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IMACCUBHAS CTABUJIN3ALINSI UHTEP®EPOMETPA
MAUKEJBCOHA

B psne npumeHenuit naTepdepomerpa MalikenbcoHa, B YaCTHOCTH IIPH €TO UCIIOJIb30BaHUH B JIa3€PHOM PE30HATO-
pe, HeoO0XoIMMa BBICOKast TOYHOCTh cTaOMim3auu (a3 MmyyKoB, PACHPOCTPAHSIONIMXCS B €r0 ONTUYECKUX IIedax.
B nacrosie#t pabote IKCIIEpUMEHTAIBHO HCCIIeI0BaHa JIOITOBPEMEHHAs CTa0MIBHOCTh HECKOIBKUX KOHCTPYKTHB-
HBIX pellleHHH W BBIOpaH ONTHMANbHBIN BapuaHT nHTEpdepoMeTpa Jisi MPUMEHEHHsI B Ka4EeCTBE COCTABHOTO Pe30-
HATOPHOTO 3€pKajia C YMpaBisieMbIM KO3(h(HUIMEHTOM OTPaKeHUS Ul TEHEPALUH YIbTPAKOPOTKUX JIA3EPHBIX UM-

MyJbCOB.

K. cn.: uatepdepomerp Maiikenscona (MM), pasHocts ontudeckux juiuH mwied (POIT), crabunu3anms,
CIy4alHBIC ¥ CUCTEMAaTHUCCKUE (PIYKTyallud HHTCHCUBHOCTH U3JTy4YCHUS

BBEJEHUE

HuTepdhepomerpsr Matikenscona (M) sBistoTes
YCTPOMCTBaMHU, WIMPOKO HCHOJB3YEMBIMU B IIEJIOM
psijie MPUMEHEHUH JIsl u3MEepEHUs pa3HoCTH (a3 IBYX
BOJH: B MPEUU3HUOHHBIX H3MEPUTEIbHBIX CIEKT-
payibHBIX Tpubopax, Dypre-criekrpockonuu [1], cxe-
Max ONTHYECKHUX KOPPEIATOPOB I U3MEPCHHSI JIITH-
TETIBHOCTEH YJIBTPAKOPOTKUX JA3E€PHBIX HMITYJIHCOB
[2]. [TockonbKy UHTEPHEPOMETPHI UCTIOTB3YIOTCS TS
KOJIMYECTBEHHOTO (ha30BOTO aHAaIM3a, OHU JOJKHBI
PErHCTPUPOBATh MaJble PA3HOCTU JUIMH IUIEY WU YII-
PaBJIATh UMHU C TOYHOCTBIO JO JOJIEH JJIMH BOJIH CBE-
TOBOTO U3ITyUYCHUSI.

Bricokass 9yBCTBHUTEIIBHOCTh UMEET U CBOU OTPH-
naTenbHble CTOPOHBL. Tak, ciaydallHble W3MEHEHUS
NaBJICHUSI W TEMIIEPaTyphl BO3AyXa CIIOCOOHBI BBI3BI-
BaTb M3MEHEHHUSA B I[IOKa3aTelsxX MPEIOMICHUS
B mieyax MM, npuueM gake o4eHb Maibie (IyKTya-
UUM TEMIEPATypbl, ABIXKEHHUE BO3[yXa, MEXaHHYe-
CKUE KOJIcOAHUS KOHCTPYKIIMA MOTYT TMPUBOJIUTH
K CMELICHUSIM, BHOCSUIUM 3aMETHbIE CIy4aiiHbIe
U CUCTEMAaTHU4eCKHE OIIMOKU B Pe3yJbTaThl M3Mepe-
Huid. CyIecTBYeT IENBIH psifi CIIOCOOOB KOPPEKITHH
moIo0HOT0 Poja OMIMOOK, B YACTHOCTH IyTEM Hempe-
PBIBHBIX HW3MEPEHUN pPA3HOCTH ONTUYECKUX JITUH
mwiea (POII) mHTEepdepoMeTpa M €e aKTHBHOW CTa-
Ooumnuzanuu. /g aToro, Kak mpaBHIIO, OJHO U3 3€pKall
UHTEp(EepOMeTpa YCTaHABINBACTCA Ha MPEIU3UOHHBINA
JIMHEWHBIN TPaHCIATOP, MO3BOJLIIOLIMI 1O CHUTHAJIAM
ynpasnenus usmenats POIIL, coxpanss pasHocts a3
MHTEP(EPUPYONIUX BOJIH HEM3MEHHOU [3, 4].

OnHako B HEKOTOPHIX TpuMeHeHnsx WM rtakoi
MOAXOJ SIBJIIETCS HE BIOJHE IPUEMIIEMbIM, HAIPUMEDP
B ciryyae ympasisiemoro UM, KOTOpBIA UCIIOJIB30BAII-
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cs HaMH B [5, 6] /Il TeHepaluy MMMKOCEKYHIHBIX NM-
MyJIbCOB B KAUECTBE COCTABHOT'O BBIXOJHOrO 3epKaja
pe3oHaTopa TBEPAOTENBLHOTO Jazepa. B omHoM wu3
ied YIpaBIsIeMoro HWHTEpPEepoMeTpa YCTaHOBJIICH
(dazoBeii  3neKTpoonTHYeCKUl Moayisitop (DOM),
KOTOPBIH 00ecTieunBaeT MOIYJISIINIO TOOPOTHOCTH H aK-
TUBHYIO CUHXPOHM3AIUIO MPOAOIBHBIX PE30HATOPHBIX
mox nasepa. [Ipuuem dazosas moaymsius B UM nipe-
BpallaeTcsi B aMIUIMTYJHOE HM3MEHEHUE AKTHBHBIX
MOTEepPh Pe30HATOpPA C OYEHb BBICOKHM "KOHTpAacTOM"
(Teopermuecku oT HyJst 10 100 %).

