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BiucTepUHT TOHKHUX IUVIEHOK METAJJIa HA MOAJI0KKE
0CTPOC(POKYCHPOBAHHBIM YJIbTPAKOPOTKHUM JIa3€PHbIM
UMITYJIbCOM
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bnucmepunz = blistering = BOJIJIbIPb, B3JIyTHE = laser peeling
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Po3oBast kpuBasi — 3TO TOHKas IUIEHKA HA TOBEPXHOCTHU
noaoKKHU. [lomiioxkka — cyTh cepbli MPSIMOYTOJIBHUK Ha pHUC. 2.
[IneHka 1 MOJJI0’KKa BMECTE 00pa3yroT «MUIIICHBY, target.
Target — 910 00yuaembiii 00bekT. [loj AeiicTBHEM J1a3epHOTO
«yZlapa» IJIEHKA MPUOOPETAET CKOPOCTh, HAIIPABICHHYIO OT
MOJJIOKKH, U OTCJIAaUBAETCA OT MOMIOKKHU. OTCnoeHne
IPOUCXOAUT B MATHE OOMYyUYEHUS HA TOBEPXHOCTH TIJICHKHU.

I[&JICC B 3aBUCUMOCTH OT CKOPOCTH, KOTOPYIO UMCCT IIJICHKA
ITOCJIC OTCJIOCHUA BO3MOZKHBI PA3HBIC CHCHAPHU.

--Ecnu ckopocTh Mana, TO IUIEHKAa MOYKET MOJHOCTBIO BEPHYTHCS
Ha3aJl o/ JeHCTBUEM BO3Bpalaromux cui. OObIYHO MJIEHKA
elle JO OTCJIOCHUS BHYTPH ISITHA Harpesa ImiaBuTca. Torma
BO3BPAILAIOLINE CUIIbI — 3TO CHJIbI IIOBEPXHOCTHOI'O HATSKEHUS.
OTH CUJIbI KPACHBIMU CTPEJIKAMU MTOKA3aHbI HA PUC. 2.
[ToBEpXHOCTHOE HATSIKEHUE, pa3yMEETCs, AEUCTBYET MO



KacaresbHou. Ho 13-3a KpUBU3HBI IIOBEPXHOCTU BO3HUKAET
BO3BpAaIllaroIlas CUJIOBAsA COCTABIIAIOIIAS.

--€CJIM CKOPOCTh MOOO0JIBIIE, TO MOJTHOTO BO3Bpara Ha3a/l Ha
MOBEPXHOCTH MOAJIOKKH HET. BpeMsi O€KUT - paciiyiaB OCThIBAET
u kpuctaimuzyercs. I oOpasyercst B3ayTre B BUJIE€ MOJIOTO
KyIoJja = OJUCTEPUHT TJIEHKHU.

--€CJIM CKOPOCTH €111 OOJIbIIE, TO IJICHKA OTPHIBACTCS U YJICTaCT.
Ha nmoBepxHOCTH MUIIIEHH OCTAETCS OTBEPCTHE, YEPE3 KOTOPOE
BHJIHA TIOBEPXHOCTH TOJIJIOMKKH.

MOHKUX IIJICHOK MCTaJllla

Kpurepun Tonkoctu. Kpurtepuii 1: Tonkoit Oyziem cuutarb
IUJIEHKY, KOTOpasi porpeBaeTcs 1o Bceil ceoei tonmune df (d-
film) 3a Bpemsi, KOTOPOE MHOTO MEHBIIIE AKYCIUUECKO20
Macuimaoa BpeMEHH.

Kpome Toro, nMeeTcst BCIOMOTaTeNbHbIA KPUTEPUN TOHKOCTH.
[To ymomuaHuio nonaraercsi, 4to paauyc nsataa narpesa RL (R-
laser, cM. puc. 2) BEeJIUK 1O CPaBHEHMIO C TOIIIMHON IIeHKH: RL
>> df. 310 cTangapTHas SKCIIEpUMEHTAIbHAS CUTYyaIlHsl.

AKycmuyeckuit macuimao

Ot10 Bpem4 ts (time sound, sonic), 3a KOTOPOE 3ByK ITpoOeraeT
TONIIMHY IUIeHKH ts = df/cs, cs= ckopocTh 3Byka. Hampumep,
IJIeHKa 30510Ta ToamuHon 50 HM, ts = 50nm/(3.1nm/ps) = 17 ps:
nm = 10"-9 m = 10"-7 cm, cs 3010ta 3100 m/c = 3.1 km/c = 3.1
mm/us = 3.1 um/ns = 3.1 nm/ps, ps = 10"-12 s — nuKOCeKyH1a.

Ha ITOAJIOKKEC TOHKHX IINICHOK MCTAaJllla Ha no0J10JcKe



ATO CTaHJapTHAas dKCIIEpUMEHTalIbHas cuTyarus. [lnenka
HaIbLISECTCS, HAaPUMEP, MarHETPOHOM, Ha TTIOBEPXHOCTh
TURJICKTPUUYECKOM MOAJIOKKH: TIperapaTopHOe CTEKIIO (TOJIMHA
MM), KBapii, candup, KpeMHUH.

0CMPOCHOKYCUPOBAHHBIM JTA3EPHBIM UMITYJIHCOM

(boKycUpOBKa JIa3epHOro nydka. Pa3Mmep nsiTHa Ha MOBEPXHOCTHU
orpaHvyeH AupakiMoHHBIM NpeaenoM. s gazepa
onTuueckoro uiu onrmxuero MK nuamasona JuimHa BOJTHBI
nopsiika MUKpoHa. [loaTomy MUHUMAaIbHBIN pa3Mep IsITHA Ha
MOBEPXHOCTH TOPAJIKA 1 MKM — OCTpasi Wik mpeaeabHas
dbokycupoBka. Eciu naTHO BEIUKO (>> MKM), TO paboTaet
reoMeTpruYEeCcKas ONTHKA

YoMPAKOPOMKUM JTA3EPHBIM UMITYIIbCOM

TUTS HaITeH 3a/1a49u 0 OJIMCTEPUHTE YABTPAKOPOTKUM SIBIISICTCS
110001 UMITYJIBC C JITUTEIbHOCThIO Bo3AekcTBuUA TL. (laser pulse
duration) majoi 110 CpaBHEHUIO C aKyCTUUYECKUM MacIITaOoM ts.
Bosnee nmpaBuiibHO cpaBHUBATH BpEeMsl IIPOTPEBA MIICHKU
«HACKBO3b)» IO TOJIIUHE tT C aKyCTUYECKUM MacCIITadoM ts: tr
<< ts. dcHo, uTO TL < tT.

CuTtyanys B ONbITaX U TEXHOJIOTHUAX («PEATbHOCTHY) TAaKOBA,
YTO IPUMEHSIOTCS (PEMTO- MMKOCEKYHIHBIC JTa3ephl C TL. OT
JECITKOB (PC /10 HECKOJBKUX EJUHMI] TIC.
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[IpuBeIeHHBIC BBIIIE CTaThU JAIOT MPECTABICHUE O TOM, YTO
y>Ke CJIeJIaHO, U JIJIS Yero 3TO HYKHO ((hyHIaMeHTalIbHas
(U3MKa U TEXHOJOTUYECKUE MPUIIOKECHUS).

[TpunoxeHus: B KaueCTBE METAIIOBEPXHOCTEMN € YIIPABIISIEMbIMU
ONTHYECKUMHM XapaKTePUCTUKAMHU (YIIPaBICHUE Yepe3
yIpaBJICHUE MJIa3MOHUKON) U B KaU€CTBE
BBICOKOYYBCTBUTEIBHBIX CEHCOPOB (pearupoBaHue Ha
MeJIbYaNIIue KOHIEHTPAIUU ONPEICIISIEMOr0 areHTa) HeII0X0
OTIACAaHbI B CTATHE 9

3ajaya 3aKJII0YaeTCs B ONMMCAHUM TUHAMUKH Pa3BUTHUS
OJINCTEpUHTa/TTUIIMHTa BO BPEMEHU B MPUOJIMKEHUU TOHKOM
MIJICHKHU

Cratpa 2 — cucTeMa ypaBHEHH, 000CHOBaHMs. Bepcus Ha

PYCCKOM A3BIKC CBO60,Z[HO CKAUUBACTCA. ¥3Td, Tom 147, Bbin. 1, ctp. 20
(AnBapb 2015) DOI: 10.7868/50044451015010034

CraTbs 6 — cucTeMa ypaBHEHUM, TUTIOC IpOrpaMma Ha
MaTteMaTHke (open access)

Hy>XHO pemuTts 3Ty CUCTEMY YpaBHEHUN HA MATEMATHUKE JIJIs
3amaur Komwu co ciieayrommuMu HaYaIbHBIMU JTAHHBIMM:

npu T=0 IJIeHKa HaXOAUTCS Ha IMOJIOKKE C INIOCKON IpaHuLICH
Y IMEET HAYaJIbHOE PACIPEACITCHUE HOPMATbHON KOMITIOHEHTHI
CKOpPOCTH 1O napaboJie BHYTpHU Kpyra ¢ paaunycom RL —
vz=v0*(1-r"2/RL"2)npur<RL, vz=0npu k r > RL. Bce
JIPYTUE KOMIIOHEHTBI CKOPOCTH PABHBI HYJIIO.

YTOYHCHUC: HOPMAJIbHAA KOMIIOHCHTA CKOPOCTH VZ HAIIPpABJICHA
ITIO HOPMAJIX Z K ITOBCPXHOCTH ITOAJIOKKH.

KOHHCFI/I, CCJIM HY)KHA KaKasAa-TO HYGJII/IKaHI/IH N3 CIIMCKAa BBIIIC,
HAIIUIINTE, HO)IcaJnyICTa, MHE€ Ha aJpPE€C nailinogamov@gmail.com, 5
BBIIJIIO.



