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NA3EPHOE BO3BYXAEHUE MOBEPXHOCTHbLIX AKYCTUYECKNX
BOJIH B PEPPOMAIHETUKE NPU TENNOBOM MEXAHU3ME

C.I0. M'ypesuy, E.B. Nonybee

JaHo TeopeTHYeckoe OMHCAHKE NMPONECca Ja3epHOi reHepauMH HMITY/IbCOB NMOBEPXHO-
CTHBbIX AKYCTHYeCKHMX BO/IH B ¢deppoMarneTnke. MeToaamMu 4HcIeHHOTO HHTErPHPOBA-
HHS PaCcCYHTAHLI MAPAMETPLI aKYCTHYECKNX MMIY/ILCOB. YUTEHA TeMuepaTypHad 3a-
BHCHUMOCTL K03(¢HUIHEHTa TEIJIOBOI0 paclinpeHHs (peppoMarHeTuka U KoHevHoe 3Ha-
YyeHHe CKOPOCTH pacrpocTpaHeHHs Tenna. TeopeTndecKkHe BHIBOABI NOATBEPKAANTCH
pe3ybTaTaMH 3KcllepHMEHTa.

[Ipu moOrNomEeHHH KOPOTKOIO J1a3epHOro MMITYJIbCA B METaieé BO3HHKAIOT aKyCTUUECKHE BOJHBI,
KOTOpBIE€ TPU MATBIX IUIOTHOCTSX 3HEPrdM 00YCJIOBIEHBI TEIUIOBBIM pacHidpenueM [1]. OcHoBHEle 3a-
KOHOMEPHOCTH SB/JIEHHS OMTHYECKOM reHepaLdy 3ByKa IIpH YMEPEHHbIX HHTEHCHBHOCTSX CBETA XOPOILO
OTIHCHIBAIOTCS B paMKaxX TeOPUH TMHEHHOH TepMoynpyroctu [2—4].

B ciayuae, xorzaa B cpezie IPOUCXOAUT (Ha30BbIi E€PeX0/] MIU MJIOTHOCTHE BBOAUMOH 3HEPTHUH BeJH-
Ka, K3MEHEeHUe NlapaMeTpoB cpelbl B Mpoliecce BO30YKASHUS CUIIBHO OTpaXkaeTcs Ha MapaMeTpax Beex
B030YKAaeMbIX aKyCTHUYeCKUX BOJH [5]. g onHcaHud OCHOBHbIX OCOOCHHOCTEH BO30YKACHUS B WK -
KOCTH [OCTATOYHO YYECTh TEMIIEPaTYPHYIO 3aBHCHUMOCTh KodhQHiMeHTa TEeIUI0OBOro pacuUIMpeHust
(KTP) cpenpbl, 4To NpHBOJUT K HEOJHOPOAHOMY BOTHOBOMY ypaBHEHHIO [6, 7].

B ¢eppoMarauTHbIX MeTainax y4er usMeHerus KTP rosBoaser omucath 3aBUCHMOCTb CHEKTpa
00BEeMHBIX BOJIH OT TeMIIEpaTyphl cpesi [8, 9].

B orpaHM4eHHBIX TBEpIbIX TeNax, KPpoMe OOBEMHBIX, BO30YKIAKOTCH W MOBEPXHOCTHBIC BOJIHBI
(3neck u nanee Bosiubl Panes, [TAB). Kak nokaszano B [10], mons sHepruun [1AB npu naseprom Bo30ysx-
JAEHHH COCTABNSAET OOsiee MOMOBUHBI OT 3HEPIryUH BeeX aKycThuieckux BosiH. Kpome Toro, cnaboe 3atyxa-
HMe U MaJiast AUCHIePCHA AENAIOT UX BeChMa MPHUBIICKATENIEHBIM CPEICTBOM YIBTPa3ByKOBOIO KOHTPOJIA.

