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PeweHue 3a4a4 MeTposiornyeckoro obecneyeHus
M3MepeHUIn ONTUYECKOM NJIOTHOCTU onMpaeTcs Ha
co3paHue pasHbIX TeEXHUYECKUX cpeacTs. Cpean HUX —
AeHCcMToMeTpuYeckme KOMMIeKCbl U CTaHAApPTHbIe
o6pasubl ONTUYECKOM MNJIOTHOCTU MaTepnasioB.

Ho cepauem 3TUX yCTPOMCTB No-NpeXXHeMy ocTaeTcs
¢poTonpuemMHoe ycTponcTBo. MpuseaeHbl pesyabTaThbl
uccnepoBaHusa GoToNnpueMHOro ycTpomcTea Ha
ocHoBe cnekTpodpoTomMmeTpuyeckoro getekropa Coa-1,
copep>xalero KkpeMHueBbi GoToAMOA U KOHTpOJIIEp.
MonyyeHHble XapaKTepUCTUKU CBUAETENbCTBYIOT

0 BO3MOXHOCTU €ro UCnosib3oBaHus A/ U3MepeHun
ONMTUYECKOW MNJIOTHOCTU B LUMPOKOM AUHAMUYECKOM
avanasoHe 6osee 8 b.

CIIexu I/I3MEPI/ITEJIBHI)IX TEXHOJ’[OI‘I/II;I, 63.31/1‘
PYIOH_[I/IXCH Ha OIITH4YeCKHX MeTodaX, BO
MHOIOM 3aBHCSIT OT XapaKTepPHUCTHUK HCIIONb-
3yeMBIX B HHX CHCTEM JeTeKTHPOBAHUS CHUIHAJIOB.
CHucTeMbl JeTeKTHPOBAHUS s CleKTpodoTome-
TPHUU, IMPOMETPUH, BAKYYMMETPHUH U HHBIX 10700~
HBIX METOZOB [O/IKHBI OLHOBPeMEHHO 0671amaTh
BbICOI(OI;I ‘{YBCTBI/ITEJ'IBHOCTI:IO, H_II/IPOKI/IM AWUHaMMU-
YeCKUM [HAIla30HOM HM3MepeHHS U HOCTATOUHOM
JIMHEHNHOCTBI0. 3a7a4a CO3LaHHS TaKHUX CUCTeM 0CO-
b6eHHO aKTya/IbHA [JIsI ONITHYECKOM JeHCUTOMETPHH.
Ee pemeHmMeM, Kak OSHHM K3 Ba’KHBIX HaIlpaBje-
HUI, 3aHUMAIOTCS BefyIIre B 3TOH 0671aCTH OpraHU-
3aIlMU U MHCTUTYTHI, pa3pabaTsiBasi B psiAy APYyrUX
IIPOEKTOB CIIOCOOBI COBEPIIEHCTBOBAHMUS METPOJIOTH-
YecKoro obecriedeHust CpelCTBA N3MepeHHUH OITHYe-
CKOM IUIOTHOCTH, MEPBHI IJIs1 UX KaJIUOPOBKH.
Tak, B HaIlMOHQ/JIBPHOM HHCTHUTYTe CTAHAAPTOB
u TexHonoruu CIIA (NIST) paspaboTaHo CpencTBO
I/IBMGPEHI/IH OHTI/I‘-IeCKOI;I IIJIOTHOCTHU B HPOXO,E[HH_IGM
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Solution of the tasks on metrological
assurance of optical density measurements
relies on the creation of different technical
means. Densitometric complexes and standard
samples of materials optical density refer

to them. But as before, the photodetector

is the core component of these devices. The
results of photodetector study are given on
the basis of spectrophotometric detector
CoA-1 which contains silicon photodiode and
controllers. Obtained characteristics indicate
its applicability for the measurements of
optical density in the wide dynamic range of
more than 8 B.

rogress of the measurement technologies

which are based on the optical methods

considerably depends on the characteristics of
signal detection systems used in them. Detection
systems for spectrophotometry, pyrometry,
measurement of vacuum and other similar methods
must simultaneously have high sensitivity, wide
dynamic range of measurement and sufficient
linearity. The task of formation of such systems is
specifically critical task for the optical densitometry.
Organizations and institutes which are leading in
this area are engaged into its solution as one of
the most important line of activities developing
the instruments of optical density measurements,
methods of their calibration together with other
projects of metrological assurance improvement.

So, the National Institute of Standards and
Technology of the USA (NIST) has developed the
instrument of optical density measurement in
transmitted light of standard samples SRM 1001
and SRM 1008 which represent the step optical
attenuators on Xray and photographic films. The
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CBeTe CTaHAPTHHIX o6pa3u013 SRM 1001 u SRM 1008,
IIPeJCTABISIOMUX COOON CTyleHYaThle OIITHYeCKHe
ocnabyuTeny Ha peHTTeHOBCKOM U $oTorpadprieckoi
IVIeHKe. YCTaHOBKA KM3MepeHMSsl OITHYecKOH IIJI0T-
HOCTHU II03BOJISIeT OIpPenensaTh TUPPY3HYIO OIITHUe-
CKYIO0 IIJIOTHOCTb B [OHaIlla3oHe A0 6 b, mpu 3TOM
CTaHIApTHAs HeoIpeaeleHHOCTh paBHa 0,002 b,
pacuIMpeHHas HeolpeJeleHHOCTh (Ipu Ko3addu-
IMeHTe oxBaTa k=3) paBHa 0,006 B [1-3]. B ocHoBe
HM3MepUTEeIBHOr0 mpubopa -~ TepMOCTAOUIN3UPOBAH-
Hoe ¢oTompuemHoe ycTpoucTBo (PIIY), cocTosiiee
13 KpeMHHEeBOro GpoToarosa U npeaycunurens. OIIY
obecrieunBaeT H3MepeHHe OIITHYECKOIr0 CHUIHAaja
B [lMalla30He CeMH IOPSAJKOB BeIMYMHBI, 3TO U pac-
IMIMPUJIO AHANa30H H3MepeHHUH OINTHYeCKOH IIJIO0T-
HOCTH IIPOIYCKaHUA 10 6 B.

