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BBEJLEHUE
JITO u YL ocHOBaHB Ha KoMmbuHanuwu [P
C uHTepbepeHLIHOHHBIM II0JIeM U MOTYT OBITH
HMCIIOJIb30BaHBl [JIs ONpelesleHHUs BeJIMYHHBI
IepeMelleHHs B HAHOAHAaIla30He. ABTOpPaMHU [aH-
HOU CcTaTbu pa3paboTaHa U peann3oBaHa Tex-
HOJIOTHSI CHHTe3a JUHeMUHOH HaHOol'JIP ¢ ToOUHO-
cThi0 0,4 MKM/M U IIUHOU boslee OLHOTO MeTpa
U papguanbHou IIP c TouHOCThIO +0,2 yTi.c,
a TaK>Xe CO3[aH PAL JUHENHBIX U YIJIOBBIX T'0JIO-
rpadryuecKUX U3MepPUTeNbHBIX CUCTEM Ha ba3se
3TUX OTATYUKOB.

da3oBoe pacrpepesieHHe UCCIeyeMOro JINHEeHN-
HOro nHTepdepeHIMOHHOrO 1o (HII) BOoIb OCH
OX MOKHO IIPeACTAaBUTh B C/IeAYIOIIeM BUE:

@ (x) =2kx + Af(x), 1)

rae k = 2n/Asin/0/2=m/d, - BonHOBOe umci0; dy=A/
sin6/2 - mepuon TUHUN UHTeppepPeHL HOHHOTO
1107151, 06pa30BaHHOrO ABYMS IIJIOCKUMHU BOJTHAMH
S,°u S,0.

OMUCAHUE SKCNEPUMEHTA

B mauHOU paboTe MBI OyeM HCCIeL0BATh BO3MOXK-
HOCTb OIlpeJe/ieHUS BeJIHUYUNHBl NlepeMelleHHU s
C IOMOIIIBIO INHEMHON U3MepPHUTeIbHOM rooTpa-
buveckon gudpaknuoHHON pemeTkH (P,.,,), Len-
CTBYIOIIEeM COBMECTHO C UHTepbepeHIIMOHHBIM
rnmoneM. IIpH UX B3aKMMOJEHNCTBHUHU 06pa3yroTcs
HHTepdepeHIIMOHHbIe MyapoBble U 06TIOpal|MOH-
Hble ntosockl (MII u OIl) B 3aBUCUMOCTHU OT yria
MexAy mTpuxaMu HUIl U U3MepUTeNbHOM r0Jo-
rpaduyeckor fUGPaKIUOHHON pemeTKoH (P, ),
a Tak>ke OT paBeHCTBA UJIK OTIHUYHS UX [IePHOJO0B.

[TokaskeM, 4TO IIOCTaBJeHHYIO 3aJlauy OIlpe-
JleJleHUS BeJIHYUHBI llepeMellleHUSI U pa3Mepa
HU3nenns UIU 06beKTa MOKHO PelmlUuTh C IIOMO-
b0 YIIOPSIAOUYeHHO IlepeMelnatomercs P, B UII.
CyTb MeToAa 3aKko4yaeTcsi B TOM, 4To UHGopMa-
uus o aszoBom pacnpefeneHuu HUII cHUMaeTcs
B CUCTeMe TO4eK, >KeCTKO CBSI3aHHBIX C IlepeMela-
folllerics pemeTKoM [1]. TIpu 3ToM M3MeHeHHe pas-
HOCTHU $a3 MeXAy N06BIMU TOUKAMHU bymeT ogHO-
3HAYHO OIpefie/sAThCS TOAbKO $a30BEIM pacIpese-
neHHeM MTpuXoB P, .. . PasHoCTh da3, BHOCHMAS
CaMHUM HHTepdepoMeTpoM, OymeT OCTOSHHOHN
BeJIHMYMHOMN, afJUTHUBHO BXOAAIIEH B KasKAbIH aKT
H3MepeHHs .

Haxomum da3oBoe pacmpesieseHHe UHTepbepeH-
LIMOHHBIX I10JIOC B KapTHUHe B3aHMOJEHCTBUS
HUHTepbepeHIIMOHHOIO 110715 C rogorpaduyueckomn
IUGPaKIMOHHOM pelleTKOM. PacCMOTpPHUM B3a-
HUMOJEeNCTBUS HHTepbepeHIIMOHHOrO Ioas MII
c ronorpadpudeckor AUPPaAKIIMOHHON pelleTKON

INTRODUCTION
LHE and AHE are based on combination of the HDG
with interference field and can be used for deter-
mination of nanoscale displacement magnitude.
The authors have developed and realized technol-
ogy of synthesis of linear nano HDGC with accu-
racy +0.4 pm/m and length over one meter and
radial HDG with accuracy +0.2 angular second,
as well as developed a number of linear and angu-
lar holographic measuring systems based on these
Sensors.

The phase distribution of the investigated linear
interference field (IF) along the OX axis can be rep-
resented as follows:

O(x) =2kx + Af(x), 1)

here k = 2n/Asin/0/2=mn/d, is the wave number,
dy=A/sin6/2 is the line period of the interference
field formed by the two plane waves S,° u S,°.

DESCRIPTION OF THE EXPERIMENT

In this work we investigate a possibility of deter-
mining the magnitude of displacement by means
of a linear holographic diffraction grating (P,,,,)
acting together with an interference field. During
their interaction the interference moiré and obtu-
ration bands (MD and OB) are formed depending
on the angle between the bars of the IF and the
measuring holographic diffraction grating (P,,,,),
as well as on the equality or difference of their
periods.

Let us show that the set problem of determining
the magnitude of displacement and size of a prod-
uct or object can be solved by means of an orderly
moving P, in the IF. The essence of the method
consists in the fact that the information about
phase distribution of IF is taken in the system
of points rigidly connected with the moving lat-
tice [1]. In this case, the phase difference between
any points will be uniquely determined by the
phase distribution of P,,,, dashes only. The phase
difference introduced by the interferometer itself
will be a constant, additively included in each act
of measurement.

