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B HacTosLee BpeMs BbICOKOTOYHOE U3MepeHUue
yr/10B HE06X0AMMO BO MHOIMX o61acTax

HayKWU N NPOMbILIEHHOCTU. MpeunsnoHHbie
M3MepeHUs Yr10B 0CO6eHHO BaXKHbl Npu
noBepKe U KOHTPOJie pa3/InYyHbIX ONTUYECKUX
AeTanen v yraosbix mep. O4HUM U3 CAMbIX
TOYHbIX MPU6OPOB HA AaHHbIA MOMEHT SABASIeTCS
roHMoOMeTp, NO3BOJIAIOLLUIA UIMEPSTb YI/ibl
6eCKOHTAKTHbIMM MeTogaMU. B naHHOM

CcTaTbe paccMaTpUBaKOTCA pas/inyHbie

TUNbl HY/Ib-UHAUKATOPOB, NPUMEHSIEeMbIX

B FOHWOMETPUYECKMX CUCTeMaX, YKa3biBalOTCS
MX NpenMylecTBa U HegocTaTku. O63op
npeaHasHa4veH aas Toro, 4to6bl AaTb 6asoBoe
npeacrtaBjieHUne o roOHMOMEeTpUu4YeCcKnx cuctemax
M Hy/Ib-MHAMKATOpaXx, UCNOJIb3yeMbiX B YI/1I0BbIX
M3MepeHUsX.

KntoueBble c10Ba: rOHNOMETPUYECKUE CUCTEMDI,
MHOrOrpaHHas npmM3ma, aBTokoNIMMaTop,
HYNb-MHANKATOP
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1. BBEAEHMUE

Pa3paboTKa TOHHOMETPOB Hepa3pbIBHO CBsI3aHA C pas-
BHUTHEM HCCIeOBAHUH B 00/1aCTH KPUCTA/UIOTPadHH.
B 1783 romy ApHonbz Kapamsko m306pen IepBBIH MIpH-
6op @IS HU3MepeHHUsS yIJIa MeXKAy ABYMsI TPaHSMU
KPUCTA/UIa. DTOT NpHUbOp Y4EHBIM Has3BaJl KOHTAKI-
HBIM FOHHOMETPOM, OH COCTOSUL W3 [BYX MeTaJlIH-
YeCKHX CTepsKHeH, KOTOpble ObIIM COeqMHEHBI IIap-
HHpaMHU B IeHTpe TIpaJyHMPOBAaHHOIO IIOJYKpyra.
To4HOCTH 3TOro ImpubOpa CoCcTaBisIa OKomo 15 yrio-
BBIX MHUHYT [1].
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Nowadays, high-precision angle measurement is
necessary in many fields of science and industry.
Precision angle measurements are especially
important when checking and controlling
various optical parts and angular measures. One
of the most accurate devices at the moment

is a goniometer, which allows you to measure
angles by non-contact methods. This article
discusses various types of null-indicators used

in goniometric systems, their advantages and
disadvantages are indicated. The review is
intended to provide a basic understanding of
goniometric systems and null-indicators used in
angular measurements.
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1. INTRODUCTION

The development of goniometers is inextricably
linked with the development of research in the
field of crystallography. In 1783, Arnold Carangeau
invented the first device for measuring the angle
between two faces of a crystal. The scientist called
this device a contact goniometer. It consisted of two
metal rods that were connected by hinges in the
center of a graduated semicircle. The accuracy of this
device was about 15 arc minutes [1].

In 1809, the English physicist William Hyde Wol-
laston developed an optical goniometer that mea-
sured the angles between the faces of a crystal using
light reflected from them. The crystal was attached
to a rotating graduated table, and the light source
was directed to various facets of the crystal. The
angle between the crystal faces was determined as
the difference in the readings of the graduated table
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B 1809 romy aHrnuickuu GU3MK YHIBIM Xamp
BonnacToH paspaboTan ONTHYECKUHM TOHHOMETP,
KOTOPBIH HU3MePsUI YIJIBL MeKAY TPAHSMHU KpHCTasia
C IIOMOIIBIO CBETa, OTPAKEHHOIo OT HUuX. Kpucramn
IOPUKpeIUISIICS K BpalllallieMycs IPaAyHpoBaH-
HOMY CTOJIy, 2 HUCTOYHUK CBeTa HAIIPaB/Is/ICS Ha pas-
JTUYHBle IPaHU KPUCTa/Ia. YIOl MeXAy IPaHIMU
KPUCTI/IA OIIpefeNsiicsl KaK PasHHUIA IIOKa3aHUH
IPaflyHpPOBAaHHOrO CTO/MA, HAa KOTOPBHIM IIafal OTpa-
SKeHHBIH OT I'PaHeHr CBeT. DTOT TOHHOMETp HMell
TOYHOCTbD 5 YIJIOBBIX MHUHYT [2].

PasBUTHe HayKd B 00JIaCTH TOHUOMETPHUU IIPU-
BOJMJIO K CO3LAHHIO HOBBIX IIpUOOpPOB M IIporpec-
CHBHBIX METOLOB U CPeINCTB H3MepeHHUM VIJIOB,
[I03BOJISIOIIMX BpallaTh MCCIEAyeMBIH O00BeKT
B aBTOMAaTHUYeCKOM PpeXHMe, MCII0NIb30BaTh pas-
JTUYHbIle BCIIOMOTATeJIbHBIe 3JeMeHTBl, OITHMHU-
3UpOBAaTh KOHCTPYKI UK M IIOBBIIIATH TOYHOCTH
TOHHUOMETPOB.

Hnes u3MepeHHUs YIJIOB MHOIOTPAHHOM IIPH3MBL
C IIOMOINBI0 TOHHOMETPA IOSIBUIACh O4YeHb [JABHO.
Korma Bo3HHKIAa HeobXOOWMOCTb HM3MEPeHHUs YIJIOB
B aCTPOHOMHH C OYeHb BBICOKOM TOYHOCTBIO, TaKKe
BO3HUK/IQ HeoOXOZWMOCTh KaJIHUOPOBKU CPeACTB
HM3MepeHUN ISl IIOBBILIIEHUSI TOYHOCTH HX H3Mepe-
HuI. B 1954 rogy B CBOeH ny6n1/11<am/m 1107, Ha3Ba-
HueM «The calibration of circular scale and precision
polygon» Kyk A.X. ommcan KalHOPOBKY MHOIOTPaH-
HOM IIPU3MBI IIyTeM TOYHOIO pellleHHs Habopa ypas-
HeHHUH [Is PasHULBI yIJIOB MeXIy ee TpaHsIMHU [3].
C pa3sBUTHEM MeTPOJIOTHH B 06JIaCTH YIJIOBBIX H3Me-
PeHUI MHOIOTPAaHHas IIPU3Ma CTajla UIPAaTh BaSKHYIO
pOJIb YITIOBOM MepBl. MeXIOyHapomHble CIHYeHHS,
obecrieynBalroNIye eINMHCTBO H3MEPEHUI, MPOXOAST
C UCIIOTB30BAaHHEM MHOIOI'PAHHOL IIPU3MBbI, KOTOPYIO
II0C/IeIOBATEIPHO KA/JIMOPYIOT HAa 3TAJIOHHBIX TOHHO-
MeTPUYeCKUX CUCTeMAaX HALIMOHAIBHBIX METPOJIOTH-
YeCKUX UHCTUTYTOB Pa3HBIX CTPaH [4,5].

2. KIACCUNDPUNKALUNA BECKOHTAKTHbIX
TrOHUOMETPOB

Hcxonst M3 HCTOPUM H300peTeHUST TOHHOMETPOB
1 MeTOJOB UX HM3MepeHUI, Mbl MOKXeM 3aKIIOUUTh,
YTO CyIIeCTBYeT [Ba THUIIA TOHHOMETPOB: KOHTAaKT-
HBIM M OTpaskaTeNbHBIN (6eCKOHTAaKTHBIN). bBec-
KOHTAKTHBIM TOHHUOMETpP sIBAseTcss Hauboimee Tou-
HBIM U B HaCTosilllee BpeMs LIMPOKO HCIIO/Ib3YeTCsl
B MeTPOJIOTUHM, NPUOOPOCTPOEHUHU K APYTHUX Hayd-
HBIX U IIPOMBIIIIJIEHHBIX 00/1aCTAX.