HeMeLlKHU I HalMoHa/JIbHBIH HHCTUTYT
MeTtposioruu (PTB) obinazaeT BOJOKOHHBIM [eHCHU-
TOMeTpoM [4], KOTOpBIE obecrieunBaeT HM3MepeHHUSs
ONTHYEeCKOM IIJIOTHOCTH Mep - CIeKTPaJbHO Hem-
TPaIBHBIX 06Pas310B BIIJIOTH 70 6 B, IIpH 3TOM pacIiu-
PeHHas HeoIlpele/IeHHOCTb M3MepeHHUs IIJIOTHOCTH
(mpu ko3 dunmeHTe oxBata k=2) paBHa 0,006 b.

Inst vcciemoBaHUS TUHeMHOCTH PIIY B cocTaBe
3TAJIOHHOIO OTpa’kaTeJIbHOI0 CIeKTpodoTOoMeTpa
MOXXHO HCII0/Ib30BaTh MeTOJ, ABOMHOM aIlepTypsl [5],
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optical density measurement instrument allows
estimating the diffuse optical density within the
range up to 6 B and the standard uncertainty is equal
to 0.002 B, expanded uncertainty (when coverage
factor k = 3) is equal to 0.006 B [1-3]. Thermally-
stabilized photodetector (PD) which consists of
silicon photodiode and preamplifier is the basis
of the measurement device. PD ensures the
measurement of optical signal within the range of
seven orders of magnitude and for this reason the
range of transmission optical density is extended up
to 6 B.

German National Metrology Institute (PTB)
has the fiber densitometer [4] which ensures the
measurements of optical density of measures -
spectrally-neutral samples up to 6 B and the expanded
uncertainty of density measurement (when coverage
factor k = 2) is equal to 0.006 B.

In order to study the linearity of PD in the structure
of reference reflectance spectrophotometer the double
aperture method [5] can be used or when measuring
the densities of more than 3 B the diagram of current
conversion into voltage can be used with its further
amplification [6]. The absolute error of optical density
measurement of less than +0.005 B was obtained in
the designed densitometer [6].
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MM [P HU3MepeHHUH IUIOTHOCTeH 6onee 3 B mpu-
MeHHUTh cxeMy IpeoOpa3oBaHUSI TOKA B HaIIpsiKe-
HHe C IIOC/IelyI0IUM ero ycuneHueMm [6]. B paspabo-
TAaHHOM [JleHCHTOMeTpe [6] JOCTUTHYTa abconoTHas
IIOIPEIIHOCTh HM3MEPEeHHSI ONTHYeCKOM IIOTHOCTH
MeHee +0,005 B.

OaoHaKo pa60T1>1 [1-6] cTpamaoT OOHUM HeLO-
CTaTKOM — B HHMX OTCYTCTByeT ONKMCAHHE METOIO0B
OLIeHKH OCHOBHBIX ITapaMeTpoB PIIY - 4yBCTBUTEIb-
HOCTH, JMHAMHUYeCKOro AHala30Ha M JTHUHEMHOCTH.
Ho MMeHHO 3TH K/II0YeBble IIapaMeTPhl OIIpeeIsioT
KaueCcTBO U3MepUTEeIbHbIX CUCTEM, B KOTOpPbIE BCTPa-
uBaoT QITY.

AHanu3 Begymux nybaukanui [1-6] moxasas, 4To
®ITY, ucronb3yeMble A1 H3MepeHHSI BHU3YyaJIbHOU
IUudPYy3HOU ONTHYECKOM IJIOTHOCTH C BBICOKOH TOY-
HOCTBIO, OBLIM BBITIONTHEHBI HA OCHOBE KPeMHHEBOIO
dboToguoma U TPaHCUMIIELAHCHBIM YCHUIHTeNEeM,
1peobpa3yonuM TOK GOTOLKOLA B BEIXOJHOE HAIIPSI-
SKeHHe OIIepallMOHHOIO YCHUIUTessl. [lepekiodeHure
pe3ucTopoB B 0OpaTHOHM CBSI3M IIPeAYCHIIU-
Tens obecredyuBaso AUHAMHUYECKHUHM [AHAIA30H
paboTsl OITY.

B Hamern paboTe B KauecTBe CHCTEMBI JETEKTH-
POBaHHUS INEeHCHUTOMETPHUYECKOro KOMIIJIeKkca 6BIIo
ucronb3oBaHo PIIY, BBIIIOJIHEHHOE IIO CXeMe HHTe-
rparopa, a He TPaHCUMIIeJAHCHOTO YCHUJIMTeNS.
Hccnenyemoe ®OIIY coCTOSJIO U3 CIIEKTPOYOTOMETPHU-
yeckoro gerekropa CO-1 u koHTpossepa. B cocTas
COI-1 Bxooun KpeMHHUeBbIN doTonuon [7] ¢ aKTHUB-
HOM obyacTpio JuaMeTpoM 10 MM, IpelHa3HAdeH-
HBIM /I peTUCTPAllUU HU3/1y4eHHUSs B CIIeKTPaIbHOM
nuamasoHe 200-1180 HM. OH obyazaeT TeMIepaTyp-
HBIM K03PHUIIMEeHTOM BHeLIHel KBAaHTOBOU 3ddex-
tuBHOoCcTU 0,01%/°C miasa gauH BoiaH 885-238 HM [8].
Kpome kpeMHHeBoro ¢ortomuoma perektop COJ-1
BKJIOYaT B cebs mpeobpa3oBaTenb ToKa GHOTOLH-
ofa, cobpaHHBIN 10 cxeMe MHTerparopa. CO/-1 6b11
BBITIOJIHEH B BHJle TMOPUAHOM COOPKH U PerucTpH-
POBaJI TOKOBbIE CUTHAJIBI Ha OJHOM H3MEepPUTeIbHOM
3/leMeHTe BO BCeM IMHAMHUeCKOM [uamasoHe [9].
BrixonHom curHan ¢ COI-1 B uudpoBoM BHE cinabo
IOfiBep>KeH BO3[IeHCTBUIO BHEIIHHUX 3JeKTpoMar-
HUTHBIX IIoMeX. KoHTposaep obecriedrBaeT obpa-
60TKy LHGPOBBIX HAHHBIX, MOAydeHHBIX 0T COI-1,
a Tak’Ke Ilepe/ayy pesy/JbTaTOB M3MEpPeHHs Ha Iep-
coHa/nbHBIM KomIbioTep (IIK). IIporpaMMHoe 06e-
crieyeHue, paspaboraHHoe nys uccienyemoro ®IIY,
obecrieunBaeT 3amnuch U 06paboTKy HAHHBIX, IIOCTY-
MaIOIIKUX C KOHTPOJIEPa, a TaKKe IpaduyiecKoe 0To-
6paskeHHe pe3ynbTaToB H3MepeHHusd QIIY (puc.l) Ha
ocHoBe CO®[-1. Tabaputel COLA-1: guametrp 20 MM
u BbicoTa 10 MM. Ko3adouumeHT mpeobpa3oBaHUs
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Puc.1. CO/-1u nnama KoHmpoanepa
Fig. 1C®/-1and controller board

