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OZET

Optik dlgiimlerin dogrulugu lgeklerin olusturulmasinda kullamlan cihaz ve
tekniklerle dogrudan baglantilidir. Elektriksel yerine koyma disiik sicaklik
radyometresinin (ESCR) gelistirilmesi bilim adamlarina optik 6l¢timleri daha dogru
olarak gerceklestirme olanad1 saglamistir. Bu sayede optik gii¢ 1 x 10 ~* seviyesinde
belirsizlikle Olgiilebilir duruma gelmistir. Bu dogruluk optik o6lgiimlere son
dénemlerde gelistirilmis tuzak detektorler kullanilarak transfer edilmistir. Bu
detektorler optik radyometrideki spektral duyarlilik, spektral 1s1ma, spektral 1sinim
diizeyi Olgeklerinin gergeklestirilmesi ve bu 6lgeklerin test detektdrler tizerinden
transferi i¢in kullanilir. Bu sayede izlenebilirlik zinciri kisaltilmig olur ve spektral
isiim - diizeyi, 151k siddeti, ve aydinlik diizeyi birimleri filtre radyometreler

kullanilarak diigtik belirsizlikle olusturulmus olur.

Bu birimlerin olusturulmasi ve bir yiiksek sicaklik siyah cisminin spektral
is1mast ve sicakliginin belirlenmesi amaciyla laboratuarda yansitma tip tuzak
detektSr temelli filtre radyometreler tasarlanmistir. Bu ¢alismada gelistirilen filtre
radyometrelef kullanilarak TUBITAK-Ulusal Metroloji Enstitiisii (UME) optik
standartlar1 laboratuarinda yapilan birincil seviye fotometrik ve radyometrik

birimlerin olusturma ¢alismalari aktariimaktadir.

Caligmanin baslangicinda tayfsal olarak kalibreli tuzak detektor, spektral
gecirgenligi  Olglilmis filtre ve alani bilinen foto araliktan olusan filtre
radyometresinin tasarimi hakkinda bilgiler verilmektedir. Filtre radyometrenin
komple karakterizasyonu bu siralamada gerceklestirilmistir. Ik olarak homojenlik,
polarizasyon bagimliligl, dogrusalliktan sapma, ve yansitma OSlgiimlerinden olusan

optik karakterizasyon 6lgtimleri gelistirilen sistemler kullanilarak saglanmigtir.

Metrolojik uygulamalarda kullanmak amaciyla filtre radyometrelerin mutlak
duyarliliklar1 360 nm ile 900 nm dalga boylart araliginda mutlak olarak

belirlenmigtir. Bu amag¢ igin elektriksel yerine koyma diisiikk sicaklik radyometre
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(543.2 nm, 593.8 nm, 604.5 nm, 611.7 nm ve 639.9 nm) He-Ne, ayarl%nabﬂd«r
(457.1 nm, 488.0 nm and 514.5 nm) gaz lazeri ve giftlenmis Nd:YAG (532,0“

u

sistemi ve yogunlugu kararlastirilmig dikey polarize sabit (632.8 nm) ve é@r A b11n’° i %

katt hal lazerleri kullamilmistir. Spektral duyarliik olgegi ise fiziksel modeller

kullanilarak belirtilen dalga boyu araliinda elde edilmistir.

Zamana bagli olarak sicaklik kararliligy filtre radyometreler igin en temel
Ozelliklerden biridir. Bundan dolayr filtre radyometrenin 6n bakir modiiliinlin
sicaklik kararliligi zamana bagli olarak gdzlemlenmis ve gelistirilmis olan Labview
yazilim temelli program kullanilarak kaydedilmistir. Foto araliklarin efektif alanlar
gelistirilmis olan optik temelli dlgiim sistemi kullanilarak 1.6 x 107 belirsizlikle
belirlenmigtir. Filtrelerin spektral gegirgenliklerinin 6lg¢iilmesi amaciyla otomatik

gecirgenlik sistemi kullanilmustir.

286 nm ile 901 nm dalga boyu araliginda spektral 1sinim diizeyi Slgegini
olusturmak amactyla bir teknik geligtirilmistir. Referans standart olarak kullanilmak
tizere FEL tip kuvars halojen lambalar i¢in 6zel olarak tasarlamis sogutucu sistem
yapilmis ve lambalar yaslandirilmistir. Bu metot da filtre radyometrenin diisiik
sicaklik radyometresine dogrudan izlenebilirligi, goriilir ve yakin kizilStesi
- bolgedeki Olgiimlerde Onemli avantajlar saglamaktadir. Lamba filamani ile foto
aralik ylizeyi arasindaki interferometrik mesafe 6lglim sistemi ise kurulan sistemin
diger bir avantajidir. Spektral 1sium diizeyi Slglimlerindeki genisletilmis belirsizlik
(k=2) 400 nm dalga boyunun tizerinde % 0.6 diizeyindeyken morétesi bolgede bu

degereler % 1.5 ile % 2.3 arasindadir.

Istk siddeti birimi kandela 2.88 x 10 genisletilmis belirsizlikle olusturulmus
ve fotometrik Olgek detektor temelli teknik kullanilarak yiiksek dogrulukla
kurulmugstur. Kandela biriminin gergeklestirilmesi optik diizenekte geleneksel Osram
Wi41/G tip gaz bosalmali 151k kaynaklar: ve laboratuar tarafindan gelistirilmis filtre

radyometreler kullanilarak saglanmustir.



SUMMARY

Accuracy of the radiometric measurements depends directly on the techniques
and devices used in the realization of the scales. The development of the electrical
substitution cryogenic radiometer (ESCR) allowed the scientists to make more
accurate optical measurement. Hence measurement of optical power can be made
with an uncertainty of about 1 x 10 ™. This accuracy can be transferred to optical
calibrations by the developed trap detectors. These detectors are used for the
realization of spectral responsivity, spectral radiance, spectral irradiance scales in
- optical radiometry and transferring the scales to test detectors because of their
important optical properties. Consequently the - traceability chain is shortened and
realization of units of spectral irradiance, luminous intensity and illuminance can be

obtained with the lowest uncertainties by using filter radiometers.

For the realization of these units and for the determination of the temperature
and spectral radiance of a high- temperature black body, reflection type trap detector
based filter radiometers have been constructed in the laboratory. In this study,
primary realization studies of photometric and radiometric quantities performed at
TUBITAK-Ulusal Metroloji Enstitiisii Optical Standards Laboratory by using

developed filter radiometers are presented.

At the beginning, the design of the developed filter radiometer that consists of
a spectrally calibrated trap detector, a filter with measured transmittance and an
aperture with known area are described. Complete characterization of the filter
radiometer was performed with this order. First, Optical characterization studies of
the trap detector, which are uniformity, polarization sensivity, non-linearity and
reflectance measurement were obtained by using the established systems. Absolute
responsivities of filter radiometers have been determined between 360 and 900 nm
wavelength ranges to use them in applications of metrology. For this purpose,
electrical substitution-cryogenic radiometer system and intensity stabilized vertically

polarized fixed (632.8 nm) and tuneable (543.2 nm, 593.8 nm, 604.5 nm, 611.7 nm



and 639.9 nm) He-Ne and tuncable Ar* (457.1 nm, 488.0 nm and 514.5 rim) gas* |
lasers and a doubled Nd:YAG (532.0 nm) solid state laser were used. "Fhespegctral S

responsivity scale was determined by using physical models. Mgt e
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i

Temperature stability versus time is one of the main important features for the
filter radiometers. Therefore, stability of the copper front-module of filter radiometer
was observed for performance testing. Changes of the temperature were observed
and recorded automatically by using developed Labview based software during
operating time. Effective areas of the apertures were attained with an uncertainty of
1.6x10* by using established optical based measurement set-up. An automated
spectral-transmittance measurement facility was used for measuring of the spectral

transmittance of filters.

A technique is introduced for realizing spectral irradiance in the range between
286 nm to 901 nm. FEL-type quartz halogen lamps were seasoned to be used as
reference standards. In this method, direct traceability of the radiometer to the
cryogenic radiometer gives an important advantage in the visible and the near
infrared region. Another advantage of this system is the measurement procedure of
distance between the lamp filament and aperture surface of the filter radiometer. The
expanded uncertainty (k=2) of spectral irradiance measurement is between 2.3 % and

1.5 % in the UV region, while the uncertainty is of order 0.6 % above 400 nm.

Luminous intensity unit of candela was realized with an expanded uncertainty
of 2.88x10” and photometric scale was re-established depending on this
detector-based realization. Candela realization was performed on optical bench using
traditional Osram Wi41/G type incandescent light source and the developed

filter-radiometer.
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1. GIRIS

Teknolojinin birgok alaninda yiiksek dogruluklu optik 6l¢timlere gereksinim
duyulmaktadir. Bu gereksinimlerin karsilanmasi ve Ol¢limlerin  giivenilirliginin
arttirilmast  amaciyla standart metotlara uygun yeni cihazlar ve teknikler
gelistirilmektedir. Gelistirilen bu cihaz ve teknikler kullanilarak gerceklestirilen tiim
Olgtimlerin  dogruluklari, ulusal standartlara izlenebilirlikleri ile orantiidir [1].
Dolayisiyla ulusal standart laboratuarlarin birincil seviye 6lgeklerini olusturmasi
asamasinda elde ettikleri belirsizlik degerleri, sanayideki uygulamalarin dogrulugunu

da etkilemektedir.

Optik birimler i¢in temel 6lgeklerin olusturulmasi detekt6r temelli ve kaynak
temelli olmak tizere iki farkli metotla saglanir [2, 3]. Detektor temelli ve kaynak
temelli 6lgtimlerdeki en temel cihazlar sirasiyla elektriksel yerine koyma diisiik
sicaklik radyometreleri (ESCR) ve yiiksek sicaklikli siyah cisimlerdir [4-8]. Bu iki
metot karsilastinldiginda; detektor temelli teknigin daha diistik belirsizlik ve daha

kisa izlenebilirlik zinciri olmak {izere iki 6nemli avantaja sahip oldugu goriiliir [9].

Optik 6lgtimler icin birincil seviye standart olan diigiik standart radyometresi
optik glic Olgtimlerini lazer dalga boylarinda gergeklestirmek amaciyla
kullanilmaktadir [10]. Lazerlerin optik giictiniin 6l¢tilmesinin ardindan ayni dalga
boylarinda detektorlerin mutlak duyarliliklar1 elde edilir [11]. 200-1100 nm dalga
boyu araliginda 10° W/cm? den 10 mW/cm? 1siim seviyesine yiiksek tayfsal
duyarliligy sahip silikon detektdrler optik uygulamalarda kullamim igin iyi bir
secimdir [12]. Yari iletken teknolojilerindeki gelismeler ayni zamanda radyometrik
ve fotometrik Slciimlerin dogruluklarnin artmasi anlamina gelmektedir. Yiiksek
kararliliga, ¢ok hizli tepki zamanina, teorik olarak belirlenebilen tayfsal duyarliliga
ve yiiksek igsel kuantum verimine sahip SiO; kapl silikon fotodiyotlarin yakin ve
kizilotesi bolge igin mutlak detektdr olarak kullanilabilecegi 1979 yilinda Geist
tarafindan gostermistir [13, 14]. Ilerleyen yillarda, detektdr yiizeyinden yansiyan

1sin1m1 minimize etmek amaciyvla tuzak detektorler gelistirilmistir [15]. Bu yapida p



tabaka yariiletken lizerine n tabaka yariletken kaplanarak olusturtila@fl silikon
fotodiyotlar t¢lii ve dortli kombinasyonla bir araya getirilmistir [16]. Soyh.;'yillvarda n
tabaka lizerine p tabaka kaplanarak olusturulan camsiz Hamamatsu 133711 tipi
silikon fotodiyotlardan meydana gelen yansitma tipi tuzak detektorler, tayfsal

duyarlilik standardi olarak ulusal metroloji enstitiileri tarafindan kullanilmaya

baglanmistir [17, 18].

Optik radyometri ve fotometride 1smum kaynag: olarak kullanilan en temel
cihazlar; siyah cisimler ve tungsten filamanli lambalardir [19, 20]. Bu isinim
kaynaklarinin dalga boyuna bagli giic dagilimin belirlemek ve radyometrik Slgekleri

birincil seviyede olusturmak amaciyla ti¢ adet filtre radyometresi tasarlanmistir [21].

Bu ¢alisma, TUBITAK-Ulusal Metroloji Enstitiisii Optik laboratuvarinda
yuriitiilmekte olan ulusal 15inim diizeyi ve yedi temel 6lgtim biriminden biri olan 11k
siddeti birimi Kandela’ nin birincil seviyede olusturulmas: aragtirmalarani
kapsamaktadir. Bu kapsamda ilk olarak filtre radyometresini olusturan tuzak
detektdr, filtre ve foto-araligin karakterizasyon 6l¢timleri aktarilmaktadir. Calismanin
baslangicinda filtre radyometresinin yapist tuzak detektdriiniin - dogrusalligs,
yansitmasi, polarizasyona bagimliligi, ylizey Uzerindeki algilama duyarlilik

haritalarinin ¢ikarilmasi ve tayfsal duyarlilik 6l¢iim sonuglari aktarilmaktadir.

Filtrelerin dalga boyu gegirgenlikleri sicaklik degisimine bagli olarak Snemli
derecede degisiklik gosterebilmektedir. Bu degisikliklerin hassas olarak tespit
edilmesi ve filtrelerin sicakliklari kararli sistemler igerisinde kullamilmas:
gerekmektedir. Bu baglamda, filtre radyometre cihazinin ve bakir modiiliiniin
igerisine yerlestirilmis bir filtrenin yiizeyinin sicaklik kararliliklar: test edilmistir.
Filtre radyometresinin giris alanini belirleyen foto-aralifin aktif alani, laboratuarda
kurulmus olan optik diizenek kullanilarak 1.6 x 107 belirsizlikle elde edilmistir.
[sinim diizeyi ve 151k siddeti birimlerinin olusturulmasi sirasinda kullanilmak iizere
“merkez gecirgenlik dalga boylar: 291 nm ve 906 nm aralifinda degisen on bir adet

filtrenin gegcirgenligi Sl¢iilmiistiir.



Bu ¢aligma kapsamunda ayrica nominal elektriksel giicii 1000 W olan FEL tip
tungsten halojen lambalarin yaslandirma ve karakterizasyon 6lgﬁmleﬁ
gergeklestirilmistir [22]. Bu tip lambalarin tayfsal gii¢ daglilimu egrisi siyah cisim
1simasina yakin oldugundan tayfsal iginim diizeyi standardi olarak kullanilmalar
uygundur [23]. Bu sayede radyometrik izlenebilirlik zinciri i¢erisinde saglam bir bag

kurulabilir.

Karakterizasyon islemlerinin ardindan 1simm diizeyi Slgeginin olusturulmasi
amaciyla gergeklestirilen deneysel ve teorik caligmalar sunulmaktadir. Tezin son
boéliimiinde ise yedi temel 6l¢iim biriminden biri olan 151k siddeti birimi Kandela’ nin

birincil seviyede olusturulmasi ¢aligmalar: aktariimaktadir.
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2. Filtre Radyometresinin T asarumi %ve"

Karakterizasyonu

Temel olarak filtre radyometresi cihazi, tayfsal olarak kalibreli tuzak detektor,
dalgaboyuna bagli gecirgenligi oOl¢tilmiis filtre ve alami bilinen foto araliktan
olugsmaktadir [21, 24]. Filtre radyometresinin algilama alanini belirleyen foto aralik
0.1 cm? alana sahiptir ve cihazin en dis kismina yerlestirilir. Tuzak detektor tizerine
gelecek 11k araliim belirlyen filtre sabit bir sicaklikta tutulur. Bu islem igin filtre
sicaklig1 dairesel termoelektrik peltier eleman ile kontrol edilen bakirdan yapilmis
hazne igerisine yerlestirilmistir. Filtre radyometresinin sematik ve foto gosterimleri
sekil 2.1. ve sekil 2.2.” de verilmektedir. Radyometre haznesinin sicakligini dlgmek
ve sicaklik kontroli i¢in geri déniisiim sinyali saglamak amaciyla birer adet Pr-100
ve NTC (Negative Temperature Coefficient) sicaklik sensérii kullaniimigtir. Her iki
sicaklik sensoriide kullanilmadan 6nce sicaklik standartlar: laboratuar: tarafindan 10
°C - 45 °C sicaklik araliginda kalibre edilmistir. Peltier elemanin diger ylizeyi ise

siyah kapli ve sogutma kanalli alliminyum hazneye baglanmustir.

Termo-elektrik c

eleman - Pt-100
» =i
Bakir Hazne e rﬁ 8 Tuzak Detektdr
- 3l (Si)
=7 - .
Foto-Aralikk —— - . ~
Isik Girisi | i ) . L ‘‘‘‘‘‘‘ Fotoakim Cikisi
Filtre 5 [ ™

JKarartilmig
Aliiminyum

Sekil 2.1., Filtre Radyometresi
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Aliiminyum hazne igerisine, plastik bir kilif ile yalitilmig tuzal:_;\ cAlet“ékjtﬁri
yerlestirilmistir. Ug fotodiyot birbirine elektriksel olarak paralel baglanmustir. f
Tuzak detektorii akim gerilim yiikseltecine baglamak amaciyla diigtik gurultu
etkisine sahip 2-pin LEMO baglant1 elemani kullanilmigtir. Burada kullanilmakta
olan yansitma tipi tuzak detektor, ¢ adet Hamamatsu S1337-11 tipi silikon
fotodiyottan olusmaktadir [25]. Bu tip fotodiyotlarin sicaklik duyarliliklarinin
0.002 / °C’ den daha az oldugu onceki ¢alismalarda belirlenmisti [26-28]. Bu
nedenle tuzak detektdr sicaklik kontrollii hazne igerisine yerlestirilmemistir. Tek
fotodiyot kullanimi yerine diigiik yansitmaya sahip tuzak detektdr kullanilmasiyla
filtre radyometresi igerisindeki i¢ yansimalardan dogabilecek etkiler de minimize
edilmistir. Ayrica filtre radyometresinin tasarimi, tuzak detektor ile filtreyi
birbirinden ayrilabilecek ve bagimsiz olarak da karakterize edilebilecek sekilde

yapilmustir.

" Sekil 2.2., Filtre Radyometresinin Fotografik Gdsterimi



Filtre radyometresini, optikteki temel birimlerin olusturulmasnid’a trahsfer' o

standard1 olarak kullanabilmek igin karakterize etmek gerekir. Bu 1$len;1 1g:1n ﬁltrel R,

radyometresini olugturan bilesenler teker teker incelenerek gerekli karakterlzasyon

caligmalar1 gergeklestirilmigtir. Bu amag igin kurulan deney diizenekleri ve yapllan

islemler ilerleyen boliimlerde sirasiyla aktarilmaktadir.

2.1. Tuzak Detektoriin Yapisi

Laboratuarda tasarladiimiz ii¢ fotodiyottan olusan yansitma tip tuzak detektor
bir fotodiyottan yansiyan optik isimimin diger fotodiyotlar ile yolunun kesilmesi
prensibi ile g¢alisir [17]. Filtre radyometresinin algilayict kismim teskil eden tuzak
detekttriin yapisi sekil 2.3.” de goriilmektedir. Sistem 10 mm x 10 mm boyutlarinda
tic adet Hamamatsu S1337-11 tipi silikon fotodiyottan olusmaktadir. Bu
diizenlemede tuzak detektSr {lizerine diisen 1simim bes yansimadan sonra tuzak

‘detekttirﬁn giris deliginden ayrilir. Birinci, ikinci, dérdiincii ve besinci yansimalar
:ig:in gelme agis1 45° ve liclineli yansima i¢in 0° dir. Tuzak detektoriin duyarlihiginin
gelen 15181n polarizasyonuna duyarli olmamasi i¢in ikinci ve dérdiincii yansimalar
birinci ve besinci yansimalarin ylizeyine ortagonaldir. Fotodiyotlar 8 mm giris deligi
olan bir metal kabin igerisine monte edilmistir. Tuzak detektoriin dogrusallig
300 pW optik giice kadar, % 0.01 seviyesindedir. Sicaklik degisimine duyarlilif1 ¢cok
azdir (% 0.02 / K<) ve uzaysal homojenlige sahiptir (1 mm c¢apindaki 1s1k igin
degisim % 0.02<).

Tuzak Detektoriin baslica optik 6zellikleri su sekilde siralanabilir;

1. Kararh duyarlik

ii. Disgtk geri yansima

iii. Dis kuvantum verimi: 1

iv. Polarizasyon bagimsizligi

v. Dogrusallik ( 1 mW’ a kadar % 0.01<)



2. Fotodiyot 1. Fotodiyot

3. Fotodiyot 6

M Gelen Ismn
Yansiyan Isin $

Sekil 2.3., Tuzak detektdriin yapisi.

2.2. Yari iletken Diyotlarin Temel Yapisi

Yar iletken diyotlar, pn ylizey eklem (jonksiyon) diyotlar ve nokta temash
diyotlar olmak {izere iki ana grupta toplanir.Yari iletken diyotlar, ilk olarak nokta
temasli kristal diyot halinde kullanima girmistir. Zamanla bunlarin yerini ylizey
eklem diyotlar almistir. pn ylizey eklem diyot, p ve n tipi kristallerin, 6zel yontemler

ile ard arda birlegtirilmesi yoluyla elde edilir.

Bir yari iletken aygitta elektron potansiyeli ayr1 ayri potansiyel kuyular: yerine
iletim bandi ve degerlik bandi olarak tanimlanabilir [29]. Elektronlart iceren en

yiiksek enerji seviyesi Fermi seviyesi olarak adlandirilir (sekil 2.4.).
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Sékil 2.4., Fotodiyot p-n eklem durumu

Fermi seviyesi, agirlikli olarak tasiyicilarin desikler (hole) oldugu durumda
degerlik bandinin kenarinda, tasiyicilarin agirlikhi olarak elektronlar oldugu durumda
ise iletim bandinin kenarinda yer alir [30]. Birinci durum p tipi yart iletken ikinci
durum n tipi yan iletken olarak adlandirilir. Uzerine diisen 1s1k bant araligi boyunca
elektronlar: uyarabildigi ve foto akim olugturdugu icin bu malzeme optiksel algilama
acisindan uygundur. p-n fotodiyot kristal tabakalarin st tiste kaplanmas: ile
olusturulan bir fotoiletken aygittir. Farkli band yapilarindaki her tabaka ana
malzemeye safsizlik eklenerek elde edilir. Tabakalarin katkilanmasi ile olusturulan
bu diizenleme, en lstte p tipi orta tabakada katkilanmamig ve en altta n tipi tabaka
olarak gercgeklestirilir. Ara-ylizdeki potansiyeldeki degisim akim akisinin yOniinii
belirler. Bu potansiyel egimi, eklem bolgesini elektron ve desiklerden olusan yiik

tasiyicilarindan ayiklar ve sonug olarak iletim bandinin biikiilmesine neden olur.

Yogunluk egiminden dolay: elektronlarin n tipi bélgeden p tipi bélgeye dogru
yayilmast ve desiklerin p tipi bolgeden n tipi bolgeye dogru yayilmasi kavsak
lizerinde bir voltaj olusturur. Elektron ve desiklerin n ve p bolgeleri arasindaki
karsilikli yayilmasi ile kavsak (izerinde serbest tasiyicilarin olmadigi bir bolge
olusur. Bu bolgeye bosaltilmis (depletion) boélge denir. Bogaltilmis bolge {izerinde
olusan potansiyel farki sonucu kavsakta maksimum degerde bir elektrik alan olusur.

Bosaltilmis bdlge disarisinda ise elektrik alan bulunmaz. Kavsak desikleri p tipi



malzemeye elektronlari n tipi malzemeye dogru hareketlendirir. ki glzg

potansiyelindeki farklilik bir elektronun kavsaga dogru akmasi igin Sl ’;{ I
X . . . . o “‘*Q4 'f'g_).:' v .,.n:,‘ﬁ jf" )
zorunda oldugu enerjiyi tanimlar. Fotonlar malzemenin aktif alam iizering, t giign e

zaman kavsak yakininda tastyicilar olugur ve sonug olarak p tipi ve n tipi bélga*er
arasinda bir voltaj fark: olusur. Eger diyot bir dis devreye baglanirsa aydinlatmayla
orantili olarak bir akim akist olusacaktir. Fotodiyotlar besleme voltaj uygulanarak da
calistirlabilir. Besleme voltajin uygulanmadigi durumdaki calistiriima durumu
fotovoltaik kip olarak adlandirilir. Bu durumda 1/f gurtltisti dustiktiir ve dusiik
frekanslarda giiriiltiiye-esit-glic (noise equivalent power, NEP) daha iyidir. Besleme;
kavsagin iki kismina da bir gerilimin uygulanmasi olayidir ve bu durumda tastyicilar
kavsak bolgesinden hizli bir sekilde ayrilir. Besleme (fotovoltaik kip) uygulamasi
ileri ve ters besleme olarak yapilabilir. Ters besleme (n kisma pozitif p kisma negatif
voltaj uygulanmasi) durumunda kavsak kapasitansi diiger ve tepki zamani artar. Bu
nedenden dolay1 darbe detektorlerin kullanuminda ters besleme uygulamalari tercih
edilir. Bir p-n diyot, foto algilama igin ileri besleme (pozitif gerilimin p kisma negatif
gerilimin n kisma uygulanmasi) uygulamasinda da kullanilabilir. Bu durumda

detektoriin algilamas: artacaktir,

2.3. Silikon Atomunun Yapisi

Silikon atomun yapisini sekil 2.5.° de sematik olarak gorebiliriz. Bu
bigimdeki atom modeline BOHR modeli denmektedir. Bu modelde merkezde bir
¢ekirdek vardir. Cekirdegin iginde esit sayida proton ve nétron bulunmaktadir.
Cekirdek igerisinde yer alan protonlar atomun pozitif elektrik yiikiinii olustururlar.
Cekirdegin disinda gesitli yoriingelerde dolasan ve atomun negatif elektrik yiikiinii

olusturan elektronlar vardir.



