNNITANTIALALAUNLUNIANLVANARS

ginsnfdidnnsatindasdaludlfneenuwmuinnainasnesainniflunana eanany sodd
@ =2 dl ' ' a a & o = qul c
anunangaiedasianisacuANng AnsTNTesBLannseulusAuaznan anvisglneni

1
o 1 =

dl Y & o‘d‘d 1 [~ 1 [=3 Y o al o
Wwa s ulazimuiaasniacunuiduauuug WIANG NANmLINIa A

o a a o/ -dl | 1 =3 [~ 1 =3 ¥ ¥ ¥ o o Ly
UW\?V@WH%HVILH@@WT‘I’J'&@VIL‘]JuLLﬁJLVI@ﬂLL@?JvLN Wuldiman Elumﬁ‘mqmmm*mmm@qﬂmm

q
o

wianil mATA PES ?mﬂmLL%?'mm‘Lumi’ﬁumLmzﬁ’]mmLfﬁﬂfawqﬁmimm%Lﬁﬂm@u‘Lu

q @ v

v
AA1979 N AUDINAN LA E b wan [11]
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3.7 9N1SNAADY

Inentinusiliaiieindniediendviudansi lalaianlnald dsingnisal nind

a o

G - , A g o v o o 9 = o
WWNNIN (photoelectric effect) Wwaliiseuuaain1sdnaassiainieg qmlmwmmmqm@u 13.5

dl a a A o‘d‘a [~3
wlums dedsngnisalining@idanyisn Ae Usngnisaindianmnsenlueznentesdansyn

|
= o

Uantlaeseanuiiie lFiiuidsie wuaauidendvsndanlolamn fdend Bidnmsen

= I

dl a rd”a dﬂl dl = dl
nnqaeenui Fandn IWIn81anmsew (photoelectron) UsingnisaliliinzuilelAau

] ]
a '

— v Ao ' A a o o
LLNLﬁ@ﬂVLV\IW']V]Nﬂqqﬂﬂﬁ\iﬂqqﬂ’]ﬁqqﬂﬂmﬁL?Nﬂ@ﬂi@ﬁz Q@@V]Imluﬂ’]?m@@ﬂ\? qpnnsenu

q

D

U
]
a o

uunadanAinane Ineindeeuresinnaugnaanaunazinliidildnnsaugniantlaey
dJ o v aAa @ QI =3 o v v a dgl o dd‘

aanN1adunm lianigianaseuFungaaenuifazia lidne Iinfiaau uinisanen
=l 0 P Ao a 1o qy a a @ PR

naznuiANDAngAAuDdaGRaesiane azliininatWingd nnsauls Tddnaaw

P P A P o a ~ o §w o = PR
Lﬂle@Qﬂ@uLL@\?qzmﬂq@ﬂNf]ﬂ Wﬂ\iﬂ’1i‘W@\N’nmllﬁﬂWﬂW@zmﬂMﬁ]uzv\l@\N’]uﬂmL‘Mu"ﬂ']

a

a dI = 1 & o . dl A a =
BALANATAUUDINL LANZTTENIT WIATWINU (work  function) B9 lUN1TIAENTHATRIIANZAY

% a 1 6 o [<] o a o o
FEINANTLNIAIN AN BIRN TR UIes lanzEluuanndaAtynan

o

A9 3.7.1 uapspfarnduauaaalansildlunimeanag

diAlane Wangduau (eV)
azgiLHaN (Al) 4.08
WWAnN(Fe) 4.50
NAgLAN (Cu) 4.70
N (Ag) 4.73
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nIeue (A)

Andngada (V) usagu lihlsua g (v)

dl 9 o ! & o dl QI d’l ! 1
NINT 3.7.1 NLAANANNANNUE TN Tas AL NILUARSILNNTU WAAANNENY

Ansingatavinan [12]
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o

v 1 U
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~ Yy a9y o da v o Y a =
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v
o
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q
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s d s s

