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PATTARAPONG SUNONGBUA : CONTROLLING AND INFRARED SPECTRAL
ACQUISITION  SYSTEM FOR  DISPERSIVE SPECTRO.METER EQUIPPED WITH
MICROBOLOMETER DETECTOR. THESIS ADVISOR: ASST. PROF. WEERASAK
LERTSIRIYOTHIN, Ph.D., 96 PP.

Keyword: Infrared spectroscopy/Spectrometer/Microbolometer

The infrared spectral control and acquisition system for the dispersive
spectrometer equipped with a microbolometer detector was aimed to develop the
controlling system for infrared spectral acquisition of the dispersive spectrometer and
to develop the algorithms for analyzing and processing infrared spectral signal utilizing
a user-interface control program written in the LabView programming. The design and
construction of a spectrometer for spectral wavelength analysis based on the Czerny-
Turner principle were employed in the development of the 300 grooves/mm
diffraction grating rotation control algorithm to determine the incidence and the
diffraction angles by utilizing the focal plane array microbolometer with
the spectroscopic application. The developed infrared spectral control of the system
was validated using an Optical Parametric Oscillator pulsed laser light source and a
comparison to the standard infrared spectral value for polystyrene film. The infrared
spectral wavelength ranges from 2000 to 6000 nm with a maximum spectral resolution
of 12 nm at 3700 nm. Linear spatial resolution with 3.5 line-pairs/mm or 140 pm and
thermal noise limitation as a non-cooled liquid nitrogen detector with a signal-to-noise

ratio of 32 at 20 °C.
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AMBSUNYAANYAILATANED
h - AAsTivesndan [6.626x104s]

Vohoton = Anudvedlnneu [1/s]

FWHM = Full width at half maximum

Eelectronic transition = WadUNazynlilAnN1sIUAsUaN1IZBIANAToU

Evibrational = Wassufinzyilmannisasuaniizuesnisdu
Erotational = Wé’aqmﬁ%ﬁﬂﬁlﬁ@mil,ﬂﬁlauﬁmazﬁuaamimgu

d _ SEyEIENINISDITBINTARARL UL

OPO = unasnLianasiadiaas Optical parametric oscillator
n _ SufunsiasIlULTeIRAY

lp/mm = Line-pairs per millimeter

a = gmﬂmzmwaaﬂﬁ'uuaﬂf"fULé’uUﬂﬁmaqizmmmmauﬁymL‘U‘u
B = guaxﬁaumamﬁmmﬁuLa”uﬂﬂﬁmaﬁszuwmsmaqLﬁymwu
A - AMUYTIAAY

NIR = 190U usagulng (Near-infrared)

MIR = 298 UNILIAYIUNAS (Mid-infrared)

FIR = Yr9dunssaegulna (Far-infrared)



AMasUNBAANYAlLAzAED (FD)

MCT = Mercury Cadmium Telluride

InSb = Indium antimonide

DLaTGS = Deuterated lanthanum alanine-doped triglycine sulfate
VOx = Vanadium Oxide

NETD = Noise Equivalent Temperature Difference
ROIC = Readout integrated circuit

FPA = Focal Plane Array

PS = Polystyrene

IR = uUNTU5A (Infrared)

FPS = 9nsnsu (Frame per second)

CCD = Charge coupled Device

DAQ = Data Acquisition

GUI = Graphical User Interface



o

1.1 AUAZAIUAIAY

T290UN"199599 AT TR AU EATUAY RN SN TTRILUTEAVEA WYBAwmAillA
Tunsasiainseilaonisldinailunisnsaiasgifsnswas iviaiesegeiivily
As1TIASIE Seinlransafiudssavsnmuazsiuausiegislunsasa e launnau
Faduitdesnislugaamnssalutiagiiu Tnemedansnsrnlinseisondunsimanlnily
g1upd usansilalowan (Ultraviolet) gaudi noasiula (Visible) auluisg1udunsnsa
(Infrared) Wumafinn1snsradinsesiafinnusnsiuazanauusiugilun1snaingvige
91y MsusnatugvedndnaismemadanisinAannsunisassiouvesnay
wdwanlninlugudunsiseifiainuenaaduaus sz alLEaTE SuURazETe
fugisnatueantu msnsanide Escherichia coli fiAnuuiiuinvesindadudefiiinade
ANUUasnden19emTAlensidimaiiangaeisaigud (Siripatrawan, Makino, Kawagoe
and Oshita, 2011) muﬁqmim’aaﬁmswﬁﬁaawuﬁwamaLL@ULﬁa (Kim, Chen and Mehl,
2001) WATN15ATIDTLATIEAUIT UVDIA5LAG BULINT UL 190analsl (Veraverbeke,
Lammertyn, Nicola and Irudayaraj, 2005) #emadaioatu danadanaiiuniaemaie
MInTITTATIEINg awninsalnduespauusimantnii

WAlANIIATI9T A TzEnsaUninsalnJuesnd uuiwa nlniudwnadeiinsas
JpTRiItusAnsunsAseNsE a1t unduwivan i luguauenndy
sfwﬁ’uaaﬂlUé’hami@@ﬂﬁw'%amsila'aawé’amuﬂ?{umjmé‘ﬂlv\lﬂwaaﬂm Fan15m52979
Fuaamaninsaladdusrasainldanainnueneauiindsumnzauamise
a1senetns Ingozmonvdeluianavesansmiogsazganaunse UanUassaduusimanluding
ANAEIAA LS IR REN STeE Y FatunnsnsaaiesisneaUninsaladiiie
WesdUsznauTinouauasrenauwlmndnlni w mmmm?{uﬁ%wwmzmﬁagjmas[,umi
hogreiuld doslimalauasiedeiefilddmsunisuonanueneduudmanlniheonidy

oy ruaunasulszdinnueIndu



nsuenANeAduLindn i el i dyauaunasulssimneaduluu
av¥3g1und uazdanuninwesArdygraanaduuaneiaty ey Yaegiuaiuy
SansihlowanfiAnAue1Indusening 200 8¢ 400 unluues darauniiwesdygin
anmsu 200 wiluuss Yrgupdvguiivesdiuldiieanuenadussning 400 & 700 w
Tuwns fidnanuniavesdyauaunasy 300 Wiluwns wavdguadugufidunsisnd
ANANBIAAUTENINT 1,000 A9 10,000 wrluiuns Insazuladudlrsdunsnsagulng
dunsIngunaazdunsusngulna daranunisvesdyaaalnnsuegnetoy 1000
wilwuns Tnanisldimaianisuenanuenpdudiendnnis Czemy-Tumer Spectrometer
1;?uﬁﬁﬁaaj’wﬁmsuaqa4m,§mLuuﬂﬁzaﬁmmmmﬁu feswnruinvesauniiedingiada
é’zyiyﬂmﬁ?uﬁﬁﬁﬁm ImamamaﬁmymgmLuuﬂizf&’wmmmm?{uﬁumﬂ?{ul,mmﬁﬂh\lﬂﬂu
drudanshlomauazguiinewdiuldawsansiatn Adwaaaunadulitaguaanue

v

Ay dmsunisnnataadyaiaaunadulugaseduguiidunsusafidaimuniiewes
dyanaaunaiugnetioy 1000 ulunsiiy Jihlildanunsansiainadyyraaunasy
g unuenina fe msnsaiaanduuaUnasulugiseaugunidunssadades
T maT Al W AN NENN15wENA11813AE WL LA Nl 1909 Czemy-Tumer
Spectrometer ¢edaneifiunnyunavennsainisnvudaiuesUsznaudAyuesaun
Wnsiwesildlunsuenaunasuuseshanueindu
dmfunisasiatadyarnalnasuvesaunladineslugudunsnaalaeialy
Mercury cadmium telluride (MCT) 45 @ Indium antimonide (InSb) %5 ® Deuterated
lanthanum alanine-doped triglycine sulfate (DLaTGS) (Lanzarotta, Marcott, Story,
Dowrey and Sommer, 2012) gnl#ilusiasiaindayaias Tnerdudnsiatadyaaudiden
PR IUT YA DF YY1 UTUNIU (SNR) &9 Fadrmunazdudianaiauuy 1 Anea
Usznouseszuuiarueufululnsaumanasinaduudeuings deu lulasTula
fnestduinnaiaviaensd Sedifinisszuvisaudeusislulasaumaiuazisasingy
Jadumadendwiumslididusmnnaiadyauvesadnlnimesiugudunsisa William,
Simon and Steven, 2012; Leijtens et al,, 2017) laglutiagtuinsainlulasivlaiinesi
giaonsdfivwafinadoudradn dnsiauimealuladniswdndfieinuszdnianves
@mé’ﬂwmsﬁﬁﬁm 91U AMUA1IvetRUM i uWndyIusUNIL (NETD) A1 (Fisette
et al., 2017; Tremblay et al., 2018) Im@mamﬂ’aL%dﬂﬁﬁjﬂﬂ%ﬂﬂqaﬂaﬂmazLﬁam%ﬂamﬂm%’u

AUl wagrisanueIfdureLAseEUnlnsineset19wIn



(%
Y

TnulunsAinwifaladunisfinwszuvimasiaaunasuadusdvdntiide

¥ o

NANNITLALIUULES msa%ﬁﬁzwLﬂuﬁ'fy;gwmmﬂﬂm%’uLLagmiﬁ'@umé’am%ﬁuLﬁamuqu
ﬂ’]iﬂ/cl"]\ﬁusuENiBUUﬂ’]UﬂuLﬂ%aﬂﬁlfdﬂIWiﬁL@@%‘UﬁﬂMﬁﬂﬂ’]iLéJEJ’JLUULL&Qﬁ?NﬁUﬂ’]iUiBQﬂGﬂ%
wsewmmindyaandalifissuussneanudeulilasiulafimesyinenssdmsununsa
WilnalaUludaead univdnlwiingudurlsnse lnonsadesaneifuiemunuuas
Uszananadm3ugldsnsmentv NI LabView %o Python fifimsnsiaaeuniugnieses
anasulsedianneAdy NsavsdeuALnsendanuenindy Tnensldudatiie
wasWadiaiges Optical Parametric Oscillator (OPO) &vanunsarimuasiaueiadulugae
AAugBuIITLIALAzINATTUNeRAlRTUA S UE LB WITNIA waENIINTINERUNTLENTR
LTIELUUIVOITEUUNITATIILATIZAAI0E NAUAUNINNAADUAITUEN TR USAF 1951

Resolution Calculator

1.2 dngusean

1.2.1 WaRnwszuviiasieimannsurdundivdn i lug1udunsisasenannis

&
LR8I UU

1.2.2 \i980NLUULAE AL RNILITTLUUAIUANNITYINIIUYRIR UNTaldmTULAT B

AUNINsNmSIRANENNNSIAY A UULEUUD AU A LneltlUswnsy NI LabView

1.2.3 Wanau1dana3iud1msumIuANNIINTIIATIERLALUSEUIaNARA N YR 1N9E
wWnlnsalaUvasrdundwmaninialugrudunsiise Taedudnsalusensulilugenviuag
U0 1.2.2

v o [

1.2.4 \iialnszndenuasdednianiumelinveinisuseandldinieensiaiadyyio

wuululaslulafiwesdunsuinsesaninsiwasulannannsasuu



1.3

1.4

YDULYAVBINISIAY

o

ddenldszuvimngvaanasurauuswdnindlugrudunsisalaely

o

1.3.1 914398

ININRUFLIUULALIIDE1MARDINTEANSEURIATTIoUAT O UMl Tley

1.3.2 N3nsaadaumNgnaevesaalnasunduwlndniiinlugudususalagly

WmsgIunedalasu (Polystyrene)

1.3.3 uidstidenlalusunsy Zemax optical studio Tun1599NLUUTEUUIATIZIAT
awnasunduwimdniiiiuasiusunsy NI LabView lun1saiununazUssuianan

fyaraunsanlnsalad
dl 1 Yo
NafinnIaslasu

1.4.1 danesiudmsunIuANNITATINIATIwRkasUTEInaRa Ay asaninsala

U iaunsansivaeunugnsssvamanasuaauwivaniinswnumuiasg

1.4.2 @13130119an s NNdmMTUAILANNITATIIATIEYIkAL USTLNaNARd ey 1UN 9@

Wilnsalal Tuszendldiunumsiussaiiasziaanasundundindnlii



unil 2
N e uazaUIeNAYIVaY

21  Aduwiwdnlvi (Electromagnetic waves)

wastmdouiluluoiniadieni1uss 300,000,000 wns/Aundl Jauansauuszngd
[ & = = ! = va [ = = ! dl' 1 [3
Junsrduuazeaunia Wesinafwadtuguaudfnnuduady Sendn adukdvaniii
(Electromagnetic waves) kagillananiuadiunnauifivesaynia 5end Wneu (Photon)
[ = 1al =3 [ ¥ a [y v 6o { [y
ueynanlafiina widundnu lngldvngulaieunsuveandsdinuaaIngsa1uvadl

3 ] ° o A A 44' ~ a = o q'
AOULUUANLRANITENNTUARULEIVNUAINULIIAFUNIDAUDAIUUY A9EUN1TN 2.1

Ephoton = hvphotOn J] (2.1)

o7 h i AAeiveINg R [6.626x103%s]

Vphoton Ao AnuDvadlnaw [1/s]

‘:1' | 3 = o aa a a | | & aa !
ﬂaULLlILVT@ﬂVLCV\IEIN']LUUﬂaUV]Nsﬁﬁﬂﬂﬁqmﬂqjﬂauuagﬂﬁquﬂa%waqﬂmjﬂﬁiamLiﬂﬂ']’]

a = <)

9 = o’ = 1% | = A A al
alnasuvesnduldnaninil FeUseneumierisrauingdudunaud AINNEINA UGN

1

(wdsusgn) fendusidunuantadupdundniueraduduiign (Wdaugean) Aaguil 2.1

Penelaleggdhs N N
Atmosphere?
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray

Wavelength (m) 10° 05x10 ¢ 10° 0 2

s s H 1 Em ) %? p % 6

Buildings Humans Butterfies Meedle Point Protozoans Molecules — Atoms  Atomic Muclei

10* 10° 10" 10" 10'® 10'® 10™
JUT 2.1 awnesuvesnauwsiwanllil (Electromagnetic spectrum)

(Fan - https://www.practicalpainmanagement.com/electromagnetic-treatments, 2011)



a v 1

pauwmanlidldurduniuvieUsenaume Sadluinas SadudmaninTawn?
(Oscillate) TuszurussaIndeaiuwaziu Fwiliinauiukliantazaunydlwifsainduie

4 =i d‘ Y =
NNWNTILAADUNVBIAAU LLﬁﬂ\‘lﬂ\‘ig‘U‘Vl 2.2

Propagation
Electric Direction /V ,

Field (E)

|
ha

P

\ykzngm k)

7

Magnetic
Field (B

'gﬂ‘ﬁl 2.2 pAuntndnlnii (Electromagnetic waves)

(‘1'71Im - https://classnotes.ng/electromagnetic-waves-physics-sss3, 2020)

AouAu R drauYsnauwivan ez Uszneulumerduussliih i dunsisendu

aans aud (Frequency) AUEIAA 1 (Wavelength, A) LagLRUNAYA (Amplitude) R

AMUDVDINTITLARDUNARY ABLAWAIUVDIANULIANTAAULAZDUN LU 1 ANUIAAY TAgAIL

I ] v A

Y i . A a | I3 2
81IAAU AD I¥8LTENINNYALOA (Peak amplitude) AAUEDIYANDEANNULNUIBLTULATNATD

JouSennavedulagazlinuiiedudIuNaUT9IAIUEIAAUADAIUNE UV INATT 101 AAUT]

=

ANENMAAULINEVARUILIANLBY AAUIIAIINENIPAULDULAVAAUIZIUIN LATLOUNEIR ABD

U

ANNGITDINYDAARY UaRdsaguil 2.3

Amplitude

k Peak

amplitude

" RMS A

Mean Time
amplitude

Peak-to-peak
amplitude

JUT 2.3 dnvauzvesniuudnanlii

(Fian - https://theory.labster.com/amplitude-wavelength-waw/, 2022)



2.2 awnlnsalnl (Spectroscopy)

dendunanadouiiinutludiansiifeanisiingsiaziing unsisen (interaction)
STIPALLANLAYANT T WUIARUIASUNSEILYNAANAY U19dUADINIY U1adULARNS
avvioundy UdAeNTUaLAY warusdmAnmInssduas Suinturnesnounio
Tuianavesansiioglussdundsnuaniugity (Ground state) gnnseduluogissdundaau
aanimIoan1aziin (Excited states) Fetoyavesansiignnszduazgniauiuiunisganay
wisuivinliAnnsnsedunioiansUandesndanuiiloosnouvieluanavesansnduau
MnanugnsEiuganiugiiu nendanulumadsuanie (Transition) fagvililuianaves
asluegluannziresdamdsnuiiniuou Useneuse 3 seu Ae mswasuaniziiin
91nnsnyuvestaana (Rotational transition) MstUasuIneilinaInmsduvestuana
(Vibrational transition) wagnsiUasuan1izdidnmseululuiana (Electronic transition) &

aunsN 2.2

E=E + E (2.2)

electonic vibrational Erotational

Lagnaeunaziliinn 15 Uasuan 11810 svyuIsdAta NG UNEyin
a Ql' Y} [ ~ [ Y a N a «
AnN1sUasuan1greInsduLarna Uz biiinnsisuannsvesdidnnseuly
Twana suaduisdamabiniswasuannizdidnaseululuanassvilininnisidsundas