Jlanekas 1esib — 00bACHUTH TO()PUPOBKU Ha KYIOJIE BUAA



det | WD jills 3 um
/|[ETD [16.9 mm | 45 ° Laser Zentrum Hannover




J1a dpyHAaMeHTasbHaA 3a4a4a OCTaeTca HepelweHHo. MaTepuan ans nybankaumm B
BbICOKOPEMNTUHIOBOM »YpPHase 1, COOTBETCTBEHHO, CYLLECTBEHHbIM BKAa4 B AUCCEPTALMOHHYIO paboTy



3AJIAUA 2

Interference: Diagnostics by means of interference

TpeOyercs 3nanue popmyn Openens. Hy)kHo HaXOAUTh
aMIUTATYAY U a3y OTPAKEHHOU IIEKTPOMAarHuTHOM (OM)
BOJIHBI.

1—OG6m1as kapTUHA

Nurtepdepennus aByx miaockux M BosH, cM. pucyHku 1, 2 u 3. Ha
puc. 1 moka3assl ABe IJIOCKHUE P-TOJISIPU30BAHHBIEC BOIHBI C
uHTeHcuBHOCTAMM I1 (kpacHast) u [2 (cunsisg). OHuU NaaroT Ha
miockocth 113C. Halinure niinHy BOJHBI MOAYJISILIMU U PACIIPEICITICHUE
WHTEHCUBHOCTHU Ha muiockocTu [13C =mpubop ¢ 3aps10BOM CBA3BIO.
[Tnmockocts I13C 3anaercs ypaBHenueM y=0. [[1uHbBI KpaCHON U CUHEN
OM BonH oguHakoBbl. Bae 113C oHM pacnpocTpaHsIOTCS B BAKyyMe.

Puc. 1.
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Figure 3: Formation of an interferogram in a Linnik microinterferometer. PI/IC 2 CxeMa

THUIINYHOTO OIIbITA.

Soft x-ray laser (SXRL) interferometer using double Lloyd’s

muror
- —Probepuise:— "
Nl-lll.(e Ag SXRL Soft x-ray . | .- (ma_’_ o
medium laser ample 28y
(Laser prodaced —
plasma) a ,:!l(
< =
N\ \
— - Imaging miror
(Mo/si)
Double Lloyd’s mirror f=250mm

* 13.5 um pixel

Back-illuminated CCD

image magnification :~20

* 2048 x 2048 elements /

Focusing mirror (Mo/Si)

(inclination angle ~

0.02deg) Mirror for adjustment
ofincidentangle (Pt)

Puc. 3. PeHTreHOBCKHI

f=2,000mm A ===
| 3
Fringe separation: @= LA [ 2xsin(8)~ 200um (15pix;
L =4800mm, x = 850mm, § =0.02deg
HHTEpPEpPOMETP.

2—IlocTpoiite uHTEpHEPEHIIMOHHYIO KapTUHY B Cllydyae, Korja
MuUIIeHb (Sample Ha puc. 2) SABISIETCS MOJIYIPOCTPAHCTBOM,
3aIIOJTHEHHBIM 30JI0TOM. JTO MPOCTEUIIINH CITy4anl ABYX
CMEXKHBIX MOTYIPOCTPaHCTB. OQHO U3 HUX BAKyyM, APYroe —
3010TO. [TonyrnipocTpancTBa pa3aeiaeHbl IJIIOCKOM TPAHULIEH.
BosnHOBOM BEKTOP MIIOCKOW DM BOJIHBI MAJAET HA ATY TPAHUILY
O/, YIJIOM T€Ta. DTO YIoJI MEK1y BOJITHOBBIM BEKTOPOM U
IPOEKIMEN BOJIHOBOTO BEKTOPA Ha rpaHulLy, cM. puc. 4. J{nnna
BOJIHBI 13.9 HM (3keCTKUM yIbTpapuONeT-MITKUN PEHTICH ).



Jl1s1 perieHns 3aaauu HaluTe MoKa3aTeb MPeIOMIICHUS 3010Ta
Ha JJTMHE BOJHEI 13.9 HM.

https://henke.lbl.gov/optical constants/getdb2.html. Index of
Refraction min
https://refractiveindex.info/?shelf=main&book=Au&page=Wind
{

3—IlocTpoiiTe uHTEpHEPEHIIMOHHYIO KapTUHY B clly4yae, Korja
MEXAY «TOJICTBIM» BAKYYMOM M «TOJICTBIM» 30JI0TOM UMEIOTCS
€1IE JIBA CJI0S KOHEYHOM TOJIIMHBI. JTa CUTyalUs MOKa3aHa Ha
puc. 4. [lyctb 111 IPOCTOTHI MOKA3aTENN MTPEJTOMIIEHHUS CIIOS
KHUJIKOTO 30JI0Ta U 30JI0Ta BHU3Y OYyIyT OMHAKOBBIMHU.

vacuum "bulk"
E\A

liquid gold layer

vacuum layer

Au bulk

Puc. 4. Yron teta paBeH

22-m rpagycam.

Peub uner 00 untepdepeHurn THTEHCUBHOCTH DM 110151 Ha
mrockoctr [13C marpunsl. Cymmapron OM nosie Ha [13C
CKJIaJIBIBAETCS U3 00BEKTHON DM BOIHBI U ONTOPHOI DM BOIHBI,
cM. puc. 2. Ha puc. 2 06bexTHOM DM BOJIHBI Ha3bIBaeTCs object
wave, a onopHast OM BosiHa — reference wave.

Ha puc. 4 oObekTHas BOiHA — 3TO Ta BOJHA, KOTOpast
NIOJIy4aeTCsl B PE3YJIBTATE OTPAKEHUS MMAAAIOIIEH BOIHBI OT
CIIOMCTOU CTPYKTYPBL.



4—PaccMoTpuTe ciydaid, aHAJIOTHYHBIN TTOKa3aHHOMY Ha PHC.
4, HO C IepeMeHHOM (BII0JIb TPaHULIbl) TONIMHOMN cios «liquid
gold layer», cm. puc. 5. Kak usMeHHUTCS KapTHUHA
uHTepdepeHium’?

Puc.5.B
nosioctu cAdB BakyyMm. ['eomeTpusi noANMOBEPXHOCTHOM
nosioctu. Paccrossnue AB = 100 mxm, kpuBas AdB — mapabona

y=-5-10*x/50)"2.

PaccTosiHust o BEPTUKAIIBHOW OCH Y U3MEPSIFOTCSI B HAHOMETPAX
(HM), TIO TOPU3OHTATILHOM OCH X — B MKM. KOoOpZIMHATHI TOUKH
«c» x=0, y =20 am.

B pacuerax Ha KaxJ0M JIOKaJIbHOM Y4acCTKE 10 X MOYKHO
npeHeOpeyb KPUBU3HOM MapadoJibl, MOCKOJBbKY MACIITAOBI
MOJIOCTH O TOPU30HTY, BO-TIEPBBIX, HAMHOTO OOJIBIIE PA3MEPOB
10 TOPU30HTAJIN U, BO-BTOPHIX, HAMHOTO OOJIBIIIC JUIMHBI BOJHBI.



S5—IIpuknagHoe 3HAYCHUE 3a1a4H.

B skcniepuMeHTe UCIONIb3YIOT Ja3ephl Ha MSITKOM PEHTICHE
(SXRL — soft X-ray laser) miist nimarnoctuku (=probe) pa3BUTUsA
nosioctd. [lo0CcTh BO3HUKAET TOCE 00TyYCHUSI MUILICHU
JO0CTAaTOYHO MOIITHBIM (DeMTOCEKYHIHBIM UMITYJIHECOM
ONTHYECKOTO JTa3zepa. Ha puc. 6 mTmarHoCcTHYeCKuii My9oK — 3TO
SXRL probe beam. I'peromuii (pump) UMIyIbC TUTAH-
carngupoBOro jasepa Ha pucyHke — 31o TiS pump beam
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Puc. 6. OTOT puCyHOK paccMaTpuBaiTe BMECTE C pUC. 3.
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XOopoLUo N3BECTHO, YTO Mpu abNALMN yIbTPAKOPOTKIM J1a3EPHbIM NMIYSIbCOM OCHOBHOI BKJ1aj, B YHOC BELLECTBA
OnpefensieTcs He NCMapeHneM, a TEPMOMEXaHNYeCKMM OTPbIBOM BellecTBa. [1py oArHaKoBbIX MeTaniax U na-
pameTpax UMMyJ/ibCa XapaKTep NPOLIECcCa OTPbiBa 3aBUCUT OT TOMWMHbI MieHKN d . VimeeTcs BaxHbIi MacwwiTab,
paBHbili rnybuHe nporpesa meTtasna dr Ha ABYXTEMNEpPaTypHON CTaAum, Ha KOTOPOI TEMMepaTypa 3/1eKTPOHOB
BbILIE TEMMEpPaTypbl MOHHONW noacuctembl. Mbl cpasiuBaem cnydaun dy < dr (ToHkas nnewka) u dy > dr
(obbemHas muwenb). Pagnyc Rr nsiTHa Harpesa ONTU4ECKNM J1a3epOM siBSIeTCst BTOpbIM (nocne df) BaXKHbIM
reomeTpuuecknm napamerpom. Mopdonorus scnyynsaHus nnenku B ciydae dy < dr Ha nognoxke (6nncre-
PVIHT) MEHSIETCS Npu n3MeHeHnn paguyca R B guanasone ot gudppakumontoro npegena Ry ~ A go 6onblunx
3HauveHnii Rp > A, rge A ~ 1 MKM — aniMHa BONHbI onTuyeckoro nasepa. B ycnosusx dy < dr, R ~ A m
Fops > Frn Ha NneHke 30710Ta, HAHECEHHOI HA CTEKJISIHHYIO MOAJIOXKKY, NOSIBASIETCS Kynosoobpa3Hoe BCnyYuBa-
HUe C MUHNATIOPHON 3aMOPOXKEHHOW HAHOCTPYIiKON, UMeroLLeli BUA 3a0CTPEHNS, HAa OKPYIOi BepLUMNHE Kynona
(Fups n Fy;, — NOrNoOLWEHHas SHEPrus 1 NOPOr NAaBMAEHNS NNEHKN B paCHeTe Ha eAUHNLY NOBEPXHOCTM NAEHKN).