YValans Elektr onlar

Sekil 2.5., Silikon atomun yapist

Yukarida gosterilen silikon atomunun elektronlar: en i¢ yoriingede 2 adet
ortada 8 adet ve en dista ise 4 adet olarak dizilmistir. Bunlarin i¢ ve orta yoriingede
olan 10 tanesi atomun ¢ekirdegine oldukga siki olarak bagli olup en distaki 4 adedi ise
gevsek olarak bulunurlar. En digtaki 4 adet valans elektron yari iletken igindeki

elektrik akimimi sagladiklari i¢in ayrica dnemlidirler.

Valans Elektronlar

Cekirdek ve
fgteki Elektronlar

Sekil 2.6., Silikon atomun basitlestirilmis modeli

Bir ¢ok atom yan yana dizildiklerinde birbirlerine baglanip kristal yap1
olustururlar. Bu baglanti dig yo6riingedeki valans elektronlar1 ortak kullanarak

olusturulur. Bu baglantiya Kovalant Bag ad1 verilmektedir.

10



l;alans Elektronlar |

Sekil 2.7., Silikon atomlarinin kovalent bag olugturulmasi

Atomdaki ¢ekirdek pozitif yiik tasidigr i¢in kendisine yakin yo6riingedeki
elektronlar1 daha kuvvetti ¢ekecegini diigiiniirsek, dig yoriingedeki elektronlar daha
az bir enerji ile atomdan kopartilabilir. Dis yoriingedeki elektronlarr gesitli
yontemlerle koparmak miimktndir. Elektrik akimuni elektronlar sagladigina goére
bir maddeden elektrik akimi gegebilmesi igin serbest elektronlara ihtiyag vardir.
Eger herhangi bir sebeple maddeden elektron kopartilamiyorsa o madde yalitkandir.
Herhangi bir zorlamaya gerek kalmadan madde iginde serbest elektronlar varsa o
madde iletkendir. Maddenin atomlarindan elektronlart ¢ok kiigiik enerjilerle
koparmak miimkiin oluyorsa bunlar saf yan iletken olarak tanimlanmaktadir. Silikon
atomundan olusan bir kristal yapt dis yoriingelerinde 4 elektron tagimaktadir. Bu
kristale +3 yada +5 degerlikli atomlar katacak olursak Kkatkili yari iletken
olustururuz. Once n Tipi yari iletken olusturalim. Silikon kristal icine +5 degerlikli
atom, yani 5 adet valans elektronu olan arsenik, fosfor, antimuan gibi maddeler

_ katarsak sekil 2.8.’deki yapty1 olustururuz.

11
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Sekil 2.8., Silikonun n-tipi katkilanmasi

+5 degerlikli bu atomun 4 elektronu etrafindaki silikon atomlar1 ile kovalant
bag olusturup bir elektronu agikta kalmaktadir. +5 degerlikli atom kristal yap1 i¢ine
fazladan bir elektron verdigi igin bu atomlara verici (donor) atom denmektedir.
Kristal i¢indeki fazla elektronlar kristale negatif 6zellik kazandirdig i¢in n tipi yart
iletken denilmektedir. n tipi yar iletkenlerdeki fazladan olan elektronlar iletkenligi
saglamaktadir. Bu elektronlar1 kopartmak, hareket ettirmek igin ¢ok kiigiik enerji

yeterli olmaktadir.

p tipi yar iletken yapmak i¢in saf kristal i¢ine +3 degerlikli aliiminyum,
Boron, Galyum, Indium gibi maddeler katmak gerekmektedir. +3 degerlikli atom
etrafindaki silisyum atomlar ile kovalant bag olusturur. Bir elektron eksik kaldig:

icin orada bir desik olusur (sekil 2.9.,).

12
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Sekil 2.9., Silikonun p-tipi katkilanmasi

+3 degerlikli bu atomlara alict (acceptor) atom denmektedir. Kristal yapi
icindeki bosluklar pozitif ylik tasidiklart igin bu sekildeki kristal yapiya p tipi yari
iletken denir. p tipi yan iletkenlerdeki bosluklar disardan elektron alabildigi icin
iletkenligi bosluklar saglamaktadir.

2.4. Tuzak Detektor Karakterizasyon Olciimleri

2.4.1. Homojenlik Ol¢iimleri

Homojenlik; aktif alan boyunca duyarliligin degisimi olarak tamimlanir [31].
Bu 6zelligi 6lgmek amaciyla bilgisayar kontrollii otomatik optik 6lglim sistemi
olusturulmustur (Sekil 2.10.).

13
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Sekil 2.10., Lazer Isinim Kararlastirict Optik Diizenek. A; foto aralik

Olgtimlerde 1s1nim kaynag: olarak dikey polarize olmus 632.8 nm dalga boylu
He-Ne lazer kaynagi kullamilmistir. Lazerin ¢ikis glici uzun ddnem ¢alisgtirilmasi
durumunda sabit kalmadigindan (iki saat siiresi igin kararliik; % 0.40) kararlilig:
saglamak amaciyla CCD (Charge Coupled Device) kamera kontrollii 1sinim
kararlastirict sistem kurulmustur. Bu sistem elektro-optik modiilator ve elektronik
kontrol {initesinden olusmaktadir. Elektro-optik modiilatér ise temel olarak sivi
kristal filtre ve sicaklik Kkontrolli monitdr fotodiyottan olugmaktadir. Dikey
polarizasyona sahip lazer 1gmumi sivi kristal filtreden gectikten sonra % 98
gegirgenlige sahip 151n boliict lizerine gelir. Daha sonra gegen 151mun bir kismi Wedge
151n boliicli tarafindan yansitilir ve bu 151n sicaklik kontrollit monitdr silikon fotodiyot
tarafindan algilanir. Monitdr fotodiyotun g¢ikis sinyali servo yiikselteg icin referans
vazifesi goriir ve boylece elektro-optik modiilatériin igerisinde yer alan sivi kristal
filtrenin gegirgenligi kontrol edilerek monitér fotodiyot ¢ikisinda okunan akimin

sabit bir degerde kalmasi saglanir.

Geometrik olarak iyi belirlenmis bir Gaussian lazer 1ginimi elde edebilmek
amactyla bir adet x10 mikroskop mercek, bir adet 25 um ¢apinda diyafram ve bir

adet 50 mm odak uzakligina sahip akromat lensten olusan uzaysal filtre

14



kullanidmustir. Diyafram ¢ikisinda kirimim sagaklari olusturulmus, kmnmia ugramis ., L
isinimin Oniinde akromat lens kullanilarak 0.5 mm ¢apinda (1/e%) paralel 1510 elde’ |
edilmigtir. Optik diizenek tizerinde ¢ adet iris diyafram kullanilarak lazer

isinimindaki kagak 151k seviyesi diigtirilmiistiir.

CCD kamera kullanilarak temiz bir 151k profilinin elde edilmesi saglanmistir.
Olugturulan bu optik diizenek yardimiyla geometrik olarak iyi tanimlanmis ve giic
kararlilig: iki saatlik calistirma siiresince 5 x 10 seviyesinde olan lazer 1511 elde

edilmisgtir,. CCD kamera kullanilmadan 6nce ve sonraki durumlarda olusan 1sik

profilleri analiz edilmis ve sonuglar sekil 2.11. a ve b’ de gosterilmistir.

Sekil 2.11,. Lazerin ¢ikis profilleri. a; CCD kullanilmadigi durum, b; CCD
kullanildigi durum

Sekilden anlasilacagi tizere lazerin yapisinin ayarlanmasi sirasinda olugan
glirtiltli sinyalleri olduk¢a azalmistir. Isik yapisindaki bu diizelmeler aym zamanda
karaliligin artmasi anlamina gelmektedir. Lazer ¢ikis giiclindeki salimmlar
kararlastirict sistem kullanildigi ve kullanilmadigi (sekil 2.12.) her iki durumda da
analiz edilmistir. Kararlagtirict sistemin kullanilmasi sonucu saglanan zaman bagli

kararlilik artig1 sekil 2.13.” de goriilmektedir.

15



Gng

G

Porcent Devlation
.

[ 2

Sekil 2.12., Kararlagtirict sistem kullanilmadigi durumda lazer sinyalinin
degisimi.
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Sekil 2.13., Kararlastirici sistem kullanddigt durumda lazer sinyalinin
degisimi.

Sekil 2.12. ve sekil 2.13. den anlasilacag: gibi ilk durum igin kararliliktaki
standart sapma 0.015 % seviyesinde iken ikinci durumda ise kararlagtirici sistem
kullanildiginda  kararliligin =~ 0.0053 %  seviyesine ulastifi  belirlenmistir.
Kararlagtirilmis ve paralel hale getirilmis lazer 1sinim1 daha sonra filtre radyometresi

tizerine distirilmiistilir. Filtre radyometresi tekrarlanabilirlikleri 4 pm ve 6 pum olan

16



bilgisayar kontrollii iki yonde (x-y) harekete olanak saglayan hareket sistemi:‘ ﬁ"ze’rir‘i'éy o

yerlestirilmistir. Filtre radyometresinin ¢ikisinda olusan foto akim, aklm voltaji v
yiikselteci yardimiyla gerilime donistiriliir ve HP-3458A multimetre yard1m1yla
sinyaller kaydedilir. Karanlik akim ol¢timlerini gergeklestirmek amaciyla uzaysalA

filtre ve ¢ift yonlii hareket sistemi arasina bir adet kapayici yerlestirilmistir.

Filtre radyometrelerin homojenlikleri aktif alanlart 1 mm’ lik adimlarla
taranarak karakterize edilmistir. Segilen noktalardaki duyarlilik degerleri maksimum
duyarlilik degerine boliinerek filtre radyometrelerin homojenlik haritalar1 elde
edilmistir. Sekil 2.14.” de S1337 tip fotodiyot temelli bir tuzak detektoriin
homojenlik haritas1 goriilmektedir. Incelemeler sonucunda 6 mm alan igerisinde

homojensizlikteki degisimin yaklagik olarak % 0.02 oldugu tespit edilmistir.
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Sekil 2.14., Filtre radyometresinin homojenlik haritasi

2.4.2. Dogrusallik Olgiimleri

Filtre radyometrelerin dogrusalliklari aki ekleme teknigi kullanilarak ve UME
S1227 tipi dogrusallik referans standard: ile karsilastirilarak elde edilmistir [32-34].
Kullandigimiz standart 2001 yilinda karakterize edilmis ve dogrusalliktan sapmanin
2 x 107 den az oldugu tespit edilmistir [28]. Olgiimler 2003 yilinda tekrar edilmis ve

sonuglarda degisiklik olmadig: gézlenmistir.
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Olgtimlerde 1s1mm kaynagi olarak yogunlugu % 0.004 sev%esmdew'

kararlastirtlmis He-Ne lazer kullanilmistir. Filtre radyometresi ve referans standardl

uzs

bilgisayar kontrollii hareket sistemi {izerine yerlestirilmistir. Gelen lazer 1$1n;m1 1§1n4

aywrict ve yarim dalga plakasi kullanilarak yaklagik olarak ayni giigte ve ortagonal
polarizasyona sahip iki kisma ayrilir. Isinlarin sirayla dnlerinin kapali ve 6nlerinin
acik oldugu her iki durumda filtre radyometresinin ¢ikigindaki foto akim I, Ig ve Iap
degerleri sirayla Olgiiliir. Dogrusalliktan sapma, filtre radyometresi ve referans

detektSrden alinan sinyallerin orani esitlik 2.1. de kullanilarak belirlenir [35, 36].

NPy =| L L 2.1);
[re/ RO

Burada /rz ve I filtre radyometrsi ve referans detektoriin foto akimlart ve

Ro= Liap(min) / Lefmin).

Gergeklestirmis oldugumuz uygulamalarda filtre radyometresi 0.1 mW ve 2.0
mW gli¢ araliginda kullanilmaktadir. Bundan dolay1 optik gii¢ seviyesini degistirmek
ve filtre radyometresini bu aralikta test etmek amaciyla 8 adet nétral yogunluk filtresi
kullanilmugtir. Olgtimler sonucunda FR-02 numarali filtre radyometresi icin elde edilen
dogrusalliktan sapma degerleri sekil 2.15.” de verilmistir. 0.70 mW gii¢c seviyesine
kadar dogrusalliktan sapma 1 x 10” ve 3 x 107 araliginda degismektedir. Bu sonug

filtre radyometresinin duyarliliginin 10 seviyesinde oldugu anlamina gelmektedir.
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Sekil 2.15,. Filtre radyometresinin dogrusalliktan sapmast

Sekil 2.15. de gorildigi gibi dogrusalliktan sapma 0.7 mW optik glig
degerinden 1.6 mW gii¢c degerine yavas bir sckilde artmakta ve bu degisim 1.6 mW

giic seviyesinden sonra ¢ok daha fazla olmaktadir.

2.4.3. Polarizasyon Bagimhilik Ol¢iimleri

Transfer standart duyarliligi, 15181 polarizasyon durumuna bagh olmamalidir
[37]. Tuzak detektdr yapisinda kullanilan fotodiyotlarin sayist ve geometrik olarak
yerlestirilmeleri, polarizasyon duyarliligini ortadan kaldiracak sekilde belirlenir. Bu
yapida yansima diizlemleri birbirlerine dik olmak zorundadir ve kullanilan

fotodiyotlar ayni 6zelliklere sahip olmalidir.

Tuzak detektoriin 1518a karst ayari yapildiginda, fotodiyotlarin her birinin
ylizeyinin yansitmasi, yansitma diizlemine gore elektriksel vektdr oryantasyonunun
bir fonksiyonudur. Bu etkinin derecesini analiz etmek amacryla 1smmm kaynagi
olarak 632.8 nm dalga boyunda ¢ikisi olan, yogunlugu kararlastirilmis He-Ne lazer
kullanmilmistir. Detektdr 151k eksenine yerlestirilmis ve optik eksen etrafinda
dondiiriilmiistiir. Ik olarak duyarlilik 0.4 mW gii¢ seviyesinde &l¢iilmiistiir. Filtre

radyometresinden alinan sinyaller dondiirme agisimin bir fonksiyonu olarak
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kaydedilmis ve keyfi olarak se¢ilen bir merkezde normalize edilerek du% hﬁ{ ;.;
kg B
goreceli degisimi belirlenmigtir (sekil 2.16.). Elde edilen maksimum deglsm{u%l‘ %A’;f g 4
. e i
seviyelerinde oldugu tespit edilmistir. Bu sonug, filtre radyometresinin dogru %1@5} & 8

ayarlanmamasi durumunda duyarliligin belirlenmesi sirasinda 10 civarinda géreceli

standart belirsizlik etkisi meydana getirecegi anlamina gelmektedir.

Ikinci olarak ayni filtre radyometresi 1.7 mW optik giigte test edilerek
duyarliligin 90° deki degisiminin % 0.1 seviyelerine yiikseldigi tespit edilmistir.
Bundan dolay1 detektorler, kalibrasyon sirasinda dogru ayar yapilamamasindan
dolayr meydana gelecek olumsuzluklari ortadan kaldirmak amaciyla polarizasyon

yOniine gore ayni yonde yerlestirilmelidirler.

vV 1.7TmW

Duyarlihktaki goreceli degigim
[
o
o
®

-00002 + T : T .
-180 -135 .20 45 0 45 a0 135 18

Donme Agisi 7 Derece

Sekil 2.16., Filtre radyometresinin polarizasyon bagimlilig:

2.5. Duyarhlik Olciimleri

Tuzak detektorlerin mutlak duyarlilik Slglimleri iki adimda gerceklestirilmistir.
[k adim olarak lazer dalga boylarinda mutlak duyarlilik 6lgiimleri gerceklestirilmis.
Ikinci adimda ise tuzak detektdriin igsel kuantum verimi ve yansitma degerlerine
yonelik fiziksel modeller kullanilarak 360 nm - 900 nm dalga boyu araliginda
duyarlilik ekstrapole edilmistir.
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2.5.1. Mutlak Gii¢ ve Duyarlihk Olgiimleri

metotlu diistik sicaklik radyometresi kullanilarak gerceklestirilmigtir.

Mutlak Giig Olctim Sistemi

P R T e R 1

Lazer Gii¢ Kararlastirici Sistem
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Mutlak Duyarhlik Olgtim Sistemi

Sekil 2.17., Mutlak gli¢ ve mutlak duyarlilik 6l¢lim sistemi. W: 1sin ayirici, A;
foto aralik, EOM; elektro-optik modiilatér

Olglim sitemi {i¢ ana béliimden olusmaktadir. Bu boliimleri; lazer giic
kararlagtirict sistem, mutlak duyarlilik 6l¢tim sistemi ve mutlak gii¢c 6l¢iim sistemi

olarak siralayabiliriz. Isinim kaynagi olarak TEMyy modunda galisan dikey polarize

He-Ne ve Ar+ gaz lazerleriyle beraber ciftlenmis Nd:YAG kati hal lazeri
kullanilmistir. Dalga boyu hem sabit (632.8 nm) hemde ayarlanabilir (543.2 nm,
593.8 nm, 604.5 nm, 611.7 nm ve 639.9 nm) olmak tizere iki farkli He-Ne lazer
kullamlmugtir. Ar* lazer ise ayarlanabilir olup 457.1 nm, 488.0 nm ve 514.5 nm dalga
boylarinda igimim yaymaktadir. Ciftlenmis Nd:YAG lazerin ¢ikist ise 532.0 nm’

dedir. Lazerler bilgisayar kontrollii, motorlu dogrusal yerdegistirme sistemi {izerine
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Olglim sisteminin iizerine gelecek sekilde ayarlanmistir. Her bir lazerin optlk 91k1§
glicli bolim 2.4.1.° de belirtilen elektro-optik sistem kullanilarak kararli duruma
getirilmistir. Dogrusal polarize 1sinlarin profilleri uzaysal filtre kullanilarak
belirlenmis ve her bir lazerin ¢apt 2 mm olarak ayarlanmigtir. Lazer 1sinim
kararliliindaki degisimler gézlemleme fotodiyotu kullanilarak tespit edilmistir.
Go6zlemleme fotodiyotun elektriksel sinyali volt olarak HP 3458 A tipi sayisal
multimetre kullanilarak (DMM4) olglilmistiir. Bu bize 6l¢limler sirasinda lazer
isinimundaki kiigik degisimlerin elimine edilmesini saglamistir. Ayrica sisteme, 6 x
10" den daha iyi 1smim karaliligs elde edebilmek amaciyla bir adet Glan-Thompson

polarizor (P) yerlestirilmistir.

Tuzak detektorlerin mutlak duyarliliklarim 6lgmek amaciyla 8 um ve 11 um
hareket tekrarlanabilirligine sahip iki adet motorlu dogrusal yer degistirme sistemi
(dikey ve yatay ayarlama amaciyla) kullanilmistir. Lazer isimimini tuzak detektoriin
tam olarak merkezine ayarlamak amaciyla filtre radyometreler, bu yer degistirme
sistemleri {izerine monte edilmistir. Tuzak detektdriin merkez ayarlamasini yapmak

- amaciyla Lab-view tabanli yazilim programi olusturulmustur.

Kararli ve dikey polarizasyona sahip optik 1stmim Brewster agisina ayarlanmig
optik camdan gegerek diisiik sicaklik radyometresi igerisine diistiriilmiistiir. Isinimin
cevresel 1s1 radyasyonundan etkilenmemesi igin, icerisinde sivi nitrojen (77 K) ve
sivi helyum (4.2 K) bulunan hazneler ile yalitilmus diisikk sicaklik radyometresi
kavitesinin (sogurma kiitlesi) tizerine gelecek sekilde ayarlanmustir. Kavite igerisine
diisen lazer 1ginimin1 ayarlamak ve kavite igerisine gelmeden sagilan isinimu Slgmek
i¢in kavite girisine yakin bir bsliimii yerlestirilen dort adet kuadrant silikon fotodiyot
kullanilmistir. Kuadrant fotodiyotlar yardimiyla Slgiilen bu optik gii¢, toplanarak
gergek optik gliclin  hesaplanmasinda kullamilmigtir. Kavite sicaklign AC
koprustindeki bir Rodyum-Demir (RhFe) sicaklik sensdrii ile dlglilmiistiir. Elektriksel
1sitma, kaviteye uygulanan elektriksel gilic ile saglanmugstir. Isitma giicti dijital
multimetreler (DMM1 ve DMM2) yardimiyla, 1sitma direnci (R#), referans direng
(Rr) ve voltajlarin (VA ve Vr) 6lgiimleriyle elde edilmistir. Optik giic ve duyarlilik
Olgtimleri igin kullanilan sistemdeki tiim cihazlar, IEEE-488 siiriicii ile bilgisayar

kontrollii hale getirilmigtir ve 8l¢climler tam otomatik olarak gergeklestirilmistir.
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Oxford firmasina ait dzel Radiox yazilimi kullanilarak radyometre c;ahstlrllmls ve
dlctimler bilgisayar yardimiyla alinmigtir. Mutlak gii¢ ve duyarlilik olg:limlcrl ise su
sekilde saglanmustir; ilk olarak elektriksel yerine koyma diisiik sicaklik radyometre
haznesi 107 bar basinca kadar vakumlanmis, daha sonra radyometrenin boliimleri
sivi nitrojen ve helyum ile doldurulmustur. Ardindan radyometre giris caminin
gecirgenlik degerleri cesitli lazer dalga boylarinda &lgiilmiis ve cam radyometre
girisine Brewster (BW) agisinda yerlestirilmistir. Daha sonra her bir lazer (sabit
He-Ne, ayarlanabilir He-Ne, Ar' ve ciftlenmis Nd:YAG) ayr ayri galistirlip
kararlagtirildiktan sonra kuadrant fotodiyotlar yardimiyla kavite igerisine diisecek
sekilde ayarlanmistir. Optik gii¢ Olgiimleri boyunca, tuzak detektdrlerin mutlak
duyarlilik degerleri olgiilmiigtiir. Son olarak camin gegirgenlik degeri tekrar
olgiilerek, gegirgenlik faktorii sonuglarin ortalamasindan elde edilmigtir. Her bir
dalga boyundaki optik gii¢ statik yerine koyma metodu uygulanarak elde edilmistir.
Bu metotta kaviteye bir kez optik giic iki kez de elektriksel akim (optik 1smimin
olusturdugu sicakligin iizerinde ve altinda sicaklik olugturmak igin) uygulanmustir.
Optik sicakligin gok az tizerinde ve altinda sicaklik olusturmak icin uygulanmasi
gereken elektriksel gii¢ aralifn kavitenin termal link kalibrasyonu ile belirlenmistir.
Kaviteye seri elektriksel gligler uygulanarak kavite duyarlign 2.3 mK/uW olarak
bulunmustur, Kavitenin sicaklign sabit tutuldugundan, bulunan fark lazerin optik
giiclinii vermektedir. Kavitenin elektriksel olarak isitilmast sirasinda lazer isiniminin
radyometre igerisine gelmesini Onlemek icin bilgisayar kontrollii bir kapayici (S)
kullanilmustir. Daha sonra kavitedeki optik gii¢ nedeniyle olugan sicaklik yiikselmesi
elektriksel 1sitma degerleriyle karsilastirilarak ve esitlik 2.2.” kullanilarak optik gii¢

degerleri elde edilmistir.

) ) ) o
R, il R, i1 R, i+l

1
7A) a7, -T,,)

+8(7)| 2);

Burada P(A) her bir dalga boyu i¢in hesaplanan mutlak optik gii¢, ©(A) diisiik

sicaklik radyometresinin giris caminun Brewster agisindaki gegirgenlik degeri
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e

(99.96 %), N optik ve elektriksel 1sitmalarin e§itsizligi‘, Ti.; ve Ty disiik veyuksek .

elektriksel 1sitma uygulandigi durumiarda i’ nci lglim sirasinda kavite sxcalﬁll-l;lal;i,; o
Topt kavitede olugan optik 1gimum sicaklig, a(A) kavitenin sogurma degeri (99.995%),..-

S(A) sagilan optik 151mim, Vy, ve V; 1sitict ve seri direng (R,) voltajlaridir.