3.9 nsulFauiaulssANs NN ASIRIANGYISNDANST b LAl aAN LRI ASIA

aunlninlalan SXUV HS5 Si/zr

dl % a a o v o o a e a o =3 v o v o o a
waldnlszdansninnisdnaasindnsediandvisndandilaTaana alf1inindn59a
aiainlalan SXUV HS5 Siizr Maaianuisslufiunidniadandvisudaniilinlaianil
UININNINARALUT2ANTANAULAINIE lun19naaaadaud Ui afIdlana Iy
dananlolatan AniuINaN1IAAaUNITHUINLLAANTANI9AIUN1919 IR
Sdlandvisndandilnlaannasieluiuindnsadsis ninlalan SXUV HS5 Si/Zr aziiiua
1 dl al aly o 1 o nzll o o dd‘d
ANHLANFAN TN FeLAe LTI T3 TN INBN AN HITOATIATL TIANR AN 17

AALlUTRY 13.5u1THNAT N FauisufusInIng 3.5.2 &

4165 —10 mm x 10 mm
FhotTodiode
L 'J AcTive Area
15,0 1 Gi/——BMCR Steatite
1.2 505
Cothaode ‘<55_[
S i i *T (Cross

046wl 127 Sectiony
| _

12,5 - —\A

noce

AN 3.9.1 Fansnnanvaeeiadnsadatia ninlalas SXUV HS5 Si/zr. [13]
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A 3.9.2 wanaindnsadatialninlalan SXUV HS5 Si/zr. [13]

' Y o v v o a
ANABLANNLUNIIATIR

SXUV HS5 Si/zr

N9 3.9.3 wanguresindnis@atininlaten SXUV HS5 Siizr. [13]
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3.9.1 WHUHINITNARAUUSEANENINUDINIVASIR
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Wnasaudranas e uinme: 40 — 160, 220 — 1040 BLANATDUIIAG
WaNNLALAS: A planer hallback-type undulator (Danfysik)
AUNNLLIVEN: 0.5467 NEaN TIsveIvvinassndndaualivgn 26.5 Haaluns
RTUILATL 41

ALEUALALADS: 60 NARLNAT

AINENUBIUALAINDT: 2.460 LHAT

YUIAUBIAILAY 0.3 HARLNAT (4) x 0.1 HAALNAT (N519) AU ARPES
sfinanslululnsmes: nspRLULL Reussasinassdnades

PUIAUBIAIBEIN: < 8 HARLNAT x 8 HANAT x 1 HAGMAT (N9 x8119 xg4) R1M5L

PES

ANTNWIARDNA1NTUAIDEING:ANNAUAINIA (107 mbar)

Honthaasiann lineaesdudaiuuaslnenss (>1% near-surface layers)
al 1 %3 a 1 dl

ANHNAYIAEAAIIBINANIURANARLTLEY (> 0.1 eV)
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ann19n A s wINTesInAauNeanuIaINIzLLae AUTIALLAITUIATATAY
(Double photoionizatioin gas cell) 1#a1NN12A1IUAILRINIINAADS I ULNINITN AR
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dl v o o A ¢ A o dl A
NINN 13 ‘Vi"l")@ﬁ\‘mL’ﬂﬂsﬁ‘V]'i‘N@@lﬂﬁ"ﬂ"ﬂ'ﬂmm%mﬂﬂi‘ﬁi‘uﬂ’]ﬁ“ﬂﬂﬂﬂ\‘l

1

pIsHNaNsARaulssansnIntaslansRiuuaclansazglidaniranasun

13.5 wlunpsanAudIfauasiulATATa ULINTR

NARDIALANLIAUN 13.5 nm

nagauazgiidan 13.5 nm.

HIIAY nszud . NFTUAADY nszud . NFTWAUDY
. o aauln | A fruauld | _ . e

WHA(v) | aannsau ARNATAY | DLANATAU ALRNATAUNIA

naw (n) Ao e naw (n) .
(A) NmLA(A) (A) 15 (A)

