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HOBbBIE ONMTO3/IEKTOPHHDIE
CXEMbI, MOCTPOEHHDIE

HA OCHOBE PEJIbE®HbIX
OTPAXAIOLWWKNX
AUOPAKLLUOHHDLIX CTPYKTYP
C NPIMOVYTOJIbHbIM
NMPOOUNEM

B. A. Komouxkuil, 0. M. Cokonos, H. B. Cyemun
Poccuiickuil yHusepcumem dpyskbsl Hapodos
(RUDN University), Mocksa

B cTaTbe pacCMOTpPeH psj, HOBbIX CXEM,
npeAHasHa4YeHHbIX AJ1S U3MepeHUs MabixX
YrN0BbIX CMELLEeHUN U Koie6aHui, AN MOAYASALUN
lazepHOro usy4yeHus, a Takxe gns GuabTpaumm
crnekTpa onTUYeCcKoro UsiyyeHus B BUAUMOM

M B UH$paKpacHOM AuanasoHe AJINH BOJIH. B ocHoBe
paboTbl 3TUX cxeM nexaTt 3¢p¢ekTbl, Habatogaembie
nNpuv oTpa>keHUU NasepHOro ny4ka ot riay6okunx

AV PAKLUNOHHBIX pesibePHbIX CTPYKTYP, UMK UX
NpSIMOYroJibHbIA Npodunb, c rnyéuHon penbeda ot
YeTBEPTU AJIMHbI BOJIHbI 4,0 HECKOJIbKUX AJINH BOJIH
u3ly4yeHUs nasepa.

CTaTbd nocTynmna B pegakumio 13.02.2019
CraTbsa npuHaTa K nybavkaunm 27.02.2019

61acTH NOpHMeHEeHHN OIIKChIBAE€MBIX
O YCTPOUCTB pa3HoobpasHsl. Hampumep,

OATYMKH MalblX YIJIOBBIX CMeIleHHU
Y KoJleGaHUH MOTYT GBITh IPUMEHEHBI IIPU HCCIe-
OOBaHMHK BUOpAallMM U IPU KOHCTPYHMPOBAHUU
CeCMOMETPOB H HAaKJIOHOMepoB. MoAyndaTop
C MexaHH4YeCKHUM IIpuBomoM pabotaer B obnactu
HU3KHUX YaCTOT MOAYISLMH, HO MOXeT obecrie-
YHUTh AaHAJIOLOBYIO MOZLY/IALMIO MOLIHOCTH H3JY-
YeHHUsS C PA3IHYHBIMHU TIyOHMHAMH MOAYISLIUHU
OT HYJIL A0 CTa IpOoLeHTOB. OmTHYeCKHe PUIIb-
TPHl, IIOCTPOEHHBIe Ha OCHOBe ITyOOKUX penbed-
HBIX OTPa’KalIIUX CTPYKTYpP, HMMEKT OCLIHJIIM-
py0oIinHe 3aBUCHMMOCTH KO3QOHUIIMEHTA IHepeJadyu
OT IJIHHBI BOJTHBI. MOXHO BHIOpaTh IIapamMeTpsl
TakKUM obpa3om, 4TO6Bl QUIBTP HMeNT HYIEBOU
kK03ddULIMeHT Iepefayuyd Ha 3aJaHHOMN [AJIHHE
BOJIHBL M OMHM3KHUH K eIUHHIE KOIGPUIHEHT
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NEW OPTOELECTOR SCHEMES
CONSTRUCTED BASED

ON RELIEF REFLECTIVE
DIFFRACTIVE STRUCTURES
WITH RECTANGULAR
PROFILE

V. A Komotskii, Yu. M. Sokolov, N. V. Suetin
Peoples Friendship University of Russia.
(RUDN University) Moscow, Russian Federation

The article describes a number of new schemes
designed to measure small angular displacements
and oscillations, to modulate laser radiation, and
also to filter the spectrum of optical radiation in
the visible and infrared wavelengths. The operation
of these schemes is based on the effects observed
when a laser beam is reflected from deep diffractive
relief structures with a rectangular profile, with a
relief depth from a quarter of the wavelength to
several wavelengths due to laser radiation.

Article received for editing 13.02.2019
Article accepted for publication 27.02.2019

INTRODUCTION

The work of the presented schemes is based on dif-
fraction effects observed when a laser beam is
reflected from a deep relief structure (DRS), which
has a rectangular relief profile, and the width of
the protrusion is equal to the width of the depres-
sions (shape of the type: «ideal meander»). The
depth of the relief H, is in the range from a quarter
of the wavelength to several wavelengths of laser
radiation. With a normal incidence of an optical
beam with a wavelength A on a DRS, after it is
reflected from the relief structure, the phase front
of the reflected wave gets spatial phase modulation
with a phase difference depth equal to:
A®=(4n/0)-H,. When analysing the spatial spec-
trum of the wave, after its reflection from the DRS,
we will use, instead of the depth of the phase dif-
ference, the quantity @, =A®/2 that we will call:
«the amplitude of the spatial phase modulation of the
wave front». With a normal incidence and reflection
of the optical beam from the DRS, the magnitude
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Iepenavyy B APYrod 3ajaHHOM obnactu. K mocro-
HHCTBaM QHIBTpPa AAHHOTO THIIA MOXHO OTHe-
CTH MPOCTOTY €ro U3rOTOBJEHUS U BO3MOKHOCTD
MepeCTPOMKHU CIEeKTPaJbHOM XapaKTePUCTUKU
bunbTpa B IIUPOKUX IIpefeiax.

BBEAEHUE

B ocHoBe paboThl MpeACTaBAEHHBIX CXeM JIeXaT
IuppakuMOHHBIE 3)PeKTH, HabnogaeMele npu
OTPa’KeHHUH JIa3epHOTO IIy4YKa OT II1y6oKoH penbed-
HOM cTpykTyphl ([PC), KOoTOpas HMeeT MIPSIMOY-
TOJIBHBIA NpodUIb penbeda, INPH 3TOM IIHPHHA
BRICTYIla paBHa IIHPHHEe BHOaJUHB penbeda
(bopma Tuma: «HAeanbHBIM MeaHAp»). [nybuHa
penpeda H, y1eXUT B [AHama3oHe OT 4YeTBePTH
IUIMHBI BO/IHBL 0 HeCKOJIbKKUX JJIMH BOJIH H3JIy4e-
HU4 nas3epa. IIpy HOpMaAbHOM IMafleHHUHU ONTHYe-
CKOTO Iy4YKa C JJIUHOU BOJIHEL A Ha ['PC mocie ero
OTpPa’keHUsI OT penbePHOU CTPYKTYpHl $a30BBIM
OPOHT OTpa’keHHOM BOJIHBL II0JIydaeT IIPOCTPaH-
CTBeHHYIO $a30BYI0 MOAYISALIUIO C T1yOHHOM Mepe-
naga ¢as, paBHOM A®=(4n/A)-H,. Ilpu aHanuse
[IPOCTPAaHCTBEHHOIO CIEeKTpPa BOJIHB IOC/Ie ee
oTpaxkeHHUs: oT [PC Mbl 6ygeM HCIIONB30BATh BMe-
cTo IrnybuHH Hepemajsa ¢a3 BeIUUUHY Dy =AD/2,
KOTOPYI MBI byfeM Ha3bIBaTh «amnaumyda npo-
cmpancmeeHHoil ¢aszosoli modyaauuu 60AH08020
¢ponma». TIpy HOPMAJIBHOM IIafiIeHHUH U OTPasKe-
HMH oOmTh4Yeckoro Imy4yka or [PC BenuynHa
AMIUIMTYABL IPOCTPAHCTBEHHOU $a30BOM MOIY/IA-
OuM paBHa @y =(2n/A)-H,. OgHako, ecniu yron
nafeHus O He paBeH HYJIIO, TO aMIIJIMTyZAa IIpoO-
CTPAaHCTBeHHOM (a30BOM MOAYIALUHU YMeHblA-
emca C yBeJlHMYeHHeM yIja MaJeHUs [0 ClIefylo-
IeMy 3aKOHY:

@, =(2n/L)-H,cos6. 1)

CrmenuaJbHO OTMETHM, YTO HPU HAKJIOHHOM
MafleHuH OITHUYeCKOro Iydka Ha I'PC MBI 6yneM
pacCMaTpuBaTh TOJABKO CXeMY, B KOTOPOM nAoO-
ckocmb nadeHus - OmMpa>keHus ONMUYEcK020 Ny4Ka
cmpo2o napaaseabHa AuHuam peavega ITPC. IIpu 3TOM
OTCYTCTBYIOT 3QPeKThl 3aTeHeHHUsI 4acTu yriaybie-
HUH KaHaBOK ['PC, KoTophle Habmomanuce 651 mpu
HaKJIOHHOM MaJeHHM ONTHUYeCKOIOo IIy4YKa IoIe-
pex wWTpuxoB. [Jlad TMOCTPOEHUS PpeaabHBIX
YCTPOKCTB MBI HcIoib3yeM I'PC, mepuos KOTOPBIX
HaMHoOro Ooyblle JJAHMHBl BOJHBL H3Ty4eHUS:
A,>A. Ilpu 3THX YC/IOBHSX aHAJNHU3 IMPOCTPaH-
CTBEHHOTO CHeKTpa II0C/e OTpa’keHHs ONTHYe-
ckoX BonHBI 0T I'PC c GopMoOM HUIeaNlbHOI0 MeaH-
Ipa pmaer craenymoimyw ¢GopMyny [ojid pacdera