TEAUNGINUYDINTAULAZNI TN UAILLAUBUAAIGIIFUN 2.4

E1

Electronic
energy levels

Ez

Yibrational

Rotational
fa T } energy :ane:gv
levels Bels

SUN 2.4 n15AguLUasEn 18095 EAuNGInUINan1Ieiy (E) dan1ieii (E9)

(Fian - https://chem.libretexts.org/page/3732, 2023)



lgdl A fie NMSUREUMUAIANTIEVRITEAUNGIUTEAUNIUYY (Rotational transition)
B Ao N5 UASULUANANMZUDITEAUNGINUTEAUNITAU (Vibrational transition)

C Ao NMSUABULUAIANIIEVBITEAUNS1UBIANASaU (Electronic transition)

ANUTNYDIF Y IUNTAANGULES (Absorption line) Tngaznauvieluanavedans
TR UAUNAR19TIUIUBEABUNS OLULANA T DY T¥NINTEAUNT 1A (E, uae Ey) T
AaleanaunNIses Boltzman 3MNaUNSN 2.3 80518IUTENINIIUINBEADUVSOLULANA

MoglusenineseAunaaI Uiy 2 seaunasanu

N2 =e'(E2'E1)kT
N1

(2.3)

lng# n,uae n; Ao IutuezmevitelianafioglusEAunasa £, uay £,

AUAIAU

QJ' a al ~ v . ~ ) ¢ '
NSNUAUNNTAANAUATULAEIAIINATNY (broadening) AANUFINUTTEWINANIAUAY
WA Fearuseesurglaanuananuluniusues Heisenberg Usingnisalmaiul
WUUBUVDING 19U (AE) Lazlian(At) Asaun1sy 2.4 (Natural broadening) a8ungaaul

wueulusUngay

h
AE=—— (2.49)
2TAL

ANV LEUALUNATU(Spectral line broadening) LAAYINNISAAAULANYINENT
aa o A & 1 a ) a o o
Asenfiveznauvssluanatudsenaulumigaudsisiululunsilfgussdunasnuves

PEMBNVTOILANATIFNIUY A1NAUNTTN 2.5

1

— (2.5)
2TAL

Av

natural =
e AV, yraP® A1UNIVBAEUAUNASY Natural broadening

At A9 97290981 U @N1TLS1

18n31n Natural broadening n1siiANAT N vBIEUALUNAS LA TRRS UElARN

Us1ngnisal meviauas (Doppler broadening) wagiilodninainusiu (Pressure broadening)



Tnen1sianuninvssduanasuiisnindinngnisainetiales 019AnTuanALTouY
voauvasniiauasgainasendinuaatlunisindounveseznounioluiananiganaunas A

AUNTN 2.6

2V(2RTln2)

Av =V (2.6)
doppler™ VY0 VM

el AVyoppieri® AUNITTBAEUANASY Doppler broadening

Vofie Aualun1sganauLaIvesesaauvisolilana

A ! a

R Ao A1AanvaInie (0.082057 [L atm K'mol™])

AILAAAIINAI VD AT UAUNATULE DI91NAINAU(Pressure broadening) LAATUY
= ) ! 2 ] o § ¥ a a = 6
\Heannnsyuiuseninvesnauviseluanavesansiug viliiiaussiihadavsoussgasud
FohinasensiuisusgRundsuvesgneuviseliiana iogamiil(T) wazAmnuau(p)
I a X 4 oquw 2 ~ v a X &4 o v N Y]
ALINTNE v egnouvsaluanadnmsvuiuina Nty Fuilvdaailunisdsuseau
Wasums ot luan Mz UuanaI( At ) ASENAISA 2.7 9INAMNFURUSTEIINNAIY
NI19TRREUALUNATU( AV DUagy19a1dn 1 At ) Aeaun1si 5 Jsdanavinliaiuning

YWAUAUNATULANTY

A 407 —— -p

\Y; = - (2.7)

pressure V(RMT)

e Avpressureﬁa AAUNIVRNLEUALUNASY Pressure broadening

O fe NuimihAnnvuiuvesezmneursaluana

A 1 = a v v o A Y a o =
Pnfinandimsinanunivesduannsunuszneulumennuiifeivsevale
muduiuagiaauniwesduaUnasulaginauniniasmidsvesaiuaauna du
%38 Full width at half maximum (FWHM) %38 %2 max wandaaguil 2.5 lagagiieninning

nIeaduaEUNATY (Spectral linewidth or Spectral bandwidth)



®

1}

-

/2 max

o
»

Absorbance

M| | A2

06}
1/2 max

0.4

« FWHM = A2-hi= AL

8530 6540 6550

6560 6570 6580 6590
Wavelength in A

6600

10

EU‘WA 2.5 AN 19UBLAUALUNATU(Spectral linewidth or Spectral bandwidth) 7 Full

width at half maximum (FWHM)

dunsuseaUnlnsalal (Infrared Spectroscopy) 1 uN15AATIERNSIARSUATASEN

seminnduuadlugudunsnsnuazas Adesnsienegy mafndunshserduasiaty
sewiveduuasdunlsisanarTianavesans lasasgnnszduananiugiulussaniugnszdu
Tusgdundanuresnsduuarnisvgusingy iosnndsnuveseduuasdndunsusai
TR NGS5 ?Nl;iamwmﬂszéjumam?isJuLLUaﬁzé'fuwé’NmﬁuaﬂImLaqamﬂamuumﬁu
luganuznszdulussdundanuvesnisiindifnnseuunsudtulsd Tnoadunadugiu
SquLsm%QmLﬂqaamﬁu 3 99uan aun 1asdunsnsng1ulng (Near-infrared, NIR), 979

dunsusng1unans (Mid-infrared, MIR) wazt9dunswsagulna (Far-infrared, FIR) Tagea9

BUNTITANY 3 VIWARIAINITIN 1 FILANAIIUENIARULALITLAUNS I TUNWANFH1UY

AN 2.1 PIIPAUBEIGIUDUNT SR

P AU LB 19PN IARY Fraaunau
(um) (cm™)
Y198UNTNINEUING (Near-infrared, NIR) 0.78 f11 2.5 12800 99 4000
BUNTUIALIUNAN (Mid-infrared, MIR) 2.5 84 50 4000 94 200
B98unTIIngulng (Far-infrared, FIR) 50 £14 1000 200 94 10
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N139NNTEAUTRILULANAYRIENTAILATULAIIUNTUSATHAIAIUIRTITUAIAINE

Y9an15auvedlulanavesansiy axianuluanavedansiiinnsdusteiuselarnaugly

6

lanavesanslagnasungnnseumgAfuLadunssaasyilmAan siasuudadluue

9A%39 Dipole moment Ya4lutanavedans AanudmsuluanaveansBunsduagedunsd

Y
o

DTAULANANTZAINAVUAUIMUUVDIDIANATOUVDIDTABUUANAIAY THlanavesan iy
ATINBUANDIABAAULAIBUNTUIALA (R-active) uazdmsuluanavesansilifinis
Beuslasluuuddigazlineuauosrondunasdusisn (Rinactive) 917wy N, Cl, Fadu

luanalinsenaumeysyneudedasneuilnilouiy

Stretching Vibrations

WY

Symmetrical Asymmetrical
Bending Vibrations
Scissoring Rocking Twisting Wagging
In plane Out of plane

JUM 2.6 sUsuumsduvasiuszneluliiana

Y U

(i - https://chem.libretexts.org/ page/1845, 2023)

msé"uuwﬁugm (fundamental vibration) vasiuszvatliang alngunfiusyas
Aamsdunuusieiosegnaoninat Insmsduresiuszutseanidiunisdunuuin (stretching)
wazmsduLuUTnge (bending) meﬁqgﬂﬁ' 2.6 Tagnsdunuudadunsdunvuiianade
L%’W%@‘vmLLazﬁmaaﬂmﬂm'ﬁLU5sJuLLUaammmwaav"V’uwﬂWIMLaqa%uﬂaaam‘ﬁumﬁ% 2
WUU AB N19EALUUANNIAT (symmetric stretching) kazn1sBawuUliauuLIng (asymmetric
stretching) LLazmiﬁmeﬁmaLi‘]uﬂﬁé’u?ﬁLﬁmmﬂﬂmﬂﬁauuﬂaaymmﬁ’uﬁmaﬂmLaqa
azuvseentdunisinge 4 uuu Ao in plane scissoring, in plane rocking, out of plane
twisting I out of plane wagging

miﬁwmmﬁ?mwmgﬂLLUUﬁummaé’mLUUﬁugm%LLU'qaam‘f]u 2 WUU AR dusu
Linear Molecules ﬁﬁwuaumaagﬂunumaamﬁu (3N - 5) degrees of freedom 817L¥U CO,
wilmsduvesluana 4 5UuUU wazdm3u Non-Linear molecules f91urueagUuuyYes

n15dU 3N - 6) degrees of freedom 817U H,0 ziin1sduvesliana 3 sUuuu lagld
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wadansdunlsusaanlnaled dygraadnaiuuansdegud 2.7 Sdluanavesilanue
fudelFsundinudnnznzanosedudunsusnludaniuznszdu Tnodanuduiusiy
ﬂmﬁmmié{"maﬂmaqat,wu asymmetric stretching 7aumau 3850 cm! wSeAL1IAAY
2597 nm, msLﬁmmiﬁ"umaﬂmaqaqu symmetric stretching ﬁLa‘Uﬂ?{u 3730 cm™ %30
AINE1IAAY 2681 Nm LLazﬂwiLﬁmﬂwsﬁumaaIuLaqaLLUU in plane Scissoring fitavAduy
1711 e M30A21UEMIAAY 5845 nm UBNAINE SIEILIIAMUILMIATNE SIUTBIARY
BunsnsafiviliAnnsduainaunsi 1 erfiuniseuiundsnuadudunsisaiivilnin
ATEURUU symmetric stretching fitauady 3730 e wSom1u819AAY 2681 nm aeilen
WANU 7.4 x 102 kJ

Excited states

Ground state 3730 cm 3730 cmt 3850 cm?
T f’/i)\‘
e N\ H}H BTN

HT™H

. -
‘/?N /f\ H
H H H
In-plane Scissoring Symmetric stretching Asymmetric stretching

'
=

sU#l 2.7 Tutanawes H,0 fian1ugily (Ground state) uazn1sduLUUNUFIY 3 JULUUT
anurgnnIeAu (Excited states) findudunsusaauaiy 1711 cm™ (n plane Scissoring),
3730 cm™ (Symmetric stretching) ag 3850 cm ! (Asymmetric stretching)

(i - http://butane.chem.uiuc.edu/genchem1/115/, 2011)

nsanindygrarduwasdmsudunsisaauninsalatidunisnaindygyin

A7) o

'
= =

Mé'amﬂmiﬁaasm@mﬂauﬂauum@uﬂmmmﬁmmwu InuanuUrIsd L IMaUnASY
Uigﬁi’wmmm’mﬁuﬁ'aaﬂm%ﬁsmmemamaaé’zgzyﬂmmaamﬂﬁuﬂizf\hmmm’Jﬂﬁu
unsisn %awamaqé’m@wmms@ﬂﬂﬁuﬂﬁuLLaQSquwLimzLLamaaﬂuﬂugﬂmaaamﬂm%’m
Uizaﬁmmsmﬂﬁluﬁﬁmmﬁnwmwiammawaﬂﬁuﬁgﬂaﬂﬂﬁuw%famﬁgmamLmuamﬂm%’u
mm@ﬂﬁuﬁlLmuimﬁuﬁuqmamﬂﬁLawwmmmiﬁummqﬁu 1Ay FULUUNTITIIATIEN
iegdmsudunssnaUninsalalusesniu 3 JULUU AoN1InTIaTneiiieg19uuy
40961 (Transmission), N13M$I19ILATIZIFDE19ULUY ATR (Attenuated Total Reflection)
LAZNIRIIVILATIZIFIDE1L UV OU (Reflection) TABN150TIAINATIERAIOL LUV DY

dudugunuunufufinandoudvdursiseaninalalmenisldunasiniaadudunsie



13

a'mN"rwfhaEmmamLLé’av‘f’]mim’;ﬁ@ﬁigfgmﬂﬁ@ﬂﬂﬁuﬂ?{uﬁumqLimmﬂﬁ’fgigmﬁmﬁa
NNMsdesHufeEmaRBINNTENURINTIA TN uansssUT 2.8 ilesiienisnsiiiae
Gf'f’aasmqua'aﬂs\huéf’gaEhwlmammni’mé’fﬂmmﬂﬁu@w\mLimﬁmé’amﬂmi@mﬂﬁuﬁﬂﬂ
WNr ARSI IMARRITiiAIMLINNNTY 15 um dvsuiietmaassiiiureds Tne
winiegadiaunuunivllagilinsasaiadyy s ud waaiisuinuiedinnis
pAnAundudunssavasiaegmeansioiun ludsnmneindedisiifureavaides

$MN1SAAAINULTUTUYDIVDIAAI AN D LAAA UDUNTILSAADINUADE19ARDIVDINATNE

Y

Mn53adn Aeugukuunsanadanuudesiumsdunsusaauninalalaamune Audiegna

Y1NADIUINTUANITU

Sample

IR D
source etector
0

JUN 2.8 NIATIAUATIENAIBE L UUADIN (Transmission)

(fian : https://www.bruker.com/sections/section 142939616, 2023)

Y

a 4 ' < a a ¢ & 1 1 a
N1INTIIATIERA0819WUU ATR 1DUmAANISATINIATIEYfIRg N lnen1TaeRaUY

duNsNIARURENATARa NHAAYINTANWE IINUUARUBUNTILIATIHUHUNENATadA AN

N3ENUAIBENNARBILAL ATUBUNTNIATNEDAINNTTRANTUVDIFIDENARDIRL AL VIOUNSY

1 =2 a v a & v ) YY) [y a =2 a Y .

HIUKANATadadnATdgAInTaindyyuuansieguin 2.9 lneninasada Diamond,
a '3

Germanium Wag Zinc selenide @1SUAAUBUNTLTA TINITHTIDILATIZIIHIBE19WUU ATR

ANUN50ILATILA LU DEI9NARDIN LILNUNZAUTUNITATIDIATIE WA DE U UADIH U LAY

A a

‘&j a U ! ¥ b4 = g U
AR au‘t/\liﬂLm%a’mmmzqwummmmamqma'eNLSU’]I‘LJI@ 0.3 84 3 um (YIUNUAINULTT
AAUBUNTUIATUNITATIANATIZY FIREmnaRILaLianTaInanAsana) wazaglrdyy

a

NIATIANATILVNIUTLANTANGS
Sample
source Detector

ATR
o crystal / )
|
- ‘\
\
=

JUN 2.9 M39TIVATILNII0LUUU ATR (Attenuated Total Reflection)

(Fian : https://www.bruker.com/sections/section 142939616, 2023)
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1155293 1As 1z Nsas T ouu U U vesAd uBusse Tnoarldiufiegieily
auNsanTIATIEslensdesulauazaInsaUsEynAlYiuN IR TIRIATIEB Ul LA A
Wilvaledidenn FamsasieuuuiiuiaUsznaudae 2 dnva Ao Specular Reflectance
uay Diffuse Reflectance IngnsasvioufiaueInAULaINNTEIUF B YINIUYNTBIAAY
LasTi axiauoenaIndaeg1s dsaziinduiaed19ii idnvasinseu 1unin Specular
Reflectance 1nun19m5291AA Specular Reflectance 9xdin1509297TAAT 2 WUU AD LUU
Reflection-Absorption Waglkuyu Specular Reflection Fauuu Reflection-Absorption agl4
asriafufieg1efidansindeuuniafietns (Coating) dlondudunssanauTinIuTuanS
\dpunnnIENUAIve g ntuarasTaund Ui uiitua sindeutiudna s wdaeen
1NHI9E19 uanadsgui 2.10 (n) 1Hlunsnadesesiviinnsenuandiansiiadousiods
FIUDIAUNUIVDIANTLARDUAI8Y19 LUU Specular Reflection aglans197AT189 U
fegsidinFouuaslifiansiadeuiafedis uansisgui 2.10 @) uarludiuea Diffuse
Reflectance a¢lnsiainusetefifiiavesnisasviouldSeu Jailendudunsisannnsse

) i = v ) i o d' ) ' Y] ~
‘1/|‘UmQEINEJ}J‘VI&%VI@u@@ﬂmﬂmamwﬂmLW]ﬂUngJ“VW]ﬂﬂiWIUGI?@EJN LLa@Q@QEUW 2.10 ()

AV 4

sar ‘ ample ‘

— . s [

3U7 210 115m32931A5 18988 19uUVAL Y oY (Reflection) (n) Reflection-
Absorption (¥) Specular Reflection @z (A) Diffuse Reflection

(fan : https.//www.bruker.com/sections/section 142939616, 2023)

4
2.3 awnlnsiines (Spectrometer)
P & = v a a ¢

nywaszineadninsalalisgldauninsiweslun1sinseinsnouausivosans
A a w aa i v oA oa - A o =
1099 INMsAngunsATeseniansiuaduitmvanlin annuenadudimnizianzas g9
iwnsesdlelylumsiinsenldulsznauiugiudauandduguin 2.11 lagnsimseinieadn
Insaladlugrudursisadesdiunasindanwaniioniianduudiantniinlunisnseduans

LY 1 & v A 1 [ J a Y o [
MIBVYN Qﬂﬂuu’ﬂzL?J’]E;IQiJﬂiQﬂUﬂqiLLﬁJﬂﬂiqllEJ'TJV’]ﬁULLlIL%@ﬂIWﬁ’Wﬂ@UVWSLSU’W]’]Gﬁ’J"U’JWLLaz

drulszananaf1dyy1uUsEaInNEIIRAY
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wraanLiawes (Light source)

E =hv

¥~ photon

photon

A13M79819 (Sample)

qumﬁuammmmaﬂﬁu (Dispersive Element)

AINT29I0deyey U (Detector)

diulszianan @y 1auszdnNeInay

JUN 2.11 uwnunmd@uUsenauresasasiiansiasizinmsaininsalal

wasninndusasdildlunsiwssinanninsalalazdosfigumueniaiud
wnzanAUanssegafideinisasaiauaresiimanuduaiauenaengupueAdy
Fauvasiudaugeinwiniifdauaseenunfugunnusnaduanasuniie (Broadband
Light source) wazwdnfifuiinuasosnundugiuainuendvaunasuwau (Narowband
Light source) Tnaunasininuasiugruadudunsnisn douldunasiniauas Globar Light
source Wuunastdauasinannduni1a Broadband Light source) dsldluiiilunisim
winwsfiaivhanndaneuaisludlifouds 1200-1500 e AU AnnIsATEAA LLES

BUNTTNDDNUILUUF DL BIIULIIANNYNIAAY 500-9000 UNTULUATHALTANNAINUUTEIN

ANUYIIMURARIAIFUN 2.12
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SLS203L Spectral Power Distribution
1.0

0.8 1

0.6 1

0.4 1

Power {(a.u.)