However, the papers [1-6] have one shortcoming,
they do not have the description of estimation
methods of the PD key parameters - sensitivity,
dynamic range and linearity. But these specific
key parameters determine the quality of measuring
systems which PDs are built in.

Analysis of the leading published papers [1-6]
showed that PDs used for the measurement of
visual diffuse optical density with high accuracy
were made on the basis of silicon photodiode and
with transimpedance amplifier which converts
the photodiode current into the output voltage of
operational amplifier. Switching over of the resistors
in the feedback of preamplifier ensured the dynamic
range of PD operation.

In our paper the PD made according to the
diagram of integrator rather than transimpedance
amplifier was used as the detection system of
densitometric complex. The PD under study
consisted of spectrophotometric detector C®M-1
and controller. The detector C®[-1 included silicon
photodiode [7] with the active region diameter of
10 mm designated for the registration of radiation
within the spectral range 200-1180 nm. It had
the temperature coefficient of external quantum
efficiency of 0.01%/°C for the wavelengths 885-238 nm
[8]. Besides the silicon photodiode, the detector C®[-1
included photodiode current converter assembled
in accordance with the integrator diagram. The
detector C®/I-1 was made in the form of hybrid
assembly and registered the current signals on one
measuring element within the whole dynamic range
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CPI-1 ompenensaniyd C IIOMOIIBIO HMCTOYHHKA KajlH-
OpOBAaHHOI'O IIOCTOSIHHOIO TOKa, KOTOPBIM BBIIIOJ-
HeH Ha OCHOBE MCTOYHHKOB OIIOPHOTO HaMPSIsKeHU
AD581 ¥ mpenu3HOHHOIO IIPOBOJIOYHOIO Pe3HCTOpa.
[IpoBepKka HMCTOYHHKA KaauOpPOBAHHOrO TOKAa Ipen-
cTaBieHa B Tabi.1.

B paMKax JAaHHOM PaboThl OIITUYECKHe CUIHAJIBL
B CIIeKTpajbHOM AuamasoHe 350-1100 HM perucTpu-
poBajiM KpeMHHeBHIM ¢oTomuonoM. H3MepeHUS
doToTOKa Benu IIpu TeMIlepatype 20-25°C.

Ha puc.2 npencrasieH TrpaduK OTHOCHUTENIb-
HOM CIIeKTPaJIbHOM 4yBCTBHUTenbHOCTH OIIY, momy-
YeHHBIN II0 pe3ylbTaTaM KanubpoBku Bo PIVII
BHHUHUO®HU Ha YcTaHOBKE BBICIIEH TOYHOCTH O/
BOCIIPOM3BeJeHHUS efUHUIL] CIIeKTPaJIbHOU YYBCTBH-
TeJbHOCTH B AMaIlla30He OJUH BoJH 0,22-2,5 MKM
(VBT 42-A-806).

NCCIeEOBAHVME ONWHAMUYECKOIO
OVAMNA30OHA N TIMHENHOCTU
SHEPFETUYECKOW XAPAKTEPUCTUKU dNY
C Lenplo oIpenereHUs] BO3MOKHOCTU MCIIONb30Ba-
HUs uccienoBaHHoro ®IIY B KadecTBe QOTOIpHU-
eMHOro 670Ka B COCTaBe JEHCHUTOMETPHUECKOTO
KOMIIJIeKCa OBLIM IIpOBeleHbl H3MepeHHs: IIyMO-
BBIX IIapaMeTpoB, [JHHAaMHYECKOIOo [Hualla3oHa
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[9]. The output signal from C®J-1 in the digital form
is poorly exposed to the external electromagnetic
disturbance. Controller provides the processing of
digital data obtained from the detector C®[-1 and
transmission of the measurement results to the
personal computer (PC). Software designed for the
PD under study provides the record and processing
of data which comes from the controller as well as
the graphic display of measurement results (Fig. 1)
of PD based on the detector C®/I-1. The detector C®O-1
dimensions: diameter - 20 mm, and height - 10 mm.
CO[-1 conversion coefficient was estimated using
the source of calibrated direct current which was
made on the basis of AD581 reference voltage sources
and precision wire-wound resistor. Check up of the
calibrated current source is given in Table 1.

Within the framework of this paper the optical
signals within the spectral range 350-1100 nm were
registered by the silicon photodiode. Photocurrent
measurements were performed at the temperature
20-25°C.

The diagram of PD relative spectral sensitivity
obtained on the basis of calibration results in All-
Russian Research Institute of Optical-Physical
Measurements, Federal State Unitary Enterprise
(ARIOPM FSUE) on the Higher-Accuracy Device for
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Puc.2. OmHocumenbHas cnekmpanbHas 4y8cmeumeAnbHoCMb
@11y (npedenbl donyckaemoli 0CHO8HOL OMHOCUMEAbHOL
nozpewHocmu U3mMepeHust CNekmpanbHoU YyscmeumenbHo-
cmu 8 duanasoHax 0AuUH 80AH: +4% (350-400 HMm);

+2% (410-1000 HMm); +4% (1010-1100 HM)

Fig. 2. Relative spectral sensitivity of FPA (maximum
permissible relative error of measurement of spectral
sensitivity in the wavelength ranges:+4% (350-400 nm);
+2% (410-1000 nm); +4% (1010-1100 nm)

U JIMHEHNHOCTH SHEepPreTH4YecKOM XapaKTepHUCTHKU
ucciaemoBaHHoro OITY.

