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AnHotanus. IlpencraBieHa HoBas MeToAWKa LU(POBOH COPTHPOBKU pagHaibHBIX MO
Jlareppa-T'aycca (JII') npu MOCTOSHHOM TOTIOJIOTHYECKOM 3apszie, BOSHUKAIOMIEM B PE3yJIbTaTe
BO3MYILECHHS OJMHOYHBIX ITydkoB JII' MM WX KOMITO3MLIMH JH3JIEKTPUYECKON anadparmoi c
Pa3INYHBIMH paJiyCcaMy amepTypbl. MeToinKa OCHOBaHA Ha HHU(POBOM aHAIN3E MOMEHTOB
MHTEHCHBHOCTH BBICIIUX MOPAAKOB. /ladparmMa ¢ KpyribIM OTBEPCTHEM BBI3BIBACT MOSBICHHE
Habopa BropuuyHblx Mox JII' ¢ pasnu4yHBIMHM  pajuanbHBIMH  YHCIAMH, KOTODBIE
XapaKTepU3yIOTCsl aMIUIMTYAHBIM cHeKTpoM. L{udpoBoil aMIUTUTYIHBIA CIEKTp MO3BOJISET
BOCCTAaHOBUTb peanbHble MoOAbl JII' W HaliTMW Mepy HEOIPENEICHHOCTH, BHOCUMOMU
BO3MYILEHHUEM, II0CPEICTBOM HWH()OPMALMOHHOW OSHTpomuH. M3MepeHus mokKaszaiu, 4YTo
CTETICHb KOPPEISIMN OTCOPTHPOBAHHBIX IMy4KoB cocTasisier 0,92.

1. Beenenne

OpHoOll W3 TNaBHBIX NpoOieM 00pabOTKM MH(POPMALMOHHBIX INAHHBIX [UIS ONTHYECKOH CBSI3U U
pacrpeneneHUi KBAaHTOBBIX KIIOUEH Il KpUnTorpaduu sIBISETCS COPTHPOBKA BHXPEBBIX MO
KOMOWHHMPOBaHHBIX BUXPEBBIX MYYKOB 10 PaJHaIbHBIM N ¥ a3UMYTAIGHBIM M KBAHTOBBIM YHCIIAM.
Pemenust nanHoOM mpo0ieMsl, B OCHOBHOM, OCHOBaHBI Ha IBYX nojaxonax. IlepBeiii moaxon Bimo4aer
UCTIOJIb30BaHKUEe JU(PPAKIHOHHBIX ONTUYECKUX 3JIEMEHTOB B COYETAHUM C MHTEPHEPOMETPUICCKUMU
YCTPOHCTBaMHU U MOJYJISITOpaMHu (CM., HaripuMmep, [1]). Bropo#i mpeyiaraet ucrnons30Bath HUPPOBYIO
COPTHPOBKY MOJ Ha OCHOBE MOMEHTOB MHTEHCUBHOCTH BBICIIIUX ITOPSAKOB U MO3BOJIAET 3HAUUTEILHO
YOPOCTUTH ONTHYECKHUE YCTPOICTBA M PACIIUPUTh MX BO3MOXKHOCTH (CM., Hampumep, [2]). JanHbii
noaxox Obul pa3paboTaH W pealn30BaH TOJBKO JJIsi COPTUPOBKM JIa3€PHBIX MYYKOB IO HX
TOTIOJIOTHYECKOMY 3apsiny. Llenpro Hamero uccienoBaHusi SIBISIETCS PAacCMOTPEHHE Ipolecca
nuQpoBoii coptupoBku Mof Jlareppa-I'aycca no paguanrbHOMY HHIEKCY.