It is required to find the phase distribution of
the interference fringes in the pattern of interac-
tion of the interference field with a holographic
diffraction grating. Let us consider interactions
of the interference field of a IF with a holographic
diffraction grating P,,,,. The method of phase
distribution along the measured axis consists in
determination of the phase distribution along the
chosen moving direction including determination
of all boundary conditions which allow complete
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P,,u. MeTon onpeneneHus $pa3oBoro pacimpepe-
JeHU s BAOJb M3MepsieMOH OCH CBOLUTCS K TOMY,
4To onpefesnsieTcss pa3oBoe pacipeesneHHe BIO/Ib
BbIOpPAaHHOI0 HallpaB/leHUs NlepeMelleHU s, B TOM
YlcJle ONpefesloTCsS BCe TPaHUYHBIE YCIOBHUS,
[103BOJISIOIIE OCYI[eCTBUTD II0JIHOE COIJIaCOBaHHUe
no ¢pase 3HaUeHU M Pa30BLIX paclpefeleHUN IpHU
repeMeIleHUH.

J71st Hadasa MBI 3alIKUCbIBaeM caMy P, c momo-
b0 IBYX KBa3UIIJIOCKUX BOJIH [2-3]. [[Be KBa3u-
IIJIOCKKe MOHOXPOMAaTHYeCKKe BOJHBI C KOMIIJIeKC-
HBIMHU aMIIJIMTYAAMHU:

$,% (x1,y1) ~exp i [ky 1y +W,° (x,y)], @)
S,¢ (xp,y) ~ exp i [kyg 1y +W,6 (x,y)] 3)
dopmupyror MII B minockocTtu X;0Y;, B KOTO-

poM 3amuceBaeTrcs P,,, C aMIJUTYAHBIM
IPONyCKaHHUEM:

M

T(x,,y,) « coslkg 1y + W6 (x1,y))], 4)

rae kg = ki - k,g - BOTHOBOI BeKTOp pelIeTKH,
a dyHKI M, XapaKTepu3ywoias ¢pa3oBoe pacmpe-
IeJleHHe MTPUXOB P, ¢

WE (x,y) = W6 (xq,yy) ~ W,0 (Xq,y). (5)
[IepyoOf PeIleTKH B 9TOM C/lydae:
dg = m/Kg =A/2sinb,/2, (6)

rae 0, - yros MesKAy BOJIHOBBIMH BEKTOPAMH K
u k,g, a Kg = |[Kg| - BOTHOBOE YHC/IO PelIeTKH.

I[TomecTUM pelleTKY B IIJIOCKOCTh XOY B cHCTeMe
KoopauHAT XYZ, KOTOpas MOBEPHYTAa OTHOCH-
TeJIbHO CUCTeMBI KOOpAUHAT XYZ COOTBETCTBEHHO
Ha yIJBL U, Y, K OCBeTHUM ee JBYMS KBa3HIIJIO-
CKMMH MOHOXPOMAaTHYEeCKHMU BOJTHAMHU C KOM-
IJIEKCHBIMY aMIIIMTYJaMM:

S, (x,y) —exp i [k r+¥; (x,y)], @
S, (x,y) —expilk,r+¥, (x,y)],

roe k;=kyq, ky=kyc.

Bonusl Si(x,y) U S,(Xx,y) GOPMUPYIOT B IIJIO-
ckocTu XOY uccnepzyemble HII ¢ ¢pa3oBHM
pacmpeneneHUeM:

W(x,y) = W,(x,y) - Wy(x,y). 8)
BBemeM mapameTp §, XxapaKTepU3yOUIUI Pacco-

rinacoBaHHue nepuozga MII oTHOCUTEIbHO IIepHoaa
P,.n TaK, YTOOBI BOJIHOBOE UM CJIO I10JIST
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phase matching of the phase distribution values
at displacement.

Let us represent P, itself using two quasi-pla-
nar waves [2-3]. Two quasiplanar monochromatic
waves with complex amplitudes are:

$;¢(x3,y1) —expi Q)
[kyq 1y +%1€ (x,y0)],
S,° (x1,y1) ~exp i [kyg 1y +W,C (x1,y,)] ©)

and they form IF in the X;0Y, plane where P
with the amplitude transmission:

HU3M

T(x,,y;) a coslkg 1y + WO (x,y,)], 4)

here kg = ki - k,¢ is the wave vector of the grating,
and the function that characterises the phase dis-
tribution of the barsis P,,,,:

IPG(X,Y) = ‘Plc(Xl,Yl) - WZG(Xpyl) (5)
In this case the grating period is:

dg = m/Kg =\/2sin6, /2, ©)

where 0, is the angle between wave vectors k,;and
k,s, and K = |[K;| means the grating wave number.

Let us place the grating in the XOY plane in
the XYZ coordinate system, which is rotated with
respect to the XYZ coordinate system by angles
v, y, ¢ respectively, and illuminate it with two
quasi-plane monochromatic waves with complex
amplitudes:

S, (x,y) —expi [k +W¥; (x,y)], @)
S, (x,y) —expilk, r+¥, (x,y)],
where k;=k;¢, k,=ky.

Waves S;(x,y) and S,(x,y) form the investigated
IFs with a phase distribution in the XOY plane:

W (x,y) =¥, X,y - ¥ Xy 8)

Let us introduce a parameter § characterising
the mismatch of the IF period with respect to the
P, period, so that the wave number of the field
is:

k = [k, - ky| = kg (- 8); 8], (9)

where 8 is the mismatch between the IF period
and the grating period.

Interaction of the IF with the grating in the XOY
plane results in a pattern of interference fringes
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k =k, -k =ks 1 8); 8] «1, 9)

rae 8 - paccornacoBaHue 1o nepuoay MII u nepuo-
Jla pelIeTKH.

B pesynbTaTe B3auMomencTBusa HII c pemer-
KoM B mJockocTH XOY obpasyercs KapTHHA
HHTepdepeHUMOHHBIX mosoc (Mm). CoBMeCcTHOe
pelneHute ypaBHeHHUH (4) u (6) c yueToM dopmyn
Iepexojia M3 OJHOM CUCTeMBI B IPYyryio (I; 1) Ipu-
BOJMT K C/IeIYIOLIeMY BhIPaskKeHHUIO IJIs pacIipese-
JIeHU S UHTeHCUBHOCTH Mnll:

I(x,y) = {1+ cos{kG /cosy [(xcos¢ + ysin) - (10)
(1- 8)xcosyl} + WC (x3,y;) - ¥ (x,y)}.