Onno u3 3epkan ynpasigemoro M ycTraHOBIeHO
Ha JIMHEWHOM TIhE30KEPaMUICCKOM TPAHCIITOPE
C LEIbI0 ONTUMAJIBHOW CTAaTUYECKOW MOACTPOUKHU
POJII B moment Bruimrouenuss DOM. D1a moacTpoiika
JTOJDKHA OBITh CTAOMIIBHOW OT MMITYJIbCA K HMITYIIBCY,
MO3TOMY JOTIOJHHUTEIFHOE IEPEMENICHHIE 3epKajia
MIPH UCTIOJIF30BAaHUH AKTHBHON CTaOMIIM3AaIAN MOXKET
HApyUIUTh PaboTy Jla3epa.

[Ipu TecTrpoOBaHUN CXEMBI PE30HATOPA C 3ePKAJIOM
Ha ocHoBe MM B [6] Hamu HAOIIOJAIMCH HETIEPUOIH-
YeCKHe JOCTAaTOYHO ObicTphie (0Koyo 1 ¢) Bapmamuu
WHTEHCUBHOCTH, TIPUPOAA KOTOPHIX BEISICHEHA HE OBI-
na. Kpome Toro, MOIHOCTh M3Iy4YeHHUsI HE ObLIA CTa-
OounbHOI 1 npumepHO Ha 50 % n3MeHsIach BCueq 3a
MEPUOJUYCCKUMU BapUalUSIMU TEMIEPATyphl BOJIBI
XOJIOAWJILHOTO arperata B mpeaenax +0.5 rpamycos.
[Mosromy OBUT cienaH BBIBOJ O HEOOXOAMMOCTH JO-
MTOJIHATEIFHOW cTadmmm3anuu  ympasimsiemoro WM.
[lockonbKy aKkTHBHAs CTaOWIH3aUsS YIPaBISIEMOTO
UM, xak oTMeyanoch BbILIE, BPAA JIM IPUEMIIEMA,
CTaOWJIPHOCTh TIOJIOKEHUSI 3epKall JIOJDKHA OBITh
obecrieueHa MACCUBHBIMU METOJIAMHU, PacCMOTPEHUE
KOTOPBIX U SIBIIACTCS MPEAMETOM HACTOSIIICH PabOTHI.

Huxe u3noxeHsl SKCIIEpPUMEHTANbHBIE pe3yJIbTa-
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THI 10 MMACCUBHOW cTabuam3anuyu MM, BKIIFOUEHHOI'O
B COCTaB JIa3ePHOTO M3IydaTens, OMMMUCAHHOTO B [6, 7].
PaccMoTpeHbI HECKOJIBbKO KOH(UTYpaluii U CXeM HH-
TepPEepOMETPOB, NPOBEACHO MX CPAaBHEHHE, a TAKKE
aHamu3 (HaKTOPOB, BBI3BIBAIOIIMX BO3MOMKHBIC Hapy-
IICHUS CTaOMIIBPHOCTH BBIXOJIHOW MOIIHOCTH Jia3epa.

9KCIIEPUMEHTAJIBHOE OBOPYIOBAHUE

OKBUBAJIEHTHasl CX€Ma OHKCIEPHMEHTAIBHBIX W3-
MEpEeHHuH MMoKa3zaHa Ha puc. 1, BHEIIHUI BUA Jla3epHO-
TO

n3nyvarens Ha Oase cepuitHoro Nd:Y AG-kBaHTpoHa
Mmoka3aH Ha puc. 2 (moapoOuee, cMm. [6]). Jlaszep pabo-
TaJ B HEMpPEepPBIBHOM pexxkume. Ero pesoHaTop umen
ONTHYECKYIO JIMHY (Mexnay 3epkamamu 1 u 2), pas-
Hy1o 1500 MM, 11 KOMIICHCAITNH HaBEJICHHOW TepMU-
YecKoM NMH3Bl B akTuBHOU cpeae AC HCMIOIB30Ba-
nmuck orpunatencHas JI1 u monoxurenpHas JI2 nwH-
3bl, YyCTAaHOBJICHHBIE B PACUETHBIX TOYKAX ONTHYECKON
ocu. BrIxomHoe 3epkano pe3oHaTopa IpPECTaBIISIO
coboit paBHoIeunii MM, m3imydeHre ¢ BBIXOAa MHTEp-
(epomeTpa MOCTYNaNO0 Ha WU3MEPUTENh MOIHOCTH 0,
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Puc. 1. DxBuBajneHTHas cxemMa U3MEPEHUH.
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1-3 — mnockue 3epkana R = 99.5 %, 4 — 50 % cBetonenurens M ¢ KOMIIEHCATOPOM, 5 — OTBETBUTENb,
6 — u3mepurenb MomHocTH 3A-P ¢ monntopom VEGA (Ophir, U3pauns), 7 — ocumnorpadg MSO 4034
(Tektronix), 8 — ananu3aTop pacrpejencHuss nHTeHcuBHOCTH Tyuka LaserBeamProfiler (LLG, I'epma-
Hust), 9 — nasep Techadvanced 1053 (OOO "Jlazepakcnopt", Poccust), 11, 12 — auadparmsr @ 2.2 mm,
JI1-JI3 — mun3er, AC — aktuBHas cpena kBaaTpoHa GN-50 (Sino-Laser, Kuraif)

Puc. 2. Bueumnuil BujJ pe3oHATOpa ¢ OTKPHITEIM HHTEpdE-
pomerpom M1 (a), UM2 (6) u ¢ 3aKpBITHIM KOPITyCOM (B)
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4acTh €ro 4epe3 mzoOpaxarouryto JuH3y JI3 oTBeTB-
JTach Ha aHATW3aTOp PacHpenesieHus] HHTEHCHBHO-
CTH IyuKa 8.

[lo ananuzaropy pacrpeneneHnss MHTEHCUBHOCTH
WM HacTpauBaics Ha HyJIeBO€ II0JI€, ISITHO IIPH 3TOM
HMMEJIO pacrpeseneHne, OJU3Koe K rayccoBOMY, Ypo-
BEHb BBIXOJIHOM MOIIHOCTU NMPU HACTPOUKE Ha Mak-
CUMAaJIbHYI0 MHTEHCUBHOCTb, KaK INPaBWJIO, COOTBET-
creoBai 0.5-0.7 Br.