[TonHasi TOHHOMeTpHUecKkas CHCTeMa COCTOMT
13 TaKUX 37IeMeHTOB, KaK YIJI0Basl IIKaja; II0OBOPOT-
HBIH CTOJ; IIPUBOJ, 330NN BpallleHHe; OITHYe-
CKOe yCTPOMCTBO, 3a/ialollee OIIOPHOe HaIlpaB/leHHe;

on which the light reflected from the faces fell. This
goniometer had an accuracy of 5 arc minutes [2].

The development of science in the field of goniom-
etry led to the creation of new devices and progres-
sive methods and means of measuring angles, allow-
ing the object under study to rotate automatically,
use various auxiliary elements, optimize designs
and improve the accuracy of goniometers.

The idea of measuring the angles of a optical
polygon using a goniometer appeared a long time
ago. When it became necessary to measure angles in
astronomy with very high accuracy, it also became
necessary to calibrate measuring instruments to
improve the accuracy of their measurements. In
1954, in his publication entitled “The calibration
of circular scale and precision polygon”, A.H. Cook
described the calibration of a optical polygon by
accurately solving a set of equations for the dif-
ference of angles between its faces [3]. With the
development of metrology in the field of angular
measurements, the optical polygon began to play an
important role as an angular measure. International
comparisons, ensuring the unity of measurements,
are carried out using a multi-faceted prism, which is
consistently calibrated on the reference goniometric
systems of national metrological institutes of differ-
ent countries [4,5].

2. CLASSIFICATION OF CONTACTLESS
GONIOMETERS

Based on the history of the invention of goniom-
eters and their measurement methods, we can
conclude that there are two types of goniometers:
contact and reflective (contactless). The contactless
goniometer is the most accurate and is currently
widely used in metrology, instrumentation and
other scientific and industrial fields.

A complete goniometric system consists of such
elements as an angular scale; a turntable; a drive
that sets the rotation; an optical device that sets the
reference direction; an electronic unit that controls
the engine and pre-processing data; a personal com-
puter for receiving and processing data. The object
under study is fixed on the turntable as shown in
Fig. 1[6].

According to the principle of operation, con-
tactless goniometers are divided into static and
dynamic. The static measurement method differs
in that the moving parts of the goniometric sys-
tem (the object under study and the turntable)
remain stationary at the moment of measurement.
In this mode, the optical device is an autocollima-
tor, which measures the deviation of the normal to
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3JIEKTPOHHBIM 610K, KOTOPBIM OCYLIECTBIISIET YIIPaB-
JIleHue ABUTaTelleM U INpefBapUTENbHYI0 06paboTKy
DAHHBIX; [ePCOHAIBHBIN KOMIIBIOTEP IS IIpHeMa
1 06paboTKK MaHHBIX. MccaenyeMbll 06BeKT 3aKkpe-
IUISeTCSI Ha IIOBOPOTHOM CTOJIe TakK, KaK ITOKa3aHO
Ha puc. 1[6].

[To NpUHIUIY AeHCTBUSI 6eCKOHTAKTHBIE TOHHU-
OMETPHI [eNsTCS Ha CTaTU4YeCKHe M JUHaMH4Ye-
ckye. CTaTHYeCKUH CII0cob M3MepeHUH OTIHYaeTcs
TeM, 4YTO [BHKYIIMeCs YacTH TOHHOMETPHYeCKOH
CUCTeMBI (HCCIIeyeMbIEl 06BeKT U ITOBOPOTHBIE CTO-
JIMK) OCTAIOTCSI HEIOABISKHBIMHU HeIlOCpPeICTBEHHO
B MOMEHT U3MepeHHN. B 3TOM peskuMe OIITHYEeCKUM
YCTPOMCTBOM SIBJISIETCS. aBTOKO/UIMMATOP, KOTOPBIH
r3MepsieT OTKJIOHEHHe HOPMaIH K OTPaskarolleH
IPaHU IIPU3MBl OT BH3HWPHOH OCH aBTOKO/UIMMA-
Topa. Pe3ynbTaT MU3MepeHHUH B TaKOM CHCTEMe OIlpe-
mensieTcsl MOKa3aHUSIMH YITIOBOM LIKAJIBI KM aBTO-
KOJITMMaTopa. OCHOBHOM IIpob61eMoOI, CBSI3aHHOM
CO CTAaTUYECKUM FOHHUOMETPOM, SBJseTcs Dosnblas
IIPOJO/IKUTEIPHOCTD U3MepeHHUH.

JUHaMHUYeCKMM TOHHOMETPOM HAa3bIBaeTCs
YCTPOMCTBO, B KOTOPOM BO BpeMsl IIpoliecca H3Me-
PeHMI HccaeyeMbIH 06beKT BpallaeTcsl C KBa3HIIO-
CTOSSHHOU CKOPOCTBIO. B 3TOM THIIe TOHHOMETPOB
ONTHYECKUM YCTPOMCTBOM, 3afalOIIUM OIIOPHOE
HaIlpaBJleHHe, SIB/ISIeTCSI HYIb-UHAUKATOP.

Brok-cxema, IpefcTaBlIeHHAas HA PHUCYHKe 1, mof-
XOOUT KaK IS CTaTHYeCKHX, TaK U I JUHAMH-
YeCKUX THUIIOB TOHHUOMeTPOB [7]. Y IBYX peKHMOB
paboThl ecTh HECKOJBKO OTIMYMM, KOTOPbIe MBI Pac-
CMOTPUM. B COBpeMeHHBIX CTaTHUeCKHUX FOHHOMe-
Tpax yIJoBas IIKajaa BCerfa IIpelcTaBieHa JaT4yM-
KaMHu yriaa (06pIYHO ONTHYeCKHMMH) HIH JTHMOOM,
B TO BpeMs KaK B AHMHAMH4YECKHX TOHHOMeETPax
B KaueCTBe YIJIOBOM LIKAJIBI MOYKeT HCII0JIb30BaThCS
nub0 KONbLIEBOU j1a3ep, THUO60 ONTUYECKHUH NATUUK
yrna. BTopol 0COOEHHOCTBIO SIBJISETCS THUII ONTH-
YeCcKOro YCTPOMCTBA, HCIIOJIB3YeMOIO B CHCTeMe.
B cocTaBe CTAaTH4YeCKUX TOHHOMETPOB HCIIOIb3Y-
eTCsl aBTOKOJUIMMATOP, a B COCTaBe JHMHAMHUYECKHUX
TOHHOMETPOB — HYJIb-MHIUKATOP.

[IToMHMMO TPHHLUIIA LEHCTBUS, TOHHOMETPHI
IeNnsiTCs TakkKe IO CBOeMY Ha3HaueHHIO. 3aaud,
BBIIIOJIHSIEMBIe C [IOMOIIBIO TOHUOMETPOB, MOT'YT OBITh
clefyomue: KaIMO6POBKA MHOLOIPAHHBIX IIPH3M,
HM3MepeHHe II0KasaTessl IIpeIoOMJIeHHs, U3MepeHue
BHEIIHHUX YIJIOB, H3MepeHHe YITIOB MEeXKIy IBYMS
OTpaskaloIIUMHU IIOBEPXHOCTSMU [8].