0 -4.80E-12 | 1.91E+09 | -1.53E-02 2.73E-12 | 217E+09 | 0.007614576
1 -5.44E-12 | 1.91E+09 | -1.73E-02 3.77E-13 1.83E+09 0.001053244
2 -5.72E-12 | 2.54E+09 | -1.83E-02 -5.65E-13 | 1.87E+09 | -0.001575954
3 -5.99E-12 | 1.84E+09 | -1.91E-02 -1.15E-12 | 2.77E+09 | -0.003215949
4 -6.27E-12 | 2.59E+09 | -2.00E-02 -1.57E-12 | 2.27E+09 | -0.004369679
5 -6.42E-12 | 1.97E+09 | -2.05E-02 -1.89E-12 | 2.22E+09 | -0.005278915
6 -6.67E-12 | 2.05E+09 | -2.13E-02 -2.15E-12 | 2.35E+09 | -0.006001356
7 -6.83E-12 | 2.71E+09 | -2.18E-02 -2.35E-12 | 2.47E+09 | -0.006569428
8 -6.97E-12 | 2.06E+09 | -2.22E-02 -2.53E-12 | 2.18E+09 | -0.007055017
9 -7.07E-12 | 1.83E+09 | -2.25E-02 -2.66E-12 | 1.99E+09 | -0.007434835
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10 -T11E12 | 1.81E+09 | -2.27E-02 | -2.77E-12 | 2.26E+09 | -0.007724975
11 -7.16E-12 | 1.92E+09 | -2.28E-02 | -2.86E-12 | 1.65E+09 | -0.007976998
12 -7 A3E-12 | 215E+09 | -2.27E-02 | -2.90E-12 | 3.21E+09 | -0.008102687
13 -1 12E-12 | 2.49E+09 | -2.27E-02 | -2.94E-12 | 2.90E+09 | -0.00821067
14 -7.07E-12 | 1.70E+09 | -2.25E-02 | -3.00E-12 | 3.24E+09 | -0.008364294
15 -7 10E-12 | 2.04E+09 | -2.26E-02 | -3.03E-12 | 1.91E+09 | -0.008458672
16 -7 A5E-12 | 271E+09 | -2.28E-02 | -3.08E-12 | 2.16E+09 | -0.00860389
17 -7 19E-12 | 1.87E+09 | -2.29E-02 | -3.13E-12 | 2.09E+09 | -0.008744824
18 -7.27E-12 | 1.67E+09 | -2.32E-02 | -3.19E-12 | 1.93E+09 | -0.008894531
19 -7.31E-12 | 2.06E+09 | -2.33E-02 | -3.27E-12 | 1.87E+09 | -0.009136518
20 -7.40E-12 | 1.55E+09 | -2.36E-02 | -3.36E-12 | 3.69E+09 | -0.009375259
21 -.51E-12 | 214E+09 | -2.40E-02 | -3.40E-12 | 3.13E+09 | -0.009493714
22 -7.64E-12 | 2.03E+09 | -2.44E-02 | -3.47E-12 | 1.81E+09 | -0.009673474
23 - 77E-12 | 1.73E+09 | -2.48E-02 | -3.50E-12 | 2.12E+09 | -0.009776004
24 -7.82E-12 | 1.65E+09 | -2.49E-02 | -3.54E-12 | 1.61E+09 | -0.009881476
25 -7.89E-12 | 1.97E+09 | -2.52E-02 | -3.61E-12 | 2.70E+09 | -0.010082698
26 -7.98E-12 | 1.82E+09 | -2.54E-02 | -3.66E-12 | 2.23E+09 | -0.010203002
27 -8.04E-12 | 2.00E+09 | -2.56E-02 | -3.72E-12 | 2.23E+09 | -0.010373069
28 -8.08E-12 | 1.67E+09 | -2.68E-02 | -3.73E-12 | 2.66E+09 | -0.010416443
29 -8.10E-12 | 1.74E+09 | -2.58E-02 | -3.72E-12 | 2.22E+09 | -0.010374009
30 -8.10E-12 | 2.08E+09 | -2.68E-02 | -3.78E-12 | 1.68E+09 | -0.010532991
31 -8.16E-12 | 2.92E+09 | -2.60E-02 | -3.81E-12 | 1.69E+09 | -0.010626844
32 -8.17E-12 | 1.68E+09 | -2.61E-02 | -3.84E-12 | 2.10E+09 | -0.010715619
33 -8.20E-12 | 2.43E+09 | -2.61E-02 | -3.88E-12 | 3.70E+09 | -0.010824992
34 -8.22E-12 | 2.10E+09 | -2.62E-02 | -3.89E-12 | 2.16E+09 | -0.01085748
35 -8.17E-12 | 1.86E+09 | -2.61E-02 | -3.90E-12 | 1.99E+09 | -0.010889417
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[ N [ > 4
AgaNsnagaulanzinan LazlanznasunINgIaNaINULEIN 13.5 wlulumasann