N3Mmeputens MOIIHOCTH 6 MMEN aHAJIOTOBBIN BBI-
XOJI, CUTHAJI C KOTOPOTO MOJaBajcs Ha ociuuiorpad
7 Asi MOHUTOPHHTIA JOJITOBPEMEHHOM (OT €AMHUIL 10
HECKOJIBKHX JIECATKOB CEKYH) CTaOMIBHOCTH BBIXOJI-
HOTO u3inydeHus jasepa. [Ipu ontuueckoi I0CTUPOBKE
cxeMbl B 1ienoM U 3epkan M riyxoe 3epkalio pe3o-
HaTopa | yJamsiock, M MO ONTHYECKOW OCH CHCTEMBI
3aBOAMJIOCH M3lydeHue BcromorarensHoro UK naze-
pa 9 Ha anune BonHbI 1.053 MKM, O1H3K0H K paboueit
JUTMHE BOJIHBI JIa3epa.

[lepBast u3 uccnenyemblx B HacTosmiedl pabore
KoHurypanuii naTepdepomerpa (nanee MM1) Obuia
TaKoW ke, Kak B [0]. 3epkana uHTepdepoMeTpa JUIs
rpy0oro (C TOYHOCTBIO /IO AECATKA MUKPOH) M TOYHO-
ro (OO eAMHUI M J0Jieil MUKpPOH) BBIPAaBHUBAHMS
JUIMH Tied ObUTM CHAOKEHBI COOTBETCTBYIOIIUMHU
PYUHBIM (3epKasio 3) U MbE30KepaMHUYECKUM (3€pPKallo
2) nuHeWHbIMH TpaHcasTopamu. Konctpykius NMM1
1 METOJMKA BBIPAaBHUBAHUS JJIMH €T0 IjIed HoApOoOHO
OmKCcaHbI B Hatel padore [7].

OKCIEpUMEHTHI TPOBOIIWINCH Ha 0a3e KOMIIAKT-
HOW reoMeTpHM pe30HaTopa, KOorjaa JJIMHHAs SKBHUBa-
JICHTHAsI CXeMa C MOMOIMIBbI0 3€PKATBHBIX PETPOOTpa-
xareseil Oblia "cBepHyTa" B OJIOK C JJIMHOW, HE TIpe-
Bermmaromed 350 mm. BHemHuit Bua  um3mydaTtens
¢ koH¢urypanueir UM1 npusenen na puc. 2, a. Ot-
METHM, YTO Ha 3TOH QoTorpaduu riayxoe 3epkajo
pe3oHaTopa, yCTaHaBIMBAEMOE ClieBa OT KBAaHTPOHA,
CHSITO, U B CXEMY BBE/ICHO U3Iy4YEHHE BCIIOMOTraTelNb-
HOTO Jiazepa (CpaBHHUTE C puc. 2, 0).

Ha puc. 2, 0, moka3zana BTOpas U3 HCCIELYEMbIX
koHurypauuit UM (manee MM2), ocHOBHBIE OCO-
OEHHOCTH KOTOPOM COCTOAT B CIEAYIOLICM:
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— Bce aneMeHTel MM pasMemieHsl Ha KecTKOH
eIMHOM 0as3e;

— 0a3a ¥ onpaBbl BHIIIOJHEHBI U3 OJMHAKOBOM CTa-
u;

— TUICYH BBIPaBHEHBI KOHCTPYKTHBHO IIyTE€M TOY-
HOM YCTAaHOBKM 3€pKajl, TaK YTO PYYHOW JIMHEWHBII
TPAHCIATOP OJAHOTO U3 3ePKaJl NCKIIIOUEH;

— TOYHas NbE30KepaMHUecKas MOACTPONKa 3epKa-
7a 2 coxpaHeHa.

O6e xonduryparmu MM HCHBITHIBAIHCH B JBYX
MOAM(UKALUAX: B OTKPHITOM BHIE U B KOpITyCe, BbI-
MOJTHEHHOM M3 IUIOTHOTO KapToHa (CM. pHC. 2, B).
Kpome sToro, B Hacrosmieit pabore mpuMmeHsuicst 60-
jiee TOYHBIN MO CPAaBHEHHIO C HCIOJIBb3yeMBIM B [6]
XOJIOAWIBHEIN  arperar, wmmiep Polyscience 6500
Series 2 HP (CHIA), mo3BONSIOUIMIA MOAICPKUBAT
TEMIIEpPaTypy OXJIAKIAMIIEH KBAHTPOH IHKUIKOCTH
Ha yposHe * 0.1 rpan. (panee Obiio + 0.5 rpan.). 13-
MEHSJIOCh M PACIIOJIOKEHHE YHIUIEpa MO OTHOLICHUIO
K M3JIy4aTellio, pacCTOSIHUE BapbUPOBAIOCH OT OJHOTO
JI0 TPEX C MOJOBUHON METPOB.

B psine oKcriepuMEHTOB NMPUMEHSIIACH ITHEBMATH-
Yyeckass BUOPOM3O0JISHS OTIOPHON TUIUTHI M3JTydaTeds,
KOTOpasi BXOJIMJIa B COCTaB BUOPOU3OJIMPYIOIEH cuc-
tembl 1VIS10W Standa (JIutBa), cioco6HOM 3hdek-
TUBHO TOTJIONIATh BUOpAIMU B JMANla30HEe OT EAUHUIL
JI0 HECKOJIBKUX JIECSITKOB T'€pII.