0.2+ — 5LS203L
Black Body (T = 1500 K)

0.0 T T T T
500 1500 2500 3500 4500 5500

Wavelength (nm)

SUN 2.12 AMNA99UUTEINIMNNEIAAULAaIN L HAKEY Globar SLS203

Y

(i - https://www.thorlabs.com/objectgroup id=7269, 2022)

L oUAINHEARA ULAINTEAUAITAI0E19 ARULAINAYIBUIINATAIDE1998L01d

Y

gunsallunisusnanuenefurilnUsgusassiinnsiudenuulagldninns Czerny-Tumer

Faid1uUTenoUv0IY U AWAILT1 (Entrance slit) NUIT NMAUAUS UIUVDIAA UAS
(Photon flux) NagttgdaUninsiinesdagdwmanarinisuendadaunasuvedssuy nsn
AaLd8aLul (Diffraction Grating) nszany kg lun15INAdAA ULES (Mirror 1 Wag 2) wayf

A1 3ndeye 0t nse (Array detector) waneRegUN 2.13

Array
detector

Entrance slit Grating

Mirror 1

gﬂﬁ 2.13 Czerny-Turner Spectrometer
(‘ﬁm : Chimenti, 2013)
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o

nsnAndeauudugunsaififnuddgannluszuu imhiilunsuenanueiadu

o

d' a dy o ¥ = a ! 1 . .
VOIAAULEAY LNTARLA BAVUTILUALA 2 UTELn A LNTARILUUEBIH 1Y (Transmission

grating) LazLNIMAILUUALVIDU (Reflection grating) IAYANWAIZUDUNTARILUUADINIUATI

=

nTanidunia 1wy Schott B270 911 Thorlabs 1udy daiidnwaeilusslu faveunsna

q

@) ! % ! Y 4 PN . a ]
Wuseswuuiuuwazianiumiesses d lnaguasiinnnsgsnu (Incident beam) tNTARILLUUE DY

[y 1

s iyuAULEUUNAT0NTAY (Grating normal) NIRIA1NAUTEUIUUBUNTAY AINTUIZHIUY

q

WNLUEUNTAUALORNAUNAIVBANTAY LaRsAIFURN 2.14

Incident beam .

Grating normal
Diffraction beam

a

5UN 2.14 insaRauuudesniu (Transmission grating)

(ﬁm : Wilson, Que and Gianchandani, 2005)

a 9 Py a o a & | a
LASHENLUUASNDUN A NYUEUDININUNTHNF U UIDY (Groove or Blaze) NUUULAY

[y

AMUIITILIUTOIBAINEILNTAS 19U 150 T8 300 Groove/Millimeter Migniafaunleian

3)

1 v

niA1N1saeaua i iAAN1TaL o U0 IAA ULAITANATENUAUINTAR WA 8L UNBBNN
a ‘;J o d‘ ‘NI ! U o ‘ﬂl ‘NI
insAudgBuLluyUTEIIANEIRAUNANAULEAIRIFUN 2.15 Lavaunsi 2.8 aun1sves

\nsFLdeaLUL (Diffraction Grating Equation)

nA=d( sin O+ sin B) (2.8)

1o d A9 S¥8EITWINTOIVOUNTARILAYAUY (Groove spacing)
Ol e yunNNTENUVBIARULAINUEUUNRTBITEUIUN ARG TUY

B Ao yuazviouvesnduuasiuduunfivesszuunnfaieiiuy
n Ag SuAUNSIRYIUUVRIARY

A Ao muenndu
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JUN 2.15 insmRaifgauuiuuasyiau (Reflection grating)

(‘ﬁm : Wilson, Que and Gianchandani, 2005)

N157 AR LKA UTENBUAIENAIEANNYNIAF UANNTENUAUNTARUA YUY N3
AeVoUVRIARULAIN AN DUIINNTAALA LIVUILALT B UAIBYUUTETIAMUE IR UKEAIT

Aa o %

! 9 a = Y A A A a
ANAUYDIAA ULAINUBUAY (Order) LAZINUY LUBNIITUIINAUNITN 2.8 AUNITLNTARNY

'
a A v v 1 [y 1%

LAYILUUNUINAILYNIAFULENTIEZYDUEDNANLNIARNNAA U UAUA NN UEINITORLNDUD DN
a v v A o Y a A a ) Y ~ A
NNTAILYLaounvyuiudunsisunfRenule Aaandlunisned 2.2 wudiiiguen

a W a al A o o oA
ASENUNAWINAY 30 B9F1 AFULEIAIINEIAAY 1.607 bulasiums Tuaausdusui n=1 (The
first-order diffraction, 1*-order) dyuaz7iauLinfuAAULAIAINEIIAAY 0.803 lulATiunS
luAduduAUN n=2 (The second-order diffraction, 2"-order) uagilyuaznowiafuaau
WEIAINE1IAA Y 0.535 lulasiuns TuAduduaun n=3 (The third-order diffraction, 3™-

order) NyuazviouliAiU 15 996

AN 2.2 AT ILEAINITANUINAIAINNENIPA UVDIARULEINAAUBUAY 15 2" way 379-

order diffraction

ANNNYIARY (Um)

a B 15t -order 2" _order 39 _order
30 15 1.607 0.803 0.535
30 10 2.175 1.087 0.725

30 5 2.752 1.376 0.917
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ANUANLNTALUNSLENANNEIAAULATILA B LULEBNIININSAR LA B UUTTIAY
g1pdulndiAsaiueenaindu 13und1 MaIn15uen (Resolving Power) 104N5ARY ABAN
FASIAPUBINTARY FITUATILIUTEIWOTNSAURIIUY SUNU NafILaTARADYDIAALLAS
floglnddaaunsi 2.9

A

R=——= Nn (2.9)
AN

So R e Mdenveaninfs
A fo AiadsvsinuennauLasiieglngii
AN e Awarnsvesm N AAULAsTiaglndiu
n Ao SuiuveIndy

N A® 91UIUTDIVDINTAUAYIUY

nssuiisulszans nmvesdganaldsninansusruuidanas laeialuayly
IWNsTaeanduaNLUSsUs1e (Modulation Transfer Function, MTF) @usunisidseusiiay

UsgdnSnnuazuslinnanuaizvessruuiluas luinasilussuuiduamdounsnlduas

v
a

Wiganid e uriesruunasidgunsali@wasinndmilefundanududauge lng
a 6 o o U & o Ll | v [ .

wiwesdniunisinilaiduanuisuninauszneumenisiendn (Resolution) wagnis

\Wigus1an1suen (Contrast #58 Modulation) vesdgygnaniwitldinssuuidauas lnens

Wigusnansuenvesdayaanmidunsiuieudnssenineaimuduresdyginnmasdn

[y

(I ViFOFRYEIUANEYTY (White, 100%) AUFQIUANUTUAIER (1) WIDFYYIUNINE

A1 (Black, 0%) Uanane3un 2.16 mnuLuvasdynandludnvuzaaudinieu (Square

' '
(% v 6 v o o Aa =

wave) dUNUSAURNYAMEUDIFYYIUNMAUTNAIFALALI gAY T TINLEaTIRIN1TIUT8U

U9 q

ANNTUENTRIA QY ITAIaAAe TAINNSATUINAINITUIHUAIINITLE N VDI BN NG e

aunsi 2.10

I x'I i
% Contrast or Modulation= [M] (2.10)

Imax"'lmin
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< IMax

White o l
Y
Square Wave t | _ Contrast

~Sn

Black

5U7 2.16 N1sUeur19n1sien (Contrast or Modulation) va9dyaainIn

Y

(i - https://edmundoptics.com/application-notes/imaging/contrast, 2022)

dmiuansuentalunisinfleiduanudisudiaasusenauniggiduniiasi il
SPUEMNTTIINAdUTIazALanA19AUTuNU8999 line-pairs per millimeter ((p/mm)
WIBIIENIIAUAVDUAUAVIAT WARIIIFUN 2.17 AmaaeingBeilAnisuendalunilisves
lp/mm fAN5UTEUANNNITHENIAY 100% LIDATIVIANIUTZTUULTILAS WU NINUDY
U a0 Tl 1 a1 1 U U 6 o = !
ngienisiiSeuienisuenanasuazlinniiu 90% lnenmsinflaiduniuueutiaves

STUVALNSIUABULUAAINSHENTALUNLREY0S (p/mm ARNTUTILAUAITATUIRIAN

A15USHUANNISHENTANAIIUNTLNTEUU LA STALENANULANANTE U INUAUVILALA

Object Image

. .
\J

White White
100% Contrast 90% Contrast
p—
Black Block
Line-Pair

JUT 2.17 N15iU38Usen1sHenveen N inguasdy 10 IMN1sn I 3RRI8 SEUULTLEN

(i - https://edmundoptics.com/application-notes/imaging/mtf, 2022)
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2.4 UsniAdassaunssy

[

Usimssunssuilinanifsuidviiianuisidesiunisimsisilazdszuiana
druaraunasug1ud unsInreAT o aUn N Tln oS TIANENNITLA B VULEAS T3

Wnendesiumatialunisnsiainaidygiaalnnsugudunssanidaunievesann sy

v v

Tusgaululasiuas swdanatianisimanaindyaruaunasulagldnassnnusoululas

Tulafimessiinosddniunisnsiaindaye o

o

v
0y

a [ [ o a ¥ a a 4
watiansnudygramiadninsaladeiudunssameainsafsauningiivoa iy
Lianunsafmnungunsalnisluaninsiwesliyuasile a1vwuliaiuisaninuayuved
a & o v 9 Y 1o A = My Y] Y
WnIaRadeIUukazinTinlvegiuilag ldinsmyuyulils Wesndyaauanniuves
ARULAETUBUNTHIALT DANNTENUTNYUAUNIARBA L ULLAIa NioURaNIN luguUTE TN

[

A11U81AA LT AN TNVOIF Y YraudUnnsuNILINAIIN U s Tnd gy uaz Ll

[

ansanudygraudunasuisguad unasd unssals T9n1991nn1RTIaTRd I
awnesuluguuasiianunsaveaiiule 400 9 700 urluwuns deuanslugui 2.18 ssuu
awninsiwesvliansafadsnvundlugundsiamisotendiuls (Chimenti, 2013) F331n

sUaziulddanuiuavanesiliniafundifnsaindygya

d a ¢ a a & | ~ & )
E‘U‘VI 2.18 %UUE“ILUﬂIVﬁmG}@i‘U‘u@LﬂiG]G]\‘iLaEJ’JLUUEJ’]‘LJLLE“IWI?I’]EJ’HO@J@QL‘Viulﬂ
(#111 : Chimenti, 2013)
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é’qﬂdﬂumiﬁ%Lﬁ'uﬁ’zgzgwmal,ﬂﬂm%’mam?{mmEJ'mSuV\Ii']Ls(ﬂ%é]’aaﬁﬂ'ﬁmugmm
NIARUAEILUL Feguuuumavsuaziiumisuesuvasiiiauasiuiueuasyuiionnsnis
Aenvuviemnaadyanarituiieanaududeulunsldaunisinsnia (Mohazzabi
et al, 2019) Feaun1sil 2.8 ImamimummﬁaLﬁ'aLﬁuﬁ'zgzgmal,ﬂﬂm%’mﬁ'ml,aqEhu

FUNTUIATY LHTBLUANNTENUVBIATULAINUINWMAIA W TALAIBUNTUIATAIAIN NIV

[y

wnsnpeduulUluiiamuduninlumeyuad o ssdunsifiudyanaadnesuidusty

v v A A

A A a v Y I < [ v A
ARUN 2 NHUHNNNTNVUN I B bbe 6 ‘ﬂ%LﬂUﬂ’]iLﬂUﬁﬁJi}JﬂmﬁLUﬂ@ﬁW}EJuﬂ‘Uﬂﬁ‘u‘Vl

wag 0 (ufiyuaNnIENUIINTULNaEBuAzIAnla UlanNUAI A LTaLaANNE1IARY

9

FUAY) MIUFAU UAZNITNYULNTNT VALY P FITLUIVVBUNIARUALIUUARINA UG

n51930 Fuihliindygraninasvourasiingaindyayaesd e liliaunsvyuyuves

nseAndeuunefiudyaaadnesilugy @ lnuandugun 2.19

Reflective
diffraction
grating
on rotated

mount

R Gas tube R
emitter (CO2) /
‘—/(pv
_.—/f
’ > O
Thermal > B
camera o

a - angle of 2™ diffraction order reflection (5°)

f - angle of 1* diffraction order reflection (15°)

O —angle of 0" diffraction order reflection (25°)
(p - angle of camera reflection in the grating (50°)

SUN 2.19 MInsIvindaaaannumen1snyunInAuaeuY

(i - Olbrycht et al., 2014)

v v

N3UT 2.19 Futunsesraindyaraaunnsugudunsise 3 85 lulaswes e

oo

NIUYUNINALAEAULIUNITNTIVINF Y IUAIENABIANNTBUNDIATIEIMIAIA LU

yosfwansuaulasenles (CO,) fioglusinia (Olorycht et al,, 2014) Tnsdayaasdilsain

A5Ivinndesnusounanifaguil 2.20 Faazimulainanuduvesedygiadainaiude
ANUNTUYesigA1suaulaeanlendiunTuyiiiau it vesd s iudu Lananeg

7 2.20 (@) (b) kaz (©) AU uTUtsslUNInVBIRwAIsUaulneanlen AiuaIfU Lo

Uszaanady an ez lamaunasuvedn1snsiaiagey wansaisun 2.20 (d) Feling
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AnNAUdY IR ULAIUTUTINWAYIT 250 §3 300 wazdsuarduuinaiiurang
gnfulagdeuieuiuANINTgINEBINTRANTuLatBIian1suaLlasanlys
T T T T T T 0

8 8 88
T T

3

—0

28 88
— T

3

CO, concentration

Difference

-2t |
— medium
25 | —— high

B 1 L 1 L i 1 L
0 50 100 150 200 250 300 350 400 450 500

Pixel number

JUN 2.20 sUfyaaunmaunasunisaanfunasvesitenisveulasenlen (a) Ay

Y Y

Wuduties (b) ANULNTUNANY (o) Aadudugeuay (d) dyginaunasunisganauuas

vosfnarsuaulaeanles (7iun : Olbrycht et al., 2014)

nsildsumdyauaunasuandyauseineaidundymuroniueadunos
lds9g19umsgIuAIaUnnsuUsEIIANE1IAa uluN19M59980U (Mark and Workman,

2018) LiBAUYNABIVBIAIINYIARULAITINIIINNITHENAIBLNTARLALIUULALANNTENY

AIn53930 1ABFA7981911MTFIUNTATINADUAINYNADI VR ey auaUna T uBuUNT LI

tfuagldonsmsgiunodalaiunuunsgiues National Institute of Standards and
Technology (NIST) € 43191 18T an138 198 9/ 18y aiaiunnsuuen15d o 9m 1u
(Transmittance Wavelength Standard) LLamﬁNgUﬁ' 2.21 (n) Msnsdgiou (Reflectance
Wavelength Standard) 91n#iufi2 meé’a'gﬂﬁ 2.21 (¥) wazawnmiuuszinuenadues

MsdeuwuInTTIUNedalnTukanafagy 2.21 ()
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.
.