[TocKonbKY I(X, y) Maso U3MeHsIeTCS IIPU U3Me-
HEeHUHU B NIMPOKHUX Ipejesax yrjia v, 4JIeHBH,
coepsKaliye v B BhIpaskeHHe (9), ONMyIeHBbI.

U3 (9) MOKHO 3ammucaTh Gpa3oBoe pacrpesesieHue
Hnll @ (x, y) B BUZe:

O(x,y) =kg/cosy [(xcos¢ + ysing) - an)
- (1~ 8)xcosy] + [WC (x;,y,) = W (x,y)].

TaxkuM obpa3oM, IMOIydeHO BhIpaskeHHe, [T03BO-
nsIolllee ONKcaTh KapTUHY UnIl B Hanbosee obuiem
caydae - IPHU B3aHMOJEHCTBUH IPOU3BOIbHEIM
06pa3oM OpHEHTHPOBAHHOM HeHgealbHOMN [[IP
C paccoriacoBaHHBM mo mepuoay MII. Ciuenyert
OTMETHUTH, YTO, IIOCKOJIbKY IIapaMeTp Paccoryiaco-
BaHUS BbIOMPaJCs JOCTATOUHO MaJlblM (Caydal,
HauboJlee 4acTo peasn3yeMbll Ha IPaKTHKe), TO
BbIpakeHHe (10) cripaBe[/IMBO He TOIBKO B I1JIOCKO-
ctu XOY, HO U Ha AOCTATO4YHO 60JIBIIUX PaccTOs-
HHX 10 HallPpaBJIeHHUIO PAaCIIPOCTPAaHeHU S Kak-
[0l U3 HHTepdepUPYOLIIUX BOJIH.

ITeperieM K aHaIHU3y $a30BOro pacupeseneHus
Hnll. ITepenumemM (10) B BuIe

O(x,y) = P (x,y) + [WC (x1,y)- ¥ (x,y)], (12)
roe
@(x,y)P = kg/cosy [(xcosd + ysing) - (1 - 8)xcosy].(13)

He TpynHo BuaeTh, 4To ®(X,y)P OIHCHIBaET B3a-
HMOJeNCTBHUe HupgeanbHou I[P ¢ UgeanbHBIM
HII, copMHPOBAHHBIM LABYMS MJIOCKHUMH BOJI-
HaMM, a BTOPOM ujeH ypaBHeHHUS (12), 3aKii0-
YeHHBIH B KBaJpaTHbe CKOOKH, OMHCHIBAET
OTK/IOHeHUSA $a30BeIX pacnpeneneHun UII u I'IP
OT UJeaTbHBIX.

OcTaHOBHMCSA Ha aHanu3e ®(x,y)P. YpaBHeHUe,
OIHMCBIBAIONIee KOHQUIYPALHMIO U PACIIOIOKEHHE
MII B cnyuae UII u I'/IP, iMeeT BUL:

(If). The joint solution of equations (4) and (6), tak-
ing into account the transition formulas from one
system to another (r;»1), leads to the following expres-
sion for the IfF intensity distribution:

I(x,y) = {1+ cos{kg /cosy [(xcosd +
+ysing) - (1 - 8)xcosyl} + (10)
+ WO (x,y) - ¥ (x,y)},

Since I(x,y) changes little if the angle v changes
over a wide range, the terms containing v in (9) are
omitted.

From (9), we can write the IfF phase distribution ®
(x,y) as

(x,y) =kg/cosy [(xcos¢ + ysind) - an
- (1- 8)xcosyl + [WE (x,,y;) - W (x,y)].

Thus, we obtained an expression that allows
us to describe the IfF pattern in the most general
case, the interaction of an arbitrarily oriented
nonideal HDG with a period-mismatched IF. It
should be noted that since the mismatch param-
eter was chosen to be sufficiently small (the case
most often realized in practice), expression (10) is
valid not only in the XOY plane but also at suffi-
ciently large distances in the direction of propaga-
tion of each of the interfering waves.

Let us now proceed to analyse the phase distribu-
tion of the IfF and rewrite (10) as

D(x,y) = PP (x,y) +
+ (WO (x,,y) - ¥ (x,y)], 12

where

O(x,y)P = k/cosy [(xcos +
+ysing) - (1 - §)xcosyl. 13)

It is easy to see that ®(x,y)P describes the interac-
tion of an ideal HDG with an ideal IF formed by two
plane waves, while the second term of equation (12),
enclosed in square brackets, describes the deviations
of the phase distributions of the IF and HDG from the
ideal ones.

Let us focus on the analysis of ®(x,y)P. The equation
describing the configuration and location of MBs in
the case of IFs and HDGs has the form:

ke/cosy [(xcosd + ysing) - N
- (1-§)xcosy] =2mn, (14)
where n is an integer. It is easy to see that equa-
tion (13) describes a series of equidistant lines
with a period:

Vor.15No.12022 NANO INDUSTRY
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kg/cosy [(xcosd + ysing) - (1- §)xcosy] = 2nn, (14)

rge n - Lengoe 4ucio. HeTpygHo ybegUThCS, YTO
ypaBHeHHUe (13) omuchiBaeT psiJi PABHOCTOSIIHX
JIUHUH C IEPUOJIOM:

dy = dg cosy/l(cosd - cosy + & cosy)?+sin?Pp]®-3. (15)
tga = - 1/ cosy cos¢ [cosy (1- §) + cos]. (16)

Haubonee nHTepeCHBIM Ha IIPAKTHUKeE SIBISIETCS
cnydan, Korga ¢«1; 8«1; y«1. Ilpu 3TOM, IpeHe-
Operas BeIMUMHAMHM BTOPOIO IIOPSILKA MAJIOCTH,
HMeeM:

dy = dg /P2 + 82105 (17)
a ~ arctg(p/2+ (y2/2 - 8))/P). (18)

K3 (17) BULHO, 9TO YTol Y BXOOHUT B (17) Kak Belu-
YHHA BTOPOTO IIOPSILKA MAJIOCTH, II0 CPABHEHHUIO
c ¢ ud, kpome TOro, IpHu § = y?/2 BeIMUMNHA & 3aBU-
CHUT TOJIBKO OT OLHOM IepeMeHOH o= o(P). TaKUM
obpasom, nmoxbupas mapamMeTp paccorIacoBaHHUSL
8, MOKHO KOMIIEHCHPOBATh Yyroi HakyjoHa [[IP.
[TooTOMY, B JaJbHeNIIeM, MBI 6yJeM pacCMaTpH-
BAaTh TOJIBKO JiBe IlepeMeHHBIe: yros ¢ - HaKJIoHa
mWTpuxoB I'/IP oTHOCHTe/NbHO mojoc HMII u mapa-
MeTp § - paccoriacoBaHue I10 IIEPUOLY.