PE3YJIBTATBI DOKCHEPUMEHTOB

l'[epBaﬂ cepusl IKCICPUMEHTOB

B nepBoii cepun uccieqoBalUCh OTKPHITAsk U 3a-
KpbiTas KoHpurypanuu MM1. B pabote [6] oTMmeua-
JIOCH HAJIM4YME KOJeOaHNI MHTEHCUBHOCTH HAa BBLIXOIE
oTkpbIToro UM ¢ nepuoioM OT OAHOM 10 HECKOIBKHUX
cekyHn. Ilomo6npie "ObICTpEIe” KONeOaHus HabrOMa-
JUCh M B ONKCHIBAEMBIX OIBITAX, MPUYEM HUX BH]
Y pa3Max MPaKTHYECKH HE M3MCHUIICA MPHU BKIOUYE-
HUU BUOPOM3OJMPYIOMIEH CHUCTEMBI M TIpU 3aMeHe
quJiepa OXJIaXK IeH!s KBAHTPOHA Ha 00Jiee TOYHBIH.

Puc. 3. KoneOaHust ”HTEHCUBHOCTH H3JIyYe-
HUS Ha BbIXoze oTKpbIToro UMI1.

Ha ocmmmmorpade (a, 0) mpu pa3BepTke
10 c¢/nen. u Ha MaTpuIle aHanu3aTopa (B)
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CamMomnpon3BoJbHBIE KOJEOaHUS HWHTEHCHBHOCTH
HaOIIOAIMCh HA JUIMHHBIX Ppa3BepTKax OCLWILIOrpa-
¢da (cMm. puc. 3, a, 0) U B BUIIE IIATCH pa3HOW WHTEH-
cuBHOCTH Ha aHanmmzarope LaserBeamProfiler (cm.
puc. 3, B). OTMeTnM, 4TO opMa pacrpeeeH s nH-
TEHCHBHOCTH B IISITHAX BBIXOJHOI'O M3JIy4EHUs Ipak-
THUYECKU BCErJa COOTBETCTBOBajia HacTpoiike UM Ha
HYJIEBOE T10JIe HHTEP(EepeHIINH, T.€. CIyJaHbIX yTII0-
BBIX Pa3bIOCTUPOBOK 3e€pKall He HaOII0JanoCh.

Ha puc. 3 BugHo, 9To, Hapsamy ¢ "ObIcTpeIMU" KO-
ne0aHusAMHU, UMEIOT MECTO MEPUOTUYECKUE CaMOIIPO-
W3BOJIbHBIE TUIABHBIC W3MEHEHUS MHTEHCHBHOCTH OT
Makcumyma (puc. 3, a) mo muHUMyMma (puc. 3, 0)
¢ BpeMeHHBIM Maciitabom mopsinka 40-50 c. Jlanabpie
KoJIeOaHUsl CBsI3aHbl, MO-BUANMOMY, C IIJIABHBIM yBe-
JMYCHUEM TEMIIepPaTyphbl BO3AyXa M METAUTMYCCKHUX
y3JI0B, KOTOPOE, B CBOIO OY€pe.lb, IPUBOJAUT K HEOIHU-
HAaKOBOMY TEIUIOBOMY yJUIMHeHHIo mied UM (3a kax-
neie mpumepHo 40 ¢ PO/III yBenmuuBaercs Ha A/2).

Janee nist cpaBHEHHUsS HMCCIENOBalach 3aKpbITas
koHurypanus M1 (cm. ¢ororpaduro Ha puc. 2, B).
OcuumnorpamMmmbl Ha pHuc. 4, a—B, COOTBETCTBYIOT
MOJTHOCTBIO 3aKPBITOMY KOPIYCy; B ciydae puc. 4, T,
B 00J1aCTH BEPIIMHBI UMITyJIbCa BEPXHSS KpBILIKa ObI-
Jia CHSATA, U OPTaHU30BBIBAJICS HEPaBHOMEPHBIN MOTOK
BO3/IyXa CBEPXY BHU3 BOBHYTpPb Kopiyca. BujHo, 4To
nomemierne M1 B mpocToll KapTOHHBIM KOpIyc
B 3HAYUTEIHFHOW CTENEHH TIOBBICHIO €r0 CTa0MIIb-
HOCTh TI0 CPAaBHEHHIO C OTKPBITOM KOHCTPYKLHUEH.
AMIuUTYABI "OBICTPBIX" KOJIEOAHUH HHTECHCHBHOCTH
CTaJIM 3aMETHO MEHBLIMMHM (CpaBHUTE pHC. 3, a, u 4, a).
CHsTHE BEpXHEH KpBIIIKM M HaJH4YHE BO3IYLIHOTO

MOTOKa MPUBOAMIO K TIOSBICHHUIO HEOOJBIINX H3MeE-
neanit PO/IIl unTepdepomerpa u KoieOaHUSIM WH-
TEHCHUBHOCTH BBIXOJHOTO M3TYUICHHUS.

MeieHHBIE TEIUIOBBIE IEPHOANYECKUE KOJIeOaHHS
nnTeHcuBHocTH (1 POII) B cimywae 3akpsitoro M1
HO-IpeXXHEMY HaOMI0Jaluch, HO CTauu Oojee IJIu-
TEJIBbHBIMU II0 CPABHEHHUIO C OTKPBITOM T'€OMETPHEH,
BEPOSATHO, TTOCKOJIBKY YCIIOBHS TEIJI000MeHa B 3aMK-
HyTOM oOBeMe cramu Oosiee MHEpUMOHHBIMH. Kak
BHIHO Ha puc. 4, B, Iepexoa OT MaKCHMyMa IO MH-
HUMYMa cocTaBsul nopsiaka 80 c.

Paznuuns B pa3BUTHUM CaMOIIPOU3BOJIBHON "Terio-
BOM" reHepaluUd U TE€HEpalUH, BBI3BAHHOW pPy4HOH
CyOMUKPOHHOM TIOJICTPOMKON TMHhE30KEPAMUIESCKOTO
TpaHcisaTopa  3epkana VM, MoxxkHO HabmomaTh
Ha puc. 4, a u 0, coorBeTcTBeHHO. C NOMOIIBIO MOJ-
CTPOMKHN TTbE30KEPaMUKHA MOKHO OBLTO BEpHYTHCS Ha
MaKCHMMyM TeHepauud BO BpeMms JII0O0OH craguu ca-
MOIIPOU3BOJILHBIX KOJIeOaHHI MOIIHOCTH T€HEPaLlH.