)

= Transmitance

a0 2000 2000 1000
Weaweruembas fcrn1)

gﬂﬁ' 2.21 #79819U1ATFIUNIATIAABUAUY NA BIVBIF Y gy rauatunasy (n)
Transmittance Wavelength Standard (¥ ) Reflectance Wavelength Standard (PIKE
Technologies, Inc.) hag (A) %Transmittance of Polystyrene reference materials (NIST

Standard)

[

Aansirindygiagruduisusasialulasiuladimesuuu 2D Focal Plane Array

al
(FPA) Wusasnindyaunnufouvetpduuadunsusaiionnsznu nglassadisvasly
Tastuladimeswiazinealsenaunae Absorbing surface, Thermal insulation, Reflector
wag Readout integrated circuit (ROIC) tUusiu LLameﬁ’agUﬁ 2.22 \ilopAunaseuduslsnsn
Wuigiansaialulalulafiinesiuaudlnfadyyinnduiamnnsenuluusdagfiniea
ﬂ?ﬂluLLm%Qﬂ@mﬁuwﬁwmhEJsl?u Absorbing surface Ui Thermal insulation LaTAA LAY
UeduTidaai1u Absorbing surface 93AnNIENU Reflector FaLadoudiuaziounauuwas
o1y Inmdeuuaznes Wudu a’mﬁ?uﬂ?ﬂluumagﬁauﬂﬁm%é Absorbing surface Snass
Wiewiudyanamesingian Wedu Absorbing surface Qm%’uwé’wmﬂ?{uumEhuauﬂ/\liﬂLim

srgnuUaamasnududayaramalniieiog ROIC

Thermal
isulation

Interconnetion

Substrate

Readout circuit
o Reflector
Readout circuit

pad
Signal

JUN 2.22 Iassasnsedviinaveslulasluladnes

(13 : Fisette et al, 2017)
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Fansatadyyiagudunsisad olieudinsiata MCT (Mercury Cadmium
Telluride) Adushansradauuu Single point ddlulasiulafmesufunuy 20 FPA @nsa
THsnilsngamgiivieslaglifisvuuyiamnuduiazsaiiiings MCT Juihlslalasiulaiines
JusidendianunsaanldfussuvaUnlnsiines (Leijtens et al, 2017) Tnsnisldndas
anudeulszanlilasiuladmesTusunanasalad e1fiwunisld INO Microxcam
Wululaslulafweswiia Vanadium Oxide (VOx) wagidu Uncooled Microbolometer %iin
FPA 384x288 fintwa ilA1 ROIC 5.53 lundsnd ad ons1LWsa (Frame per second, FPS) 50
B30 3o 20 Haalurfineinsy (Budzier et al., 2015; Fisette et al,, 2017) fvunniniya
(Pixel size) 35 pm 7iilA1 Spectral Response Uﬁsaﬁmmmm?{uﬁaLLﬁmﬂugﬂﬁ 2.23 &
asraiademadanisiililulasuumesidvienuenadu 2-14 lulaswns Inelululasun
wasiAmnsuendaanasy 32 uiluwes Tughsanuenadu 2 81 5 lulasuns, 64 wily
w3 lugaanueirdy 4 89 9 lulaswns way 96 uiluuns lugasaueierdy 7 89 14
Talasas Wanlglunisasiainmian Spectral Response (Honniball, 2017) haz@1unsa
Fudyanaunimuszsifinearua 16 bit BudzierFast et al,, 2010) wenaninislidaush
asrataiiiduensddmsuruneadninaladidenn ssuvanunsonsiaadygiaeaun
nalalused iU 09198 191aaedlag@INNTED UTI—IUN I SWINTALTIA LU ITEUY

ﬁ?EJLLB\iummgm 1951 USAF Resolution Target (Peter and Dieter, 2006)

T 1 T 8 LIl B S S T T
1.0 } Calibrated
= - =Raw

08

T

0.8

IiIlITIl\II

Spectral Response (DN/Volts)

02

Transitions

~

PRI < S U IS, i I ST S N N S
(5] 8 10 12

14
Wavelength (um)

g‘i.lﬁ 2.23 Spectral response of the INO microbolometer

(131 : Honniball, 2017)

Wensvindya unlaainnismsiainnendesninuioudsuinuvesinanldlu
nmaiudygagnsumumedyginainiinealagseu nMsiiuauaNtavesdyy 167

ns1vTandesanusouausaldn1susenlananInAIIu5eU (Thermal image processing)
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A 1875019 Noise removal, Contrast enhancement, Edge sharpening ag Greyscale
palette optimization (Dulski et al., 2010) In8gn1591A1ERI1d LS Y BUs DA QY IUTUNIU
(signal-to-noise ratio, SNR) WiamAAuAIILUTBUAesEnInsdms Ui aredyyo
SUNIUYDINISUTEINANaYRsTEUULas AT TaLuUlulasiulalines (Usamentiaga et al,,

2018; Deane et al., 2018) feaunsi 2.11

| us-pn|
SNR=—— (2.11)
ON
e KS A9 AlaasvoddygIun1InsainaInangiain

MUN A9 ALRagvesdge 1asunIuaIngIngIain

ON A8 AU TELULIIATF UV Y IUTUNIUIINAINGIVIA

N13AUANLALUITZUIANAREYEIUNIINTIVIATIBIVFUAIER STN1SHAWISaned
fuiiemunuuazUszinanansirumasana1en1e1@e NI LabView unilsluniwni
gnidenldlunswaundanaiiiy e1wu n15as19ganeiNuAIuANLBLABTEINTUIUNTY
\A39an 539 L3 9ua (Sanchez-Alvarez et al,, 2018; Wang et al., 2015) n1siiuAdayayias
AUNATUTDILAIVIIN A0 TI27A CCD (Charge coupled Device) sauAun1slan1w N
LabView @319 Graphical User Interface (GUI) lun1saeuiiiguaiiugndesvesaiunniy
(Garg et al., 2009) LLamé’qgﬂﬁ 2.24 nsiudgaravlgestsadudaiunasudisniw NI
LabView (Marques et al., 2016) N15AIUANLNA INLTAWES LED (Light emitting diode)
a5 lalanmien13AIUANAQI Voltage-Current wag Power-Current 738 NI USB Data
Acquisition (DAQ) wuUSHIETR (Garg et al., 2011) Fwhlinsivunilifidunazianuanis
THomlfmnzdunsldauldund uuagdmaelunsaadunuvesivsunsulunisnss

a ¢ A ' o
InsgvimaUninsalalninmiseudieg

Intensity Vs. X Position e

£ o ®]
atsn. == o 55 12 8
g 4‘. of
wan] [, —
<o =
Calibration Table P |V —

Colour in Angstrom  Pixel Value sowce e
fow = = | I
fcolour Wavelangth in Angstrom _ Pixel Value _
Vetom | —— )
colour Wavelength in Angstrom _ Pixel Value _
o fee fiose

U7 2.24 Graphical User Interface (GUI) lunsasuifiguainugniaavesaiuna sy

(i - Garg et al,, 2011)
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BaNNLIshardano3NudmIuAIUANNITNTIATIERALUTTINaNAAE e e aUnn
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7 3.1 dwmsusvazlduaunazintouansialy

SUAUIUITE

geNUUUTEUUMUANNSYIesaUn il miunasanlntine Seliavan madeaiuuuas

A A

wanNgeNiL LAy dane TudwiumuatMIeTITieTIgTkarUTsnanaRdy saUn naled
gasndumvan i lugdusisavesszvuiuusaluAlagldlusuns Ni LabView
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Ao o
o lignaas
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ad o a\ a o
3.2 A9 N1IALUUNIIIAY
N1seoNkuUkaTiMUIganasTudMsuAIUANTEUUIIATIBYA1IaWUNATUATY
1 < 1 d' d' <@ % a 1 % (v ¥
waltrdn Wi lug1uANePAUN AU TN DAL LA WAL B UNTUIALIUNAIPILNSNNITARE
NANNITELNVY SvazdeanaduvlvaTdonaviaundusanolul
3.2.1. 2INUUUIZUUAUANNTTINUYRIUNsaldmTuATasaUnInsiimasviln
WANNITLALIUULLES
szuvIeseeaUnasumaunsvdnlnidiusenausie 3 dulsenaunan fe
1) @1U0INLAUAE Y IUNTEETDUVUNURI Y9089 2) @IUDINITUENAINEIARY
1 < 1 a I 1 [y d' 1 @ d'=
wiwantWAN waz 3) duvesnisiasiziikazlssunanananasunauwimaniai @9
a ¢ 1 ) a | & v . .
POALUUTTUUTATIEvAaUnasuAd uLlnan WA 18lusinsy Zemax Optical studio

WaRRIgUN 3.2

dauil 1 danvesnsifiuAndemunisasouuuiiuinvosinogs
*  unasnLiaLLes
*  AszINSEU
*  As¥an Off-axis Parabolic (OAP)

A A

d1Uf 2 d1UTINTRENANEMIAAWLVAN W
* 05230 Off-axis Parabolic (OAP)
*  PILAULAITT Entrance slit

* |ATRAILAYILUL Diffraction grating

A 4

d1ufl 3 durInIsiAsIzLazUszinanamaunasunduslimaniniia
*  INTINIndYIM Microbolometer (INO Microxcam )
*  daneanunliaiuauszuumenIw NI Labview

5U7 3.2 MseenuuUsTUUIRTgiAaUnnsurduwdiudnliinsiendnnns Czemy-

Y

Turner Spectrometer
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Tagdaud 1 dnresmsfivAdyaamsasfouvuiiuiveshegssyneuluse
wnasrilauas Globar fidAnanueanduasldiduensed (Polychromatic radiation ,
500-9000 unluLung) Lagnszan Off-axis Parabolic (OAP) 4@z iay 90 8aA1 La UK 1Y
Audnana 50.8 fadlums szevlnda 101.6 Tadins wansfeguil 3.5 (1) Tnonszanila OAP

'
a ¥ =

NLAABURIAIENBITITAINITaLTiausoAaULIMAN AN NALEIAGY 450 B9 20,000 Wty

e

wns Wievinslrifauasiisnainuvasidauas Globar asuusiiegmaass Wenamseny
fegmaassfifualidunszaniFeuinedevogiionnasiiaziouanfiegamaassas
ANNTEMUTingEan OAP yuazsiou 90 o uRugUinans 50.8 fadwns szexlnta 101.6
fadwns Mntuuasazgriniadienszan OAP yuagyiou 90 a3 dukiuguinats 76.2

fadiuns szeglnia 152.4 Gadung ielvkaadgdiun 2 durean1suenainug1iniy

JUA 3.3 eanuuuszuvlinsgiaaiunasuadunimanluilisaslusunsy Zemax Optical

studio

deuasiiagiiouainiufinvesiegdludind 1 dhgdand 2 dauvesnmsuena
51908 uudmdnliin Tnedrureaniswenainueiad uldwdnnisues Czemy-Tumer
Spectrometer wansRs3UT 3.4 sUszneuludasadnii sausuatuning 20 fe 6000
lulasiums nszan OAP ywawviou 90 a9 iduruAudnans 25.4 daduns szezlia 152.4
fadlunsuanasaguil 3.5 (MLAZLNTARUE BILUY 300 Grooves/Millimeter AaLAdoud e

9l lenTaliA1UseAnNSAIMNIsHENANUEIRAULANIATUN 3.5 (1) TumshenAueIndy
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GIUBUNTNININNUULAINANNTTNULNTARIAYIUUITALNBUAILAIUEIIAAUATA UL
AUNSN 2.8 AUNITVBRNIARUTEUVUAUYUANNTENUAZYUAZT DUNANSTU Inedyeya
AFALNAUIINAIT 2 druveInIshenamueeauwiman i sutudInsaTalulasiula

Awos wazludiud 3 d@ruwein1siesieitazyssananamaiunasuaduwudn i

 Non-Sequential Component Editor

Update: Editors Only~ CE KR 0 S gl @ - Z- Q¢ ® [ | S+ @

v Object 8Properties < > Configuration 1/1 < ©
(i saterial X1 Half Width Y1 Half Width % Length | X2 Balf Midth ¥2 Half Wit
s uIRROR 1.0 1 s s s
. assons 1.000 s s s
2 smacR 1.0 s s
e £5.000 wrzRoR w0 12800 50.000 4,751 12500
s .000 120000  -80.000  -135.000 2.000 an s0.000 27.280 7.280 1.000
|30 Detector fectangle v 000 170.000  -100.0.  -138.000 01608 asscas 16.080 13.440 1 1 o

® 2: NSC Shaded Model 2 - -

Visettings 2 iallom SO/ =AM A AE G QB v ®E GE soic- W7 2 FE O Lne Mickness - @

Wavelength Data - -

0550 1.000
0550 1000

] 12 0550 1,000
F. d, C (Visible) ¥, Select Preset
Minimum Wave: 3000 Maximum Wave: 4.000

Close

SUM 3.4 NseRnLUUAILTDITEULULENAINNEIAAULLLUAN A eudnANT Czermy-Turner

Y

Spectrometer saelUsingu Zemax Optical studio

(n) (V)
r._mdmm_.| 3.5 ym Design Wavelength: 300 Grooves/mm
100 —
9 |
o, 904
Diameter  [— a 804
s 70 —— Perpendicular
9 ——— Average
Reflected O 60 ——Parallel
Focal Length i !
w50
/ L 404
=
o 30
8 20
< o
i ;mm Focal I o . . M M .
L Length ——| 1 2 3 4 5 6 7

Wavelength (upm)

JUT 3.5 (N) dUMBiuuaasinavuInveInszan OAP (¥) Absolute Efficiency Y81

LSRR IUULIUBUNS WA 300 Grooves/mm
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a ¥ a

eAfuLALAaYAINLIAG U@L IBUININTAR UGS IUUYNNTIIAMIY AInTIT IR
lulasluladiines INO Microxcam wllneTLse 384 x 288 finLwa TIa1U10ATIAIALAIAAIN
g19AAY 2000 §19 14000 wiluwns lngedagnvesasyiouainninfaieiiuuazgniily

IPETarUsEIlaNangdanaanusign1w NI LabView

3.2.2 NSWAILNTANDINNFINTUAIUANNITNTIDIATIZYUALUTZUIANAAT
Funrumsaninsaladvesadunsimanivihlugnudunsisavassuunuudnlusinlag
T4lUsunsu NI LabView

N1IAAUITANDINUAINTUAIVANNITATIIATIETNATUTEUIARARAT Y0
9 awnlnsaladvessruunisussananadyainuad uumdnlifgudunsisauuy

o

nlusid TneldTusunsa NI LabView wanssissud 3.6

Start

A reference angle (the zero-order diffraction for the initial measurement)

Determination of spectral range and spectral resolution

Spectral measurement with rotated grating micro-stepping

Data acquisition and processing

Wavelength calculated at the angle of incidence and diffracted

MIR Spectral

JUT 3.6 N13a3199anesiudmsumuaANnIInIIATIwLALUSENIaNAR A

Meaninsalalveessuu
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Wesndyaruaugadugudunssafiayyiouaininsafad sauudunis

o

Aeuuvetiasniiyunitendtvuavesaud (3u INO Microxcam) vadlilaluladinasyiln

Y IS a v

258 F0 N InTITndaya1feelin sV UL NUDLNIARUALIULNOATIVINT Y 1UATY
gIUBUNTUIA B AINYNIATUTEIVURULUANNTENULALYUALY DUYDIAA ULEITIBONIN

a & % a & ° ' A Y =
insaAudeRvulagldaunisinsniadenuulun1sAuINmIAIAINEIAT U LAAIRINITIN
3.1

AN 3.1 AT IBEAIAIAINUYIIAFUVDIPAULEINAAUDUAU 1% 2" way 3™ order

Incident angle | Reflected angle 1% order 2" order 39 order
20 -20 0 0 0
15 -25 1.091 0.545 0.363
10 -30 2.175 1.087 0.725

NSV ULLYBUNTARLAL BUElABYIINSARANTARILGEIULUY Motorized rotating
stage N19NTMATDINBNBIN 1/90 WAz Step Angle 1.8 a9e/iad (Full step) B3zAIUAN

o v § o v a

AEF Y IUNaddIMTUNIITNY LUV UNINAUAYIUULUY Micro-stepper LAgAIUINAT

Sunuiadvesdygnasiadineaunsi 3.1 Gamsauauaniilunmsyusmensuued
wUsA1uLaan (Duration time) Uodd yay1aunwad Tnen1smintuani d utuaiaanud
(Frequency) wanddsaun1sfl 3.2 Lagn1smunuAILaztdsalunsvuLn fen1sUfue
Step Size U84 Microstepp Driver A4 Uty Pulse/Revolution Tngn1smnA i auys Step