OonTuyeckas cxema n obopygosaHue
HccinemoBaHus IIYMOBBIX IIapaMeTpoOB, JHUHaMHUe-
CKOTO [AHMalla3oHa U JHHEHNHOCTH 3HepreTHYecKoM
XapaKTepUCTUKH HCCIemoBaHHOro ®IIY mposoauaiu
Ha YCTaHOBKe, OITHYeCKasl CxeMa KOTOPOM IIpHBe-
lleHa Ha puc.3. B KayecTBe MCTOYHHKA H3TyYeHUS
KCII0/Ib30BaHa CBeTOM3MepUTe/IbHAS JIaMIIa HaKaIH-
BaHUs THla CHUPII 8.5-200-1 (HaHpﬂ)KEHI/Ie 8 B, ToK
23 A), B KauecTBe IIpUEMHHKA ONTHYECKOIO H31y-
yeHusa - ®IIY Ha ocHOBe KpeMHHEBOTo ¢oToauonma
1 uHTerparopa CO/-1. ITutanue namnbl CHUPII 8.5-
200-1 (2) obecmeumBan CTAabMIM3HUPOBAHHBIN HCTOY-
HUK nuTaHusg CHII-30, Oas KOHTPOJIS HaIIpsiKe-
HUS Ha JaMIle OblI HCII0JIB30BAaH BOIBTMeETp B7-54/3,
Hamps>keHure Ha jaMIle, KOTOpoe IIOAJeP>KHBaIU
IIOCPeICTBOM Maras3vHa COIIPOTHBIeHUN P33, 6bl10
paBHEIM 8,0020+0,0004 B. Hanpsokenue Ha OIIY,
KOTOpOe YCTaHABIHUBAaIH IOCPEACTBOM CTAabHIH3U-
POBAaHHOIO HCTOYHHKA NHUTaHUs MPS 3020, 6bL10
paBHoO 6,00+0,01 B.

MeTop uccnepoBaHus

B OCHOBY HCCIeJOBaHHA IIOJIOKeH MeTOJ H3Me-
peHus $OoTO3IeKTPHUYeCKHUX ImapaMeTpoB
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the reproduction of spectral sensitivity units within
the range of wavelengths 0.22-2.5 pm (YBT 42-A-86) is
shown in Fig. 2.

STUDY OF DYNAMIC RANGE

AND LINEARITY OF PD ENERGY
CHARACTERISTIC

In order to determine the applicability of
investigated PD as the photodetector unit in the
structure of densitometric complex the following
measurements were performed: measurements of
noise parameters, dynamic range and linearity of
energy characteristic of investigated PD.

Optical Scheme and Equipment

Study of noise parameters, dynamic range and
linearity of energy characteristic of investigated
PD was performed on the device optical scheme
of which is shown in Fig. 3. The photometric
incandescent lamp of CHPII 8.5 - 200-1 type
(voltage 8 V, current 23 A) was used as the
radiation source, the photodetector C®[-1 based
on silicon photodiode and integrator was used as
the radiation-measuring instrument. Power was
supplied to the lamp CHPII 8.5 - 200-1 (2) by the
stabilized power source CHII-30 and in order to
control the lamp voltage the voltmeter B7-54/3 was
used. Lamp voltage which was supported by means
of the P33 resistor bank was equal to 8.0020+0.0004
V. PD voltage which was estimated by means of
the MPS 3020 stabilized power source was equal to
6.00+0.01 V.

Ta6nuua 1. [poBepKka UCTOYHMKA MOCTOSSHHOMO TOKA
C ncnonb3oBaHMeM 3nekTpomMeTpa Keithley-6514

MokaszaHusa Keithley-6514,

PacyeTHoe 3Ha4eHne

ToKa, A A (B pexxume “slow”)
21073 1,99942:10°73
11073 1,0003910%3

0,510 0,500421073

20010°© 200,058:10°

100-10°¢ 100,03510°6
50-10°¢ 50,0110-10°¢
20-10°° 20,0033-10°°
10-10°® 10,0030-10°
110 1,00126-10°6
0,510 0,50057:10°6
49,8107 49,864.107
4,976107 4,976610°
0,49-10= 0,4913810°°




I
SESSSSSSSSSSS  OPTICAL MEASUREMENTS JEGMA
I

U ompefeleHUs xapaKTepucTtuk OPIIY [10]. CyTb
MeToJla COCTOMT B OIpeJlleJleHUH OTHOIIEHHS
MeXXIy OBYMS BeIMYMHAMM CHUJIBI TOKA QOTOIIPHU-
eMHHKA: OJHOM — BO3HHUKAIOUIeH NP NONaJaHUU
Ha (OTONpHEeMHHUK CBETOBOrO IIOTOKA, IIpOLIeA-
IIero 4yepe3 HcCleAyeMbl obpasel]; M APyrom -
IIpH MOIAJAHUU CBeTa HA GOTONIPUEMHHUK B OTCYT-
CTBUH HccIenyeMoro obpasma. BapbupoBaHUe
CBeTOBOTO IIOTOKa, IOINAafaloliero B HHTETPUPY-
LYo cPepy, OCyLeCTBIASJIM TpeMs pPa3sHBIMU
crmocobaMU: BO-IIEpPBBIX, H3MeHsSIsS pacCTOsTHHUe
MeXJy HMCTOYHHUKOM CBeTa M HHTerpUupyHoIlleHn
chepoil; BO-BTOpHIX, AHadparMUPysl CBeTOBOH
IIOTOK; B-TPeTbUX, BBOAS B ONTHUYECKHUH TPaKT
HeHTpaJIbHble QUIBTPE. A KOMOMHAIMS 3TUX CIIO-
c060B C PA3TUYHBIMU COUETAHUSIMHU ONMTHYECKUX
3JIEMEHTOB II03BOJIM/IA H3MEHSITh MHTEHCHBHOCTH
CBETOBOIO II0TOKA, IOMAaJaoNlero B UHTErPHUPYIO-
mywo chepy, B LIMPOKOM JHala3oHe. [IpyU Ka>kgoM
COYeTaHHUHU OINTHYECKUX 3JIeMEeHTOB, a TaKXKe IpH
PerucTpalliid TeMHOBOIO TOKAa, IIPOBOJU/IN H3Me-
PeHUs CUTHajda CepuUsIMH U3 10-Tu HabnOOeHUH
(BpeMs omHoOro HabniomeHUs - 3 C) U OIpefensiiu
cpenHee 3HaueHHe I, U cpefHee KBaJpaTHUYecKoe
OTK/JIOHEHHe pe3yjbTaTa H3MepeHHUs S COIJIACHO
CTaHJapTHOM MeTonuKe [11].