=

of the amplitude of the spatial phase modulation
is: @, =(2n/A)-H,. However, if the angle of inci-
dence 0 is not zero, then the amplitude of the spa-
tial phase modulation decreases with increasing
angle of incidence according to the following
law:

@, =(2n/1)-H,cos6. o))

We especially note that with an oblique inci-
dence of the optical beam on the DRS, we will only
consider a scheme in which the plane of incidence -
the reflection of the optical beam is strictly parallel to the
lines of the relief of the DRS. At the same time, there
are no shadowing effects on the part of the grooves
of the grooves of the DRS, which would be observed
with an oblique incidence of the optical beam across
the grooves. To build real devices, we use DRSs, the
period of which is much longer than the radiation
wavelength: A,>\. Under these conditions, the
analysis of the spatial spectrum after the reflection
of an optical wave from a DRS with the shape of an
ideal meander gives the following formula for cal-
culating the power of the zero diffraction order P, [1,
2,6, 9]:

P, - P3¢¢[0,5+0,5cos(47an -cosejj, 2)

P,pp=P;,'R is the effective radiation power, at the
input, P, is the power of the radiation incident on
the DRS, R is the reflection coefficient of the radia-
tion from the surface of the DRS.

Expression (2) is important for the subsequent
analysis of the operation of the circuits, since in
all the circuits under consideration we use only the
radiation of the zero diffraction order. The first and
higher orders of diffraction are not used in these
schemes, therefore we will not consider them here.
The dependences of the power of zero order on the
angle of incidence of the optical beam on the DRS
for two values of the depth of the DRS are shown in
Fig.1(a, b).

It should be noted that the experimental studies
conducted in [1] at DRS with different depths showed
that the experimental and calculated dependences
P,(0) coincide with very high accuracy.

On the dependences shown in Fig. 1 (a, b), the
black dots mark the midpoints of the linear por-
tions of the curves Py(0). One of the points on each
of these curves corresponds to the angle of inci-
dence 6=45°, which is optimal if this DRS is used as
part of a block new reflector.
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Puc 1. PacutmHble 3a8Ucumocmu MOLHOCMU U3AY4YeHUS 8 HYyAe80M dUGPAKUUOHHOM nopsidke 0m y2aa nadeHust Ad3epHo20 ny4yKka
Ha PC dAs cmpykmyp ¢ pasauvuHol 2ay6uHoii: a) H, =124 A b) H,=1.24 A

Fig 1. Calculated dependences of the radiation power in zero diffraction order on the angle of incidence of the laser beam on the
DRS for structures with different depths: a) H,=124 A b) H,=124 A

6,°

MOLIHOCTH P, HyneBoro mopsizka Audparuuu [1,
2,6, 9]:

P, - paq,(p(o,s+0,5cos(47“HP -cose]], )

P,pp=Pin'R —~ 3ddeKkTHBHAST MOIHOCTh U3JIyUeHHU,
Ha BXoge, P;, - MOIIHOCTb U3/IyYeHHU s, ITaJal0Iero
Ha I'PC, R - KO3QOUIIMEeHT OTpaskeHUs U3IyUeHUS
oT moBepxHocTu I'PC.

BeIpaskeHHe (2) BaKHO [/ IIOCIEeAYIOIIero aHa-
nu3a paboTsl cxeM, Tak KaK BO BCeX pacCMaTpHBA-
eMBbIX CXeMaX MBI HCIIOJIb3yeM H3JIyuyeHHe TOJIbKO
HY/IeBOI0 IlOpsaAKa Audpakuuu. IlepBble WM BBIC-
mye OOPAAKH OUPPAKLMM B JAHHBIX CXeMax He
HCIIONIB3YIOTCS, IIOITOMY 3/eCh MBI He OymeM HX
paccMaTpuBaTh. 3aBMCUMOCTH MOIIHOCTH HYJIEBOTO
IOpsiiKa OT yIjla MaJeHHs OINTHYeCKOIo Myd4yKa Ha
IPC nns ABYX 3Ha4ueHUM rnybuHbl [PC mpuBemeHB
Ha puc. 1(a, 6).

CnemyeT 3aMeTHUTh, YTO 3KCIePHMeHTajbHbIE
HCClle[0BaHUS, IpoBefeHHEle B [1] Ha I'PC ¢ pasnud-
HBIMHU T1y6HMHAMHU, IOKAa3aJIM, YTO 3KCIEepHUMeH-
TaJbHBle W pacyeTHble 3aBUCUMOCTH P,(0), coBma-
JAIOT C OUeHb BBICOKOM TOYHOCTBIO.

Ha 3aBHCHMOCTSIX, IPUBeJeHHHIX Ha pHUc. 1(a, b),
YepHBIMU TOYKAMH OTMedeHBbl CpeJlMHBbl INHEeHMHBIX
y4acTKOB KpPUBHIX P (0). OfHa M3 TOoYeK Ha KaXK[oH
M3 3THUX KPUBBIX COOTBETCTBYET YINy MadeHud 0 =45°,
YTO ONTHMAJIBHO B (JIy4ae NpHUMeHeHHs 3Tou ['PC
B cOCTaBe 6JI0Ka YyroJIKOBOTO OTpasKaTers.

IIomoskUM, 4YTO MBI ycTaHOBUAM I'PC B HCXO[-
HOe II0JI0KeHHe, IPU KOTOPOM yTroJ MajeHus OymeT
COOTBETCTBOBAaTh OMHOU U3 Touek T;, T, T5... Eciau
npu 3ToM [PC 6ymeT OTKIOHATBCS Ha HebOobIION
yIoJl B INIOCKOCTH, MapasjelbHON TUHUAM penbeda
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Suppose we set the DRS to the initial position at
which the angle of incidence corresponds to one of
the points T}, T, T;... If at the same time the DRS
will deviate by a small angle in the plane parallel to
the lines of the DRS relief, then the increment of
power of the zero diffraction order will be propor-
tional to the increment of the deviation angle of the
DRS, A0, from the initial position:

AP, =Sgp- AB. (3)

Here Syp is the steepness of the linear transfor-
mation of the angle deviations to changes in the
power of the zero diffraction order. Note that the
linearity of the transformation is violated near
areas in which the power reaches maximum and
minimum values. In practical devices, described
below, linear dependency areas are used for linear
analogue modulation of laser radiation, as well
as in the construction of small oscillation sensors.
Next, we consider a number of devices based on the
DRS.

LASER RADIATION MODULATOR
The modulator [4,6], has a mechanical drive. It
can be used for static power control at the output
of the circuit and for modulating the radiation
power of a laser with low frequencies. The device
can be designed to work in both visible and infra-
red wavelengths. A feature of the scheme is the
use of the DRS in the corner reflector unit (CRU),
which ensures the constant direction of the output
reflected radiation beam with the angular deviation
of the DRS.

The modulator circuit is shown in Fig. 1. The
device contains a block of a corner reflector (1),
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I'PC, To nIpHpallieHre MOIIHOCTH HYJ/JIeBOIO IIOPsAKa
nudpakuuu 6ymeT MpONOPLIMOHAIBHO IIpHUpa-
IeHHUIO yIaa oTKIoHeHHd I'PC, AO oT Ha4da/ibHOIO
II0JIOKEHH S :
APy=Sgp" AD. (3)
3mech Sgp -~ KPYTH3HA JIMHEHHOIo IIpeobpa3oBa-
HUSI OTKJIOHEHUH yIjla B HM3MEHEHHS MOIIHOCTHU
HYJI€BOT0 JUGPAKIIMOHHOIO IIOPSAAKA. 3aMeTHM, YTO
JTHUHENHOCTh Npeobpa3oBaHUs HapyllaeTcs BOIHU3U
obnacTer, B KOTOPBIX MOLIHOCTb HOCTHUIrAaeT MaKCH-
Ma/lbHBIX U MHUHHMAaJbHBIX 3HaueHHH. B mpakTu-
YeCKHX YCTPOMCTBAaX, OMHMCAHHBIX HUXe, THUHEHHbIe
YYaCTKH 33aBHCHMOCTEH HKCIIONB3YIOTCA IS JTHHeU-
HOI aHAJIOTOBOM MOAYJISLIMH JIa3€pPHOIO K3/y4YeHHS,
a TakoKe MPH IOCTPOeHUU NATYMKOB MaJbIX Kojaeba-
HUM. Jlajlee pacCCMOTPUM PsJ YCTPOLCTB Ha OCHOBE
I'pC.