Kavitenin elektriksel 1sitma doniiglimleri sirasinda, tuzak detektdrlerin her bir
dalga boyundaki mutlak tayfsal duyarhiliklart belirlenmigtir. Tuzak detektdrler
sirasiyla lazer 1ginimina maruz birakilmis ve ¢ikiglari, kalibreli dijital akim gerilim
yiikselteci (TA) ve multimetre ¢ifti kullanilarak 6lgiilmiistiir. Daha sonra kapatici (S)
kapatilarak ortamdaki istenmeyen optik 1gmmmin meydana getirdigi foto akim

5lgiilmiis ve net foto akim 2.3 esitligi kullanilarak hesaplanmigtir.

i~ Vi+l
NG
I(A) :[EJ— B (2.3.);

Burada, G akim gerilim yiikseltecinin katsay1 degeri, Vi, Vi.; ve Vi1 1° nci
Olglim sirasinda DMM3’ den 6lgiilen voltajlardir. Bu hesaplama lazer gilictindeki
diistik dogrusal kaymalarin etkilerini elimine etmigtir. Her bir dalga boyunda her

tuzak detektoriin mutlak tayfsal duyarlilig esitlik 2.4. kullanilarak hesaplanmistir.

_ypr iy i) .
R(A)=U.P.L. - Z 0 (2.4.);

Esitlik (2.4.) de # 6lglim sayis1 U, P ve L sirasiyla homojenlik, polarizasyon

ve dogrusallik diizeltme faktorleridir.

Esitlik 2.2.” ye gore gergeklestirilen mutlak gii¢ 6l¢timleri 10 uW ve 500 pW
gii¢ seviyeleri arasinda ve goriiniir bélgedeki on dalga boyunda (457.1, 488.0, 514.5,
532.0, 543.2, 593.8, 604.5, 611.7, 632.8 ve 639.9 nm) diigiik sicaklik radyometresi
kullanilarak elde edilmistir. Diisiik sicaklik radyometresi ile alinan mutlak lazer gii¢
Olgtimlerinde bes ana belirsizlik kaynagi yer almaktadir. Bunlar; elektriksel gii¢, cam

gecirgenligi, sagilan optik giig, 1sitmadaki (optik ve elektriksel) esitsizlik ve
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_ tekrarlanabilirlik sonuglaridir. Belirsizlik hesaplamalari igin kabul edilen ulusla far\asx
referansa gore, her dalga boyundaki lazer giic Olgtimlerinin birlesik be11r31zllg1
belirsizlik bilesenlerinin karelerinin toplaminin karekokiinden, ylizde olarak“

hesaplanmustir [38] ve sonuglar Cizelge 2.1.” de verilmistir.

Cizelge .2.1, Diisiik sicaklik radyometresi ile Olgiilen lazer giiglerinin

belirsizligi

Standart Belirsizlik, x 10™ (Lazer dalgaboylarinda / nm)
Belirsizlik
Kaynag 457.1 488.0 514.5 532.0 543.2 593.8 604.5 611.7 632.8 6399
Optik Sicaklik 0.03 0.02 0.02 002 0.02 002 0.02 002 002 0.02

Elektriksel Sicaklik 0.02 001 00! 0.1 001 001 001 001 001 0.0]

Elektriksel Giig 0.3 o.rt 0.1 o.a1r oar o011 o.ar o011 011 0.11
Cam Gegirgenligi 022 021 019 021 023 024 026 029 032 033
Sagilan optik gti¢ 025 023 023 023 023 023 023 023 023 023

Kavitenin sogurmast ~ 0.05 0.05 0.05 0.05 005 005 0.05 0.05 0.05 0.05
Esitsizlik 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.150.15
Sonuglarin tekrar. 062 046 048 046 046 045 043 045 041 043
Birlestirilmis belirsizlik 0.73 0.59 0.60 0.59 0.60 059 059 061 0.60 0.62
Genisletilmis belirsizlik 147 [.18 1.19 1.18 .19 1.18 [1.17 123 120 124

Olgtim tekrarlanabilirligi tim dalga boylanindaki &lgtim belirsizligini
ctkileyen en Onemli parametredir. Bu belirsizligin, lazer gii¢ kararliligindaki
oynamalar, ortamdan kaynaklanan istenmeyen optik 1sinim olusumlarindaki
sapmalar, akim-gerilim yikseltecindeki giiriiltii seviyesi v.b. durumlardan
kaynaklandigi distintilmiistir. Optik gii¢ Ol¢limlerindeki diger temel belirsizlik
parametreleri ise radyometre giris caminin gegirgenligi ve sag¢ilan optik gii¢ olarak
siralanabilir. Kavite sogurmasinin degeri ve belirsizligi diisiik sicaklik radyometresi

kalibrasyon raporundan saglanmustir.

Tuzak detektdrlerin mutlak duyarliliklarinin diisiik sicaklik radyometresi
sistemi kullanilarak esitlik 2.4.’¢ gore elde edilmesi sirasindaki temel belirsizlikleri

ditisiik sicaklik radyometresi ile alman mutlak lazer giic, uzaysal homejenlik,
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polarizasyon bagimliligi, dogrusallik ve ¢ikis voltaji olarak siralanabilir.

2.5.2. Mutlak Duyarhlik Ol¢iimleri

Tuzak detektorler diisiik sicaklik radyometresi ile gergeklestirilen optik giic
Olglimlerini diger oOlglimlere baglamak igin kullanilan en ¢nemli transfer
standartlarindandir [39-41]. Tuzak detektor yapisinda giris foto araligindan gegen
1sium ilk fotodiyot {izerine diiger ve 1gimumin biiyiik bir kismi bu fotodiyot tarafindan
sogurulur. Istnimun bir kismu yansir ve ikinci fotodiyot {izerine yénelir. Burada da
1s1gin bir kismi sogurulur ve yansiyan 1sin liglincli fotodiyot lizerine yonelir. Isin
figlincii fotodiyot {izerine ise normal ile aymi agida diiser. Usgiincii fotodiyottan
yansiyan isin geldigi yolu takip ederek sekil 2.3.” de goriildiigii gibi detektdr girig
béliimtinden ayrilir. Fotodiyotlar {izerine kaplanmis olan yansitmaz tabakadan dolay:

fotodiyot {izerine diisen 1sinumin ihmal edilebilir bir kismi kaybolur.

Bu konfigiirasyon tek fotodiyotla karsilastirildiginda yansitmanin yaklasik
atmis kez diistiigli gézlemlenmistir. Bu sonuglar boliim 2.5.3." de aktarimaktadir.
Fotodiyotlar aliiminyumdan yapilmis mekanik kalip tizerine merkezleri arasindaki
mesafe 11 mm olacak sekilde yapistinlmistir. Prensip olarak silikon tarafindan
sogurulan her bir foton bir elektron-desik ¢ifti olusturur ve bu dig devrede foto akim
.olarak ol¢tiliir. Bununla birlikte bazi elektron-desik giftleri elektron-desik tekrar
birlesmeleri nedeniyle kaybolur ve fotodiyot icerisindeki bozukluklar ¢ikis akiminin
azalmasina neden olur. Bu olay kuantum verimsizligi olarak isimlendirilir. Buna ek
olarak fotodiyot lizerine diisen iginlarin bir kismu diyot yiizeyi tarafindan yansitilir.
Bu nedenden dolay1 bir tuzak detektoriin tayfsal duyarliligi esitlik 2.5.” deki gibi

ifade edilmistir.
ed
R(2)=[1-p(2)}s(2)_— (2.5.);

Burada, R(A) A dalga boyundaki duyarlilik, p() fotodiyotun tayfsal
yansitmasi, O(A) fotodiyotlarin igsel kuantum verimleri, e elektronun yiikii, # Planck

sabiti, ¢ 15181n vakum ortamindaki hizidir. Esitlik 2.5.> den goriildiigii {izere bir tuzak
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detektoriin tayfsal duyarlihigi, fotodiyotun yansitmasi ve ig kuantum"“

belirlenir. S1337 fotodlyotlardan olusan tuzak detektor konﬁgurasyon ]

verimi ve yansitma goriiniir dalga boyu araliginda matematiksel modeller

kullanularak yiiksek dogrulukla elde edilebilir.

2.5.3. Yansitma Ol¢iimleri

Bolim 2.5.1° de tanmumlandigy {izere tuzak detektSriin mutlak duyarliligy belirli
dalga boylarinda 6lgiilmektedir. Duyarlilik o6lgegini genisletebilmek igin tuzak
~ detektorlerin yansitma kayiplarinin l¢lilmesi ve modellenmesi gerekmektedir [42].
Tuzak detektorlerin  yansitma Olgimleri He-Ne, Ar' ve Nd:YAG lazerleri
kullanilarak on farkli dalga boyunda (457.1 nm, 488.0 nm, 514.5 nm, 532.0 nm,
543.2 nm, 593.8 nm, 604.5 nm, 611.7 nm, 632.8 nm ve 639.9 nm) ger¢eklestirilmistir
(Sekil 2.18.).

Tuzak
Detektdr 2

Kararastinlmig
Lazer

Tuzak
Detektdr 1

Sekil 2.18., Lazer temelli yansitma Sl¢iim diizenegi. Al, A2 ve A3

diyaframlar.

Kararli lazer 15181 optik aynanin kosesine gelecek sekilde ayarlanmistir. Bu

ayarlama islemi, tuzak detektdr lizerine diisen ve yansiyan i1k demeti arasindaki agi
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olduk¢a kiiciik (yaklasik olarak 1°) olacak sekilde gergeklestirilm té‘% ok
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detektdrden yansiyan 1sik diger tuzak detektor kullanilarak olgtilmiistiir G %ﬂ rgﬁﬁ' ;

“m m‘%
tekrarlanabilirliginin 10” seviyelerinde oldugu tespit edilmistir. Olgiimler neticesmde

elde edilen grafik, sekil 2.19 da verilmektedir.

&‘ 3

tuzak detektorlerin  yerleri degistirilerek tekrarlanmig ve bu Olg

%4,0 - ——Hesaplanan Data
—@ — Lazer ile gergeklestirilen &icim

Yansitma

%00+ , ,
360 460 560 660 760 860

Dalgaboyu (nm)

Sekil 2.19., Silikon fotodiyot temelli tuzak detektdriin tayfsal yansitmast.
Devamli ¢izgi 6lgiim deferlerine uydurulan teorik modellemeyi ve siyah

noktalar ise lazer dalga boylarindaki 6l¢tim sonuglarini géstermektedir.

Yansitma 6l¢tim sonuglarint esitlik 2.5. yardimiyla tayfsal duyarlilik 6lgegini
olusturma isleminde kullanabilmek igin bu yansitma degerlerinin modellenmesi
gerekmektedir. Bir tuzak detektor {izerine diisen 1sin, detektoriin geometrisinden
dolay: detektdr igerisinde bes yansimaya ugrar. Bu yansima ile detektdr ilizerine
gelen 151n arasindaki ag1 polarizasyonun dik bileseni (s) igin iki kez 45°, bir kez
normal ile ayn1 agida buna karsin polarizasyonun paralel bileseni (p) i¢in ise iki kez

45° dir. Boylece bir tuzak detektoriin yansitmast esitlik 2.6.> daki gibi elde edilir
[43].

Pry = P(0°).95(45%).p» (45°) (2.6.);
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p(0), ps(45) ve pp(45) yansimalarini hesaplamak igin Fresnell yénsma ve.

gecirgenlik denklemleri ile Si ve SiO;’ nun bilinen kiriim indisleri kullanmi§t1r
[44, 45]. Hesaplanan yansitma verileri ile 6l¢iilen degerler arasindaki fark: miﬁimiie
etmek ve en dogru fit denklemini elde etmek amaciyla oksit kalinlik parametresi igin
degisik degerler atanmustir. En iyi fit uygulamasi sonucunda Olgiilen ve hesaplanan
veriler arasindaki fark 107 seviyesinde bulunmustur. Fit islemi sonucunda elde
edilen oksit kalinliklari, 25.0, 25.2 ve 25.4 kodlu filtre radyometrler i¢in 30.12 nm,
29.84 nm ve 28.88 nm olarak bulunmustur. Ol¢lim ve hesaplamalarin her ikisinin
sonucunda da tuzak detektoriin yansitmasinin goriiniir ve yakin kizilétesi bolgede %
0.5’ den daha diisiik oldugu gézlenmistir. Bu sonug, duyarlilifin belirlenen aralikta
yansitma degisimlerinden bagimsiz oldugu anlamina gelmektedir. Morétesi bolgede
ise yansitma degerlerinin arttift ve 280 nm civarinda % 7 seviyelerine ulagtigi
belirlenmigtir. Tuzak detektdrlerin mutlak tayfsal yansitma degerleri on lazer dalga
boyunda &l¢lilmiis ve hesaplanan igsel kuantum verimleri (IQE) belirsizlik degerleri

ile birlikte ¢izelge 2.2.” de listelenmistir.

Cizelge 2.2., Ug filtre radyometrenin yansitma, IQE ve belirsizlik degerleri.

Birlestirilmig

FR 25.0-1 FR 25.0-2 FR 25.0-4 Belirsizlik

Dalgaboyu, (%)

nm p IQE p IQE p 1QE U, Uige

457.1 0.50906 0.98901 0.49424 0.99928 049767 0.99915 0.015 0.031
488.0 040818 0.99926 0.39784 0.99952 0.39981 0.99%41 0.010 0.032
5145 0.35706 099942 0.34869 0.99961 0.35007 0.99953 0.009 0.042
532.0 033293 0.99949 0.32577 0.99957 0.32674 0.99855 0.007 0.044
543.2 031889 099954 0.31285 099961 0.31336 0.99958 0.006 0.047
593.8 0.26400 099962 0.25976 0.99966 0.25980 0.99964 0.006 0.043
604.5 025662 099962 0.25273 0.99969 0.25265 0.99964 0.005 0.041
611.7 025367 099964 0.25052 0.99968 0.25010 0.99965 0.005 0.038
~ 6328 024517 099963 0.24268 099967 0.24199 0.99865 0.005 0.036
639.9 0.24355 0.99964 0.24132 0.99968 0.24051 0.99966 0.004 0.031
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Eger tuzak detektdrlin mutlak tayfsal duyarliligs ve yansitmas: bilinirse; igsel

kuantum veriminin (IQE) dalga vboyu bagimliligr esitlik 2.7. kullanilarak -
hesaplanabilir [46-49].

s =1-8(1)= R 15394 R(A) 2.7.);

(1- p(A))r2 (1-p(a)2

Burada; h=6.62608x10* Js, ¢=2.99792x10% m/s, e=1.60218x10™"° C.

Mutlak yansitma ve duyarliik degerlerini on lazer dalga boyunda
olgtiigtimtizden i¢sel kuantum verimi degerleri de bu dalga boylarinda hesaplanmisgtir
(Cizelge 2.3.). Daha sonra Gentile ve ¢alisma arkadaslarn tarafindan tanimlanmig
matematiksel model kullanilarak igsel kuantum verimi esitlik 2.8. kullanilarak

belirtilen dalga boyu araliginda 1.1x10™* belirsizlikle hesaplanmusgtir [5].

— _Pf _ _ .
L) = o~ {—exp[-a)T]}

Z@%ﬂiﬂ {expl-a (DT ]-expl- (D] P expl-a(i)a]  (2.8.;

Burada o(A); sogurma katsayisi, Pg SiO,/Si ara ylzdeki toplama verimi, T;
toplama degerinin bir degerini aldifi fotodiyot derinligi, Py fotodiyotun arka
kismindaki toplama verimi, D; toplama veriminin dogrusal olarak P, degerine
diigtiigii derinlik ve d; fotodiyotun kalinligidir. Esitlik 2.8." deki parametreler, model
olgtilen igsel kuantum verimi degerlerine fit edilerek elde edilebilir. Silisyumun

sogurma katsayist a(A) agafidaki interpolasyon esitligi kullamilarak bulunmustur
[50].

a(A) = Aexp[BAA—A,)]+ CA+ DA+ E (2.9.);

burada 4, B, C, D, E ve LAq belirlenen en iyi fit katsayilaridir. I¢ kuantum verimi
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sogurma katsayisinin bir fonksiyonudur. FR 25.0-2 numarali tuzak detektor it;ixi
esitlik 2.8." e gore gerceklestirilen fit sonuglar1 sekil 2.20. ve sgekil 2.21° de

verilmektedir.

1.0000

639.9 nm
S,

S32.00m

0.9995

L

0.9990

10E

1

09985

09980 A

09973 T T )
0l i 10 100

Sogurma Katsayist (1/um)

Sekil 2.20., Bir tuzak detektoriin deneysel igsel kuantum verimleri
(FR 25.0-2) ve esitlik 2.9.” a gore fit edilen degerler. Esitlik 2.9° da fit edilen
parametrelerin degerleri referans [41]” den alinmistir ve bu degerler sirastyla;
A=0.53086 um’', B=0.469643 pm, C=-0.28801 um?> D=-0.988739,
E=0.282028 um™ ve 1¢=0.256897 um.

Sogurma katsayist minimum degerine 300 nm dalga boyunun altinda
diismektedir. Bunun nedeni isimimin yiizeye ¢ok yakin bolgelerde sogurulmasidir.
Karakterize edilmis tuzak detektorlerin tayfsal duyarliliklari, 360 nm ile 906 nm
dalga boyu araliginda denklem (2.6.) yardimiyla hesaplanan yansitma ve denklem
(2.8.) yardimiyla hesaplanan ig¢sel kuantum verimi sonuglarinin, esitlik 2.5.” de fit

edilmesiyle bulunmustur.
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Sekil 2.21., Bir tuzak detektdriin FR 25.0-2 igsel kuantum veriminin, dalga
boyunun fonksiyonu olarak degisimi. Ol¢iim sonucunda elde edilen degerler
siyah dairelerle, modelleme sonucu elde edilen degerler ise siirekli ¢izgi ile

verilmektedir. En iyi fit i¢in esitlik 2.8.’deki serbest parametreler P=0.99748,
T=0.29, Pb=0.99675, D=31 ve h=60 olarak alinmistir.

360 nm dalga boyundan daha diisiik dalga boylarinda fotodiyotun yansitmast,
fit iglemleri ile belirlenebilecek yapida olmadigi goriilmiistiir, kuantum veriminde
Ongoriilemeyen artiglar s6z konusu oldugunda 360 nm dalga boyundan diigiik dalga
boylarinda tayfsal duyarlilik degerleri farkli bir yontemle belirlenmistir. Bu
yontemde, diisiik sicaklik radyometresi kullamlarak kalibrasyonu 200 nm ile 2500
nm dalga boylar1 arasinda olan elektriksel kalibreli payro-elektrik radyometre
kullanilarak, filtre radyometrelerin 285 nm — 360 nm bdolgesinde tayfsal duyarliliklar:

elde edilmistir.

Elektriksel kalibreli payro-elektrik radyometre (ECPR) morstesi bolgeden
orta kizilotesi bolgeye kadar olan bir aralikta transfer standardi olarak
kullanilmaktadir. $ekil 2.22.” de goriilmekte olan ECPR sistemi bir adet okuma
{initesi, bir payro-elektrik baslik ve optiksel frekans kiyicidan olugsmaktadir.
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Sekil 2.22., ECPR sistemin duyarlilik ¢lglimi. A; foto-aralik

Payro-elektrik baghk hazne igerisinde payro-elektrik detektér ve akim
yiikselteci yer almaktadir. Lityum Tantalat (LiTaO;) malzemeden yapilmis olan
Payro-elektrik detektdr giiclii bir elektriksel dipol momente sahiptir. Malzemenin
sicakligindaki de@isme bu momentin degismesine neden olmaktadir. Ayrica
Apayro-elektrik detektdr, gelen optik 1stmm igin tayfsal olarak diiz sogurucunun ve
elektriksel yerine koyma servo-dongili devresi igin isitici direncin fonksiyonu olan
altin siyahi ile kaplanmistir. Olciilmek istenen 1stum, 15 Hz % 50 devirli kiyict
(chopper) ile modiile edilir. Kiyici, kagak 1gimm etkisini minimize etmek amaciyla
1sinim kaynagina oldukca yakin konumiandiriimalidir. Frekansi kiyici ile belirlenen
optik 1s1mum payro-elektrik malzemenin lizerine gelecek sekilde ayarlanir. Payro-
elektrik detektoriin sicakligindaki zamanla degisim &lgiilebilen bir ac akim meydana
getirecektir. Bu akim, kiyici frekansi referans olarak kullanilarak lock-in yiikselteg
ile algilanabilir. Kiyict agik oldugu durumda payro-elektrik detektdr, altin siyah kaphi
sogurucu malzeme {izerine diisen optik giigle orantili 1sisal sinyal iiretir. Kiyici
kapatildigr durumda servo dongii, hassas 1sitic1 direncin bir fonksiyonu olarak, altin
siyalu boyunca gegen elektriksel akim atiglar1 (puls) tiretir. Bu elektriksel gii¢ (IxR),

payro-elektrik detektoriin elektriksel giice bagli olarak 1s1 sinyali iiretmesini saglar.
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2.6. Sicakhk Kararliliginin Analiz Edilmesi

Filtrelerin gecirgenlikleri sicaklik degisimlerinden etkilenmektedir. Eger
radyometrik birimlerin yiiksek dogrulukta &lgtimleri isteniyorsa, filtrelerin
sicakliklarinin zamanla degisimi 1 C° den az olmalidir [22]. Bu nedenle filtre
radyometreler i¢in en dnemli 6zelliklerden biri, zamana bagl sicaklik kararliligidir.
Filtre radyometrenin performans testi igin bakirdan yapilmis modiiliin kararliig1 Pt-
100 sensor ve 8172 dijit HP 3458 A sayisal multimetre kullanilarak gézlemlenmistir.
Sicaklik degisimleri otomatik olarak, Labview tabanli yazilim programi kullanilarak

belirlenmistir. (sekil 2.23.,).

tn
=
o

-\ﬂv—ﬂ'ﬂh-—-

h]
.'l
[
ha

1

Sicaklk {C°)

2.0
l

2500

2498
0 B0 120 180 240 300 360 420

iralgma Zamani {dakika)

Sekil 2.23., Filtre radyometresinin sicaklik kararlilig

Sekil 2.23.” de goriilecegi gibi filtre radyometresinin uzun dénem kararlilig1,
yaklasik 7 saatlik siire boyunca radyometre en iyi sicaklik kararliligint gosterdigi
25.02 C° degerine ayarlanarak tespit edilmistir. [lk 15 dakikadan sonra filtre
radyometrenin sicakligindaki maksimum sapmamn 0.01 C° seviyesinde oldugu
belirlenmistir. Ik 15 dakikalik boliimdeki sapmanin nedeni ise, elektronik akim
besleme sisteminin ¢aliyma prensibinden kaynaklanmaktadir. Bu prensipte sistemin
sicakligini ayarlanan degere kisa zamanda getirmek icin 6ncelikle yiiksek akim
verilmekte, daha sonra istenilen sicaklik degerine gelindiginde akim kesilmektedir.

Tam olarak verilmesi gerekli akim degeri tespit edilene kadar bu islem devam
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etmektedir. Belirlenen besleme akim seviyesinin tespit edilmesinin ardindan sistemin’

Sistemin kararlilifinin test edilmesinin ardindan filtre tizerindeki sicaklik
kararlilifini gozlemlemek amaciyla uzaktan Olgim sistemi olusturulmustur. Bu
sistemde, ol¢tim cihazi olarak bir adet kalibreli KT19.83 tipte kizilotesi termometre
kullanilmistir. Termometre, filtre radyometresinden 1 m uzakliga konumlandiriimis
ve filtre bakir modiil igerisine yerlestirildikten sonra odaklama islemi yapilmistir.
Odaklama isleminin ardindan filtre istenilen sicaklik degerine ayarlandiktan sonra
filtre yiizeyindeki sicaklik kararlihi analiz edilmistir. Sekil 2.24’den filtre

yiizeyindeki sicaklik degisimlerinin 0.2 C° den az oldugu anlagilmaktadir.

25,20 -

25,15 |
25,10 -
25,05 -
25,00 }
2405 M
2490 4 L
24,85 |

Sicaklik (°C)

2480 |- -
24,75
24,70

0,0 0.5 1.0 15 20 25 3,0 3,5

Caligma Zamani (saat)

Sekil 2.24., Filtre yiizeyindeki sicaklik degisimi

2.7. Foto-aralik Alan Olciim Sistemi

Foto-aralik  yap1 olarak, 1s1l genlesme Kkatsayisi digiik, karartilmig ince
metalden yapilma igi delik bir halkadir. Bu delikler (genelde lazerle) delik i¢ ve dis
cap1 farkli olacak sekilde hassaslikla agilirlar. Delik i¢i ¢eper yansumalarini azaltmak

icin, foto-araligin dar olan tarafi 15181 goren dis yiizeye konulur.
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uzaklig1 filtre radyometrenin 11k kabul agisini ve hassasiyetini belirler. Doga} olarak :
¢ap kigiildiikge kacak 151k (stray-lighy) hatasi da azalir. Foto-aralik alani e

detekidr hem de V() filtre alanindan yeterince kiigiik olmalidur.

Standart filtre radyometrelerin énemli gereksinimi referans ytizeyin dogru ve
kesin belirtilmesidir. Foto-aralik en digaridaki optik elemandir ve lamba mesafe
Olgtimlerinde Foto-araligin dig ylizeyi referans nokta olarak alinir. Burada detektor
ylizeyi referans hesaplamalar i¢in alinmaz zira optik uzunluk filtre yiiziinden
degisecektir (kisalacaktir). Eger filtre radyometrelerin referans yiizeyi (aperture'in
yeri) yanlis belirtilmigse, nceden belirtilen ters kare kanununun mesafeye bagli
fonksiyonu ¢ikistaki sinyale gore yanlis okunacaktir. Bunun i¢in referans ylizeyin
dogru kurulmasi igin fotometre basligiun (filtre radyometre) 6nitinde mutlaka
foto-aralik kullamilmali ve konumu disaridan belirlemeye izin vermelidir. Ancak
foto-araligin inceligi ve delik ic¢inin keskin geometrisi, boyutsal olarak dokunma

yontemleriyle ¢ap 6lgtim yontemlerinin kullanilmasina izin vermez.