Angle WAASAIANNITN 3.3

Position Angle

Number of Pulse = (3.1)
Step Angle x Step Size
. . Number of pulse
Duration time = ——— (3.2)
Frequency
. 360
Step size = (3.3)

Pulse/Revolutionx1.8
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LY

o Number of Pulse Ao d1uunadussdyeuned
Position Angle Ao sty vy ULDINDS [8361]

Step Angle fio yunsvisuveanUNamasly 1 Wad [1.8° osr/Wad]

v

Step Size Ao AazLdEATRINITVILUlULa AT [Full step=1]

A = ° o o &al
1NFAUNITN 3.1 "UQLf]‘UﬁﬂJﬂ']31Uﬂ']5ﬂ']u3mW']ﬂ']ﬁfg quwaawé‘LSﬂUﬂqﬁﬂ?UﬂﬂJ

a v

Motorized rotating stage {ioAIUANNTALULLNVBUNIARUAEIUY InuAdyaruiad 1

v 6 o

Wadagylvnewesvyuly 1 awdly 1 aunan wandlugun 3.7

'Y '
1 0 1 0

JUN 3.7 dyayrauiadi T=1 anunarmibiawmduewmesuyull 1 and

N15LWRNsRsENINIUTUNTUATUANNITINIUYBITEULILAY Motorized rotating stage

v g (%

LBATUANNITYLUYRLNTAANT SN UULA YT I UNAG 1A WINAINTANDI UL NN

1y

1Usunsu Labview A28 LINX Digital write square wave W1uuasn Arduino @sdgyaiaa

Do

¥

u2n (Pulse +) W11 Digital write pin hazdgygrawaaau (Pulse -) W11 ground pin 191

e _

Microstepp Driver tiodsdnyquiadaiuaua anuazidoavasplunsyunnfadeiy
wazasdgraa1nlusunsy Labview aag LINX Digital write 6uuasa Arduino dddeyeyio
Direction+ Way Drection- Lsﬁlﬂ’sj Microstepp Driver Lﬁlaﬂ°ﬁwuwﬁﬁm1ﬂﬂﬂiwqumaQLﬂmaﬂ
Feauuiidnsaun Motorized rotating stage lnednuagnisifosasduanaiidumises

Pin s¥7ineuein Arduino uag Microstepp Driver Uansisgu 3.8
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_4—/
- " " \___ |
N .‘ -—
Micro stepper
+ motor driver
O | ENA- B- [®
LabVIEW o el
© | DIR- A- S
O | DIR+ A+ | O
--------- O | PUL- GND | ©
o | puL+ vee | ©

gﬂﬁ 3.8 N13AAAY motorized rotating stage LLaﬁzUUﬂ’JUQmmwguﬁw Micro step driver

1% [
3.3 ﬂ']i@lﬁ')’\]ﬁﬁ]i]ﬂ?']ﬂlgﬂﬂa\‘i‘l]aﬂ fyeyeu
N13ATIADUA Y EYIAINITAZNOUVUNURINATIVIAIINTZUUNATNUY LWaAIY
gniesvesdyaan1sninduuinisnegeuaugndeseandu 1. n15nsIvdeuAIy

U UNASUUTE I ANNENI AR UUDIARULENTIANNTENULALEE NI DUIINLATAR

o

o)
QNABIYBIHDY

e’l’ = A ! v 1 24 | J a v 6 s
LﬁEJ']LUUIU@')"I&J‘EJTJ@@UVIllﬂWWWQﬂUSL‘LJLLWaglqllliﬂﬁﬂsﬁl,lma\‘]ﬂ’]LuﬂLLﬁ\‘iWﬁﬁLaL‘ljaﬁ OPO uay

mmgmwaﬁam’%u 2. NNIATIVEDUANNTUYNFIUAULTAGUVOITLUU Uag 3.N150519e0U

¥
=] a [ { o

ANEMINEIUTENT NF YYIUAITAZTOUN UEIAUAIF YY1 UTUNIUIDITEUU LABLEARAS

] ]

nuazdunsInaluil

3.3.1 NINAFIUANYNABIVIF Y IANATHUTEINANENIAAURDY
waanlnLEINadLaLwa3 OPO
WAL ARaAIRadaes OPO Fauduwnaniinwaag udunssaiaunse

MvuaA1veIrenAfuivanUasysananurasitiauatliasdensedu 1 unluns gn
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sonuuuliRnscludiudl 1 dauveamsifiudn ”zgapmmiazﬁauuuﬁuﬁwaqﬁaaeiwuaaig*u*u
(280 3.2.1) uanadag Uil 3.9 umisvesnisiadsunaaindauasiadiames OPO 7
nneaY 1 lngidumaduasaininasniidauasiadiaiges OPO agviyu 45 aeenfiy
beam splitter (BSW511, Thorlabs) #u1eLay 3 Lﬁaaw’fauLLmLsﬁwq’mzaﬂ OAP wungLav 4

waznazgnliadngaiuveinaifvdygianisasouveiieg1meaes vneay 5 &

Y

ALMUIVDILNAINLLALES Globar hAAIAINLIULAY 2 IAULEUNIAULAIADINIY beam

splitter 1U1gns¥an OAP visnelaY 4

OPO

Globar ‘
2 2

JU1 3.9 N130NKUUSTUUNARBUAIINYNABITBIAINEIATUAIELMENLTALES OPO

3.3.2 N1INAEBUA1NYNA BIVBIF Y IAEaIUNATNUTETIAINE1IAA UR 28
WINTFIUNDAHATY
n13nsIvasuANgnaesvesdyyuaUnaiulagliuinsgiunedaleiuy
(Polystyrene, PS) 6'?5:1L‘fJuﬁﬂ'mmsgmmidaammmaLﬂﬂm%’mﬂixaﬁmmmﬂﬁluﬁm%’usim
dunssn lnensnsivdeuAignAesatsEuUMEInsgunedalasulinseanegiideyly
duvesiogamsagioufiuitvesundsiiinuas Globar Tnssunusresukuinmsgume
Salﬁugﬂam(ﬁ?aswdnmﬂ?i’su‘ﬁ 1 dhuveanmsfiuAdganisasieuuuiuiavesiiedng

YDITTUULALAIUN 2 AIUVBINITHENZLUNASUAIIULNMIAAY FIAUNIILAULEINILNDUIN

=

duil 1 agdesiuwiuiasgiunedalasunouruingrentavesaunlndines uansisgy

3.10
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Globar

1.Globar Light source

SPECTROMETER

2.0AP focusing mirror Sample
3.Reflection mirror (Sample)

4.0AP collimating mirror
5.Polystyrene PS Standard E

6.0AP focusing mirror
7. Entrance slit
8.Spectrometer E

JUM 3.10 N1309NLUUTEUUNAABUAIINYNABIYBIAIINY1IAA UAIBUINTIIUNBAALATY

(Polystyrene, PS)
3.3.3 ANSNAFIUNISUINTALTIAILALS (Spatial resolution) YB93ZUU

AsnNAERUMIRENTRLE s et R AN sEETouR uAve s T ULE
iutgealanandivesanladinesToiinisuszananardyaiaiinnnsenudansaialy
Taslulafwesviinenssannsansaataaunasuyszsranuenaduldluunfineasisslu
WULAY X haranuisansiadanisientaidsiunusvesdyaialalunuinneasisgly
waLnY Y dsauisoaniaianisuendadaiumdvudadulaenslduiuunsgiu 1951
USAF Resolution Target LLamﬁ'ﬂgﬂ‘ﬁ' 3.11 1951 USAF Resolution Target agiuspanidu
Group T wAas Group 9U52nauR786 Elements @ il A1A2108 1@ 9w (Spatial
Frequency) Tuntia89es line-pairs per millimeter (lp/mm) WenIRanns197 3.1 Tnvaunsn

PAINITHENTALTIFILAUIABFUNITN 3.3

1
Spatial resolution= x10° [Mm]  (3.3)
2% (Group, Element)



A15199 3.1 MITNUAASAIAIAINALTIRILIAUS (Spatial Frequency) 984 Group Wag

Element dm5ulauiIn5g1U 1951 USAF Resolution Target
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Element /Group -2 -1 0 1 2
1 0.250 0.500 1.000 2.000 4.000
2 0.280 0.561 1.120 2.240 4.490
3 0.315 0.630 1.260 2.520 5.040
a4 0.353 0.707 1.410 2.830 5.660
5 0.397 0.793 1.590 3.170 6.350
6 0.445 0.891 1.780 3.560 7.130

1

II—1

3IIIES
I

2 IIIIIII g

=1

B Cplical Research Ass

5U7 3.11 1951 USAF Resolution Target Group 1 ¢ 3 uaz Element 1 4 6

(ﬁuﬂ : https://edmundoptics.com/application-notes/imaging/mtf, 2022
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w18 AW L e v uUsEIIAIN81IAE UT A2V O UINLNTARILE 83LUY 300
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lulasluladines 110 Tadwuns waneisgui 4.2 wslddumiwesyuasviouduiuaiunaud
nuldnsmyunsefsdevuiiemunssdnmnuenadudenuusuiui 1 lnen1svyuy
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ilyuannsgnuwinay ¢ aeruazyusennnsafstuiinaindyyalilasiuladivnes
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WU 36 839A7 FIMUAAIINENATUREIUWIINAY 2.6, 3.5, 3.62 Uag 4.4 lulasiuns
WudyuUsEiIAueInauYes 2.6 lulaswnseg idunisiugauazyudninfe 3.5, 3.62
wag 4.4 lulpsiuns auddulansfsgunl 4.3 FellAyuannaneiuaunisinsnie (@aunisi

2.8) Inen1sasnessuunaniluiite 4.2
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JUN 4.2 Msfmunyuvesnsagviounduduaauiaudaislusunsy Zemax Optical studio
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JUN 4.3 Msfmunyuvesnsagvisuiduiuaaui 1 melusunsy Zemax Optical studio

4.2  wansa¥esEuudazdiaunasundusdwaninii
Mnuanseanuuulaglylusinsy Zemax Optical studio Tuats 4.1 lavinnsadne

sUURTeAIesraEd ldannlusunsy Zemax Optical studio il o513 tnd e uaUnasu

Usgsranuenedu Tasazutssendu 3 dwumdn fle druvesnisifiudygiaasiousin
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duil 1 druveafudygiunisasiowaindiegisuananeguil 4.5 ldnszan OAP

= P v g vaw | &, = = A ~ 2 W ' %
\wiaualenaILaIliitegrulunszaniseuiniovagiiteuieinudyayuainisasioues
LAAINLEALEY Globar anduazazvioudtuludIudl 2 d1uU89n1SweNAINY1IAE UT
Usznaulualerasuaulad nsgan OAP LNSARNAYILUUTARARIUL Motorized rotating

stage wazin53adn dyaralulasiulaiivnes wansraguind.6 NUUINITNTIITATIER

wazUszananamdyguaunnsuUszanneaduludun 3 wansluiden 4.3

JUN 4.6 d11v9IN1SHENANNE1IARY
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4.3 WaNIINAUIIANSNNEMIUAIVANNITNTIVIATIZNLATUTLUIANEAA
fyarauneauninsalatvssaauwimaniiinlugudunsisavesszuunuy

anludflaglylusunsu NI LabView

n1sasedanesiuvesszuulaldlusunsy NI LabView lugduuudinu (Sequence)
wazddnuduansdesUi 4.7 TnsmeasBenmahauresdaneifiulusuuuuresdiduuans
Aavadnly 1ne Graphical User Interface (GUI) @ wsuldaunasmiunussuunsiaingien
Tae Front Panel vaalUsunsy NI LabView wansfsguil 4.8 defl¥aruanunsaimunans
wUsdmiumuaNTTUY 01ty Yasanuennduvesalnnfuuazdmiudoeduves

Block Diagram weelusinsy NI LabView wanslunianuan n

8aN9INUAMTUNMINTIVER UAUNUILND 1D IVD1 maﬁmmua"uﬁ'ﬁ’uﬁﬂuué

NOSNUAMIUNTINTAT IRy IuaUnaSuUsT AU TIAAY
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S

o

danesnudmsuaaTadygrumeinsinialulasiviaimes

ganoINNAMITUNITATINATIVINA QR 18U

SUN 4.7 danesniudmiumIuaANNInTATIgilaz Ussinanamdyansadninsalad

Y 9

vasnaukdivan i lugudunssavsszuukuUslusTR laelHlUskATY NI LabView
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Controlling and Infrared Spectral Acquisition software
For Dispersive Spectrometer Equipped with Microbolometer Detector

MICROXCAM-3841_CAPLdll path 1003 3
% C:\LabVIE...\MicroXCam384_64Bits\MICROXCAM-3841_CAPL.dll = I
ealtime signa
ample Stage r

Realtime signal
E T |- T 8 sample Stag 2
- . Software Info Status [¥favetenginiMicrans ) ] el 4
[Virtual Mode Connect 5 _ B 4 S| |
L o (Bl | L Start J O
- " 8 Wavelength step = J
C S 1 < 5
FPA Temperature (C) NaN [P AT o] pr— B N
= 1 VRES_HIGH (mV) | 3200 ¢ J { ) o |
Shutter Position | [+1| Open | i ——— = ke = S
Fra — - ) VCSL (mV) 1600 [o I[ {[e 0
Gain |[-]] 5 VREF (mV) 1500 5 = g . 2 k|
LSYNC PW 100 veMt my) [ 1650 Intensity Graph (O - ]
SH_CDS PW 200 vemz my) [ 1350
SH_CDS Start 64 VEMS3 (mV) 582
SH_VID PW 201 ¥ st | [ save | .
SH_VID Start &5 . ) = 4 2
Serial Port [ 1 B
Fixed Value 64 &
% comd r

State | | Default

Initial motor  Start Image Acquisition  Measuring Data

s @ @

1.5 121225 127513

Waelength (Microns)

JU 4.8 Graphic User Interface d13UsguunTdlnseiiavUsviianaaunasulsedn

AUYNIAAULIUBUNTLTA

fl
=

4.3.1 3anasNudIMTUN1INTIVTIUAUMULYUS19BIVBINTIRYIVUSUAUNAUE

v [y o 1Y

ANo3NUAINTUNIINTIVADUAIMMUILND19BIDINITA U UUSUAUT A UE
(The zero-order diffraction) dSUsTUUNTNTIAATIERAUNATUUTEIIMINEIATY B

AsrwIMgEiyuIeLnsafsdsauuTndudemsuAvesus1eBsdmsus uAunyuyy

(%
(% =~

INIFARY AU ENTIVIRd YR IMITIR UL UAUTTTS lagdanasugnuanes
JUT 4.9 fenisldrdnudinimyunsafsfeauunuduuiniasnuduuing witdu

Now 482 Neg, ASS AINEIAU LTBRTIInRursvesdaanisidgdiuusudugud annuuld

' v '
o ! a I

AdIUg NN T AL MULIUT W UL N UYR RN IARUEY UL T Adyey 10

c=f o 1

N3R5V SR NUUS UFUNAUETalAdyY1UNTATIVINGIER
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Signal acquisition (i)

I i=i+1 |
. The zero-order diffraction Signal
i<=N
acquisition (i)

Signal acquisition (i)

>=Maxirmum Signal

acquisition of the zerc-order

diffraction

al

JUN 4.9 danasiudmiun1InTIaaUiwta i1 waIN g uuBUR U AU

Y

4.3.2 anasNUAINIUNTINIATISAAYYIUEUNATUUTZIIAMNBNIAAY

N15A3 99N NUAMIUATIVILATIERF Y uaUnasuUsEaANEIARY

o

LaRaRegUR 4.10 Tngdduvedn1nsiadiaseRdyy1nUse vy uIeLnInALag Uy 1

9 9

¥

yumUgAUNMsAUMAIAIEIRAuY ST Iy UnIARaEBUY 1 Avmenandu ag
nstvunAIfLUINswentnresaUnmsy (spectral resolution) WagIaAIINENIAAUTDT
awnadu (Spectral range) lunthsvasunluansdmiunsnsainszsilaegldau sy
Sano3fudnuAUINAINLTBINI TN TARABLUY (897) VUNUSTUTBANNTINTARS

LBEIUY AWEAITIUANNITT 2.8 AT8NITUINAANTBIFNAISINTAR LA EILULVDINISIA LU

(YY)

uRuAiAud (n=0, Ay, 0, uaz B, ) waznisiierivuguduiinilaniesinnii (The n-order

diffraction, A, Ol; @y B.,) uanedisannsi 4.1

nA, = d(sin O+ sin Bn) - d(sin O+ sin Bo) (4.1)

dl o U d’l U o dl d! va =
1NAUNTN 4.1 @INRTUNISTLAYIVUDUAUNIAUS (n=1) LLﬁSQﬂJﬁﬂJUWWN@iiﬂU“ﬂ@\‘I

NARIe Sine LaAIRIENAITA 4.2

21r% ) sin (w) + 2 cos ( B,+B, ) sin ( BBy ) (4.2)