MOAYNATOP JTIASEPHOIO N3NTYHEHUA
Mogaynstop [4, 6] uMeeT MeXaHHUYeCKHUI IIPHUBOL,.
OH MOXKeT NPHUMEHSTbCS AJISI CTATHYeCKOHU Perysu-
POBKM MOLIHOCTH Ha BBIXOJE CXeMBbl M IS MOJAY-
AAUMKA MOIIHOCTH M3/IyYeHHUs ja3epa C HHU3KHUMHU
YaCcTOTaMH. YCTPOMCTBO MOXET OBITh CKOHCTPYHPO-
BaHO i1 paboThl KaK B BUIHMMOM, Tak U B HHOpa-
KPacHOM J[Hama3oHe MIHH BoMH. OCO6€HHOCTBIO
cxeMBl sBsieTcs npuMeHeHHe IPC B cocTaBe 610Ka
YLOJIKOBOTO OTpa’kaTens (BYO), uTo obecrmeyuBaeT
HEeM3MeHHOCTh HaIlpaB/JIeHMs BBIXOJHOIO OTpPaskeH-
HOTO ITyYKa H3Jy4YeHHs IPU yIJIOBOM OTKIOHEHUHU
I'pC.

Cxema MopynsTopa u3obpaskeHa Ha puc 1.
YCTPOHMCTBO COHEPKHUT OJ0K YTrOJIKOBOTO OTPasKa-
Tens (1), KOTOpPBIM pacHo/loXkKeH Ha IyTH Iy4ka
H3/IydYeHUs], UCXOAsAIIero oT yasepa (2). Ha omnHon
u3 niaockocted BYO ycranosnena I'PC (3), koTopast
MMeeT IIPSIMOYTOJNbHBEIN MHpodunb B GopmMe MeaH-

i g

which is located on the path of the radiation beam
emanating from the laser (2). On one of the BUO
planes, a DRS (3) is installed, which has a rectan-
gular profile in the form of a meander. The surface
of the DRS has a high reflectivity. The DRS lines
are located in the plane of incidence - the reflec-
tion of the laser beam. The depth of the relief of
a DRS H,, is usually several times greater than
the wavelength A of the modulated radiation. The
characteristic of one of the DRS options is depicted
in Figure 1 (b). On the second plane of the BCU,
a mirror (4) with a high reflection coefficient is
attached. The DRS planes and mirrors are located
at a right angle and form an angular reflector,
which returns a laser beam incident on it in the
opposite direction. The CRU is connected with
the axis of the electromechanical drive (5), which
ensures its rotation at the given angles. The axis
of rotation of the drive lies in the plane of the DRS
and is perpendicular to the plane of incidence of
the reflection of laser radiation. Provided that the
axis of rotation passes through the centre of the
region of incidence of the laser beam on the DRS,
the optical beam from the laser will not move
along the plane of the DRS when turning the CRU.
The direction of the output radiation beam after
reflection from the mirror (4) does not change when
the CRU is rotated around the axis. After reflection
from the CRU, the radiation decays into diffraction
orders and then, after reflection from the auxiliary
mirror (6), is directed to the diaphragm (7), which
extracts only zero order from the diffraction pat-
tern. Other orders, indicated by dotted lines in
the figure, are cut off by an absorbing screen sur-
rounding the aperture.

The mechanical drive with the CRU is installed
on the coordinate table (8), which provides move-
ment in two coordinates and rotation of the drive
with the CRU and is intended to set the CRU at the
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npa. IloBepxHocTh I'PC HMMeeT BBICOKHUI KOIOPUIIU-
eHT oTpaxkeHus. JIuHuHK T'PC pacrmonoxkeHbl B IO~
CKOCTH IIaJIeHHS — OTPa’KeHHs J1a3epHOT0 IydKa.
I'nybuna penseda I'PC, H, 06bI4HO B HECKOIBKO Pa3
GonbIle OIUHBI BOJHBI A MOAYIHMPYEeMOIO H3JIyde-
HHsg. XapaKTepUCTHKA OAHOro u3 BapuaHTOB I'PC
nusobpaxkeHa Ha puc. 1(6). Ha BTOpoM IIOCKOCTH
BYO 3akperneHo 3epKaJio (4) ¢ BBICOKMM KO3dPULIH-
eHTOM oTpaskeHus. Ilmockoctu I'PC u 3epkana pac-
II0JIOSKEHBI I10J] IIPSIMBIM YIJIOM U 06pa3yioT yroyiko-
BBIM OTPa’KaTeslb, KOTOPBIM BO3BpallaeT NaJaloMHH
Ha Hero Iy4YoK M3JIy4YeHHs jia3epa B IIPOTHBOIIOJIOXK-
HOM HamlpaBieHHHU. BYO CBsg3aH C 0ChIO 3JIEKTPOME-
XaHHUYecKkoro npusoga (5), KOTophlil obecredyrBaeT
€ro IOBOPOTHl Ha 3afaHHble yribl. OCh BpallleHHs
IIPpUBOJA JISKUT B IIJIOCKOCTH I'PC M meprmeHAUKY-
JSpHa IIJIOCKOCTH MaJeHMs OTPa’keHHs JIa3ePHOro
u3niydyeHus. IIpu ycaoBUM, YTO OCh BpallleHUs IIPO-
XOIUT 4Yepe3 LieHTp o61acTU MafeHHs J1a3epHOro
nyuka Ha I'PC, oOTH4YeCKHI Iy4YOK OT ja3epa He
6yneT cMemaThCs MO IIOCKOCTH [PC mpH MoBOpoOTe
BYO. HampasieHue BBIXOZHOIO ITyYKa H3JIy4eHHS
II0C/Ie OTPasKeHUs OT 3epKaa (4) He usmeHsiemcs Ipu
mosBopore BYO Bokpyr ocu. Ilocie oTpaskeHHSI OT
bYO wu3nydyeHHe pacmazaercs Ha AUPPaKUHOHHBIE
MOPAAKKA U 3aTeM I10C/Ie OTPaskeHHs OT BCIIOMOra-
TeJIbHOTO 3epkana (6) HampaBiseTcs Ha guadpparmy
(7), xotopas BbIfensieT U3 AUPPAKLUOHHOH Kap-
TUHBI TOJIBKO HYJI€BOM IOPSIAOK. JIpyrue MopsnKH,
obo3HaYeHHBle HA PHUCYHKe NYHKTUPHBIMU JIUHH-
MM, OTCEKAITCS IIOIJIOMIAIONIMM SKPaHOM, OKpY-
SKAIOUUM JHadparmy.

MexaHu4YecKHH NpuBof ¢ BYO ycTaHOB/IeH Ha
KOOPAMHATHOM CTONHKe (8), KOTOPHIH obecriednBaeT
IepeMelnieHye II0 JABYM KOOPAMHATAM M IIOBOPOT
npuBojga ¢ BYO u mpegHasHaveH IS YCTaHOBKH
BYO B omTHManbHOE II0JIOKE€HHE I10 OTHOIIEHHIO
K BXOJZHOMY J1a3epHOMY MYy4Ky. Momyasliys MOII-
HOCTH ITy4YKa H3JIy4YeHUs B HYJIeBOM IOpPAAKe OTHUP-
PakUMH [IPOMCXOOMT B pe3ynbTaTe IoBopoTa BYO
10/, eKMCTBHeM IIPUBOJA. /s KOHTPOJISI MOITHOCTH
BBIXOJHOIO IyYKa B X0Jle KOHTPOJIbHBIX U3MepeHUH
Ha BhIXOZle O6bLI ycTaHOBIeH GoToguoz (9).

PaccMOTPUM HEKOTOpble XapaKTepHble Iapame-
Tpel MopynsiTopa. C 0OJHOMW CTOPOHBI, Iepuof I'PC,
A, mo/XeH OBITH CYIIeCTBEHHO MeHbIle JHaMeTpa
Ja3epHOro Imydka D, 4To Heo6XOOHUMO AJISI XOPO-
IIero YIJIOBOTO pasfeneHus OUGPAKUMOHHBIX
NopAAKoB. KpoMe TOro, il XOpOUIero pasfe/ieHus
OAUQPAKLIMOHHBEIX IY4YKOB Ha IIJIOCKOCTH [JHa-
dparmel HeobxogKUMoO, UTO6BI paccTosiHue L oT BYO
oo pguadparMel  YOOBJIETBOPSAIO  YCIOBHIO:
L2kD; Ay /A, e k - Ko3QpduLHMeHT, paBHBIN IpU-
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optimum position relative to the input laser beam.
The modulation of the power of the radiation beam
in the zero diffraction order occurs as a result of the
rotation of the BCF under the action of a drive. To
control the output beam power during the control
measurements, a photodiode (9) was installed at
the output.