OI'IPED,EHEHVIE ANHaMUNU4yeckoro gmanasoHa
OmpepeneHue OJUHAMHUYECKOTr O AUuara3soHa
IIPOBOA MU mno MeTony, YCTAaHOBJIEHHOMY
B [10]. [uHaMHUYeCKUH [AHAIa30H OIpelelsid
1o popmyse:

ﬂ51¢'1<¢/1n, (»

rae: Iy - ToK poTocurHana, Ky - KospdUuIiueHT ociia-
6neHus GHUIBTPA, BBOAKMMOIO B OITHYECKHUM TPAKT,
I;; - 3Ha4YeHHe TOKa IIyMa, TO eCTb $OTOTOKA, COOT-
BEeTCTBYIOIIETO IIOPOTY YYBCTBUTEIBHOCTH .

i g

Method of Study

The method of measurement of photoelectric
parameters and estimation of PD characteristics
was taken as the basis of the study [10]. The
point of this method lies in the determination of
relation between two magnitudes of photodetector
current intensity: one magnitude occurs when
the luminous flux falls on photodetector, other
magnitude occurs when the light falls on
photodetector upon absence of the sample under
study. Variation of luminous flux which falls into
the integrating sphere was performed by three
different methods: first of all, changing the
distance between light source and integrating
sphere; secondly, diaphragming the luminous
flux; thirdly, introducing the neutral filters
into the optical path. And combination of these
methods with the different compositions of optical
elements made it possible to change the intensity
of luminous flux which fell into the integrating
sphere within wide range. Upon each combination
of optical elements and registration of dark current
the signal measurements were performed by the
series consisting of 10 observations (period of
one observation was 3 s) and the mean value I
was estimated as well as mean square deviation
of measurement result S in accordance with the
standard methods [11].

Estimation of the Dynamic Range
Estimation of the dynamic range was performed
on the basis of the method established in the
paper [10]. Dynamic range was estimated according
to the following formula:

I<ly Ko/, (1)

where I, stands for the photosignal current, K,
stands for the attenuation coefficient of the filter

PHoToNIcs N21/43/2014 79



OnpepeneHve ToKa LWyMa,
COOTBETCTBYHOLW,Ero Nopory
YyyBCTBUTENbHOCTU PIY

3HadveHue ToKa myma PIIY ompepnesnsiiv, Korga ycra-
HOBJIEHHBIM 3KpaH (CM.pHC.3) IepeKphIBal IyTh
CBETOBOMY JIy4y BO BXOJHOI IOPT MHTeIpUPYIOLIel
chepnl. ITpu 3ToM Ha BeIxozme @IIY perucTpupoBalu
OOIHUH TOK Iy, M TeMHOBOM TOK Ir. Ilo pesynbra-
TaM UX H3MepeHHH C IIOMOIIbIo pa3paborarnHoro I10
BBRIYMC/IAIHN 3HayeHHe $OTOTOKA, COTJIACHO popmyrie
Ip=Iopy ~Ir. 32 3HaueHue GpoTOTOKA I}, COOTBETCTBYIO-
IIero Iopory 4yBCTBUTENBHOCTU O meTekTOpa, 6BL10
IIpUHATO 3HadyeHHe ToKa, paBHoe [;=3,25S;;, rme
KO3QPUuLHeHT 3,25 - 3710 KO3dPuLHeHT CThIOJEHTA

___ m ONTUYECKMUE UBMEPEH/S I
i g

introduced into optical path, I is the value of
noise current, in other words, photocurrent which
corresponds to the threshold of sensitivity @p.

Estimation of Noise Current Which

Corresponds to PD Threshold of Sensitivity
PD noise current value was estimated when
the installed screen (see Fig. 3) was blocking
the way of luminous flux to the access port of
integrating sphere. At this moment the total
current I,s, and dark current IT were being
registered in the PD output. According to the
results of their measurements using the designed
software the value of photocurrent was being

Tabnuua 2. Pe3ynbTaTbl ABYX CEpUIA M3MepeHnin Toka OMY npur pasfnyHbIX COHETAHUSAX ONMTUYECKUX 3/IEMEHTOB B OMTH-

yeckowm cxeme

1-9 cepua U3MepeHun

T, cpeaHee 3HayeHne
doToTOKA, HA

8, 0OTHOCMTEeIbHAA NorpeLu-
HOCTb M3MepeHus, HA

2-9 Cepus U3smepeHuni

1, cpeHee 3HaYeHue
doToTOKA, HA

5, 0OTHOCKTeNbHAA NorpeL-
HOCTb M3MepeHUs, HA

I max 1 283,540059 0,000175 lax 6 328,193034 0,000225
308,387819 0,000030 1227,644596 0,000312
129,131645 0,000011 647,258702 0,000091

31,549351 0,000049 303,247038 0,000053
13,551207 0,000047 125,834879 0,000083
10,304460 0,000185 31,082712 0,000071
3,317204 0,000069 13,182938 0,000114
2,464791 0,000034 9,880288 0,000106
1,629944 0,000032 3,263380 0,000104
1,044206 0,000068 2,429279 0,000119
0,396707 0,000065 1,580837 0,000027
0,255132 0,000036 1,026931 0,000046
0,248926 0,000328 0,390156 0,000169
0,108556 0,000093 0,254164 0,000273
0,059722 0,000106 0,249127 0,002000
0,026513 0,000155 0,106616 0,000147
0,025555 0,000339 0,058704 0,000427
0,013190 0,000436 0,026618 0,000485
0,006172 0,000666 0,026324 0,000572
0,003207 0,001183 0,012952 0,001262
0,002666 0,002135 0,006174 0,002513
0,000640 0,007417 0,003253 0,001254
0,000312 0,009163 0,002709 0,003472
I, 0,000060 0,131762 0,000665 0,009623
- - 0,000323 0,026274