Mpepnoxen HOBbIl hr3nyeckuii MexaHn3M, KOTOPbIN NPUBOANT K OOPa30BaHMIO HAHOCTPYIiKM.

DOI: 10.7868/50044451015010034

1. BBEJEHUE

Mmuorue BayKHBIE COBPEMEHHBIE TEXHOJIOTUN OCHO-
BaHbl HA [IPUMEHEHUU YJIbTPAKOPOTKUX JIA3EPHBIX MM-
nynbcos (YKJIN) nmurensroctsio 77, ~ 0.01-1 me. Cro-
J1a, OTHOCATCST (POPMHUPOBAHME DEIMIETOK U3 TOJBIX Oy-
TOPKOB HA MOBEPXHOCTH ILTEHKU; CTPYKTYDPUPOBAHUE
TIJIEHOK 7SI OWOTPUIOKEHWT ¥ MUKPOITEKTPOHUKH;
YCUJIEHUE CTATUYECKOIO JIEKTPUYECKOrO 110Jisi HA Bep-
[IMHAX MUHUATIOPHBIX CTPYiH, KOTOPBIE BEHUAIOT TO-
Jible OYTOPKH; MEPEHOC MUKPOCKOMMIECKUX KYCOTKOB
MIJIEHKN € TIOJJIOKKHU HA PecrBep (J1a3epHoe TievdaTanme)
n np. Ilonpobuble mepedHn COOTBETCTBYIONINX CCHLIOK
TpPUBE/IEHBI B HEJABHUX CTAThAX [1, 2], MOCBAIIEHHBIX
U3ydeHuio OmucTepuHra U HaHOCTpyil. Haumnuas c pa-
6or [3, 4], m3Becrro, uro B ciayuae YKJIU Baxuyro
posih MrpaioT Mexanudeckne 3(hQEKThl U BbI3BAHHBIE

*E-mail: nailinogamov@googlemail.com

20

UMHO THAPOJWHAMHUYECKHe ABUzKeHud. g Toro dro-
ObI TepMoMexaHudecKre 3(pPeKThI ObLITH CyIIeCTBEHHBI,
JIOJIZKHO BBIMOJIHATHCS YCIOBHE CBEPX3BYKOBOTO HAIDe-
Ba. IIpw 3TOM yCIOBUM JIUTENHHOCTD T CO3TAHUS Ha-
TPETOro CJIOA TONMIIHUHO# dp KOpOUe 3BYKOBOTO BpeMeHN!
ts = dr/cs, 38 KOTOpPOE THIPOTHHAMUIECKOE BO3MYIIIe-
HUE CO CKOPOCTHIO 3BYKA Cg IPOOEraeT HArPEThIH CJIO.
CoorBercrBento daszoBasi ckopocth dp/Tr dopmMupo-
BAHUS CJIOsT HATPEBA OOJIBINIE CKOPOCTH 3BYKA.

[Ipu Bo3neiicTBun ontmaeckoro Y KJIU wa Tosnctyio
MUIIEHb W3 MeTajljia MaciTadbbl 7p U dp ONnpeess-
I0TCA JBYMs TJIABHBIME (DAKTOpaMu. ITO, BO-MEPBBIX,
TPOAOJIZKUTEJIBHOCTH TTO BpEMEH! 'HByXTeMHepaTypHOI‘/‘I
(2T) pemakcaruu to, (77 = t.q), BO BpeMms KOTO-
pOil CPaBHUBAIOTCS TEMIIEPATYPBI SJIEKTPOHOB 1, 1
nonoB 1;. U, BO-BTOPBHIX, KOIPDUIMEHT TEKTPOHHON
TennonpoBoaHoCcTH Koy B 2T-coctosinmm (cm., Hampu-
Mep, pabory [5] n npuBeJeHHbBIE TAM CCBITIKN); OOBITHO
teq & 2-7 nc, dr ~ 50-140 nvm, t; ~ 10-30 nc. Ouenkun,
OCHOBAHHDBIE HA YPABHEHUAX TEIJIOBOrO OasaHCa [Iis
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srekTponoB u nouos [6], C;0T;/0t = a(T. — T;), nme-
OT BU/,

¢ ~ 9 (Tz>fzn 7/2 (Ez)maz (1)
“ a (Te)max «Q (Ee)maa 7
K
dr = \/Xor teq, XoT = CLT’ (2)

rae C; u Co = vT, — NOHHAS U JTEKTPOHHAS TEILTIOEM-
KoctH, F; u Ee — BHyTpPEHHUE SHEPIMH MOHHON 1 3JIEK-
Tpounoit noacucrem, v ~ 100 Tx-m 3K =2, (T3) pin —
TeMIeparypa UOHOB U SJIEKTPOHOB MOCJIE 3aBEPIIEHUs]
2T-cramuu, (Te)maz MaKCUMaJlbHas TeMIeparypa
snekTponos Ha 2T-ctamumm, o ~ 10'7 BrK—'w3 —
KO3 PUIMEHT JIEKTPOH-UOHHOIO OOMeHa Heprueil B
KOHJIEHCUPOBAHHOI Cpeje [779]1). MakcuMy™M HOHHOM
sueprunt (F;) e A0cTHTAETCS B KOHIE 2T-crajmm.

Ecim npubmzkerHo nonoxutb, 910 (Ei)maz ~
~ (E¢)maz, W TOACTABUTH STy OIEHKY B COOTHOIIE-
uus (1), (2), To momydaum

~ —(7/2)2/5 2/5 ~ 8 [HC] ’Yfég 2/5
€q 1/5 b 4/5 1/5 100
at/s Xz/T o 0‘14 Xu/)
Vito Xib. /5
dr ~ 90 [HM]lOOT Fiio,
Q7
rie 7Yoo = /100 Tx-m™>K™2% g7 =

= a/1017 BT'MiS'K72; X10 = XZT/lo CMZ/C; FlOO =
Fiaps /100 Mk /em?. Tpunsro, uro yar ~ 10 em? /¢,
MOCKOJIBKY ~ OIIEHKA, W3  MOJIEKY/ISIPHO-KHHETHIECKOiT
teopun gaer x ~ (1/3)lvg = 20 cm?/c pu cBOGOTHOM
mpobere 3mexTpona [
vp = 2000 km/c.

3HaYeHUsT TEIIONPOBOJHOCTH Ko7 MOL'YT B JECSIT-

3 BM u ckopoctu DPepmu

KU pa3 MPEBBINIATh 3HAYEHUsI K17 B OJHOTEMIEDATYP-
ubix (1T) cocrosiuusix [7, 9, 11]. B cuiy sroro o6ero-
ATEeIbCTBA U C YIETOM TOrO, UTO Tp = teq > TL,
riybuna dr (2) CymecTBEHHO NPEBBIIAET TOJIIMHY O
CKMH-CI05. 3anuineM 3aKOH COXPAHEHUST SHEPTUH C ydae-
TOM U3MEHEHUsl TOJIIUHBI IIPOTPETOrO CJIOs 38 BPEMsI
2T-penakcammu: (E;)maz dr & (Ee)maz 0 & Faps. Hoa-
CTaBJIsIs 3TW ypaBHeHusi B cooTHomenus (1), (2) u npu-
Humas 0 = 15 M, 1oLy YuM

71/3 1/3

~ 100

~ 4 2/3_1/3 Figo s
Q7 X10

teq [11€]

1/6 _1/3
57160 Xlé
1/3
Q7

dy [am] = 6 Fll[]/(?.

1) B paGore [10] soruncien xosddumuent o s ausmextpu-
ka. B paborax [7—9] moacYuTHIBAIOTCA 3HAYEHUS (¢ TOJIBKO JJIst
METaJIOB.
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Jlanmbie hOPMYIIBI JAIOT MPEICTABIEHNE, BO-MEPBBIX, O
XapaKTePHBIX MACIITA0AX FOPSAIEro CJI0s U, BO-BTOPBIX,
O CTeleHyd BJIMAHUS HeOLPEIeJIeHHOCTH B KO duiueH-
Tax vy, @ W K HA TEeMT 3JIeKTPOH-NOHHON PeaKcaIi 1
Ha TONMUHY ciog nporpesa dr. Ilonaras depq: ~ dr,
MOZKHO TIOJTY IUTh ONEHKY TIIYOUHBI KPATEPA d¢pqt BBHITITE
nopora, adJIsIIyu.