Consider some of the characteristic parameters
of the modulator. On the one hand, the period of
the DRS, A, must be substantially smaller than the
diameter of the laser beam D, which is necessary
for a good angular separation of the diffraction
orders. Moreover, for a good separation of diffrac-
tion beams on the plane of the diaphragm it is nec-
essary that the distance L from the CRU to the dia-
phragm satisfies the condition: L=k DH'AP/A, where
k is a coetficient equal to about 2-3. From this rela-
tionship it is clear that the dimensions of the device
decrease with a decrease in the period of the DRS.
However, the period of the DRS should be signifi-
cantly longer than the wavelength of the laser radi-
ation: A, > . Taking into account these conditions,
we used a DRS with a period of 100 pm for an experi-
mental model of a modulator of a helium-neon laser
beam. It should be noted that the amplitude charac-
teristics of the modulator are determined by the
depth of the DRS relief and do not depend on its
period. A more detailed analysis of the choice of
DRS parameters can be found in [6].

Here are some of the results of an experimental
study of the modulator layout. The modulator lay-
out was assembled. in accordance with the scheme
shown in Fig.2. The relief structure was made using
photolithography technology and chemical etching
of the substrate from glass, followed by vacuum
deposition of an opaque reflective aluminium film
onto the surface of the relief. The depth of the
relief of the DRS was determined by the method
described in [2], it was H,=2,48+0,025 MKM, and
taking into account that the experiments were car-
ried out with helium - by a neon laser, the ratio
of depth to wavelength was: HP/)\=(3,92i0,04).
This parameter value is close to the value that cor-
responds to the graph in fig. 1 (b). To observe the
shape of the modulation of the optical beam power
at the output, after the diaphragm (7), a photodi-
ode FD-24K with a load resistor was installed. The
signal at the photodiode load is proportional to the
radiation power at the modulator output in the zero
diffraction order. A harmonic signal was applied to
the input of a mechanical drive. The output wave-
forms corresponding to the various input levels of
the drive are shown in Fig. 3. As can be seen from
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MepHO 2-3. M3 3TOro COOTHOIIIE-

HHS BHJAHO, 4YTO0 rabaputs

YCTPOMCTBA YMEHBIIAIOTCS IHPHU ,
yMeHbIIeHUH epruoga I'PC. Bme- :

cre ¢ TeM mnepuon I'PC pmoikeH

6BITh 3HAUUTEIbHO OOJIbIIE, YeM

OAUHA  BOJHBL  HU3JIy4eHUS

naszepa: A,>L. C y4yeTOM 3THX
YCJIIOBUH [/l 3KCIePUMEHTalb-
HOI0 MaKeTa MOAYIATOpa MydKa
re/IMM-HEOHOBOIO Jia3epa MBI
npuMmenanu I'PC ¢ mepuogom
100 mkm. CiiegyeT 3aMeTUTh, YTO
AMIIIMTYOHBIE XapaKTePUCTHKHU
MOAYIATOpa OIPEAEeNSIOTCS Ty~
6uHom penveda [PC u He 3aBUCSIT
OT ee Iepuoja. bosee neTalpHBIN
aHanu3 Belbopa mapameTrpos I'PC
MO>KHO HaHTH B [6].

IlpuBeseM pganee HEKOTO-
pble pe3ynbTaThl 3SKCIEePUMEH-
TaJIbHOTO HCC/IeOBAHHS MaKeTa
mopynaAaTopa. MakeT Momys-

Topa 65T COBPAH B COOTBETCTBHH Puc. 2. brok-cxema Moay/mmopza MOWHOCMU AA3EPHO20 NY4KA HA OCHOBE 2AY6OKOL
- . ompaxkarowel duppakuUOHHOU cmpyKmypbl ¢ UCN0Ab308aHUeM bYO

€O CxeMo¥, H300pPKEHHOH Ha Fig. 2. Block diagram of a laser beam power modulator based on a deep reflective

puc. 2. PenbepHas CTPyKTypa diffraction structure using an CRU

U3TOTOBJIEHA C IIOMOIIBIO TexX-

HOJIOTH U doTonuTorpadpuu

U XMMHUYECKOr0 TPaBlIeHHUs IOJIOKKH M3 crekna || the graphs given, with moderate amplitudes of the
C IOCTIeNyOIKMM BaKyyMHBIM HaIlblIeHHeM Hempo- || input oscillations, the shape of the output signal
3pavyHON OTpa’kalolled aTIOMHUHHEBON IUIeHKHM Ha || almost repeats the shape of the input harmonic
IIOBePXHOCTb penbeda. [nybuHa penveda I'PC 6prma || signal (curves 1, 2). With a modulation depth close
oIpefesieHa II0 MeTOAMKe, M3JIOKeHHOM B (2], oHa || to 100%, nonlinear distortions are observed (curves
cocraBuiaa Hp=2,48+0,025 MKM, a ¢ yyerom Toro, || 3 and 4). Thus, in contrast to widely used slotted

!
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SELTT MHEPOINEETPOHWEM
1 }
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—
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YCTPOWCTE
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Puc. 3. 3ntopel HanpsixkeHul Ha peucmope Hazpy3ku pomo-
demekmopa npu pasAuYHbIX AMNAUMYAax y2n0ebix KonebaHuli
npugoda. 'paguku Ne 1-3 coomsemcmayom moodyasiyuu Ha
00HOM cKnoHe 3agucumocmu Py(8), a epauk Ne 4 coom-
eemcmayem 8bixo0y 8 npedenbHble MOYKU MOHOMOHHO020
y4aCMKA: HAUBbLICLIYH U HU3LWYHO

Fig. 3. oltage waveforms on the photodetector load resistor
with different amplitudes of the drive angular oscillations.
Graphs No. 1-3 correspond to modulation on one slope of
dependence Pq(e), and graph No. 4 corresponds to the exit to
the limiting points of the monotonous segment: the highest
and the lowest

F
O

Puc. 4. Cxema ycmpoticmea 0asl konebaHuli 3emHoU
nosepxHocmu

Fig. 4. Schematic of the device for oscillations of the Earth's
surface

YTO 3KCIIEPUMEHTHl IIPOBOLU/IMCH C TelHUl - Heo-
HOBBIM JIa3€pOM, OTHOIUNeHHe IIYyOHMHBI K [JIHHE
BOJIHBI COCTaBUIIO Hp/)\z (3,92+0,04). OTa BeIMUYKMHA
mapaMmeTpa 61M3Kka K BeTMYHHE, KOTOpas COOTBET-
cTByeT rpaduky Ha puc. 1(6). [na HabnrogeHHs
GOpMBI MOAYISALIMK MOIIHOCTH OITHYECKOro My4Ka
Ha BbIXOJle Iocie auadparmsl (7) ObLI yCTaHOBIEH
doromuon OLI-24K ¢ pe3srucTOpoM Harpysku. CUrHall
Ha Harpyske ¢OTOAMOLA IIPOIOPLIHOHATIEH MOIIHO-
CTH H3JIyUeHHS Ha BHIXOJE MOAY/IATOPa B HY/JIE€BOM
nopsake nuopakuuu. Ha BXxoa MexXxaHHUYeCKOIo IIPU-
BOJA IOMABAaJICd TapMOHHUYECKHUM CUTHal. PopMmbl
BBIXOAHBIX CHUIHAJ/IOB, COOTBETCTBYIOIIME Ppa3Iny-
HBIM YPOBHSIM BXOOHOIO CHMTHajla IIPHUBOAA, IIpen-
CTaBjJeHBl Ha pHC. 3. Kak BUIHO H3 IIPUBeJEHHBIX
rpaduKoB, IIPHU YMePeHHBIX aMIIIUTyJaX BXOJHBIX
KonebaHUHM GopMa BBIXOJLHOTO CHUTHAMa IMpPaKTHYe-
CKU IIOBTOpsieT $OpPMY BXOJHOTO IapMOHUYECKOIO
curHana (Kpussle 1, 2). IIpu raybuHe MonyIsLUH,
6i1uskon K 100%, HabnomaoTCcsa HelUHeHHbIe HCKa-
skeHUs (KpuBHle 3 U 4). TakuM o6pa3oM, B OTIHYHeE
OT IIMPOKO PaCIPOCTPAaHEHHBIX ILIeJIeBBIX MOIY/I-
TOPOB C IIpepbBIBaHHUEM OIITHUYeCKOro Iy4Ka AaHHBIH
THUII MOAYJIATOpa IO3BOJIAET II0JIy4aTh TapMOHM-
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modulators with interrupted optical beam, this
type of modulator makes it possible to obtain a har-
monic modulation with a given modulation depth.
In this case, the spatial structure of the output
beam is not distorted by its interruption. A modula-
tor can be designed for different wavelength ranges
of laser radiation.