Filtre radyometrenin giris kisminin alani, bilinen hassas optik aralik ile
tanimlanur. Bu amag igin 0.1 cm” alana sahip nikel bakir alasimli ince bir foto aralik
kullanilmustir. Optik olgtimlerin detektor temelli gergeklestirilimesi sirasinda en
biiylik belirsizlik bileseni, foto-araligin alaninin belirlenmesinden kaynaklanan
belirsizlik degeridir. Bundan dolayi laboratuarda sekil 2.25.”de goriilmekte olan optik

temelli Olgilim sistemi kurulmustur.

Toplama Kiiresi

Lazer Kaynag! §—

Kararlastirici
Sistem [

Yiikseltici

» |Multimetre

PC

l ‘Kontrol Kart1

—
IEEE488 BUS

Sekil 2.25., Foto-aralik alan Olglim diizenegi. A-foto-aralik, YD-yer
degistirme sistemi, TD-tuzak detektor
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He-Ne lazer kullamilmustir. Foto-aralik servo motor temelli iki yonlii (X-Y)*aareket

Vo

sistemi Uzerine yerlestirilmistir. Hareket sistminin tekrarlanabilirligi 0.12 um olup
-kesin adim uzunluklarina sahiptir. Foto-aralik, i¢ ylizeyi baryum siilfat (BaS, kaplh
toplama kiiresi giris portuna yerlestirilmis ve toplama kiiresi de hareket sistemi
lizerine konumlandirilmistir. Foto-aralik tizerine gelen ve foto araliktan gecen lazer
1s1imi, toplama kiresinin ¢ikig portuna yerlestirilmis tuzak detektdr kullanilarak
algilanmistir. Detektor tarafindan algilanan fotoakim, bir adet akim-gerilim
yiikselteci yardumiyla gerilime doniistiirtilmis ve yiiksek dogruluklu bir multimetre

yardimiyla Slgtilmiistiir.

Foto-arallk 6 mm x 6 mm karesel alan ylizeyinde 100 um adimlarla
taranmistir. Kaydedilen veriler esitlik 2.10 kullanilarak degerlendirilip, gerekli
hesaplamalar yapildiktan sonra, foto araligin aktif alani 1.6x10™ belirsizlikle elde

edilmistir (sekil 2.26.,).

(2.10.);

N
i
v
29 |L
&

Burada P;; foto aralifin farkli pozisyonlarindaki (7, k) olgtilen optik giig, Py;

lazer 1;131n1n toplam giicti ve AxAy adim uzunluklaridar.
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Sekil 2.26., Foto araligin iki boyutlu gériintimi

2.8. Filtrelerin Tayfsal Gegirgenlikleri

Filtrelerin tayfsal gecirgenlik 6lgtimlerini gergeklestirmek amaciyla otomatik
gecirgenlik Olglim sistemi kullandmustir (Sekil 2.27.). Sistemin en temel kismini
olusturan monokromattriin  dalga boyu tekrarlanabilirligi 0.01 nm olarak
belirlenmistir. Isik kaynagi olarak bir adet tungsten filamanli kuvars halojen lamba,

_monokromatdr girisine yerlegtirilerek lamba 15tnim1 monokromatdr giris silitine
odaklanmistir. Lamba sabit akim modunda ¢alistirilmis ve bu sayede lamba ¢ikisinda
~ 0.03 seviyesinde kararlilik saglanmuistir. Kiiresel ve silindirik konkav aynalar

kullanilarak astigmatizma etkisi ortadan kaldirilmustir.
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Sekil 2.27., Filtre gegirgenlik 6l¢lim diizenegi.
CPS; DC gii¢ kaynagi, SM; kiiresel ayna, CM; silindirik ayna, A; foto aralik,
S; kapatici, F; V(A)-filtre, FR; sicaklik kontrolli filtre radyometrsi

Isimim diizeyi ve 151k siddeti birimlerinin olusturulmasi sirasinda kullanilmak
lizere nominal merkez gecirgenlik dalga boylart 291 nm ve 906 nm aralifinda
degisen on bir adet filtrenin gegirgenlikleri 6l¢tilmiistiir (sekil 2.28.). Filtrelerden on
tanesi girisim tipte olup tayfsal bant genislikleri 10 nm dir. Diger filtre ise insan
gbziinlin algilama yapisina uyarlanmis V(R) tipte filtredir. Kagak 151k etkisini
minimize etmek amaciyla filtre radyometresi ve filtre karartilmis kabin igerisine

yerlestirilerek, lgiimler karanlik oda ortaminda gergeklestirilmistir.
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Sekil 2.28., Filtrelerin tayfsal gecirgenlik karakteristikleri

900

1000

40



3. Isimim Standardinin Belirlenmesi

Isimum standardi olarak kullanilan birincil seviye kaynak, siyah cisimdir.
Gorliniir ve mordtesi bolgelerde bu kaynaklarn kullanilabilmesi igin yliksek
sicakliklarda calistirilmalar1 gerekmektedir. Bu durumda galigtirma zorluklari ve
maliyetler olduk¢a artmaktadir. Bu nedenden dolay:, referans standart olarak
kullanilmak {izere maliyetleri ve ¢aligtirma kosullar1 zor olmayan, siyah cismin
istmasina benzer yapida 1gima yapan kuvars camli tungsten halojen lambalar
geligtirilmigstir. Gelistirilen bu lambalarin 6lgiimlerde referans standart olarak
kullanilabilmesi igin siyah cismin teorisinin iyice anlagilmasi gerekmektedir. Bu

sebepten siyah cismin yapist agagida dzetlenmistir.

3.1. Siyah Cisim Isimasi

Mutlak sifir sicakligindan daha yiiksek sicakliklarda bulunan her cisim 1s1
yayar. Bu olay klasik kuramda, 1s1 uyarilmalari sonucu cismin ylizey kisminda
bulunan elektrik yiiklerinin bir ivime kazanmasi ve elektromanyetik dalga yaymasi
seklinde tanimlanir. Klasik kurama gore, ivmeli hareket eden elektrik yiikleri
elektromanyetik dalga yayar. Farkli degerdeki ivmelerin olusturdugu 1si 1sumasi
gbriintir ve yakin kizilétesi bolge igin gegerli tiim dalga boyu seridini igerir. Bu
modele gore, birim ylzeyin yaydigi isimim siddeti, cismin mutlak sicakligr ile dogru
orantilidir. Bu olay1 1897 de Stefan-Boltzman tarafindan asagidaki gibi bir baginti ile

 verilmistir [51].
M =eoT" (3.1.);

Burada M, bir saniye i¢inde birim ylizeyden biitlin frekanslarda yapilan
enerji 1gumasint gosterir. ‘e’ 1ginim katsayist olup cismin 6zelligine bagli olarak sifir
ile bir arasinda deger alir. T sicaklik birimi kelvin (K), o ise Stefan-Boltzman sabiti

ve degeri 5,67032x10° Wm K™ dir. Bu degerlere gére M’nin birimi Wm? dir.
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Yiizeye 1gmmum seklinde diisen enerjinin bir kismui ylizey tarafindan: sogurulur.
Sogurulan bu enerji, yiizey lizerindeki yiiklii pargaciklarda kinetik enerji sekline -

donisiir.

Bir ylizeyin & squrganlik katsayisi ylizey tarafindan sogurulan enerjinin
yiizeye diisen toplam encrjiye orani olarak belirlenir. Termodinamik dusiincelerle, bu
iki katsayinin esit oldugu (e= o) gosterilebilir. Bir cisim, {izerine diisen biitiin 11n]ar
sogurma ¢zelligini gbsteriyorsa, yani sogurganlik katsayisia=1 ise, siyah cisim adini
alir. Sogurma ve 1s1inim katsayilari esit oldugundan siyah cisim ayni zamanda, ylizey
yiklerinde uyarim sekline déniigen, tiim 1s1 enerjisini 1g1ma seklinde yayan cisimdir.
Diger bir degisle siyah cisim, lizerine diisen enerjiyi sogurdugu gibi sahip oldugu
enerjiyi de yayabilen cisimdir. Stefan bagintisinda e=1 degerini alirsa, birim yiizey
icin tlim siyah cisimlerin 1s1ma giiciiniin, ayn: sicaklikta birbirine esit oldugu gortiliir.
Bunun sonucu olarak, 1s1 isumalarmin tiim 6zellikleri biitiin siyah cisimler igin
aymidir denebilir. Siyah cismin birim yiizeyden bir saniye i¢inde yaydifi 1sinim
siddeti M’ dir. Tim ylizeyden yayilan 1isimimin siddeti ise L. olarak gosterilir. L ile M

arasindaki iligki
[ (3.2);

seklinde verilir ve L’nin birimi Wm™sr™' dir.

Sicaklik degisimi siyah cismin yaydig isinimin dagiliminin kaymasina neden
olur. 1901” de Max Plank’in yapti§1 varsayima gore cismin yaydig1 enerji degerleri
klasik kuramin tersine, belirli degerleri alir [52]. Bu varsayimdan yola g¢ikarak
hesaplanan isinimin enerji dagilimmun deneylerle uyum iginde oldugu goriildi.
Plank varsayimi kullanilarak cisimlerin 1simim enerji dagilimlari kavite icinde ve

termal dengede hesaplanabilir.
Yiizeyinde bir delik bulunan i¢i oyuk sekil 3.1.° deki gibi bir cisim

diigtinelim. Deligin tistline diisen bir 1s1mim oyugun igine girerek duvarlar tarafindan

ileri geri yansitilir ve sonunda sogurulur. Deligin boyutlari oyugun boyutlar1 yaninda
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ok kiigiik oldugundan, igeri giren dalganin ¢ok az bir kisminin disari gikma olasilig
vardir. Boylece enerjinin biiylik bir kismuu soguran delik siyah ci‘sim_‘tize»lligi:ni

gosterir.

Bundan sonra oyugun iginde elektromanyetik dalga seklinde bir enerji bulunmadigini
ve T sicakligina kadar diizgiin olarak sitildigint diistinelim. Bu durumda duvarlar,
daha Oncede belirtildigi gibi, 1s1 151mas1 yapmaya baglar. Oyugun i¢ini dolduran
1simanin bir kismi delik istiine diiserek disariya gikar ve bdylece oyuk ve delik 1s1
1s1mast yayan bir sistem gibi davranmaya baglar. Disartya ¢ikan ve delik iginde

kalan 1g1ma, T sicakliginda siyah bir cismin tayf 6zelligini tasir.

Sekil 3.1., Bir oyuk yapisinin sematik gésterimi

Deligin tizerine digen bir 1ginim, oyuk igerisinde ardarda gelen yansimalar
sonucu tlimiyle sogurulur. Dolayisiyla delik 1s1mnim sogurucusu gibi davranir. Tersi
durumda ise 1sium delikten disar1 ¢ikar ve delik 1simm yayicist gibi davranir. Plank

varsayimla hesaplanan herhangi bir cismin tiim yiizeyindeki 1sinim siddeti

2hc?
I= d (3.3);

22 [/ _q

seklinde ifade edilir. Bu ifadeye Plank’in siyah cisim isima yasasi denir. 3.3
esitliginde tanimlanan biytikligiin dalga boyuna bagimliligi degisik sicakliklarda
gosterilmistir (sekil 3.2.).
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Sekil 3.2., Degisik sicakliklarda siyah cismin 1sima tayf dagilimi

Sekil 3.2. de gorildugi gibi, belli bir dalga boyu igin, 1 151mum siddeti

sicaklik yiikseldikge artar. Her sicakliga ait tepe noktasi, T yiikseldik¢e kiigiik dalga

boylarina dogru yaklasir. Bu sonug giinliik yasantimizdaki gozlemlerimizle uyum

halindedir. Cismin sicakli1 arttik¢a yaydigi 1s1 ¢ogalir. Uzun siire 1sitilan cisimlerin

Once gorinen 151k ic¢inde donuk kirmuzi, sicaklik artikga maviye kadar degisim

gosteren 1sim yaydigi bilinir. Verilen bir sicaklik i¢in, deneysel olarak elde edilen

enerjinin dalga boyuna gore degisim egrileri, cisimlerin cinsine bagli olmaksizin aym

ozellikleri tasir. Egrilerin tepe noktalarina ait dalga boylari A ile sicaklik arasinda

AT =2897.8umK (3.4.);

seklinde bir bagint1 vardir; buna Wien yer degistirme kanunu denir.
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Sekil 3.3., Siyah cismin sematik gdsterimi

3.2, Ismmmm Standardimin Olusturulmas: ve Test

Edilmesi

Isinim standard: olarak kullanilmak tizere 1000 Watt nominal elektriksel giice
sahip FEL tip lambalar se¢ilmigtir. Deney sonuglart gostermistir ki FEL tipi bir
lambanin toplam ¢alisma 6mrii, lamba prosediire uygun bir sekilde yaslandirildigi,
titresim ve gsoklardan korundugu aymi zamanda nominal gii¢ seviyesinden daha
yiiksek bir degerde calistirilmadigi durumda, bes yiiz saate kadar ulagmaktadir [53,
54]. Isimm dlizeyi standardi olarak kullanilmak {izere ti¢ adet FEL tip lamba
belirlenmistir. Bu se¢im islemi onlarca lamba igerisinden cam yapilar1 ve filaman
diizliikleri kontrol edilerek gergeklestirilmistir. Bu lambalar yiiksek giiglerde (1000
W) calistigindan dolay: 1sinma problemlerini ortadan kaldirmak amaciyla lambalarin
sabit olarak yerlestirilebilecegi hava sogutma kanall1 sistem dizayn edilmistir. Dolgu
malzemesi olarak ytiksek 1siya dayamkli diigiik elektriksel iletkenlige sahip seramik
malzeme kullanilmustir (sekil 3.4.).



Sekil 3.4., Tayfsal Isinim Diizeyi Standard

[stenilen renk sicakligini saglamak amaciyla lambalar belirli polaritede ve
sabit akimda yaklasik 80 saat siireyle yaslandirilmuglardir [S5]. Sekil 3.5 de
Jlambalarin yaslandirma periyodu igerisindeki akim ve isik siddeti parametrelerinin

kararlig1 gosterilmistir.

1.002

1.000

0.998

. —— Isik Siddeti

0.996

0.994

Normalize Deger

0.992 -

0.990 -—---

0.988
0 10 20 30 40 50 60 70 80 90

Calisma Zamani (saat)

Sekil 3.5., Yaslandirma prosesi siiresince lamba akim ve 1g1n1m kararlilig
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Yaslandirma isleminden sonra lamba doért baglanti teknigi kullamlarak sablt

&

polarite de c¢alistirilmistir. Lamba akimi Lab-View temelli bilgisayar kontrolllL gerl’ £

[

besleme sistemi ile otomatik olarak kontrol edilmis ve lamba akimindaki gorecelh an
f“s s

dalgalanmalarin i¢ saat calisma stiresi boyunca 1.5 x 107 den daha az oldugu

belirlenmistir (sekil 3.6.,)

2.50E-05

2.00E-05 -

1.50E-05 |y}

1.00E-05 4 — — ~

Akimdaki Standart Sapma

5.00E-06

0.00E+00
0.5 1 1.5 2 2.5 3

Calisma Zamani (saat)

Sekil 3.6., Lamba akimindaki dalgalanmalar

Bu tip lambalar 1sinim diizeyi standardi olarak kullanildigi gibi aydinlik
diizeyi ve 151k akisi gibi fotometrik uygulamalarda da kullanilabilir. Bundan dolay:
lambalarin optik 6zellikleri 7.2 A ile 8.1 A araliginda test edilmistir. Bu akim
degerleri 2856 K ve 3100 K renk sicakliklarina karsilik gelmektedir. On saatlik
caligtrma stiresi boyunca lambalarin renk sicakligi ve 11k siddeti degerlerinde ki

degisimin sirayla £2 K ve % 0.4’ den az oldugu gézlemlenmistir.
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4. Ulusal Isimum Diizeyi Ol¢eginin Olusturul{n%m :

On bir filtre i¢in lambalarin 1sinim diizeyi dl¢timleri sekil 4.1° deki o‘gfik”
diizenek kullanilarak gerceklestirilmistir. Lambalar hassas filaman ayar1 igin bes
serbestlik derecesine sahip ayar mekanizmalar1 {izerine yerlestirilmistir. Lamba

filamanimin dikey ve yatay ayari iki adet lazer diyot ve iki adet Teodolite kullanilarak

saglanmistir.
2
Lamba Kabini o
,/ Diyaframlar
LD e « ” ™ Filtre Radyometreleri

Yiikselticiler

14T
X I'i'»'.,k 2T Ay
‘JI_. ﬁﬂ' < o[ e o s o
T2 B ““"""‘ """" DMM
M

Deee &

Slcaklxk Kontrol6rleri
Kontrolérler

Sekil 4.1., Isinim Diizeyi Olgiim Sistemi.
LD-lazer diyot, T-Teodolite, AM- adim motoru, TS-hareket
mekanizmasi, DMM-dijital multimetre.

Filtre radyometre foto aralik merkezlerinin optik eksene gore ayar1 bir
numarali lazer diyot kullanilarak saglanmistir. Lambalar belirlenen dogru akimda ve
polaritede galisgtirilarak kararli besleme akimi saglanmis ve bdylece hassas ve dogru
elektriksel Slglimler gergeklestirilmistir. Lamba akimi, kalibreli bir direng {izerinden

Slctilen voltaj kullanilarak belirlenmistir.

Filaman ve filtre radyometre foto aralifinin yiizeyi arasindaki mesafe 500
mm olacak sekilde ayarlanmistir. Bu ayarlama islemi iki asamada saglanmustir: ik
asamada foto-araliklar ile tlim filtre radyometrelerin dig ylizeyi arasindaki mesafe
(d2) ZEISS-CMM koordinat 6lgme makinasi kullanilarak tespit edilmistir. Ardindan

optik diizenek {lizerine yerlestirilmis olan filtre radyometrelerin dis ylizeylerinin
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lamba filamanina uzaklig1 (d;) + 1.7 ppm duyarliliga sahip HP5529A mode! %f&%ﬁ‘ e

interferometre (Helium-neon with automatically tuned Zeeman-split two—frequ %‘ﬂ‘t @V

output) kullanilarak belirlenmistir.

Mesafe olgme igleminde hedef ayarlama o6zelligine sahip iki adet Teodolite
kullanilmistir. Birinci Teodolite lambanin filaman merkezine, diger Teodolite ise
filtre radyometrenin dis ylizeyine ayarlanmigstir. Mesafe Slgtimleri igin stfir noktasi
(veya referans nokta) hassas Teodolite ile goriintiilenerek merkez filaman ylizeyine
ayarlanmustir. Interferometrenin Retro-reflektorii tastyici iizerine yerlestirilmis ve
kose kismi lamba filaman pozisyonuna ayarlanmigstir. Daha sonra tasiyict hareket
ettirilerek ilgili mesafeye getirilmistir. Ikinci hassas Teodolite filtre radyometrenin
dis yiizeyinin kenarini bu noktaya ayarlamak i¢in kullamlmigtir. Son mesafe
d=do(1+(Al;+AL)/dg) olacak sekilde hesaplanmustir. Burada Al; ve Aly her iki

Teodolitin pozisyonlama dogrulugudur.

Filtre radyometreler bilgisayar kontrollli yer degistirme sistemi {izerine
yerlestirilmis ve optik eksene gore ayarlari bu sistem kullanilarak saglanmistir. Filtre
radyometresinin ¢ikis sinyali yiiksek dogruluga sahip bir akim voltaj ylikselteci ve iyi
kalitede sayisal voltmetre kullanilarak 6l¢iilmiistiir (DVM). Kagak 151k seviyesini
azaltmak ve diizgiin 151k dagilumi elde etmek amaciyla filtre radyometre ve lamba
arasina iki baffle yerlestirilmistir. Tayfsal 1simim diizeyi, 151k siddeti ve aydmlik
diizeyi Olgeklerinin olusturulmas: igin gerekli 6lgtimler bu deney diizenegi ile

saglanir.

4.1. Hesaplama Prensibi

Dalga boyuna bagli gegirgenligi 7(4) bilinen bir girisim filtresi ile filtrelenmis
bir kaynagn tayfsal 1simum diizeyine E£(4) karsi tayfsal duyarlilifn R(4) olmak iizere,

filtre radyometrenin foto akimt asagidaki esitlik ile belirlenir [56].
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i=A L E(A)R(A)c(A)dA (4.1.)

burada, A filtre radyometrenin aktif alanini belirleyen foto araligin alanidir.

Filtrenin etkin dalga boyundaki A,y kaynagin tayfsal isinum diizeyi, esitlik 4.2.

ile verilir.

Effy )= et (4.2

A[ R(A)()dz

Filtrenin etkin dalga boyu su sekilde elde edilir;

2
[Ar(2)da
_ A

A, =
4 [z(2)az

(4.3.)

FEL tip lambalar sogurma ve emisyon ¢izgileri olmayan diizenli spektruma
sahiptirler ve bu tip lambalarin tayfsal glic dagilimlar1 Planck igima kaynaginin giig
dagilimma olduk¢a yakindir [57]. Bu nedenden dolayr girisim filtrelerinin belirli
dalga boylarinda elde edilen isimmim diizeyi degerleri matematiksel yaklagim

fonksiyonlar1 kullanilarak genis bir dalga boyu araliginda belirlenebilir [58].
E.(A)=(+A4,A)exp(4, + 4,/ 2)1°° (4.4.)

Burada 4y, 4;, ve 4, fit parametreleridir. Ustel terim ise Siyah Cismin teorik
tayfsal 1simasina bir yaklagimi ifade eder. Bu fonksiyon tungstenin tayfsal emisivite
etkisini ve lamba caminin tayfsal gecirgenligini de kapsamaktadir. Fit parametreleri

en kiigiik kareler metodu kullanilarak ve hesaplanan £, ve dlgiilen E,, 1sium diizeyi
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arasindaki fark minimize edilerek bulunmustur. Ortalama goreceli fark f?ﬁ%‘

verilir;

RD(AO 5 AI > AZ) = Z [(Ec (Z'I )— Em (2’1 ))/(Em (ﬂ’/ )]2 (45)9

Lamba 6l¢lim verilerinin yer aldigi tayfsal bolgede, her bir lamba igin en
kiigiik kareler fit sonucuna bagli olarak bir dogrulama faktérii C(4;) hesaplanmuigtir.
Daha sonra 286 nm - 901 nm dalga boyu araliginda bir ortalama dogrulama faktorii
belirlenmistir. Ardindan fit uygulama iglemi her bir lamba i¢in &l¢iilen ve hesaplanan
degerler arasindaki ortalama goreceli fark 286 nm - 635 nm dalga boyu araliginda
minimize edilerek tekrar edilmistir. Modifiye edilmis hata fonksiyonu DM (4y; A1,
Aj) esitlik 4.6° da verilmigtir.

DM(Ay; 4,3 4,) = z G(/li )[(Ec (’1; )’" C)/(Em (4, )]2 (4.6.);

Burada, G(4) dalga boyu bagimhi 6l¢tim dogrulugu igin agirlik
fonksiyonudur. Her bir lamba igin yeni dogrulama faktdrleri C (A;) tamimlanmig ve

parametreler igin bu yeni revize olmus degerlerin ortalamasi alinmustir.

Fit islemi esitlik 4.6.” ya gore elde edilmis ve bu minimizasyondan sonra
lambalar igin elde edilen parametrelerle lambalarin 1simum diizeyi degerleri 286 nm

ile 901 nm dalga boyu araliginda belirlenmistir (Sekil 4.2).
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Sekil 4.2. Lambalarin Standart Isimim Diizeyi Degerleri

Elde edilen ¢6ztimin kararliligi her bir filtreden elde edilen sonuglardan birini
cikarip analiz iglemini tekrar uygulayarak belirlenmistir. Burada uygulanan analiz
isleminin goriintir bolgedeki Sl¢lim belirsizligini % 0.24 arttirdigi bulunmustur.
Morétesi bolgede interpolasyon isleminin goreceli standart belirsizliginin 0.28 ile

0.49 arasinda degistigi tespit edilmistir.

Metodun dogrulugunu ve uygulanabilirligini degerlendirmek amaciyla
Almanya Metroloji Enstitsiinden (Physikalisch-Technische Bundesanstalt)
izlenebilirlige sahip iki adet FEL tip lambanin Ol¢timleri gergeklestirilmistir. Bu
lambalar i¢in bulunan tayfsal igimim degerleri ve Almanya Metroloji Enstitiistiniin
vermis oldugu degerlerin karsilastirmasi sonunda maksimum fark 290 nm dalga boyu

civarinda % 2.8 olarak bulunmustur.
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4.2. Belirsizlik Biit¢esinin Olusturulmasi

Istnim diizeyi 6lgegi i¢in her bir dalga boyundaki belirsizlik bilesenleri
cizelge 4.1.” de verilmektedir. Bilesenler detektor duyarliligs, filtre gegirgenligi, foto

aralik alani, is1num diizeyi Slglimleri ve interpolasyon olarak 5 boliime ayriimigtir.

