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TBEPJJOTEJIbHBIN JIABEP JJJII HAYUHBIX UCCJIEJOBAHUM
C KOPPEKIIMEHN TEILJIOBOM JIMH3blI B PE3OHATOPE.
II. METOAUKA U PE3YJIbTATBI YUCJIEHHBIX PACYHETOB

JlaHHast cTaThs ABJISIETCS 2-i YaCThIO HAIETO COOOINCHUS O pe3ysbTaTax pa3padOTKU MOJ OOIUM 3ariiaBueM, 1-s
yacTh KoTopoi umeet moazaroynoBok "I. PE3YJIbTATHI SKCIIEPUMEHTOB".

OmnuceiBacMast 31eCh METOAMKA MMO3BOJISACT PACCUNTATh (POKYCHBIC PACCTOSIHUS KOPPEKTHPYIOIINX JTUH3 U UX PacIIo-
JIO’)KEHHE B PE30HATOpE MO M3BECTHBIM IMapaMeTpaM TeIIOBOH JIMH3BI M 3alaHHBIM XapaKTePUCTUKAaM BBIXOIHOTO
JIA3EPHOTO MyYKa CPEeICTBAMH KBa3HUTE€OMETPHIECKON ONTHKU C MOCIECAYIONMMHA YTOYHECHUAMHU B TUPPAKIHOHHOM

TIPUOIIIDKEHUH.

Kn. cn.: na3epHblii KBaHTPOH, HaBEACHHAs: TEPMOJIMH3A, FAYCCOB ITy4YOK, KOPPEKTUPYIOLIasl JINH34, alepTypHas

nuadparma

BBEJIEHUE

enpro 4MCIEHHON ONTUMU3ALMK PE30HATOPA, OIl-
THUYECKasi cXxeMa KOTOpOro IMoka3aHa B 4acTu | Ha-
crosimmiel padoTsl [1], SBISIIOCH OmpejeNneHue mapa-
METPOB KOPPEKTHPYIOIIUX JJIEMEHTOB pPE30HATOpa!
¢dokycoB nmun3 JI1 u JI2 u paccTOsSHUS MEKAY HUMH
(Fy, F, wm L), xotopble obecrieunBaimy OBl yCTONHYH-
BYIO TE€HepauMio Ha HH3IIEH (rayccoBoil) Moae mpu
MaKCHMaJbHOW MOIIHOCTH H3JIY4YEHUS B YCIIOBHSX,
KOTJa 3aJlaHbl CBETOBBIC allepTypbl aKTUBHOM CpEIbl
(xBaaTpor GN-50) 1 G10Ka MOAYJISIMH TIOTEPH B pe-
3oHatope (auadparma [12). OnruMuzanus MpOBOIH-
Jach B paMKax METO/a paciera pe3oHaTopoB Ha OC-
HOBe ABCD-Matpul. DTOT METOJI MO3BOJISIET OLEHUTh
panuyc CeyeHHsl rayccoBa IMydKa, SBIISIOIIErocs coO-
CTBeHHOHN (yHKIMeW (Momoi) pe3oHaropa (T.e. BOC-
MPOM3BOSIICHCS Ha KaXXI0M IPOXOJE 10 Pe30HaTo-
py). 3amada ONTHMH3AIIUN COCTOSIA B OINPEACIICHUN
Takoro Habopa BapbUPYEMBIX MapaMeTPOB PE30HATO-
pa, Ipu KOTOPOM TMOTEpH HHU3IIeH MOAbI Ha Jauadpar-
Me /12 Opun OBl AOCTaTOYHO Maibl, B TO BpeMs Kak
BBICIIME TIONIEpEUHble MOJABI 3(PPEKTHBHO "OTHHUIBT-
poBbIBaHCE" ObI 3TON AMadparMoii.

OntumanbsHBIN paguyc MydKa W,, YAOBJIETBOPSIO-
HIMHA DTOMY YCIIOBHIO, MOXET OBITh peajM30BaH MpU
JOCTaTOYHO OOJBIIOM YHCIIE COUYETAHUH MapaMeTpoB
pesonaropa. [IpenmymiectBom OyzaeT obnamate Ta
CcXeMa pe3oHaTopa, MoAa KOTOpoiH Hambolee IOIHO
3aloJHAET aKTUBHYIO Cpely U oOecreyrBaeT MaKCH-
MaJIbHBI ChE€M DJHEPrud Hakayku. B  cBa3u
C 3THM INPH YHCJICHHOH ONTUMM3AaLUU B KauecTBE
KpUTEpUsl KauecTBa MPUHUMAIUCH 3HAYCHHS Pajny-
COB CEUYCHHUI I'ayCCOBBIX IyYKOB PE30HATOPHON MOJIBI
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Wo U Wy B IUIOCKOCTSAX nuadparmbl J[2 M akTHBHOH
Cpenpbl.

METOJUKA ITPOBEJEHUA PACYUETOB

OKBHBaJIEHTHAsI CXeMa Pe30HaTopa s MPOBEAe-
HUS pacyeToB IOKa3aHa Ha puc. 1.

[Ipu omenke mapamMeTpoB rayccora Imydka B pe3o-
HaTtope Ha ocHoBe Mertojga ABCD-maTpulbl BBOIST
KOMIUIEKCHBIM TapameTp mnydka ¢ [2], cBsi3aHHBIH
C pagmycoM CEUEHHsS IIydka W T1I0 YPOBHIO
€ HWHTCHCHUBHOCTH COOTHOIIICHHUEM:
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KommuiekcHblil mapaMeTp my4yka ¢ TpH pacrpo-
CTpaHEHUM II0 PE30HATOPY, COAEPKAaIEMY Y4YacTKH
CBOOOZHOTO MPOCTPAHCTBA M KBAJApaTU4HbIE (a30BbIe
KOPPEKTOpHI (JIMH3BI, 3epKajia), U3MEHSETCS B COOT-
BETCTBUH C BBIPAKECHUEM:!
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rae A, B, C u D — snementsl ABCD-maTpulibl pe3o-
HaTopa.