2. TeopeTuueckasi MoeJib MMY4YKa U METOJ U3MePEeHUs

Mopnens coptupoBku Mo JII' ocHOBaHa Ha BO3MYIIIEHUH JIA3epHOTO MyYKa Ha OOBIYHOM auadparme ¢
JKECTKMMM KpasiMU U KPYIJIbIM OTBEpCTHEM. Bo3MyllieHHe Mmydka MPUBOAUT K IIUPOKOMY CIIEKTPY
BTOpUYHBIX MOJI JIT', mojie KOTOPOro MOKHO MPEJACTABUTH /I OJJHOTO McXoaHoro nmyyka JII' kak

\ym.n(r,gp,R):sz.nyk(R)r\m\L\;”\(2r2)eim¢exp(_rz) (1)
k=0
rne r=p/w, po - HOJAPHBIE KOOPJIWHATBI, W,- TepeTshkka Iydka, R - sBigercs

HOPMHUPOBAHHBIM paJnyCoOM ,Z[I/Ia(bpaFMLI, a aMIUIUTyla ITy4YKa OMUChIBACTCA YPABHCHUCM
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R )
Coni = | F(r @)W (r)rdr /|y, (r.o) rar, 2
0 0
a W, (r,@) onMCHBaeT KOMIUIEKCHYIO AMILINTYAy OJMHOYHOTO HEBO3MymeHHOro myuka JIT.

2
AHanu3  pacnpeleeHHs — HHTEHCHBHOCTH Sm’n(r,(p)=|‘l’m,n(r,(p)| BO3MYILUCHHOTO  ITydYKa

BBITIOJIHACTCA B (l)OKaJIBHOﬁ IIJIOCKOCTH C(bepﬂquKOﬁ JIMH3BI C IIOMOIIBI0 MOMCHTOB MHTCHCUBHOCTH,
3aIllMCaHHBbIX B BHUJIC

Jog :J M, (r.e)3,.(r)ds, (3)

DZ
rue Mp,q(r,go) sBIsIeTcs (yHKOHEH MOMEHTOB WHTeHcuBHOcTed, P,q=0,12,.... Ilockompky
pacrpeesicHie MHTEHCUBHOCTH Sp'q(r) ocecMMMeTpUYHast QYHKIUSA, (PYHKIIUS MOMEHTOB MOMXET

OBITh MpHBEACHA K BHIY Mpq(r). BrlpaxkeHue 1is MOMEHTOB HMHTEHCHUBHOCTH B (3) MOXKHO

paccMaTpuBaTh Kak CHCTEMY JIMHEHHBIX ypaBHEHHH OTHOCHTENBHO KBaApaToB amruiutyn C2. . u
C

KBaJpaTOB aMILIUTY/I, IEPEKPECTHBIX WICHOB, a TAKKE (PaKTOpOB

MepeKpecTHhIX uneHoB 2C TaK KaK 4WICHbl B MpaBOil 4yacTu ypaBHeHMs (3) 3aBHCAT OT

m,n,k ~m,n,s >

Jog =J'r2m*lM ooli (2rLy (2r¥)e?"dr, )
0

KOTOpBIE JIETKO MOYKHO BBIYHUCIHTH. JIEBYIO YacTh YpaBHEHHS MOXKHO HM3MEPHUTh Ha 3KCIIEpUMEHTE.
IIpousBeneHne SKCIEPUMEHTANbHO HM3MEPEHHOTO paclpefesieHUs] HHTEHCUBHOCTH Sexp(r) u

¢GyHkimu MoMeHTOB M |, a Tak e uHTerpai B (3) MOXKHO HAWTH SKCIEPUMEHTAILHO B COUCTAHUH C

p.a?
KOMITBIOTEPHOM 00pabOTKOM, MpH YCIOBHH, YTO S(r)—>SEXp(r). KonuyectBo mepeMeHHBIX B

2

YPABHEHHSX OIPEIEIACTC 4UCIOM KBaaparoB ammmaryn X, =C; .