Detektor duyarliligi olarak belirtilen belirsizlik; diisiik sicaklik radyometresi,
detektoriin  dogrusalliktan sapmasi, igsel kuantum verim ve tayfsal yansitma
modellemesi, fotoakim Olgimleri ve payro-elektrik radyometrenin tayfsal
sogurmasindan  kaynaklanan  belirsizlik  bilesenlerinin  kombinasyonundan

olusmaktadir.

Icsel kuantum verim ve tayfsal yansitma modellemesinden kaynaklanan
goreceli belirsizlik goriintir ve yakin kizilétesi bolgelerde % 0.04 seviyesindedir.
Mordtesi bolgede igsel kuantum verim ve tayfsal yansitma modellemesi belirsizlik
biitgesinde yer almamaktadir. Fakat payro-elektrik radyometrenin tayfsal diizgtintigi
belirsizlige etki etmektedir. Bunun nedeni ise bu bolgedeki Olglimlerde
payro-elektrik radyometrenin kullanilmis olmasidir. Bu belirsizlik bileseni 286 nm

ve 360 nm dalga boylar1 araliginda % 0.47 ile % 0.20 arasinda degigmektedir.

Tayfsal gegirgenlik Slglimlerindeki ana belirsizlik kaynaklarindan ikisi filtre
gecirgenlik bant aralifi disindaki istenmeyen gegirgenlikler ve filtre yiizeyinde
meydana gelen sicaklik degisimleridir. Bu belirsizlik kaynaklar1 incelenmis ve elde
edilen degerler ¢izelge 4.1." de verilmistir. Cift kasa monokromatériin dogrulugu ve
hassaslig1 arastirilmis ve Slgtimlere olan etkisi hesaplanmistir. Olgiim sisteminden
kaynaklanan iki c¢esit hata mevcuttur. Bunlar, dalga boyu kaymasi ve pik
gecirgenlikleri olarak verilebilir. flk hata kaynag ismmum diizeyi degerlerinin
hesaplandig1 286 nm ve 360 nm dalga boyu bdlgesinde maksimum degerleri 0.23 %

den 0.18 %’ e degisen belirsizlikler meydana getirmektedir.

Hesaplanan 151mnim diizeyi degerlerindeki belirsizligin etkisi goriiliir ve yakin

kizilotesi bolgelerde % 0.08 seviyesindedir. Efektif dalga boyundaki gegirgenlik
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degerinin  belirsizlikleri kullamlarak, pik gegirgenlik belirsizlik bilegsenleri
hesaplanmistir. En diisiik deger 692 nm dalga boyunda % 0.06 olarak ve en yliksek
deger 286 nm dalga boyunda % 0.74 olarak belirlenmistir. Filtre sicaklik
degisimlerinin Olgiilen tayfsal 1gium diizeyine etkisi degisik sicaklik degerlerinde
analiz edilmigtir. Analiz islemlerinin sonucunda, sicaklik degisimlerinden
kaynaklanan belirsizlik degerleri tiim filtreler i¢in bulunmugtur. Hesaplanan
maksimum goreceli belirsizlik % 0.02 olarak bulunmugtur. Filtre bant gecirgenligi
disinda meydana gelen istenmeyen gegirgenlik degerlerinden kaynaklanan belirsizlik
bileseni 290 nm dalga boyu civarinda % 0.33 seviyesindedir. Bu belirsizlige 6l¢tim

sisteminin ¢Oziintirliigii neden olmaktadir.

Foto aralifin alan ¢lgiimlerindeki goreceli belirsizlik degeri % 0.1 olarak
bulunmustur. Isinim diizeyi 6l¢tim belirsizligi; mesafe Sl¢timii ve tekrarlanabilirligin
kombinasyonudur. Mesafe Olglimleri bélim 4’ de tamimlandigi bigimde yiiksek
dogrulukla elde edilmistir. Hesaplanan tayfsal 1gmmim diizeyi degerlerindeki
belirsizlik % 0.03 olarak bulunmustur. Yiiksek dogruluklu tekrarlanabilir 6lgtimler,
interferometre kontrollti hareket sistemi ile saglanmustir. Interpolasyondan
kaynaklanan belirsizlik bileseni, tayfsal 1smmm diizeyi hesaplamalarinda

kullandigimiz teorik modele baglidir.

Cizelge 4.1., Tayfsal 1s1nim diizeyi 6l¢timlerinin belirsizlik biitgesi

Belirsizlik Kaynag1 100 x goreceli standart belirsizlik
Efektif Dalga boyu / nm 291 304 315 333 404 434 555 633 692 803 906
Detektdr duyarlilig: 0.56 0.56 056 056 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Filtre Gegirgenligi 0.86 044 039 032 022 0.19 0.08 0.09 0.11 0.17 0.17
Foto Aralik Alani 0.01 0.01 o0.01 001 0.1 0.01 001 001 0.01 0.01 0.01
Isinim Diizeyi Olgiimleri 028 0.18 0.15 0.17 0.13 0.12 0.12 0.2 0.12 0.12 0.12
7 Interpolasyon 049 031 028 032 024 024 024 024 024 024 0.24
Birlestirilmis Std. Belirsizlik | 1.17 0.80 0.75 0.74 0.35 033 028 029 029 032 0.32
Genisletilmis Belirsizlik 23 16 15 15 07 07 06 0.6 06 0.6 0.6
(k=2)

54



Gergek diinyadaki dlgtimler monokromatik degildir ve optik 1s1mum olgtimleri
icin kullanilan kaynaklar bircok rengi igeren kaynaklardir [59]. Gaz bosalmali
lambalar, siyah cisim, diinya ve giines basta olmak tizere bu kaynaklar fofometri,
spektroradyometri, payrometri, uzay bilimi ve uzaktan algilama gibi ¢ok genis
bilimsel uygulamalarda kullanilmaktadir. Her durumda da genellikle belli bir tayfsal
araliktaki 1stnimin ¢ok dogru Sl¢limiine ihtiyag duyulmaktadir. Baz1 durumlarda talep
edilen toplam igmum Olglimiidiir. Toplam gilines 1gimmimini Slgmek icin uzaya
génderilmis olan diisiik sicak radyometresi ile gerceklestirilen glines 1s1mmim diizeyi
Olgtimleri &rnek olarak verilebilir [60]. Belirtilen tim bu &l¢timlerin yiiksek
dogrulukta gergeklestirilmesi isteniyorsa, birincil seviye cihaz olarak diisiik sicaklik

radyometresi kullanilmalidir.

Eger mutlak sonuglarin elde edilmesi isteniyorsa iyi karakterize edilmis
tayfsal filtrelemeye sahip kaynak kullanilmasi gerekmektedir. Bu nedenden dolay1
bir distik sicaklik radyometresi kullamilarak bir kaynagin tayfsal bilgisini dogrudan
elde etmek olduk¢a zordur. Filtre radyometreleri kullanilarak bir kaynagin tayfsal
bilgisine birka¢ Olglim neticesinde ulagsmak miimkiindiir. En bilinen filtre
radyometresi 6rnekleri fotometreler, payrometreler, spektroradyometreler UVA ve

UVB radyometreler v.b. olarak siralanabilir.

Eger filtre radyometreler diisiik sicaklik radyometresi ile ¢ok renkli kaynaklar
arasindaki  bagmtinin  kurulmasi amaciyla kullanilmak istenirse, tayfsal
karakteristiklerinin iyi bilinmesi zorunludur. Bu, genellikle dogrudan radyometreyle
veya radyometreyi olusturan bilesenlerin, diisik sicaklik radyometresi kullanilarak
lazer dalga boylarinda kalibrasyonuyla saglanir. Filtre radyometreler, monokromator
veya degisik dalga boylarinda lazerler kullanilarak karakterize edilir [61]. Her iki
yontem ile karakterize edilmis olan filtre radyometre kullanilarak elde edilen

izlenebilirlik akis diyagrami sekil 4.3.” de verilmektedir.
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Birincil Standart

l filtre radyometresi

Ikincil Standart Kaynak
(Ulusal Standartlar Laboratuar:)

l filtre radyometresi

Caligsma Standart Kaynagi
(Ulusal Standartlar Laboratuari)

l filtre radyometresi

Endiistriyel Kullanicilarin Referans
Kaynagi

i filtre radyometresi

Endiistriyel Kullanicilarin Caligma
Kaynagi

> l filtre radyometresi

Endustriyel Uygulamalar

Sekil 4.3., Fotometrik ve Radyometrik Ol¢iimler I¢in Izlenebilirlik Zinciri

Dogrulugu muhafaza edebilmek i¢in her kalibrasyon adiminda radyometrenin
tayfsal karakteristiginin degerlendirilmesi gerekmektedir. Cok renkli kaynak 6lgegini
olusturmak i¢in daha kisa yol sekil 4.3.” de noktali ¢izgi ile gosterilmistir. Bu
yaklasimda bir ¢ok ara adim ortadan kaldirilarak kalibrasyon zincirinin boyu

kisaltilmis, bdylece 6lglimlerin dogrulugu artirilmis ve masrafi azaltilmigtir.
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5. Monokromatoriin Verimlilik Kalibrasyonu

Isitnim diizeyi 6lgegi olusturulduktan sonra giines isinim radyometrelerinin
spektroradyometrik kalibrasyonu igin Bentham tipi ¢ift kasa monokromatdr kalibre
edilmistir. Kalibrasyon iglemi 290 nm — 900 nm dalga boyu aralifinda tayfsal 151mum
diizeyi degerleri elde edilmis 1000 W standart FEL tipi tungsten halojen lamba
kullanilarak gergeklestirilmistir. Giris ve ¢ikis yariklary, kabul edilebilir sinyal
giiriilti oraninda en diiglik sistematik 6l¢tim hatasi meydana getirecek ve 2 nm yar1
bant genisligi verecek sekilde secilmistir. Lamba akimi, paralel bagh iki akim
kaynag ile kararlt bir gekilde galistirilmigtir. Bu teknik hakkinda detayl: bilgi ve

sistemin performanst boliim 4.’ de aktarilmugtir.

Sekil 5.1.7 de goruldiigii gibi, lamba 500 mm mesafeye hassas olarak
yerlestirilmistir. Bir adet baffle, kagak 1sik etkisini diisirmek amaciyla lamba ile
monokromatér arasina yerlestirilmistir. Monokromatdriin ¢ikis sinyali tayfsal olarak

kalibreli silikon tuzak detektor kullanilarak dl¢tilmiistiir.

Ozon Uretmeyen
Bafﬂe Zenon Lamba et Coklay et Fotodetektdrler

Cift Kasa Monokromator

FEL Tipi Kalibreli Lamba
%«3@4
L l‘f}"&\,"g‘i‘g
AN ff '
LN

ﬂ Bilgisayar Kontrollu Hareket Dilzenegi
- Akim Kaynagi
Multimetre
Multimetre

Giig Kaynag:

Sekil 5.1., Monokromatér Kalibrasyon Sistemi. P.S.2 Gii¢ Kaynagi
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Karakterizasyon isleminden sonra giines 1sium Slgerlerin spektror;dyometrik
yoéntemle kalibrasyonu igin kararli bir giic kaynagi tarafindan beslenen 1000 W
zenon ark lambasi, monokromator giris boliimiine yerlestirilerek caligtirilmistir.
Belirlenen besleme degerinde akim kararliligindaki degisimin % 0.2° den az oldugu ‘
belirlenmistir. Olglimler tavan ve duvarlar1 siyah kapli ve sicaklik kontrollii ortamda

gergeklestirilmektedir.
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6. Isik Siddeti Biriminin Olusturulmasi

6.1. Isik Siddeti Birimi Kandela'nin Metrolojik Tanimi

Orjinal olarak, 1979'da kandela goyle tanimlanmuists;

'The candela is the luminous intensity, in a given direction, of a source that
emits monochromatic radiation of frequency 540x10'? Hertz and that has a radiant

intensity in that direction of 1/683 watt per steradian.’

Yeni tanimda (new candle) dncelikle genig bantli bir yayilima sahip karacisim
yerine, sadece tek dalga boylu bir 1simumdan sézedilmektedir. Aslinda burada
herhangi bir bilinen kaynak ya da sistem de tamimlanmamaktadir, sadece 555
nm’deki liimen ile watt arasindaki matematiksel iliski verilmektedir. Bu baglamda
kandela, teknolojik olarak mevcut {i¢ temel kaynaga gére gergeklestirilebilir: kara
cisimlere bagli kaynak temelli eski yontem, mutlak radyometre kullanilan detektdr

tabanli yontem ve eger mevcutsa, synchrotron 1sinumi kullanildigt ydntem.

Boylece fotometrik ve radyometrik Olgek iliskilendirilmektedir. Zaten her
radyometrik birimin fotometride bir karsiligt mevcuttur. Bu ifade tarzi, liimenle
bagmtili 151k siddetinin, mevcut teknolojiye, bilinen duyarlilik degerli detektorlerle
radyometrik tanima yonlendirme olarak ta yorumlanabilir. Ancak nasil
gerceklestirilecegi yontemi tanimda belirtilmemektedir.

Isaret edilen 540x10’* Hertzlik referans frekans degeri, insan gdziiniin en
hassas gorebildigi nokta olan 555.016 nm’ ye karsilik gelmektedir. Frekanslar
havanin kirilma indisiyle degismediginden, burada kaynagin dalga boyu yerine
frekans1 tanimlanmaktadir. Ayrica bu dalga boyu hassasiyet egri grafiginde fotopik
ve skotopik gérme egrilerinin kesistigi hattir. Insan gdziiniin giin 1181 gdrme
hassasiyet egrisi olan V(A), 360-830 nm dalga boylar: arasinda, CIE tarafindan
deneysel olgtimlerle 1931 yilinda standartlastirilmistir. Diisiik sicaklik radyometresi
ve tuzak detektorlerdeki ¢aligmalar, detektdr karakterizasyonundaki ve dolayisiyla

kandeladaki belirsizligin disiiriilmesini saglamistir.
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Yeni tanumda verilen en dnemli unsur 683 Im/W degeridir. Radyomét_ﬁ‘deh
fotometriye gegisteki verilen anahtar sayr budur. Aslinda bilinen Planck esitliginde
de, eski tanimdaki gibi 600000 Cd/m? i¢in Pt sicakliginda (2041.25 K) ve n=1.00028,
¢1=3.7417749E-16, ¢,=0.01438769 degerleri yerine konulursa Ky, igin 685.7 gibi ¢ok
yakin bir deger de elde edilir. 683 Im/W kara-cisimlerden elde edilen birkag gilivenilir

deneysel verinin kabul edilen ortalamasidir.

Genellersek, fotometri, 151k kaynaklarini algilamamiz olarak kisaltilabilir.
Insan goziiniin duyarlilifina bagimlilik fotometriye farkli bir belirsizlik getirir. Bu
nedenle bazilarina gore Kandela fiziksel degil, fizyolojik bir niceliktir [62] ve bu
agidan Sievert (doz) tiirev birimine benzer [63]. Bu baglamda kandela, bir agirlik

fonksiyonu tizerinden ger¢eklestirilmesi acisindan diger SI birimlerinden ayrilir.

Anlasilmasi igin, verilen son kandela tanimini bir pratik 6rnekle agiklamak
uygun olabilir: 100 W'lik normal bir ampul ortalama olarak 135 cd degerli bir 151k
siddeti verir. Isik akisi 1700 Im civarindadir. Yani bu bilgileri yukaridaki kandela
tanimina aktarirsak, bu lambanin radyometrik olarak 555nm’ de 135x(1/683) W/sr

glicltik bir isimum siddeti vardir.

6.2. Kandelanin Fiziksel ve Matematiksel Cikarimi

Kisaca, radyometri: optik 1smmmin fiziksel 6zelliklerini tanimlayan bilim
dalidir ve temel birimi 1smum akist (Radiant Flux) , @, 'dir. Bu terim pratikte
birseyden gecen ya da transfer edilen optik giicii ifade eder. Kandelanin detektor
tabanli gergeklestirilmesinde, tayfsal 1smum akist igin bilinen (yani karakterize

edilen) duyarliliga sahip standart detektorlii sistemler kullanilir.
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Fiziksel olarak, bir kaynaga ait 1sik siddeti Kandela; 1, Verilé:n’i y‘éind,e ‘_
yayimlanan her kati agidaki stk akisidir ve noktasal bir 11k kaynagt ig:iri (Lm/sr)

cinsinden su ifadeyle tanimlanir;

dg, :
l,=—>=K, |y 7 A (A B

Burada K, = 683 Lm/W, 1979'daki tanimla sabitlestirilmistir ve 555 nm’ de
1 Watt'lhik 1simima karsilik gelen liimenleri ifade eder. Z,; ise tayfsal 1ginim siddeti
olarak adlandirdigimiz radyometrik biyiikliiktir. Bu terim tayfsal 1smmm akisi

cinsinden de ifade edilebilir;

A, _ P d’
gt P g Z 6.2.);
A dQ Q (23 A ( )

780 612 780
1=K, [V,1,dA=683 [V,1,di=683."— [V,4,dA (6.3.);

380 380

Bu tanimda, d: 151k kaynagi-foto aralik (Aperture) uzaklig ve A4 ise foto aralik
alani olarak laboratuarda Olglilmesi gereken boyutsal niceliklerdir. Bu noktada,
detekttr tabanli gergeklestirmedeki fotometre, ideal tayfsal duyarliligt ¥, olan bir
filtre radyometresi olarak tanimlanabilir. Ancak gergekte hicbir filtre standart V)
egrisine uymadigindan bu ifade diizeltilmelidir. Bir fotometre bashgi i¢in tayfsal
duyarlilik ifadesi bir ¢arpima doniistiiriilebilir; S(4) = S(555). S,ei(4). Burada s(555):
ilgili tepe dalga boyunda fotometre basliginin kendisinin mutlak (Responsivity)
duyarlilifidir. Yani, dogrudan tuzak detektdre gbre monokromatdr diizeneginde
555 nm’ de karsilastirmali 6lglilmesi gereklidir. S,/ (4) ise fotometre bagliginin ayni
diizenekte, 1' e normalize edilmis sekilde tayfsal duyarlilik egrisinin bulunmasi

islemidir.

Olgiimlerde temel alinan bir nokta, algilanan fotometre akim degerinin,

Olgtilen lamba 151k siddeti ile olan dogrusal iliskisidir. Yani, i: fotometre akim ¢iktisi

olursa,
780 780
iwcl, o [V,4,dA= [S,5(555)p,,dA (6.4.);
380 380
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belirten karakteristik bir biiytiklikk oldugu i¢in burada, dalga boyuna bagl rolatif

duyarlilik integrasyonu (Spectral Mismatch) faktord, /', tanimlanir;

AR

R 2

/

Renk Dizeltme (Color Correction) faktorii olarak ta adlandirilan bu deger,
Ozellikle kalibrasyon kaynagindan farkli bir tayfsal dagilima sahip bir kaynagin 1s1k

siddetinin dogrulukla 6l¢iilebilmesi i¢in gereklidir.

Boylece 151k siddeti ve fotometre akimi ifadesi suna doniistir;

2 .
[ —eg3. L p !
A7 5(555)

6.3. Fotometre Bashg

Fotometre basligi, duyarliligi mutlak olarak kalibreli bir silikon detektér, bir
V(A) filtre ve alani bilinen &zel bir foto-araliktan olugmaktadir. Dizayn edilmis filtre
radyometre igerisinde V(A) filtresinin kullanilmasiyla fotometre olusturulmus olur.
Filtre radyometresini (bundan sonra bu boliimde fotometre bagligi olarak gececek)
olusturan pargalarin karakterizasyon olclimleri Onceki béliimlerde aktariimistir.
Fotometre basliginin olusturulmast amaciyla dig ¢capt 15 mm olan 3 adet filtre PRC
firmasindan satin alinmustir [64]. Iyi bir fotometre igin, fotodiyot duyarliliginin ve
V(A) filtrenin gegirgenliginin kombinasyonu ideal V(A) grafigine yakin olmalidir.
Fakat fotometrenin akim duyarhiligi, Ozellikle filtrenin sicaklik degismelerinden
etkilenebilmektedir. Bunun nedeni, 1sisal dalgalanmalar nedeniyle filtrenin

gecirgenlik 6zelliklerinin degismesinden kaynaklanmaktadir. V(L) filtrenin tayfsal
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gecirgenliginin  sicaklik  bagimliligi, filtre radyometresi degisik 51ca§kl1k“1arda .
caligtirilarak  olgtilmistiir. Sekil 6.1.°de dikey eksen, V(A) filtrenin %"“d\gwlk
sicakliklardaki gegirgenlik degerlerinin 25 C° deki gegirgenlik degerinden farkm1

gOstermektedir.

0.014 ' e
-e-20°C

0.012 e
A —30°C

0.010 j

0.008

0.006 : ; A : :

0.004 ‘ X |

0.002

+35°C

0.000 | i
350 40 4
-0.002

Gegirgenlikteki Fark

-0.004

-0.006

-0.008 L
Dalga boyu (nm)

Sekil 6.1., V(A) filtrenin ge¢irgenliginin sicaklikla degisimi

Sekilden, 555 nm pik gegirgenlik degeri i¢in goreceli sicaklik katsayisi
-0,07 %/C° olarak bulunmustur.

V(lambda)

—&— Srel (lambda)

0.8

0.6

0.4 ‘

0.2

Goreceli Tayfsal Duyarlyly! -

| i

0 i ' H d
350 400 450 500 550 600 650 700 750 800

Dalga boyu (nm)
Sekil 6.2., Goreceli Tayfsal Duyarlilik
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spektrofotometrik  Slgtim  sistemi kullanilarak belirlenmistir. Renk diizeltﬁie
fonksiyonu, standart V(L) grafigi i¢in hesaplanmistir. Elde edilen fotometre
duyarliliginin ideal V(1) grafigi ile kargilagtirmast sekil 6.2.de verilmektedir. Daha
iyl anlagilabilmesi i¢in fotometre duyarliliginin V(L) grafiginden farki biiytitiilmiig

Slecekle sekil 6.3.° de verilmektedir.

004~ e ——
0.03 | | ‘
0.02 ‘ -
0.01 - — S

0.00 —m——- — ’,
-0.01 :
-0.02
-0.03 - }
0.04 ! |

350 400 450 500 550 600 650 700 750 800

Fark: Srel - V(lambda)

Dalga boyu (nm)

Sekil 6.3., V(A) nin Sei(A) ile goreceli olarak karsilagtirmasi

6.4. Tayfsal giic dagilim olciimleri

Isik siddeti birimi kandela olusturulurken bilinmesi gerekli en énemli nokta
realizasyonun 2856 K renk sicakliinda yapilmasidir. Renk sicakligi, Planck tipte

istyicinin kromatik fonksiyonuna bagli olarak temel bir tanima sahiptir. Burada

igtyicinin sicakligny, CIE 1960 u, v kromatik koordinatlarini tanimlamak igin
kullanimugstir. Eger tungsten filamanli bir kaynagin tayfsal giic dagilimi bilinirse,

renk sicakligi CIE 1931 kromatik koordinatlarindan kolaylikla tanimlanir [65].

Laboratuarda kandelanin gergeklestirilmesi igleminde 1s1k kaynagi olarak

Osram Wi41/G tipi lamba kullanilir. Lambanin tayfsal giic dagilimi fotometrik
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dalga boylu filtre ise 40 nm bant genisligine sahiptir. Tiim filtreler i¢in, gec;lrgenhk

degerleri sekil 2.26. de goriilmekte olan ¢ift kasa monokromator Sl¢tim sisteminde 1
nm’lik adimlarla hassas olarak Olgiilmiistiir. Lambanin tayfsal giic dagilimi b6ltim

4.1.’de ayrintili olarak agiklandig: bicimde elde edilir (sekil 6.4.).

CIE (Commission Internationale de I’Eclairage) renk esleme
fonksiyonlarindan x(L), y(A) ve z(A) elde edilen kromatik koordinatlardan (x, y)
veya (u,v) 151k kaynaginin renk sicakligina ulagsmak igin Excel tabanli bir program
yazilmigtir. 380 nm ve 780 nm dalga boyu araliginda lambalarin lgiilen tayfsal giic
dagilimlarini 5 nm araliklarla programa ekleyerek CIE tgtiirsel degerleri (X, Y ve Z)

hesaplanir ve ardindan kromatik koordinatlar (x, y) ve (u, v) elde edilir.

10
03 ] —e— Olciilen j,f”rﬂ
08{ == fit edilen o

07 - p
t ’-’"
05 e

054 /

< -
8,3 4 e

0,2 1 ~_,._,.-r"""".

Normalize edilmis deger

380 430 480 530 380 530 650 730 760

Dalgaboyu, nm

Sekil 6.4., Osram Wi41/G tip lambanin normalize tayfsal gii¢ dagilimu
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6.5. Isik Siddeti Olciimleri

Isik siddeti birimi kandela alti metre uzunlugundaki optik diizenekte
olusturulmustur. Olgtim sisteminin temel bilesenleri bir 151k kaynagi, optik diizenek
ve V(O)’ i filtre radyometredir. Olgiimler bsliim 4.” de detayli olarak anlatilan
deney diizeneginde gergeklestirilmistir. Lamba filamani ve filtre radyometresinin
aktif alami arasindaki mesafe 4000 mm olacak sekilde HP5529A model lazer

interferometre kullanilarak ayarlanmistir.