MHororpaHHas HOpH3Ma - 3TO OLHH H3 CAMBIX
PaCIIpOCTPaHEHHBIX OOBEKTOB, KCIIONIb3YeMBIX IIPH
H3MePeHHUSIX C IIOMOIbI0 TOHHOMETPOB. MHOIOTrpaH-
Hasl IIpU3Ma IIpelCcTaBiseT coboM u3fenve ¢ QUK-
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Puc. 1. baok-cxema 20HUOMempu4eckol cucmembi:
1-npusod; 2 - y2n08as WKand; 3 — N0BOPOMHbIL CMOAUK;

4 - MH0202paHHAs Npu3ma; 5 - onmu4eckoe ycmpoLcmeo;

6 — 3/eKMPOHHbIL 6A0K; 7 — NEPCOHAAbHbIU KOMNblomep

Fig. 1. Block diagram of the goniometric system: 1- drive;

2 —angular scale; 3 - turntable; 4 - optical polygon; 5 - opti-
cal device, 6 - electronic unit; 7 - personal computer

the reflecting face of the prism from the sighting
axis of the autocollimator. The measurement result
in such a system is determined by the readings of
the angular scale and the autocollimator. The main
problem associated with a static goniometer is the
long duration of measurements.

A dynamic goniometer is a device in which, dur-
ing the measurement process, the object under
study rotates at a quasi-constant speed. In this type
of goniometers, the optical device that sets the ref-
erence direction is a null-indicator.

The block diagram shown in Fig. 1 is suitable for
both static and dynamic types of goniometers [7].
The two modes of operation have several differences,
which we will consider. In modern static goniom-
eters, the angular scale is always represented by
angle sensors (usually optical) or a limb, while in
dynamic goniometers, either a ring laser or an opti-
cal angle sensor can be used as an angular scale.
The second feature is the type of optical device used
in the system. As part of static goniometers, an
autocollimator is used, and as part of dynamic goni-
ometers, a null-indicator is used.

In addition to the principle of operation, goni-
ometers are also divided according to their purpose.
The tasks performed using goniometers can be as
follows: calibration of optical polygons, measure-
ment of refractive index, measurement of external
angles, measurement of angles between two reflect-
ing surfaces [8].

An optical polygon is one of the most common
objects used in measurements with goniometers.
An optical polygon is a product with a fixed num-
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CUPOBaHHBIM KOJIHYECTBOM CTO-
POH, KOTOpOe CYMTaeTCsl OLHUM
M3 CaMBIX TOYHBIX M HaOde>KHBIX
3TAJIOHHBIX CTAH/LAPTOB B 0071aCTH
YyIJIOBOM METPOJIOTHHU. [IpHMepsl
[IpefCcTaB/ieHbl Ha pUCYHKe 2.

Kak yse oTMedasioCh BBHIIIE,
B OCHOBHOM OHHM HCIIOJIb3YIOTCS
IJIs1 KaIUOPOBKU CpelCTB H3Me-
PeHHE, B YaCTHOCTH — JJIsl Ilepe-
Jayu BeJMYMHBEl yIja OT IIlep-
BUYHOIO 3TaJoHAa K pabouemy

Puc. 2. [1pumepbl MHO202pAHHbIX NPU3M
Fig. 2. Examples of optical polygons
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obopynoBaHuio. IloMHMO YyKa-
3aHHBIX INPHMEHEHUMH, MHOTO-
TPaHHble IIPU3MBI TAKOKe HCIIOB3YIOTCS B KauecTBe
3/1eMeHTOB Pa3/IMYHBIX Ja3ePHBIX M ONTHYeCKHX
cucteMm [9]. CymiecTByeT MHOKeCTBO IIapaMeTpOB,
ONKCBHIBAIONIMX MHOIOIPaHHBIEe MPU3MBbI. OCHOB-
HBIMU IIapaMeTpaMU SIBJSIOTCS C/IefyIoIlHe: KOIH-
YecTBO TpaHeH, MoOJelb, Pa3Meprl, IIOKPBITHE OTpa-
KaloIllell IOBEPXHOCTH M MaTepHas, U3 KOTOPOro
H3rOTOBJIeHA ITpu3Ma [10].

3. Twunbl ONTUYECKUX
HYI1b-UHOAUKATOPOB

Hynp-MUHOUKATOP - 3TO ONTHYECKOe YCTPOHCTBO,
3a/aloliee OIIOPHOEe HAIIpaB/leHHe B IIPOCTPAHCTBE
U QUKCHPYIOIIee TOT MOMEHT, KOTJa ero olTHYecKast
0Ch MepIeHIUKYISPHA OTPa’KalolleHd I1OBePXHOCTHU
rcciaenyeMmoro obwvekra. CyIllecTBYIOT pas3H4HBIe
KOHQUIYPALIMH HY/Ib-UHIUKATOPOB, OLHAKO MOSKHO
BBIIE/INTH [BA OCHOBHBIX THIIA: HUHTepdepeHLINOH-
Hble K aBTOKO/IJIMMAaIlMOHHBIe [11].

3.1. ABTOKON/IMMAL,MOHHbIN
HYNb-UHANKATOP
OIHUM U3 MepBBIX HY/JIb-HHIHUKATOPOB, KOTOpbIe
CTa/IM [IPUMEHSTh B COCTaBe JUHAMUYECKUX TOHHO-
MEeTPOB, SIBJISIeTCS. YCTPOMCTBO, IIOCTPOEHHOe Ha basze
aBTOKO/UIMMaTopa. OmnTHYecKass CXeMa TaKoOro
YCTPOMCTBA IpefCTaB/leHa Ha puc. 3. Ilepen HcTOY-
HHKOM CBeTa 7/ CTaBMTCS 3aJalollas Ileb 6 ompene-
JTeHHOU IHPHHBI. TakoH ke MIHPHUHH Nepef $oTo-
IIPHEeMHHKOM | CTaBHUTCS aHaNM3UPyIollas LIeiab 2.
[lupuHa Iiesed AOIKHA OBITH OMMHAKOBA AJIS TOTO,
4TOOBl BBIXOJHOK CHUTHa/l MMeJl KBAa3UTPEYroJbHYIO
dbopmy. CBeT, HpoxoAsd 4Yepe3 CBETOMENTHUTEIbHBIH
KybuK 3, majgaeT Ha o6BeKTHB 4 U 3aTeM Ha OTpa-
SKAIOLIyI0 IOBEPXHOCTh 5. Korga oHa CTaHOBHUTCH
[epIeHAUKY/ISPHON OCH HYJIb-HHAMKATOpA, HU300pa-
SKeHHe 3aJalollel Liely I0MafaeT Ha aHaIH3HUPYIO-
LIYIO Ie/b ¥ Ha BbIXoJe GOTOIIpHUeMHUKa GOPMUPY-
€TCSI aHAJIOTOBBIK CUTHA.

ber of sides, which is considered one of the most
accurate and reliable reference standards in the
field of angular metrology. Examples are shown in
Fig. 2.

As noted above, they are mainly used for calibra-
tion of measuring instruments, in particular, for
transmitting the angle value from the primary
standard to the working equipment. In addition to
these applications, optical polygons are also used
as elements of various laser and optical systems [9].
There are many parameters describing optical poly-
gons. The main parameters are the following: the
number of faces, model, dimensions, coating of the
reflecting surface and the material from which the
prism is made [10].

Puc. 3. Onmu4eckas cxema asmoKoAAUMAUUOHHO20 HyAb-
UHOukamopa: 1— pomonpuemHuK, 2 — AHAAU3UPYOUWAs WeAb,
3 - ceemodenumenbHblli Kybuk, 4 — obvekmus, 5 — ompaxa-
HOULast N08epPXHOCMb, G — 3a0aroLas WeAb, 7 — UCMOYHUK
ceema

Fig.3. Optical scheme of the autocollimation null-indicator:
1- photodetector, 2 - analyzing slit, 3 - beam-splitting cube,
4 -lens, 5 - reflecting surface, 6 - setting slit, 7 - light source
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MoMeHTy COBIafleHHsI HOPMa/lu K IIOBEPXHOCTHU
C ONTHYecKOH ocbl0 AK COOTBETCTBYeT MaKCHMyM
aHaJI0TOBOIO CUTHAaja. BEIXOJHOM MMITYJIBC, UCIIOJIb-
3yeMBIH JJIs1 AaJIbHeHIer 06paboTku, popMupyeTcs
C IIOMOIIBIO IIOPOrOBOK CXeMBI IIO OIpele/leHHOMY
YPOBHIO CUTHaJIa, IIPHYeM 3TOT YPOBEHb BEIOKpaeTCs
TaK, 4ToOBl KPyTH3HA CHUTHaJIA 6blIa HA HEM MaKCH-
MaJIBHOM, 4YTOOBI YMEHBIIMTb CIy4aKlHYIO IOTpell-
HOCTb H3MepeHHH.