MEASUREMENT OF SMALL ANGULAR
VIBRATIONS OF OBJECTS, APPLICATION
OF THE ANGULAR SHIFT SENSOR

TO BUILD A SEISMOMETER

As follows from the previous section, when the DRS
oscillates, there is a transformation of the angular
deviations of the DRS into changes in the radiation
power of zero order diffraction. Essentially, the
above scheme can serve as a sensor for small angu-
lar displacements. If you place the DRS on the oscil-
lating object, then at the output of the photodetec-
tor installed in zero diffraction order, you can get a
signal proportional to the angular deviation of the
DRS. In this case, we make the DRS on a substrate -
a thin plate or on a film, and glue this substrate
to the surface of the object under study. Experi-
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yeckyo GopMy MOAYISLIUU C 3aJaHHOMN INyb6HHOI
MoAyaanuu. IIpU 3TOM IPOCTPAaHCTBEHHAsl CTPYK-
Typa BBIXOJHOTO ITyuKka He HMCKakaeTCsl ero Ipephl-
BaHHeM. MomynsiTOp MOKeT OBITh CKOHCTPYHPOBAaH
IJ151 Pa3/IMYHBIX AMAIa30HOB J/IMH BOJH JIa3epPHOTIO
U3JIy4YeHHUs.

M3MEPEHWE MAJIbIX YITOBbIX
KONEBAHUN OBBEKTOB, MPUMEHEHUE
OAATUYUKA YIIOBbIX CMELLEHUI ANA
MOCTPOEHUA CENCMOMETPOB

Kaxk cienyeT M3 HpeAbIAyILIero pasfena, IpU Kojie-
banuax IPC mporucxomuT mpeobpa3oBaHUe YIJIOBBIX
oTkIoHeHUN [PC B U3MEHEeHUS MOIIHOCTU H3J1y-
YeHHMs HYJIeBOro Iopsaaka mudppakuuu. Ilo cyie-
CTBY PacCMOTpeHHas BEBIIIEe CXeMa MOXKeT CJIY>KHTh
B KayeCcTBe [JAaTYMKAa MaJbIX YIJIOBBIX IlepeMelle-
HUi. Ecnu pasmectuTs [PC Ha Konebiomemcst 06b-
eKTe, TO Ha BBIXOoJe QOTOJeTeKTOpa, YCTaHOBJIEH-
HOTO B HY/JIeBOM AUPPaKIHOHHOM IIOPSALKE, MOXKHO
[IOJIyYUTh CHUTHAJI, HNPOIIOPLIMOHAIBHEIN YIJIOBOMY
oTkioHeHH0 I'PC. B stom ciaydyae ['PC u3roTasiu-
BaeM Ha IOMJIOKKe - TOHKOM IUIACTHHKe HJIM Ha
IVIEHKE — U 3Ty IIOAJIOKKY IIPHUK/IEeHBaeM K II0BepX-
HOCTH HCCIefyeMoro o6bekTa. DKCIIePUMEHTHI II0
M3MepeHHI0 YINIOBBIX KoJebaHHMH KOHCTPYKLUI
c npuMmeHeHueM ['PC 6putn ommcaHel B pabore [1],
IIpU 3TOM IIPHUMEHsIach IIpocTermas cxema 6e3
YyTOJIKOBOIO OTpaykaTensi. MUHMMaIbHAs OETEKTH-
pyeMast aMIUIUTya KolebaHUM COCTaBU/IA IIOPSAKA
A0=10" panuaH IIpU OETeKTHPOBAHUU KolebaHUM
B I10JIOCe YacToT Ao 1 KkI1I.

IlpencraBisieT MHTEpeC MHpHUMeHEHHe TaTYMKa
YIJIOBBIX KonebaHUM ¢ mpumeHeHHeM BYO ¢ I'PC
B KadecTBe JATUHKa YIJIOBBIX KoJeOaHHUN B KOH-
CTPYKUMHU CEeHCMOMeTpa. BO MHOIMX HM3BeCTHBIX
KOHCTPYKLIUSIX CeHMCMOMETPOB IIPUMEHSIIOTCS [aT-
YHKH UHAYKTUBHOTO TUIIA, KOTOPhIE BRIJAIOT BBIXO/ -
HOM CHTHaJI, IIPONOPLIMOHAJBHBIM CKOPOCTH CMe-
IeHUs 3eMHOM IIOBePXHOCTH. B 001acTH HHU3KHX
YaCTOT YYBCTBUTEIBHOCTh TaKUX LATYHMKOB I1aJaerT.
MHAYKTUBHBIE JAaTYMKK He MOTYT PeruCTPHUPOBATh
CTaTH4YeCKUX HM3MeHeHHH HaKJIOHa I1OBEPXHOCTH.
[IpyMeHeHHe OITO3JIEKTPOHHOTO JaTuMKa, IIOCTPO-
eHHOro C ucnoias3oBanuem BYO c I'PC, mo3BoisieT
PacCIIMPUTh YaCTOTHBIM [AHANa30H U3MepeHHUH
B CTOPOHY HH3KHUX 4YacTOT. IIpu 3TOM BO3MOXKHO
HM3MepeHHe He TOJbKO JHUHAMHYEeCKUX, HO U CTaTHU-
YeCKUX HAKJIOHOB.

YopoueHHas cxeMa Ipubopa /s H3MepeHHI
Ko/mebaHUM 3eM/IM U300paskeHa Ha PHUC. 4.

Ha ocHoBanuu npubopa (1) B yIpyrux mojpecax
WK B NOJIIMIIHUKAX YCTAHOBIEHA OCh BpallleHusd,

=

ments on the measurement of angular oscillations
of structures using DRS were described in [1], and
the simplest scheme was used without an angu-
lar reflector. The minimum detected amplitude
of oscillations was of the order of A8=10" radians
when detecting oscillations in the frequency band
up to 1 kHz.

It is of interest to use an angular oscillation sen-
sor with the use of a CRU with DRS as an angular
oscillation sensor in a seismometer design. In many
well-known seismometer designs, inductive type
sensors are used that produce an output signal pro-
portional to the earth surface displacement velocity.
In the low frequency range, the sensitivity of such
sensors decreases. Inductive sensors cannot detect
static changes in surface inclination. The use of an
optoelectronic sensor built with the use of a CRU
with DRS allows you to extend the frequency range
of measurements in the direction of low frequen-
cies. In this case, it is possible to measure not only
dynamic, but also static slopes.

A simplified diagram of an instrument for
measuring earth oscillations is shown in Fig. 4.
On the basis of the device (1), an axis of rotation is
mounted in elastic suspensions, or in bearings, on
which a physical pendulum (2) is fixed, which is
disk-shaped in this drawing. The centre of gravity
of the physical pendulum is located below the axis
of rotation at some distance: Ryc. In the area of the
axis of rotation, with the help of a sleeve, the CRU
(3) is attached to the disk, the two faces of which
are at right angles to each other. On one side of the
corner reflector is a reflecting DRS with a rectan-
gular profile (4), and on the other side there is a
mirror (5). The DRS is fixed on the edge of the CRU
in such a way that the relief lines are perpendicu-
lar to the axis of rotation of the physical pendu-
lum and are actually parallel to the disk plane. A
semiconductor laser (6) is installed on a horizontal
platform of the base (1) so that its radiation beam
is directed to the DRS. A rotating mirror (7) was
installed in the path of the laser beam returned
after reflecting it from the DRS (4) and then from
the mirror (5), by means of which the diffrac-
tion beam of radiation is directed to the aperture
(8), which emits zero-order radiation diffraction.
The isolated zero-order radiation beam is directed
to the photodetector (9), with the output signal
obtained from its output. Permanent magnets (10)
are fixed on the vertical rack of the base (1), with
its flat surfaces located parallel to the surface of
the metal disk (2) near its surface. The magnets are
designed for optimal damping of disk oscillations
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Ha KOTOPOM 3aKkpeIllyieH pHU3HUe-
CKHUHM MasTHHUK (2), KOTOPBIH Ha
OAHHOM 4epTexxe MMeeT Gopmy
aucka. IleHTp TsaXeCcTH QU3HU-
YeCKOro MasiTHHKA PACIIOIOXKEeH
HUKe OCH BpallleHus Ha HeKo-
TOPOM PAcCTOSIHHU Rgc. B obina-
CTH OCH BpallleHHs C IIOMOIIBIO
BTYJIKU K J[JHCKy HPHUKpeINIeH
BYO (3), mBe rpaHu KOTOPOTO
PaCIIONIOKeHBl IIOf IIPSIMBIM
yIJIoM IpYr K Apyry. Ha omHom
IPaHU YTOJIKOBOIO OTpa’kaTess
pacmosoxkeHa  OTpaskaroIas
IPC c OpsIMOYTOJBHBIM IIPO-

dunem (4), a Ha ApPyroi rpaHu
pacmonokeHo 3epkano (5). ['PC

3aKperjieHa Ha rpa"Hu bBYO
TakKuM 06pa3om, 4TO6GB JTHHUU
penbeda OBIIM IepIeHIHKY-
JSPHBl OCH BpallleHUs QH3HUe-
CKOTO MasTHHKA M QaKTHYECKHU
IapasieabHbl IIJIOCKOCTH JUCKA.
ITonynpoBOAHUKOBHII 71asep (6)
YCTAaHOBJIE€H Ha TOPHU30HTAJb-
HOM IUIomazKe ocHoBaHUA (1)
TakKUM 06pa3om, YTOOBI IIyYOK
ero H3NydeHHUs OBITI HaIpas-