Bo3MOXKHBI cUTyalUN ¢ ONTUYECKUM JIA3EPOM U Me-
TaIAOM, Korja teq < 71 < tg. Torma 2T-cocTosmms me
BO3HUKAIOT, & BPeMsl T PABHO JAJIUTEILHOCTH UMITYJIbCA,
71, Ilpu sTOM ri1yOuna nmporpesa dr ~ \/X1T TI, HEMHO-
ro mMemnbme, dem Toryomna (2); Y17 ~ 1 em? /e,

Yewm 3ameuaresien caydail CBEPX3BYKOBOTO HATPEBA,
dr/mr > c¢s7 Ilodemy mpu GBICTPOM HATpEBE THIPO-
JWHAMWYIECKHUE SBJIEHUsT OCOOEHHO CyImecTBeHHBI! Jle-
JIO B TOM, UTO NPU CBEPX3BYKOBOM HATDeBe BEIIECTBO
He yCIIeBAET PACHIUPATHCS B COOTBETCTBUHU C PACTYIIEH
BHYTPEHHe sHeprueil, Koropas yBeJu4uBaeTcd 3a C4eT
TTOTJIOTIEH ST SHEPTUY BHEIITHETO UCTOTHUKA. DTO O3HA-
Jaer, ITO MMEeT MEeCTO M30XOPUUIeCKUi Harpes: p = p°,
rae p° — MJIOTHOCTH BEIIeCTBA NMPU HOPMAJIBHBIX yCIIO-
Busix [4,12-18]. B HarpeBaeMoMm ciioe JaBjieHHe pacrer
MTPOTIOPIMOHATBLHO TOLIOMEHHON yueprun. [Ipu duk-
CUPOBAHHON TJIOTHOCTH p = p° namjeHue Oyjer mo-
psiJika TpupalieHus BHyTpeHHeil suepruu AFE B pac-
JeTe Ha €IUHUIy 00beMa, MOCKONbKY mapamerp ['pio-
Haii3eHa — 9TO UUCJIO TMOPSIIKA €TUHUIIBL. Y BEJINICHIE
napienust p (110 CPABHEHUIO C HAYAJIbHBIM 3HAYEHHEM
p = 0) IPUBOIUT BEIIECTBO B JIBUKEHWE HA 3BYKOBOM
macinrabe Bpemenn tg. CKOPOCTH ABUKEHUS U TOPSII-
Ka p/z ~ AE/z, tne z = pcs — aKyCTHIECKHUIl HMITe-
JaHC cpenbl. Tunudable A1 PACCMATPUBAEMBIX YCJIO-
Buii npupamenus sHepruu nopsiaka 1 3B /arom, nase-
uust nopsizka 10 T'Tla, a ckopocrn u = 0.4 km/c. Hao-
6OpOT, MEJJICHHBIN HArpeB (77 3> ts) cab0 MOBBIMIAET
JIaBJIEHHE, IO9TOMY B 3TOM CJIydae CKOPOCTH JIBUZKEHUS
maunbl, u K AE/z.

W3zoxopudeckuit HATPEB W TEPMOMEXaHUIECKHE -
deKThl BO3ZHUKAIOT HE TOJBKO B CJydae BO3/IEHCTBUS
onruyeckoro YKJIN wa merasasr. s onrtuvaeckoro
doToHa U MerasIa, TOMMUHA CKUH-C0d 6 ~ 10-30 mM
spjsiercs masioit. [losromy 2T-remnonpoBogHOCTD Ko
u KOIDPUIUEHT SIEKTPOH-UOHHOIO TEIIooOMeHa o
[5,7,9], a ne §, onpexmernsitor macmtabbl dp w T,
cM. (2). B caaborormomaromux cpegax (Hampumep,
B IOJIYNIPOBOJHUKAX C IMUPUHOI 3alpelnieHHOl 30HbI
Goubiuie sneprun ¢dorona uiau xe B nosumepax [19])
TonpHa dp paBHA IyOWHE MTOTJIOIIEHUST W3JTyYeHUs]
date- Tlpu dyyy MOpsiKaA HECKOJBKUX MUKDPOH BOJIOpPa3-
JIeNT MEKTy CBEPX3BYKOBBIM U JIO3BYKOBBIM PEKUMAMU
HarpeBa MPOXOJUT IMPHU JTUTENbHOCTAX HMITYIbCA Ha-
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rpeBa Tr TOPSIKA HaHoceKyHILm2). ITpu stom 3pdex-
ThI TEILIOMPOBOJHOCTH OOBIMHO MAaJIOCYIIECTBEHHBI HA
ruapoguHaMuaeckoit craguu. OanomepHoe npubiimzke-
HUe HeNb3sT MCIONb30BaTh, € paanyc R masepHo-
IO MydYKa MOPSIKA WM MEHbIIEe TIyOHHBI MOTJIONEHUST
dgyt; cm. mpumep ¢ mommumepoM [19]. IIpu mpounx pas-
HBIX YCJIOBUAX BEJTMYMHA IOPOra a0 IsIMHU 110 HOLIOEH-
nomy dmoercy B JIz/cM? Bo3pacTaeT MpEMepHO MPO-
MOPIUOHAIBHO TIIyOuHE dg4p, TIOCKOIBKY JIJIST TIPEOIO-
JIEHUST TTPOTHOCTH BEIIeCTBA HY’KHO CO3/1aTh HEOOXOIM-
MYIO TUIOTHOCTD sHeprun AE na egmaniy oobema. [Ipn
TepMOMIIYKTYAUMOHHOM MEXaHM3ME HYKJEaluu I10PO-
rosoe 3uauenne AFE MenienHo (norapudMuIecKn) CHU-
JKAeTCsl ¢ POCTOM TJIyOWHBI dgpp W3-3a pocTa 00beMa, B
KOTOPOM TIPOUCXOANT HyKjearus. PocT obbhema yBen-
YHBAET MPEIIKCTIOHEHTINATBHBII MHOKUTEID B (hOPMY-
JIe JIJIsT 9aCTOTHI HYKJIEAIN. DTO 3aMeTaHne OTHOCUTCS
K BOTIPOCY O 3aBUCUMOCTH ITOPOTOBOTO (PJTIOEHCA OT dgyy -
Temn nedpopmanyn V/V ~ (u/es)[ts = u/dat Taxxe
CHUYKAETCS C POCTOM BEJIUUUHBI gy .

B ciyuaae nazepos, paboramommx B 00JaCTIX KeCT-
Koro yabTpaduonera WIn MATKOTO PEHTreHa, 4acTOTa
M3JIy9€HUs TPEBBIMIAeT TIA3MEeHHYI0 JacTory. [losTo-
MY CKHH-CJION OTCYTCTBYET, OTPasKeHHe MAJI0, IOTJIOIIe-
Hre (POTOHOB MPOUCXOINT B OCHOBHOM TP MEK30HHBIX
nepexojax. BaxKHO, 94TO 10 OTHOLIEHMIO K MEXaHH3MY
TTOTTIONIEHUS JTIsT KeCTKUX (DOTOHOB MIPOIAIAET PE3KOe
pasamame MexKIy MeTajsaMu (HET MU B JIEeKTPOH-
HOM SHEPreTHYeCKOM CIIEKTPE B 30HE MPOBOIMMOCTH)
W MOy TIPOBOIHUKAMHI U JIMIIEKTPUKAME (IIeJTh MMeeT-
cs1). B cyuae xkecTKUX (DOTOHOB ONTHYECKU TIPOOOi
otcyTcTByeT. Bo Bpemst onTudeckoro mpo0ost AnHa dgyy
DPE3KO yMeHbIaeTcs mo Mepe pa3sutus npodos. [Ipu 06-
JIY9IeHUN YKeCTKUM W3JIy9IeHHEeM TIyOMHa, MOTJIONEHM ST
datt MOZKET TOJTBKO BO3PACTATH MTPHU YBEJTUIEHNN TOTOKA,
G OTOHOB (117151 3TOrO TPEOYIOTCS SKCTPEMATbHBIC HHTEH-
cusHocTH [20, 21]). DTOT POCT BBI3BAH yMEHBIIEHUEM
qucsia 31eKTPOHOB Ha ONpe/e/IeHHON BHYTPeHHel 3/1eK-
TPOHHOMN 0060s04Ke n3-3a wonmsanuu [20, 21| (nmombre
uonbl). Ha 31oii 060/109Ke TPOUCXOIUT TPEUMY IECTBEH-
HOE TIOTJIOIIEHNE JKECTKUX (POTOHOB 38 TaHHOI SHEPTUH.

IIpunnunuanpHas pasHUIA MEXKIY CJAydYasMu Me-
TAJIIa U HeMeTaJIJIa XapaKTepHA I ONTHIeCKHX (POTO-
HOB (omTuvecknii mpoboil MOIYTTPOBOIHUKOB M JTHIJIEK-
TpukoB). B ornuume or caydas onTuueckoro maszepa
7 MEeTAJIJIOB, KOTIa TIyOWHa MOTJIONIEHUs OMPeIeIsIeT-
€SI CKUH-CJTOEM, B CJIy9ae JKeCTKOTO M3JIydeHus TIyou-

2) 3uech pedsb uger 00 MHTEHCHBHOCTHAX HHUZKE IIOPOra OIITH-
4deckoro 1npobosi. Ilpu npoboe KOHUEHTPalUst CBOOOJHBIX JIEK-
TPOHOB Pe3KO MeHsieTcsi. COOTBETCTBEHHO CUIIBHO YMEHBIIAeTCs
riiyOuHa OTJIOmeHus dg tt -
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Ha TOTIOMmEHNsT dgyy (a 3HaYUT W dp) pe3Ko MeHsier-
cg OoT BesuuuH 1Opsiaka 10 HM 10 BEJUUUH TOPSI/IKA
1 MM [22, 23] B 3aBUCUMOCTH OT HACTOTBL ZKECTKOLO o~
TOHa OTHOCUTEJIbHO KpPaeB 30H BHYTPEHHUX 3JIEKTPOH-
HBIX 00070UeK (CM. IpHMepsl B paborax [24, 25|, cBa-
3aHHbIE C MeTaJIJIaMu " erMHI/IeM). COOTBeTCTBeHHO
BMeCTE € 1JIyOMHOM IPOrPeBa CUIIbHO MEHSIOTCs TOPOrU
U CTPYKTYypPa OCTATOYUHBIX MOBPEXKIEHUN OOJTYIeHHOTO
nsarHa [24, 25]. JIpyrue mpuMepsr H30XOPUIECKOrO Ha-
TpeBa M TepMOMeXaHWm4YecKnX 3(hMEKTOB OTHOCATCS K
O0JIydeHNIO TTyYKaM¥ JIEKTPOHOB [26] nin nowos [27].
[Ipu s1oM 3HAYEHUS dy¢y HAMHOIO HPEBBIIAIOT IJIyOu-
ubI iporpeBa dr(50-140 um) ontrueckum YKJIN u3-3a
OOBIIMX JJIWH TTpo0era YacTUl] BBHICOKUX dHepruii. B
yKaBaHHbIX cnyqaﬂx CBerSByKOBbIM ABJIACTCSA HAT'DEB
npu JJIATEJIBHOCTH I/IMHyJII)(Za7 OFpaHI/I‘IeHHOI./‘I 3HAYEeHUu-
eM TIOPAIKA HAHOCEKYHJT (ecu dgyy TIOPSIKA MUKPOHA)
U MUKDPOCEKYH/]T IPU dg¢y TOPSIKA MUJLTHMETPA.