VYyer temneparypsoit 3asucumoctt KTP B pacyere napamerpoB akyCTHUECKOTO TOJIs TIPH TSPMO-
onTHYeCKoM BO30YKESHMH B IMTEpaType MOJy4HJl Ha3BaHHE «Tensosas HeauHelHocTs» [4]. Y deppo-
MarhetrkoB HauOossuiee usMeneHne KTP npouncxoaut B okpectHocTy Touku Kropu. CeszaHo 310 ¢
}a30BeIM nipeBpaleHueM «peppo—TiapamarHeTHE». Tak, HanpuMep, y Xkenesa IIPU MarHWHTHOM (a3oBOM
niepexone Ko GUIMEHT TEIUIOBOTO paclIMperus u3MeHseTcs B naTh pa3 v 6onee [11, 12].

HanHas paboTa IMOCBSIIEHa TEOPETUIECKOMY HCCICIOBAHHIO BIMSHHUS MarHMTHOTO (a3oBoro rnepe-
X0/ia Ha napameTpsl UMIyJIscoB [TAB, Bo3GyXJaeMbIX B (heppoMarHeTHKE MMITYJILCHBIM Ja3epHBIM U3~
JyHeHHUEM.

Bynem npennonarath, YTO HOTJIOLIEHNe ONTHYECKOrO MMITYJIbCa HE NPUBOAMT K (ha30BBIM Npespa-
IEHUSM B MaTepHalle, COTTPOBOXK/IAIOIIUXCS BbIISICHAEM WM MOTNIOLICHHEM dHepruu. J[jig onucaHus
npouecca BO30YXKIEHHs BOCHOJIB3YeMCS MOAENbIO OZHOPOAHOrO YHPYroro H30TPOIHOIO MOJIyHpo-
CTpaHCTBa C YYeTOM TemneparypHoii 3aBucumMocTi KTP, n3MeHeHreM 0CTaTbHBIX NapaMeTpoB C TeMIle-
patypoil OyaeM npeseOperath,

CreneHb NIpOsIBACHHUSA TEIIOBOH HEMHHEHHOCTH OyAeM ONUCHIBATL Ge3pazMepHBIM MapaMeTpoM

g = max |o,(T) +T) ~ (TO)\/a,, (T,), (1)

0sT <6
rae T — OTK/IOHEHHE TeMIIepaTypEl OT PAaBHOBECHOTO 3HaueHHs 1y, 6 — MaKCHMAJbHEIHN CKaYOK TeMIIepaTypbl
B NOJIYIPOCTPAHCTBE, OOYCIIOBNEHHBIN IeHCTBMEM JiasepHOro ummyseca. [Ipu g << 1 xoadduumeHT Tero-
BOFO paclIMpeHus B Npolecce BO30YX/IEHHs 3BYKA MPAKTHYCCKHA HE MEHACTCS U MOXKHO IMOJIb30BaThCS IO/
xoznoM [2, 13], amipu g > 1 HeoGxomMo yuuTsIBaTh az(7) ~ TeMneparypHyo 3aBucumocts KTP.

JlasepHsplii umMmynec SyaeM XapakTepu3oBaTh paclpene/ieHUEM UHTEHCUBHOCTH [(7,2), sHeprucii W,
BpeMEHHOH (1) ¥ MpoCTpaHCTBeHHOM /(7)) hopMamu:

1,9=W I, 1,(0), @)

roe

I.()=exp(~r’/R2 )m R}, 1,()=exp(~t* 1t )/, .
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3nech NpeanoaaraeTcs, YTo OCh z HAaNpas/ieHa 110 HOpMaK K TOBEPXHOCTH BIIIyOb Cpefibl, 7 — paccTos-
HHE OT OCH IVJTMHAPHHYECKOH CHCTeMBI KOOPAMHAT, {y — UIMTEIBHOCTD J1a3epHOro UMITybea (110 KpUTe-
puto 1/e), Ry — painyc T1a3epHOro MATHA Ha MOBEPXHOCTH.