B obmeM cnydae BKIaJ HylIb-HHAHUKATOPA C IIOPO-
roBOM C(XeMOH 06paboTKH aHAIOrOBOrO CHIHAJA
B C/Iy4aHHYIO IOTPEIIHOCTb eAUHHUYHOTO H3MePeHHU s
TOHUOMETPHUYECKOH CHCTeMBl OIlpefieseTcs IByMs
[lapaMeTpaMH: yIJ0BOL KPyTH3HOM CAaMOI0 CUTHala
1 COOTHOIIEeHHeM CHUTHa//IlyM, KOTOPBIM 3afaeTcs
OIITO3JIEKTPOHHBIMH KOMIIOHEHTAMH M CaMOM CXe-
MOH, y4acTByollell B OPMUPOBAHHUHU U NpPeIBapHU-
TeJIbHOM 00paboTKe CUrHanta. BMeCTo KPyTH3HBI aHA-
JIOTOBOTO CHIHajla IPH Pas3/IMUHOrO pofa OLleHKax
MOXKHO TaKke OIIepHPOBaTh IIapaMeTpPOM ero YIJIO-
BOM IIHMPHUHBI, T.K. HeobXogHMasi aMIUIMTYAa CHUT-
Hajla oIIpefie/sieTcsl BXOAHBIMH ITapaMeTpaMu obpa-
6aThIBAIOIIEN CXeMBl M COCTaBJIseT OOBIYHO IOPSAKA
3 B. TumnoBom obpasel pacCMaTpHBaeMOro aBTOKOJI-
THMaLlMOHHOTO HY/Ab-MHAHUKaTopa (PpokycHoe pac-
CTOSIHUe 0bbeKTHBa - 250 MM U HIMPHHA 33a/atolel
Y aH/IM3UPYoIen menu - 40 MKM) XapaKTpHU3yeTcst
IIMPUHOM aHAJOTOBOIO CHIHajJa IOpanKa 60 yri.
CeK. M COOTHOIIeHHeM CUIHajx/myM - 50. IIpu 3ToM
BeJIMYMHA C/Ay4aHHOM IMOTPelIHOCTH eLUHHYHOIO
HM3MepeHHUs CoCTaBisieT mopsifika 0,6 yIa. cek., 4TO
SIBJISIeTCSl HellpHeMJ/IeMOH BeJIMYHUHOH B COBpeMeH-
HBIX BLICOKOTOYHBIX H3MepeHHUsx [12].

3.2. HTepdpepeHLMOHHbINA HYIb-UHAUKATOP
HHTepdepeHIIMOHHBIN HY/Ab-UHIUKATOP MpelCTaB-
nsieT coboil ABYXTy4ueBOM HHTepdepoMeTp, OCHO-
BaHHBIN Ha pacliellJIeHWH Jlyda Npu3sMou KecTepca
(unu 6bumpusmon [ose) (puc. 4). BBIXOZHOM aHa-
JIOTOBBIM CHUI'HJI TaKOro HYJIb-MHIMKATOPa IIpes-
cTaBisieT cob6oM KOMOMHAIIMIO Y3KOIO HMMIIY/IbCa
M KBa3sHU-MOCTOSHHOM COCTAaB/SIOIIEH, KOTopas
HaMHOro IIMpe HMIyabca (ODpuMepHO B 1600
pas) [13].

JaHHBIM THUII HYJIb-MHJHKATOPa XapaKTepH3y-
eTCd Ype3BbYalHO MajoH MIHMPHHON HMIIY/bCa
(IMpHUHA HMMIIy/IbCa B MHTepPepPeHIIMOHHOM HYJIb-
HHIMKATOpe OIpefenseTcsl MHPHUHON CBETOBBIX
IIy4KOB U PAacCTOSHHEM MeXAYy HHUMH, CM. pHUC. 4).
[Ipy IIHMpHHe CBEeTOBBIX IYYKOB M PAaCCTOSHHUH
MeXJy HHUMH PaBHBIMH 10 MM yrinoBasg IIHPHHA
MMIIy/JbCa COCTaBaseT Bcero numsb 0,6 yru.c. Ilpu
COOTHOLIEHHM CHUTIHajA/myM mopsaka 100 CKO cuy-
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3. TYPES OF OPTICAL NULL-INDICATORS

A null-indicator is an optical device that sets a ref-
erence direction in space and fixes the moment
when its optical axis is perpendicular to the reflect-
ing surface of the object under study. There are
various configurations of null-indicators, but two
main types can be distinguished: interference and
autocollimation [11].

3.1. Autocollimation null-indicator
One of the first null-indicators that began to be used
as part of dynamic goniometers is a device built on the
basis of an autocollimator. The optical scheme of such
a device is shown in Fig. 3. A reference slit 6 of a cer-
tain width is placed in front of the light source 7. Of
the same width, an analyzing slit 2 is placed in front
of the photodetector 1. The width of the slits must be
the same in order for the output signal to have a quasi-
triangular shape. The light passing through the beam-
splitting cube 3 falls on the lens 4 and then on the
reflecting surface 5. When it becomes perpendicular
to the axis of the null-indicator, the image of the
reference slit falls on the analyzing slit and an analog
signal is formed at the output of the photodetector.
The moment when the normal to the surface coin-
cides with the optical axis of the AK corresponds to
the maximum of the analog signal. The output pulse

OZ
PD
3 M4
o
) 4 3 VR
M, - i
N
M, J-<> TF
5 T4 1 o 2
IS
M, LED

Puc. 4. Onmuueckas cxema uHmepgdepeHUUOHHO20 HyAb-
uHdukamopa: PD - ¢pomoduod, O, , - obsexmuesl, M; , - 3ep-
Kana, 1-4 - 2panu 6unpu3msl [loge, TF — KOHMpoAupyemasl
2paHb, Pr—6unpusma Jose, S - duappazma, LED - ceemo-
0u0d, o — Y20/ N08OPOMA KOHMPOAUPYeMOU 2paHu

Fig. 4. Optical scheme of the interference null-indicator:

PD - photodiode, O, , - lenses, M, , - mirrors, 1-4 - faces of
the Dove biprism, TF - controlled face, Pr— Dove biprism,
S—aperture, LED - LED, o - angle of rotation of the con-
trolled face
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YarHOM IOTPeIIHOCTH cocTaBiseT 0,03 yri.c. [14].
Mcxonss M3 TaKHMX TOYHOCTHBIX XapaKTepPHUCTHUK
HHTeppepeHIIMOHHble HY/Ib-UHIUKATOPEl CYHUTA-
JIMCh OMHHMMH M3 CAMBIX TOYHBIX B JUHAMHYECKHX
TOHHOMeTPHYECKHX H3MepPeHHU X,

HemocTaTkoM 3TOro THIIA HYJIb-MHAHUKATOPOB
SIBJIsSleTCS CHJIBHASI 3aBHUCHUMOCTh BO3MOXKHOCTH €ro
OYHKUIMOHUPOBAaHHUSL OT KauecTBa OTpa’kalollell
[IOBePXHOCTH K OJHOPOAHOCTH Cpefbl, B KOTOPOH
pacmpocTpaHsieTcs cBeT. McKakeHHe PerucTpUpY-
€MOr0 BOJIHOBOI'O QPOHTA, COOTBETCTByIOIee JasKe
O0JHOH UHTepdepeHLIMOHHOM I10/10Ce, MOXKeT IIpUBe-
CTH K c6010 paboThl FOHHOMETPUYECKOH CHCTEMBI.