2 2 2 2

— = 2cos (
d
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INANUFURUS TENINYUANNTENURALLNALTDUVDINITIAEIVUTURUN AU AL

FUAUNNTY FIn15UAEULUAIAITENINY UANNTENULALYNASY DUVBIN T LU DYy

yuvannInRudeuudaAInmiiosnliinisuisuulasiunisvesiingiainlulasiula

fwes IneANUFUTUSYDILUAINGINANIAIENNTTN 4.3 wavaunisi 4.4

INANNITN 4.2 ANUFNTUSAUNTITN 4.4 UazAnauUANI9n3INUYRINATINANYUYDY

Cosine LaRIRIAUN1N 4.5

A+20L A+2[3
"0y 4 cos ( +2°)] (4.5)

A= 2d sin (%) [cos(
2 2

NAUNTTN 4.5 warANANURNINATINUVDINATINAILUVEY Cosine WARIAIANNITH

4.6 ka¥AINAMUFURUTTENTLUANNTENURALL ALV DUVDINTTIA HUUUTUAUN AU

(Bo= - Q) wazAuauTAn1In3INUYEIAIYUVBI Sine LAy Cosine LARIAIAUNITT 4.7

A= 2dsin (2) [cos (g)(cos 0l,+cos Bo)- sin (2)(sin Ol +sin BO)] (4.6)

A A
A, = 2dsin (;) Ccos (;)(Zcos OLO) 4.7

NNAUNTN 4.4, 4.7 UazAuauTAnNI9nTINUVBINAANUBY Sine uaz Cosine FailAn

Ui wanedsaunisin 4.8

A
o, = O,+ sin”! (—1) (4.8)
2d cos O,
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mMhauvesdanesfiuiilormuadnsnisuendnvesaiunpfuuaziisaaen
aduvesaUnadulumiieveauluwns AL Start wavelength, End wavelensth wae
Resolution angle Aafoausi 4.8 uazmssunadyyraiaddmiuauaunvy
vounsnfadeauy 1 yu uansluaunsd 3.1, 3.2 wag 3.3 lagArdudsnisuendaves
aLUﬂm%faJLLazéi’m%’UmU@mﬁ”]muﬂ%y'wamumimumimau?’{mLuuimamﬁm,miﬁ'mm’ma’n
pduvosalUnAfL FefognanisAuadyguiaddviuaIuaLNIRLYLNTARAS
FE2LUY 1 99A0 Wanaianset 4.1 Usznausies Position angle (Grating), Position angle
(Motor), Number of Pulse, Step size, Step angle Wag Duration time U848 Qe UWad
uanNTAFIUUT Resolution angle TasNTMNLILLBLNDSTIAUANFE Ay ARAdazgAN
Avualiduamadenlsiiu 1 dumls ieannmaandeuvesiusmmuveoines

AaliuA1 Resolution angle Fegndendulundanesfiudmsun1sAILINAIAIINAIINE1IATY

'
=1 [

Usedyumig Wi ATIUAINE AT LU TNV LITIVOUNTARUAL IUUAIBAUNITN 2.8

Spectral range Spectral resolution
Start wavelength End wavelength
Frequency Micro-stepper Start Angle End Angle Resolution Angle
(Pulse/s) (Pulse/Revolution) culatg calculation calculation
l By Equation 4.8 By Equation 4.8 By Equation 4.8
L )
' ' T
Step And Step Size
ep Angle iti
p Ang By Equation 3.3 Position Angle
{ ' v
¥
Number of Pulse

By Equation 3.1

Wavelength calculation

>

By Equation 2.8

y

Duration time

By Equation 3.2

!

Pulse signal calculation

I

Spectral wavelength at the rotation angle ¢

dl L a = o U a 6 o U o dl
UM 4.10 98NN UATIRILATIE A Y IuaEUnAINUTEIIMNEIIAa Y
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=< ]

AT 4.1 dregeardanlsflaandane3udmiunTainsidygiaaunasulszan

mmm’mﬁu
Parameter Value Unit
Position angle (Grating) 0.1 | degree
Position angle (Motor) 9 | degree
Pulse/rev 400 | Pulse/rev
Step size 0.5
Step angle 1.8 | degree/step
Number of Pulse 10 | pulse
Frequency 200 | pulse/s
Duration time 50 | ms

14 g o

4.3.3 PaNBINUAMIUATIVINAYYIUMIBFINTITAlUlAsIUTALiINDS

nsnsvindyaUnasularannniivesinsiainlulaslulaiivesusedn
FUVULUVUYDANTARUTY AU Wanenegunt 4.11 1nen13n59indaaaadeusednyud
FnuaTwesnisaay wiiu N (ave) dadudygraszdusunnvesinnsnaialulasivla

fmasiANITVYIIAT (delay) WinnimTemantiiiu 20 dadTuidaenisldadaiua

- ' v
A a [ o o v

WRAUANAFNUTNEINTUDANDSNUITD 4.3.3 a1auradlushnsuaiiuns9anasiun 4.3.2

9

anATLiaY UMY UYBUNIRAUGEIVNE T UNTITRd Yy T alUnaTuLaz U UTEI Y

Y

a ‘:"I U
nyuvennsaRadeuuluguvyuialy
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N (avegl=Average

}

i (avg)=0

i (avg)=i (avg)+1

i

FPA Temperature acquisition (i (avg))
Data Raw Signal acquisition (i (ave))
Delay 20 ms (FPS 50 Hz)

i (avg)<=N (ave)

] o

JUN 4.11 danesfiudmsuniaindyaruiemesialulasiuladinesuse s

VYUYBAUNIARUREIUY

4.3.4 FaNBINUAMTUNTENNTIINA YY1

[

Wlons193m e dyaanadvauy saldmsurenue A uvesaUna Sud

AYUA §aN037UALTINNTNYULUVBUNIARUFLIUUNRUFAUNU91989 NMITIREUUUBURU

Y

AUgLaSHUNToUAINTUNITNTINVIATILAFYRNIUATIIN LU Wanefsguil 4.12 LanaAdaIu

Y

FlagA1vIUT N (home) T1UIUATIVBINITUYULULNTAR LA VUG AT ALYNAY N

(measurement) N39ANIIUIUATIVRINITNYULUNIVILAVBUNARUT LI UUENTUNITNTITIN

N (home)=N(measurement)

Ay adaunmsy

< i (home)=i (home)+1

i (homk

(home)

JUN 4.12 Sanesiiudmiunseunsiaindyin
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4.4  WAvRIUTEANBMWIBWLAIVRITTUUNISAIUANLASN A IMEUNATY

S1UBUNTNIAVDWATDIFUN NN DS VUANANNITLAYIUULEIN LULATDINGID

24

Wdygramuululasiulaiivnes

4.4.1 nMInTIvEBUANUYNABYRsAaUnATuRduLmAN WA Tug B uWsLIn

Tngldundsniiaugs OPO

nsafeszuudmsuiadaundsiuiauas OPO ielddmiumsiaaauniy
gnosvasanmuUszinuenauvesszuy Tagldnszan OAP svoslvida 254 Tadluns
dmsulnifauasain OPO ingameduleshuasliiuesoenin wansisguil 4.13 (n) 91ntdu
Sudeseduuasinunasiuiiouas OPO ruduletuasvesoafnfndsuinadiud 1
vaeszuulaeldnsyan OAP svegliia 25.4 dadiuns uaznszan OAPszeslia 203.2
fadiuns dmiuadouasity beam splitter ¥y 45 asrn azviounauuautignszan
OAP szevlnia 101.6 Tadwwns (e lrlfanasmnnsznudIuvesiIog1amaasIved5EUUNS

Wiudyaaaunasug uBuns e wanaiagui 4.13 ()

JUN 4.13 (n) msfndsszuudmiuandesaininunasinilawas OPO lagldaneiduleiuas
lrliwaseandn (v) sunisnisfadsansidulodwaddvivesoenfndiussuunisiiu

Ay aanaiugudunIILg
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HAN1TATIVADUAINYNA 09vaUNATUUTET ARG uYBsEUUlaeld
wraenLlauas OPO d1msulAIosaUnlniilnoSLUULAENUUNETTURIUNENN1S Czemny—
Turner (Guenther and Duncan, 2018) wa (Palmer and Loewen, 2005) khaz il n15 1%

lﬁl U a (3 lﬂl U U U a L2 a = o U
wsawmsivinlulasiulaliwesiensiaindyauaunasudunsisn nedanesiiudmsuns
NYULUVBUNIAR WAL IUUADAAS DI UAUNITNINALAS VLA ANLUTIITD 4.3 N15TALT

s

LaeUeaUnladin oA une91989U8aN S AL UUSUAUALETLNANNTENU 14.5 BIALaY
g ~ ) P a a X Y P I o a
YuaewuUn -14.5 ssmdukuiduUnfiveunsaftdeauuluuasioun Inensldunasiiile
wad OPO T 9 dunraIniakasi UsSUAIAIIN81IAA Ua 1S uY19aa uwalimdnluilng 1y
BunsIn HaN1IRTIRARUANNYNARBsAUNASuUTEANTIIAIEIAAY 3 B9 6 lulasiuns
Lanereg Uil 4.14 dygraaunasuysednnnug1Af oINS g LU UAUN il WU

dygraaunaiuuszdnnnueniniuvesssuuiauaiani ougedatduinlunin 0.007

Woesidud suiuaueeaunUsuswassiinuas OPO

Spectral wavelength Validation

1.2
3.008 3.512 4.009 4.511 4.988 5.488 5.988

3 1
)
2 0.8
(%]
C
g
c 06
go}
N
= 04
©
E \\
5 L qiin Jo U
202 | L_/) \ L

0

2.5 3 3.5 q 4.5 5 5.5 6

Wavelength (Um)

SUN 4.14 NM139519d0UANNYNFABsvedaUnasuUsEdIdIaueIndy 3 G 6 lulasiuns

ABWNAINLLALET OPO
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nsRTRaeUAINISkENdRvatanasilaen1s i munAANEIAAUTD IR
Las OPO MinkazanA1ANEIAA WA BuLasRsIay 1 uiluwns seuAIALEIAAY
Augna1a (Center wavelength) #5290 A1unirsvesdendauasdn 140 lulasiuns
fmunANEAAuuinans 3700 wilumns dygaaunniuussinnueedugudnais
annsenuifiniga 169 veadnsatalilasiulaives nuidyaaanasuusesiainue
pAuLLazannsiaz 1 uiluuns vesaUnaiuusysinueInay 3689 8 3699 uily
WA uay 3701 89 3711 uluuns duamannsenuiifineg 169 wasdyannvesaunasy
U5e31A0819RA Y 3688 way 3712 u1luuns ﬁ'igfg']ﬁummiwuﬁﬁm% 168 uag 170
IRy Uetansuendavesannty fo 12 uilums wanaasuil 4.15 dedu arnis
wendavesaiunasundutedidndmsunisiivunauazidonveIn1snyuy N snRs

LAYIUULNDALAINTHENTAVDIAUNASUUTEI1AINNL1IAFY

Spectral resolution validation
1.20
3688 nm | 3700 nm 3712 nm

1.00
_. 080
3
=
2 060
(%)
C
Q
-+
£ 040

0.20

0.00

163 164 165 166 167 168 169 170 171 172 173 174
Pixel

JUT 4.15 MsnsiadeuAINTsuendnvesaunaiuslguvaaiiiauas OPO
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MInTIEeUAINISLENTavesanasud wldsunuaAtaun i weste alawaadn
(Entrance slit) founasindauas OPO finrue1ady 3700 uiluuns lnen1snsaadn
”zgﬁgflmal,ﬂﬂm%’mﬂimi”mmm"m?{wuaaﬂ']il,?iyml,uua”uﬁuﬁmﬁq YDIAIDYNAADINTLAN
indovegiioy Buannstadesauaadn (St width = 0 lulasiums) uazileWateade
Landn3eTy wudAmswendevesaUnnduiauninnty Weswnaun e stes
Dauaadfidinanntu daiuinnuniwssdostauandi3dvsnalaonssiuainisuenda
yosanmiu Lesndsualimnsuendnvesanmiuiimnuazidonanas uanwiagud 4.16

Anunievesendanaudt 140 lulasuns Ansuentnvesaiunasugegn fe 12 uly

a,

WA LAYNISASIVADUAINISHENTAVIALUNASUTWURUANUAIAINUNINIVDIY DT ALLEILTN

TgdwumnuamnsuendnvesalnnsuaanveInsnsIiinseiiegniendyaimnis

o

dxViouNuRINLANANS Y Feiegranilardynansasieuiiufiaminiufsalntouay

WAL MANIN9UN YUY

Entrance slit width
50

45
40
35
30
25
20
15

Spectral Resolution (nm)

10

100 120 140 160 180 200 220 240

Slit width (Microns)

UM 4.16 AanuduiusussanunIsvesteslalantiiar nsuentavesainasy (Spectral

Y

Resolution)



53

4.4.2 mMInsradaUAMUYNABvBsAanaTuARULmAN W uguBUWI SN

Tagldunsgrunadalasu (Polystyrene)

NAN1INTINFDUANNYNFDIVEIRALUNATIBUNT TN TANLEIAGY 2 F9 6
lulasins ssunasniilanas Globar kazuinsgiuneddalaiu (Lanzarotta et al, 2012;
Elmore et al., 2012) wag (Mark and Workman, 2018) laga1nues ”ﬁgnpmmilﬁmmmmz
aUnnsunisd e uil nsnatalaessuvaunladined ias 199y (PS-MIR Dispersive
spectrometer) W3guiisuiuadnasuuinsgiunedalniufinsiainlasiades Fourier
transform infrared spectrometer 1195514 U Nicolet 510 fignsuwendmasndu 8 cm
(PS-FTIR) wainssaguil 4.17 nuinanansauenanasulsesianeneduldegstaauludas
mugeay 2 B 6 lilasuns feilfievdnvosnisdosiuukuninsguwedaladu saud

NTUERINANANUDILRAIALTEALEY Globar ¥ salUnnsuUsEINANNE1IAaY 4.2 89 4.3 pm

Fadugraunaiuusziinnueneauiignganiulaeaisuaulaeentes (Floria et al., 2020)

% Transmittance of Polystyrene reference film

—_

0.9 0.9
S 08 0.8
\r'; ~—
=~ 0.7 073
£ o 3 4y
< 3 o8 3 —~
E 0.6 i —— PS-MIR Dispersive Spectrometer: 0.6 >
€05 {05 ¢
@) NN, PS-FTIR £
Z 04 0.4 €
0 <
8_ 0.3 0.3 E
02 0.2

0.1 0.1

0 0
2 2.5 3 3.5 4 4.5 5 5.5 6

Wavelength (Microns)

JUN 4.17 arnasunisdeainurewnnsgiunedaladu NIST SRM 1921b 1n5133niewn3es

Y

Fourier transform infrared spectrometer WazlA3odaUnlynsiimesydanannIsaeLULLES
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4.4.3 nansinsesidenuazdasiindumediavasnsuszgndldiniesnsaadn

fanauuulilaslulafimesdmiuniesauninsimesadandnmsideaiuy

maﬂiwwaqwé’mumm%’aw{aﬁm@wmaLUﬂm§mLﬁm]'mmuﬁaﬁfywaa
omgivesannindenvazaaiadyyaiesaniaismaaiadyyrauuululasiula
fwesilurlinlifiszuuszusanuseusuululasiaumar wudwannssnuresruiouling
#er1gamMnll Focal Plane Array (FPA) assinsiaialulasiulaiines nmeldnisnsiatai
gaunilaninuinaey 20 asrwaldea aamail FPA vesiinsivinlulasiuladivwesdwmann
senulaeasadoA1dyrasuniuiunds (Background noise) LARSRagUT 4.18 ANgamndl
FPA vaeinsvinlulaslulaiines s gaumgll 22 esrnaaidod fe 23.5 osrealded aud

AMNUNE Y sUNILUBa UsE O Rinaveslulasiulaliinesunnaneiusg1edniau

\

.