Puc. 5. Cxema puabmpa ¢ npumeHeHuem I'PC. [1aockocmb NA0eHUs — 0mMpa)<eHusl
nyyka napanneabHa AuHUaM 'PC. T- ucmo4HuK usayyeHus, 2 - 'PC, 3 - nogo-
pomHas naamegopma 0As pezyauposku y2na nadeHus 6X00H020 Ny4Ka, 4 — mexa-
HU3M no8opoma naameopmsl, 5 - npocmpaHcmeeHHbil Guabmp, 6 — 0CHO8AHUE,
7 = ¢opma npopuns 'PC

Fig. 5. Filter schematic using DRS. The plane of incidence - the reflection of the
beam is parallel to the lines of the DRS. 1- radiation source, 2 - DRS, 3 - turntable
to adjust the angle of incidence of the input beam, 4 - platform rotation mecha-
nism, 5 - spatial filter, 6 — base, 7 - shape of DRS profile

ned Ha T'PC. Ha myTtu masep-

HOTO IIy4YKa, BO3BPAlleHHOTO IOCAe OTPa’kKeHUs
ero or I'PC (4) u 3atreM oT 3epkana (5), yCTaHOB-
JIeHO IOBOPOTHOE 3epKasuo (7), C MOMOIIbIO KOTO-
poro n1M$PaKIMOHHBIM Yy4YOK H3Ty4eHHUs HallpaB-
neH Ha guadparmy (8), BEIIENAIONYIO HU3/Iy4eHHe
Hy/leBOoro mnopsaka AUbpakUUH. BhraeneHHBIN
IIy4OK M3/yueHHUs] HYJIeBOro IOpsiAka HaIpaBisi-
ercs Ha ¢oTomeTekTop (9), C BBIXOJa KOTOPOTO
[I0/Iy4aloT 371eKTPUYeCKUH BBIXOLHOM CHTHal. Ha
BepPTHUKA/JIbHOM CTOMKe OCHOBaHUS (1) 3aKpeIieHbl
IIOCTOSIHHBIe MarHUTHI (10), IIJI0CKKe IOBEePXHOCTH
KOTOPBIX PAacCIOOXEeHBl IapasljieIbHO IIOBEPXHO-
CTH MeTAJIJINYeCKOro Arcka (2) BOIK3U ero moBepx-
HOCTH. MarHuTh IpefHa3sHa4deHBbl [/ OITH-
MaJpHOIO AeMIIQUPOBAHUS KolebaHHUK OHCKA 3a
cyeT 3pPeKTa BOSHUKHOBEHHS BHUXPEBBIX TOKOB
B MeTUIMYeCKOM JHCKe IIPH ero ABHXeHHH.

BEYO (3) mMeeT BO3MOXHOCTH IIOBOPOTa OTHO-
CHUTeJBPHO JHCKA, YTO HeoOXOAMMO sl IepBOHA-
YaJbHOM HACTPOMKH, T.e. AJsI obecriedeHHs ycTa-
HOBKHM Ha4da/JIbHOTO OITHMAaJbHOIO yIJa MaJeHHs
nasepHoro nyuka Ha IPC (4). Ha ropu3oHTa/lbHOU
YacTH OCHOBaHHS (1) pacronoxkeHbl TPH peryiu-
POBOYHBIX BHUHTA, KOTOpble IIpeJHa3HaueHbl MAJIs
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due to the effect of eddy currents in a metal disk
when it moves.

CRU (3) has the ability to rotate relative to the
disk, which is necessary for the initial setup, i.e. to
ensure the installation of the initial optimal angle
of incidence of the laser beam on the DRS (4). On
the horizontal part of the base (1) there are three
adjustment screws, which are designed to set the
base to its original horizontal position. In this case,
two screws are placed on one side of the base on
a line perpendicular to the plane of the disk, and
the third screw is placed on the opposite side of the
base. With the help of the third adjustment screw
it is possible to fine-tune the base inclination in the
disk plane and set the optimum angle of incidence
of the laser beam on the DRS

When the base of the device is horizontally
moved, the physical pendulum rotates relative to
the base in the direction opposite to the base move-
ment due to inertia forces along with the surface on
which it is installed. As a result, a change occurs
in the angle of incidence of the laser beam on the
DRS in a plane parallel to its lines, which causes a
change in the power of the zero diffraction order,
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YCTAaHOBKH OCHOBAHUS B UCXOJHOe FOPHU30HTAIbHOE
nosoxkeHue. IIpu 3ToM [Ba BHHTa pa3MelleHBl Ha
ONHOM CTOPOHE OCHOBAaHHUS HA JHUHHH, NepHeHU-
KY/JISPHOM IIOCKOCTH OHCKAa, a TPeTHM BHHT pa3-
MellleH Ha IIPOTHBOIIOJIOXHOI CTOPOHE OCHOBAaHHS.
C OMOIIBIO TPeThero PeryJIMpoBOYHOIO BUHTA BO3-
MOKHa TOHKasl IOACTPOMKA HAaK/JIOHAa OCHOBAaHUS
B IIJIOCKOCTH AMCKa M yCTAaHOBKAa OITHMaJbHOIO
yIjia majeHus IIy4dka jasepa Ha ['PC

IIpy TOPH30HTANBHOM [BHKEHHH OCHOBAaHUS
YCTPOMCTBA BMeCTe C IIOBePXHOCTBIO, Ha KOTOPOU
OHO YCTaHOBJIEHO, 33 CYeT CHJI MHepLUH IIPOUCXO-
OUT IIOBOPOT GU3UIECKOr0 MasSTHHUKA OTHOCUTEIBHO
OCHOBaHHSI B HallpaBIeHMUM, IIPOTHUBOIIOJIOKHOM
OBH)KEHHUIO OCHOBaHHSI. B pe3ynbTaTe IpoHCXO-
OUT HM3MeHeHHe yrIja MafeHHUs Ja3epHOro Iydka
Ha ['PC B IJIOCKOCTH, Iapa/UIeIbHOU ee JTUHHUAM,
YTO BBI3bIBAeT H3MeHeHHe MOILIHOCTH HYJIeBOro
nopsiika AUGpaKkLUM, OPONOPLHUOHANBHOE YIIy
OTKJIOHeHUs QH3NUYecKOoro MasTHHKA. JIeKTpUye-
CKMM CHUTHal C BbIXoJa GoTogMofa COOEPKUT ABe
KOMIIOHeHTbl. OfHa KOMIIOHEHTa CHUIHajaa Ipo-
MOPLIMOHa/IbHA HAK/IOHY [IOBEPXHOCTH, Ha KOTOPOH
ycTaHOB/leH mpubop. IIpu 3TOM Ha BBIXOZE peru-
CTpUpYeTcsl KaK IlepeMeHHas, TaK U IIOCTOSIHHAs
COCTaBJSIIONAsl HAKJIOHA IIOBEPXHOCTU. BTopas kom-
IIOHEHTa BBIXOJHOIO CHMIHaJla IPONOpPLIHOHAIbHA
TOPU30HTAJIBPHOMY CMeEIIeHHI0 IOBEPXHOCTH, Ha
KOTOPOH ycTaHOBAeH mpubop. IIpu 3TOM YCTpou-
CTBO He pearupyeT Ha CTaTH4YecKkHe IepeMelleHHUs
B TOPH30HTAJIbHOM HaIlpaB/eHHUH, a pearupyer
TOJBKO Ha KoneGaHHUSI B TOPU30HTJIBHOM HAIIPaB-
JTeHUH, Mapa/yIeIbHOM IIJIOCKOCTH (HU3HUECKOro
MasiTHHUKa. YPOBEHb BBIXOJHOTO CHTHa/la 3TOHM KOM-
IIOHEHTH Oy/leT CHIDKAThCS B 0671aCTH 4acTOT KoJle-
6aHHI, MEHBIINX Pe30HAHCHOH YacTOTHl QHu3HUe-
CKOr0 MasiTHMKA, OJHAKO 3TO CHHUKeHHe He OyneT
TaKUM OBICTPEIM, KaK y IPUOOPOB C MHAYKTHBHBIM
IAaTYUKOM KOJIebaHUH.
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which is proportional to the deflection angle of the
physical pendulum. The electrical signal from the
photodiode output contains two components. One
component of the signal is proportional to the slope
of the surface on which the instrument is mounted.
In this case, both the variable and the constant
component of the surface slope are recorded at the
output. The second component of the output signal
is proportional to the horizontal displacement of
the surface on which the device is installed. In this
case, the device does not respond to static displace-
ments in the horizontal direction, but responds only
to oscillations in the horizontal direction parallel to
the plane of the physical pendulum. The output
level of this component will decrease in the region
of oscillation frequencies lower than the resonant
frequency of the physical pendulum; however, this
decrease will not be as rapid as with instruments
with an inductive oscillation sensor.