- - I 0,000087 0,146437
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IIPU [OBEPUTENbHOM BepOSTHOCTU P=0,99, a Sy -
CpellHee KBaJpaTH4YecKoe OTKJIOHEHHE pe3ysbTaTa
M3MepeHHUs CpeJHEr0 TeMHOBOIO Toka l;. B pe3yns-
TaTe M3MepeHHUH OblIO oIlpefesieHO 3HaYeHHe POTO-
TOKa I}, COOTBETCTBYIOIIee MOPOr'y TOKOBOH YyBCTBU-
TenbHOCTH DITY, 1;;=(1,9£0,2)-10° HA ~ 210 HA.

Jamnee, BapbUPys PaCCTOSHHE MeXKAy UCTOUHHKOM
U HHTerpupymomen coepor (L1=300 cm, L2=157 cm,
L3=80 cM, IIOTpeIlHOCTb YCTAaHOBKH 0,1 M), MeHSIH
CBETOBOM IIOTOK, IONAJAOMKUK B MHTETPUPYIOLIYIO
cdepy. CBeToBOM syd ObUI HaIlpaBeH HeIOCPe-
CTBEHHO Ha fJuadparmy [ (M. puc.3), a Ha IyTH 1y4a
BBOonMIH GuipTpel HC11, HC13. BpIIM MCIIONBb30BAHBL
4 pasnuuHele fUadparmel fuaMeTpaMmu: [A1=1,3 MM;
02=4,0 mm; 13=12,0 mm; J4=40,0 mM.

B Tab:1.2 mpeCcTaBIeHBI Pe3yIbTaThl IIEPBOM U BTO-
PO CepHUH M3MepeHHH POTOTOKA Iy IIPU Pa3THMUYHBIX
COYeTaHUSIX ONTHUYECKHUX 3JeMEHTOB B ONTHUYECKOU
cxeme. Pe3ysbpTaThl PacCIIOIOKEHBI B IIOpsiiKe YOBI-
BaHUS OT MAaKCHMAJIPHOIO 3HAa4YeHHSI K MUHHUMAJIb-
Homy: oT I,,,,=1283,540 HA mo 1,;,=0,000060 HA -
nns -1 cepun U3MepeHHUM; U oT [,,=6328,193 HA
no 1,;,=0,000087 HA - nns II-M1 cepUH H3MepeHHH.
Takum o06pa3omM, [HAIa30H KM3MEpPeHHBIX TOKOB
IleTeKTOpa B IepBOM CepUM MH3MEepeHUM COCTaB-
nset I,,/1,;,=1283,540/0,000060 =21392334,3~2,1-107
1 LOG, (I nax/Imin)=7,33£0,06. Bo BTOpOM cepUHU H3Me-
penun I /1.:,=6328,193034/0,000087=72737850,97 ~
~7,3-10" 1 LOG, (I ,.4/ Linin) =7,86£0,07.

JOuHaMu4deckKUM guamasoH [ npu l,=1=6473 HA
(Tabm.2, 3-s cTpoKa 2- cepuu H3MepeHUH), K;=9,78
u [;;=0,00002 HA gocTuraer 3Havenus [1=3,16530-108,
(2) aLOG,,[1=8,50+0,07 (3).

WccneposaHne NMHENHOCTYU

3HepreTM4ecKkom xapaktepuctuku ®ny

Insi ucclefoBaHHUS JTHHEHMHOCTH 3HepreTHde-
CKOM XapaKTepHCTHKH MCII0JIb30Baau MeTon [10].
[To pe3ynbraTaM H3MepeHHH QOTOTOKa, (Tabin.2)
C y4eToM H3BeCTHBIX 3Ha4YeHHUHU KO3IPPHIIMEeHTOB

i g

calculated according to the formula Ig=Iogy-Ir.
The photocurrent value I corresponding to the
threshold of sensitivity @;; of detector was assumed
as the current value which is equal to I;=3.25Sy;,
where the coefficient 3.25 stands for the Student’s
coefficient with the confidence coefficient P=0.99
and Sy; stands for the mean square deviation of the
measurement result of mean dark current I;. As a
result of measurements the photocurrent value I
was estimated which corresponded to the threshold
of PD current sensitivity, I;=(1.9+0.2)-10° nA ~ 2110~
nA.

Then, varying the distance between the source
and integrating sphere (L1=300 cm, L2=157 cm, L3=80
cm, setup error 0.1 cm) we changed the luminous
flux falling into the integrating sphere. Luminous
flux was directed straight on the diaphragm [ (see
Fig. 3) and the filters HC11, HC13 were introduced on
the way of beam. 4 different diaphragms with the
following diameters were used: [11=1.3 mm; [12=4.0
mm; [13=12.0 mm; J4=40.0 mm.

Results of the first and second series of
measurements of the photocurrent I, are given
in Table 2 upon the different combinations of
optical elements in the optical scheme. Results
are arranged in decreasing order from the
maximum value to the minimum one: from
I...=1283.540 nA to I,_,,=0.000060 nA - for the
Ist measurement series; and from I ,,=6328.193 nA
to 1,;,=0.000087 nA - for the 2nd measurement
series. Thus, the range of detector measured
currents in the first measurement series is
1o/ 1min=1283.540/0.000060=21392334.3~2.1-107
and LOG10 (I,,.,/1,,in)=7.3320.06; in the second
measurement series I ,./I,,;,=6328.193034/0.000087
= 72737850.97~7.3:107 and LOGy(I =7.86%
0.07.