Kpome ToOro, cyuliecTByeT elle OLHH HeLOCTa-
TOK HHTep)epeHLMOHHOIO HYJIb-HHAHMKATOpA.
FoHHMOMeTphEI-PedPaKTOMETPEl HM3MepST I10Ka3a-
TeJIM IIPeJIOMJIEeHHS MaTepHasioB, KOTOPbIe HCIIOJb-
3YIOTCS /ISl U3TOTOBJIEHHUS CIeLIMaTbHBIX TeCTOBBIX
npusm. [isi ompefeneHUs] IOKas3aTeled IpeoM-
TeHUs HU3MepsIIOT YIJbl MeXAy JAydaMH, OTpakeH-
HBIMHU OT BHYTPeHHHUX M BHEIIHHUX II0OBEPXHOCTeH
HcclelyeMON IPU3MBEI. OTpakeHHBIM OT BHYTDeH-
Hell [IOBEPXHOCTH IPaHU J1yd IIPOXOAUT depe3 MPH-
3MYy ABKIBI, MPeJOMIISSICh CPefoM 3TOM IIPU3MBI,
IIpU 3TOM Ha /Iy4 OKa3blBaeT CYyLIeCTBEHHOe BIIHS-
HYe JUCIIepCHs. SIBjleHHe TUCIIePCUU IIPOSBIISeTCs
B TOM, YTO IIPOXOAsIIHe Yepe3 Cpefy Jydd packKiaa-
JBIBAIOTCSI B IIPOCTPAHCTBe HA COCTABJISIOIIME, KOTO-
pble MMeIOT pPa3/JIM4YHYK 4acToTy. B Takom ciydae
IIPH MCIIO/NIb30BAHMM MCTOYHHKA CBETA C HIMPOKHM
CIIeKTPOM y3KHMH HHTepdepeHIIMOHHBIH HMIIYJIbC
[peBpallaeTcsi B PasMBITYI0 KapTHHY, YTO Cylle-
CTBEHHO CHM>KaeT TOYHOCTb IIprbopa.

3.3. ABTOKON/IUMALMOHHbIN
HYN1b-UHANKATOP
c andpdpepeHUMaNIbHON CXeMOM
pernctpauum
B CBSI3U C BhIIIeNlepedYHCIeHHBIMU IIpobaeMaMu
OplIa TIpeliokeHa CXeMa aBTOKO/UIMMAIlMOHHOIO
Hy/JIb-UHIUKaTOpa ¢ AuddepeHIIHMATIBHOM CXeMOH
peructpanuu. CxemMa TaKkoro YCTPOMCTBa IIpefCTaB-
JIeHa Ha pHuc. 5.

B KkauecTBe QoTOmpHeMHHKA B [JaHHOMU CxeMe
BBICTyIlaeT KBaAPaHTHBIU (OTOAHOL, KOTOPBIK
npencTaBasieT coboll KpeMHHEBHIE (OTOLETEKTOP
C 4YeTBIPbMSI CBETOYYBCTBUTEIBHBIMHU O00IaCTSIMHU
(kBaspaHTaMu). PoTONpPHUEMHHUK PACIONIOKEH Tak,
YTO OITHYeCKas OoChb HYJb-MHAHUKATOPa MPOXOLUT
Yepes IepeKkpecTHe, 06pa3oBaHHOE 3a30paMHU MeXIY
KBaJpaHTaMH. [Ipu 3TOM BEPTHKAJIBHBIH 3a30p A0JI-
skeH OBITh MapasiieneH OCH BPALleHHUs OTPasKaIOIIeHn
IIOBEPXHOCTH.

used for further processing is formed using a thresh-
old circuit for a certain signal level, and this level is
selected so that the steepness of the signal is at its
maximum in order to reduce the random measure-
ment error.

In general, the contribution of a null-indicator
with a threshold analog signal processing circuit to
the random error of a single measurement of a gonio-
metric system is determined by two parameters:
the angular steepness of the signal itself and the
signal-to-noise ratio, which is set by optoelectronic
components and the circuit itself involved in the for-
mation and preprocessing of the signal. Instead of the
steepness of the analog signal, with various kinds of
estimates, you can also operate with the parameter of
its angular width, because the required signal ampli-
tude is determined by the input parameters of the
processing circuit and is usually about 3 V. A typical
sample of the considered autocollimation null-indi-
cator (the focal length of the lens is 250 mm and the
width of the setting and analyzing slit is 40 microns)
is characterized by the width of the analog signal of
the order of 60 arc-sec and the signal-to-noise ratio
is 50. In this case, the value of the random error of
a single measurement is about 0.6 arc-sec, which
is an unacceptable value in modern high-precision
measurements [12].

Puc. 5. Onmuyeckas cxema asmokoAAUMAUUOHHO20 HyAb-
UHOUKamopa Ha 6ase K8adpaHMmMHo20 Gpomoduoda:
1-Kk8adpaHmHbIl Gomoduod, 2 - ceemodeaumenbHbil Kyouk,
3 - 0bvekmus AK, 4 — ompaxkarou,as nosepxHocmo,

5 -3adarowas wenb, 6 — UCMOYHUK U3Ay4YeHUs

Fig. 5. Optical scheme of an autocollimation AC) null-indica-
tor based on a quadrant photodiode: 1 - quadrant photodiode,
2 - beam-splitting cube, 3 - AC lens, 4 - reflecting surface,

5 - setting slit, 6 — radiation source
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[Tocne Toro Kak CBET, OTPa’KeHHBIM OT IIOBepX-
HOCTH HCClefyeMoro obbekTa, IIormazaeT Ha KBa-
OPaHTHI, Ha BBIXOAE HYJb-MHAMKATOPAa HAYMHAIOT
GOpMHPOBAaThCA CHUIHA/BL C JIEBBIX W IIPaBBIX ILJIO-
manok ¢doroguoma. B MoOMeHT, Korga OTpaskaro-
Iasd IIOBePXHOCTb IepIeHIUKY/IIPHA ONTHYeCKOH
OCH 3TOTO YCTPOMCTBA, 3TH CUTHAIBL IlepeceKaroTcs
U II0 TOUKe IepeceueHUsI GopMUPYeTCs JIOTHUYEeCKHUH
HMITyJIbC, KOTOPBIH I10AAeTCS B TOHHOMETP AJIS Jalb-
Helmer 06paboTKH.

IIpoecc $opMHUPOBAHUS CHUTHA/IA IpefCTaBlIeH
Ha puc. 6.

HM3obpakeHue menu 6osblle 3a30pa MEXAY ILIO-
IagKaMH, II03TOMY CYILeCTByeT TOT MOMEHT, KOIna
CHUTHAJIBL C IIPaBBIX M JIeBBHIX IIIOIIAIOK paBHBEL. IIpu
3TOM HCKOMOMY MOMEHTY COOTBETCTBYeT TOT, KOIJa
LIeHTP MacC H306paskeHHs 33a[al0Ilel IIeau Haxo-
OUTCS B LIeHTPe BePTUKAJIBHOIO 3a30pa.

OTOT THUII HY/JIb-MHAMKATOpPa B XO4e MCC/IefoBa-
HHUH IOKa3al XOpOIlMe Pe3yabTaThl, ero caydarnHas
IIOTPEeIIHOCTh OKa3ajach Ha TOM >Ke YpOBHe, 4YTO
U Yy UHTepOepeHUHOHHOI0 THUIIA — IIOPSAAKa IIATH
COTBIX YIJIOBOM CeKyHJbl [12]. Ero mpeumyiiecTBOM
SBJISETCS TO, UTO HeCTabMIBHOCTH CKOPOCTH Bpa-
IeHUsI MCCIelyeMOoro obbekTa M HeCcTabHIBHOCTb
AHAJIOTOBOIO CHIHa/Jla He OKa3blBAalOT IIPaKTHYe-
CKM HHKAaKOTO BJIHUSHHS Ha IOTPEUIHOCTh H3Me-
peHur. Ho Takke 6BUI BBISIBIEH U CYIIeCTBEHHBIH
HeI0CTATOK.