Brrre  obcykaanachk (usmka JrazepHOro BO3el-
CTBUA Ha OJAHOPO/AHbIE MHUIIEHKM € aKIEeHTOM Ha Tep-
MoMexaHu4IecKyo abmanuio. OOCyKIeHne MOCBAIIECHO
BBIJIEJICHUIO YCJIOBUI OCYIIECTBJIEHUST TEPMOMEXaHIIe-
CKOI'O pezKkuMa B MaKCUMaJIbHO HIMPDOKOM KJiacce Ciiy4da-
€B, BKJIIOYAIIIWX, BO-TIEPBbBIX, BO3,D;eI‘/'ICTBI/Ie KOPOTKHUX
¥ JITMHHBIX HUMIYJIHCOB, BO-BTOPBIX, JTa3ePhl ¢ MITKHU-
MU U JKECTKUMU (DOTOHAMU, W, B-TPETHUX, METAJLIbI,
TIOJIYIIDOBOAHUKHU U TUDJICKTPUKHA. PaCCMOTpeHbI TaKZKe
cIydau, Korja ab/isaims aBIsgeTcs: OJITHOMEPHON 1 KOT/Ia
OTHOMEPDHBIM HpI/I6JII/I)KeHI/IeM I10JIB30BATHCA HEJIb34.

B amanmmsupyemom B maHHON paboTe ciydae TOH-
KHUX IIJIEHOK CHUTyallud HU3MEeHAeTCdA IO CPpaBHEHUIO C
OTHOPOIHBIMU MulileHsiMu. B manwuoit paboTe TOHKNMYT
OyzmeM CYNTaTh IJTeHKH, TOMIMHUHA df KOTOPBIX MEHb-
e TOMIMIUHBI d7 TPOTPETOro CJI0s Ha ODJTydIeHHOM
MMOBEPXHOCTH OJHOPOJHON MutiieHu. st oObsicHeHuUs!
sKcnepumMenToB [28—-33] paccMoTpuM TepMOMexaHWde-
CKYIO a6JI§IL[I/HO TOHKHUX TIJIEHOK, HANbLJIEHHbIX Ha IJU-
MEKTPUUIECKYTIO TO/JIOKKY, B CIydae ONTUYECKUX Jia-
3epoB. MMerorcsa gBe 0COOEHHOCTH, CBS3aHHBIE C TOH-
KUMU ILUIeHKAMu. BO-TIePBBbIX, — 3TO pe3Kas HEeO/IHO-
POJIHOCTD MPOrPEBA B CHCTEME ILIIEHKA—TIO/IJTOKKA U3-3,
MAJIOi TETIOTPOBOIHOCTH MO/JIOKKH TT0 CPABHEHUIO C
TEIJIOIPOBOIHOCTBIO MeTaJTa. TakuM 00pa3oM, Ipak-
THYECKHN BCE TeILI0, MOCTYIUBIIEE B METAJII, OCTAETCS
B HEM HA BPEMEHAX IOPsi/IKA COTEH MMKOCEKYH/I U OoJiee
(3TM BpeMeHA HAMHOTO TIPEBBIIAIOT 3BYKOBOH MACIITAD
ts ~ 10 mc ays menok romumuoit dy ~ 10-100 mHM).
Bo-BTOpBIX, — HEOTHOPOIHOCTD MTPOYHOCTH MUIIIEHN HA
pacTsSzKeHue B CUCTeMe ILJIeHKA-TI0/I0ZKKA, KOIIa U3-3a
OI‘paHH‘{eHHOI’I aJre3nn CJ'[&6I)IM MECTOM 4dBJIAeTCd KOH-
TAaKT IIJICHKaTIOJJIOZKKA.

B omnOpomHoil MeTaIIMYeCKO MUIIEHH IIOPOT Tep-
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Bakyywm

T ILienka
¢ 30J10Ta

T

Puc.1. OTtTtankneaHue nneHkn oT NOAJOXKKM MNocCne
n3oxopu4eckoro Harpesa naenku YKJIN. V3oxopuye-
CKUii Harpes nogHMMaeT pasneHue P B nneHke 3050-
Ta. /I3oxopnyecknii o3HayaeT, 4TO Nogbem [LaBneHUsi

JusnexTpu-
yeckast
IO/IJIOKKA

— < —>
—_— -

NponcxofMT BbICTPO NO CPaBHEHMIO C FNAPOANHAMMHE-

ckum Bpemerem dy /c,. [poTueoaasneHmne p nognoxkm

COOGLL{aeT VlMﬂyﬂbC NnJieHKe B HanpaBﬂeHVlVl ocn z 4e-

pe3 ONHAMMYECKNl KOHTAKT MJeHKa—noasoxka. Ecan

cuia aaresnn HefoCTaTo4Ha, 4Tobbl noracuTb HabpaH-

HbI NJEHKOW MMMYbLC, TO NJIEHKA OTPLIBAETCS OT NOA-
JIOKKU

Momexanmdeckoit abmamuu F, ontwaeckum YKJIN B
2-3 pa3sa Bbilie mopora riasyiennsi Fy, |5, 34]. Ha mo-
pore F,, u BbIlte 06pa3yeTcs MOBEPXHOCTHBIN CI0i pac-
rraBa TOJIIIUHON dy, TOPsi/IKa TEII0BOro Macirrabda dy .
IIpu F' > F, pa3pbiB MeTaJLIa IPOUCXO/IAT BHYTPH C1051
pacmiaBa. B cayvae mitenkn curyarns Mmersercs. [1ien-
Ka JIEPIKUTCS Ha CTeKJie 3a cueT are3uu. Vimeercs mpe-
JleTIbHOE aJIT€3MOHHOE HAIIPAZKEeHUe, TIPU IPEBBIIIEeHUN
KOTOPOTO TPOUCXOAUT OTKOJ IJIEHKW OT CTeKsa. Kak
MPABUJIO, MAKCUMATBHOE AJT€3NOHHOE HAIPAKEHUE CY-
IMECTBEHHO MEHbINe Mpeena TPOIHOCTH B 0ObeMe Me-
tasuta. Torga mopor oTKosa MJIEHKN OT CTEeKJIa HAXOIUT-
¢ HUZKe TOPOra IUIABJIEHUS IJIeHKH, T.e. JazkKe Hepac-
MIJIABJIEHHAS TIEHKA OTPBIBAETCS OT CTEKJIA IPHU BO3IEH-
crun YKJIN, eciin HanpsizkeHus 1IPEBBILIAIOT HPEJE
agares3un. [Ipuaem 0TKOI MPOMCXOANT HE B 0ObeMe TIIeH-
KM, & [0 KOHTAKTY € NOJJIOKKOM (puc. 1).

Hama pabora nanesnesa Ha OObsICHEHUE sIBJICHWIA,
HaOMIOmaeMbIx B ombITax [1,28-33]. B srmx ombiTax
ucnonb3oasuck Y KJIV, ocBemaomne mieHkn 3010Ta,
TommuHol dy ~ 20-70 HM, HaIbLIEHHBIC HA JUITEK-
Tpudeckne nommokkn. Kak BumuHo u3 dororpadmii,
npuseneHHbx B paborax [1,28-33], nabmonaembie sip-
JIEHUsT TIPOUCXOAAT OT covdeTannsi 3PQeKToB TUapo/Iu-
HAMWKHW U TIOBEPXHOCTHOTO HaTszKeHus. [Ipemmaraemoe
HIZKe peleHre IpobJieMbl OIINPAaeTcd Ha pa3dueHne 3a-
JIaM7 HA JIBE CTAJNW: HATAJBHYIO W Kamuaagapuyio. Ha
HAYAJIbHON CTA/IMKM TPOUCXOIUT YCKOPEHHUE ILIEHKHU 110
HOPMAJIM K TIJIOCKOCTH TOJIOKKM. Pa3ron mieHKkn BbI-
3BaH MPOTUBOJABIEeHIEM NOIOKKH (cM. puc. 1). IIpo-
THBO/IABJIEHAE BO3HUKAET KAK DPEAKIUs MOJJTOKKHA Ha
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JaBJIeHNe TJIEHKW Ha TOJIJIOKKY. JInTethHOCTE cTaann
YCKOPEeHUs ONPEJIesIsdercs THAPOMHAMUIECKUM BpeMe-
neM dy/cs ~ 10 ¢ AMHAMUYECKOIO KOHTAKTA ILJIEHKH
C TIOJJIOZKKOU BO BpeMs u mocje Bo3geiicteus Y KJIN.
Havanpuas crajgud 3aKaHIUBAETCS, KOTJIA IJIEHKA OT-
PBIBAETCS OT TTOIIOKKH.