OPTICAL SIGNAL FILTERS BUILT

USING DRS

As can be seen from the expression (2) the power
transfer ratio from the input to the output of the
device, in which diffraction is applied to the DRS,
depends on the radiation wavelength. This rela-
tionship can be used to filter optical radiation. The
simplest filter scheme using the DRS is shown
in Fig. 5. Along with this scheme it is possible to
apply a more complex scheme containing an angled
reflector.

Calculated parameters of filters. First, we con-
sider the simplest filter that suppresses radiation at
certain wavelengths. The dependence of the trans-
mission power of the radiation power k,=P,/P,4,
on the radiation wavelength, A, is determined by
the relation (2). Fig. 6 shows a family of calcu-
lated dependencies kp (\) for different values of the
parameter 6 the angle of incidence of the light
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OUNDbTPbl ONTUYECKUX CUTHAJIOB,
MOCTPOEHHDbIE C MPUMEHEHUEM TPC

Kak BHIHO M3 BBIpaKeHHS (2), KO3PPULTHEHT mepe-
Jadd MOIIHOCTH C BXOAA Ha BBIXOJ YCTPOMCTBA,
B KOTOPOM ITpUMeHseTcd gudpakuus Ha I'PC, 3aBU-
CUT OT AJIMHBI BOJHBI M3/IyUYeHHUsA. DTy 3aBUCUMOCTb
MO>KHO HCII0/Ib30BaTh A1 QUAbTPALIMH OIITUYECKOIO0
u3nydeHus. IlpocTenmas cxema GHUIBTPa C UCIIOJIb-
3oBaHueM ['PC mpuBefieHa Ha puc. 5. Hapsay ¢ aTon
CXeMOHM MOKHO IIPUMEHSTh bosiee CIIOKHYIO CXeMYy,
COZep>KalllyIo YTOJIKOBBIM OTPaskaTernb.

PacuyeTHble napameTpbl unbTpoB. BHavase pac-
cMoTpuM Haubosee HpPoCTON OGUIBTP, KOTOPBIH
[IoJaBJIsieT M3JIyUeHHe Ha OIlpele/eHHBIX AJAHHAX
BOJIH. 3aBHCHMOCTb KO3poHIIMeHTa IMepemayvyu
MOIIIHOCTH M3/1yYeHUS kp=PO/PB¢¢ OT JJIMHBI BOJTHBI
U3JIy4eHUs \ ompefensieTcss cooTHomeHueM (2). Ha
pUC. 6 IpUBeEHO CeMEeMCTBO PacUeTHBIX 3aBHCH-
MOCTeH kp (\) mpu pasnIUYHBIX 3HAYEHHUSIX Ilapame-
Tpa 0 - yI7a majeHUs CBeTOBOIO Iy4Ka Ha penbed-
HYIO CTPYKTYPY C I1yOUHOM, PaBHOM: H,=0,6 MKM.
Ha rpadurax UMeTCs BRIpaskeHHbIe 0071acTH HU3-
Koro u obnactu BBICOKOrO Ko3ddHUIIMeHTa mepe-
Jayyd MOLIHOCTH M3Jy4YeHHs C BXOJa Ha BBIXO[,
¢éunpTpa. ITOT rpaduK OeMOHCTPHUPYeT BO3MOXK-
HOCTb I1epeCTPOMKHU PAaCIOIOXKEeHHUsI YaCTOT MaKCH-
MYMOB U MHHHMYMOB KO3QPUIIMEHTOB IIPOIIyCKa-
HHUS QUIBTPOB 3a CYET M3MeHEeHHs yIja IaJeHUs
BXOZHOIO OIITHYeCKOro Iy4yKa. IIpM pasauYHBIX
yIaax nafieHus HyAesble (MUHKMMalbHbIe) 3HAUEHHUS
Ko3pdunreHTa mepemauyud GUIAbTPa COOTBETCTBYIOT
pa3sHBIM AJIHMHAM BOJIH, KOOPAHMHATHl KOTOPBIX Ha
OCH AJIMH BOJIH MOKHO pacCYUTaTh I10 popMyJie:

Al = Ztli”lcose, n=0, 1, 2... (4)

IIpu yBeIHYeHUU OTHOILIEHUS Hp/}\ YacToTa pac-
[IOTIO’KeHHSI MUHHMYMOB M MaKCHMYMOB 3aBHCH-
MOCTHU kp (\) Ha mKage IIMH BOJH YBeJTHYHUBAETCS.
[TomobpaB ompeneneHHBIM obpa3om rnybuny I'PC
M Yroj NafileHus ONTHYecKOro Iy4YKa, Mbl MOXeM
BBIJENSITh WM IIOAABASATH OIpefieleHHble CIeK-
TpaJibHble THUHHUU.

PaccMOTPHM B KadecTBe IPUMepa TaKyIo 3aady:
BBIZIETIUTh HM3/Iy4YeHHe CIeKTpPaabHOM JTHHHUH apro-
HOBOIO Jja3epa, KOTOpas HMeeT [JHHY BOJHEI
A\,=0,514 MKM, 4 IPH 3TOM IOAABUTH U3IyUeHHUE
OPYTOH CUJIBHOM CIeKTPanbHON JUHHUHU C AJIHHOU
BOMHBI A, =0,488 Mxm. [as 3Toro Ko3pPpuIijueHT
nepefavyu GUIBTPA O/KeH OBITh MAaKCHMaTbHBIM
Ha anuHe BoaHBL 0,514 MKM, a Ha AJHHEe BOJIHBI
)\1= 0,488 oH LO/IKeH OBITh MUHUMAJIbHBIM.
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1,0
45°
~ 0,5+
40°
0 30 | | |
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A, MKM

Puc. 6. 3agucumocmu HOpMUPOBAHHO20 KO3 PuLuueHma
nepedayu Guabmpa, om 0AUHbI 80AHbI NA0AIOLLEZ0 U3AYYEHUS]
npu 2nybuHe N'PC: Hp:O,6 MKM, pacc4umaHHble npu pasauy-
HbIX yeAax nadeHus: 0=45°, 0=40°u 6=30°

Fig. 6. Dependencies of the normalized transmission coeffi-
cient of the filter, on the wavelength of the incident radiation
at the depth of the DRS: H,= 0.6 ym, calculated at different
angles of incidence: 8=45° 6=40° and 0 =30°

beam on the relief structure with a depth equal to:
H,=0.6 pm. On the graphs there are marked areas
of low and areas of high transmit power of radia-
tion from the input to the output of the filter. This
graph demonstrates the possibility of restructuring
the frequencies of the maxima and minima of the
transmittance of filters by changing the angle of
incidence of the input optical beam. At different
angles of incidence, zero-out (minimum) values of
the filter transmission coefficient correspond to
different wavelengths, whose coordinates on the
axis of the wavelengths can be calculated by the
formula:

A =ﬂcose, n=0,1,2... 4)
e 2n+1

As the ratio H,/A increases, the frequency of
the location of the minima and maxima of the
dependence k,(A) on the wavelength scale increases.
Selecting in a certain way the depth of the DRS and
the angle of incidence of the optical beam, we can
select or suppress certain spectral lines.

Let's consider as an example the following prob-
lem: select the radiation of the spectral line of an
argon laser, which has a wavelength: A,=0.514
pm and at the same time suppress the radiation
of another strong spectral line with a wavelength:
A, =0.488 pm. For this, the filter transfer coeffi-
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B pesynbTaTe pacueToB, M3/10KeHHBIX II0LPOOHO
B [7], mbl BbiGpanu raybuny I'PC H,=3 MKM. I'pa-
duKku 3aBUCHMOCTeNd KO3QPUIIMEHTOB Iepelavu
OT AJMHBI BOJHBI IIpeJCTaBIeHBl Ha puc. 7 (a, 6).
Kak BuaHO M3 rpadura Ne¢ 1, mpuBegeHHOIo Ha
puc. 7(a), ¢uabTp ¢ mapamerpamu I'PC H,=3 MKM,
0=31,35° momaBisgeT H3NydeHHe C AJHMHON BOJIHBI
A\;=0,488 MKM M IIPOIlyCKaeT HU3Jy4eHHUe C AIHHOMN
BOJIHBI, PAaBHOH A,=0,514 MKRM.