ITIpy yCTaHOBKe JAaHHOI'O HY/JIb-MHIUKATOPA OTHO-
CUTeJIPHO BpAIAIOLIelcs YITOBOM Mepbl Heobxo-
OHMO JOBOJIBHO TOYHO BBICTABJ/IATD I1apajljle/IbHOCTh
BepTHKAJ/IPHOTO 3a30pa KBaJApaHTHOro ¢oToauoma
OTHOCHTEJIBHO OCH BpallleHH S — C TOUHOCTBIO ITIOpAAKa
HeCKOJIBKHX YIJIOBBIX MUHYT [12]. IIpH OTKIOHEHUU
OT MapaslIeIbHOCTH Ha 20 yri. MHH. CUCTeMaTH4ye-
CKasi IIOTPEIIHOCTh U3MepeHUI TOHHOMEeTPHUUeCKOH
CUCTeMBl JocTturana 0,4 yri. cex.

3.4. ABTOKONTMMALMOHHbIN
HY/Ib-UHAUKATOP C undpoBomn
06paboTKOM aHAIOroBOro CUrHana

B HaCTOHHLI/II;I MOMEHT OOHHM H3 CaMbIX TOYHBIX

AdBTOKO/V/IMMALIMOHHBIX HYJIb-HHIHKATOPOB SBJIS-

eTCsl HYJIb-MHIUKATOP C LHPPOBOI 06pabOTKOM CHUT-

Ha/la, KOTOpAas OCHOBAHA Ha OL€HKe €ero LeHTpa

Macc. ONTHUYeCKHe CXeMbl TaKOTO NMpHU6Opa HUMeIT

HeCKOJIBKO BapHauHﬂ, OHAa K3 KOTOPBIX aHAJIO-

T'MYHa cXeMe, Hpe,Z[CTaBJIEHHOI;I Ha pHC. 3.

CDOTOHPI/IEMHI/IK reHepupyer AHAJIOTOBBIN CHUT'HaJI,

MAaKCHMYM KOTOPOI'o0 COOTBETCTBYET MOMEHTY TOY-

HOI'0O COBIIA€HHUSA HOPMAJIU K OTpa)KaIOLLleI;I IoBepx-

HOCTH M OCH Hy/JIb-HHAMKaTopa. Lludpposas obpa-
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3.2. Interference null-indicator

The interference null-indicator is a two-beam inter-
ferometer based on beam splitting by a Kesters prism
(or a Dove biprism) (Fig.4). The analog output signal
of such a null-indicator is a combination of a narrow
pulse and a constant component that is much wider
than the pulse (about 1600 times) [13].

This type of null-indicator is characterized by an
extremely small pulse width (the pulse width in
an interference null indicator is determined by the
width of the light beams and the distance between
them, see Fig.4). With the width of the light beams
and the distance between them equal to 10 mm,
the angular width of the pulse is only 0.6 arc-sec.
With a signal-to-noise ratio on the order of 100,
the random error (RMS) is 0.03 arc-sec. [14]. Based
on such accuracy characteristics, interference null-
indicators were considered one of the most accurate
in dynamic goniometric measurements.

The disadvantage of this type of null-indicators
is the strong dependence of the possibilities of its
functioning on the quality of the reflecting sur-

~ dh
N

Puc. 6. DopmuposaHue 8bix00H020 cuzHana AHW: 1- u3o-
bpa>keHue 3adatouiell weau, 2 — ceemo4yscmaumenbHbie
nAoWaoKku, 3 - CUZHanbl ¢ NPAasbIX U Aeblx NAOULA00K,

4 - 8bIX0OHOU UMNYAbC, CMpeAKol NOKA3aHo nepemeleHue
u306paxkeHus ueau, A-D — 30Hbl pomoduoda

Fig. 6. Generation of ANI output signal: 1-the image of the
master slit, 2 — photosensitive sites, 3 - signals from the right
and left sites, 4 — output pulse, the arrow shows the move-
ment of the slit image, A-D - photodiode zones
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Tabnunua. 3aBUCMMOCTb BEINYNHDI C)'Iy‘-IaVIHOl;I NOorpewHoOCTN HYb-NHANKaLunn

OT COOTHOLLUEHUNS cnrHan / Lym

Table. Dependence of the random error of the null indicator on the signal-to-

face and the uniformity of the
medium in which light propa-
gates. Distortion of the recorded
wavefront corresponding to even

noise ratio
C'OOTHOLLIEHI/'Ie CI/II‘HEU'I/LLIVM 100 50 25
Signal-to-noise ratio
CKO, yrn.c.
RMS, arc-sec. 0,0066 0,017 0,034

60TKa CHrHajaa, OCHOBaHHAs Ha OIleHKe ero LieHTpa
Macc, I03BossieT HOOUTBCS TOYHOCTH HM3MeEpeHHH,
oIpefesnsseMO CIy4alHOMH IIOTPelIHOCTBIO eJUHHY-
Horo usMmepeHus B 0,02 yri. cek. [15]. CxemMa nud-
POBOr0 aBTOKOJTMMALIMOHHOTO HYJb-HHIHUKATOpa
Ipe/cTaB/leHa Ha PUC. 7.

CurHaJ, HomafamIiui Ha GOTOIPHUEMHHUK, YCH-
NTHBAaeTCs U IOJAeTCsl B YCTPOMCTBO PeruCTpaLluU
CUTHAJIOB, TZHe OLU(POBBIBAETCS ISl JATbHEHIIEero
ompefeneHUs LieHTpa Macc. Jlorudeckoe yCTPOK-
CTBO BBIIaeT IaKeT JAHHBIX, KOTOPBIH COAEPSKUT
KOJIMYeCTBO IePHUOMOB OIITHYECKOro 3HKojepa
OT MOMEHTa IIpeBBIIIeHHS CHUTHAJIOM II0POTOBOTO
YPOBHSL 0 MOMEHTA, KOI/Id CHUTHA/JI OKa3bIBAETCS
HIDKe IIOpOora; 3Ha4eHMs] CHUTHajla BHYTPHU 3TOrO
HMHTepBaJa; [IUTEIbHOCTh CHUTHA/JIA U BPeMeHHBIe
IPUBSI3KM B MHKPOCEKYHIax. [lanee Bce AaHHEBIe
06pabaThIBAlOTCS MU C IOMOIIBI0 IIPOIPAMMHOTO
IaKkeTa BBIYHC/ISETCS LeHTP MacC, MCXOAs M3 KOTO-
pOro oIpefensieTcss MOMEHT IIepIeHIUKYISIPHOCTH
KOHTPOJIMPYeMOM ITOBEPXHOCTH K OITHYECKOH OCH
HY/Ib-HHIUKATOPA.

Puc. 7. Cxema yupposozo Hyab-uHOUKamopa: 1 — KpenneHusl,
2 — UCmoYHUK ceema, 3 — pomonpuemMHUK, 4 — onmuyeckas
Macka, 5 — no8opomHas npusma, 6 — 06sekmue

Fig. 7. Diagram of the digital null-indicator: 1- mounts,

2 - light source, 3 - photodetector, 4 - optical mask,

5 - rotating prism, 6 - lens

one interference fringe can lead

12 6 to malfunction of the goniomet-
ric system.

0,096 0,14 In addition, there is another

disadvantage of the interference

null-indicator. = Goniometers-
refractometers measure the refractive indices of
materials that are used to make special test prisms.
To determine the refractive indices, the angles
between the rays reflected from the inner and outer
surfaces of the prism under study are measured. The
beam reflected from the inner surface of the face
passes through the prism twice, being refracted by
the medium of this prism, while the beam is signif-
icantly influenced by dispersion. The phenomenon
of dispersion is manifested in the fact that the rays
passing through the medium are decomposed in
space into components that have different frequen-
cies. In this case, when using a light source with
a wide spectrum, a narrow interference pulse turns
into a blurry picture, which significantly reduces
the accuracy of the device.

3.3. Autocollimation null-indicator with
differential registration scheme

In connection with the above problems, an autocol-

limation null-indicator scheme with a differential

registration scheme was proposed. The diagram of

such a device is shown in Fig. 5.