UM 4.18 dyayausuniIuiiumas (Background noise) vasdnmainlulasiuladiinosdiniu

Y

a

gm0l FPA vasdinsvinlulasiulaiiwes 22 fs 23.5 asrwaided

Y
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' v
a o= a

nsiiNAUesguull FPA vesinsivinlulasiulaiivwesddmaliadiudesuy

[

UINIFIVVIAYYIUTUNIUNUNSIINAINTIAIA (Standard deviation of Noise) HALANTY

T o

LAAIA 93U 4.19 (- STD of Noise) Ll afuIAIE NS 1ud ey raus ad yay s unIu
(Signal-to-Noise ratio, SNR) FaAUNISN 2.11 (Usamentiaga, 2018; Deane, 2020) ﬁwsﬁja;ﬂa
AuluvesdyIvUsEafineavesiininlulasiulalivwesviindoya 16 Un (bits) uae

IIUIUATINISRAETBLA 68 ATT Ny ermee) NTBMTALALTVRIAUNINTHMBS 140 lulAsiuns

¥ '
o [ a v a ] Y] 1

LLﬁ%WL‘IaUZL!N"U@ﬂLﬂ(ﬂ&x‘llﬁﬁnLU‘UﬁﬂJNﬁ’WMiUﬂ’ﬁLaEJ’JLU‘lJéJuﬂUVl AMNIUAIBYWNAABDINTLAN

3

\ndevegiitiey nudAdndludyyiusedyamsuniuien Wity 32 uasdAianasile
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Spectral range 2-6 hm
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Detector type Uncooled microbolometer VOx

Detector size 35 Um pixel pitch
Spectral resolution 12 nm/pixel at 3700 nm
Spatial resolution 3.5 [p/mm or 140 kdm
Signal-to-noise ratio 32 (SNR, operated at 20 °C)
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Software Development Kit (SDK) INO FPA Microbolometer

MICROXCAM-3841_CAPLIvlib:fn Get Camera Image.vi

almageDataRaw [T almageDataRaw out
almageDataDisplay = I—g";:m —| L almageDataDisplay out
iArraysize E E function return
error out

error in (no error)

extern "C" MICROXCAMIEI_CAPIL_API int
fn_GetCameralmage(float almageDataRaw(], BYTE

almageDataDisplay(],int iArray5ize);

5U# n. 7 SDK dmiunisasaadnandaysyrss Raw 16 bit ¥a9 INO FPA

Microbolometer

MICROXCAM-3841_CAPLIvlib:fn Get FPA Temp.vi

dal T dVal out
T .
: B function return
error in (no error) i
error out

extern "C" MICROXCAMIE_CAPI_AP| int
fn_GetFPATempi(double &dVal);

5Ufi n. 8 SDK dmdun1snsnaindrdayaias FPA Temperature 84 INO FPA

Microbolometer



LMH-LINX.helib:Digital Write Square Wave.vi

LIH%

.--
Digital Write
Square Wavewvi

Channel v Channel
Duration (ms) # [uration (ms)
Error [n oo ErrorIn
Frequency (Hz) * Frequency (Hz)
LINX Resource ====p L|MNX Rescurce
Error Out oo Error Out
LIMNX Resource === | |NX Resource

Generate a square wave with the specified frequency for the specified
duration. myRIO uses PWM channels for this function while most
other devices use a DO channels,

Use a duration of 0 to generate output indefinatly.

Use a frequency of 0 to stop generating cutput.

v ¢

JUN N. 9 SDK dmSuAIuUANNISUYLYBINBLABIAIL Ty sU1Was Va9 LINX

LMH-LINX.Ilib:Digital Write.vi

)

00 Channel Digital Writewi
Error In ==t [0 Channel

LIMNK Resource me==== Error In
Qutput Value - b LINX Resource

Error Qut

+ Qutput Value LINX Resource

Error Out  »

LINX Resource »

Write value(s] to the specified digital cutput channel(s).

UM Nn. 10 SDK dmTuAuANiANIINISUYUVRINBLADS Y9 LINX
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def premeasurement():
global Number_step, Dul, Nstep, DegreeRes2, incidentAQ,InitialDegree2
InitialDegree = txtinR.get()
InitialDegree2 = 17.2 + np.arcsin (InitialDegree/(2*(1000000/150)*np.cos(17.2*(math.pi/180))))*(180/math.pi)
InitialDegree2 = round(InitialDegree2,1)
mytxtinit.delete(0,END)
mytxtinit.insert(0,InitialDegree2)
RTinitW = ((np.sin((InitialDegree2)*(math.pi/180))+np.sin((InitialDegree2-
(incidentA0*2))*(math.pi/180)))*(1000000/150)
RTinitW = round(RTinitW,1)
mytxtinitW.delete(0,END)
mytxtinitW.insert(0,RTinitW)
send_data3 = '1C' #Direction number + valueC
ser.write(send _data3.encode())
send_data2 = str(Number_stepinit)+'P' #Pulse number + valueP
ser.write(send _data2.encode())
send_data = str(Duinit)+'D' #Duration tume + valueD
ser.write(send _data.encode())
Degreel = txtWR.get()
Degree2 = 17.2 + np.arcsin (Degree1/(2*(1000000/150)*np.cos(17.2*(math.pi/180))))*(180/math.pi)
Degree2 = round(Degree2,1)
mytxtIRdegree.delete(0,END)
mytxtiRdegree.insert(0,Degree?2)
DegreeRes1 = txtRes.get()
DegreeRes2 = np.arcsin (DegreeRes1/(2*(1000000/150)*np.cos(17.2*(math.pi/180))))*(180/math.pi)
DegreeRes2 = round(DegreeRes2,2)
mytxtResmotor.delete(0,END)
mytxtResmotor.insert(0,DegreeRes2)
Nstep = (Degree2-InitialDegree2)/DegreeRes2
Nstep = round(Nstep,0) # NUmber of for loop
mytxtNAS.delete(0,END)
mytxtNAS.insert(0,Nstep)
def measurement():
global Number step, Dul, Nstep, DegreeRes2, RTIR, data, incidentAO, InitialDegree2, my textO, my text
my_text =[]
NAvg = txtAve.get()
for i in range(1,int(Nstep)+1):
send data3 = '1C' #Direction number + valueC

ser.write(send_data3.encode())



send_data2 = str(Number_step)+P" #Pulse number + valueP

ser.write(send_data2.encode())

def home():
send_data3h = '0C' #Direction number valueC
ser.write(send_data3h.encode())
txtPg = txtP.get()
send_datazh = str(Number_step*Nstep)+'P' #Pulse number valueP
ser.write(send_datazh.encode())
txtDg = txtD.get()
send_datah = str(Du1)+'D' #Duration tume valueD
ser.write(send_datah.encode())
def default_text():
txtRes.set("22") #Resolution motor 0.1
txtinR.set("0")
tXtWR.set("0")
txtAvg.set("1")

li MIRJEECTR H W\ R Lab

rCONNECT rPARAMETERS SET
Poﬂ:_ auir | Resolution [am] 2 Averange 100
Initial Wavelength [am] 3000
L Hare:- ‘ Home l Pre-Measurement l- Default Parameters | Clear Plot |
| Torget Angle{Degret inial Angle Intisl Wavelength  RT Step RT Wavelength [nm] RT Intensity [= .
53 08 R B | Plot

Pulse/stepiMotor)  Resoltion Votor  Duration Time [0S] Al Step

Ao A Bows  [eon
rSIGNALS
v MIR SPECTRUM
| \ | ,
1 B e E=
E‘J" A 1 | N A
g | I L]
ot 1 I \
0.2
W | =
80 3000 3500 4000 4500 5000 5500 6000
gth [nm]
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Off-Axis Parabolic Mirror 00M9 g meter 127 mm 2
Focus 15 mm \l
90 degrees
Protected Aluminum Mirrors Diggge@r 25.4 mm 1
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Beam splitter BSW511 CaF, Diameter R 1
Thickness 5 mm
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Diffraction grating GR2550- 22 $:9.5 mm 1
300 lines/mm
30035 3.5 um Design
Coating 1 - 6 um
Globar Light Source StabilizeghClggar 1
Intensity >1.5 W
SLS203L/M 500 2 9008
Optical Parametric Oscillators T ol e g 1
2500 to 4475 nm
nght Source 10 ns pulse duration
Microbolometer MICROXCAM- 384 x 288 pixel 1
3to 14 pm
384 uncooled detector
Mid-Infrared Fiber Optic Hollow core 500 um 1 —

Single mode

2-16 um
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Abstract: To make the mid-infrared (MIR) dispersive spectrograph a practical tool in industrial food
processing lines, we designed a dispersive spectrograph system with an uncooled microbolometer
focal plane array (FPA) detector for MIR spectral acquisition. To precisely regulate the angle of a
rotatable grating to acquire the MIR spectrum, the spectral resolution and spatial resolution of the
system were rigorously controlled to improve system performance. In the reflectance operation mode
of the MIR dispersive spectrograph, the uncooled microbolometer FPA detector offered a maximum
spectral resolution of 12 nm for the MIR, when a 300 grooves/mm blazed grating was used. Utilizing
an optical parametric oscillator (OPO) pulse laser source, the wavelengths of the first-order diffraction
were validated, and the system's spectral resolution limit was determined. As a line-scanning source,
a Globar broadband source was installed, and the USAF 1951 Resolution Calculator was used to
establish the spatial resolution of the imaging spectrograph. Using NI LabView, the logical operational
technique for controlling the MIR dispersive spectrograph was encoded into system firmware. The
GUI and test results are thoroughly described.

Keywords: mid-infrared spectrograph; diffraction grating; microbolometer

1. Introduction

Infrared spectroscopy is frequently used to evaluate agricultural and food products,
including in polysaccharide structure studies [1] and quality determinations of various
liquid-based foods [2]. Despite the fact that mid-infrared (MIR) spectroscopy has been
proven to accurately predict the adulteration of numerous foods, such as honey [3,4], and
been used to monitor chemical reactions in food processing [5], the technique is still not
widely used. Due to the limitations of a standard IR spectrometer, almost all testing is
conducted within a micro-spot.

For the practical application of MIR spectroscopy in food processing, such as the
inspection of processed foods and agricultural products [6], line scanning is a fundamen-
tal system requirement. Typically, the array, or line scanning, spectrograph requires a
dispersive principle to separate the wavelengths of a broadband light source.

When a wavelength separates the infrared spectrum with a dispersive spectrograph,
the diffraction grating must be rotated accurately to resolve the wavelength at the nanome-
ter level while covering a broad MIR spectrum. As a grating function, the diffraction grating
rotates in a wavelength-dependent pattern [7,5]. To obtain the complete MIR spectral range,
an array dispersive spectrograph requires a comparatively large focal plane array (FPA)
detector, in contrast to the visible spectral range. To capture the notoriously weak MIR
absorbance or transmittance intensity, not only is a relatively large FPA required, but so is
a detector with a high sensitivity. In general, photovoltaic liquid N-cooled detectors are
composed of mercury cadmium telluride (MCT) [9,10], indium antimonide (InSb) [11], or
deuterated lanthanum alanine-doped triglycine sulfate (DLaTGS) as a single point detector
fitted in an infrared spectrometer. The practical use of an MIR spectrograph in a food
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processing line is impeded by the high cost of an array of liquid N»-cooled detectors fabri-
cated from these materials. Due to its lower sensitivity, longer response time, and lower
signal-to-noise ratio (SNR), the uncooled microbolometer detector has not been routinely
utilized in spectrometers or spectrographs. The uncooled microbolometer, on the other
hand, does not require liquid N> cooling to maintain minimal dark noise and great signal
stability, has no requirement for rare elements, and has a significantly lower price than
liquid N2-cooled detectors.

Previously, microbolometers have been utilized in infrared spectrometers [12,13]. The
microbolometer FPA is used for spectrograph imaging. Novel types of microbolometer FPA
detectors, with relatively small pixel sizes, low Noise Equivalent Temperature Difference
(NETD), and new materials have boosted the performance of essential characteristics [14,15].
These qualities offer considerable enhancements to the spectral resolution, sensitivity, and
wavelength range of the spectrograph. Such spectral and spatial acquisition systems with
good characteristic requirements and reasonable measurement times are currently on
the market. For the infrared spectrograph system, the microbolometer is an alternative
detector to the MCT and InSb detectors. To specify the limit factors for both spectral and
spatial resolution, however, rigorous evidence for the successful use of an MIR dispersive
spectrograph with a microbolometer is still necessary.

For the design of a bespoke system, employing optomechanical technologies, an opti-
cal system was controlled by an NI LabView virtual instrument system. Controlling the
revolving grating necessitated the creation of an NI LabView-controlled virtual instru-
ment [16,17]. Using the virtual equipment, for instance, the Laser-Induced Fluorescence
Spectroscopy system [18] and the High-Performance Liquid Chromatography Lab [19]
were successfully controlled.

The purpose of this study is to construct an MIR dispersive spectrograph equipped
with a microbolometer FPA detector to identify the key constraints of spectrum acquisition,
namely, spectral resolution, spatial resolution, and operating speed. These parameters are
incredibly useful for developing firmware for a high-resolution and dependable dispersive
spectrograph with a microbolometer detector. Here, the microbolometer FPA (35 um pixel
size) is utilized as a detector of the dispersive spectrograph, yielding different wavelengths
of the first-order diffraction, and spatial positions distinguishable from the array data.
The MIR dispersive spectrograph system’s measurement time is shortened. The signal
resolution of the MIR dispersive spectrograph system is thereby improved. An optical
parametric oscillator (OPO) pulse laser source was utilized to confirm unique wavelengths
diffracted at any angle and to define a signal for a diffracted wavelength. The upper limit
of the spectral resolution within the MIR spectrum was firmly determined. In addition, the
spatial resolution of the spectrograph was determined using the USAF 1951 Resolution
Calculator (Edmund Scientific). To confirm the correctness of the diffraction wavelength
and optical resolution, a line scan test was conducted using an IR standard polystyrene film.

2. Configuration of the System
2.1. Optical Design

The Czerny-Turner spectrograph inspired the development of an MIR dispersive
spectrograph system. When light enters the entrance slit, the amount of light reflected
from the sample is determined. Collimation of the reflection light is performed to collect
both specular and diffuse reflectance light from the non-shining organic sample to enhance
the energy beam entering the spectrograph, where the beam is collimated with an off-axis
parabolic (OAP) mirror before being reflected into the diffraction grating.

Figure la depicts the MIR dispersive spectrograph system’s design. An illumination
system, composed of a stabilized globar light source (500 to 9000 nm, Thorlabs, Newton,
NJ, USA) and OPO pulse laser source (NT200 Series, Ekspla, Vilnius, Lithuania), emits
in the MIR spectral range through OAP4 to focus a beam onto the sample. The reflection
light from the sample is collected by OAP6 and focused by OAP7 into the spectrograph’s
entrance slit. The MIR dispersive spectrograph is composed of an OAP mirror, a diffraction
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grating, and an uncooled vanadium oxide (VOx) microbolometer FPA detector (3-14 um)
with a focusing lens (INO, Microxcam 384).

oro

LOPO Light source
2Globar Light source
ABeam Spliter
LOAP focusing mirmr
Sample

4
2 3
[=lE :
8 TOAP focusing mieror

S.Sample slage
ROAP collimating sbmer 11 Motarized rotating stage
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6 7

REatrance
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10.Diffrection grating
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(a) (b)

Figure 1. (a) The mid-infrared (MIR) dispersive spectrograph system. (b) The rotating diffraction
grating with a motorized rotating stage system.

In the optical wavelength separation system, the MIR wavelength is diffracted us-
ing a reflection grating. The common groove surface of the MIR reflection grating has
150 to 300 grooves per millimeter and is covered with highly reflective aluminum. The
diffraction wavelength depends on the incidence and diffracted angles of light from the
grating facet, as described by the grating function, Equation (1), where d is the blazing
spacing, « is the incidence angle of the light relative to the grating normal, and B is the
diffraction angle of the light at the m'"-order of diffraction light.

mA = d(sina + sin ) (1)

As illustrated in Figure 1b, a rotating diffraction grating system consists of (1) a
motorized rotating stage with a stepper motor, (2) a linear stage, and (3) a diffraction
grating (300 grooves/mm, GR2550-30035, Thorlabs) with a mounting plate. Mounting a
diffraction grating on a linear stage, with the center of the grating surface aligned with
the rotation center of the motorized rotating stage, stabilizes the incidence and reflected
angles as the grating is revolved. A microbolometer FPA detector with an infrared focusing
lens collects the dispersive spectral signal. Utilizing a focusing lens with a high infrared
transmission rate maximizes the low intensity of the MIR energy and focuses the collimated
beam onto the micropixel of the microbolometer detector. The motorized rotating stage is
electronically controlled by a stepping motor controller to provide the necessary rotation
for measurement. NI LabView is used to program the system’s operational software to
regulate and acquire the infrared spectral signals.

2.2. Programming Method

Figure 2 depicts the algorithm for controlling the MIR dispersive spectrograph system
to measure spectral wavelength signals. As shown in Figure 3, the zero-order diffraction
angle (x = —) position was first tuned as a reference angle for the clockwise rotation of
the diffraction grating to a specified angle, corresponding to the predetermined first-order
diffraction wavelength. However, the rotation angle continues to be constrained by a
parallel line between the incident light and the grating facet.
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[ Determination of spectral range and spectral resolution ]

[ Spectral measurement with rotated grating micro-stepping ]
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Figure 2. The schematic diagram for controlling the MIR dispersive spectrograph.
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Figure 3. The reflection angle of (a) the zero-order diffraction and (b) the first-order diffraction with
rotated grating.