CornacuHo BelpaskeHHuwo (11) mns @(x,y) npu
8«1 u p«l, WO(x,,y;) ~ ¥(x,y) u, HCKII0OYAs U3 pac-
CMOTPEHHS Y, MOKHO 3aIIHCaTh:

O(x,y) = PP(x,y) + [WO(x,,y))- Wx,y)l, (19)
rme
D(x,y)P ~ k¢ [(xcosd + ysing) - (1 - 8)x].

BripaskeHHe (18) mOCTATOYHO TOYHO OIIMCHIBAET
dasoBoe pacnpenenenre MII Bo Bcex mpaKTHYe-
CKHY Ba>KHBIX CIydasiX.

TakuM obpa3om, MBI onipefenrin ¢pa3oBoe pac-
npeneneHnue MII (18) oT B3auMomeUcTBUS UII
uP,,,, PACIONOKeHHO! B alepType HII.

PE3YJIbTATbl U OBCY)XAEHUE
9Ta KapTHHA byneT sesKaTh B OCHOBE JNeHNCTBHUS
rojorpaduyeckoro JaTuyvka JUHEHHBEIX IIepe-
MemeHun JIT/l Ha 6a3e mepememieHus P,,, B UII
nHTepdepomerpa uinu B HII, obpa3oBaHHOTO
3a TaKkoM ke pellleTKOM, OCBeIleHHON KOTepeHT-
HBIM UCTOYHHUKOM U3/TyUYeHUS.
KnuMmMUpOBaHHBN CBeT, FeHepUPYeMBIH
HCTOYHHUKOM H3JIy4eHHUS, KeCTKO CBSI3aHHBIM

HAHO MHAVCTPUA Tom 15 Ne1 2022

dy = dg cosy/[(cosdp -
- cosy + O cosy)?+sin?¢]0-> (15)
tga = -1/ cosy cosd 16
[cosy (1 - 8) + cosd] (16)
The most interesting in practice is the case of
¢«1; 8«1; y«1. In this case, neglecting the values of
the second order of smallness we have:

dy = dg /[$p2+ 810> (17)
a ~arctg(d/2 + (y2/2 - 8))/ ¢) (18)

Formula (17) shows that the angle y enters (17)
as a value of the second order of smallness as
compared to ¢ and §; moreover, when § = y?/2,
the value of « depends on only one variable a =
a(d). Thus, by selecting the mismatch parame-
ter § we can compensate for the HDG slope angle.
Therefore, from now on, we will consider only
two variables: the angle ¢ of the slope of the HDG
bars with respect to the fringes of the IF and the
mismatch parameter § with respect to the period.

According to expression (11) for ®(x,y) at 6«1 and
d«1, W(x,,y;) = ¥(x,y) and, excluding from consid-
erationy, we can write:

D(x,y) = P (x,y) +
+ (WO (xq,y1)- W (x, )], (19)

where
@ (x,y)P ~ kl(xcosd + ysing) - (1 - §)x].

Expression (18) describes the MB phase distri-
bution quite accurately, in all practical cases.

Thus, we have determined the phase distribu-
tion of MF (18) from the interaction between the
IF and P, located in the IF aperture.

H3M

RESULTS AND DISCUSSION
This picture will form the basis for operation of
a holographic LHE linear displacement sensor
depending on the displacement of P, in an inter-
ferometer IF or in an IF formed behind the same
grating illuminated by a coherent emission source.
The clipped light generated by the radiation
source rigidly connected to the sensor carriage
after reflection from the mirror, falls on the mea-
suring and display gratings (the order of the grat-
ings can be any, depending on the design of the
movable linear displacement detector, MLDD).
Photodetectors are installed in the MB field
behind the gratings.
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Puc.1. ®omozpagus myaposbix nonoc (MIT). BepmukabHbie
CMpeAKU NOKA3blB8AKM HANPABAEHUS CMeLLeHUs MyaposbliX no-
A0C Npu 08UXKEHUL 00HOLI U3 peliemok 8 HanpasAeHuu nepeme-
weHus (20pu30HManbHble CMpeAku)

Fig.1. Photo of moiré bands (MB). The vertical arrows show the
directions of displacement of the more bands when one of the grids
moves in the direction of movement (horizontal arrows)

C KapeTKOM JaT4yHKa, II0C/ie OTPa’keHHUs OT 3ep-
Kajia ImajaeT Ha U3MePUTeJIbHYI0 U HHAHUKATOP-
HYIO pellleTKH (IIOPsAJOK PacIlooKeHHU sl pelleToK
MosKkeT 6BITh 110601 B 3aBUCHMOCTH OT KOHCTPYK-
LUK AaTYNKa TUHENHBIX llepeMelneHui, IJIII).
B mosie MII, 06pa3yomuxcs 3a pemeTKaMH, yCTa-
HaBIMBaIOTCI QOTONIPUEMHUKH.

B Hayaje HacTpauWBaeM IITPUXH pelleTOK
rapasjie/ibHO APYT OTHOCHUTEJbHO Apyra C OMO-
IIbIO ONpPaBhl, COJepsKalllel CpefCcTBa /s IOBO-
pora MITPUXOB P,,,, OTHOCHUTE/JIbHO MITPUXOB P,
U IIOJIYyYeHH I MyapoBOIo compsikeHus MII, KoTo-
phle B IIepBOM NPUOIHKeHU U MePIeHUKY IS PHBI
HaIlpaBJeHHIO IITPUXOB pelleToK. JKejgaTeJabHO
nony4datbs MII Kak MOXKHO mupe (puc.l).

YCTPOHMCTBO HaCTpauBaeTCsd Aajee C IeJbI0
IIONyYeHUS COOTBETCTBYIOIEr0 HOHHYCHOTO
conpsiKeHHs. /I 3TOT0 MOKHO U3MEHHUTb PacXo-
JUMOCTb UCTOUHHKA U3/TydeHHUs (pUC.2).