Bropas cepust 3KCIIepUMEHTOB

Bo BTOpOi#l cepum wuccnemoBanach CTaOMIBLHOCTH
0oyiee KECTKOrO M MPOCTOro Mo KOHCTpyKuuu MM2
B OTKPBITOM H 3aKpPBITOM BapuaHTax (cM. ¢oTorpadun
Ha puc. 2, 6, B). OCHOBHBIM IPEHMYIIECTBOM ECT-
KOH M OJIHOPOJIHOM MO MaTepualy KOHCTPYKLHHU OKa-
3aJI0Ch 3aMETHOE YIy4IIeHHE IOJTOBPEMEHHOU CTa-
omnpHOCTH (CM. pHc. 5, a-B). Ilepuoandeckue Tero-
Boie kosieOanus PO/III, HaOnromaeMbie B Bepcuu
HUMI1, npakTthyeckud OTCYTCTBOBAJIU.

Puc. 4. Konebanuss MHTCHCUBHO-
CTH M3ITy4EHHS Ha BBIXO/E 3aKPbI-
toro M1, peructpupyemsle Ha
ocumutorpade mpu pazseprkax 10
(a, 6, 1) m 20 (B) ¢/men

HAVYYHOE ITPUBOPOCTPOEHME, 2020, Tom 30, Ne 4
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[Momemenne M2 B mpocTedmuii KOpIryc mo3BO-
JISUT0 yMEHBITUTHh YPOBEHb "OBICTPHIX" HECTaOMIIbHO-
creid. Ha puc. 5, a, oTpuiiaTesibHbI TUYOK COOTBETCT-
BYyeT MEXaHHYECKOMY IEPEKpPBITHIO OCH PE30HATOpPa
BO BpeMsi OBICTPOTO CHSTHUSI Kopmyca. BuaHo, 4To BO
BTOPOH YacTH OCLMUIOTPaMMBI B OTKPBITOH KOH(U-
rypamuu KojeOaHHs YCHIWINCH. BximroueHue W BbI-
KITIOYeHHe TeHepanuu Ha Qortorpadusx puc. 5, 0, B,
MPOU3BOIMIIOCH PYUYHOU MOJCTPOUKON MbE30KEpaMu-
YEeCKOIr0 TPAHCIATOPA.

OTMeTM B 3aKIIOYEHHUE €Il OIUH (aKTop,
BJIMAIOUIMNA Ha CTaOMIBHOCTH paboThl UM ¢ mbe3oke-
paMHYECKUM TPAHCISATOPOM. 3aAHUHA MUYOK Ha OC-
HUJUIOTpaMMe PHC. 5, B, COOTBETCTBOBaI 3((deKTy
(axycTuyeckoMy W BHOPAalMOHHOMY) OT CIy4aifHOTO
CABHMra CTyjJia BO BpeMs 3amucu cepuu. Taxoke mpe-
HUMYILECTBEHHO aKyCTHYECKOH, MO-BUIUMOMY, SIBIISICT-
csl ¥ IpUpOJia UMITYJIbCOB, HAOIOAaeMBIX Ha pUC. 5, T.
[Tbe30kepaMudeckuil TpaHCIATOP OB HACTPOEH Ha
OTCYTCTBHME T€HEepalluy, MOSBICHHE MEePBbIX MMITYJIb-
COB BHOBb OBUIO CBSI3aHO C IEpPEIBUKECHUEM CTyJa,
a MOCJIETHETO — C TPOMKHM XJIOTIKOM B JIQZIOMIH.

OtnenbHas cepusi SKCIIEPUMEHTOB TI0Ka3aja BIIUs-
HHUE UIYMOB paboTaloLIero Yniliepa Ha CTa0HIBLHOCTD
noJyio’keHus 3epkana MM, ycTaHOBIEHHOIO Ha Mbe30-
KepammaeckoMm TpaHcisatope P-611.1S, mcmombsye-
MoM ¢ npaiiBepom-ycuiureiem E-609SO (PI, I'ep-
Manwus). JlaHHOe HAONIOACHWE TO3BOJIIIO TPOBECTH
JanpHellee NOBbIEHNE CTAOUIBHOCTH Pe3yJIbTaTOB
MyTeM MPOCTOTO yNAICHUS YHIIIepa OT Mbe30KepaMHu-
YEeCKOI0 TPAHCISITOpa Ha paccTosHUE 110 3.5 M.
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Pnc. 5. KonebaHnsi MHTEHCHBHO-
lctn u3nmyuenus gt UM2 B mo-
MEHT CHATHSI Kopmyca (a) u Juis
3akpeiToro (6-T) kopmyca, pas-
Beptka 10 c/men

3AK/IIOYEHUE

B 3akitoueHrne OTMETHM, YTO B HACTOSAIICH paboTe
SKCIIEPUMEHTANIBHO MPOAEMOHCTPUPOBAHO IOBBILIE-
Hue crabwibHocTH VMM, mpenHa3HaYeHHOTO s pa-
OOTHI B COCTaBE JIA3EPHOTO M3IyUaTeNs yIbTPAKOPOT-
KHX UMITYJbCOB. [10CKONMBbKY B KOHUEMIUU YIpaBisie-
Moro MM akTuBHAsT cTaOMIM3anAs SIBISETCS HEXKea-
TENBHOHN, TNPUMEHSAJIACh IACCUBHAS CTAOWIM3AINS,
MTO3BOJIMBIIAS BRISIBUTH CJICTYIOINIHNE OCOOCHHOCTH.

[Ipy HanmuuuKM TOYHOCTH MOAJAEPKAHUS TEMIIepa-
TYpPBI OXJIAKIAIONICH KuAKOCTH Ha ypoBHe = (.1 rpa-
Jlyca KBaHTPOH HE OKa3bIBACT BJIMSHUS HA CTAOWIIB-
HOCTh MHTEHCHUBHOCTU BBIXOJIHOTO M3Iy4EHHs Jlazepa
¢ M. Hamnune HWU3KOYACTOTHON BHUOPOM3OIHPYIO-
el cucTeMbl OMOPHOM IIUTHI U3ITydaTensl TakKe He
BBI3BIBAJIO TIOBBHINICHHUS CTAOWMJIBHOCTH PE30HATOpA
¢ UM.