Y, =2C,.,C

pacrpenecHHd WHTCHCHUBHOCTH OMpENeNseTcss B BHIE ABOWHONW KomOmHarmu N, paBHOM
ounomuanbHoMy ko ¢ummenty NV (21(N —2)!), Boipakenue (4) MOXKHO 3ammcath B MaTPHYHON

U MEPEKPECTHBIX YICHOB

Uucno kBaapaToB amIimMTynd paBHO N, a 4HCIO MEpeKpecTHBIX aAMIUIUTYA B

m,n,k~m,n,s *

dopme . Torma BekropHbli cronbOenr C  ammIMTYZ MOA W BEKTOP-CTOJOEI MOMEHTOB

MHTEHCHBHOCTH J CBSA3aHBI APYT C JPYTOM JIMHEHHBIM MaTPHUUHBIM OTHOMmEeHHeM C = ],

ITockonpKy KpyroBas amepTypa HE CO3/1ae€T BTOPHYHBIX MOJI C Pa3JIMYHBIMH TOIOJIOTHUYECKUMHU
3apsiiaMu M, OpOUTANTBHBIN YITIOBOM MOMEHT BO3MYIIIEHHOTO ITyYKa OCTaeTCsl MOCTOSTHHBIM. OTHAKO,
MHO’KECTBEHHBIE BTOPWYHBIE MOJIBI BO3MYIIEHHOTO myuyka JII' mpuBOIAT K HEONpeneIeHHOCTH
COCTOSIHUSI BOJIHOBOTO TIOJISi, MEPO KOTOpOH sBNseTcs MH(OpMAIMOHHAS SHTPOMHUS (DHTPOIHUS
[lennona) [3]. MHbopManroHHas SHTPOMHUS MOXKET OBbITh MMPE/ICTaBICHA Yepe3 KBAAPAThl aMIUTUTY /]
KaK

N
H.. =—Z:C,fm(R,k)log2 Crfm(R,k)>0 (5)
k=0

3. DOKcrepuMMeHT U 00cy:KIeHue pe3yJbTaToB

MN3mepenuss cnektpoB ammintyn JIIT MOL OPOBOAWIMCE HAa OSKCIHEPHUMEHTAIbHOM YCTaHOBKE,
n300paxeHHoM Ha puc. | crarbu [4]. TUNWYHBIE CIEKTPBI MOJOBLIX aMILTHTYJ] Cp,  « I pacIipe/iesieHne
SHTpONMH Hpyn U1 OHOTO BO3MYILEHHOIO Iydka INpeAacTaBieHbl Ha pucyHke 1. Ha pucynke l.a
NOKa3aHO, YTO aMIUMTYIHbIH criekTp Cpn(K) orpanuuen paguanbHBIM MOJIOBBIM 4uciioM K, d4rTo
MO3BOJISII0O HAaM  HCIIOJIb30BaTh OTPAaHMYEHHOE KOJMYECTBO UJIEHOB B Bblpaxkennn (1) Ha
skcniepuMente. Kpome Toro, 3HakomepemeHHass (opma criekTpa yKasblBaeT Ha HEOOXOIMMOCTh
U3MEpPEHMS HE TOJBKO KBAJApaTOB AaMIUIUTYA, HO M CMEIIAaHHBIX AMIUIUTYA B pacHpelesIeHUN
nHTeHCHBHOCTU. KomebaTenpHoOe pacmpesieieHne MOAOBOM aMIUIMUTYIBI OT paguyca muadparmsl Ha
pucyHKke. 10 WUTIOCTPUPYET BKJIA MOJIbI C PAJAHAIBHBIM YUCIIOM K = 6 B MOy € pajialibHBIM YHCIIOM
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n = 0. Mepa neomnpeaencHuoctd Hy, n=o(R) rcxomnoro cocrostaus N = 0 yBeTHYHUBACTCSA IO MEPE TOTO,
Kak pamuyc auadparmbl (puCyHOK 1B) yMeHbIIAaeTCs H3-3a MMEPEHOCa SHEPIUU B MOJIBI Ooiice
BBICOKOTO Topsijika, a 3HTporust Hpn=s(R) mis N = 6 Ha pucynke Ir ObIcTpo Kosebiercs: u3-3a
nepepacnpeiesicHusl dHepruu  Mexny Monxamu. Lllupokuit MOTOBBIA CIEKTP, BO3MYIICHHOTO
eauHUYHOrO Ty4ka JII' MOKeT BHOCUTH 3HAYUTEILHBIC U3MEHEHHSI B CIICKTP MacCHBa BO3MYIICHHBIX
MYYKOB B KaHAJIaX CBS3H.