Ha puc.2. mjaHa onTH4YecKkas cxeMa IOAy4YeHHU
HOHHUYCHBIX I10JI0C. B HampaBiaeHuH OX pacmosio-
KeHa P, 3allMCaHHAas B ABY/J1y4eBOM UHTepde-
pomeTpe c yrioM 0/2 MeXXAy CBOMMHU IlJIeHaMH.
AudpakMOHHAs pelieTKa OCBeIlaeTCsa JByMS
nydaMu S1 ¥ S2 o paBHBIMH yriamu (0/2+9).

HoHuycHBIe moa0Chl (pHuc.3) mogob6HE Myapo-
BBIM, HO OHM [apajlyIe/IbHBI IITPHUXaM PeIleToK.

IIpu ompefeeHHUH IMHEHHOIO pa3Mepa o6beKkTa
P,y CMEIaeTCss OTHOCUTEIBHO H3MePUTEIbHOU
MU P, CMeIjaeTcs OTHOCUTEJIbHO HHIUKATOP-
HOM (YTO PaBHOCHJIBHO).

HecmoTpss Ha TO, YTO yCTPOHCTBO COLep-
SKUT y3/1bl, HeobXoAMMBble A/I51 IepBOHAYAIbHOMN

Puc.2. Onmudeckas cxema noAy4eHust HOHUYCHbIX N0AOC
Fig.2. Optical diagram for obtaining nonius bands

At the beginning we adjust the grating fringes
parallel to each other by means of a frame contain-
ing means for turning the P, , fringes relative to
the P, , fringes and obtaining moiré conjugation
of MB, which are perpendicular to the direction of
the grinding fringes in the first approximation.
It is desirable to obtain MBs as wide as possible
(Fig.1).

The device is further tuned to produce an appro-
priate nonius conjugation. This can be done by
changing divergence of the light source (Fig.2).

1 -

Puc.3. ®omozpagust HOHUYCHbIX NoAOC. CMpPeAKAaMU NOKA3aHbl
HanpasAeHus CMel,eHUs HOHUYCHbIX NOAOC Npu 08UXKEHUU 00-
HOU U3 pelwemok 8 3mMom >ke HanpasAeHuu

Fig.3. Photo of nonius bands. The arrows show the directions of
displacement of the nonius bands when one of the gratings moves
in the same direction

Vor.15No.12022 NANO INDUSTRY




OBOPYAOBAHME A/11 HAHOUHAYCTPUM

I

Puc.4 ®omozpapus P,
Aqroulel
Fig.4. Photoof a P

usm € COBCMBEHHOL cmekAsHHOU Hanpas-

1w With its own glass guide

HAaCTPOMKH B3aHMHOIO PaCIlOJIOKeHHS MTPU-
XOB ABYX pemeTok - P,,, u P, — 3T0 ycTpou-
CTBO He I103BOJISeT YCTPAHUTh OMKOKMU, CBSI3aH-
Hble C INOTPeIIHOCTSIMU HM3MepeHHUI, BHeCeH-
HBIMH IlepeMellleHHeM, OJHOHU U3 pelleTOK OTHO-
CUTeNbHO 3aPHUKCUPOBAHHON APYTOH, IO HETOU-
HBIM HaIlPaBJISIONIMM CAMOT0 JAaTYKKA IHMHEHHBIX
MepeMelleHUH U1 BHEIIHero yCTPOHCTBA, K KOTO-
POMY IIPHKPeIISIeTCs ero MoABHU KHAS pellleTKa.

IIpu mepeMeIleHHHU IO HeTOYHBIM HaIlpaB-
JSIOMMUM YCTAaHOBJIEHHBIU IIepBOHAYa/IbHO [TePHOT
MYapOBEIX I10JIOC He COXPaHseTcs, TaK KaK oIlpaBa
¢ GUKCUPOBAHHOM B Hel MHIKUKATOPHOM pelleT-
KoM 6y/leT MOBTOPSITh HEPOBHOCTb HAIlPaBSIo-
e, 4To 06s13aTeIbHO NPUBeAET K HU3MEeHEeHHU IO
yIjla ee INTPUXOB OTHOCHUTEJbHO IUTPUXOB P, H,
COOTBeTCTBEHHO, K lepeMeHHOMY nepuony MII,
a 3TO, B CBOIO OUepellb, - K IOIPeIIHOCTH IIPU CUHU-
TBIBAHUU IIepeMelleHH .

B cBa3u ¢ 3TUM B JII'J] HCIIOJNIB3YIOTCSA He Mya-
pPOBBIe I10JIOCHI, @ HOHHUYCHBbIE UK 0OTIOpaIiMOH-
Hble (puc.3). Kpome 3TOro, MosKHO CO3JaTh TaKoe
YCTPOMCTBO, KOTOPOe MO3BOJUT CYyIIeCTBEeHHO
YMeHBIIUTh IIOTPEIIHOCTDh, BHOCUMYIO HaIllpaBJIs-
fomel, obnazamnier HeJTHHeNHOCThIO B HAallpaB-
JeHHUHU IlepeMelleHH .

C Lenpio yCTpaHeHU S U3MeHeHH Imepuoga MII
IIpHU IlepeMellleHUH MOXXHO UCII0/b30BaTh B Kaye-
CTBe HaNpaB/AW0Ilel, 10 KOTOPOHU IlepeMelna-
ercs, K mpumepy, P, , CTEKIAHHYIO HallPaBsi-
IOLYI0 caMoro ycrporcTtsa JILJ. 1 3TOro cTe-
KJSIHHYIO HaIlPaBJISIOMYI0 JKeCTKO IIPHCOeJUHSIOT
K TOpPLy U3MePUTeIbHON JTHUHeUKHU (puc.4) [4].
TakuM ob6pasom, B 3TOM YCTPOMCTBe B Kaue-
CTBe HaNlpaB/AWIlel, 10 KOTOPOU IepeMella-
eTCsl CYUTHIBAOIasl F0JIOBKA, UCIIONb3yeTCs CTeK-
JAsSTHHAS HallpaBJsgIoliasi caMoro ycTporcTsa JI/,
JKeCTKO IpHCOeJHHEeHHas K TOPLY U3MepUTe/b-
HOH NTHHeHKHU. [IpruueM [JJIKHA 3TOH HAIpaBJIs-
IoIlel He MeHbllle IMHENHOro pa3Mepa obbpeKTa,
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Fig.2 gives an optical diagram for obtaining
nonius fringes. In the OX direction is the P,
recorded in a two-beam interferometer with an
angle 6/2 between its arms. The diffraction grat-
ing is illuminated by two beams S1 and S2 at equal
angles (6/2+9).