CrnyyaiiHble YIJIOBBIE Pa3bIOCTHPOBKH 3epkan M
HE SIBIISTIOTCS] OTPEACTISIONMMA (PaKTOPaMH CTaOMIIb-
HOCTH, BCE CJIy4allHbIe U CHUCTEMAaTHYECKHE KoJebha-
HUSI MTHTCHCUBHOCTH BBIXOJIHOTO HM3JIYUCHHS BBI3HIBA-
JIUCh MUKPOCKOMUYECKUMHU IMOCTYNMATEIbHBIMU TIEpe-
MEILIEHUSIMU 3€pKajl U COOTBETCTBYIOUIUMU H3MEHE-
ausimu PO/JIIT.

CucreMaTH4ecKie MeIEHHbIE KOJIEOaHWS HMHTEH-
CHUBHOCTH, CBSI3aHHBIE C HEOJHOPOJIHBIM TEIUIOBBIM
pacipenueM aeraneil u y3noB UM, 3amMeTHO CHMKa-
JIMCH TP TIPUMEHEHWH €IUHOM JKeCTKON 0as3bl MHTep-
(epoMeTpa U €ro y3JI0B, U3TOTOBJICHHBIX M3 OJHOTO
¥ TOTO K€ MaTrepralia ¢ HU3KUM K03((HHUITMEHTOM TETIIo-
BOT'O pacIUIMPEHUs], 1 C MUHUMU3ALUEN UX KOJIMYECTBA.
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Cayuvaiigple ObIcTpble (DIYKTyalliM WHTEHCHB-
HOCTH, CBSI3aHHBIE C KOJIEOAHMSIMM OKpY KaIOLIETO
BO3/[yXa, 3aMETHO CHIDKAINCh B Cllydae MPUMEHEHUs
MpocTeiero (HErepMeTHYHoOro) KopIiyca, OKpy-
xaromero M.

Crayuaiinple (IyKTyalud WHTEHCHBHOCTH, CBS-
3aHHBIE C MUKpOKoieOaHmsiMu 3epkana M, ycranas-
JMBAaEMOTO Ha IbE30KEPaMHUYECKOM TPAHCIATOPE,
CHIDKAQITUCh TPH HMCKIIOUYEHHH aKyCTHYeCKUX U BUO-
PaLMOHHBIX TIOMEX, OOYCIIOBJIEHHBIX paboTOH XOJj0-
JUIBHOTO arperata W cily4allHbIMH LIyMamy BOJH3H
MBE30TPAHCIATOPA.  3HAYUTEIBHOE  YMEHBIIECHUE
BJIMSIHUS YWILIepa HabJII0Aanoch MPY €ro yAalIeHUH OT
n3my4arens Ha 3.5 m.

[TomyuenHble pe3ynbTaThl MO3BOJISIFOT PACCUUTHI-
BaTh Ha IOJlydeHHe 00jee BOCIPOU3BOAMMEBIX M CTa-
OWNBHBIX pE3yJbTaTOB HpU HCHOJIb30BaHMH UM
B YNpaBISIEMOM peXHME B KauecTBE COCTABHOTO 3ep-
Kajla pe30HaTopa TBEPAOTEIBHOIO Jla3epa, H3ITydaro-
LIETO YJIBTPAKOPOTKHE UMITYJIIbCHI.

Paboma svinonnena npu gunarcogou noooepaicke Mun-
obprayrku P® ¢ pamrax cocyoapcmeennoco 3adanusi 2019 e.
Ne 075-00924-19-00 om 28.12.18.
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PASSIVE STABILISATION OF MICHELSON INTERFEROMETER
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In some applications of a Michelson interferometer, in particular, when it is used in a laser resonator, the
phase difference of radiation beams passing the interferometer optical branches must be stabilized with high
accuracy. The proposed paper is devoted to experimental studying the long-term stability of several interferome-
ter designs and choosing the optimal version for applying as a compound resonator mirror with the controllable

reflection for generation of ultrashort laser pulses.

Keywords: Michelson interferometer (MI), the optical paths difference (OPD), stabilization, random and systematic

intensity fluctuations

INTRODUCTION

Michelson interferometers (MI) are devices widely
used in a number of applications for measuring the
phase difference of two waves: in precision measuring
spectral devices, Fourier spectroscopy [1], schemes of
optical correlators for measuring the duration of ultra-
short laser pulses [2]. Since interferometers are used
for quantitative phase analysis, they must record small
differences in the arm lengths and control them with
an accuracy of fractions of the wavelengths of light
radiation.

High sensitivity has its negative aspects as well.
Thus, random changes in air pressure and temperature
can cause changes in refractive indices in the arms of
the MI, and even very small temperature fluctuations,
air movement, mechanical vibrations of the structure
can lead to displacements introducing noticeable ran-
dom and systematic errors in measurement results.
There are a number of methods for correcting this
kind of errors, in particular, by means of continuous
measurements of the optical paths difference (OPD)
of the interferometer and its active stabilization. For
this, as a rule, one of the interferometer mirrors is in-
stalled on a precision linear translator, which allows
changing the OPD according to control signals, keep-
ing the phase difference of the interfering waves un-
changed [3, 4].

However, in some applications of MI, this ap-
proach is not entirely acceptable, for example, in the
case of a controlled MI, which we used in [5, 6] to gen-
erate picosecond pulses as a composite output mirror of
a solid-state laser cavity. A phase electro-optical mod-
ulator (EOM) is installed in one of the arms of the con-
trolled interferometer, which provides Q-switching and
active synchronization of the longitudinal resonator
modes of the laser. Moreover, the phase modulation in
the MI turns into change of an amplitude of the active
losses of the resonator with a very high "contrast"
(theoretically from zero to 100 %).
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One of the mirrors of the controlled MI is installed
on a linear piezoceramic translator for the purpose of
optimal static adjustment of the OPD at the moment
of switching on the EOM. This adjustment must be
stable from pulse to pulse, therefore, additional
movement of the mirror when using active stabiliza-
tion can disrupt the operation of the laser.