AuERAEUAITUTATATAULUITNR

NARRILANSLUANT 13.5 W TUINAS

NAFDULANLNAILAY 13.5 WITULNA

WIIAU
il | o Tmm i | Z%LLMTV An:zuﬂ i | zixumzﬁv
W) aAANATAU AaY (n) 'amnm:"aumm aLannTa AaY () manm:mumm
(A) 1A(A) w(A) 1% (A)
0 -2.60E-12 | 2.65E+09 | -0.006132866 | -3.86E-12 | 2.48E+09 | -0.008406043
1 -3.30E-12 | 2.24E+09 | -0.007787309 | -4.79E-12 | 2.51E+09 | -0.010433517
2 -3.52E-12 | 2.16E+09 | -0.008303776 | -5.15E-12 | 2.52E+09 | -0.011219395
3 -3.69E-12 | 2.19E+09 | -0.008695104 | -5.37E-12 | 2.56E+09 | -0.011689747
4 -3.83E-12 | 2.15E+09 | -0.009043052 | -5.61E-12 | 2.09E+09 | -0.012215259
5 -3.95E-12 | 2.82E+09 | -0.009310028 | -5.82E-12 | 3.29E+09 | -0.0126823
6 -4.07E-12 | 2.69E+09 -0.009603 -6.02E-12 | 3.00E+09 | -0.013101453
7 -4 17E-12 | 3.41E+09 | -0.009825198 | -6.12E-12 | 5.14E+09 | -0.013316718
7.2 -4.19E-12 | 2.36E+09 | -0.009885177 | -6.15E-12 | 2.49E+09 | -0.013390422
8 -4.27E-12 | 2.42E+09 | -0.010062988 | -6.26E-12 | 4.02E+09 | -0.013623534
9 -4.33E-12 | 2.77E+09 | -0.010217396 | -6.34E-12 | 2.95E+09 | -0.013801252
10 -4.34E-12 | 2.09E+09 | -0.010245481 | -6.33E-12 | 3.28E+09 | -0.013784401
11 -4.33E-12 | 2.30E+09 | -0.010203585 | -6.29E-12 | 2.75E+09 | -0.013691986
12 -4.31E-12 | 2.75E+09 | -0.0101707 | -6.25E-12 | 2.81E+09 | -0.013612365
13 -4.30E-12 | 2.34E+09 | -0.01013146 | -6.23E-12 | 2.44E+09 | -0.01355949
14 -4.25E-12 | 3.38E+09 | -0.010014002 | -6.20E-12 | 2.97E+09 | -0.013491102
15 -4.23E-12 | 2.26E+09 | -0.009986087 | -6.21E-12 | 2.05E+09 | -0.013530636
16 -4.20E-12 | 2.71E+09 | -0.009913809 | -6.30E-12 | 2.66E+09 | -0.013727831
17 -4.25E-12 | 2.60E+09 | -0.010015314 | -6.29E-12 | 3.83E+09 | -0.013708399
18 -4.31E-12 | 2.30E+09 | -0.010160783 | -6.37E-12 | 2.42E+09 | -0.013863948
19 -4.36E-12 | 2.88E+09 | -0.010271408 | -6.45E-12 | 2.52E+09 | -0.014036932
20 -4.38E-12 | 2.36E+09 | -0.010339769 | -6.52E-12 | 2.02E+09 | -0.014196879
21 -4.45E-12 | 2.67E+09 | -0.010499682 | -6.63E-12 | 2.67E+09 | -0.014430566
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22 -4.48E-12 | 2.32E+09 | -0.010555274 | -6.66E-12 | 3.05E+09 | -0.014508291
23 -4.51E-12 | 2.48E+09 | -0.010645906 | -6.74E-12 | 3.98E+09 | -0.014674985
24 -4.52E-12 | 2.43E+09 | -0.010663939 | -6.81E-12 | 3.49E+09 | -0.014828852
25 -4.55E-12 | 2.69E+09 | -0.010720392 | -6.86E-12 | 2.32E+09 | -0.014946716
26 -4.57E-12 | 2.48E+09 | -0.010766955 | -6.93E-12 | 2.56E+09 | -0.015099684
27 -4.58E-12 | 2.59E+09 | -0.010813493 | -6.95E-12 | 2.09E+09 | -0.015128136
28 -4.62E-12 | 2.38E+09 | -0.01088904 | -6.99E-12 | 2.35E+09 | -0.015217097
29 -4.64E-12 | 3.29E+09 | -0.010937875 | -7.02E-12 | 3.93E+09 | -0.015296374
30 -4.63E-12 | 2.32E+09 | -0.010924113 | -7.07E-12 | 2.79E+09 | -0.015397226
31 -4.65E-12 | 3.37E+09 | -0.010961196 | -7.09E-12 | 2.27E+09 | -0.015444954
32 -4.65E-12 | 2.65E+09 | -0.010965625 | -7.16E-12 | 2.92E+09 | -0.01558855
33 -4.68E-12 | 2.05E+09 | -0.011036705 | -7.17E-12 | 3.56E+09 | -0.015607413
34 -4.70E-12 | 212E+09 | -0.01109067 | -7.20E-12 | 2.35E+09 | -0.015686544
g5 -4.69E-12 | 2.75E+09 | -0.011049653 | -7.18E-12 | 3.08E+09 | -0.015639207