Nonius fringes (Fig.3) are similar to moiré
fringes, but they are parallel to the grinding
fringes.

When determining the linear dimension of an
object, P, is displaced relative to the measure-
ment dimension or P, is displaced relative to the
indicator dimension (which is equivalent).

Although it contains the nods required for the
initial setting of the relative positions of the two
gratings, P, and P, it cannot eliminate the
measurement errors introduced by the movement
of one of the gratings relative to the other fixed
grating by inaccurate guides of the linear encoder
itself or the external device to which its moving
grating is fastened.

When moving along inaccurate guides, the orig-
inally set period of moiré fringes is not retained,
as the frame with the indicator grating fixed in
it will repeat roughness of the guide, which will
necessarily lead to a change in the angle of its bars
relative to the P,, fringes and, consequently, to
a variable MB period, which in turn leads to an
error in the readout of the movement.

In this regard, HDGs use nonius or obturator
fringes rather than moiré strips (Fig.3). In addi-
tion, it is possible to design a device which will
substantially reduce the error introduced by the
guide which has non-linearity in the direction of
travel.

In order to eliminate variation of the MB period
during movement, the glass guide of the HDG
itself can be used, for example, as a guide along
which the P, , moves. For this purpose, the glass

HH],

guide is rigidly connected to the end of the mea-
suring tape (Fig.4) [4]. The glass guide of the
HDG itself, rigidly connected to the face of the

Puc.5. Chumeigarowas zonoeka JIAI, ycmaHoeneHHas HA P,
C A8MOHOMHOL cmeKASIHHOU HanpasAasiouiel

Fig.5. The LDP reader head mounted on a P,
mous glass guide

wsm With an autono-
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KOTOPBIM MBI M3MepseM. IIpH CMeIleHHU CUH-
TBIBAIOLel TOJIOBKH 10 CTeK/ASIHHOM HaIlpaBJs-
I0IleX ONOPHble NOAIIUIHUKY IlepeMellalTCs
1o 6a30BOK [TOBEPXHOCTH CTEK/ISIHHOM HaIlpaBJIs-
I0lel, a NOANPY>KMHEHHBIN MOAMIUIHUK, COOT-
BeTCTBEHHO, I10 ee 06paTHOM OBePXHOCTH (pHUC.5).
JIrHa 5TOM HalpaB/SAIOIEeN He MeHbIlle THHeH-
HOTO pa3Mepa o6beKkTa UIU U3MepsieMOK BeJU-
YK HBI [IepeMelleHH .

Ecnu 6a3oBasi MOBEPXHOCTb CTEeK/JISHHOH
HallpaBJsOMlel KadeCTBeHHAas, TO IOJBHK-
Has pemreTka 6yJeT mepeMeInaThCsl TOYHO BAOJb
BBI6OpaHHOM (KOHCTPYKTHBHO) OCH H3MepPHUTEJb-
HOM NUQPPaKLUHMOHHOM PelleTKHU U NepHeHJHKY-
JIIPHO ee IITpHUXaM. DTO 03HaudaeT, 4yTo MII, KoTo-
pble 06pa3yoTcs 3a pelIeTKaMHM, COXPAHSIOT CBOH
IepHO/ U HAaKJIOH U He 6yIyT BIUSATH HA TOYHOCTD
H3MepeHHUN, KoTopas 6ymeT 3aBUCETh TOIBKO
OT Ka4yeCTBa U3MepHUTe/IbHOM pellleTKH 1 KauyecTBa
HM3TOTOBJIEHH S CAMOTro JaTuuKa. Takum obpasom,
KMMeeM BO3MOKHOCTH IIOJIHOCThIO peajiui30BaTh
TOYHOCTHBIe XapaKTepucTuku JIL] (puc. 6).

OTedecTBeHHAsl NPOMBIIIJIEHHOCTh CEPHKHO
M3roTaB/JIMBaeT CllellMa/ibHOe cTekao (Bopckoe
CTeKJIO Ha pacIlJaBe 0/10Ba), KMeoIiee TpebyeMele
TOYHOCTHBIE€ XapaKTePUCTUKH /ISl CTeKISIHHOU
HaIpaBISOOed U TeM CaMbIM /5 IONY4eHH S
HAHO xapaxkTepucTuk JII'[[. 3TO IIO3BOIUT 0CY-
IIeCTBUTE JOCTATOYHO AeIleBbIH U 3QHeKTHBHBIU
CepPUMHBIU BBIITYCK OTeYeCTBeHHBIX BEICOKOTOYHEBIX
U BbICOKOpa3pemaromux JIT/ Beime 0,1 MKM/M.

[puHuun pabotsl JIT[ A1 ©U3MepeHUs IlepeMe-
IIeHHUH 3aK/II09aeTcs B clefyomem. IIpu mepeme-
IIeHUH CUUTHIBAIOIIEH TOJIOBKU BO BpeMs oIlpefie-
JeHUs TUHEHNHBIX pa3MepoB 06beKTa HHIUKATOP-
Hasg pelreTKa CMellaeTCcss OTHOCUTE/NIBHO AUPPaK-
LIMOHHOMN M3MePHUTENbHON pelleTKH 2, pacIosio-
SKeHHOM Ha IIOJJIOKKEe M3MEePUTeIbHOU THHEeUKH.
ITy4oK M3/1y4eHH s, TeHePUPYe MBI KCTOYHHUKOM
M3JIy4eHHU s, )KeCTKO CBI3aHHOI0 CO CYMTHIBAOL N
FOJIOBKOM, KOJIJTHMHUPYETCSI KOJJIMMAaTOPOM U IIPO-
XOJMUT Yepe3 HHAMKATOPHYIO U U3MepPUTeIbHYIO
IrpakIMOHHBIE pelleTKHU. B mmose uHTepdepeH-
LIMOHHBIX I10/10C, 00pa3yIoIMXCs 33 PelleTKaMH,
yCTaHaBJIHBaeTCd MaTpulla GOTONPHEMHUKOB,
KOoTopas npeobpasyeT pacrnpeseneHrle HHTeHCUB-
HOCTH HHTepdepeHIMOHHBEIX I10JIOC B 3JIeKTpHUYe-
CKHe CUTHa/bl. [IpyM CMelleHHUH CYHUTHIBAalONen
FOJIOBKH OLHOBPEeMEHHO C 06beKTOM BO BpeMs
ompejeeHUs ero JMHEeHNHOIO pa3Mepa MHAMKA-
TOpHAs pelleTKa CMeIllaeTCs OTHOCUTeIBHO U3Me-
PHTeNIBHOMN peIleTKH M Ha BBIXOHAaX QPOTOIPH-
€MHHKOB MaTpHUIbl QOPMUPYIOTCS IIepeMeHHEIe
3JIeKTpUYeCcKHe CUTHaIBl, CABHHYTHE II0 dase
Ha 90°. DTH CHUTHAJBI IOCTYIAIOT 3aTeM B 60K