When testing the scheme of a resonator with a mir-
ror based on an IM in [6], we observed non-periodic
rather fast (about 1 s) intensity variations, the nature
of which has not been clarified. In addition, the radia-
tion power was not stable and varied by about 50 %
following periodic variations in the water temperature
of the refrigeration unit within + 0.5 degrees. There-
fore, it was concluded that it is necessary to addition-
ally stabilize the controlled MI. Since the active stabi-
lization of a controlled MI, as noted above, is hardly
acceptable, the stability of the position of the mirrors
should be provided by passive methods, the considera-
tion of which is the subject of this paper.

Experimental results on passive stabilization of
the MI, as a part of the laser emitter, described in [6,
7], are presented below. Several configurations and
schemes of interferometers are considered, their com-
parison is carried out, as well as an analysis of the
factors causing possible disturbances in the stability of
the laser output power.

EXPERIMENTAL EQUIPMENT

An equivalent circuit of experimental measurements
is shown in Fig. 1, the appearance of the laser emitter
based on a serial Nd:YAG laser head is shown in Fig. 2
(for details, see [6]). The laser was operating in a conti-
nuous mode. Its cavity had an optical length (between
mirrors 1 and 2) equal to 1500 mm; to compensate for
the induced thermal lens in an active medium (AC),
negative JI1 and positive JI2 lenses were used, being
installed at the reference points of the optical axis.
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Fig: 1. Equlvalent measurement scheme.
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1

1-3 — flat mirrors R = 99.5 %, 4 — 50 % light splitter of IM with compensator, 5 — coupler, 6 — 3A-P power
meter with VEGA monitor (Ophir, Izrael), 7— MSO 4034 oscilloscope (Tektronix), 8 — analyzer of beam inten-
sity distribution LaserBeamProfiler (LLG, Germany), 9 — Techadvanced 1053 laser (LLC "Laserexport", Russia),
D1, D2 — diaphragms @ 2.2 mm, L1-L3 — lenses, AC — active medium of the laser head GN-50 (Sino-Laser,
China)

The output mirror of the resonator was an equal-arm
IM, the radiation from the output of the interferometer
was fed to the power meter 6, a part of it was
branched off through the imaging lens JI3 to the ana-
lyzer of the beam intensity distribution 8.

The MI was tuned to a zero field, using the analyz-
er of the intensity distribution, the spot had a distribu-
tion close to Gaussian. The output power level when

Fig. 2. External view of the resonator with the open inter-
ferometer IM1 (a), IM2 (b) and with a closed housing (c)

tuned to the maximum intensity, as a rule, corres-
ponded to 0.5-0.7 W.

The power meter 6 had an analog output, the signal
from which was fed to the oscilloscope 7 to monitor
the long-term (from one to several tens of seconds)
stability of the laser output radiation. During optical
alignment of the circuit as a whole and of the MI mir-
rors, the end mirror of the resonator 1 was removed,
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and the radiation of the auxiliary IR laser 9 was intro-
duced along the optical axis of the system at a wave-
length of 1.053 um, close to the operating wavelength
of the laser.

The first of the interferometer configurations in-
vestigated in this work (hereinafter IM1) was the same
as in [6]. The mirrors of the interferometer for rough
(with an accuracy of up to ten microns) and precise
(up to a few and fractions of microns) equalization of
the arm lengths were equipped with appropriate ma-
nual (mirror 3) and piezoceramic (mirror 2) linear
translators. IM1 design and the method of aligning the
lengths of his shoulders are described in detail in our
work [7].

The experiments were carried out on the basis of
the compact resonator, with a long equivalent circuit
"folded" into a block with a length not exceeding
350 mm by means of mirror retroreflectors. The ex-
ternal view of the emitter with the IM1 configuration
is shown in Fig. 2, a. It should be noted that in this
photograph the end mirror of the resonator, to be in-
stalled to the left of the laser head, is removed, and the
radiation of the auxiliary laser is introduced into the
circuit (compare with Fig. 2, b).

In Fig. 2, b, the second of the studied configura-
tions of MI (hereinafter MI2) is shown, the main fea-
tures of which are as follows:

o all elements of the IM are placed on a rigid single
base;

base and frames are made of the same steel,

the shoulders are structurally aligned by precise

installation of the mirrors, so that a manual linear

translator of one of the mirrors is excluded;
e precise piezoceramic trim of mirror 2 is retained.

Both configurations of the MI were tested in two
modifications: in an open form and in a housing made
of thick cardboard (see Fig. 2, c). In addition, in this
work, we used a more accurate refrigeration unit
compared to that used in [6], the Polyscience 6500
Series %2 HP chiller (USA), which allows maintaining
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Fig. 3. Fluctuations of the radiation intensity
at the output of the open IM1. On the oscil-
loscope (a, 0) during sweep 10 s/div and on
the analyzer matrix (B)

the temperature of the liquid cooling laser head at the
level of = 0.1 deg. (previously it was £ 0.5 deg.). The
location of the chiller in concern to the radiator was
also changed, the distance varied from one to three
and a half meters.

In a number of experiments, pneumatic vibration
isolation of the base plate of the emitter was used, that
was part of the vibration isolation system 1VIS10W
Standa (Lithuania), capable of effectively absorbing
vibrations in the range from a few to several tens of
hertz.

EXPERIMENTAL RESULTS

First series of experiments

In the first series, the open and closed configura-
tions of IM1 were investigated. In [6], the presence of
intensity fluctuations at the output of an open MI with
a period from one to several seconds was noted. Simi-
lar "fast" oscillations were observed in the described
experiments too, and their form and the range practi-
cally did not change when the vibration-isolating sys-
tem was switched on and when the chiller laser head
was replaced with a more accurate one.