ABCD-matpuiia pacnpoCTpaHEHHUsI Ha PacCTOSHUE
L B cBOOOHOM POCTPAHCTBE UMEET BU/I:
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Puc. 1. DxBUBaJeHTHAs cxemMa pe3oHaTopa JJIsl pacieToB

F\, F, F’; — (oxycHbIe pacCTOsIHNSI KOPPEKTUPYOLIHX JIMH3 M TEIJIOBOW JIMH3bI aKTUBHOM cpejibl; L — pac-
crosare Mexay nuazamu JI1 u JI2; T1—Ts m N;—N, — 0603Ha4eHUs MaTpHUI] CBOOOIHOTO MPOCTPAHCTBA

1 KBaJpaTHIHBIX (Da30BBIX KOPPEKTOPOB COOTBETCTBEHHO; 31, 32 — TuTOCKHe 3epKaia

a IIpyU NPOXOKACHUU JIMH3bI UJIN 3€PKaJia:
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~1/F 1

b

rne F — QokycHoe paccTosiHUE, KOTOPOE CUHTAECTCS
MOJIOKUTEIIBHBIM AJIS1 TIOJIOXKUTEIbHBIX JIMH3 U BOTHY-
ThIX 3epkan. Jlrobas cioxHass OonTHYecKas cucTema
MOXeT ObITh omnrcana ABCD-maTpuiiei, KoTopasl 1mo-
JMy4yaeTrcd NMyTeM IEePEMHOXKEHHS €€ COCTaBHBIX dYa-
CTEH.

Ha puc. 1 npencrasneHa 5KBUBaJICHTHAs ONTHYE-
CKasi cCXxeMa paccMaTpUBacMOTO pe30HaTOpa, pa3ouTas
Ha OTZEJIbHBIC 3JIEMEHTapHBIC OTPE3KHU, ONICHIBAEMBbIC
ABCD-matpunamu tuna T u N. Ilpu stom ABCD-
MaTpHIia TOJTHOTO 00X0Aa M3IYUYEHHsI 10 pPe30HATOpy
(ot ouadparmsl [I2 k 3epkany 1 (31), 3arem oOpatHO
K 3epkaiy 2 (32) u quadparme /12) Oyner umers cie-
JyIOUIUI BU:

T Ty Ta-N;-T3-Ny T4 N3-Ts-Ts-N3-Ty-Np-T3-Ny - T,

3necy N3 — MaTpulla SKBUBAJIEHTHOM TEIIOBOM JIMH-
36l KBAHTPOHA, OCTaNbHBIE oOOo03HaueHUsT ABCD-
MAaTpHII SICHBI U3 PUCYHKA.

lNayccoB my4ok OyneT SBIATbCA MOAON pe30HATO-
pa (t.e. OyAer BOCHPOM3BOAUTECS C TOYHOCTHIO
JI0 KOHCTaHTBI IIOCJIe TOJIHOTO 00X0Ja MO pe30HaTo-

py) TTpH  YCIOBHH  BBIIIOJHEHUS  PaBEHCTBA
Ag+B

q=———. Pemenue naHHOTO YypaBHEHHsS MOXXHO
Cq+D

3almcaTtb B BUAC

2|]
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Puc. 2. 3aBHCHUMOCTH paauyca W CEYEeHHUs rayccoBa
ITy4YKa B PE30HATOPE OT MPOJOIBHON KOOPAWHATHI Z.
Ipu doxycHBIX paccrosamMax F: 1 — 90, 2 — 100,
3—110u4 — 130 mm; 5 =170 mm; F; = 1000 mm;
L, =870 mm

Ha ocHoBanuu pemenus (2), UCHONB3Ysl BBIpaXKe-
Hue (1), TeTKo MOMyYUTh MapaMeTphl TayccoBa IMydKa
B JHO00OH TUIOCKOCTHM pe3oHaTtopa. Jlms mpumepa
Ha pHC. 2 TIPUBEACHBI PE3yJIbTAThl PacueTOB B BUIE
3aBHCHMOCTU pajJyca CEUCHHS W TayccoBa Iy4Ka
B pE30HATOpPE OT MPOJOJEHON KOOPAWHATHI z TPHU
pa3nuuHBIX 3HaYeHHWsX F,. IlyHKTHPHBIMU JHMHHUSAMHA
Ha PUCYHKE TOKa3aHbl TMOJ0XKECHUS JIMH3 ¢ (OKycaMu
Fy, F, 1 TetmoBo# IMH3EI ¢ (hOKycoM F3.

Ha puc. 3 mpencraBiena auarpamma yCTOWYHBO-
CTH pe3oHatopa (00JIacTh PEaNbHBIX 3HAYCHUH W,),
MoJTyueHHast Ha ocHoBaHUU peteHus (2). Cepus kpu-
BBIX Ha PHUC. 3, a, COOTBETCTBYET paguycaM CEUCHUS
rayccosa Imy4ka w, B obmactu nuadparmsl /12, a Ha
puc. 3, 6, — paauycaM CeuCHUs IMy4Ka W, B 00J1acTH
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Puc. 3. /luarpamma yCcTOMYUBOCTH pe30HATOPA,

aKTUBHOW CpeJbl, MMOyYEeHHBIM ISl Pa3NAYHBIX 3HA-
4YeHuil poKyca KOppeKTHpYIoUIeH JTUH3bI F, U ee pas-
JIMYHBIX MOJOKEHUH B PE30HATOPE.

Kax BumHO 13 mpencTaBieHHBIX Ha puc. 2 u 3 Tpa-
(UKOB, cedeHUE MyUyKa B PE30HATOPE MOXKET CYIIECT-
BEHHO MCHATHLCS KakK Ha anepTypHoil aumadparme 12,
TaK ¥ B 00JIACTH aKTUBHOM Cpeibl.