Puc.6. BHewHuti 8ud /14
Fig.6. General view of LHE

measuring tape, is used in this device as a guide,
along which the reading head moves. This guide
must be at least as long as the linear dimension
of the object being measured. As the reader head
moves along the glass guide, the support bearings
move along the base surface of the glass guide and
the spring-loaded bearing, respectively, along its
reverse surface (Fig.5). The length of this guide is
not less than the linear dimension of the object or
the measured displacement value.

If the base surface of the glass guide is of good
quality, the movable grating will move exactly
along the chosen (constructively) axis of the mea-
suring diffraction grating and perpendicular to its
bars. This means that the IBs formed behind the
gratings retain their period and slope and will not
affect the accuracy of measurements, which will
only depend on the quality of the measuring array
and the quality of the manufacture of the sensor
itself. Thus, we have an opportunity to fully real-
ize the accuracy characteristics of the HDG (Fig.6).

Domestic industry serially produces spe-
cial glass (Borsky glass on tin melt) that has the
required precision characteristics for the glass
guide and thus for obtaining nanocharacteristics
of HDGs. This will make it possible to carry out
sufficiently cheap and efficient serial production
of domestic high-precision and high-resolution
HDGs above 0.1 pm/m.

The working principle of the HDG for displace-
ment measurement is as follows. When the reader
head is moved, whilst measuring the linear dimen-
sions of an object, the indicator grating is shifted
with respect to the diffraction measuring grating
2 located on the substrate of the measuring tape
ruler. The light beam generated by the light source
rigidly coupled to the reader head is collimated by

Vor.15No.12022 NANO INDUSTRY
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Tabauua 1. Mpeden donyckaemblx 3Ha4eHUL nozpeLiHocmu npu
memnepamype 20°C
Table1. Permissible error limit at 20 °C

Knacc
TOYHOCTU
Accuracy

class

Mpepen ponyckaemMoro
3HavYeHus
MorpewHocTU
JINHEWHbDbIX
nepemeweHu AJICA,

JAonyckaemoe
OTKJIOHEHue
Temnepartypbl
OT HOpMaJIbHOro
3Ha4eHus, 20°C

MKM Permissible tem-

Permissible error
limit for linear dis-
placement, ALHE, pm

perature deviation
from the from the
normal value

1 (0,5+1,21) +0,2
2 (1,0+2,5L) +0,2
3 (2,0+4,5L) +0,5
4 (5,0+8,0L) +1,0
+2,0 n ganee | and
5 (10,0+15,0 L) TeIE

3JIeKTPOHMKH, IJe C IIOMOIIBI0 KOMIIapaTopa ¢pop-
MHPYIOTCS CUETHBIe MMIIY/IbChI, II0 KOTOPBIM OIIpe-
nenseTcs THMHENHBIN pa3smep obbekTa. [Ipuuem
ONOpHBIe MONIIMIIHHUKHK, >XEeCTKO CBSI3aHHBIE
C HHAMKATOPHOM PelIeTKOU 6, epeMelaomHecs
1o 6a30BOM MOBEPXHOCTH IOAIOXKH U3MEPHUTENb-
HOM JTMHENKH, U NOAIPY>KHUHEHHBIH MOAMHITHUK
3TOM >Ke TPYIIbI, lepeMellalomuics mo obpar-
HOI MOBEPXHOCTH 3TOM IIOJJIOKKH, II03BOJISIOT
COXPaHSATh IOCTOSIHHBIN 3a30p MeXX/Jy pelleT-
KaMu P, u Py, ,, obecrieunBas TeM caMbIM pabo-
TOCIIOCOOHOCTH JaTUKMKa Ha BCeM IPOTSIKeHUU
M3MepeHHUs JIMHEeNHOro pa3mMepa obbeKkTa Hesa-
BHCHUMO OT KadeCTBa HAINPaB/SIOIEro yCTPOu-
CTBa, K KOTOPOMY 3aKpeIljieHa IMOABHKHAas 4acTh
JITZI. TIo3ToMy laHHOE YCTPOKCTBO He MOXeT 6BbITh
HCI0/Ab30BAHO IIPU HU3MepeHHHU IepeMelleHUU
C BBICOKHM, a TeM 60/iee HAHOpa3pelleHHEeM.

Ha Brixonme ¢poTompueMHHKa QOPMHUPYIOTCH
mepeMeHHBIe 3JIeKTPUYECKHEe CHUIHAaJbl, CABH-
HyTble 10 pase Ha 90°. DTHU CUTHAJIBI IOCTYIIAIOT
3aTeM B OJI0K 3/IeKTPOHHUKH, Ille C IOMOIIbI0 KOM-
nmaparopa GOpMHUPYIOTCS CUETHBIE MMIIY/IbCHI,
10 KOTOPBIM OINpefeNsoTCa JUHEeHHBIH pas-
Mep o6beKTa MM BeJIHMYHHA IepeMelleHHUS.
CHabkeHHe MAaHHOTO YCTPOMCTBA CPeACTBAMU
IJIs IMOBOPOTA LWITPHUXOB LAPYr OTHOCHTEJIBHO
Opyra C LeJIbI0 IIOJIyYeHH s HY>KHOTO0 Ilepuoga MII
HMJIH CPeACTB O/ M3MeHeHMS CXOOUMOCTH Iy4-
KOB I103BOJISIeT MOBBICUTh TOYHOCTh H3MEpPeHHUH,
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Tabauua 2. OCHoBHble mexHU4ecKue xapakmepucmuku JIr/]
Table 2. Main LHE technical characteristics