Ecnu ke mepecTpouTh QUIBTP, HM3MEHHUB YIOJI
nafleHHUs] U YCTAaHOBUB ero paBHBIM: 0=35,53°,
TO NPU TOH Xe raybunHe I'PC, paBHOU H,=3 MKwMm,
¢unpTp 6ymeT mpomyckaTh H3/lydeHHe C AJIHHOHU
BOJIHBI, PaBHOM )\1= 0,488 MKM U II0JaB/IATh H3J/Iy4ye-
HHUe C JUTMHOM BOJHBHI A,= 0,514 MKM, KaK 3TO BUIHO
Ha rpaduxke Ne 3 Ha puc. 7.(b). Kpusast Ne 2 Ha puc. 7
(a) mokaspiBaeT, KaK M3MEHHUTCSI XapaKTepHUCTHKa
dunpTpa B TOM cinydae, eciu [PC 6yneT U3roToBaeHa
C IIOTPEIIHOCTHIO U ee ITTyOHHA COCTABUT H,=3,2 MkmM
BMeCTO ray6uHbBl H,=3 MKM, IpPH YCIOBHH, UTO
yTO/I MafeHus My4YKa oCTajcsa paBHBIM 31,35°. Iloso-
SKeHUSI MHHHMYMOB M MaKCHMMYMOB CYILEeCTBEHHO
HM3MEHATCS 10 CPAaBHEHUIO C KpUBOM Ne 1

OnHaKko HETOYHOCTb M3IOTOBJIEHHS JIETKO
CKOMIIEHCUPOBAaTh 3a CUET HM3MeHeHHs yIjla Iaje-
Husa. [isg 3TOro cjieAyeT H3MeHHTh IlepBOHadallb-
HBIM yIOJ IaJleHHUS BXOLHOIO ONTHYEeCKOro Iy4kKa
c yrina 0=31,35° Ha Apyrou yron najgeHus 0=36,81°.
B pesynpTaTte Iocjiie H3MeHEHHs yIja MaJeHus
BXOJHOIO Iy4YKa MBI I10JIy4aeM PacyeTHYI0 KPHUBYIO
3aBUCHMOCTH KO3QPHUIIMEHTa IepeJayu OT OIHHBI
BOJIHBEI, KOTOpasl PaKTHUeCKHU C BEICOKOH TOUHOCTBIO
nmoBTOpsieT KpUBYI0 Ne 1 Ha puc. 7(a). Takum obpa-
30M IIpH JApyrou riybuHe [PC, paBHOH Hp=3,2 MKM,
MOXXHO JIeTKO CKOMIIEHCHPOBATh M3MeHEHHe CIIeK-
TpPaJbHOK XapaKTepUCTUKU QUIbTpa. Ilocie mepe-
CTPOMKH CXeMBl U YCTAaHOBKH HOBOTO yIJIa IafeHHUs
0=36,81°, pacueTHas 3aBUCHMOCTb Ko3ddHUIIHeHTa
mnmepemavyyd OT AJHHBL BOJHBI CMeINAeTCs II0 OCHU
JJIMH BOJIH, M OHA IIPaKTHYeCKH I10JIHOCTBHIO COBIA-
JaeT C 3aBHCHUMOCTBIO, PACCUYUTAHHOM IIPH COYeTa-
HUU Hapamerpos: 0=31,35u H,=3 mxm. Ha mpak-
THKe TOUHYI0 HaCTPOMKY yIJa MaJeHus Hafo byneT
IIPOBOJHUTH 10 MUHHUMYMY BBIXOAHOTO M3/IyYeHHUS
C 3aJaHHOM JJIHHOM BOJIHEI.

3AK/MIOYEHWE

B pe3ynbpTaTe MpOBeleHHBIX HCC/IeJOBAHHUE IIOKa-
3aHa BO3MOSKHOCTb IIOCTPOEHHS TpeX THUIIOB HOBBIX
YCTPOKCTB, B OCHOBe PaboThl KOTOPBIX JI€XKUT IIPHUH-
LU AUPPAKIHU OITHYECKOTO ITy4YKa Ha ITyOOKOM
penbedHOM CTPYyKType. IIpHMeHeHHe [OaTYHKOB
¢ I'PC B cericMOMeTpax, BOSMOKHO, ITI03BOJIUT PACIIH-

kp

W,

0,44 , 0,52 0, 0,60
a) A, MKM
1,0
3

~ 0,5 -

0

0,44 046 048 0,5 052 0,5 0,60
b) A, MKM

Puc. 7. 3asucumocmu Ko3¢pduuueHmos nepedayu Guabmpos
¢ npumeHeHuem 'PC, om 0AUHbI B0AHbI U3AYYeHUSI:

epauk Ne1: H,=3 mkm, 0=31,35°%

2paguk Ne 2: Hp=3,2 mKm, ©=31,35°;

2paguk Ne 3: Hp=3 mKm, ©=35,53°

Fig. 7. Dependences of the transmission coefficients of the
filters using the DRS, the radiation wavelength.

Graph No. T HV:S pm, 0=31,35°%

Graph No. Z:HV:B,Z pm, 6=31,35°%

Graph No. 3: HV:B pym, 6=35,53°

cient must be maximum at the wavelength of 0.514
pm, and at the wavelength of 0.488 pm it must be
minimum.

As a result of the calculations described in detail
in [7], we chose the depth of the DRS H,=3 pm.
Craphs of the dependences of the transmission coef-
ficients on the wavelength are shown in Fig. 7 (a, b).
As can be seen from graph No. 1, shown in Fig. 7 (a),
a filter with parameters: Hy=3 pm, 0=31.35° sup-
presses radiation with a wavelength of A;=0.488 pm
and passes radiation with a wavelength equal to
A,=0.514 pm.
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PHUTb YaCTOTHBIM AHAIA30H PeTHUCTPAllUH B CTOPOHY
HHU3KUX 4acTOoT. HoBrle cxeMbl QUIBTPOB Ha OCHOBE
I'PC moryT 6BITh IPUMEHEHB! He TOJIBKO B BUAHUMOM
Auaria3oHe JUIMH BOJH, HO U B Pa3lIMYHBIX 06/1acTsaX
uHppakpacHoro guamnasona. [ng MK nuamnasona I'PC
MOTYT OBITh M3TOTOBJIEHBI Ha I1OBEPXHOCTSIX MeTas-
JTMYECKHX IJIACTHH C BBICOKUM OTpPaskeHHEeM.
JlaHHBle HCCIeJOBaHUS OBIIM BBIIIOJHEHBI
B /1a00paTOpPHUM OMNTO3NeKTPOHUKH MHCTUTYyTa
bU3KUeCKUX UCCNIeOBAHUN U TeXHOIOIruM PaKyb-
TeTa QM3MKO-MAaTeMaTHYeCKUX H eCTeCTBeHHBIX
Hayk PYIH npu mopgepskke mporpaMmer 5-100.
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If you rebuild If the filter changes the angle of
incidence and sets it equal to: 6=35.53° then for
the same depth of the DRS, H,=3 pm, the filter
will transmit radiation with a wavelength equal to
A, =0.488 pm and suppress radiation with a wave-
length of A,=0.514 um, as can be seen in graph No.
3in Fig. 7. (b).

Curve number 2 in Fig. 7 (a) shows how the filter
characteristic changes if the DRS is manufactured
with an error and its depth is H,=3.2 pm instead
of depth H,=3 pm, provided that the angle of inci-
dence of the beam remains 31.35°. The positions of
the minima and maxima will change significantly
as compared with curve 1.

However, the inaccuracy of manufacturing is
easy to compensate by changing the angle of inci-
dence. To do this, change the initial angle of inci-
dence of the input optical beam from the angle
0=31.35°to another angle of incidence 6=36.81°. As
a result, after changing the angle of incidence of
the input beam, we obtain the calculated curve of
the transfer coefficient as a function of wavelength,
which in fact repeats curve No. 1 in Fig. 7 (a) with
high accuracy. Thus, with a different depth of the
DRS equal to H,=3.2 pm, you can easily compensate
for the change in the spectral characteristics of the
filter. After restructuring the circuit and installing
a new angle of incidence 6=36.81°, the calculated
dependence of the transmission coefficient on the
wavelength is shifted along the wavelength axis,
and it almost completely coincides with the depend-
ence calculated by combining the parameters:
0=31.35 and H,=3 pm. In practice, it will be neces-
sary to fine tune the angle of incidence to minimize
the output radiation with a given wavelength.

CONCLUSION
As a result of the research, the possibility of
constructing three types of new devices, based on
the principle of diffraction of an optical beam on a
deep relief structure, is shown. The use of sensors
with DRS in seismometers may possibly expand the
frequency range of recording in the direction of low
frequencies. New filter schemes based on the DRS
can be applied not only in the visible wavelength
range, but also in different regions of the infrared
range. For the IR range of the DRS can be made on
the surfaces of metal plates with high reflection.
These studies were carried out in the Labora-
tory of Optoelectronics of the Institute of Physical
Research and Technology of the Faculty of Physical,
Mathematical and Natural Sciences of the RUDN
University with the support of program 5-100.
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