[Ipenoxennas pacueTHas METOAMKA I103BOJIAET
chopMUpPOBaTh TAKHE 3HAYCHHS MapaMmeTpoB F|, F)
U L, ISt KOTOPBIX HU3IIAs MONepevyHas Mo/ia pe3oHa-
Topa (3HAUYEHUS W, U W,,) HaUIy4dIuM oOpa3oM 3a-
MOJHSIA OBl aKTUBHYIO Cpelly M MMela HU3KHE IMoTe-
pu Ha nuadpparme J[2. Caemyer, 0JHAKO, OTMETHTb,
YTO aHaju3, TMpPOBEJIEHHBIH B pamMKax ammapara
ABCD-Matpu1, BBIIOTHIECTCS B MPUOJIMKEHUH Tayc-
COBOM HH3LIEHW MOABl YCTOMYHMBOIO pE30HATOpA.
Crtporo roBopsi, 3TO MNPHOIMKEHHE BEPHO TOJBKO
JUTSL PEe30HATOPOB € "rayccoBbIMHU" 3epKanamu [3] iu-
00 B ciyyae, KOrAa IWaMeTp JKECTKHX auadparm
B PE30HATOPE 3aMETHO IPEBBIIIAET pa3Mep CEUeHUs
HU3IIEH Moabl U AU(PaKIMOHHBIE MOTEPU OKa3bIBa-
I0TCSl HE3HAYUTENbHBIMU. [l03TOMY Ha MpakTHKe OKa-
3BIBAETCSI YPE3BBIYAIHO Ba)KHBIM BOIIPOC COOTHOIIIE-
HUSI MEXIy pa3MepaMu arnepTypHBIX auadparm B pe-
30HaTOPE U ONTHMAJILHBIM pPa3MepOM HM3ILEH raycco-
BOM MOJBI, IPU KOTOPOM PEAIU3YETCST OJHOMOJIOBBII
PEXHUM C MAKCUMAaJIbHOW MOIITHOCTBIO T€HEpalHH.

Jlis aHanu3a 3TOr0 COOTHOIIEHHS MCIIOIb30BAJICT
BOJIHOBOM TOAXOJI ONMUCAHMA MOJ] pe3oHaTopa. Pacue-
THI, YUHUTBIBAIOMINE TUPPAKIUOHHBIE d(PEKTH, Mpo-
BOJMJIMCH Ha OCHOBE IIMPOKO HCIIOJIb3YEMOW B JIUTE-
paType METOAMKH paclIeIUIEHUs IO IpoleccaMm IH-
¢bpakuun u yCHICHUS-pePpaKkIiH MPHU PELICeHUH 3a-
nmaun Komm HaxoxaeHus: cOOCTBEHHBIX (DYHKIIMIA 3a-
MOJIHEHHOTO aKTUBHOM Cpenioit pe3onaropa [4]:

2ikdEi + i+i E. =
dz ox oy]
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MOCTpOEHHas B koopauHaTax (F,, L)

=[g(x,3.2)+7(x.2) |E. 3)

c E(L)y=r,E (L),
E (0)=E (0), toe E(x,y,z) — KOMILJICKCHOE CBETO-
BOE TIOJIE, CBA3aHHOE C MHTEHCHBHOCTBIO CBETa BhIpa-

JKEHHEM ](x,y,z)=|E(x,y,Z)|2. 3necy k = 2m/A,

Ao JUIMHA  BOJHBI W3Iy4YeHHd, a g(x, y, z)
U ¥(x, ¥, z) — KO3(h(UIUCHT YCUJICHUS U MACCUBHbBIC
MOTEPHU B pe30HATOPE.

Koadduuuent ycnnenus: paccunThIBaJICS Ha OCHO-
BE KHHETHUECKUX YPaBHECHHIA:

N,+N,=N,
N, =W,N, — BgN, —N%.
2

3neck Ny 1 N, — HaCEeIeHHOCTH HMXKHETO U BEPXHETO
JIa3epHOTO ypPOBHEW COOTBETCTBEHHO, W, — Moml-
HOCTh Hakauykd, ¢ — KO03()(UIHUEHT ycuieHus, B —
CEUEHHUE JIa3epHOro TEepexona, T, — BpPeMA KHU3IHU
BO30Y>KIEHHOIO COCTOSIHUA, N, KOHLEHTpALHs
nonos Nd ™.

Pacder m3nydenus B pe3oHaTOpE MPOBOIUIICS UTE-
pPalMOHHBIM CIIOCOOOM: IIOCJE pacdyera CBETOBOTO
MOJISl TIEPECUYHTHIBAICA KOO(PPHUIMEHT YCHICHHS aK-
TUBHOM Cpellbl, COOTBETCTBYIOIIMHA pPAaCIpEIEICHUIO
WHTEHCHBHOCTH CBETa B aKTMBHOU cpejie, 3aTeM Ipo-
HCXOAMJ MEepPEXO/] Ha HOBBIM IIar Mo BpeMeHu. [Ipu
JIOCTATOYHO BBICOKOI CEeNeKLMU MO/ IO MmoTepsM (or-
penensieMbIM pa3MepaMH  OTPAHWYHBAIOMINX  THa-
¢parmM) HTEpaMOHHBII MpOLECcC YCTaHABIMBAICA
K HU3IIEeW momepedyHoi moje. B mpoTuBHOM ciiyuae

TpaHUYHBIMU YCIIO0BUAMHA

4)

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 1



TBEPJIOTEJIBHBIN JIA3EP JJIs

a
-100
-200
2
& -300
w
-400
500 T T T ]
500 1000 1500 2000 2500 3000
F1, Mm

HAYYHBIX UCCJIEJOBAHMA I 59
0
1 J—
N 1
08 — 2
3
. 4
P
=
G 06 —
]
S
04 —
0.2 T I T l I ‘ I | I |
500 1000 1500 2000 2500 3000
Fq, MM

Puc. 4. PesynbraTs! pemenus ypasaenus (2) npu w,= 0.9 (1), 0.8 (2), 0.7 (3) u 0.6 mm (4)

N 06 —
_ - |
1 —
/ 2 05 _\
3 Puc. 5. 3aBucumocts pa-
s 08 - s 1 = JaMyca  CeYeHHs  MydKa
f— . 4 50'4 . B IUIOCKOCTH JHa(parmsl
246 A Y 12 (a) n akTUBHOHM cpenpbl
] (6) OoT TOJOXXEHWS JIMH3BI
| 5 i _\4 JI2 B pesonatope ansa F, =
o441 1t L—rT ; =105 (1), 112 (2), 120 (3),
: 1 2 130 (4) m 135 mm (5)
1
OAZ | T ‘ T | T | T I 02 T ‘ T | T ‘ T ‘ T ‘
800 820 840 860 880 900 800 820 840 860 880 900
Lq, MM Lq, mm ;
a 0

HaOIroaNICsl peXUM OMEHHS MOJI, COOTBETCTBYIOLIHI
MHOTOMOJIOBOMY PEXHMY T€HEpaIny.