1000 v 6onee
and more

U3mepsiemas gavHa, MM
Measured length, mm

LUar wKkanbl, MKM
Scale increment, pm

MorpelwHocTb

I+

JANCKpeTHOCTb, MKM

Discontinuity, pm o

CKOpOCTb, MM/C

Velocity, mm/s 200

MutaHue JIFCQ ot cetn
nepemMeHHOro Toka
LCD power supply, AC

220V +

MoTpe6asiemas MOWHOCTb

Consumption He 6onee15B

UcTOYHUK CcBeTa
Light source

JlazepHbIn Anon,
Laser diode

CoeavHeHUe C UHTepderCHbIM
AVCIN/IeUHbIM 6J10KOM
Connection to the display unit
interface

1.5 M kabenb *
Cable, m

BbIXOAHas MOLLHOCTb /la3epHOro
nU3nyyYeHus
Output power of laser radiation

2MB | mV

He meHee 10 net
At least 10 years

MonHbIA CpeaHUA CPOK C/TYXK6bI
Full average lifetime

the collimator and passes through the indicator and
measurement gratings. A matrix of photodetec-
tors is installed in the field of interference fringes
behind the grating, which converts the intensity
distribution of the interference fringes into electri-
cal signals. When the reader head is shifted simul-
taneously with the object during determination
of its linear dimension, the indicator grating is
shifted relative to the measuring grating and vari-
able electrical signals shifted by 90° in phase are
generated at the outputs of the matrix photodetec-
tors. These signals are then fed to the electronics
unit, where a comparator is used to generate count-
ing pulses that determine the linear size of the
object. The bearing rigidly connected to the indi-
cator grating 6, moving on the base surface of the
measuring ruler substrate and the spring-loaded
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B TOM YMCJIe 32 CYeT yMeHbIIeHHU s [IOrPeIIHOCTH,
00ycI0BIeHHON Ny4llel PUKCALIHElN 3IeMeHTOB
YyCTPOMCTBA, NPUBOASIIEN K MeHbIIUM pa3bpo-
caM IIapaMeTpPOB YCTPOKMCTBA U K YBeJIMYEHHUIO HUX
KOHTpacCTa, a TaKXe K YMeHbIIeHHUI0 MCKaKeHU
dopmbr HMII, B mmojie KOTOPBIX YCTaHABIKMBaeTCH
boTOmpUEeMHHUK.

OCHOBHBIE TeXHHYECKHE XapaKTePUCTUKHU JIT]
IoaHbl B Tabm.2.

Jnana3oH npeobpa3oBaHUs TMHENHBIX [IepeMe-
meHuMN oT 1072 +1073 MrM 1o 1 M u boiee. IIpenmen
JOIIYCKaeMOTO 3HaUYeHU s IOTPeIIHOCTH IIPH HOP-
MaJIbHOM 3HadyeHHH TemnoepaTypsl 20°C u mnpu
OTKJIOHEHMH ee B 3aBUCHMOCTH OT KjlacCa TOYHO-
cTU npeobpasoBaTesieldl He JOJKeH MpeBbIIIATH
3HAaueHMUM, YKa3aHHBIX B Tabsn.l. B 3HaueHUSs Ipe-
JelbHBIX IIOTPEIIHOCTel, yKa3aHHBIX B Tabin.l,
BXOIAT BCe PAa3sHOBUIHOCTH CHCTeMaTHYeCKHUX
MIOTPelIHOCTEeH, CBOMCTBeHHEIe IIpeobpa3oBaTensiM
KOHKPeTHOIO THIIa, U HUX C/y4YalHble COCTaBISI0-
mue, a L - IJIMHa IMHEHHOIO IlepeMellleHHUsI, M.

IIpUBA3aHHOCTb y3Jla CBSA3M K BHEIIHEMY
YCTPOHCTBY OCYILECTB/ISIeTCS B Ka>KLOM OTHesb-
HOM cjiy4ae B 3aBUCHMMOCTH OT KOHCTPYKTHBHBIX
0cobeHHOCTEH BHEUIHEero yCTPONCTBa, HO TAKUM
obpas3oM, 4TO6El IIPU 3TOM I3TOT y3eJ MMeJ BO3-
MO>KHOCTH IIPSIMOM CBSI3H CO CUHMTHIBAIOIeH T0I0B-
Koy JITI.

UHOOPMALUA O PELLEH3UPOBAHUU

Pemakuus 61arofapuT aHOHHMHOTO pelleH3eHTa
(pelieH3eHTOB) 3a UX BKJIAaJ B pelleH3UPOBaHHUE
3TOM paboThl, a Takyke 3a pa3MelleHHe CTaTeH
Ha caliTe )XypHaJ/la U Ilepejlayy UX B JIeKTPOHHOM
Bujge B HO6 eLIBRARY.RU.
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bearing of the same group moving on the reverse
surface of the substrate allow to keep a constant gap
between the gratings P,,, and P,,,, thus ensur-
ing the probe operability during the whole range of
object linear dimension measurement regardless of
the quality of the guide device to which the moving
part of the HDG is fixed. Therefore this device can-
not be used for high resolution displacement mea-
surement, let alone nanoscale resolution.

The output of the photodetector generates
alternating electrical signals phase-shifted by
90°. These signals are then fed into the electron-
ics unit, where a comparator generates count-
ing pulses which determine the linear size of the
object or the amount of movement. Equipping this
device with means for turning the bars against
each other in order to obtain the required MB
period or means for changing the convergence of
the beams allows of increasing the measurement
accuracy, including reducing the error due to bet-
ter fixation of device elements, resulting in less
variation of device parameters and an increase in
their contrast, as well as reducing the distortion
of the form of IF, in whose field the photodetector
is installed.

The main technical characteristics of HDG are
given in Table 2. The range of linear motion trans-
formations vary from 102+1073 pm to 1 m and more.
The limit of acceptable error value at normal tem-
perature value of 20 °C and its deviation depend-
ing on the accuracy class of the transducers must
not exceed the values given in Table 1. The values
of limiting errors indicated in Table 1 include all
kinds of systematic errors, inherent to transduc-
ers of a particular type, and their random com-
ponents, and L is the length of linear movement,
metres.

The binding of the communication node to the
external device is done on a case-by-case basis
depending on the design features of the external
device, but in such a way that this node has direct
communication capabilities with the LHE reading
head.
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