H &y Hrnn
™ i |..3~.
2 :\L m=3;n=0 - ‘F'
ARV 1 m=3;n=6';1\Q
- -\‘5’—5@-? A S S e =
B) ) ’

Pucynok 1. a) Cnekrp ammmuryn C | myuka Jlareppa-Iaycca, kak GpyHKIHMs OT paJuanbHOTO YKCIIa

K, 6) BKJIa MOJIBI C paHiaIbHBIM YHCIIOM N = 6 B MOy € paauaibHbiM gucioM K = 0; sHTpomus
Hmn(R) mst cocrostamii (8) m=3, =0 u (1) w1t M=3, N=6; CIUIONIHbIE JINHUH - TEOPHUS, KPYKOUKH —
9KCIICPUMEHT.

MBI IpoOBENH CEPUI0 AKCIEPUMEHTAIIEHOIO aHAIN3a U KOMIIBIOTEPHOTO MOJAEITUPOBAHMS MOJOBBIX
CIIEKTPOB JJII COPTHUPOBKM MOJI BO3MYILIEHHBIX ITy4KOB, COJAEpXallux cpa3dy Heckonbko mon JII' ¢
pa3IUYHBIMUA pAAUATIBHBIMU YHCIAMH N, HO OAMHAKOBBIMH TOIIOJIOTHYECKHUMH 3apsjgaMud M, u
0OHapy KUK, YTO Ka)KAas MOJA B CHEKTPE BBIPOXKEHA, a YMCIIO BBIPOKACHUS PAaBHO YUCIY MOJ B
HCXOJTHOM MacCHUBE Iy4yKOB. J[eHCTBHTENbHO, Kak[as MoJa B MaccuBe u3 M MydKoB HCHBITHIBaET
OJTHO U TO € BO3MYIICHUE OT AHadparMel C >KECTKUMHU KpasMH, 00pa3yrollei CBOW IIMPOKHNA CIIEKTP
Moa. B pesynmbrate kaxmas K- Moaa B BO3MYIIEHHOM CIIEKTPE COICPXKHT cyreprosunuio M mon
maccuBa. CIEKTp CTAaHOBHUTCS BBIPOXKIEHHBIM, a YMCIO BBIPOXKACHUS Kaxmod monel paBHo M. Ha
pUCYHKE 2a TMOKa3aH CHEKTp MOJA JJIi MacCHBa IyYKOB C TOMOJOTHYECKMM 3apsigoM M = 3,
COJIepIKAIeTo TPH MOJBI C paauaibHbIMU yrciaMu N = 0, N =3 u N = 6, BO3MYIIEHHBIX alepTypou ¢
pammycoMm R = 2. Kaxnas Mozma B CIEKTpe TPWXIbl BhIpOXKIeHa. HauanbHble MOABI BBIIEIEHBI
KpacHbIM. BrIpoxkaeHne Moja BIHMSET Ha CIVIAXUBaHME DPACIIpPENIelCHHs SHTPOIMU Ha pUCYHKEe 10
(cpaBHUTE ¢ pucyHkoMm 1B,r). Tak Kak MOIBI C pPa3HbIMH PaJUATbHBIMHA YHCIAMU N SBISIOTCS
HE3aBUCUMBIMH, 4TOOBI paciiupoBaTh CIEKTp Ha puUC. 2a, Hy)HO uMeTh M = 3 kmoueld. B pomu
KJIFOUei BBICTYHAOT CeKTpbl Cpnk(R) Kaxka0ro oauHO4YHOrO Bo3MyIieHHoro myuka JII' s pamuyca
anepTypsl R.
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Pucynoxk 2. (a) Beipoxnennsiii aMmmmutyqublid ciektp Cr n(K), (6) pactipenenenue sutponiu Hp n(R),
(B) pacnipesiesieHre MHTEHCUBHOCTH HcxoaHoro mydka JII u (r) pacnpeneneHne HHTEHCUBHOCTH
BOCCTaHOBJICHHOrO ITydka JII' o skcrepuMeHTalbHOMY CIIEKTPY.