Pe3ynbratel pacyera nazepHON MOJBI IPU pa3iIvy-
HBIX COOTHOWICHWSX W, ¥ JHaMeTpa amepTypHBIX
muadparM B pe30oHATOpE MPHUBEICHBI B CIIEIYIOIIEM
paszzeie.

PE3YJIbTATHI YACJIEHHOW ONITUMU3AIIANA

Jns pemieHus 3afadd ONTUMM3ALUHU BBIPAXKEHHUE
(2) paccmaTpuBanoOCh Kak ypaBHEHHE OTHOCHUTEIHHO
HEU3BECTHBIX TMapaMeTpoB pezoHaropa (£, Fr u Ly),
a 3HauCHUE W, HCIIOJIb30BAIOCH KAK IapaMeTp 3TOro

HAVYYHOE [NPUBOPOCTPOEHME, 2022, Tom 32, Ne

ypaBHeHusl. PesynpTaTel pemieHuss ypaBHeHHs (2)
MIpeICTaBIICHBl HA puc. 4, TAE JUISI HECKOIBKUX (PUK-
CUpPOBaHHBIX 3HAUEHUI pa3Mepa IMydKa w, IpUBEIEHbI
3aBHCHMOCTH (POKYCHOTO PAaCCTOSIHHSI KOPPEKTHUPYIO-
mei smH3El JI2 (a) W pagmyca cedeHHA Iydka
B aKTHUBHOU cpelie W, (0) Mpu pa3inuvHbIX 3HAYCHUSIX
¢doxycHoro paccrosHus nuH3bl JI1. PacueTrsr mpose-
neHbl juis Ly = 870 MM 1 POKYCHOTO pacCTOSTHUS TeTl-
noBo# nUH3BI F3 = 170 MM, COOTBETCTBYIOIIEH TOKY
Hakauku nopsiaka 20 A [1].

W3 mpexncraBneHHBIX TpaduKOB BUAHO, YTO IS
pasMepoB cedeHus mydka w, oT 0.6 10 0.9 mm ("coot-
BeTcTBYIOIMX" nuameTpy naumadparmel [2 D

1
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=2.5 MM) (OKycHOE pacCTOSHHE OTpULATEIbHON
nuH3bl JI2 cnepyer BeiOupath B oOmactu oT —100
mo —130 MM npu pokycHOM pacctossHuE JUH3E! JI1
B obnmactu 1100-1200 mMm. [Ipu sToM paamyc mydka
B aKTHBHOM cpefe w,. coctaBiser 0.4—0.5 mm.

[Tpu BEIOOpE MapaMeTpoB pe30HATOPa BasKHBIM SIB-
JISIETCS BOMTPOC O BO3MOXKHBIX OTKJIOHEHHUSAX PeabHBIX
3HaYeHUH ONTHUMU3UPYEMBIX IMapaMeTPOB PE30HATOpa
OT HOMHUHAJIbHBIX 3Ha4eHUU. Ha puc. 5 npezacrasiieHsl
rpa UKy, AEMOHCTPUPYIOIIUE 3aBUCUMOCTH PAJHyCOB
My4YKa B PE30HATOPE OT CMEIIEHUS KOPPEKTUPYIOIIEeH
JMH3El JI2 oTHOCcHTENBHO MOnoKeHUus L; = 870 MM,
NpUHATOTO Ha puc.4. 3aBUCUMOCTH IOJIYYEHBI
JUTSI HECKOJTBKUX (DUKCHPOBAHHBIX 3HAYeHHUN F, BOIH-
31 00J1aCTH ONTUMANIBHBIX 3HaYeHui. Kak BuaHO, pn
MIPOJIOJIGHOM CMEIICHUH JUH3BI Ha 20 MM CEYCHHS
ITy4Ka MOTYT MEHATHCS B npenenax ot 10 1o 20%.

[IpuBenenHble BBIIE pPE3YIbTATHl ONTHMHU3ALUU
pe3oHaTopa MOJIy4eHb! i (PUKCUPOBAHHOTO 3Haue-
HUSI (DOKYCHOT'O PAcCTOSIHUSI TEIUIOBOM JHUH3BI [ =
=170 MM, COOTBETCTBYIOIIECH TOKY HAKauKH ITOPSIIKA
20 A. B cBs13u ¢ 3TUM IPEACTaBISAET HHTEPEC OLIEHKA
YyBCTBHTEIHHOCTH MOJBI PE30HATOpa K HM3MEHEHHIO
TOKa Hakauku. Ha puc. 6 nmpusenens! rpaduku n3me-
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— T T T T T T
180 200 240
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HEHUs PaJuycoB CEUYEHHs IydKa B pe30HATOpe NpHU
BapbUPOBAaHUM ONTHUYECKONW CHUJIbI TEIUIOBOW JIMH3bI
F5, XapakTepHU3yolue 1aHHYIO 3aBUCHMOCTB.

W3 npencraBneHHBIX JaHHBIX BUAHO, YTO B 3aBH-
CUMOCTH OT ONTHYECKOW CHIIBI JIMH3bI, HAaBEJCHHOU
B aKTHBHOW cpene, NMPpM H3MEHEHHH TOKa HaKadKu
ot 18 1o 20 A [1] ceueHue rayccoBa mydka B pe30Ha-
TOpE MEHSETCSl CYIIECTBEHHBIM 00pa3oM, YTO HEW3-
0exHO OyIleT CKa3bIBaThCS Ha YCTOWYMBOCTU TeHepa-
MU, B 3THX ycioBHsAX cTaOMIN3HPOBATH XapaKTepH-
CTUKH M3JIy4EHUs Jla3epa BO3MOXKHO IIyTE€M MPOJIO0JIb-
HOTO CMeIleHHs JuH3H JI2 B onTHMaibHOE IMOJIoXKe-
HUE JJIsl TEKYIIEro TOKa HaKa4yKH (CM. TaKxKe pHc. 5).