TTepBEIii 3Tan 3a7auy O reHepaLuu UMIyabcoB ITAB cBoguTCcs K pacueTy TeMIepaTypHOro 1oJjs B
deppomarneTuke. IIpoliecc Harpepa B NOJYNPOCTPAHCTBE TIPH IIOIJIOIIEHUH J1a3€PHOIO MMITY1bCa SBJIS-
eTcA BHICOKOMHTEHCHBHBIM H HECTAUMOHAPHBIM, ClIeJOBATE/IEHO, HEOOX0IUMO YUECTh KOHEUHOEe 3Haue-
HHe CKOPOCTH pacripocTpaHenus Temia [14, 15]:

a
Cq G (3)
t)"
rie @ — Koo GULUEeHT TeMIIepaTy pONPOBOAHOCTH, £, = 107! ¢ — BpeMsa perakcaluy TerI0BOro NoToKa.
Pacnipenenenue TeMnepaTypbl B NOAyNpPOCTPAHCTBE YAOBIETBOPSET ypaBHEHUIO [14]
T 19T &°T 18T 10T
P I N SR S BN R
or ror 0Oz a ot c, ot
rne T = T(r, z, t) — OTKITOHEHUE TEMINIEPATYPBI OT PABHOBECHOTO 3HAYEHMS.
Bynem cuMTaTh, YTO MOMIOLIEHHE IHEPTHH NIPOMCXOUT Ha MOBEPXHOCTU MOJYNpocTpaHcTBa. Pema-
eM ypaBHEHHE (4) ¢ yUeTOM TPaHUYHOIO YCIOBHSA
oT
-] =
75,

A

(4)

)

=A([(r,t)+ t, M) ,
z=0 at

1e A — k03 QULIHEHT MOrJIOEeHHs CBETA, A, — TETUIONPOBOJHOCTS.
B pesynbrare mpsMmoro uHTerpaipHoro npeobpazoBaHus Dypee-beccens noxywaem TpaHchop-
MaHTy TEMIepPaTypsl B BHJE

~%

Al A,w)

= @ exp(—~z\//l2 +ico/a-co2/c; ), (6)
. 2/ .2

Zniq\/l +iwja-w /cq

T/le 3HAK «~» O3HauYaeT mpeobpazoBaHne beccels TO NMPOCTPAHCTBEHHOM KOOPAMHATE 7, @ 3HAK «*» —

npeoGpaszopanre Dypue NO BpeMenH £; 4, w — napamMeTps MpeobpazoBaHuii.

O6patHoe npeobpazoranue Dypbe—beccens naet BbipakeHUe Ui pacupe/iefieHus: TeMIepaTypsl B
NOYTPOCTPAHCTBE B BUAE KBAAPATYp:

~ %
T (hzm)=

o0 o
T(r,2,0) = 1 j jf*m,z,w)Joar;dx exp(iwt)d w, (7
2z 5 g
rae Jy(Ar) — pynxuus beccens nepBoro poxa HyJI€BOTO NMOPsIKA.

B pesynerarte moryomeHns UMMIOynabca B GeppoOMarHeTHKE BO3HHKAIOT TEPMHUUECKHE HCTOUHUKH
4KyCTMYECKUX BOJIH, HHTEHCUBHOCTb M3/Ty4EHHUS KOTOPHIX 3aBUCHUT OT TeMIIepaTyphbl HesIMHEHHO. Ypas-
HeHMs aKyCTHYECKHX BOJIH MOKHO 3allUCaTh Yyepes IMoTeHLMaNsl [16]:

2 2 2
92,192,802 192 finzy, ®)
or* ror 9z ¢ ot

v 1oy ¥ Y 19

o ror P 828 cg ar? 0 )
rae fir, z, ) = (3—4y2)a7(T ot T)yT(r, z, 1), y = c)/cy, €1, €2 — CKOPOCTH PaciipOCTPAHEHHUS MIPOAOABLHBIX U
TIONEPEYHBbIX BOJIH COOTBETCTBEHHO.
Pewmaem ypasnenus (8) u (9) meTo oM MHTerpaibHbiX npeodpaszoBannii Dypre—beccens. [Moren-
mvansl @ v ¥ npeobpasyrores no dyHxuusm beccens HyieBoro ¥ nepBoro NOPSAKOB COOTBETCTBEHHO.
Buipaskenus ais TpanchOpMaHT MOTEHIMAIIOB 1107yYaeM B BHJIE:

B (A= B+ |7 (4 nepexp(~B 5z |exp(fy2) +
0

+| By + [F7( 4 zw)exp(, 2)dz |exp(-B, 2), (10)
0
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dusuka

(A z,0) =B, exp(—B, z) + B, exp(p, z), (11)

rue f, = A° ~w?[c By =42 —w2/c§ .