To acquire a precise wavelength resolution (e.g., 100 nm), it is crucial to determine the
rotation angle step of the diffraction grating; consequently, a stable rotating angle of the
diffraction grating is essential. Using the diffraction grating equation and the reference
position of the zero-order diffraction, as shown in Equation (2), the rotation angle of the
diffraction grating is calculated. The rotation angle of a diffraction grating is computed
based on the difference between the target wavelength (A,) at the m,-order diffraction and
the wavelength (1) at the zero-order diffraction (mg = 0).

myAy — moAg = d(sina, + sin B,,) — d(sinag + sin fy) )

In the case of the first-order diffraction (m, = 1), the target wavelength equation can
be rearranged mathematically as follows:

An y + &g

= 2cos(

_)sin(“”;“O)v‘»st(ﬁ"Zﬁﬁ)sin(ﬁ";ﬁu) 3)

When a microbolometer FPA is fixed in place and a diffraction grating is rotated, the

incident and diffraction angle differences for the zero- and first-order diffractions are equal.

As a result, the incident angle of the first-order diffraction can be replaced with that of the
reference zero-order diffraction, as shown below:

ay — By =ag— Po 4)
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&y = &g +sin~! (—A] ) (5)

2d cos ag

Equation (5) was utilized to determine the precise incident angle required to achieve
any desired spectral wavelength This equation was incorporated into the algorithm for con-
trolling the grating position in order to achieve any user-specified diffraction wavelength.

2.3. Program for Rotating Molorized Stage

The diffraction grating is mounted on a motorized rotating stage with a 1:90 motor
ratio and a step angle of 1.8 degrees per step, which is controlled by a pulse signal (in one
period, one pulse causes the stepping motor to rotate by one step). We use the Arduino
board and the micro-stepper driver to control the rotation angle of the motorized rotating
stage, by adjusting the frequency and duration of the pulse signal.

Figure 4 illustrates the algorithm for calculating the pulse signal used to control the
rotation of the motorized rotating stage. The wavelength resolution limit is used to calculate
the step size and angle of the motorized stage, whereas the wavelength of interest specifies
the position angle. The number of pulse signal steps is computed on the basis of the
position angle, step size, and step angle from Equation (6).

Position Angle
Step Angle x Step Size

Number of Steps = (&)
where the Number of Steps is the number of pulses in the pulse signal, Position Angle is
the desired angle of rotation for the stepper motor in degrees, Step Angle is the angle of
rotation of the stepper motor in one pulse [Full Step = 1.8 degree /pulse], and Step Size is
the resolution of rotation in each pulse [Full step=1]. For the duration of the pulse signal,
the frequency and number of steps for controlling the rotation of the diffraction grating
were then determined.

Frequency larget wavelength Spectral range and spectral resolution
! ! :
Position Angle Step Size Step Angle

* y

Duration time

Mumber of Steps I

Pulse signal for motorized rotating stage

Figure 4. The flowchart diagram for controlling the stepper motor of the motorized rotating stage.

2.4, Data Acquisition and Processing

The diffraction signal from a reflection grating was detected by a focusing lens-
equipped microbolometer FPA detector. A Gigabit Ethernet Link was utilized for com-
munication between the microbolometer FPA detector and a computer. Figure 5a depicts
the LabView VI system. The block diagram is utilized to acquire an image from the mi-
crobolometer FPA. It provides a 16-bit intensity raw signal for a pixel. The IMAQ was used
to acquire the signal and display the spectral signal on the graphical user interface. The
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wavelength was determined by applying Equation (5) to the formula node sub VI, where
the input of the formula node is a rotating angle of the diffraction grating (angle of incidence
and diffraction). Then, we used a for-loop to correlate a change in the rotation angle of the
diffraction grating with the corresponding wavelength (each incremental counter of the
for-loop is equivalent to one rotating step), ensuring that precise mapping of each pixel
with the correct MIR spectral wavelength was acquired.

T Y Y B Y S O S T T o S e T TS S S S e e

B e - Y - A e Y e T IS A O ST A T SO

AiriagelwaDoplay |

(b)

Figure 5. (a) NI LabView VI systemn for mapping an MIR signal from a microbolometer focal plane
array (FPA) detector (b) Graphical user interface for MIR dispersive spectrograph.

As illustrated in Figure 5b, an operation of the MIR dispersive spectrograph can be
carried out via a firmware interface with the LabView GUI program. Before performing any
measurement, firstly, the user presses the home button to find the zero-order diffraction
position. The system will automatically locate the maximum intensity to determine the zero-
order diffraction position. Users can also adjust the resolution of the rotation diffraction
grating to measure the signal. A real-time spectral signal that maps the signal to its
wavelength is depicted in the graph. Starting at the reference rotation angle (the zero-
order diffraction), the wavelength is determined based on the angle of the incident and
diffracted light. The infrared spectral data can be saved as a .txt file or an xls file, with the
spectral intensity of the wavelength (y-axis), plotted versus wavelength, incidence angle,
and diffracted angle (x-axis).

3. Results and Discussion
3.1. Spectral Characteristics

The MIR dispersive spectrograph is constructed according to the Czerny-Turner prin-
ciple [20,21], and an uncooled microbolometer FPA detector is utilized to detect dispersive
infrared spectral signals, with rotating gratings at angles corresponding to Equation (5).
The optical alignment of the MIR dispersive spectrograph produces the reference position
of the zero-order diffraction at an incident angle of 14.5 degrees and a diffraction angle
of —14.5 degrees. To validate the spectral diffraction signals of the system, the diffraction
wavelength validation method employs a tuneable OPO pulse laser source. As shown in
Figure 6, the first-order diffraction signals from a ruled reflective diffraction grating (design
wavelength of 3.5 um) were acquired from 3 to 6 pm, with an incremental wavelength of
0.5 um. Compared to the OPO laser, the MIR dispersive spectrograph provided a wave-
length of the first-order diffraction infrared signal with a maximum error of 0.007 percent.
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Figure 6. Wavelength validation of the first-order diffraction spectral acquired by the MIR dispersive
spectrograph with an optical parametric oscillator {OPO) pulse laser source for the wavelength range
of 3to b pm.

Since the MIR wavelength is a long wavelength region, overlapping spectra between
the first-order and second-order diffraction are nearly impossible for a ruled grating with
a 26.5-degree blaze angle. With a relatively intense OPO pulse laser, the second-order
diffraction of 3 um appeared on the same pixel as the first-order diffraction of 6 um,
but with much less intensity. This suggests that the MIR dispersive spectrograph, when
equipped with a typical broadband globar light source, generates a signal of negligible
second-order diffraction. Therefore, it offers a free spectral range within the wavelength
range specified by the grating.

Figure 7 depicts the diffraction signal characteristic of the MIR dispersive spectrograph
system. The full width at half-maximum (FWHM) of the diffraction signal has a substantial
influence on the spectral resolution of any dispersive spectrograph [21]. Figure 7a demon-
strates that the FWHM of the first-order diffraction signal acquired by our system is 30 nm
for a slit width of 200 um. Fositive linearity was observed in the FWHM derivative as a
function of slit width, resulting in a reduction in the system’s spectral resolution for wider
slit widths.

3688 am  SP0AM 3719 o

Intensity s}

=
(]

180 101 150 20 E21) 40 Bl 1ed 165 le6 167 168 MR 1T ITL 172073 TR
Skl widib (Micrans) Fixel

(a) ()

Figure 7. (a) The relationship between the FWHM and the width of the entrance slit (b) Spectral
resolution of the svstem with a central wavelength of 3700 nm.

By varying the wavelength of the OPO laser around its central wavelength, the
spectral resolution of the system was analyzed. Since each wavelength’s energy falls on
distinct pixels of the microbolometer FPA, the closest separable spectral wavelength can
be identified. As shown in Figure 7b, the central wavelength was set to 3700 nm, and
the OPO laser wavelength was adjusted by 1 nanometer around the central wavelength.
The system's resolution is 12 nm /pixel at 3700 nm with a slit width of 140 um due to the
resolving spectra. For a grating with 300 grooves/mm, the system’s angular dispersion is
107.43 nm,-"degree. Nntably_ an MIR dispersi\'e specl:mgraph with a microbolometer FPA
should not have an excessively narrow slit, as the weak energy intensity of a typical globar
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broadband light source would not be detectable, and the system’s sensitivity would be
significantly diminished.

Even though an MIR diffraction grating mounted on a rotating motorized stage with a
micro stepper motor can be tuned to a precise angle, the MIR diffraction grating's resolving
power limits the fine rotational step angle of a diffraction grating intended to enhance
spectral resolution. With a maximum spectral resolution of 12 nm, the system requires
4.5 s to acquire 1 pm of the mid-infrared spectrum over a sample length of 10 mm. The
maximum spectral resolution of our system is comparable to that of other MIR dispersive
spectrometers equipped with MCT detectors, whose spectral resolutions range from 40 to
65 nm, with slit widths ranging from 108 to 153 um [9].

According to the free spectral range and the spectral resolution, the MIR dispersive
spectrograph can collect the MIR signal in the wavelength range of 3 to 6 um with a single
diffraction grating. To cover the full MIR spectrum and improve the spectral resolution, the
installation of a double diffraction grating with other grating blaze angles or groove/mm
would fulfill the requirements [22].

The reliability of the MIR spectral signal acquired by the MIR dispersive spectrograph
system was proved by measuring spectrometer calibration polystyrene film (Mid Infrared
certified wavelength standard SN:2809, Brucker Optics) [9-11] and switching to a globar
light source, following spectral validation with an OPO pulse laser source. As the primary
illumination source, a globar light source was installed in the MIR dispersive spectrograph.
Figure 8 depicts the MIR spectral profile (2-6 um) of the standard polystyrene (PS) film,
measured at 20 °C room temperature. The major absorption peaks of PS were between
3 and 3.5 um, which corresponded well with the location of its standard MIR spectral
profile as measured by an FTIR spectrometer with a resolution of 8 cm~. The limitation
of the microbolometer with a focusing lens, which the manufacturer claims detects well
at wavelengths above 3 pm, and the grating efficiency of “3.5 um Design Wavelength
Reflective Diffraction Gratings” led to a low intensity in the wavelength range of 2 to about
2.7 um. At the same time, the low intensity for wavelengths greater than 4.5 um pertained
to the Spectral Power of the SLS203L Stabilized Globar Light Source. In addition, the effect
of CO; gas in ambient air was perceivable at wavelengths close to 4.2 um [23]. Moreover,
when a Globar light source oriented along the y-axis was employed, the spatial signal of
the sample was of high spectral quality.

Polystyrene film

FT-IR Intensity (a.u.)

Dispersive Intensity (a.u)

Wavelength (um)

Figure 8. The transmittance spectral profiles of the MIR-certified wavelength standard polystyrene
film acquired by the MIR dispersive spectrograph and FTIR.
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3.2, Spatial Resolution

A microbolometer FPA installation in an MIR dispersive spectrograph enables the
measurement of signals from the x-axis and y-axis pixels of the FPA, thereby enabling
20 imaging of the sample. The horizontal pixel (x-axis) identifies wavelength, whereas
the vertical pixel (y-axis) designates line-spatial. The USAF 1951 Resolution Calculator
was ufilized to calibrate the line-spatial resolution limit [24]. Signals from three vertical
elements are compared to determine the spatial configuration of the y-axis. As shown in
Figure 9, the width and spacing of each vertical element signal were in accordance.
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Figure 9. The image of USAF 1951 Resolution Caleulator group 0 and 1 with elements 1 to 6 on the
y-axis pixel of the microbolometer FPA with the corresponding % contrast of both a bar target pattern
(=) and image pattern (=) and the spatial resolution of the spectrograph by the modulation transfer
function (MTF) with the spatial frequency.

Al a spatial frequency of less than two line pairs per millimeter (Ip/mm), the modula-
tion transfer function (MTF), or contrast clear separation, was experimentally demonstrated
using group numbers zero to one and elements one to six of the USAF. The MTF values
indicated that the system has a spatial resolution limit of 3.5 Ip/mm, which is equivalent to
140 um of the element; consequently, this parameter was determined for an incremental
step size for a 2D scan of the array imaging spectrograph. Figure 10 is an example of a
2D image acquired by the MIR dispersive spectrograph of the USAF 1951. According to
the 300 mm working distance of the MIR focusing lens, the FPA microbolometer cannot
be positioned any closer to the diffraction grating. The spatial resolution is subsequently
constrained because the detector cannot be moved closer, to increase the MTE
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Figure 10. Effect of the FPA temperature of the microbolometer FPA operating at room temperature
on (a) the standard deviation of the background noise and the signal-to-noise ratio (SNR). (b) Images
of the background noise at three operating temperatures.

3.3. Signal-To-Noise Ratio

Since the microbolometer FPA utilized here is an uncooled thermal detector, vanadium
oxide was used to create it [14,15]. During continuous measurement of the spectral signal
for a slow rotating speed of the diffraction grating, it is necessary to account for the
heat-sensitive nature of the thermal detector, which contributes to the rise in the FPA’s
temperature. To determine the actual performance of the detector, the SNR of the first-order
diffraction signal was calculated using the SNR value or contrast-to-noise ratio, as shown
in Equation (7) [25,26].

GNR < Hs NI @)
lt\'

The SNR is the absolute value of the difference between the average signal intensity
(jts) and the background noise (uy) divided by the standard deviation of the background
noise (¢x). With an entrance slit width of 140 um and an integration time of 20 milliseconds,
the MIR dispersive spectrograph was validated. Figure 10a demonstrates that the standard
deviation in the background noise recorded by the microbolometer FPA detector increased
nonlinearly with a small change in the FPA's temperature (approximately 1.5 degrees
Celsius), while the SNR of the system rapidly decreased. Figure 10b reveals, however, that
the background image of the noise signal was undetectable when the FPA temperature was
brought down to 22 °C or lower.

In addition, it is simple to maintain a relatively constant temperature of the system’s
uncooled microbolometer, by operating it in a room cooled by air conditioning, to obtain a
signal with high spectral quality.

The significant parameters of the MIR dispersive spectrograph are summarized in
Table 1.

Table 1. Compilation of parameters of the MIR dispersive spectrograph.

Parameters Values
Spectral range 2-6 um
Disperser 300 grooves/mm grating
Detector type Uncooled microbolometer VOx
Detector size 35 um pixel pitch
Spectral resolution 12 nm/ pixel at 3700 nm
Scan time 45 s/um for 10 mm spatial length
Spatial resolution 3.51p/mm or 140 um

Signal-to-noise ratio 32 (SNR, operated at 20 °C)
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4. Conclusions

In this paper, an MIR dispersive spectrograph system, equipped with an uncooled
microbolometer FPA detector, was developed to evaluate all of the parameters that play
a significant role in the MIR spectral acquisition. The system was constructed and tested,
and found to function effectively with non-specular reflectance samples. The spatial
resolution was limited to 3.5 Ip,/mm, or 140 pm, while the spectral resolution was confined
to 12 nm/ pixel. With a double grating turret installation, the MIR dispersive spectrograph
can acquire the full spectrum of the MIR. The MIR thermal detector platform operating
at 20 °C room temperature has acceptable SNR values for use in the MIR dispersive
spectrograph. This detector core also supports line spatial, allowing it to be utilized
in MIR line-scanning applications. For user-friendly operation, a LabView-based graphical
user interface, that considers all parameter limits, was developed as system firmware.
Adjustable parameters include the spectral range, spectral resolution, and region of interest.
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nsmsaafitasizinisiudiaunas Escherichia coli uufinnAuaNAleAEnnsUseuaanm
Analysis of Escherichia coli Contamination on Lettuce Using Image Processing

fnanad guuaaia’ Juans nduge’ UgReu ued grevo e agudAng damed’ uez JaeAng ArATTogy’
Paftarapong Sunongbua’, Jintaphom Klinsuk ', Matphichon Budiri ', Suwan Askrum ', Charoonsak Somphong '
and Wearasak Larisiriyothin '

Abstract

The contamination of pathogen on food and postharvest agricultural products often causes of danger for
consumers. This research aims to develop a fast screening method for detection of pathogen contamination area
on lettuce using image processing. Lettuce leaf surface was washed with surfactant and inoculated by drops of
Escherichia coli {E. coli] solution {ca.2. Tx1 o CFU.mI"}. Each inoculation drop area contained a number of E. colf
which was equivalent to 1.1x10° CFU.mI". pixel”. All samples were stored at & “C. Then the production of biofilm
or adhesion structure of microorganisms on the leaf surface was investigated based on image of the stained
sample. Emissive light of the specific wavelength at 620210 nm as a result of Pl fluorescence staining solution
with E. coli was able to capture by a digital single-lens reflex (DSLR) camera fitted with a long pass filter at a
wavelength of more than 530 nm. The reflectance spectra showed clearly absorption band at 62010 nm which
responded for the biofilm of E£. coll contamination. Moreover, it corresponded to results of confocal laser scanning
microscope (CLSM) method. The image of contamination area on lettuce leaf was related to the incremental
number of £. coli about 1.3x10° GFUmI” after It was inoculated for 5 days.

Keywords: Eschenichia coli, contamination, image processing
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Figure 1 The emission spectrum of E. colf contamination and autofluorescence from (A) confocal laser scanning

microscope (CLSM) and (B) image processing.
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Figure 2 The image of Lettuce in (2A) D65, (2B) Green illuminant without filter, (2C) Green illuminant without filter

with filter. The image of (2D) Contamination area and (2E) Non-Contamination area on Lettuce leaf.
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Figure 3 The contamination area was detected by image processing.
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