A linuauaaINisIn

dun 1.AmuarNaYia (specify measured) sz liidnIauINfinan1sinAla
dun  2.unasrednisiiaann e n(identify uncertainty sources) iNn1TUN
D A o Ao gy a 1948 | & o = o
AN sadunaunilifinn A1au lduduen(uncertainty) Iunnlitazidaansutiounn

Y o aa o 1

2eiNg 191 1AgaeRan1ddm Aan19uNFAatng WNALATIYIT WeeRINARANNANAFINANTINLIAS

v v
o

o I a o o % dgli/ a a o 1 v v dl
nsdpvizansansziitiuli luduiifieameneniauBeadadasie Wlauanngalunism
uncertainty source WuAzfiasanAuANINATLsTiiumT parameter Fnge Widlulilating
MHNZAN

3/1 a o ' 1 ' . . ¥

duf 3.TaqgeeaArAnnldwiuen (quantify uncertainty compounds) Jitlszanod
! ! T : o Aa o o nyg o = & g P
ArresAtAN luineuteusazifadenGeeanduliludunen 2 aludunauiazléidn
fadeunsifadainansenusianisinrautinegslfidneanududaiaafiazfiAige douung

o dl ] % [ %3 09; =& o o o Adld v o
ffadtnanagenansenuiaauinaainasionisintladeninansenuiiasaanannnisAIuan

1Aann19dszunnuAaanun laRfosdnnissasa s
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1. me%@gmmmmmvl,muiu@mfw‘fm i Type A 438 Type B 4

-Type A: Lﬁmmnmsﬁf]mmﬁwmma‘wmmsﬁyflj (repeated observation) 138814
G‘ﬂﬂ%ﬂ@ﬂ’md’]Lﬂuﬂ’ﬁ‘ﬁ’]V]’JIA@@UM?‘@ﬂ’]?ﬁW“ﬁ”’]j (repeatability)

Type B: Wlumsanfulneizaun Madldnnsingn iy nsldfeyaannnisaey

v
%

al 1 o 1 al dl A v o a .
NULATINAUNNTUIAIANNAZLBEATRNLATEINANT 1 UL TIaduN 98 99uaN R (environment)

o—

1
=

fifentelunimeaes
2. nanszaneasrniiasau distribution Wuuuuladelunisnszansfaiidull 153
sasilui]

“MsnsEaNeuLILAMALN (rectangular distribution) foatnelfiuninisTaugnisin 1.gn
lemaflazeanuiiusazwindlving M uazidlefinslaunana afoudaiandaunsmag

1HFan1nin13

Fraquency

No. ¥iben

ANN13 NNINTTANSFIURdANNTA [15]

-N1INFLANLULUAVNIMALN (Triangular distribution) faaeineléiun nasTaugnisi 2

an dtananusinnaziilulillfazaszudne 2 e 12
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Froquency