Uro6b1 onucars oublrbt [28-33], He0OX0AUMO yuecrhb
BJUSHUE TMMOBEPXHOCTHOTO HaTszKeHus. KanuaasapHas
CTaIs MMeeT MeCTO, eCJIM TJIeHKA PacIlJIaB/ieHa U ee
CKOPOCTh, TIOCTIE OTAEJICHUsST OT TMOAIOKKH, HE CITUIITKOM
BestrKa. MacimTab KanuIapHBIX CKOPOCTel ciie/1yeT nu3
CpaBHEHUS ITOBEPXHOCTHON M KMHETUYEeCKOU SHepruii:

TR0 ~ wR] p°dyv2 /2,

rne R; — pammyc myuka YKJIU, 0 — xoaddurument
TIOBEPXHOCTHOTO HATSKEHUs JKUJIKOTO MeTasna, p° =
= 19.3 r/cm® — HavaabHAZA MJIOTHOCTDH 30JI0TOf TIEH-
Ku, df — Ha4daJibHa#d TOJIIIHUHA ILJIeHKH. ILHH TUITMYHDBIX
sHauenuii mapamerpos Ry ~ 1 mxum, o ~ 102 3pr/cm?,
dy ~ 50 HM mMeeM vy ~ 50 M/c. IIarHO HAarpeBa Ha mO-
BEPXHOCTHU TIJICHKW WMEEeT MaKCUMYM TeMIlepaTypbl B
LIEHTPe, IIOCKOIbKY Mbl paccmarpusaem Y KJIN ¢ mak-
CHMYMOM MHTEHCHUBHOCTHU HA OCH TydYKa. 1orga pacrpe-
JIeJIeHe CKOPOCTH IO TATHY HArpeBa MMeeT HamOOIb-
IIlee 3HAUEHNE B IeHTpe. B TakoM caydae oTopBaBIIas-
csl TJIeHKa TpUHUMaeT (hopMy Kymosa, 000I09Ka KOTO-
poro chopMuUPOBAHA U3 BEIIECTBA OTOPBABIIEHCS TIIeH-
ku (puc. 2). OueHKa NPOJONKUTETHHOCTH KATTUJLISD-
HOiT cragum naer t, ~ Rp/v, ~ 10 me. Kak Buanwm,
IPOJIOJIZKUTETbHOCTY HAYAJIbHON M KANUJIADHON CTa-
AUl pa3andaloTCda Ha TPU MOPsA/IKA.
KparkoBpemeHHOCTh B3auMOJEHCTBUSA ILJIEHKHA U
noaozkku (0komo 10 1mce) mo CpaBHEHWIO ¢ KAUJLISD-
HBIM BpemeHeM (0xosto 10 HC) TO3BOMSET CUIIBHO yIPO-
CTUTh TPYJHYIO TpeXMEepHYIO 3aJady, BKIIOYAIONLYIO
TUJIDOIMHAMUKY JIBUZKEHUN TOJJIOKKN U TieHKn. [Ipu
VOPOIIEHHOM TOIX0/Te 33/1a4a Pa30UBaeTcsd Ha /1B ITa-
I1a. Ha IEPBOM dTalle aHAJIU3UPYETCA TUIPOIUHAMUKA
IIJICHKK COBMECTHO C HO,HJ'[O}KKOP‘I. PaCCManI/IBaIOTCH
norsomenune YKJIW, narpes n peraxcamust 3JIeKTPOH-
HOM MOJICUCTEMBI, TEeIJIOBOE PACIIUPEHHE IJIeHKH, TeHe-
parus yaapuoit Bosubl (Y B) B MOMIOXKKe U OTKOM MI6H-
KN OT TOJIOKKN. 3a/ad9a Ha ITOM JTale PEIIaeTcs B
oxgromeproM (1D) npubnnzkeHnn, MOCKOIBKY IMAMET]D
nyuka YKJIN He meHee ueM Ha MOPSAJIOK NMPEBBINIAET
rTommuny niaenku: dy ~ 10-100 uM, Ry, ~ 1 MEM 1
Oosiee. B paszm. 2 BBIYHCILIOTCA HAYAJIbHBIE CKOPOCTH
JIOKAJIbBHOTO IIEHTPa MaCChI IIJICHKHW U JIOKAJIbHAaA TeMIIe-
paTypa B 3aBUCUMOCTH OT JIOKAJIbHOT'O 3HAYEHUA IIOTJIO-
meHHoi nazeproit sneprin Fyp,(x,y) [Ix/cv?], rae z,
Y — KOODAMHATHI B MJIOCKOCTU TIOBEPXHOCTH TIOJIOKKN
(cm. puc. 1 u 2). Bropoii stan HAUMHAETCS TOCTIe OTPhI-
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Puc.2. Orcnansarue n scnydusanue nnenku (6au-
crepunr) nocne sosaeiictens YK, B cnyvae YKJIN
C MaKCMMyMOM WHTEHCMBHOCTM HA OCM ny4kKa (Ha-
npumep, pacnpegenedne uHTeHcusHocTn no layccy)
OTOPBABLIASCS MJIeHKa NpuHUMaeT Gopmy Kynona.
Mpu manoii sHeprun, BNOXKEHHOW B MATHO Harpeea,
NOBEPXHOCTHOE HATSKEHME OCTAHABINBAET [BUKEHME
Kynosia BBEpX MO OCW Z 1 MOBOPAYMBAET MNEHKY Ha-
3a4 K noanoxke. [1pn MoBbIWEHHbIX HEPrusX Kynon
OTPbIBAETCA N yN€TA€T BBEPX, A B MNJIEHKE HA NO4JTIOXK-
ke ocTaercs gbipka (kpaTep). Ha pucynke nokasana
CUMMETPUYHast NonoBMHa KapTuHbl. Ocblo cummeTpun
SIBJISIETCS OCb 2

Ba IJIEHKU OT MO/JIOKKH. Ha MOBEPXHOCTH TOMIOKKH
00J1aCTh OTPBIBA UMeeT (bOPMyY TATHA, OTPAHWIEHHOTO
KoHTYpOM. B pasj. 3 onuceiBaercs JnHaMuKa IJIEHKH,
3aKPEIIeHHON Ha KOHTYDe, TIO/T IeHCTBIEeM TOBEPXHOCT-
HOTO HATSAKCHUS.

Ouwbrrst [1,28-33] umeror NpsiMoe OTHOLLEHUE K TeX-
HOJIOTUsIM Oyayinero. B Hux Habmogaercs popMupoBa-
HUE HAHOKYTIOJIOB M HAHOCTPYEK, KOTOPhIe HAMIyT 1u-
POKO€ TIPUMEHEHNEe B MUKPO3JIEKTPOHUKE, MEUIINHE U
HanomtazmMonuke |1, 2]. Ha cerognsimunwii nens npeio-
JKEHBI TPU MOJEH 1 O0bACHEHHS 3TOTO BAYKHOTO SB-
Jerns. B meproit M3 HUX METOTAMU MOJICKYJISPHON -
navukn (M/JI) paccmaTpuBaercsi OTCKOK IJIEHKH OT ad-
COJIIOTHO KeCTKOM momnoxku [1]. Xors takoe momyrme-
Hue (HeaedOPMUPYEMOCTD TI0JI0KKH) CUJIBHO YIIPOLIA-
er 3aza4y?), oHO He MOzxer GbiTh npuHaTo. Kak Gyser
BUIHO HKe (pas3f. 2), Hammuaue gedbopMupyemoii mog-
JIOKKU B 5—7 pa3 CHUZKAET CKOPOCTb U, OTCKOKA TIJIeH-
k. Hebonwmme ckopocTn v, ~ v, HEOOXOAUMBI, ITOOBI
KAUJLIAPHBIE ABaeHus (pa3z. 3) MOrJIU IpOsABUTH ceOs
(6e3 Hux HET HAHOCTDYI). B mocTaHOBKE € 2KECTKOM Mo~

3) HOCKOJ’[I:Ky HUCKJIIO4aeT 'dIPOJUHaAMUKY IIOJIOZKKHA.
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JIOJKKO CHUZKATh CKOPOCTH VU, MOYKHO TOJBKO 3 CUYET
YMEeHbIIIEeHUs TOrJIOMEeHHOM sHeprun Fups. Ho Torma mbt
OILyCKAEMCsl HUZKE 1I0POIa, [IABJIEHUSs], U KAIIUJLISIPHbIE
s dekror mporagarot. Heobxoaumo cobiroarh TOHK T
6aaHC MEXKy CKODOCTSIMU U, ~ U, U IJIABJICHUEM.
Tpebyrorcss HEOOIBITTHE CKOPOCTH TIPH JIOCTATOYHO BBI-
cokoit Temneparype. Kak mnokazaHo B jaHHO# pabore,
9TOrO MOKHO TOCTUYh, €CJIA HA HAYAIHHOM JTATIE TITeH-
Ka PACIIAPSIETCS B «MSATKYIO» TOMIOKKYS .

Bropas mozenb [2] orpannyuena aHanm30M JAuHAMY-
KU TJIEHKW 70 ee TiIaBjeHns. B Takoil mocTtaHoBke He
YAAETCST MOHATH, KAKUM 00pa30oM (DOPMUPYIOTCST MOTII-
HbIE MOTOKU BEIIECTBA, UJIYIIHE B IPUOCEBYIO 30HY (OCh
z Ha puc. 2). Mexkay TemM MMEeHHO 9TH TMOTOKW OTBeT-
CTBEHHbI 3a 0Dpa30BaHUE CTPYU HA BEPLIMHE HAHOKY-
nona (pasz. 3).