The photodetector in this scheme is a quadrant
photodiode, which is a silicon photodetector with
four photosensitive regions (quadrants). The photo-
detector is positioned so that the optical axis of the
null-indicator passes through the crosshair formed
by the gaps between the quadrants. In this case, the
vertical gap must be parallel to the axis of rotation
of the reflecting surface.

After the light reflected from the surface of the
object under study hits the quadrants, signals from
the left and right areas of the photodiode begin
to form at the output of the null-indicator. At the
moment when the reflecting surface is perpendicu-
lar to the optical axis of this device, these signals
intersect and a logical pulse is formed at the inter-
section point, which is fed to the goniometer for
further processing. The signal generation process is
shown in Fig. 6.

The image of the gap is larger than the gap
between the pads, so there is a moment when the
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HemocTaTKoM TaKkoro HyJIb-MHAMKATOpPa SBJS-
eTcs HaJu4Ke 1ocTobpaboTku, KOTopas MOXKeT BHO-
CUTh OIpefeleHHBbIH BKIaJ B IIOIPeIIHOCTh IPH-
6opa. OJHAKO MO 3KCIEPUMEHTA/JbHBIM AaHHBIM
3TOT HYJIb-HUHAKUKATOP BCe K€ BBIUTPHIBAET y JAPYIHX
TUIIOB II0 TOYHOCTH. B pabore [15] 6pIM mpoBe-
IeHbl Mojle/IbHble 3KCIIePUMEHTHI, 3aJjauel KOTOPhIX
6710 oIpefie/ieHHe CIyYaMHOM IOTPEelIHOCTH HYJIb-
MHIMKALUHKA M ee 3aBHUCHMOCTH OT COOTHOUIEHHS
CUTHaI/myM. B Tabnuile mpuBemeHBI MOTyIeHHEIe
pe3y/abTaThl. [lo/ydeHHBbIe pe3yybTaThl [10Ka3bIBAIOT,
YTO IIPH COOTHOIIEHHMH CHTHaI/IMyM 50 cy4anHas
IIOTPEIIHOCTh OKa3biBaeTcd meHee 0,02 yria.c., 4To
XapaKkTepU3yeT HY/Ib-UHAMKATOP C LHUPPOBOH obpa-
60TKOI CMTrHajla HaWly4yIluM obpa3om.

3.5. APYTUE CXEMbDI

HY/1b-UHANUKATOPOB
[ToMHMO MpenCTaBIeHHBIX KOHQUIYPALUH HYIb-
MHIHUKATOPOB, CYLIeCTBYIOT M APYyTHe, OJHAKO CeH-
Yac OHU MPaKTUYeCKU He MCIIONAb3YITCH M3-3a CBOUX
Hel0CTaTKOB (0COOEHHOCTEM 3KCIUIyaTallMK K HHU3-
KON TOYHOCTH).

[lepBBIM THII, KOTOPHIM MBI PACCMOTPHM -~ aBTO-
KO/UIMMAallMOHHBIN HYJIb-MHAHUKATOP, 33Aalolias
YU aHaJIM3UPYIOLlas IeJIr KOTOPOTO MpeACTaB/IsIoT
u3 cebss mMacku, 061acTH MPO3PauHOCTH KOTOPBIX
yepeAylOTCS [0 IICeBAONIYMOBOMY 3aKoHy (ciy-
YalHBIM 00pa3oM pacIpefie/ieHHble Imenu). IIpo-
3payHOMYy M HEIpPO3pPayHOMY Y4YacTKy MacCKH
COOTBETCTBYIOT 3/IeMeHThl KOJOBOL I10C/Ief0BaTellb-
HOCTH - 1 1 0. IIpu 3TOM BBIXOJHOH CHTHAJ OIlpe-
JeNsieTcsl aBTOKOPPeNsLMOHHON QyHKUHer. Korga
KOHTpOJIMpyeMasl IIOBEePXHOCTh IepIeHIUKY/IsSpPHA
OCH HYJIb-MHIMKATOPAa, y aBTOKOPPeNILlMOHHOM
GyHKIMK HabmomaeTcss pe3KUH BCILIECK, 10 MAKCH-
MYMYy KOTOPOIO M OIIpefe/sieTcsl HICKOMBIH MOMEHT.
HemocTtaTKoM TaKkoro HY/JIb-MHAMKATOPA SABISETCS
AU PaKIHOHHOe HMCKa’keHHe CBETOBOTO jyda, KOTO-
poe, Kak 0Ka3ajaoCh B pe3yjabTaTe 3KCIIePUMEHTAJIb
HOTO HCCIe[OBAHHS OIBITHOrO obpasla, CBOLUT
Ha HeT BCe MpeMMYIlecTBa KMCIIOJb30BaHMUS IICEBJ0-
IIyMOBOM MackH [16].

Bropor TuI mpeAcTaBnaseT CoOOH aBTOKOJIH-
MaLMOHHBIKM HYJb-MHAHUKATOP € Ka4damoIIHMCS
HalpaB/leHHeM OIITHYeCKOro jy4ya. B 3TOM HYJIb-
MHJIUKATOpe IIOC/Ie IIPOXOKAEHHS INeIH JIyd OTpa-
JKaeTCs OT «Kayvalolllerocs 3epkaja», YCTaHOBJIEH-
HOTO Ha Mbe303JIeKTPUYECKOM OCHOBAaHHH, KOTOpPOe
IlepeMelllaeT 3epKaj0 OTHOCHTE/IbHO LleHTPaJbHOU
ocH. BhIXomHOM cHrHal QOTONpHEeMHHKA IOCTY-
[IaeT Ha BCTPOEHHBIM YCHJIHTe/b, KOTOPBIK II03BO-
aseT OTOUIBTPOBATH CHUTHAJ I10 YacTOTe KadaHM,
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signals from the right and left pads are equal. In
this case, the desired moment corresponds to the
one when the center of mass of the image of the
target slit is in the center of the vertical gap.

This type of null-indicators has shown good
results in the course of research, its random error
turned out to be at the same level as that of the
interference type - about five hundredths of an arc
second [12]. Its advantage is that the instability of
the rotation speed of the object under study and the
instability of the analog signal have virtually no
effect on the accuracy of the device. But a signifi-
cant drawback was also identified.

When installing this null-indicator relative to
a rotating angular measure, it is necessary to fairly
accurately set the parallelism of the vertical gap
of the quadrant photodiode relative to the axis of
rotation - with an accuracy of the order of several
arc minutes [12]. With a deviation from parallelism
by 20 arc-min the systematic measurement error of
the goniometric system reached 0.4 arc-sec.

3.4. Autocollimation null-indicator with
digital processing of an analog signal
At the moment, one of the most accurate autocol-
limation null-indicators is a null-indicator with
digital signal processing, which is based on an
estimate of its center of mass. The optical circuits
of such a device have several variations, one of
which is similar to the scheme shown in Fig. 3.

The photodetector generates an analog signal,
the maximum of which corresponds to the moment
of exact coincidence of the normal to the reflecting
surface and the axis of the null-indicator. Digital
signal processing, based on the evaluation of its
center of mass, allows you to achieve measurement
accuracy determined by the random error of a sin-
gle measurement of 0.02 arc-sec [15]. The scheme
of the digital autocollimation null-indicator is
shown in Fig. 7.

The signal entering the photodetector is ampli-
fied and fed into the signal recording device, where
it is digitized for further determination of the cen-
ter of mass. The logic device outputs a data packet
that contains the number of periods of the optical
encoder from the moment the signal exceeds the
threshold level to the moment when the signal
is below the threshold; the values of the signal
within this interval; the duration of the signal
and time bindings in microseconds. Then all the
data is processed and the center of mass is calcu-
lated using the software package, based on which
the moment of perpendicular of the controlled
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M Ha CHUHXPOHHBIH mOeTeKTop [3]. HemocTaTKom
TaKOTO BapHaHTa SIBJsIeTCsl TpeboBaHUe JOCTATOUHO
HM3KOM CKOPOCTH BpallleHHs HCC/IeflyeMoro oobeKTa,
YTO 3aMe/i/IsieT IIPoLecC H3MepeHHUH.