ANWAT4 N1INTLANL AR ANIAALIN [15]

-n1snNTEaewLULnR (normal - distribution) #3an17n7zaN8LLLLNNE (gaussian
distribution) tfluntsnszatadautulnfazinludeyandauialuglnsnedoulunjay

nszaneeg ludaeAedaraudinawnn Asluanwusiluglsedandndsninm 15

A5 NNINTLANHANHUTAREITLHIAN [15]

Tunnsdszannnizanaanuliuiuey (estimate uncertainty) 3838015 A9
1. Aunagrasndldndveniiulinianlususasnissauinauisalfuiannnig

ekl IA9NINAABNAZIAININTEANe AT luLLLUN R
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2. §Fu Type B finldszyanilunsnszanauuulaliinadiiluiuunisnszaawuy
Avaeu (rectangular distribution)
U 4.AurneAAN TR (calculate combined uncertainty)
dl U dl % o 09} | 1 ! dl
- Type A misnssuAnlfarnnisingiazaasmiiuaidomde

N1mM33U (standard deviation of mean) 1199 S(q)

sfa)= 1) 0

2

Tl s(q,)=

S(q) = standard deviation of mean
S(qj) = standard deviation of population estimated from sample
N = 4uuafiinnimmaaed

= dayauAaya j=1,2...n

o ¥
= ARALUBANTRHA

Type B tiAranlususesnisdauiiiay (calibration certificate) 81 14vise
v = g dll A A a 'e 1
anatlszanuaindagya visatlszaunisniainiAsesile wWranaiAsed @ ezann
. - N . . C ooy
ANANINAZIREAT9LATESTS NNTsulasAINlszinunas usaziadeliag lutaq
1SD (one standard deviation) @slaaitng 1SD #unlsingazagludas 68 %, +

2SD Nunliingmazee]lutag 95 %
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<>

! I
<« 3D

NN16 NIIANADELUNIATFIY (SD) [15]

Tunrsudasenlsisinaitiasaninendasluunsaaininisussunnspnaaqusaziade

o I
v A

1 dl V6 Y o o/ Ly = o o a A 1Y |
Anlilddnuansal U(x, )lastiandniladeinnasdesnsdinunasiieyaiiiunisuanuauuy
Unf Type A Wi 1 arnaauWeuwiaiy 2 nstinuvasdiayaunisuanuasiuudmass
Windy 3 netununasdayatunisuanualuua NAENWINAL 6 n1ssanAtAN

o

wdnauraansavilassliiluanan a1 daunis A9

0.09)= | ZCiU )= 3 U7 8

U, (y)= combined uncertainty
C, = sensitivity coefficient Gasinldanarnnimeaes uslaeriallldan = 1
U(, )= A1 individual uncertainty a1n 147 2
Ui(y)z individual uncertainty ﬁ@mﬁ’u sensitivity coefficient %\‘1 = CiU(Xi) Iuﬁﬁy
C,=1
mﬂmm@uLmw-hmmiu’LLﬂu@um@qmﬁmﬁﬁqmﬁwLﬂumﬁmiﬁﬂgiwﬁwﬁ
ninsiuRelidsziuamdeiiufi 95 wWesimud (%) TTufefasrmuiansan coverage factor
(K) Bl 2" @apin Kk = 2 %El%hmzﬁﬁ'Lﬂuwmmuﬁmﬂﬁuﬁmﬂmﬁm T lunsdingeans
szfuANMdeuf 999 % azliAn k = 3 expanded uncertainty =k U, (y)

(meﬁm:http//www.tpa.or.th/xlsiam/) [15]


http://www.tpa.or.th/xlsiam

al Qi a
f1 1au 3 Lazan unie
a =&
ARNNSANEN
seALTRYNANEN

=

seAUTTynYNRT

1laq1iu

UseiRR T eI NeNUNus
UNANINAE FUIAUS

30 riugne W.A.2528 AINIAgLATTET

ToalF8uUTUNA W.A.2547

INLNANERTLNTR araAnd Nvanenaeaiginu
ANLAURINTTEN WA, 2551

AN ALLBY Y INMNLTYTA #1291 RTINE )

AN TDINMIINEAE
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