Isik siddeti biriminin Slgiimleri igin filtre radyometre 2 um ¢ozinirlige sahip
bilgisayar kontrollii hareket diizenegi {izerine yerlestirilmistir. Filtre radyometrenin
sicakligi kararlilign +£0.01 °C olan sicaklik kontrol sistemi ile 25.00 °C’ ye
ayarlanmistir. Filtre radyometrenin foto akimi katsayis1 10% den 10° [V/A]” a kadar
ayarlanan akim voltaj dontistiirlicti yiikselteci ve yiiksek kalite sayisal voltmetre
(DVM) ile olgtliir. Kagak 151k seviyesini dislirmek amaciyla lamba ve filtre
radyometre arasinda cesitli mesafelerde, iki adet baffle kullanilmistir. Yapilan
6lgtimlerin sonucunda olusturulmus olan 151k siddeti birimi kandelanin izlenebilirlik

akis diyagramu sekil 6.5.” de verilmistir.

Mutlak Diisiik Sicaklik
Radyometresi
‘ [W]
Tayfsal Duyarlilik Olgegi
(Tuzak Detektorler) [A/W]

Téyfsal Duyarliligin Transferi
Fotoaralik Alan Olgiimleri
Hesaplamalar
Aydinlik Diizeyi Olgegi
(Filtre Radyometresi) [A/1x]

Mesafe Olc;iixnleril

Isik Siddeti Birimi
(Transfer Lambalarr)

Sekil 6.5. Isik siddeti birimi i¢in izlenebilirlik zinciri
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Belirsizligin degisik kaynaklari ve bunlarin 151k siddeti birimi kandelaya

katkisi cizelge 6.1.” de belirsizlik biitgesi olarak verilmektedir.

Cizelgeb6.l., Isik siddeti birimi kandelanin belirsizlik biit¢esi

10 x goreceli standart

Belirsizlik kaynag: belirsizlik
Renk dogrulama faktorii
Tuzak detektériin duyarlilig 9.0
Filtrenin tayfsal gegirgenligi 4.2
Lamba spektrumu 1.2
Tuzak detektor
Mutlak duyarlilik 2.5
Dogrusalliktan sapma 1.2
Uzaysal homojensizlik 0.5
Polarizasyon duyarlihgi 0.6
Filtre
Pik gecirgenligi 5.1
Uzaysal homojensizlik 4.7
Sicaklik ayart 1.4
Kizilétesi sizint 2.0
Olgiim
Foto aralik alani 1.6
Mesafe Sl¢iimleri 2.2
Lamba akimi 2.5
Lambanin ayar tekrarlanabilirligi 34
Filtre-radyometrenin ayar tekrarlanabilirligi 2.5
Kagak 151k 1.3
Foto akim Slgiimleri 35
Birlestirilmis Standart Belirsizlik 14.4
Genisletilmis Belirsizlik (k=2) 28.8
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7. SONUCLAR

Bu Tez, Ulusal 151n1m diizeyi 6lgeginin birincil diizeyde gergeklestirilmesi icin
referans standart filtre radyometresinin yapimi ve yedi temel ulusal o&lglim
biriminden biri olan 151k siddeti birimi Kandela’nin ve alt birimlerinin dedekt6r
tabanli gergeklestirilmesi c¢alismalarini kapsamaktadir. Bu hedefler dogrultusunda

yapilan ¢alismalar sonucu elde edilen sonuglar asagida 6zetlenmistir.

Ilk olarak; tayfsal olarak kalibreli tuzak detektdr, dalgaboyuna bagh
gegirgenligi Slgiilmiis filtre ve alani bilinen foto araliktan olusan filtre radyometresi
tasarlanarak {iretimi gerceklestirilmistir. Ardindan, filtre radyometresini olusturan

ekipmanlarin karakterizasyon islemleri sirayla gerceklestirilmistir.

Yiiksek lisans c¢aligmalarim kapsaminda kurmus olan lazer 1smim kararliligi
sisteminin performansi CCD (Charge Coupled Device) kamera kontrolii ile
iyelestirilmistir. Bu sistem ve yatay eksende 4 um, dikey eksende 3 pm hareket
hassasiyetine sahip dogrusal mikro hareket sistemi kullanilarak tuzak detektérlerin
uzaysal algilama duyarliliklar: aktif alanlart boyunca 6&lciilmiistiir. Incelemeler
sonucunda 6 mm alan igerisinde homojensizlikteki degisimin yaklagik olarak % 0.02

oldugu tespit edilmistir.

Tuzak detektorlerin dogrusalliktan sapmalart UME S1227 tipi dogrusallik
referans standardi ile Kkarsilastinlarak elde edilmistir. Tuzak detektérlerin
dogrusalliklar1 2.0 mW gii¢ degerine degin olgiilmiis ve 0.70 mW gli¢ seviyesine
kadar dogrusalliktan sapmanin 1 x 107 ve 3 x 107 araliginda degistigi
gbzlemlenmistir. Bu sonug filtre radyometresinin duyarlibimin 10° seviyesinde
oldugu anlamma gelmektedir. Dogrusalliktan sapmanin 0.7 mW optik gii¢
degerinden 1.6 mW gii¢c degerine yavas bir sekilde arttigi ve bu degisimin 1.6 mW

gii¢ seviyesinden sonra ¢ok daha fazla oldugu belirlenmistir.

Foto diyotlarin sicakliga bagli duyarliliklarinda meydana gelebilecek
degisimler arastirilmis ve S1337-11 camsiz tip foto diyotun 20-40 °C sicaklik
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araligindaki duyarliigindaki degisimin ihmal edilebilecek seviyede oldugu
belirlenmisti (0.2 %’den az). Bundan dolay1 tuzak detektdr yapiminda bu tip foto
diyotlar kullanilmis ve detektoriin filtre radyometre igerisinde sicaklik kontrollii

hazne igerisine yerlestirilmesine gerek kalmamistir.

Filtre radyometresinin polarizasyon bagimlilik Sl¢timleri 0.4 mW ve 1.7 mW
optik gii¢ seviyesinde test edilmigtir. Filtre radyometresinin Slgtimler sirasinda dogru
olarak ayarlanmamasi durumunda, ilk durum i¢in duyarlih@in belirlenmesi sirasinda
10, ikinci durum igin igin ise % 0.1 civarinda goreceli standart belirsizlik etkisi

meydana getirecegi belirlenmistir.

Olusturulan filtre radyometrelerin mutlak. duyarlilik 6lgtimleri iki adimda
gergeklestirilmistir. Ilk adim olarak lazer dalga boylarinda mutlak duyarhlik
Oletimleri gerceklestirilmis, ikinci adimda ise tuzak detektoriin igsel kuantum verimi
ve yansitma degerlerine yonelik fiziksel modeller kullanilarak 360 nm - 900 nm

dalga boyu araliginda duyarlilik ekstrapole edilmistir.

[sinim kaynagi olarak TEMgy modunda g¢alisan dikey polarize He-Ne ve Ar+
gaz lazerleri ve ¢iftlenmis Nd:YAG katt hal lazeri kullanilmisgtir. He-Ne lazer olarak
sabit (632.8 nm) ve ayarlanabilir (543.2 nm, 593.8 nm, 604.5 nm, 611.7 nm ve 639.9
nm) olmak {izere iki farkli lazer kullanitmistir. Ar” lazer ise ayarlanabilir olup 457.1
nm, 488.0 nm ve 514.5 nm dalga boylarinda isinim yaymaktadir. Ciftlenmis

Nd:YAG lazerin ¢ikisi ise 532.0 nm” dedir.

Filtre radyometresinin sicaklik kararlilig1 yaklagik 7 saatlik silire boyunca test
edilmistir. Ilk 15 dakikadan sonra filtre radyometrenin sicakligindaki maksimum
sapmanin 0.01 C° seviyesinde oldugu belirlenmistir. Sistemin kararliliginin test
edilmesinin ardindan filtre ylizeyindeki sicaklik kararliligi analiz edilmis ve filtre

ytizeyindeki sicaklik degigimlerinin 0.2 C° den az oldugu belirlenmistir.
Foto-aralik 6 mm x 6 mm karesel alan yilizeyinde 100 um adimlarla taranmis

ve gerekli hesaplamalar yapildiktan sonra, foto araligin aktif alami 1.6x107

belirsizlikle elde edilmigtir. Isimm diizeyi ve 151k siddeti birimlerinin olusturulmasi
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sirasinda kullanilmak {izere nominal merkez gegirgenlik dalga boylari 291 nm ve

906 nm araliginda degisen on bir adet filtrenin gegirgenlikleri 6lgﬁlmﬁ§tﬁr;

Tayfsal 1ginim diizeyi Slgegini olusturmak amaciyla FEL tip lambalar igin
sogutuculu lamba tutucu yapilmis ve lambalar yaslandirma iglemine tabi tutulmustur.
Olgiim ve hesaplamalarin ardindan 1s1mm diizeyi 6lgegi 291 nm ile 906 araliginda
olusturulmugtur. Filtre radyometrenin diisiik sicaklik radyometresine dogrudan
izlenebilirligi sayesinde 6lglim belirsizlikleri, kaynak temelli teknik kullanildiginda
elde edilen belirsizlik degerlerinden daha iyidir. % 95 glivenilirlik diizeyi igin
genigletilmis standart belirsizlik degerleri goriniir ve yakin kizilétesi bolgelerde
% 0.7 ve % 0.6 araliginda degismektedir. Bununla birlikte, belirsizlik degeri

mordétesi bolgede, 291 nm dalga boyunda, % 2.3 e ulasmaktadir.

Olusturulmus olan sistemin bir baska yeniligi, bu zamana kadar olusturulan
diger sistemlerle karsilastirildifinda glines 1sinim radyometrelerin kalibrasyonunun

en disiik belirsizlikle yapilabilmesidir.

Bu ¢aligmalar ile yedi temel SI biriminden biri olan kandela detektor temelli
olarak olusturulmustur. Bu baglamda, V(&) filtrenin gecirgenligi dl¢tilmiis ve 555 nm
dalga boyunda maksimum degeri olan % 54.71° i aldigi belirlenmigtir. Dizayn
edilmis olan filtre radyometre CIE V(L) grafigine ¢ok yakin olup kii¢iik renk
dogrulama faktérine, 0.9946, sahiptir. Isik siddeti lambalar1 ve filtre radyometreler
kullanilarak kandela birimi olusturulmus ve % 95 giivenilirlik diizeyi igin
genisletilmis standart belirsizlik degeri 2.88 x 10 olarak bulunmustur. Bu deger

kaynak temelli degerle karsilastirildiginda % 32 daha azdir.
Bu ¢aligmanin sonuglarinin neticesinde;

Ulusal 1s1um diizeyi 6lcegi 291 nm ile 906 nm dalga boyu araliginda yiiksek

dogrulukla olusturulmustur.

Yedi temel SI biriminden biri olan igik siddeti birimi birincil seviyede
olusturularak bu alanda {ilke igerisinde yapilan tiim olgiimlerin izlenebilirliginin

uluslar aras1 alanda kabul goriir duruma gelmesi saglanmistir.

70



KAYNAKLAR

M.Durak, F.Sametoglu, "Filter radiometer based realization of photometric scale

traceable to cryogenic radiometer at UME", Optical Metrology, 2005

Y.Ohno, “Improvement Photomelric Standards and Calibration Procedurs at

NIST,” J. Res. Natl. Inst.Stand. Technol. 102, 323-331 (1997).

C.L.Cromer, G.Eppeldauer, J.E.Hardis, T.C.Larason, A.C.Parr, “National
Institute of Standards and Technology detector-based photometric scale,”

Applied Optics, 32 (16), 2936-2948 (1993).

J.E.Martin, N.P.Fox, P.J.Key, “A Cryogenic Radiometer for Absolute
Radiometric Measurements,” Metrologia 21, 147-155 (1985).

T.R.Gentile, S.M.Houston, C.L.Cromer, “Realisation of a scale of absolute
spectral response using NIST high-accuracy cryogenic radiometer,” Appl. Opt.,
35, 4392-4403 (1996).

A. Lassila, H. Hofer, E. Ikonen, L. Liedquist, K.D. Stock, and T. Varpula,
“Intercomparisons of cryogenic radiometers using silicon trap detectors,” Meas.

Sci. Technol. 8, 123-127 (1997).

T.Varpula, H.Seppa, J.-M.Saari, Optical power calibrator based on a stabilized
green He-Ne laser and a cryogenic absolute radiometer,” IEEE Transactions On

Instrumentation and Measurement 38, 558-564 (1989).

P.Sperfeld, J.Metzdorf, S.Y.Galal, K.D.Stock, “W.Méller, Improvement and
extension of the black-body-based spectral irradiance scale,” Metrologia 37,

267-271 (2000)

71



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

J.F. Clare and K. M. Nield, “Realization of photometric scale based cryogenic
radiometry,” Metrologia 35, 251-254 (1998)

M. Durak, “Improvements of Optical Power Scale Realisation with a CCD

based Laser Stabilization System” Optics & Laser Tech. (accepted)

D.R Taubert, R. Friedrich, J. Hartmann, and J. Hollandt, “Improved calibration
of the spectral responsivity of interference filter radiometers in the visible

and near infrared spectral range at PTB,” Metrologia 40, 35-38 (2003).

E. M. Gullikson, R. Korde, L. R. Canfield, R. E. Vest, “Stable Silicon
Photodiodes for Absolute Intensity Measurements in the VUV and X-Ray
Regions,” J. Elect. Spect. Rel. Phenom. 80, 313-316 (1996).

J. Geist, “Quantum efficiency of the p-n junction in silicon as an absolute

radiometric standard,” Appl. Opt. 18,760-762 (1979).

E.F. Zaleski, and J. Geist, “Silicon photodiode absolute spectral response self-

calibration,” Appl. Opt. 19, 1214-1216 (1980).

E.F. Zalewski, and C.R. Duda, “Silicon photodiode device with 100% external
quantum efficiency,” Appl. Opt. 22, 2867-2873 (1983).

J. Geist, E.F. Zalewski, and A.R. Schaffer, “Spectral response self-
calibration and interpolation of silicon photodiodes,” Appl. Opt. 19,
3795-3799 (1980).

N.P. Fox, “Trap detectors and their properties,” Metrologia 28, 197-202 (1991).
J.L. Gardner, “Transmission trap detectors,” Appl. Opt. 33, 5914-5918 (1994).
B.K.Tsai, Developments for a New Spectral Irradiance Scale at the National

Institute of Standard and Technology, 1997, J.Res.Natl.Inst.Stand.Tech., 102,
551-558

72



20.

21.

22.

23.

24,

25.

26.

27.

28.

J.Metzdorf, A.Sperling, S.Winter, K.Raatz, W.M¢&ller, A new FEL—typé quartz-
halogen lamp as an improved standard of spectral irradiance, Metfologia137§ “

423-426 (2000)

M.Durak, K.Tirkoglu, F.Samadov. “Construction of a Reference Filter
Radiometer for the Spectral Irradiance Measurements”, V.Pasific Lasers and

Electro-Optics conference, Taipei-Taiwan, December, 2003

M. Durak, and F. Samedov, “Realization of a filter radiometer based irradiance
scale with high accuracy in the region from 286 nm to 901 nm,” Metrologia

41, 401-406 (2004).

P. Karha, P. Toivanen, F. Monoochehri, and E. Ikonen, “Development of a
detector ~ based absolute spectral irradiance scale in the 380-900nm spectral

range,” Appl Opt 36, 8909-8918 (1997).

C.A. Schrama, and H. Reijn, “Novel calibration method for filter
radiometers,” Metrologia 36, 179-182 (1999).

Photodiodes, Cat. No. KPD 0001EQ05, Aug. 1996 T, Hamamatsu Photonics K.
K., Solid State Division, 1126-1, Ichino-cho, Hamamatsu City, 435-91, Japan

D. H. Nettleton, T.R. Prior, and- T. H. Ward, “Improved spectral responsivity
scales at the NPL, 400 nm to 20 um,” Metrologia 30, 425-432 (1993).

M.Durak, F.Samadov, A.K.Turkoglu, “Spectral Characterization of Silicon
Photodiodes™ CIE International Lighting, Congress” 6-16 September 2001,
Istanbul / Turkey, Vol 2, p.p. 388-393.

M.Durak, M.H.Aslan. “Optical characterization of the silicon photodiodes for
the establishment of national radiometric standards”, Optics & Laser

Technology,” 36, 223-227 (2004)

73



29.

30.

31

32.

33.

34.

35.

ey,

W. Schréter, Electronic Structure and Properties of Semicond@tors, Ih:R. W.

Chan, P. Haasen, E. J. Cramer (Eds.), “Material Science and quechnblbgy: A
Comprehensive Study, vol. 4, pp. 220-221 (1998) L ‘

M. Durak, “Silikon fotodiyotlarin optik karakterizasyonu,” Y. Lisans Tezi, pp.
4-6 (2002)

M. Durak, F.Samadov, A.K.Turkoglu, “Spatial Non-uniformity Measurements
of Large Area Silicon Photodiodes,” Turkish Journal of Physics 26, 375-379
(2002).

M. Durak, F. Samadov, A.K. Tiirkoglu, M. H. Aslan “Silikon Fotodiyotlarin
Optik Karakterizasyonu,” 3. Elektro-Optik Kongresi, Aselsan-Ankara, 2001

J. Fischer, and L. Fu, “Photodiode nonlinearity measurement with an intensity

stabilized laser as a radiation source,” Appl. Opt. 32, 4187-4190 (1993).

L.P. Boivin, “Automated absolute and relative spectral linearity measurements

on photovoltaic detectors,” Metrologia 30, 355-360 (1993).

A. R. Schaefer, E. F. Zalewski, and J. Geist, “Silicon Detector Nonlinearity and
Related Effects,” Appl. Opt. 22, 1232-1236 (1983)

36. T. Kibarsepp, A. Haapalinna, P. Karha and E. Ikonen, “Nonlinearity

37.

38.

39.

measurements of silicon photodetectors,” Appl. Opt. 37, 2716-2722 (1998)

T. Saito, M. Yuri and H. Onuki, “Polarization charactersitics of semiconductor

photodiodes”, Metrologia 32, 485-489 (1995/96)

Guide to Expression of Uncertainty in Measurement, ISO 1993

R. Ké&hler, R. Goebel, and R. Pello, “Results of an international comparison of
spectral responsivity of silicon photodetectors,” Metrologia 32, 463-468
(1995/1996).

74



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

0. Bazkir, and F. Samedov, “Electrical substitution cryogenic radiemeter based

spectral responsivity scale between 250-2500 nm wavelengths,” Opt Appl‘*’“

34(3), 427-438 (2004).

A. Bittar, “Extension of a silicon-based detector spectral-responsivity scale into

the ultraviolet,” Metrologia 32, 497-500 (1995/96).

A. Haapalinna, P. Karha, and E. Ikonen, “Spectral reflectance of silicon

photodiodes,” Appl. Opt. 31,729-732 (1998).

M. Born, and E. Wolf. Principles of Optics, 3rd ed.(Pergamon, Oxford, 1965),

pp. 40.

L.H. Malitson, “Interspecimen comparison of the refractive index of fused

silica,” J Opt Soc. Am. 55, 1205-1209 (1965).

E. D. Palik, “Handbook of optical constants of solids Akademic Press,

NewYork, pp. 547-569 (1985)

K. D. Stock, “Internal Quantum Efficiency of Ge Photodiodes,” Appl. Opt. 27,

12-14 (1998).

J. Geist and H. Baltes, “High accuracy modeling of quantum efficiency”, Appl.

Opt. 28, 3929-3939 (1989)

J. Geist, A. M. Robinson and C. R. James, “Numerical modeling of silicon

photodiodes for high accuracy applications Part III:

Interpolating and

extrapolating internal quantum efficiency calibrations,” J. Res. Natl. Ins. Stand.

Technol. 96, 481-493 (1991)

J. Geist, D. Chandler-Horowitz, A. M. Robinson, and C. R. James, “Numerical

modeling of silicon photodiodes for high accuracy aplications, Parts I, IL” J.

Res. Natl. Inst. Stand. Tech. 96, 463-492 (1991)

75



50.

51.

52.

53.

54.

35.

56.

57.

58.

59.

L. Werner, J. Fischer, U. Johannsen, and J. Hartmann, “Accurate‘ determmallon'_‘»
of the spectral responsivity of silicon trap detectors between 238 and 1015 nm’

e

using a laser based cryogenic radiometer,” Metrologia 37, 279-284 (2000) i

R. McCluney, “Introduction to Radiometry and Photometry”, (Artech House,
Boston-London, 1994), pp. 63

M. Planck, “ Ann. Phys., Vol. 4, No. 3, 1901, p.553

L.K. Huang, R.P. Cobula and E. Hilsenrath, “New procedure for interpolating
NIST FEL lamp irradiances”, Metrologia 35, 381-386 (1998)

K.D. Stock, K.H. Raatz, P. Sperfeld, J. Mezdorf, T. Kiibarsepp, P. Karha, E.
Ikonen and L. Liedquist, “Detector-stabilized FEL lamps as transfer standards
in an international comparison of spectral irradiance”, Metrologia 37, 441-444,

(2000)

F.Samedov, M.Durak. “Realization of Luminous Flux Unit of Lumen at UME”,
Optica Applicata, 34(2), 265-274, 2004

P.Karha, P.Toivanen, F.Manoochehri, A.Haapalinna, and E.Ikonen,
“Development of a detector-based absolute spectral irradiance scale in the

380-900 nm spectral range”, Appl.Opt. 36, 8909-8918 (1997)
B.C. Johnson, C.L. Cromer, R.D. Saunders, G. Eppeldauver, J. Fowler, V.1
Sapritsky, and G. Dezsi, “A method of realizing spectral irradiance based on

an absolute cryogenic radiometer,” Metrologia 30(4), 309-315 (1993).

G. Andor, “Approximation function of spectral irradiance of standard lamps”,

Metrologia 35, 427-429, (1998)

N.P. Fox, “Radiometry with cryogenic radiometers and semiconductor

photodiodes”, Metrologia 32, 535-543 (1995/96)

76



61.

Metrologia 30, 305-308 (1993)

M.Durak, “Characterization of a Filter Radiometer Designed for Absolute

Optical Measurements”, Journal of Modern Optics (in press)

62. P. Toivanen, P. Karha, F. Manoochehri, and E. Ikonen, “Realization of the unit

63.

of luminous intensity at the HUT,” Metrologia 37, 131-140 (2000).

F. Samedov, M. Durak, and O. Bazkir, “Filter-radiometer based realization of
Candela and establishment of photometric scale at UME,” Optics and Lasers

in Engineering, (2005, in press).

64. PRC Krochmann GmbH, Berlin, Germany.

65. Commision Internationale de I’Eclairage, 1994, CIE publication No.114 Vienna.

p. 28-30

71



OZGECMIS

Lisesi Elektrik Bollimiinii bitirdi. 1994 yilinda kazandigi Ankara
Universitesi Fizik Miihendisligi Béliimii’nden 1998 yilinda lisans
derecesiyle, Gebze Yiiksek Teknoloji Enstitiisti Fizik B6limii’nden 2000
yilinda yliksek lisans derecesiyle mezun olmustur. 1998 Eyliil ayindan
itibaren TUBITAK, Ulusal Metroloji Enstitisi (UME) Optik
Laboratuvarinda arastirlc olarak ¢alismaktadir. Ilgi alanlari: Oncelikle
Mordtesi  bolge olmak {izere Radyometrik, Fotometrik ve
Spektrofotometrik 6lglim sistemleridir. Cesitli dergi ve konferanslarda
yayinlanmis otuzun iizerinde bilimsel ¢alismasi bulunmaktadir. Uluslar
aras1 Morétesi Olglimleri Calisma Grubu, Tirkiye Optik Komitesi ve
Otomotiv Sanayicileri Dernegi Aydinlatma ve Sinyal Diizenlemeleri
Teknik Komite tyesidir.

78



ELSEVIER

Available online at www.sciencedirect.com

scleuce@nlnsc'w

Measurement 37 (2005) 213-217

Measurement

www.elsevier.com/locate/measurement

Detector based calibration of solar UV radiometers
in laboratory environments with high accuracy

Murat Durak **, S. Eren San b, M. Hasan Aslan °

* National Metrology Institute of Turkey (UME), P.O. Box 54, 41470 Kocaceli, Turkey
5 Gebze Institute of Technology (GYTE), P.O. Box 101, 41400 Kocaeli, Turkey

Received 27 July 2004; accepted 14 February 2005

Abstract

A detector based measurement system was designed and established in UME optics laboratory for the calibration of
solar UV radiometers. Filter radiometer, made up of a silicon trap detector, band-pass filters and precision aperture in a
temperature-controlled enclosure was constructed for this purpose. Spectral responsivity of trap detector was evaluated
to be traceable to the cryogenic radiometer and electrically calibrated pyroelectric detector. Uncertainties in the filter
radiometer’s responsivities at 291 nm, 296 nm, 313 nm, 357 nm, and 378 nm wavelengths were calculated as 1.6%,
1.3%, 0.8%, 0.6% and 0.2% respectively. Relative uncertainities in irradiance measurements were found to be between

3.4% and 0.9% in the region of 291-378 nm.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Filter radiometer; Calibration; Detector; Solar radiometer; Uncertainty

1. Introduction

In order to confirm possible alteration of UV
radiation on the earth surface experimentally, it
is necessary to construct UV observation stations,

* Corresponding author. Tel.: + 90 262 679 50 00; fax: +90
262 679 50 01.
E-mail address:
{M. Durak).

murat.durak@ume.tubitak.gov.tr

which are traceable to national standards having
uncertainty less than 10%. The acquired minimum
uncertainty value is at the order of ~5% in the cur-
rent level in such measurements [1]. Measurement
uncertainty is somehow related to the irradiance
scale due to the nature of the phenomena. Irradi-
ance and spectral responsivity comparisons exhib-
ited 2-4% uncertainties respectively in UV region
in the latest intercomparisons where tungsten hal-
ogen lamps, 1000 W FEL type, are utilized [2,3].
Actually calibration uncertainties of solar UV
radiometers are relatively high.