Hna onpenenenus ko3dduumentos By, By, B, By cnemyeT BOCIONL30BATECS TPAHUYHBIMU YCIIO-
BISIMH [JI MEXAHUUYECKMX HAPSDKEHUH U yCJIOBUEM OFPaHHUEHHOCTH MOTEHIUAIOB Ha 6€CKOHEYHOCTH:

Oul,y =0n|,_, =0 9 =0. (12)

221 z=0
O6pazbl npoekUMH BEKTOpa 1e(OPMALHH BBIPAKAIOTCA Yepe3 npeodpa3oBaHHbIEe MOTEHLMANbI CIAEMYIO-
UM obpazom:

Z—®w lz—)oo

U =-i0" —951 = 9% + 17", (13)
oz Bz
IMoBepxHOCTHBIE BOMHBI ONpeAenoTcs nedopMausiMu npn z=0:
U h,w)=- 2/1/32(12 £y) jf (A, z,0)exp(~p,z)dz , (14)
' + B3 ) -4 B ‘
~x ﬂ —
Uz(/l,w):—az +/3§3 412[3] jf (4 z,0)exp(-Pz)dz . (15)

IIpousBenem nepexon K MPOEKLMsAM BEKTOpa D;e(?popmaunu C IoMoIIBI0 (opMys obpatrOoro npeobpaso-
BAHU;

U,(r,t):ij jU:(l,w)]l(ﬂr)di:}exp(iwvdw, (16)
27[—00 0

Uz(r,t)zij jﬁ:(i,w)Jo(lr)d/l}exp(iwt)da). (17)
2”_00_

B touke 1 = w/cg, raoe cp— CKOPOCTH pacnpocTpaHeHus BoSH Panes, TpaHchopMaHTBI KOMIIOHEHT
BEKTOpa CMeLleHHs UMEOT 0cOOEHHOCTh: MOJIOC NepBoOro nopsaxa. BeiueT B arofi Touke [17] onpene-
aseT none Bekropa gedopmManuu B BosHe Panes:

’ 2 2
Ur(r’l‘) — _._u.

R £ [Ji(or/cy)S(@)]explivgdw, (18)
U (rt)z_(cz_z _C)_ez)z —cq c>][J (wr/c )S(a))]exp(ia)t)da) 19
= 2nRc,  '° R ’
rae
R = P [(,12 + B2 ) —4,1213152] " = const,
u
S(@)=o® [7'(wfcy . z0)exp(~z—1-c} [c} )dz (20)
0 Cr

~ ¢yuxuus, cBaseBaomas crektp IIAB ¢ BpeMeHHOR M NpOCTpaHCTBEHHOU GopMaMM ONTHYECKOTO
HUMITYJIbCA.

Pacuetsl mo dopmynam (7), (18), (19) mpoBoIuIM METOIOM YHCICHHOTO WHTEIPUPOBaHHSA A
(heppoMarHeTHKa — Kele30HUKENeBOro cIuiaBa uHBaphoro cocrasa 32HK][ (touxa Kropu 220°C) [18,
19]. Ha puc. 1 npuBeaeHa temmeparypHas 3apucuMocts KTP s nanHoro BemecTna, NMoy4eHHas SKe-
nepuMeHTaIFHO Ha aunatomerpe cucteMbl lllesenapma DP Ne288. B pacuerax npennonaranoce, 9To
JUIUTENIBHOCTD JTA3EPHOTO MMITYJIbCA fy = 15 HC, 3HEprus ONTHYECKOro MMITYJIbCa MONMHOCTBIO NMOIoLa-
eTCS IOBEPXHOCTHIO (peppoMarseTka (4 = 1),

Ha puc. 2 OpHUBECHB! CIICKTPbI aKYCTHYCCKMX HUMITYNBCOB AN SHEPTMH OMTHYECKOr0 WUMITYJIbca
5 mJDx npu remnepatype 27 °C (¢ = 8,8) u 300 °C (g = 0,2). U3 pucyHKa BUAHO, YTO y4eT TEMI0BOH
HeTUHEeHHOCTH MPUBOUT K CYLIECTBEHHOMY U3MEHEHHUIO BEJIMUNHBI CTIEKTPaIbHbIX KOMIIOHEHT BEKTOpa
nedopMalui ¥ Tiepepacnpee/IeHHIO SHEPTHM 0 creKTpy. CMelleHre MakCUMyMa CIIeKTpa B CTOPOHY
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00BLIMUX YACTOT COOTBETCTBYCT YMEHLIICHHIO JJIHTEIBPHOCTH aKyCTHYECKOIQ UMINIY/I6CA H YBE/THUYCHUIO