Spontaneous intensity fluctuations were observed
on long oscilloscope sweeps (see Fig. 3, a, 6) and in
the form of spots of different intensities when using
the LaserBeamProfiler analyzer (see Fig. 3, B). Note
that the shape of the intensity distribution in the spots
of the output radiation almost always corresponded to
the MI tuning to an interference zero field, i.e. no ran-
dom angular misalignments of the mirrors were ob-
served.

In Fig. 3, it can be seen that, along with "fast" os-
cillations, there are periodic spontaneous smooth
changes in intensity from a maximum (Fig. 3, a) to
a minimum (Fig. 3, 6) with a time scale of about 40—
50 s. These fluctuations are apparently associated with
a smooth increase in the temperature of the air and
metal nodes, which, in turn, leads to a distinct thermal
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lengthening of the MI arms (for every about 40 s, the
OPD increases by A/2).

Further, for comparison, the closed configuration
of IM1 was investigated (see the photograph in Fig. 2,
B). Oscillograms in Fig. 4, a-B, correspond to a com-
pletely closed body; in the case of fig. 4, T, in the area
of the pulse top, the top cover was removed, and an
uneven air flow was organized from top to bottom
inside of the case. It can be seen that placing IM1 in
a simple cardboard box significantly increased its sta-
bility in comparison with an open design. The ampli-
tudes of "fast" fluctuations of intensity became notice-
ably smaller (compare Fig. 3, a, and 4, a). Removing
the top cover and the presence of air flow led to the
appearance of small changes in the OPD of the inter-
ferometer and fluctuations in the intensity of the out-
put radiation.

Slow thermal periodic fluctuations in intensity (and
OPD) in the case of closed MI1 were still observed,
but they became slower in comparison with open
form, probably because the conditions of heat transfer
in a closed volume became more inertial. As seen in
Fig. 4, B, the transition from maximum to minimum
was about 80 s.

Differences in the development of spontaneous
"thermal" generation and generation caused by ma-
nual submicron tuning of the piezoceramic translator
of the MI mirror can be observed in Fig. 4, a and 0,
respectively. By adjusting the piezoelectric ceramics,
it was possible to return to the maximum generation

Fig. 4. Fluctuations of the radia-
tion intensity at the output of
the closed IMI1, recorded at
sweeps of 10 (a, 6, r) and 20 (B)
s/div

during any stage of spontaneous oscillations of the
generation power.

Second series of experiments

In the second series, the stability of a more rigid
and simpler in design IM2 in open and closed versions
(see photographs in Fig. 2, b, ¢) was investigated. The
main advantage of a rigid and material-homogeneous
structure proved to be the marked improvement in
long-term stability (see Fig. 5, a—B). Periodic thermal
fluctuations of the OPD observed in the IM1 version
were practically absent.

Placement of IM2 in the simplest body made it
possible to reduce the level of "fast" instabilities. In
Fig. 5, a, the negative spike corresponds to mechani-
cal overlap of the resonator axis during quick removal
of the housing. It can be seen that in the second part of
the oscillogram in the open configuration, the oscilla-
tions increased. Turning on and off generation in the
photographs (Fig. 5, 6, B) was made by manual ad-
justment of the piezoceramic translator.

In conclusion, let us note one more factor that af-
fects the stability of operation of the MI equipped
with a piezoceramic translator. The rear spike in the
oscillogram in Fig. 5, B, corresponded to the effect
(acoustic and vibrational) from the accidental move-
ment of a chair during the recording of the series. The
nature of the pulses observed in Fig. 5, r is also pre-
dominantly acoustic, apparently. The piezoceram-
ic translator was set to the absence of generation,
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the appearance of the first pulses was again associated
with the movement of the chair, and the latter with
a loud clapping of hands.

A separate series of experiments showed the influ-
ence of the operating chiller noise on the stability of
the position of the MI mirror installed on the P-611.1S
piezoceramic translator used with the E-609SO driver-
amplifier (PI, Germany). This observation made it
possible to further increase the stability of the results
by simply removing the chiller from the piezoceramic
translator up to 3.5 m.

CONCLUSION

In conclusion, we note that in this work, we have
experimentally demonstrated an increase in the stabili-
ty of an MI intended for operation as part of a laser
emitter of ultrashort pulses. Since active stabilization
is undesirable in the concept of controlled MI, passive
stabilization was used, which made it possible to iden-
tify the following peculiarities.

If there is an accuracy of maintaining the coolant
temperature at a level of = 0.1 degrees, the laser head
does not affect the stability of the output radiation in-
tensity of the laser with IM. The presence of a low-
frequency vibration-isolating system of the base plate
of the radiator also did not increase the stability of the
resonator with IM.

Random angular misalignments of the MI mirrors
are not the determining factors of stability; all random
and systematic fluctuations in the intensity of the out-
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Fig. 5. Fluctuations of the rad-
iation intensity for the IM2 at
the moment of removing
the case (a) and for the closed
case (0-T), sweep 10 s/div

put radiation were caused by microscopic translational
movement of the mirrors and the corresponding
changes in the OPD.

Systematic slow fluctuations in intensity associated
with inhomogeneous thermal expansion of parts and
units of the MI were noticeably reduced when using
a single rigid base of the interferometer and its nodes
made from the same material with a low coefficient of
thermal expansion, and with minimization of their
quantity.

Random fast fluctuations of intensity associated
with vibrations of the surrounding air were noticeably
reduced in the case of using the simplest (non-
hermetic) housing surrounding the MI.

Random intensity fluctuations associated with mi-
cro-oscillations of the MI mirror mounted on a piezo-
ceramic translator were reduced with the elimination
of acoustic and vibration interference caused by the
operation of the refrigeration unit and random noise
near the piezoelectric translator. A significant de-
crease in the effect of the chiller was observed at
a distance of 3.5 m from the radiator.

The results obtained allow us to expect more re-
producible and stable results when using MI in a con-
trolled mode as a composite mirror of a solid-state
laser resonator emitting ultrashort pulses.

The work was carried out with the financial support of
the Ministry of Education and Science of the Russian Fed-
eration within the framework of the state assignment of
2019 No. 075-00924-19-00 dated 28.12.18.
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