Takum 00pa3om, pacdeTbl, TPOBEACHHBIE B TPH-
ONMKEHUH KBa3MTE€OMETPHUYECKON ONTHKH, MO3BOJIH-
JU TOJYYHUTh MapaMmeTpsl pe3oHatopa (Fy, F, u L),
o0ecreurBaloue pasMepsl HU3MIECH MOIBI W,, OJH3-
KHe K JuaMeTpy amepTypHod amadparmer 2. Jlns
OKOHYATEIBLHOTO BHIOOPa ONTHMAIBHOTO 3HAYCHUS W,
MPOBOAWINCH AU(PAKIMOHHBIE pacdeTsl (110 OMMCaH-
HOM BBIIIE METOJMKE) C TapaMeTpamMH pe30HaTopa,
MOJIyYEHHBIMU B XOJI€ KBa3UI€OMETPHUYECKOW OINTH-
MU3ALUH.

02 4——F7 7171 717 17 T T 1

220
F3, MM

Puc. 6. 3aBucumocts pagauyca mydka Ha auadparme J[2 (a) u B akTiBHOM cpeze (0) oT (OKYCHOTO paccTOsIHUS
TeruioBoM MuH3bI F3 ipu F, =112 (1), 119 (2), 125 (3) u 130 mMm (4); L,=870 mm, F;=1000 mm

HAVYYHOE ITPUBOPOCTPOEHMUE, 2022, Tom 32, Ne 1
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[Tpumep pe3ynbTaToB AWGPAKLIUOHHOTO pacyeTa
NpeACTaBIeH Ha pUc. 7, Tle M300pa)KeHbl MPOCTpaH-
CTBEHHBIE CTPYKTYPBI U3IIyUECHHUS B PE30HATOPE, COOT-
BETCTBYIOIIIME CTAIIMOHAPHOU rayccoBoit Moje "pabo-
TafImero” B OJHOMOJOBOM PEXHUME pe3oHaTopa (a)
W OJHOMY W3 MIHOBEHHBIX HPOCTPAaHCTBEHHBIX pac-
MIpeJIeIeHnii WHTEHCUBHOCTH W3JIY4YEeHHS, ITPEICTaB-
nsromeMy co0oi Cymeprno3ulMI0 BBICIIMX IONepey-
HBIX MOJ] pe30HaTOpa MPHU MHOTOMOJIOBOM IreHepalruu
(0). Pacuer BHIMONHEH IS KOMILIEKCA MapaMeTpOB,
BbIOpaHHbIX BhIime: F, = 1000 mMm, F, = —125 mm
(wo =0.7Mm), F5 =170 MM, L; = 870 Mmm.

Pe3ynbrarel pacuera 3aBUCMMOCTH MOIIHOCTH Te-
Hepaluu OT nuamerpa nuadparmel 2 mms deTsipex
paccMaTpuBaeMbIX 3HAUYCHUHM PpajnycoB My4yKa W,
nmpuBeAeHBl Ha puc. 8. Kak m ciemoBano 0XXKHIATh,
C YBEIMYEHUEM alepTypbl Pe30HATOPa PacTeT MOLI-
HOCTh BBIXOJHOTO u3nydeHus. llpudyem Hapactanue
MOIIHOCTH IIPOUCXOJUT HEPABHOMEPHO, YTO CBS3aHO
¢ u3MeHeHneM umciaa OpeHens pe3oHaTopa A Kax-
JIOTO 3HaueHus: D 1 BapbUpPOBAaHUEM YCJIOBUU UHTEP-
(epeHurn BOJIH, PaclpOCTPAHSIOUIMXCS B PE30HATO-
pe. Hacwimenne nmpupocta MOMIHOCTH HaOIOaeTcs,
KOTJa Iy4YOK IPU YBEIMYEHUH [ HaunHAeT BUHbETH-
poBatbkcs He auadparmoii J[2, a anepTypoit akTHBHOM
cpensl (cM. KpuBsie 1 u 2).

0.8 —
@ 04—
I
'—
5 i
5
3 i
Q.
0.2 —
0 — i i \
1 2 3 4 5
D, mm

Puc. 8. 3aBucHMOCTh MOIIHOCTH M3Iy4EHHUS OT JAUaMETpa
mradparMel [I2 mpu pa3nuYHBIX MapamMeTpax pe3oHaTopa,
cooTBercTBYOIWX w, = 0.6 (1), 0.7 (2), 0.8 (3) u 0.9 Mm

(4)

Ha pucynke nmyHKTUpPHOW KpHBOW OTMEYEHA Ipa-
HHULA [Iepexoa FeHepaluu U3 OJHOMOJOBOIO B MHO-
TOMOJIOBBIA pexuM. Kak BHIHO, HEOOJBIION BBIUT-
PBIII B MAaKCUMAJIBHOM MOIIHOCTH I'€HEPALUU, KOTO-
PYIO MOXHO JOCTHYb B OJTHOMOJIOBOM PEKHUME, UMEET
pe3oHaTop, CKOH(UTYPUPOBAHHBINA MOJ paanuyc cede-
HUS MOIBI W, = 0.6 MmM. OHaKO, KaK MOKa3all pacyer,
TaKoW pe3oHaTop OoJjiee YyBCTBHUTENEH K (PIyKTyauu-
SIM ONTUYECKOM CWIIBI TEPMOJIMH3BI, U TIE€HEpalus
B OTOM CIydae MOXeT ObITb MEHee YyCTOM4YHMBa
10 CPAaBHEHHUIO C IPYTUMU BapUaHTAMU [1apaMETPOB.

Heo6xonumo OTMETHTbH, YTO BCE€ TOYKHM HA IyHK-
TUPHOW KPHBOH, OrpaHUuYMBaromeii 061acTe OJHOMO-
JIOBOM TreHepaluu, C XOpOoIed TOYHOCTBIO YIOBIIE-
TBOPSIOT COOTHOLICHHUIO

D=35-w, (5)

KOTOpOE CBSA3BIBACT pa3Mephbl rayccoBa ITydKa, I'eHe-
pUPYEMOTO B pE30HATOPE, C OUAMETPOM OTPAHNYH-
Batoiet ntnadpamsl J2.