Ha PUCYHKE 2B,1" IMOKa3aHbl OKCICPUMCHTAJIBHBIC PACHIPCACIICHUA HHTCHCHUBHOCTCH ABYX

KOMIUIEKCHBIX ITy4KOB: (B) TepeA COPTUPOBKOW U (B) BOCCTAHOBIEHHBI IO MOJYyYEHHOMY
9KCTIEPUMEHTATLHOMY CIleKTpy ¢ m = 3, n = 0, n =3 mw n = 6, R = 2. Ot nzobpakenust ObuH
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COIIOCTaBJICHBI APYT ¢ ApyroM. CTeneHb KOppessiiuy pacrpeaesieHiii MHTeHCHBHOCTH Obiia 77 =0.92,
YTO MPEBHILIANIO KpUTHIecKoe 3HaueHune 77 =0.9, B To Bpems, KaK CTENEHb KOPPEISALNH €JHHAIHOTO
BOccTaHOBJIEeHHOro mmyuka JII' mocie copTupoBku coctasisieT okoio 77 =0.94 .

[IpencraBneHHass HOBask METOJIWKA IM(PPOBONM COPTUPOBKH MYYKOB ITO3BOJISECT CYIIECTBEHHO
VIPOCTUTh W3BECTHBIE aBTOpPaM YCTPOWCTBA JUII COPTHPOBKHM MYYKOB IO PaTUAbLHBIM YHCIIAM,
MOCKOJIBKY TIO3BOJISIET YIANATH PSAJl ONTHYECKUX 3JIEMEHTOB U3 ONTHUYSCKUX YCTPOWCTB BMECTE CO
BCIIOMOTaTeIbHBIMU MEXaHHUYSCKUMU M ONTOICKTPOHHBIMU TaJpkeTaMu. Kpome Toro, HCIoib30BaHUE
BBIPOX/ICHHBIX BO3MYIICHHBIX ITyYKOB MO3BOJIICT MCIONB30BaTh HOBBIC PACTIpENIEICHHsI KBAHTOBBIX
KITFOUEH B CHCTEMax KPUNTOTPa(uH, ONTHIECKON CBI3H U 00pabOTKH TaHHBIX.
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Digital sorting of perturbed Laguerre-Gaussian modes by
radial index
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V.1. Vernadsky Crimean Federal University, Physical Technical Institute, Prospekt
Vernadskogo 4, Simferopol, Russia, 295007

Abstract. We presented a new technique for digitally sorting Laguerre-Gaussian (LG) radial
modes with a constant topological charge resulting from the perturbation of single LG beams
or their composition by a dielectric diaphragm with different aperture radii. The technique is
based on a digital analysis of higher-order intensity moments. Aperture with a round hole
causes the appearance of a set of LG secondary modes with different radial numbers, which are
characterized by an amplitude spectrum. The digital amplitude spectrum makes it possible to
reconstruct the real LG modes and find the measure of the uncertainty introduced by the
disturbance by means of information entropy. Measurements showed that the degree of
correlation of sorted beams is 0.92.
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