B rperbeii momemu [33] amanu3 nmpunoBepxHOCT-
HOW AMHAMHKHN OTCKOKA ILTEHKH U ee JIAaJIbHeHUIIero mo-
JTeTa, 3aMEHsIeTCsT UCCefoBanneM (heHOMEHOIOTUIeCKO-
ro ypasrenusi Kypamoro—Cusammuckoro (KC). 1o
YPaBHEHNE HEKOTOPBIE ABTOPBI MIPUMEHSIN DAHee [IJis
OIIUCAHUS TIOSIBJIEHUsI XA0TUUECKUX CTPYKTYD HPH Jia-
3epaoM Bo3zeiicTBun. O6pazoBanue CTPyU CBA3BIBAIOT
¢ ocobenrocrpio ypasuenust KC [33]. IIpm moaxone ¢
ucnonb3oauneMm ypasHenns KC Bcg aunaMuka meH-
KH «CHAUT» HA IO/JIOKKE — HET OTPHIBA ILIEHKH, HET
[yCTOr0 PACHIMPSAIONIErocsi Kynosia. B nameii pabore
COYETAIOTCS PACYET OTPBIBA IJIEHKH (pa3/l. 2) U Kanui-
nspHast reopust (pasm. 3). DTO MO3BOJISET ONMUCATDH Ja-
ZKe Takoil ocoOblii 3¢ dekT, Kak obpa3oBaHume KOHTP-
crpyn (em. wHuxke puc. 22). Jdanuwii addexr obHapy-
JKeH HejasHO (cM. puc. 7 B pabore [28]).

2. JIASBEPHBII VAP II0 IIJIEHKE HA
HOJJIOXKKE

[Morsonenue a3epHOi SHEPIUU B MHTEPECYIOIIEM
Hac auanaszone GmoeHcoB Fups ~ 10-100 M/l /cm>
U TPU M30XOPUYECKOM HATDEBE CO3/aeT BHYTDHU IJICH-
kn gaiennst ~ Fyps/dy = 10Fyg/dioP [I'Tlal], rme
Fig = Fups/10 [mIx/ev?], dig = dy/10 |rm|. Tas-
JIeHHsl TaKUX aMIUTHTY BO3HHKAIOT 3a (DPOHTOM JIe-
TOHAIIMM XMMHYECKUX B3DLIBYATHIX BemecTB. MOKHO
CKa3aTh, 9TO JIa3ep MPEBPAIIACT METAJI TIJICHKHA BO
BSPBIBanKy C JTaBJEHUAMHU TOPAIKa JECATKOB TUTa-
nackasieit u TemmneparypamMu I B THICAYN KeJIbBUHOB:
T [K] ~ 4000F1¢/d1g. Paccmorpum pacmmmpenne Ta-
KOl «B3PBIBYATKH» HA MOBEPXHOCTH MOTOKKH (yaap

4) Mf{I‘Ka,H O3Ha‘la,eT7 q9To aKyCTH‘IeCKHﬁ HUMIEJaHC ITOJJIOKKA
MaJI [I0 CDABHEHHIO C MMIEJAaHCOM ILIEHKU. B ciydae ¢ yKecTKON
MO/UIOKKO# [TOJI02KeHrne 0OpaTHOoe.
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Crpyeobpa3oBaHue npyi OTPbIBE METAINYECKON MIEHKHA . . .

O TMOJJIOXKKE U OTCKOK OT Hee). Pacnpeenenue mioT-
HOCTH MOIJIOMIEHHOU 3Hepruu Fyps OAHOPOJHO IO MO-
BepxXHOCTH MieHku, cM. puc. 1 (1D-mocranoska 3aa-
Tpebyercss HAWTH CKOPOCTH HEHTPA MAacC IJICH-
K v, (Fgps) TOCTE OTCKOKA OT JAM3JIEKTpHKA. B Kaue-

un).

CTBE ,I];I/ISJIeKTpI/I‘{eCKOI‘/,I TOIJIOZKKN O6I)I‘IHO I/ICHO.HI)SyeT-
cs1 crexno’) .

B paszza. 2.1 npeacraBuM HCTOIB3YEMYIO TE€PMOJIH-
naMudeckyio 2T-Mome/np u rupoAnHAMUIECKIE YPaB-
wenns. B pazza. 2.2 obcyanM, KakuM 00pa3oM TpoTeKa-
IOT TENJIOBbIC TIPOIECCHI, HOCKOJIbe MMEHHO IIOBBIIIIE-
HUue BHyTpeHHefI SHEPI'uy IIPUBO/IMT BEIIECTBO B JABUZKeE-
HUe. ByayT u3ydeHbI MOTJIONIEHUE JIa3ePHOIl SHEPTHH,
HarpeB 3J1eKTPOHOB, PACIPOCTPAHEHHE TeIIa 10 3JIEK-
TPOHHOM TOACUCTEME U HJIEKTPOH-UOHHAS PEJIAKCAIIHSI,
Osaromapst KOTOPO#l MOBBIIAETCS TEMITEPATyPa perieT-
KJ U TPOUCXOIUT TmaBiaeHue. B pasma. 2.3 mpeactaBum
OTHCAHUE TIPOIECCa OTPHIBA IJIEHKHU TIPH OJHOPOTIHOM
BJIOJIb TIOBEPXHOCTHU TLIEHKH OO/yvIeHuun (OZHOMEPHAsT
3azada). B pasm. 3 paccMOTpeH TpexMepHbIif OTpHIB
TIJIECHKW TTIPpU HEOJJHOPOJITHOM O6JIy‘{eHI/II/I.

2.1. I'mpponyHaMudecKne ypaBHEHUS U
TepMOJUHaAMUYecKass MO/IeJIb

OHOMEpHOE NBUIKEHUE TJIEHKH ONUCHIBACTCS CITe-
aytonmmu apyxremneparypabivu (2T) ruapoamHavu-
9eCKUMU yPDABHEHUIMU:

o n0z(2%t) o 0z(z%t)
p(z at)W =0 e =u(z°t), (3)
JOu  OP(2°t) .
pa— 820 ’ P—P1+Pe7 (4)
E, ;0 p° ou
ofZe) — ¢ Lam-1)+Z 0-P. 2L 5
(%) = —i-Zan-neo-ngt.
0 O(Eilp) _ p° _ Ou
p o pa(Te 1;) PZ@Z"’ (6)
e
_ Fabs t2 |Z_Zg|
N )
( ):ﬁ - 94 _ _prOTc
T oo T 00’ T po 9z

Ocb 2z nepIeHIuKyIAPHA IJIOCKOCTH INIEHKH U HOJTTOK-
ku (cM. puc. 1). Mcnons3oBana garpamnzkeBa KOOPAUHA-
ta 22, o magana neiicreus YKJIU narpankesa ko-

z:

opamuara z° COBHAIAeT C DUIEPOBOI KOOPIMHATOM

%) B pa6ore [33] mcnonssyercsa noamoxka u3 CaFa.
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ZO

= 2(z%t = —o0). @ynkums z(z°,t) 3amaer Tpaex-
TOpUI0 (PUKCUPOBAHHON MATEPHATLHO (arpanzkeBoii)
JacTulpl. B OIHOMEPHON HOCTAHOBKE 3TO ILIOCKOCTD,
JIBUZKYIIASICS BJIOJIb OCH Z CO CKOPOCTBHIO U. B omHOMEp-
HOU MOCTAHOBKE MEPIIEHIUKYJISPHBIE OCH Z CKOPOCTH
PABHBI HYJII0. YPAaBHEHH (3) OTHOCATCS K COXPAHEHUIO
MAcCChl M KMHeMarTuke Jpuzkenusi. Macca Ha equHuULly
motmaan, dog = p° dz°, 3azKaras MezK/1y MIOCKOCTSIMHI
2% 4+ dz° m z°, mocrosimma. CuoBoe ypaBHEHWE NMEET
BuJ (4) — pasHMIA CUII MEXKIY TIOCKoCTsSMY 2° + dz°
n z° ompejiesisieT yCKOpeH#e Macchl dog.

DHEPreTuvecKue ypPaBHEHUsl 3alUCAHbL OTJEJIbHO
LIS 3TIEKTPOHHOMN MOICHCTeMBI (5) U JIsT HOHHOM MOJICH-
cremsbl (6) [6]. TemmonpoBOAHOCTHIO CTEKIA HA PACCMAT-
puBaeMoM MaciTabe BpeMeHn TpeHeOperaem. B ypas-
meruax (5), (6) JOMOTHUTETBPHO K TEITOBLIM HI€HAM
YVUTEeHbI THIPOANHAMUYIECKIE YUJICHBI, CBSI3aHHBIE C Da-
6oroii P dV B KaxKH0i U3 MOACUCTEM. DTHU JIOIOJIHEHUS
IUIFOC  TUAPOAMHAMUYECKHE UWIEHBl OTIMYAIOT TUIPO-
muaammdeckyio 2T-cucremy (3)—(6) or 2T-ypasuenuit
SHEPIUU B IMHOHEPCKOil pabore [6].

Kaxk Buamm, BpeMs OTCUHUTHIBAETCS OT MAKCHMY-
ma uaTeHcuBHOCTH YKJIU (bopmyna mjs ucTodaHuKa
Q). IIpocTpaHCTBEHHO-BPEMEHHOE DACIIPEJEIeHHE T10-
DITOIIEHHOM SHEprun onpejessercs GyHkumed ), mim-
tenpaocTh YKJIW ecth 77, a TiyOmHA MOTJIOMIEHMST
paBHA TOJINUHE § CKUH-CJI0sA. Jluccumarus SHepruu
JIEKTPOMArHUTHOM BOJIHBI IPOMCXOANUT BHYTPH MeTaJl-
na BOmm3u rpanuner miuenku. B ocayuae LIFT (laser
induced forward transfer) [1] 3a z, B dopmyne mus
() MpUHUMAaEM I'DAHUILY CTEKJIO—30JI0TO, TOCKOIbKY Jia-
3€pHBIIl TYyYOK UJeT uepe3 nonoxky. B caydae LIBT
(laser induced backward transfer) 3a z, npunumaem
IPaHUIly 30JI0TOH IJIEHKU C BAKYYMOM, IIOCKOJIbKY Jia-
3epHBI TYYOK HIET [Yepe3 BaKyyMHBIH MPOMEKYTOK
(cm. pue. 1).