0263-2241/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.measurement.2005.02.001
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In UME; we have established a detector based
irradiance scale by using absolutely calibrated
filter radiometers with 1000 W FEL type lamps
and we have broadened the irradiance scale to
the UV-A and UV-B ranges by adding suitable
band-pass filters in order to reduce the measure-
ment uncertainty for solar UV meter calibrations.
The aim of this work is to reduce the measurement
uncertainty by using absolutely calibrated trap
detector based filter radiometers.

2. Radiometer characterization

The schematic representation of the filter radio-
meter; consisting of a spectrally calibrated trap
detector, a filter with measured transmittance
and an aperture with known area; is shown in
Fig. 1. Due to the low reflectance of trap detector,
errors arising from interreflections between the fil-
ter and detector can be corrected easily. Since filter
structure of the filter-radiometer is changeable,
detector and filter can be characterized indepen-
dently. The entrance part of radiometer with a
3 mm diameter precision aperture and band-pass
filters are kept at a constant temperature. The
aperture and filter are located in a copper front-
module the temperature of which is controlled by
an annular thermoelectric peltier element. A cali-
brated Pt-100 temperature sensor and a NTC
thermistor were used in the filter radiometer’s

housing to measure the temperature of the filter,
and to obtain feedback signal from the interior
of the radiometer. The other side of the peltier is
thermally isolated and connected to a black heat
sink where the trap detector lies inside a plastic
enclosure. Hamamatsu S1337-11 type photodiodes
are insensitive to temperature changes smaller than
0.2% according to the previous studies [4]. There-
fore the photodiodes were not included in this
thermally stabilised module. Characterization of
the filter radiometer is basically divided into three
parts; transmittance of filters and determination of
aperture area, responsivity measurements of trap
detector and analyses of temperature stability of
the housing.

2.1. Filter transmittance and determination of
aperture area

Five filters whose nominal central wavelengths
are 291 nm, 296 nm, 313 nm, 357 nm and 378 nm
were used in order to realize irradiance scale at dis-
creatc wavelengths. Used filters are commercial
interference type stacked with colored glass filter.
Area of the high precision bimetal (nickel-copper)
apertures, which is another main component of the
filter radiometer, was determined optically by
using integrating sphere method within 2 x 10~
uncertainty. A double monochromotor system
having 1 nm interval in pass band was used to
measure the transmittances of filters which were
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Fig. 1. Cross-section of the filter-radiometer.
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Fig. 2. Transmittances of the filters.

also measured outside of the pass band in order to
check possible leakages (Fig. 2).

2.2. Responsivity measurements of the trap detector

Trap detector consists of three windowless
Hamamatsu 1337-11 type silicon photodiodes. In
trap detector design, geometry of the photodiodes
is arranged in such a way that polarisation sensitiv-
ity is eliminated. Incident beam undergoes five
reflections before leaving the detector as shown in
Fig. 3. Therefore, reflectance of a trap detector is
approximately 40 times lower than that of a single
photodiode in interested UV-region [5]. Absolute
responsivitics of the trap detector were determined
by using electrical substitution cryogenic radiome-
ter (ESCR) at discrete laser wavelengths in 350-
900 nm spectral range. The spectral responsivity
of the trap detector was obtained mathematically
from absolute responsivity

. . Y3
R(G) = [1 = 8(AI[1 - p(2)] (1)
where 3(4) is the internal quantum deficiency of
trap detector, p(4) is the reflectance of the detector,
e is the elementary charge, # is the Planck con-
stant, 4 is the wavelength in vacuum and c is the

he

Mncoming light

Reflected light

Fig. 3. Schematic representation of the trap detector.

Responsivity [A/W]

0 t .
200 300 400
Wavelength [nm]

Fig. 4. Responsivity of FR in UV region.

speed of light [6]. Due to the unpredictable optical
characteristics of trap detector in UV region, the
above model cannot easily be applied to specify
the spectral responsivity in that region. In order
to obtain the responsivity in this region electrically
calibrated pyroelectric radiometer having flat
spectral responsivity was calibrated by using
ESCR and then trap detector’s spectral respon-
sivity was attained in the 200-350 nm regions by
calibrating them against pyroelectric radiometer
(Fig. 4).

2.3. Analyses of temperature stability

For a characteristic operation of the filter radio-
meter, changes in temperature versus time are
shown in Fig. 5. After setting the temperature of
the filter-radiometer, stability of temperature
was observed by using 8!/ digit HP 3458 A mul-
timeter and a Labview based program was used
in order to record the data automatically. As it is
seen in Fig. 5 the best result was achieved when
the temperature was set to 25.02 °C for which,

25.05
=~ 25.04 4

@ 25.03

3

£ 25‘02-*,.
é 25.01

@

¥ 25.004——-

24.99
Y 60 120 180 240 300 360 420

Operation Time (Minutes)

Fig. 5. Dependency of temperature stability on the operation
time of filter-radiometer.
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the long-term stability of filter-radiometer was
determined with less than 0.01 °C within a time
interval of 7 h.

3. Measurement set-up

Detector based measurement system was
established in UME optics laboratory in order to
perform solar UV measurements with low uncer-
tainty. Three 1000 W standard FEL type lamps
were used as light sources having high optical radi-
ation during measurements. As shown in Fig. 6,
orthagonality adjustment of lamp filament was
performed using two laser diodes and an auto-
collimator in the alignment process. The electrical
parameters of lamp, operated with DC power at
fixed polarity and at a stabilized lamp current,
were measured using four-pole-technique [7]. A
LabView based program was developed to contro]
the lamp current automatically with a computer-
feedback system. It should be noted that stability
of the lamp current was kept constant at about
2x107*A with an expanded uncertainty of
0.03% (k = 2). Baffles were employed to minimize
the stray-light and to adjust a rather collimated
beam shape. The alignment and the directionality
of the rail were also adjusted using an autocollima-
tor. Reference filter radiometer and a solar UV
meter are settled on the computer controlled
movement system having precise and accuratelin-
ear steps in XY axis. The distance between the fil-
ter radiometer and the light source was measured
by means of interferometer with a 0.1 pum uncer-
tainty. Filter radiometer was used to calibrate the

Lamp Cabinet

Micro-controller

irradiance value of standard lamp in the transmit-
tance range of the filter.

Due to the erythemally weighted solar radiation
having the maximum value about 300 nm, mea-
surements were done in the mentioned region.
Filter radiometer generates photocurrent depend-
ing on the optical radiation incident on the
effective area of filter radiometer as given in Eq.
2).

-y / E(A)e()R(7)di 2)

where A4 is the area of the aperture, E(4) is the
spectral irradiance to be determined at the aper-
ture surface, 7(Z) is the spectral transmittance of
the filters whose spectrum were initially deter-
mined, R(%) is the known spectral responsivity of
the trap detector, and 4 is the radiation wavelength
in air.

The spectrum of a light source with tungsten fil-
ament, which was used in measurements, is iden-
tical to Planck Radiator [8,9]. The spectral
irradiance of the light source obeying the Planck
Radiation law’s expressed as:

Xe(2)

2lexp (55) — 1]

where X is an auxiliary multiplication factor, &(/)
is the effective spectral emissivity of the lamp, ¢; =
1.4388 x 1072 m K is the radiation constant, and T
is the temperature of the lamp filament. After
obtaining the irradiance scale, the monochromator
unit was characterized using a calibrated tungsten
halogen lamp and spectral radiation measurement
system was established. 1 kW xenon and 40 W

E () = (3)

Baffles  Solar UV Meter

Filter Radiometer

translation stage

Fig. 6. Calibration set-up for solar UV radiometers.
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doterium lamps were calibrated by using this
system.

4. Conclusion

The goal of this work is to develop a low uncer-
tainty measurement system having compatibility
and practical usage in solar UV measurements.
In this aim, detector based solar UV radiometer
calibration facility was established with uncertain-
ties 0.9% for 378 nm, 1.5% for 357 nm 1.8% for
313 nm, 3.2% for 296 nm and 3.6% for 291 nm
center wavelengths. New measurement system
was originated to cover the whole UV-A and
UV-B wavelength region. The eflects of tempera-
ture variation were minimized by means of a tem-
perature control system and these variations on
the filter surface were monitored by using a
pyrometer whereby temperature changes were
found to be smaller than 0.2 °C. Uncertainty aris-
ing from lamp alignment was minimized by using
an auto-collimator having 10 um resolutions.
Usage of an interferometer for distance measure-
ment between the lamp filament and reference
plane of the radiometer, also reduced the
uncertainty.

Uncertainty of new facility is better than that of
a source based technique, because the traceability
of the filter radiometer is attributed to the primary
standard cryogenic radiometer. System has also
utility advantages and interchangeable characteris-
tics of the filter enables only one trap detector to
be adequate for measuring different wavelengths.
Promising experiences, attained from this study,

give us inspirations to develop portable solar UV
meters in further designs.
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Abstract

This paper deals with improvements in the measurements of optical power by using CCD-based stabilization optics. Absolute
optical power scale has been realized at discrete laser wavelengths of vertically polarized tuneable Ar™, fixed He-Ne and fixed
Nd:YAG (with second harmonic) laser sources. Electrical-substitution cryogenic radiometer was operated at the helium temperature
for this purpose. To make measurements on the metrological level the intensities of lasers were stabilized to better than 0.004% by
using an established system. Using the highly collimated and stabilized lasers, whose beam shape and dimension were adjusted
properly, leads us to measure the absolute optical powers with an uncertainty in the order of 1074,

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Many national metrology institutes realized their
photometric scales by means of detector-based realiza-
tion methods using constructed reference photometers
after the new definition of Sl base unit for luminous
intensity; candela, by Committee Generale des Poids et
Mesures (CGPM) in 1979 [1,2]. The candela has been
realized by determining the absolute responsivity of the
detector by the absolute measurement of optical power
using electrical substitution-cryogenic radiometers
(ESCRs) working at liquid helium temperature [3-5].
This device can be used both with normal monochro-
matic or laser sources. However, in many cryogenic
radiometers lasers are preferred. Due to the many
important features such as high thermal diffusivity,
nearly perfect light traps, superconducting leads, etc.
ESCRs are used in many national metrology labora-
tories as the primary standard [6.7].

*Fax: +90262679 5001.
E-mail address: murat.durak(@ume.tubitak.gov.tr.

0030-3992/3 - see front matter & 2005 Elsevier Lid. All rights reserved.
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Besides the advantages of ESCR the improvements in
the optical power measurements strongly depend on the
stabilization and cleanliness of laser beam. Normally,
the achieved best intensity stability for the lasers was in
the order of 0.009% and obtained uncertainty in the
optical power was at the level of 1.3 x 107*[8]. In order
to reduce the uncertainty, a CCD-based laser intensity
stabilization system was established.

Laser beam stabilization studies are presented in
Section 2. Absolute optical power measurements with
the cryogenic radiometer are introduced in Section 3.
Analyses of the uncertainty and comparison results
between old and new scales are given in Section 4.

2. Power stabilization of laser beam

The intensity stability of a laser should be in the order
of 107° for power measurements if metrological
applications are required [9]. Therefore, it is quite
difficult to make metrological measurements by using
normal monochromatic or laser light output. In order to
compensate fluctuations, optical power of the laser
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beams were stabilized with a laser power controller
system which have electro-optic modulators (EOMs) fed
by the measured output signal (Fig. 1).

The laser power controller system basically consists of
an EOM, a temperature-controlled monitor photodiode
and control electronics. Vertically polarized laser light
incident on the EOM first passes through a liquid crystal
medium, which alters the beam transmittance depending
on the variation of the intensity. The optical beam after
passing through the EOM is partially reflected from the
wedged fused-silica beam splitter. Precision monitor
photodiode receives the reflected beam from the wedged
window and send it to the electronics module as current
signal. Electronic module drives liquid crystal of EOM
and this feedback loop controls the optical beam to get a
constant signal power output. In Fig. 2 power stabiliza-
tion of Ar™ laser at 488.1 and 514.6 nm, Nd:YAG laser
(with second harmonic) at 532 nm, and He-Ne laser at
632.8 nm are displayed. All the signals were normalized
to average value. The output stability was reached is in
the order of 107 level.

In order to compare the level of the stabilization,
output power of the He—Ne laser was observed by using
another photodetector employed in front of the
stabilization optics. After analyses, the stability of the
Jaser was found to be at the level of 107 without
stabilization optics.

A spatial filter, which consists of a 10 x microscope
objective, a 25um pinhole and collimating lens were
used to generate a geometrically well-defined Gaussian
laser beam with a desired dimension. A laser beam with
a 3mm spot diameter was obtained by using collimating
lens. Shapes of the lasers were precisely aligned by using
a CCD array and variable iris diaphragms. Undesired

diffraction patterns and back-scattered lights were not
allowed to pass through by controlling the beam image
from the monitor [10]. Three-dimensional shapes of the
Ar* (488.1nm) and He-Ne (632.8nm) laser beams
before and after the precise alignment are shown in
Fig. 3.

3. Power measurements of stabilized laser beams using
ESCR

Optical power measurements were performed using
the static substitution method. This method is based on
sandwiching optical temperature between two electrical
temperature points. The range of estimated electrical
power levels, applied to give temperature slightly above
and below the optical temperature, is determined with
thermal link calibrations and they should not be less
than the cavity sensivity [8]. Hence, before starting the
optical power measurements thermal link calibration of
the cavity has to be done to determine the cavity
sensitivity. Thermal link calibration correlates power
with temperature by applying series electrical powers to
the cavity. In these measurements the cavity sensitivity
was found to be 2.3 mK/uW.

The instrument used to measure the power of the
stabilized beam is the ESCR, which is designed to be
used with a beam of collimated and vertically polarized
light with powers ranging from few to 1 mW. The basic
elements of the ESCR (Fig. 4) are Brewster window,
quadrant photodiodes, the absorbing cavity. electrical
heaters, a reference block, and dummy cavity. The
reference block is constantly maintained at liquid helium
temperature (4.2 K) with a temperature controller, and it

Microscope Lens Wedge  Transiation

| modulator : Objective : Beam I Stage
| Liquid splitter |
| {Crystal | | I
1 | l |

I | I ]

Laser } t Detector
ﬂ| I ! ﬂ |ﬂ Cryogenic
A | | A2 1" Toop Radiometer
I l _/ I ! Camera
I Beam Ipinhole Diffraction = |
: Splitter{_ _____ Patiem | [Monitor } IEE 488
| Photodiode l
| Control |
] Etectronics ] p.C
L -
Laser Power Stabilizer System —/ L |

Fig. 1. Laser power stabilization system. Al. A2 and A3 are iris diaphragms.
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provides a reference temperature point for the relative
temperature measurement of the absorbing cavity. The
low operating temperature dramatically increases the
sensitivity of the thermal sensor, reduces the cavities
thermal capacity and minimizes the effect of back-
ground radiation.

(a) before -

tater |
Fig. 3. Three-dimensional shapes of the laser beams. (a) Ar'
(488.1 nm) and (b) He—Ne (633 nm).

The temperatures of the cavity and reference block
are measured using Rhodium Iron (RhFe) and Germa-
nium (Ge) resistance thermometers soldered into the
cavity and reference block. A digital voltmeter with the
scanner was used in the system for multi-purpose
measurements. The quantities to be measured are the
scattered light level, the cavity heater voltage, the
standard resistor voltage and internal temperature of
the standard resistor.

ESCR measures the difference in the electrical heating
power when the laser beam enters the cavity and when
the beam is blocked. Power of the laser beam and
clectrical power were applied to the absorbing cavity,
respectively. By adjusting the electrical power, so that
the cavity temperature rises, is the same for both types
of input heating, the radiant powers of the lasers
were equated to the measured quantity of electrical
power [11].

Heating power measurement consists of two alternat-
ing sequences. Voltages V}, and V, across the heater
element and reference resistor, respectively, were mea-
sured in turn several times for each power level and
averaged. The electrical heating power at interval { was
obtained as [12]

Vh(i_ l) - Vh(i—i‘ 1) V,(i—— 1) - Vr(i+ 1)
2 2R, ’

Pl = n

where R, is the resistance of reference resistor. Measured
optical power of the radiometer is given as

|P(i) — [P(i — 1)+ P(i + D]l
5 .

Po(i) = @
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Due to the non-ideal transmittance (4) of the
Brewster window and imperfect absorbance «(2) of the
cavity the measured optical power (P,) deviates from the
true laser power as
Pl =5 [% + sw] . ©)

Lasers that were employed for the measurements are
Ar+ (488.1, 514.6 nm), Nd:YAG (532nm) and He-Ne
(632.8 nm). Fig. 5 shows the optical power measure-
ments of these laser beams. Each measurement was
repeated 20 times in a day. After 27 h they were repeated
again and it is shown that power variations are almost
within the same limits.

4. Uncertainty budget

Various sources of uncertainties and their contribu-
tions to the optical power measurements at 632.8 and
488.1 nm wavelengths were listed as an uncertainty
budget in Table 1. Uncertainties are expressed in terms
of the standard deviation o(y) of the mean values y of
the contributing factors listed [13].

The largest contribution to the measurement uncer-
tainty arises from failures of repeatability. The process of
temperature measurement contributed to this, both
through the noise of the germanium resistance thermo-
meter circuits and through the long wait for three
temperature equilibria to be reached [14]. Stability and
quality of the beam must be well known in order to
obtain sufficient operating power. When compared with
our previous measurements it is shown that the stability
was reduced from 0.009% to 0.004% [8]. Hence, the
contributions to the measurement uncertainty arising
from repeatability can be decreased from 0.45 x 107 to
0.42 x 107*, The window of the cryogenic radiometer has
‘the second largest contribution to the uncertainty. The
contaminations on the window and deviations from the
Brewster angle affect the transmittance of the window.

The optical beam enters the cavity passing through
the entrance aperture. Scattered portion of beam was
observed with the quadrant photodiodes. The optical
power detected from these photodiodes was summed
and this result was noted as correction value of scattered
laser light for optical power measurements. . Usage of
CCD-based beam alignment optics enables us to reduce
the uncertainty contribution arising from scattered
optical power from 0.23 x 107 to 0.18 x 1074,
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Table 1
Measurement uncertainties lor optical power measurements
Source of uncertainty 10% (y) /v

633nm 488 nm
Optical temperature 0.02 0.02
Electrical temperature 0.01 0.01
Electrical power 0.11 0.11
Window transmittance 0.32 0.32
Scattered optical power 0.18 0.20
Cavity absorbance 0.0 0.05
Repeatibility 0.42 0.46
Expanded uncertainty (¢ = 2) 1.14 1.22

5. Conclusion

Absolute optical power measurements of Ar+,
He-Ne and Nd:YAG lasers were achieved at the
laboratory. Electrical substitution cryogenic radiometer,
operated at the temperature of liquid helium, was used

for this purpose. Shapes and the spatial profiles of laser
beams were precisely aligned with a CCD array. In
order to improve the output stability of the lasers, an
intensity stabilizer system was used. With this system the
stability of the lasers was improved approximately two
orders. Due to the properties of the stabilization system,
the smallest variation of the intensity is observed at
632.8 nm. Therefore, the most accurate optical power
measurement was achieved at this wavelength. Uncer-
tainty was reduced from 1.30 x 107 to 1.14 x 10~ by
considering the mentioned factors and thesis was proved
in the scope of this work.
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Abstract

A technique is introduced for realizing spectral irradiance in the range
between 286 nm and 901 nm. The scale is based on a temperature-controlled
filter radiometer constructed from a three-element silicon trap detector,
band-pass filters and a precision aperture. Seasoned FEL-type quartz
halogen lamps are used as reference standards. In this method, direct

traceability of the radiometer to the cryogenic radiometer gives an important
advantage in the visible and near-infrared regions. Another advantage of this
system is the procedure followed for measurement of the distance between

the lamp filament and aperture surface of the filter radiometer. The
expanded uncertainty (k¢ = 2) of the spectral irradiance measurement is
between 2.3% and 1.5% in the UV region, while the uncertainty is of the

order of 0.6% above 400 nm.

(Some figures in this article are in colour only in the clectronic version)

1. Introduction

The scales for optical quantities can be realized by using
detector-based and source-based methods with high accuracy
[1,2]. The main elements of detector-based and source-
based measurements are the electrical substitution-cryogenic
radiometer (ESCR) and the high temperature blackbody,
respectively [3—-6]. On the other hand, a detector-based
technique has two important advantages, a lower uncertainty
and a reduced traceability chain to the ECPR.

The most accurate primary standard of optical measure-
ments is the ESCR, used to realize optical power scale at
laser wavelengths. By measuring the optical power of lasers
absolutely, the absolute responsivity of a detector is obtained
at the same laser wavelengths [7, 8]. Silicon-based detectors,
having a predictable spectral responsivity, are a good choice
in the UV, visible and near-IR regions [9-11]. Reflection-type
trap detectors, consisting of three Hamamatsu-type S1337-11
windowless photodiodes, are used as spectral responsivity
standards at many National Metrology Institutes [12, 13].

In order to measure the spectral irradiance distributions
of tungsten filament halogen lamps, we have designed a filter

radiometer consisting of a trap detector, a filter with measured
transmittance and an aperture with known effective area
[14,15]. We have also characterized FEL-type tungsten
halogen lamps, having a nominal electrical power of 1000 W,
to calibrate spectral irradiance meters by comparison with
designed filter-radiometers. This type of lamp is preferable
for use as a spectral irradiance standard because of the
closeness of their irradiance distribution shape to the blackbody
radiators [16]. Thus a strong link can be obtained within
the radiometric chain. In this paper, we have developed
adetector-based irradiance scale by using absolutely calibrated
detectors and calibration of 1000 W lamps. Characterization
of individual components of the filter radiometers and lamp
preparation processes is also presented in the paper.

2. Preparations and testing of the lamps

Experience showed that the total lifetime of FEL-type lamps
can be extended to 500 h if the lamps are aged carefully, are
prevented from shock and vibration and are not operated over
allowed nominal power [17, 18]. Three FEL-type lamps were
chosen for use as irradiance standards. All the lamps were

0026-1394/04/010001+06$30.00  © 2004 BIPM and IOP Publishing Ltd  Printed in the UK 1
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Figure 2. Fluctuations of the lamp current with time.

placed on holders, which were filled with ceramic material
and channelled for air-cooling. In order to obtain the desired
colour temperature, an ageing process was applied for the
lamps with dc power at the specified electrical polarity for
80h [17]. Figure 1 shows the stabilities of the current and
luminous intensity parameters of a lamp during the ageing
process.

After the ageing process, the lamp was operated at a fixed
polarity by using a four-pole connection technique [19]. The
lamp current was automatically controlled by a computer
feedback system, and the relative fluctuations of the lamp
current were found to be less than 1.5 x 1073 during 3 h of
operation with a Lab-View-based PC program (figure 2).

This type of lamp can be used for photometric applications
such as illuminance and luminous flux measurements.
Therefore, the optical properties of the Jamps were also tested
in the range from 7.2 A to 8.1 A, which corresponds to 2856 K
and 3100 K. The changes in colour temperature and luminous
intensity of the lamps during 10h of operation were found to
be less than 2 K and 0.4%, respectively.

3. Design and characterization of the filter
radiometer

The filter radiometer consists of a trap detector, an interference
filter and a precision aperture [13]. The active area of the
filter radiometer is defined by a thin bimetal (nickel-copper)
aperture having a diameter of 3 mm (figure 3). The spectral

2

responsivity of the radiometer is defined by the interference
filter and trap detector. The photodiodes that are used in
the trap configuration are of the p—n type and have an active
area of 10mm x 10mm. The low reflectance properties of
the trap detector are the most important advantage of using
a trap detector-based filter radiometer rather than a single
photodiode-based filter radiometer. The reflectance is about
40% when one photodiode is used, yet it can be reduced 100
times in a trap detector configuration.

The temperature of the radiometer housing including
the aperture and filter can be adjusted from 18°C to 35°C
with a stability better than 0.05°C using circular thermo-
electric Peltier elements. The temperature of the housing is
measured using a calibrated platinum resistance. Details of
the temperature stability of the holder with operating time
were provided in [14]. After locating the filter in the holder,
we analysed the temperature stability on the filter surface by
a non-contact method. This measurement was performed by
using an absolutely calibrated pyrometer as shown in figure 4.
As seen from the figure, the variation of the temperature on the
filter’s surface is less than 0.2 °C.