BBIBO/IbI

B 3axiroueHre OTMETHM, YTO IJIs pacyera napa-
METPOB PE30HATOPa TBEPAOTEILHOIO JIa3epa ¢ JJIMHOU
1m0 1.5 M, paboTaromiero B pexxuMe OJHOW IOIeped-
HOW MOIBI ¢ ONMM3KOM K AMGPAKUMOHHOW YTIOBOH
PacXOUMOCTBIO ITy4YKa U MAKCUMAJILHON MOIIHOCTBIO
TeHepaluy, HEeOOXOINMO MPHIEPKUBATHCS CIEAYIO-
e METOJINKU.

AKTHBHas cpella KBaHTPOHA pacIioyiaraercsi BOIH-
3M IIyXOro IUIOCKOIO 3€pKajla pe30HaTopa, B COCTaB
pe30HaTopa JOIMOJHUTEIBHO BBOJSTCS JIBE KOMIICH-
CHpYIOIIME JIMH3BI: OTpULATENIbHAsA, pacrojaracmas
BONM3M KBAHTPOHA, W TOJOXHUTEIbHAs, pacroyiarae-
Masl Ha paccTosiHUU L OT Hee.

[IpoBoautcst oneHka QOKyCHOro paccTosiHus F3
TEIJIOBOU JIMH3bI, HABEJCHHOW B MPUMEHAEMOM KBaH-
TPOHE TPH 33JaHHOM TOKE IHOJIHOM HaKauKu.

st 3agaHHOM anepTypsl BEIXOJHOTO IyYKa J1a3epa
(mmamerpa amepTypHOd amadparmbl D) Ha OCHOBE
BEIpakeHHd (5) ompeensercs HeoOXOAUMEBI pa3mep
CEYeHUSs TayCccoBa IMy4Ka W, B ITIOCKOCTH JUa(parmbl.
3aTreM Ha OCHOBAaHMM IIOJYYEHHOTO 3HAYEHUS W,
U OLUEHOK ONTHYECKOW CHJIbl TEIUIOBOM JHMH3BI [
M0 TPHUBEACHHON BBIIIE METOAMKE PAacCUUTHIBAIOTCS
(dhoxycHbIe paccTostHUS F| 1 F) ¥ TIOJIO)KEHUE KOPPEK-
TUPYIOILMX JIMH3 B PE30HATOPE.

Paboma evinonwena npu Quuancosol nodoepoicke
Munobprayku P® 6 pamkax eocyoapcmeennozo 3a0anus
No 075-00913-21-01 "Memoowtr ynpaenenusi napamempamu
U3TYHeHUs. M8epOOMeNbHO20 1A3epa ¢ NOMOWbLIO NepeKiio-
yaemozo unmepghepomempa Matixenovcona”.
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SOLID STATE LASER FOR SCIENTIFIC INVESTIGATIONS
WITH COMPENSATION OF A THERMAL LENS IN THE CAVITY.
II. METHOD AND RESULTS OF NUMERICAL CALCULATIONS

A. Yu. Rodionov, D. A. Goryachkin, E. N. Sosnov, V. I. Kuprenyuk

The Russian State Scientific Center for Robotics and Technical Cybernetics (RTC), Saint Petersburg, Russia

This article is the second part of our report on the study under the common title, the first part of which has
the subtitle "I. EXPERIMENTAL RESULTS". The series of two papers highlights the method of numerical op-
timization of the configuration of a laser resonator and its experimental verification.

The described method makes it possible to calculate the focal lengths of corrective lenses and their location
in the resonator based on the known parameters of the thermal lens and the given characteristics of the output
laser beam by means of quasigeometric optics, with subsequent diffraction refining.

Keywords: laser head, induced thermal lens, Gaussian beam, correcting lens, aperture stop

INTRODUCTION

The purpose of the numerical optimization of the
resonator, the optical scheme of which is shown in
Part 1 of this study [1], was to determine the parame-
ters of the correcting elements of the resonator:
the foci of the lenses JI1 and JI2 and the distance be-
tween them (F, F, and L;) in order to provide stable
generation in the lowest ( Gaussian) mode under con-
ditions of maximum emission power, specified light
apertures of the active medium (laser head GN-50)
and a block for modulating losses in the resonator
(diaphragm /I2). The optimization was carried out
using the method for calculating resonators based on
ABCD matrices. This method makes it possible to es-
timate the radius of the cross section of a Gaussian
beam, which is an eigenfunction (mode) of the resona-
tor (i.e., reproduced at each pass through the resona-
tor). The optimization problem was to determine the
set of variable parameters of the resonator, that would
make the losses of the lowest mode at the diaphragm
J2 sufficiently small while the higher transverse
modes would be effectively "filtered out" by this di-
aphragm.

Combining a large enough number of resonator pa-
rameters yields the optimal beam radius w, that meets
this condition. The advantage belongs to the resonator
scheme, which mode fills the active medium most
completely and ensures the maximum removal of
the pump energy. As a result, the values of the radii
of the sections of the Gaussian beams of the resonator
mode, w, and w,, in the planes of the diaphragm /12
and the active medium, were used as a quality crite-
rion in the numerical optimization.
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CALCULATION TECHNIQUE

The equivalent resonator circuit for calculations is
shown in Fig. 1.

Fig. 1. Equivalent resonator circuit for calculations.
F,, F,, F; — focal lengths of corrective lenses and
thermal lens of the active medium; L1 —distance be-
tween lenses JI1 and JI2; T;—Tsand N;—N, — designa-
tions of free space matrices and quadratic phase cor-
rectors, respectively; 31, 32 — plane mirrors

When using the ABCD-matrix method to estimate
the parameters of a Gaussian beam in a resonator,
a complex beam parameter ¢ is introduced [2]. At the
intensity level ¢ ' this parameter is related to the beam
section radius w by the ratio:

1 1 i
—=—+ .
g R v

The complex parameter of the beam ¢ during prop-
agation through a resonator containing areas of free
space and quadratic phase correctors (lenses, mirrors)
changes in accordance with the expression:

Aq,+ B
Cq,+D’

Qiﬂ = (1)

where 4, B, C and D are the elements of the resonator
ABCD-matrix.

ABCD-matrix of propagation at a distance L in free
space has the form:

1
0

L
1

b
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and, when passing through a lens or mirror:
1 0
C-/F 1

B

where £ is the focal length, which is considered posi-
tive for positive lenses and concave mirrors. Any
complex optical system can be described using
an ABCD-matrix, obtained by multiplying its consti-
tuent parts.