The dynamic range [l when I,=I=647.3 nA (Table 3,
314 row of the 274 measurement series), K,=9.78

max/lmin)
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Fig. 3. Optical measurement circuit by PD parameters
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IIPOIYCKAaHHUS 3JeMeHTOB, BBOOHMMEIX B CBETOBOH
ny4ok (oNTHYecKUX QUIBTPOB, AHMAaPparm, BapbH-
POBaHHSA PaCCTOSHMS MeXAY HCTOYHMKOM CBeTa
M HHTerpupymoien cdepoi) Obl IIpoBelleH aHa-
au3. OH IIOKasaj, YTO IIOTPEIIHOCTh OIpele/leHus
ONTHYEeCKOM IIOTHOCTH 3THX 3JIeMeHTOB He IIpe-
BpimaeT 0,2% B IIpefesax AMara3’oHa H3MepeH-
HBIX TOKOB HcciaemoBaHHoro ®IIY (ot 0,006174 HA
10 6328,193 HA Bo II-1 ceprH H3MepeHUH).

Ilony4eHHBIe B XOJe HCIBITAHUH Ppe3y/b-
TaThl CBHUETEJLCTBYIOT O TOM, YTO OTKJIOHEHHE
OT JTHHEMHOCTH JHepreTH4YecKOH XapaKTepHUCTHUKH
10 KPUTEPHIO, YKa3aHHOMY B [10] He mpeBblmIaeT 1%
B nramna3soHe [1=4,1-10° B jorapudMHUIecKOM IIKaJIe
OTK/IOHEHHSI OT JIMHEHHOI0 3aKOHa SHepreTH4ecKoM
XapaKTepUCTUKHK He mpessimaioT 0,003 b B guama-
30He ot 0,03-6,6 b.

NcchepoBaHne NMHENHOCTH

3HepreTM4eckom xapaktepuctuku ®ny
MeTOA0M ABOVHOM anepTypbl

JIOTIONIHUTE/IBHO MeTOAOM [BOMHOM aIlepTyphl [5].
6pl71a KCCIefOBaHA JIMHEMHOCTh SHEPreTHYecKOH
XapaKTepUCTUKHU QPIIY B CIIeKTpaJIbHOM [Halla30oHe
(340-770 HM), 3alaHHOM B JOoKyMeHTe [12]. CBeTOBOM
IIOTOK OT JIAMIIBl IOC/Ie IPOXOXAeHUsT Gunprpa Pl,
HenTpanbHoro ¢unsrpa ®H, paccenBaTens U LHa-
dparmsl (IuamMeTpoM 3 MM) IIolIafasl Ha HeIpo3pau-
HYI0 MacKy, HMeIOIIYI0 [Ba OTBepcTUs A U b (nua-
MeTpoM 1 MM). OTBepcTHS OBUIM PaCIIOIOKEHBI
TaKUM 06pa3oM, 4To OHH 06a HAXOAHIHUCh BHYTPHU
IIOIIA M, OXBAaTbIBAeMOM 3TOM Auadparmor, a pac-
CTOSIHMEe MeXAy MX KpaHHUMH TOUYKaMH COCTaB-
gm0 0,4 MM. CxeMy MCC/IeloOBaHHUS JTHUHENHOCTH
®ITY MeTomoM ABOMHOL aIlepTyphl ITOSICHSET pHC.4.
IToTOK M31My4YeHH s, UCXOASAIIUK U3 STUX OTBEPCTHH,
IepeKpPbIBAIOT 3aC/JIOHKOM. 3aCI0HKA yCTaHOBJIEHA
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and I;=0.00002 nA obtains the following value
I1=3.16530-108, and LOG,,J1=8.50 + 0.07.

Study of Linearity of PD Energy
Characteristic

The method [10] was used for the study of linearity
of energy characteristic. According to the results
of photocurrent measurements (Table 2) and taking
into account the known values of transmission
coefficients of elements introduced into the luminous
flux (optical filters, diaphragms, variation of distance
between the light source and integrating sphere) the
analysis was carried out. It showed that the error of
optical density estimation concerning these elements
does not exceed 0.2% within the range of measured
currents of the PD under study (from 0.006174 nA to
6328.193 nA in the 2nd measurement series).

The results obtained during experiments
indicate that the energy characteristic deviation
from linearity by the criteria specified in the paper
[10] does not exceed 1% within the range 1=4.1-10°.

Tabnuua 3. PoTo31eKTpUYecKmne xapakTepucTnukm ncce-
ayemoro ®ry

HanmeHoBaHue
3Ha4vyeHue

XapaKTepucTnku

Mopor Y4yBCTBUTENILHOCTH

He npesbiwaeT 2-10-5 HA
(3HaveHue doToTOKA I )

[AnanasoH 3Ha4YeHnm n3mepeH-

HbIX TOKOB LOG1 g (I;max/min) He Menee 7,33

JvHaMmnyecknin guanasoH

LOG,, 3 He meHee 8,5

OTKJIOHEHME OT IMHENHOT O
3aKOHa 3HepreTuyeckom
XapaKTepucTuKm

He npeBbiwaeT 0,003 b
B Anana3oHe 0,03 -6,6 b
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Ha [JlepskaTesne, KOTOPHIM IIPUBOAUJICS B J[BUKe-
HHe MeXaHHYeCKH LIaroBbIM [BHUTraTejleM. TaKUM
06pa3oM 3aC/IOHKOM MOXKHO IIepPeKpBIBaTh CBeT TO
OT OJTHOT'0 OTBEPCTHUS A UK B, TO OT ABYX OTBEPCTHUH
OJHOBpeMeHHO. CIIeKTPaJIbHYI0 XapaKTePHUCTUKY
CBETOBOI0 II0TOKA, [IaJaoIlero Ha suadparmy, omnpe-
JenseT CIIeKTp U3IydyeHus JaMIibl U GuasTp 1. OHa
COOTBETCTBOBAJ/Ia CIIEKTPAJ/IbHBIM YC/IOBUSIM H3Mepe-
HHUS ONTHYECKOH IIJIOTHOCTH B IIPOXOAAINEM CBeTe
o MCO 5-3 [12].