Due to the minimized inter-reflections between the filter
and the detector, we have characterized the filter and detector
separately. The spectral responsivity of the filter radiometer
in the wavelength range 280 nm to 905 nm was obtained by
comparing it with a transfer standard trap detector, which is
traceable to a cryogenic radiometer-based spectral responsivity
scale. Therefore, the uncertainty was reduced by shortening
the traceability chain. )

Metrologia, 41 (2004) 1-6
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The responsivity of the trap detector was obtained in two
steps. First, the absolute responsivity of the trap detector was
measured against a cryogenic radiometer at the Ar* (488.0 nm
and 514.7nm), Nd-YAG (532nm) and He-Ne (632.8 nm)
laser wavelengths [20]. The spectral responsivity of the
detector was obtained in the visible and near-infrared regions
by a combination of measurements and models developed for
the internal quantum efficiency and reflectance [21]. Second,
an electrically calibrated pyroelectric radiometer, which was
calibrated against a cryogenic radiometer from 200nm to
2500 nm, was used to obtain the spectral responsivity of the
trap detector in the region of 285 nm to 360 nm.

Metrologia, 41 (2004) 1-6

In order to measure the spectral irradiance of light
sources, we used 1 | filters having nominal centre transmission
wavelengths between 291 nm and 906 nm. Nine of the filters
were of interference type, having 10nm spectral bandwidth,
one of them was a V()) filter and the other had a bandwidth
of 40 nm at the central wavelength of 803 nm. The spectral
transmittances of the filters were measured [22] at 25 °C using
a double monochromator facility (figure 5).

The reflection of the trap detector was less than 0.4%
in the visible and near-infrared regions. The reflectance
increases up to 3% in the UV region. Therefore a correction
for inter-reflections between the filter and the trap detector

3
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is needed [23]. Due to the inter-reflection effects that occur
between the filter and the detector, we also measured the
back reflectances of the filters. It was found that these back
reflectances are between 4% and 18% for all filters. These
results give an uncertainty in the measurements.

The area of the aperture was measured both with an optical
profile projection system and with scanning techniques [24].
The results of these two measurements were in agreement with
a relative average difference of 1.2 x 1073

4, Experimental setup for irradiance measurements

The irradiance values of the lamps for all 11 filters were
measured on the optical bench (figure 6). The lamps were
mounted on stages with five degrees of freedom that allow
accurate positioning of the lamp filament. Vertical and
horizontal alignments of the lamp filaments were performed
by using two laser diodes and a theodolite.

The centre alignments of the filter-radiometer apertures
to the optical axis were performed with LD1. Lamps were
operated with dc power at a fixed polarity and at a stabilized
lamp current to achieve accurate electrical measurements. The
lamp current was measured by means of a voltage across
a calibrated standard resistor.

The distance between the filament and the aperture
surface of the filter radiometer was adjusted to 500 mm
and the distance between the lamp filament and front
surface of the filter radiometer (d;) was measured using
a HP5529A model laser interferometer (helium—neon with
automatically tuned Zeeman-split two-frequency output)
having a resolution of &£1.7 ppm. The distance from the front
face of the filter radiometer to the precision aperture surface
(dy) was determined by using a ZEISS-CMM coordinate
measuring machine for all filter-radiometer combinations.
Two theodolites, with cross-hairs as shown in figure 6, were
used in the distance measuring process. The first theodolite
was set to the filament centre of the lamp and the second
theodolite was set to the front surface of the filter radiometer.
The overall distance between the lamp and the radiometer (dy)
was determined as the sum of two parts.

Filter radiometers were placed on a computer controlled
translation stage, and alignment of the optical axis was
performed with this system. The dutput signal of the filter
radiometer was measured with a high-precision amplifier and
with a high-quality digital voitmeter (DVM). In order to reduce

4

stray light, two baffles were used between the lamp and the
filter radiometer. The measurements for the realization of the
Iuminous intensity and illuminance scales were performed in
this setup. Therefore, the ease of movement of the theodolite
gives an advantage in the alignment process.

5. Principle of the calculations

The photocurrent of the filter radiometer with known spectral
responsivity, R(A), to the spectral irradiance, E(A), from
a source filtered by means of an interference filter having
spectral transmittance 7 (A) is given by [6]

[:AfE(A)R(A)r(A)dk, ¢))
A

where A is the aperture area of the filter radiometer.
The spectral irradiance of the source at the filter effective
wavelength, A, is given by

i

E (her) = ~—im———————, 2
& A [ RVT () d @
The effective wavelengths of the filter is defined as
LTy da 3
off = W 3

FEL-type lamps have a continuous spectrum with no
absorption and emission lines, and their spectral power
distribution is very close to that of a Planck radiator. Therefore,
the spectral irradiance values determined at the discrete
wavelengths of the interference filters can be obtained by using
the approximation functions:

Ec(A) = (1+AjA)exp (Ao+%) A7 @)

Here Ag, A; and A; are fitting parameters. The exponential
term is an approximation to the theoretical spectral radiance of
a blackbody. This function includes the effect of the spectral
emissivity of the tungsten and the spectral transmission of the
lamp bulb. The fitting parameters were found by using the
least-squares method and minimizing the relative differences
between the calculated, E., and measured, E, irradiance
values. The average relative difference is given as

(EcO) — En(iN T
En(Ai) ] - ®

RD(AO;A,;A2>=Z[

i
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Table 1. Uncertainty budget of spectral irradiance measurements at different wavelengths.

Realization of spectral irradiance in the regi,o'h of ‘2365901 nm

1

v

Source of uncertainty

100 x Relative standard uncertainty

803"

Effective wavelength/nm 291 304 315 333 404 434 555 633 692

Detector responsivity 0.56 0.56 0.56 0.56 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Filter transmittance 0.86 0.44 0.39 0.32 0.22 0.19 0.08 0.09 0.11 0.17 0.17
Aperture area 0.01 0.01 0.01 0.0! 0.01 0.01 0.01 0.01 0.0t 0.01 0.01
Irradiance measurement 0.28 0.18 0.15 0.17 0.13 0.12 0.12 0.12 0.12 0.12 0.12
Interpolation 0.49 0.31 0.28 0.32 0.24 0.24 0.24 0.24 0.24 0.24 0.24
Combined standard uncertainty .17 0.80 0.75 0.74 0.35 0.33 0.28 0.29 0.29 0.32 032
Expanded uncertainty (k = 2) 2.3 1.6 1.5 1.5 0.7 0.7 0.6 0.6 0.6 0.6 0.6

Based on the results of the least-squares fitting for each
lamp, a correction factor C(A;) was calculated in the spectral
range over which the lamp had measured data. An average
correction factor C was defined in the wavelength range
from 286nm to 901 nm. Then, the fitting was repeated
for each lamp by minimizing the average relative difference
between the measured and calculated values in the spectral
range from 286 nm to 635 nm. The modified error function,
DM(Ag; Ay; Az), is given by
2
} )

where G(A;) is a weighting factor for the wavelength-
dependent measurement accuracy. New correction factors,
C(A;), were determined for each lamp and averaged with these
revised values for the parameters. The fitting was carried out
according to equation (6), and the parameters obtained for the
Jamps from this minimization were considered to be the final
results. The stability of the solution was determined by taking
out each filter and again applying the analysis process. Il was
found that our analysis yielded an uncertainty of 0.24% above
400nm. In the UV region, the relative standard uncertainty
of the interpolation process varied between 0.28 and 0.49.
A detailed explanation of the solution of this type of equation
can be found in [25].

In order to evaluate the applicability of the method,
we measured the spectral irradiance of two FEL-type lamps
traceable to the Physikalisch-Technische Bundesanstait (PTB).
The results of the comparison of the spectral irradiance values
obtained from our measurements and given by the PTB were
analysed. The maximum difference was found, around the
wavelength of 290 nm, to be +2.8 in 102

(Ec(Ai) - C)

DM(Ag; A; Az) = ) G(A) [ En(h)

6. Uncertainty budget

Total uncertainties of the components for the irradiance
scale at each filter wavelength are presented in table 1.
The components have been divided into five parts: detector
responsivity, filter transmittance, aperture area, irradiance
measurements and interpolation.

The uncertainty indicated as the deiector responsivity
is a combination of several uncertainty components such as
those of the cryogenic radiometer, non-linearity, modelling
of internal quantum efficiency and spectral reflectance,
photocurrent measurements and flatness of the pyroelectric
radiometer. The relative uncertainty arising from the modelling
of the internal quantum efficiency and spectral reflectance,
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which are the main uncertainty components, are about 0.04%
in the visible and near-IR regions. In the UV region, the
modelling of the internal quantum efficiency and the spectral
reflectance is not included in the uncertainty budget. However,
the spectral flatness of the pyroelectric radiometer has an effect
on the uncertainty. This uncertainty component varies from
0.47% to 0.20% between 286 nm and 360 nm.

The out-of band leakage and temperature variations of the
filter are the main sources of uncertainty in the spectral
transmittance measurements. The accuracy and precision of
the double monochromator system were investigated, and their
influence on the measurement was calculated. Two kinds of
error, wavelength shift and peak transmittance, occur due to the
transmittance measurement system. The first error produces
maximum uncertainties varying from 0.23% to 0.18% in
the calculation of irradiance values over the wavelength range
286nm and 360nm. The effect of the uncertainty in the
calculated irradiance value is about 0.08% in the visible
and near-IR regions. The peak transmittance uncertainty
components were calculated by using the uncertainty of the
transmittance value at the effective wavelength. The lowest
value was calculated at 692nm as 0.06%, and the highest
value was determined to be 0.74% at 286nm. The effects
of the temperature variations of the filter on the measured
spectral irradiance were tested at different temperatures.
After analysing the results, the uncertainty arising from the
temperature variation was found for all filters. The calculated
maximum relative uncertainty was found to be 0.02%. The
uncertainty component arising from out-of band leakage
measurements has a maximum level of 0.33% around 290 nmn
due to the limited resolution of the measurement system.

The relative uncertainty in the measurements of the area of
the aperture is found to be 0.1%. The irradiance measurement
uncertainty is a combination of the distance measurement and
the repeatability. The distance measurements were performed
with high accuracy as described in section 4. The uncertainty
in the calculated spectral irradiance values was found to be
0.03%. Accurate repeatable measurements were also obtained
using an interferometer-controlled movement system. The
uncertainty component arising from interpolation is dependent
of the theoretical model which we used for calculation of
spectral irradiance values.

7. Conclusions

In order to realize a spectral irradiance scale, aged FEL-type
lamps and designed temperature-controlled filter radiometers
were used. The effective area of the filter radiometer aperture

5
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was measured optically with an uncertainty of 1.6 x 1074
An automated spectral transmittance measurement facility was
established to characterize the spectral transmittance of the
filters.

The spectral responsivity of the filter radiometer between
280 nm and 905 nm was calibrated with an uncertainty from
0.05% 10 0.56% using transfer standard trap detectors, which is
traceable to a cryogenic radiometer-based spectral responsivity
scale.

The uncertainty arising from the lamp alignment was
minimized using two theodolites, which have a [Qum
resolution. The use of an interferometer for measurement of
the distance between the lamp filament and the reference plane
of the radiometers also reduced the uncertainty.

Due to the direct traceability of the filter radiometer to
the primary standard cryogenic radiometer, the measurement
uncertainty is better than that of a source-based technique.
In the visible and near-infrared regions, the expanded standard
uncertainty (k = 2) varies between 0.7% and 0.6%. However,
the uncertainty increases in the UV region up to 2.3%
at 291 nm.

The irradiance values obtained can also be used to
calculate the correlated colour temperatures and luminous
intensities of the lamps.
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Abstract

Optical properties of the silicon photodiodes are investigated in the visible spectral regime. Non-linearity measurement standard was
established by using Hamamatsu S1337-11 type windowless silicon photodiode whose non-linearity value was found to be better than
6 x 1073 at photocurrent level of 1077 1o 107 A. Temperature cffects on the spectral responsivity for $1337-11, S1337-1010BQ and
S1227-1010BQ type photodiodes were analyzed between 20°C and 40°C at 488.1, 514.7 and 632.8 nm vacuum wavelengths. The spatial
uniformities of the responsivity for three type photodiodes are performed with a laser beam having [ mm diameter by using home made
two-axis micro translation system. Results of the reflectance measurements for three elements of reflection-based trap detectors were
compared with the predicted values obtained from Fresnel equations.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: Silicon photodiodes: Spectral responsivity; Spatial uniformity: Trap detectors

1. Introduction

Photodetectors are extensively used in the measurements
at various branches of industry and research. Many radio-
metric measurements, especially realization of candela and
its derived units at primary level are succeeded by using
silicon photodiode-based photometers. Therefore, precise
determination of the spectral responsivity and optical char-
acteristic of the silicon photodiodes are crucial. It is possible
to calibrate the spectral responsivity of silicon photodiodes
with uncertainties at the order of 10™* by cryogenic radio-
metry [1]. In order to reach such an accuracy, careful de-
termination of optical characteristics of photodiodes is of
primary importance.

When the responsivity is independent of the incident
optical power, a photo detector is defined to be linear and
silicon photodiodes have linear response in visible regime
up to some certain points. It is necessary to determine the
linearity of photodiodes down to radiant powers of a few
nanowatts for the accurate measurements. Some factors may

* Corresponding author. Tel.: +90-262-653-84-97;
fax: 4+90-262-653-84-90.
E-muil address: maslan@gyte.cdu.tr (M. Durak).

,
i

0030-3992/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.optlastec.2003.08.009

affect the nonlinearity such as wavelength of the light, size
of the active area of photodiode, diameter of the beam, tem-
perature, ctc. Many of these paraineters were investigated
and published in several papers [2]. It was shown that the
non-linearity of the silicon photodiodes is wavelength inde-
pendent in the visible range, nevertheless the diameter of
the beam, size of the active area and temperature affect the
non-linearity. In the spectral responsivity measurement, the
detector should be under-filled in ideal conditions. When
the beam incident on the different parts of the active area
of detector it is expected to generate same current. In other
words, detector should have a spatially uniform responsiv-
ity, which has the same value regardless of the position of
the incoming beam [3].

2. Experimental

The change of the responsivity on the surface, called
spatial uniformity, has been investigated. Uniformity maps
of the large area research-grade silicon photodiodes, which
were measured on purpose-built set-up, are presented in
Section 3.1. Responsivity of the photodiodes may change
due to temperature effects as well. These changes must be
designated sensitively and photodiodes should be placed
in the temperature-controlled environment for accurate
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Fig. I. Mcasurement set-up used [or determination of temperature dependence of responsivity.

measurements. For this purpose, a temperature-controlled
housing, whose stability is better than 0.01°C, was estab-
lished and the changes in the responsivity duc to the tem-
perature for different type photodiodes were observed and
presented in Section 3.2. Investigations of the linearity prop-
erties of the S1337-11 type photodiode can be found in
Section 3.3. Spectral responsivity of a silicon photodiede
is determined by using both internal quantum efficiency
and reflectance values. In the last section of this paper.,
theoretical spectral reflectance calculations and experimen-
tal measurements are discussed. Three p-n type photodi-
odes manufactured by Hamamatsu were selected as samples;
namely, S1337-11, S1337-1010BQ and S1227-1010BQ 16.
S1337-11 is a windowless type photodiode and the others
have quartz windows. The active areas of all photodiodes are
10 x 10 mm?. Homemade apparatus of UME; the so-called
optical laser stabilization system, atomized two-dimensional
micro translation stage and temperature-controlled housings
were used during the measurements. Fig. 1 demonstrates the
experimental set-up designed for determining dependency
of responsivity on temperature in silicon photodiodes. Laser
beams at wavelengths 632.8, 488.1 and 514.7 nm are used as
sources in the system. Power stabilization of lasers is satis-
fied by a commercial controller system having electro-optic
modulators fed by the measured output signal. Clean profile
of the beam was arranged by a spatial filter, which consists
of a 10x objective and a 25 pm pinhole. Employing two iris
diaphragms minimized noise to alimost none with the help
of dark environmental conditions attained by locating a box
whose interior is painted black.

3. Results and discussion
3.1. Spatial uniformity medasurenents

The spatial uniformity measurements were performed
using stabilized laser system and a computer-controlled

dual-axis translation stage. The spatial uniformity was
measured by scanning in equal steps for both directions.
Before each scan, surface of the photodiodes was aligned
perpendicular to the optical axis at the four corners and the
center of the photodiode by using the reflected beam. The
scanned area was 12 x 12 mm? for the 1 cm? photodiodes
with 0.5 mm steps in both directions. Measurements were
normally carried out under the dark environmental condi-
tions. The photodiode were also placed in a closed box with
the interior painted black in order to reduce the influence
of stray light. The result of the measurements is shown in
Fig. 2. The relative standard deviations of two sets of mea-
surements (to obtain the mean relative responsivity values
within the 50% central area) of S1337-11, S1337-1010BQ
and $1227-1010BQ photodiodes are 4 x 10~4, 9 x 10~
and 8 x 1074, respectively. Responsivity of the S1337-11
windowless type single photodiode has better flatness in
terms of uniformity compared to other 1010BQ type single
photodiodes.

3.2, Temperature dependence of the responsivity

Stabilized He—Ne laser at 632.8 nm and a tunable
argon—ion laser at 488 and 514 nm wavelengths were used
as monochromatic radiation sources in the system. In the
system; one of the most important part is the temperature
controller jacket (TCJ) in which photodiode is placed. This
jacket was made up of copper and a peltier element was
used to control the temperature. The front side of the Peltier
element is connected to copper oven and the backside is
connected to an aluminum plate. Two pieces of Pt-100 sen-
sors were used to control temperature of system and mon-
itoring the temperature of the housing. Both sensors were
placed closely to where the photodiode located in the copper
mount. The resistance values of the Pt-100 were measured
by using IEEE connected 5.5-digit multimeter. The signal of
the photodiode was measured with a decade transimpedance
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amplifier connected to 8.5-digit multimeter. Mcasurements
were carried out under the dark environmental conditions lo
reduce the influence of stray light. The valucs of the mca-
surement results were automatically recorded through GPIB
bus by using Lab-view-based software. During the mea-
surements the general stabilization level was determined as
+0.005°C. When temperature of system was reduced con-
densation effect arises and when temperature of the system
was increased damage eflect may occur, therefore mea-
surements were carried out between 20°C and 40°C. Mea-
surements were done in ascending and descending order to
climinate any errors coming from hysteresis effects. Re-
sults of the measurements for the S$1337-1010BQ and
$1277-1010BQ type photodiodes are shown in Fig. 3. It
is shown that S1337-1010BQ type photodiodes are more
temperature dependent than S1227-1010BQ types. The
temperature dependency of responsivity for S1337-1010BQ
S1277-1010BQ type photodiodes can be determined using
Eqgs. (1) and (2), respectively, as '

y1=—0.006827x + 1.136148, (N

ya =—0.012225x + 1.242984. (2)

Relation between wavelength and temperature depen-
dency of responsivity is also measured by using He-Ne
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Fig. 4. (a) Relative spectral response vs. temperature at 488 and
632.8 nm for S1227-1010BQ. (b) Aging of relative spectral response for
S1227-1010BQ at 35°C.

and Ar—lon laser lines. These results show that temperature
dependency of responsivity is higher at longer wavelengths
Fig. 4a. We have measured the S1337-11 type window-
less photodiode at different temperatures. Obtained results
showed that responsivity changes are smaller than 0.2%.
Measurements for S1227-1010BQ type photodiode were
taken at 35°C to see the photodiode stability and to check
the long-term behavior of our system in Fig. 4b.

3.3. Nonlinearity measurenients

We have established a measurement set-up based on
intensity-stabilized laser beam due to the difficulties faced
with when performing non-linearity measurements in the
case of using monochromatic radiation of thermal sources
[4]. He—Ne laser was used as the light source and stability
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Fig. 5. Measured and interpolated nonlincarities of S1337 type photodiodc.
(a) When the temperature of the absorbing neutral density filter is not
controlled, (b) when the temperature of the absorbing neutral density
filter is controlled at 25°C.

of laser was controlled with an electro-optic modulator.
Measurement set-up contains; metallic neutral density fil-
ters whose transmittances are 1%, 10%, 50% and an ab-
sorbing filter, which has 0.1% transmittance. Filters were
mounted on the linear translating stages, which have sen-
sitive moving capabilities. Transmittance values of the
absorbing filters may change due to temperature effects.
Therefore absorbing neutral density filter was placed in the
temperature-controlled housing during the measurements
and the temperature of the filter was stabilized at 25°C.
Beam-addition method was used in order to evaluate the
linearity characteristics of silicon photodiodes [5] and the
nonlinearity of a photodiode defined as

i+ 17p

NL=1-
ly18

> (3)

~where I and I3 are the photocurrents, which was generated
with the light beam incident on the photodiode in two arms
and Iy, 5 is the combined beam current. The results of the
two independent measurements are shown in Fig. 5(a) and
(b) for the S1337 type photodiode. Linearity of the photodi-
ode is within &1 x 10~* in the photocurrent level of 10~°—
104 for the first condition. In addition, when the absorbing

type neutral filter is placed inside of tem}y
housing, the linearity is within 6 x 1072,
can be well approximated by the polynomial
given in Egs. (4) and (5). respectively, as

NL = —2.95829E + 074 + 7.92935E + 0342
—1.28615E - 004 -+ 1.83456E — 05, 4)

NL = —1.03396E + 074> + 7.09408F + 024°
—7.64171E — 014 + 6.89844L — 06, (&)}

where NL is the non-linearity, and 4 is the photocurrent.

3.4. Spectral responsivity measurements

The absolute spectral responsivity scale is realized by us-
ing trap detectors. Ideally, each photon incident on the pho-
todiode create onc electron~hole pair that can be measured
as photocurrent. Theoretically, the responsivity of the trap
detector is given as [6]

R(A)=[1 — p(A][1 —a‘u)]gf, (6)

where p(A) is the reflectance of detector, §(4) is the internal
quantum deficiency of the photodiode, e is the elementary
charge, Z is the wavelength in the vacuum, £ is the Planck
constant, and ¢ is the speed of the light in vacuum. Deter-
mination of the photodiode responsivity depends on both
reflectance p(2) and internal quantum deficiency measure-
ments d( /). These parameters are measured at several laser
wavelengths and then can be extrapolated to cover the whole
visible range. Detailed measurements of internal quantum
efficiency can be found in [6]. Reflectance value of reflec-
tion type trap detector was measured at 488.1, 514.7, and
632.8 nm laser wavelengths. Results are shown in Fig. 6.
Output of a laser is directed to the trap detector by using a
flat mirror. Then reflected beam is directed to other trap de-
tector. The reflectance of the first trap detector is obtained
from the ratio of signals measured by two trap detectors.
Silicon photodiodes, used in this work, are described as a
thin layer SiO; on the silicon substrate. The calculation of
the reflectance of silicon photodiode was based on thick-
ness of the SiO; layer and refractive indices of both SiO,
and silicon. If photodiodes, which are used in the trap are
the same type, the reflectance of the trap detectors can be
calculated from reflectance values of silicon photodiodes by
using Fresnel equations [7]. The coeflicients for p-polarized

- and s-polarized beams are given below respectively, as

1, cos 0, — 1y cos 0,

N , 7

Fin n, cosl),, + n, cosfl, M

- iy, cosl, — n, cos (l,,. )
n,, cos 0, + n, cos 0,

Thus the reflectance of the trap detector is

Pk = p(0°) - p3(45°) - ph(45°). 9
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Fig. 6. Measured (triangle) and calculated (dashed curve) reflectances of the reflection trap detector.

Theoretical reflectance values arc calculated according
to Eq. (9) whereby the experimental results could be
compared.

4. Conclusion

Nonlinearity of photodiodes started to increase after
~ 160 pA photocurrent level and it is observed that the
change increased rapidly after 290 uA photocurrent thresh-
old. Mean deviations of linearity within the generated pho-
tocurrents are 3.21 x 1073 and 2.36 x 1073, respectively.
Results of measurements were better when temperature of
the absorbing filter was stabilized. This result suggests that
absolute measurements of S1337 type photodiodes by using
cryogenic radiometer should be made under 200 pA pho-
tocurrent level. One of the photodiodes, which showed the
best linearity, has chosen as the national non-linearity mea-
surement standard. Obtained results show that temperature
dependency of the responsivity is higher at longer wave-
lengths. Among the chosen photodiodes, S1337-11 type
Hamamatsu photodiodes are most insensitive to temperature
changes. S1337-1010BQ type photodiodes are more sensi-
tive to temperature changes with respect to S1227-1010BQ
types. Both S1337-1010BQ and S1227-1010BQ type photo-
diodes have to be used in a temperature-controlled housing
for accurate measurements. Photodiodes having the most
uniform responsivity surfaces has been identified to be used
as reference standards in producing photometers. In the
guideline of the results of measurements presented in this pa-
per, we have decided to use 1337-11 photodiode in our trap

detector, which will be used in establishing absolute optical
power scale. We have also decided to use 1227-1010BQ type
photodiodes for the Photometer Heads and 1337-1010BQ
type photodiodes as transfer standards. The agreement be-
tween measured and calculated reflectance values is better
than 1 x 10~% in the wavelength region from 480 to 650 nm,
therefore acquired results verify that Fresnel formulas can
be applied to interpolate spectral reflectance of trap detector
with high accuracy. Outcome of all these results are to be
used for the detector-based realization of candela and other
derived units at UME.
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