Fig. 1 shows the equivalent optical scheme of
the resonator under consideration, divided into sepa-
rate elementary segments described by T and N types
of ABCD matrices. The ABCD-matrix of a complete
round trip of the emission along the resonator (from
diaphragm /12 to mirror 1 (31), then back to mirror 2
(32) and diaphragm [12) looks this way:

T Ty-To-N;-T3-Na- T4 N3-Ts5-Ts-N3- Ty Np-T3-Ny - T,

Here NV; is the matrix of the equivalent thermal lens of
the laser head, the remaining designations of
the ABCD-matrices are clear from the figure.

The Gaussian beam is the resonator mode (i.e., it is
reproduced with an accuracy of a constant after
a complete round trip along the resonator), if the

Ag+B
Cq+D
equation can be written in the following form

2|B]

— 2
J4—(4+DY @

Based on solution (2) and with the use of expres-
sion (1), it is easy to obtain the parameters of a Gaus-
sian beam in any plane of the resonator. For example,
Fig. 2 shows the results of calculations in the form of
the dependence of the cross-sectional radius w of
a Gaussian beam in the resonator from the longitudin-
al coordinate z for various values of F,. The dotted
lines in Fig. 2 show the positions of the lenses with
foci £}, F» and the thermal lens with focus F5.

equality ¢g = is satisfied. The solution to this

kw; =

Fig. 2. Dependences of the radius w of the cross sec-
tion of a Gaussian beam in the resonator on the longi-
tudinal coordinate z.

At focal lengths F»: 1 — 90,2 —100,3 — 110, 4 —
130 mm; F3 =170 mm; F; = 1000 mm; L, = 870 mm

Fig. 3. Resonator stability diagram plotted in coordi-
nates (F%, L)
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Fig. 3 shows the diagram of the resonator stability
(the region of real values of w,). The diagram is ob-
tained on the basis of solution (2). In Fig. 3, a, a series
of curves corresponds to the radii of the section of the
Gaussian beam w, in the region of the diaphragm /12,
in Fig. 3, 6, — to the radii of the beam section w,. in
the active medium region (the radii are obtained for
various values of the focus of the correcting lens F,
and its various positions in the resonator).

Figs. 2 and 3 show that the cross section of the
beam in the resonator can change significantly both at
the aperture stop /12 and in the region of the active
medium.

The proposed calculation method allows for form-
ing values of the parameters F, F, and L, for which
the lowest transverse mode of the resonator (values of
w, and w,.) fills the active medium in the best way
and has low losses in the diaphragm J[2. However, it
should be noted that the analysis carried out using the
ABCD-matrix is performed in the case of the Gaussian
lowest mode of a stable resonator. Strictly speaking,
this case is true only for resonators with "Gaussian"
mirrors [3] or if the diameter of rigid diaphragms in
the resonator noticeably exceeds the size of the cross
section of the lowest mode, and the diffraction losses
turn out to be insignificant. Therefore, in practice
the issue of the relationship between the size of the
aperture stops in the resonator and the optimal size of
the lowest Gaussian mode, at which the single mode
operations with the maximum generation power are
carried out, become extremely important.

To analyze this relationship, we used the wave ap-
proach to describe the modes of the resonator. Calcu-
lations taking into account diffraction effects were
carried out on the basis of the method of splitting into
diffraction and amplification-refraction processes,
widely used in the literature, when solving the Cauchy
problem of finding the eigenfunctions of a resonator
filled with an active medium [4]:

2ikdEi Jr{i+i}E+ =

dz ox oOy)
=[g(x.2.2)+7 (x.0.2) ] E. 3)
with boundary conditions E (L)=rE (L),

E, (0)=E (0), where E(x,y,z) is a complex light field
linked to light intensity via the expression
I(x,,2)=|E(x,y.2)[ . Here k = 2n/ko, Ao is the

emission wavelength, and g(x, y, z) and y(x, y, z) are
the gain and passive losses in the resonator.

The gain was calculated using the kinetic equa-
tions:
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N, +N, =N,
M:@M—mm—%{.
2

Here N, and N, are the populations of the lower and
upper laser levels, respectively, W, is the pump power,
q is the gain ratio, and B is the cross section of the
laser transition, 7, is the lifetime of the excited state,
N, is the concentration of Nd* ions.

The calculation of the emission in the resonator
was carried out in an iterative manner: after calculat-
ing the light field, the gain of the active medium was
recalculated, corresponding to the distribution of the
light intensity in the active medium, and then a transi-
tion to a new time step took place. In the case of
a sufficiently high selection of modes by losses (de-
termined by the size of the limiting diaphragms), the
iterative process was set to the lowest transverse
mode. Otherwise, a mode beat corresponding to the
multimode lasing was observed.

The results of calculating the laser mode for vari-
ous ratios of w, and the diameter of the aperture stops
in the resonator are presented in the next section.

4

NUMERICAL OPTIMIZATION RESULTS

To solve the optimization problem, expression (2)
was considered as an equation for the unknown para-
meters of the resonator (£, F, and L) and the value
w, was used as a parameter of this equation.

Fig. 4. Results of solving equation (2) for w,= 0.9 (1),
0.8 (2),0.7 (3) and 0.6 mm (4)

The results of solving equation (2) are shown in
Fig. 4, where the dependences of the focal length of
the correcting lens JI2 (a) and the radius of the beam
section are shown in the active medium w,. (6) for
various values of the focal length of the lens JI1 and
a number of the beam sizes w,. The calculations were
carried out for L; = 870 mm and the focal length of the
thermal lens F53 = 170 mm, corresponding to
a pump current of about 20 A [1].

The presented graphs show that the focal length of
the negative lens JI2 should be selected in the range
from —100 up to —130 mm for the beam cross-section
dimensions w, from 0.6 to 0.9 mm ("corresponding"
to the diaphragm JI2 diameter D = 2.5 mm) in case of
the focal length of the lens JI1 in the range of 1100—
1200 mm. The beam radius in an active medium w, is
0.4-0.5 mm.