Hcnonb3oBaHHMeM HeHTpaabHbBIX GuIbTpoB OH
6bLIM 3aJaHbl YPOBHHU HMHTEHCHUBHOCTH IIpOLIeJ-
[Iero M3jy4eHUs, UX BeJIMYHMHA MeHs/1ach B JHalla-
30He 7-U HopsaaKoB. CIeKkTpajabHas XapaKTepUCTHKaA
3JIeMEHTOB, CTOAINMX IIoC/ie AuadparmMmsel, olpefe-
ngnace GuabTpoM P2 M CIEKTPaJbHOU UYBCTBH-
TeJIbHOCTBIO PIIY M Takke COOTBETCTBOBaja CIIEK-
TPaAbHBIM YCIOBHUSM H3MepeHHUs CTaHIapTHOH
BHU3yanbHON NHGGY3HOM IVIOTHOCTU B IIPOXOASIIEM
cBeTe 110 KICO 5-3 [12].

®OTOTOK, IONYUYeHHBIM IPHU OTKPBITOM OTBEp-
cTuu A niu B 0603HaueH Kak S, viu Sy. CUTHAI TOKa,
IIOJIyYeHHBIU IIPH ABYX OTKPBITBIX OTBEPCTHSX IIPH-
HAT KaK Sy, . [Ipy Ka>k0M ypOBHE M3/IyUYeHM s, 3aa-
BaeMOM HeMTpanbHbIMHU obunsTpamu HC-3, HC10
u HC-11 mnu ux KoMOHHAIIMeH, IIPOBOAUIIN CEPHIO
H3MepeHUH CUTHANOB Sy, Sy U Sy,5. AHAIH3 OTHOIIIe-
HUS BeJIUYHUH CHUTHANOB S,/S,,5 U Sp/S,,p IOKa3all,
YTO OTHOUIEHHS OCTAaBAJIUCh IIOCTOSHHBIMH C OTHO-
CUTeJIbHOH IIOTPeIIHOCTHI0 He boiee 1% B [Hama3oHe
MHTEeHCHBHOCTH H3/1y4YeHUs 6,4 mmopsigka. 3HaueHU
doTocurHanoB ObUIM OrpaHHUYEHBl CHH3y 3Hade-
HUeM oToToKa [;*2-10™ HA, YTO COOTBETCTBOBAJIO
II0pPOr'y YyBCTBUTEJIbHOCTU P porompuemHuKa. To

i g
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3ac/ioHKa

Macka

Puc. 4. Cxema uccnedosarus auHetiHocmu ®I1Y memodom
080LliHOU anepmypebl

Fig. 4. The scheme of PD linearity study via the double
aperture method

In the logarithmic scale the energy characteristic
deviations from linear law do not exceed 0.003 B
within the range 0.03 - 6.6 B.

Study of Linearity of the PD Energy
Characteristic Using the Method of Double
Aperture

The linearity of PD energy characteristic was
studied additionally using the double aperture
method [5] within the spectral range (340-770 nm)
given in the document [12]. Luminous flux from
the lamp after passing the filter @1, neutral filter
®H, diffuser and diaphragm (with diameter of 3
mm) was falling on the non-transparent mask
which had two openings A and b (with diameter of
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ecTb MCC/Ie[JOBaHUE JIMHEHMHOCTH >HepreTH4ecKoM
XapaKTepUCTUKKA @IIY MeTonoM [BOMHOM aIep-
Typhl TIOATBEPAM/IO, YTO Ppe3yabTaThl H3MepeHHH
JTMHEMHOCTH 3HepreTU4eckor XapakTepucTuku OIIY
no merony [10] ¥ MeToIOM ABOMHOI amepTypel [5]
HAXOJSITCSI B COOTBETCTBUU IPYT C IPYTOM.

3AKJIIOYEHUE

BeImloIHEHHBIE MCC/IeNOBAHMSA IIYMOBBIX IIapame-
TPOB, NMHAMHYECKOro OHalla30Ha W JIMHEHHOCTH
®ITY, UCIONb3yeMOro B CTPYKTYPHOH CXeMe 3TajIOH-
HOrO IeHCUTOMeTpa B IpoxofsieM cBeTe (Tabn.3)
IOATBEPAMIM BO3MOKHOCTD KMCII0/1b30BaHu A PIIY Ha
OCHOBe KpeMHHeBOoro QoTofHofAa IS H3MepeHHH
ONTHYeCKOU IJIOTHOCTH B JHMHAMHYeCKOM JHaIla-
30He 6oree 8 B.
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1 mm). Openings were located in such a way that
both of them were inside of the area covered with
this diaphragm and the distance between their
endpoints was 0.4 mm. The scheme of PD linearity
study via the double aperture method is described
in Fig. 4. Radiant flux coming from these openings
was blocked by the door. The door was installed
on the holder which was actuated mechanically
by the stepping motor. In such manner the light
could be blocked from one opening A or b by the
door or from two openings simultaneously. The
spectral characteristic of luminous flux falling
on the diaphragm determines the lamp radiation
spectrum and filter ®1. It corresponded to the
spectral conditions of optical density measurement
in the transmitted light according to ISO 5-3 [12].

Use of the neutral filters ®H set the levels of
intensity of transmitted radiation, their values
changed within the range of 7 orders. Spectral
characteristic of the elements located near the
diaphragm was estimated by the filter ®2 and
spectral sensitivity of PD and corresponded to the
spectral conditions of measurement of standard
visual diffuse density in the transmitted light
according to I1SO 5-3 [12].

Photocurrent obtained upon the unblocked
opening A or B was designated as S, or S;. Current
signal obtained with two unblocked openings was
assumed as S,,;. Upon every level of radiation set
by the neutral filters HC-3, HC-10 and HC-11 or their
combination the series of measurements of signals
Sa, Sp and S, were performed. Analysis of ratio of
the signal values S,/S,,5 and Sg/S,, showed that the
ratios stayed constant with the relative error I of not
more than 1% within the range of radiation intensity
of 6.4 orders. Photosignal values were flattened at
the negative peak by the photocurrent value III
~2:10” nA which corresponded to the threshold of
photodetector sensitivity ®II. In other words, the
study of linearity of the PD energy characteristic
using the double aperture method confirmed that the
results of measurements of PD energy characteristic
linearity using the method [10] and double aperture
method [5] correspond to each other.

CONCLUSION

Performed study of noise parameters,
dynamic range and linearity of the PD used in
the structural diagram of reference densitometer
in the transmitted light (Table 3) confirmed the
applicability of the PD based on silicon photodiode
for the measurement of optical density within the
dynamic range of more than 8 B.