3(1)(1)GKTI/IBHOCTI/] rCHEpaLlMi NOBEPXHOCTHBIX aKYCTHYECCKHX BOJIH.

ar. 10 rpax’ 18], yeren.
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Puc. 1. 3aBUCUMOCTEL KOIhthULUEHTa TENNOBOrO Puc. 2. CnekTpbi CMeLEeHUA B aKyCTUYECKOM
pacwupenus cnnasa 32HKI or remneparypbi uMnynksce npu 27 °C (cnrowHas nuHus)
n 300 °C (nyHKTUp)

3aBHCUMOCTE aMTUTUTY b1 Uz OT BEJIMYUHHBI TOIMOIICHHOr0 TEIIOBOTO MOTOKA IMpPH paBHOBeCHOﬁ
temneparype cpenbl 27 °C npenctapieHa Ha puc. 3. AMINIUTYIa aKyCTHUECKOTO HMIYJIbCa MPU YBETH-
YEHHH [IOTJIOIIEHHOM »Hepruu pacteT HenuHeHHO M 2 (PeKkTUBHOCTL BO30YK/AEHHUs BO3pacTaeT Mpu
YMCHBIICHUM pajuyca Jia3epHoro nyuyka. @opMa crexTpa u3MeHseTcs OT MOKAa3aHHOW MyHKTHPOM Ha
puc. 2 1o (GopMbl, IPEACTABJICHHON CIJIOINHOM JMHUEH. [ AaHHBIX NapaMeTpPOB JIa3€pPHOro INMyuka
$opma umirysibcoB U, OT SHepruy He 3aBHCHT, aMIVIMTYla Majla II0 CpaBHEHHIO ¢ U, U NpsaMo Mpomnop-
HHOHATbHA SHEPTHH ONITUYECKOTO UMITYJIbCA.

TemnepaTypHble 3aBUCHMOCTH aMIIMTY/AbI, OTHECEHHOH K aMrtuTyae npu 27 °C, 1 pasnuyHbIX
3HaUe€HUH HHTEHCHMBHOCTH JIa3€pHOTO M3IYUCHHS NpeActasieHbl Ha puc. 4. Crnegyer OTMETHTDb, 4TO
yMeHbIIEHUE TEMIIAa POCTA aMIIMTYAbI C YBEJIUUEHHEM MOFJIONIEHHOM 3HEPrUH HEBO3MOXKHO OfTHUCATH B
paMKax TeOpMH, mpeHeOperaronieil U3MEHEHHEM TTapaMeTpOB Cpedbl B Npoliecce JlazepHOro Bo30yxkae-

HHA aKYCTHUYECKHX BMITYIBCOB.

U, max » IM U, , otH.ex.
A

A

120 - : —1
o] )K/ 8 I /

80 v 6 A/‘/""AA 2
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N o e .4

MWO
1 1 L [l - 1 ] ] 1 1 I —
4 O, MBrien? 0 50 100 150 200 250 300 f,°C

Puc. 4. 3aBUCUMOCTL OTHOCUTENBLHOR aMNNUTYAbl

Puc. 3. 3aBUCUMOCTL aMINUTYALI HOpManbHOR
cocTasnfAloWen BekTopa Aedopmanmm OT UHTEH- OT TEMnepaTypbl cheppomMarHeTvka npu pasnuyHsIxX
CMBHOCTW NaQAIOLETO UINYUYESHUSA NPU Pa3NUIHbIX 3HAUEHUAX MHTEHCUBHOCTM Na3epHOro U3NYYEeHUs:
paauycax nasepHoro nyyka: 1-0,1 MBt/cm®; 2= 1,5 MBT/cm®; 3 - 2,5 MBT/CcM?,
4 - 5 MBT/cm?