When choosing the parameters of the resonator, the
important issue is possible deviations of the real val-
ues of the resonator optimized parameters from

the nominal ones. Fig. 5 presents graphs showing
the dependence of the beam radii in the resonator on
the displacement of the correcting lens JI2 relative to
the position L; = 870 mm depicted in Fig. 4. Depen-
dencies were obtained for several fixed values of F,
near the region of optimal values. As can be seen, the
beam cross sections can vary from 10 to 20% with
a longitudinal displacement of the lens by 20 mm.

Fig. 5. Dependence of the beam section radius in the
plane of diaphragm /12 (a) and active medium (0)
from the position of lens JI2 in the resonator for F, =
=105 (1), 112 (2), 120 (3), 130 (4), 135 mm (5)

The above results of resonator optimization were
obtained for a fixed value of the focal length of
the thermal lens F3 = 170 mm, corresponding to
a pump current of about 20 A. It is of interest to esti-
mate the sensitivity of the cavity mode to a change in
the pump current. Fig. 6 shows the change in the radii
of the beam cross section in the resonator in response
to varying the optical power of the thermal lens F3:
these graphs depict the dependence.

Fig. 6. Dependence of the beam radius in the diaph-
ragm /12 (a) and in the active medium (0) on the focal
length of the thermal lens F; for F, =112 (1), 119 (2),
125 (3), 130 mm (4); L, = 870 mm, F;= 1000 mm

From the presented data, it can be seen that, de-
pending on the optical power of the lens, induced in
an active medium, with a change in the pump current
from 18 to 20 A [1], the cross section of a Gaussian
beam in the resonator changes significantly, and this
inevitably affects the stability of generation. Under
these conditions, it is possible to stabilize the charac-
teristics of the laser radiation by longitudinal dis-
placement of the lens JI2 to the optimal position for
the acting pumping current (see also Fig. 5).

Thus, the calculations carried out in the case of qu-
asi-geometric optics made it possible to obtain
the resonator parameters (F, F,, and L), providing
the dimensions of the lowest mode w,, close to the
diameter of the aperture stop /12. For the final choice
of the optimal value of w, , diffraction calculations
were carried out (according to the method described
above) with the resonator parameters obtained in the
course of quasi-geometric optimization.

An example of the results of diffraction calcula-
tions is shown in Fig. 7, which depicts the spatial
structures of emission in the resonator, corresponding
to (a) the stationary Gaussian mode of the resonator
"operating" in the single mode and (0) one of the in-
stantaneous spatial distributions of the emission inten-
sity, which is a superposition of the highest trans-
verse modes of the cavity in multimode generation.
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The calculation is performed for a set of parameters
selected above: F|, = 1000 mm, F, =—125 mm (w, =
=0.7 mm), F; =170 mm, L; = 870 mm.

Fig. 7. Beam intensity distribution in diaphragm /2.
Diaphragm diameter: a— D =2.5,6 — D =5 mm

The results of calculating the dependence of the
lasing power on the diaphragm /I2 diameter for the
four considered values of the beam radii w, are shown
in Fig. 8. As you would expect, with an increase in
the cavity aperture, the output emission power also
increases. Moreover, the increase in power occurs un-
evenly, because of a change in the Fresnel number of
the resonator for each value of D and a variation in the
conditions of interference of waves propagating in the
resonator. Saturation of the increase in power is ob-
served when the beam with an increase in D begins to
vignette not with the diaphragm /12, but with the aper-
ture of the active medium (see curves 1 and 2).

Fig. 8. Dependence of the emission power on the
diaphragm /12 diameter for various cavity parameters
corresponding to w, = 0.6 (1), 0.7 (2), 0.8 (3), and
0.9 mm (4)

In the figure the dashed curve marks the boundary
of the transition of lasing from single mode to multi
mode operation. As can be seen, a resonator confi-
gured for the mode section radius w, = 0.6 mm has
a small gain in the maximum lasing power, which can
be achieved in the single mode operation. However, as
the calculation showed, such a resonator is more sen-
sitive to fluctuations in the optical power of the ther-
mal lens, and generation in this case may be less sta-
ble compared to other options.

It’s worth noting that all points on the dashed
curve that bounds the region of single mode genera-
tion, accurately satisfy the relation

D=3.5-w, ®)

which relates the dimensions of the Gaussian beam
generated in the resonator to the diameter of the con-
fining diaphragm J12.

Contacts: Goryachkin Dmitry Alekseevich,
d.goryachkin@rtc.ru
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CONCLUSIONS

In conclusion, we note that to calculate the resona-
tor parameters of a solid-state laser with a length of up
to 1.5 m, operating in a single transverse mode with
an angular beam divergence close to the diffraction
angle and maximum lasing power, it is necessary to
adhere to the following procedure.

The active medium of the laser head is located near
a flat plane mirror of the resonator; two compensating
lenses are additionally introduced into the resonator:
a negative one, located near the laser head, and a posi-
tive one, located at a distance L; from the former.

An assessment is carried out for the focal length £
of a thermal lens, induced in the applied laser head at
a given current of diode pumping.

On the basis of expression (5), the required size of
the cross section of the Gaussian beam w, in the plane
of the diaphragm is determined for a given aperture of
the laser output beam (with aperture stop diameter D).
Then, based on the obtained value of w, and estimates
of the optical power of the thermal lens F; according
to the above method, the focal lengths of /| and F,
and the position of the correcting lenses in the cavity
get calculated.

REFERENCES

1. Goryachkin D.A., Rodionov A.Yu., Sosnov E.N., Kupre-
nyuk V.I. [Solid state laser for scientific investigations
with compensation of a thermal lens in the cavity. 1. Ex-
perimental results]. Nauchnoe Priborostroenie [Scientific
Instrumentation], 2022, vol. 32, no. 1, pp. 48-55. DOI:
10.18358/np-32-1-14855 (In Russ.).

2. Bykov V.P., Silichev O.0. Lazernye rezonatory [Laser re-
sonators]. Moscow, Fizmatlit Publ,, 2004. 320 p. (In
Russ.).

3. Anan'ev Yu.A. Opticheskie rezonatory i lazernye puchki
[Optical resonators and laser beams]. Moscow, Nauka
Publ., 1990. 264 p. (In Russ.).

4. Siegman A.E., Szikclas E.A. Laser Resonators with Pola-
rizing Elements. Appl. Optics, 1974, vol. 13, no. 12,
pp. 2775-2782. -

Article received by the editorial office on 17.11.2021