4. 3AK/TKOYEHUE

B 3aBHUCHMMOCTH OT TeXHHYECKHX BO3MOXKHOCTEH,
TpebOBAaHUM U IOCTAaBJIEHHBIX 3a7ja4 CIefyeT BbIOH-
PaTh MOAXOASIIHNI HYIb-MHAUKATOP, YUUTHIBAS €T0
mapaMeTpbl U GaKTOPHI, BAMUSAIONHE HAa TOYHOCTD
KOHKPEeTHOM KOHQUIYpPALlMKU HYIb-HHAHKATOPA.
[ToIBITOKUB, IIPOBeZEM KPAaTKOe CPAaBHEHHE PacCMO-
TPEHHBIX B JAHHOM CTaThe HYJIb-MHIUKATOPOB.

ABTOKOJIJIMMAIIMOHHBIN HYJIb-MHIUKATOP C IIOPO-
roBoil cxeMoH 06paboTKM HMeeT OTHOCHUTEIBHO
IIPOCTYI0 KOHCTPYKLMIO, OAHAKO H3-3a OOIBIION
IIHPUHBI aHAJIOTOBOIO CHUTHAJIA TOYHOCTh mpubopa
CUJIBHO ITaJaeT.

HHTepbepeHIIMOHHBIH HY/Ib-UHIUKATOP SIBJS-
eTCsl OLHMM M3 CaMbIX TOYHBIX 3a CYeT MaJIod
IIUPUHB HHTephepeHLIMOHHOI0 HMIyabca. [aH-
HBIM TUII HY/Ib-HMHAHKATOpa KpalHe TpeboBaTeneH
K Ka4eCcTBY KOHTPOJIMPYeMOH ITOBEPXHOCTH, TaK KaK
13-3a Pa3IMYHBIX HEPOBHOCTEH U HEOLHOPOLHOCTEM
CBETOBOM JIy4Y MCIIBITBIBAeT [JUCIIePCUI0, HHTepde-
pPeHILIMOHHAsi KapTUHA Pa3MbIBAaeTCs U TOYHOCTh
npubopa cHumKaercsi, 1u60 ke HMpPUOOP BEIXOLUT
U3 CTpPOSI.

ABTOKOJITMMAIIMOHHBIN HY/JIb-MHIUKATOP C AU~
bepeHLIMANTBPHON CXeMOM PErucTpallud C TOYKHU
3peHuss GOPMHUPOBAHUS JIOTHYECKOTO CHUTHAlA
MMeeT CyIIeCTBeHHOe IIPeruMYILecTBO, TaK Kak op-
MHPOBaHHe JIOTHYEeCKOI0 HMIIy/IbCa IIPOUCXOLUT
CTPOro IO TOYKe IlepecedeHMs CHUTHAJIOB, CHMMe-
TPUYHBIX OTHOCHUTEIBPHO MOMEHTa GOPMHUPOBAHUS
3TOro UMIynbca. CHCTeMaTH4YecKas IMOTPEIIHOCTb
OAHHOIO HY/Ib-UHAUKATOPA 3aBHCHUT B OCHOBHOM
OT TOYHOCTH IOCTUPOBKH €ro KOMIIOHEHTOB M PaBHO-
MepHOCTH OCBeILleHHOCTH GOoToaHOAA.

ABTOKOJITMMAIIMOHHBIN HY/JIb-MHIUKATOP C LU~
pOBOM 06paboTKOM CHUTHala SBISETCS OLHUM
M3 CaMbIX TOYHBIX THIIOB HYJIb-HUHIUKATOPOB,
OLHAKO €ro HeNOCTAaTKOM SIBISETCS HaIUYUe
11ocTo6paboTKU.

Hynb-MHAUKATOPHI C IICEBAOIIYMOBBIMH MacKaMH
M C KaYaloOIIMMCS HaIlpaBlIeHHeM CBETOBOTO JIyd4a
Ha JAaHHBIM MOMEHT ITPAaKTHUYeCKH He HCII0JIb3Y-
I0TCa. HemocTtaTKoM II€pBOro sBAdgeTCI AUPpak-
LIMOHHOE HCKa’KeHHe CBETOBOTO jy4a. HemocTaTox
BTOPOTO HY/JIb-MHIHUKATOPA 3aKJIIOYAETCSI B TOM, YTO
CKOPOCTb BpallleHUs UCCIeyeMoro o6beKkTa JOIKHA
OBITH HM3KOM, YTO CKa3bIBAETCSI Ha ITPOJO/IKUTEINb-
HOCTH H3MepeHHH.

surface to the optical axis of the null-indicator is
determined.

The disadvantage of such a null-indicator is the
presence of post-processing, which can make a cer-
tain contribution to the error of the device. How-
ever, according to experimental data, this null-
indicator still outperforms other types in accuracy.
In [15], model experiments were carried out, the
task of which was to determine the random error
of the null indication and its dependence on the
signal-to-noise ratio. The table shows the results
obtained.

The results obtained show that with a signal-to-
noise ratio of 50, the random error turns out to be
less than 0.02 arc-sec., which is characterized by
a null-indicator with digital signal processing in
the best way.

3.5. OTHER SCHEMES OF NULL-INDICATORS
In addition to the presented configurations of null-
indicators, there are others, but now they are prac-
tically not used due to their shortcomings (operat-
ing features and low accuracy).

The first type that we will consider is an autocol-
limation null-indicator, the defining and analyzing
slits of which are masks whose transparency areas
alternate according to a pseudo-noise law (randomly
distributed slits). The transparent and opaque parts
of the mask correspond to the elements of the code
sequence - 1 and 0. In this case, the output sig-
nal is determined by the autocorrelation function.
When the controlled surface is perpendicular to
the axis of the null-indicator, the autocorrelation
function has a sharp spike, the maximum of which
determines the desired moment. The disadvantage
of such a null-indicator is the diffraction distor-
tion of the light beam, which as it turned out, as
a result of an experimental study of the prototype,
it negates all the advantages of using a pseudo-
noise mask [16].

The second type is an autocollimation null-indi-
cator with a rocking direction of the optical beam.
In this null-indicator, after passing through the
slit, the beam is reflected from a “rocking mirror”
mounted on a piezoelectric base, which moves the
mirror relative to the central axis. The output sig-
nal of the photodetector goes to the built-in ampli-
fier, which allows filtering the signal by the swing
frequency, and to the synchronous detector [3]. The
disadvantage of this option is the requirement
of a sufficiently low rotation speed of the object
under study, which slows down the measurement
process.
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4. CONCLUSION

Depending on the technical capabilities, require-
ments and tasks, you should choose a suitable null-
indicator, taking into account its parameters and
factors affecting the accuracy of a specific configu-
ration of the null-indicator. Summing up, we will
make a brief comparison of the null-indicators con-
sidered in this article.

The autocollimation null-indicator with a thresh-
old processing scheme has a relatively simple design,
however, due to the large width of the analog signal,
the accuracy of the device drops significantly.

The interference null-indicator is one of the most
accurate due to the small width of the interfer-
ence pulse. This type of null-indicator is extremely
demanding on the quality of the controlled surface,
since due to various irregularities and inhomoge-
neities, the light beam experiences dispersion, the
interference pattern is blurred and the accuracy of
the device decreases, or the device fails.

An autocollimation null-indicator with a differ-
ential registration scheme has a significant advan-
tage from the point of view of the formation of
a logical signal, since the formation of a logical
pulse occurs strictly at the intersection point of
signals symmetrical with respect to the moment
of formation of this pulse. The systematic error of
this null-indicator depends mainly on the accuracy
of the alignment of its components and the unifor-
mity of illumination of the photodiode.

An autocollimation null-indicator with digital
signal processing is one of the most accurate types
of null-indicators, but its disadvantage is the pres-
ence of post-processing.

Null-indicators with pseudo-noise masks and
with a rocking direction of the light beam are prac-
tically not used at the moment. The disadvantage
of the first is the diffraction distortion of the light
beam. The disadvantage of the second null-indi-
cator is that the rotation speed of the object under
study should be low, which affects the duration of
measurements.
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