1=05mMM; 2~0,75MmMm; 3=1,0mM; 4~ 1,5 MM

Ha ocHOBe MeTOMMKK YHCIEHHOTO MHTETPHPOBAHUSA MOTYyHESHHBIX HETMHEHHBIX YPaBHEHHMH Ja3epHOM
TEPMOOTITUUECKO reHepalli 3ByKa B TBEPIOM Telle, PaCCUUTaHbl BPEMEHHBIE U CIIEKTPATILHBIE [1aPAMETPbI
§7
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®dusuka

ummynecoB [TAB, Bo36yxaaeMeiX B deppoMarHeTHke WHBap. YCTaHOBIEHO, yTo yueT usmeHerus KTP B
npouecce BO30YXKACHUS NPHBOAMT K 3aBHCUMOCTH (OPMBI, JUTMTENBHOCTH W CIIEKTpa HMITYJILCOB Z-
cocrapnsomux cMeweruit B [TAB. IlpoBeneHHble patee sxcriepuMeHTHl [20] MORTBEPXKAAIOT 3T0. Pesyin-
TaTbl pacueTa M3MEHEHHs AMIUIUTY/bl CMeleHui B ITAB npy ysenuueHun Temnepatypsl obpasiia Taxke
NOATBEPKAAIOTCS dKcnepuMenTanbHO. B [20] Habmonanocs yeemuderne aMmnuryaei Goniee yem B 3 pasa
[PH MHTEHCHBHOCTH cBeTa 1.2 MBT/cM” 1 OTCYTCTBHE M3MEHEeHHA [IPH HHTeHCHBHOCTH 50 MBT/cM™.

HexoTopoe pacxoxaeHHe TeOPETHYECKHX MpeacKa3aHuH GOpPMBI aKyCTHYECKOTO UMITyabca ¢ Habso-
NaeMo¥ 3KCIIEPUMEHTAIbHO CB3aHO, BOZMOXKHO, C TeM, YTO HE OBUIO YYTEHO B pacyeTax M3MEHEeHHe Oc-
TAIBHBIX [IAPAMETPOB ¢ U3MEHEHHEM TEMIEPATYPhI U CO CJIOKHOCTBIO pa3pelleHUs B SKCIIEPUMEHTE Bpe-
MEeHHOH (POPMBI aKyCTHYECKOTO UMITYJIECA MAIOH aMILIMTYAbl. Taroke He ObUIM YUTEHBI 3aTyXaHHE aKyCTH-
yeckHX BOJIH B eppoMardetrke v aucnepens [TAB. Mamenenue ko3 duuimeHTa noriomeH s OnTHYecKoro
M3TyueHHs B TpoLiEcce TeHepali aKyCTHUYECKHMX BOJH TAalOKe BAUSET Ha (JOPMY M aMIUIUTYIy aKyCTHYe-
CKHMX UMITY/IbCOB [21].

B ¢eppomarHeTrke NpH yBEIMYEHHH TEMIIEPATYpHI BCe TETUIOQU3NUECKHE MapaMeTpsl npeTepre-
BatoT M3MeHenus. [lonyueHHbIe pe3ybTaThl IOKA3BIBAIOT, YTO YYET TOJBKO TEMMEPATYPHOH 3aBUCHMO-
CTH K03¢dUiHeHTa TeTIOBOrO PacilMpeHys [103BOSIET OMNHCAaTh OCHOBHBIE OCOOEHHOCTH JIa3ePHOI0
BO30yxaeHus uMiyascoB [TAB.

Agropsl Onaropaphsl C.B. Pymvty u JI.A. MupsaeBy 3a nonesssle 3amedanus, JLI'. XKypasnesy — 3a
FIOMOIIb B CHATHH TeMIepaTypHOH 3aBUCHMOCTH Koa¢QUIWeHTa TeIUIoBoro pacuiupenus, a takxe H0.B.
[TeTpoBy 3a MOMOILLb NMPH MOATOTOBKE PYKOIMHCH CTAThH K NICYATH.

Paboma ewinonnena no mexnuveckomy 3aoanuto Munucmepemsa obpazoeanus P®, nomep eocyoap-
cmeennot pecucmpayuu 01.200207640 (01.0802P), a maxace npu Gunancoeoii noodepxcke llpasumens-
cmea Yensbunckoi obracmu.
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