VYpasuenus 2T-ruapomunamvuxu (3) (6) gomomms-
IOTCA  TePMOAMHAMUYIECKON Mozesnbio 2T-cocrosiauit
KOH/IEHCUPOBAHHOM CPE/Ibl U MOJEJIbIO, KOTOPAsi OLUChI-
BaeT BaKHEHNe KWHETHIeCKne KOIDPUITHEHTHI — 9TO
KO3 PUIMEHTHI TENJIONPOBOAHOCTH K M 3JIEKTPOH-HUOH-
HOTO TeriooOMeHa «. B mawHoit paboTe Tpm perreHnn
cucrembl (3)—(6) 2T-ypaBHeHHE TEPMOAMHAMUIECKOTO
cocrostrug  (2T-YPC) Geperca rtakum, kak B pabo-
te [35], a mmenno, 2T-YPC npezacrabieHo kak cymma
HMOHHOIO ¥ 3JIEKTPOHHOIO BKJIAJIOB, COOTBETCTBEHHO
cBODOTHAST SHEPTUS PaBHA

F(vaivTe) :Fi(paTi7T€)+F€(p7TiaTE)' (7)

WNwmeercst psim TOAXOM0B K BBIYUCICHUIO JJIEKTPOHHO-
ro BkJama, HaumHag or Mozeneii @epmum u Towma-
ca—PepMu W 10 KBAHTOBBIX BBIUUCICHH METOJIOM
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dynkumonamna miorHoctn (density functional theory,
DFT) [8,9,36-51]. Bonee usitmaecsitu jier y4uThiBa-
ercsi dJIeKTpoHHast Jj10obaBka F, B osHOTEMIIEDATYD-
woe (1T, 7. = T;) YPC. Dra mobaBka CTAHOBHT-
Cs CYIIECTBEHHON MHpPH BBLICOKHUX TeMmmeparypax [52]
(cum. Takzke [36, 37]). Pamee mobaska F, momcanThIBa-
sack B npubimzkennn Pepmu. ITogxom, npu kKoropom
9JIEKTPOHBI OTMUCHIBAIOTCA B BUJE HMICANBHOrO raza (B
9TOM 3aKkmouaercs npubsmzxenne Pepmm), ObLT pac-
npocrpanen n Ha 2T-curyammio [40, 41]. Cospemen-
Hble paboThl oTTanknBaioTces ot DFT-mMomzennpoBanmst
[8,9,35,39,42,43,45,46,48-51].

B wnacrogmeii paboTe MCIONb3yeTcs KOMOWHAIIWS
nmpokoananazonnoro YPC [36, 37, 53, 54] u DFT-pac-
weror [35]. Harmm DFT-Beramcsennst xoporno cormacy-
OTCsT ¢ MUpOKoAranasoHHbIM YPC 1Mo «XOJIOZHBIM»
KpuBBIM MeTasutoB [5, 35, 55, 56]. B cBsasu ¢ ombita-
mu [1,28-33] Ha mTEHKAX 30710TA HAC HHTEpeCcyeT 00-
JIACTh COCTOSAHUM € IJIOTHOCTAMU OT T'a30BOI /10 TBEpIO-
TeJBHOI U ¢ TemmneparypamMu UOHOB T /10 HECKOJIBKUX
KUJIOKETHBUHOB 1 3JIEKTPOHOB T}, /10 HECKOMBKUX K-
TPOHBOJILT. B 3T0i1 061acTi COCTOAHMIA U IpK (PUKCHPO-
BAHHOI ILIOTHOCTH p OyJeM IpeHeOpPeraTrb BIUSHUEM,
1) monHoit Temmeparyper 1; HA FMEKTPOHHBIA CIIEKTD
n 2) 37eKTPOHHOI Temmeparypbl T, Ha yIpyrue mocro-
STHHBIE (9JIEKTPOHBI 001a1a10T (DEPMUEBCKUMA SHEPTHU-
SAMI, U T00ABJIEHNE K HUM HECKOTBKUX SIEKTPOHBOIBT
maso uto mensier [38])%). Tlpu stux aByX mpemomosKe-
HUSIX B BBIOPAHHOM OOJIACTH COCTOSIHUNT BMECTO BbIPa-
skeHns (7) MOZKHO NPHOIMZKEHHO 3aIUCATD

F(paTi7Te) :Fi(vaivTe)+FE(p7Te)' (8)

3necw 3aBucumocts byukimn F, ot aprymenta T; omy-
MIEHa, COTJIACHO TIePBOMY TDEITTONIOKeHN0. DyHKIAs
Fi(p,T;,T.) cnabo 3aBUCAT OT 3MEKTPOHHON TemIepa-
Typsr (Bropoe npeanosozkenne). [losromy B (8) B hyHK-
win Fi(p, T;, Te) nonoxeno T, = T; = T. Cymma

F(p7T7T> :Fi(p7T7T>+Fe(p7T)

MCTIOB3YETCS TPU  pacdere  IMHUPOKOINATIA30HHOTO
1T-VPC [36, 37, 53, 54]7). Ipu 51oM saeKTpOHHbIT
sag F, (p,T) BBIUKCTAETCS B TPUOTUZKEHUH, OJIU3-
KOM K MPHUOIUKEHUIO WICATbHOTO ra3a. UTo0bl yuecTh
YTOUYHEHHBI HAMU 3JEKTPOHHBIA BKJIAJ, BBITUTAEM
byHKIIHIO Fe(p, T). CnenoBaresbHo,

6) BTopoe Ipe/noNozKeHue HemPHMEHHMO JiJisl IOy IPOBOIHI-
KOB U JH3JIEKTPHKOB,
niasnenne [57]. Kpome TOro, m3BeCcTHO, YTO MMEETCST 3aMETHOE
YIPOUHEHHE 30JI0TA IPH 3HAUUTEIbHOM HoBbimennn T, [39, 46]. B
HaeM npubankeHnn STuM 3hHEKTOM TPUXOIUTCS TPeHeOPeUb.

™) B pa6otax [36, 37, 53, 54] Bmecro F(p,T,T) ucnompsyercs
o6o3uauenue F(p,T).

IIOCKOJIBKY OHO MCKJIIOYaeT HeTelloBoe
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Fl(paTuTl) = F(p7Tl7Tz> - FE(p7 Tz)

Taxkum o6paszom, B (8) oboznauenue F;(p,T;,T;) o3una-
vaer 1T-YPC ¢ BBIUTEHHBIM 3JEKTPOHHBIM BKJIAIOM.
Ormernm, aro npu Temneparypax 1; 10 HECKOJbKHX
KWJIOKEJILBUHOB 3JIEKTPOHHBI BRIan Fg(p,T;) man B
CpaBHEHNW ¢ MOHHBIM BKIagOM F;(p, T;, T;).

(8) smeKTpPOHHBII
BKJIaa F, He 3aBUCHT OT TeMIepaTypbl HOHOB T;
(T; 2-5 kK). ITosromy 3TOoT BKJIAJ JOILYCTHMO
BBIUUC/IATH TIPU HYJIEBOI Temmneparype mouoB 1; = 0

B mpumarom npubamkeHnn

~

(xomogmast pemerka). B cooTBercTBHEM € STHM 1is
xosiogHoil pemerku ¢ nomombio DFT-moaxoma ObLa
BBIUUCIIEH 3JIeKTPOHHBIH OJHOYACTUYIHBII CIEKTP 30710-
ta upu 1, = 0. Ilo sromy cnekTpy, aHAIOTMYHO TOMY,
KaK 3T0 OBIIO caenaHo B pabore (8], Oblaa Haiimena
nekTpoHHas sHeprus FE.. [lpunaras B wHacrosmeit
paboTe aNmpOKCHUMAINs JIeKTPOHHOW SHEPTUU HUMeeT

BUL
1- 1 .
E, =17.513-101° L ER P
2 2 )
tn = z arct, L — 3500
T
rae E. npuseneno B x/lx/r, T, — B K. Annpokcu-

Marst (9) BOCIPOM3BOAWT DPOCT SJIEKTPOHHON TErLIo-
E€MKOCTH TIPU yBEJTHICHUN TeMIepaTypbl 1, W3-3a BO3-
OyKaeHus d-31eKTpoHOB. JlaBjeHne 37€KTPOHOB BbI-
(2/3)Ecp. B upu-

BEJEHHbBIX Bbllle NpuOInKeHusix jgodapka F, umeer

qucasiioch 1o gopmyne P, =
CMBICJI 3JIEKTPOHHOIO TEIJIOBOIO BKJIQJA B ypaBHEHUE
Mu — I'pronaiizena.

st periernst cucremsr (3)—(6) Tpebyrorest Koaddn-
IUEHTbI 3JICKTPOH-UOHHOT'O TeHﬂOO6MeHa Q1 Ter1onpo-
BogHOCTU K. IlepBblii u3 Hux Gpasics u3 pador [7-9].
TenonposogHOCTh 3071014 B 2T-yCI0BUAX MOACYUTHI-
BaJsiach 1o (opmye

rne C, = pdE, /dT, — TenaoemMKocTh Ha eIMHUILY 00b-
ema, semmauna E, maerca dbopmynoit (9), v? = vl +
+3kpT./me, mev% /2 = 5.5 3B — sueprus @epvu Ejp;
Er/kp = 64 xK, Er/h = 8.4 ¢pc~L. Yacrora v pas-
Ha CYMMe YaCTOT Ve; + Vee NEKTPOH-UOHHBIX M JIEKT-
POH-3JIEKTPOHHBIX CTOJIKHOBEHMHIA. I_IpI/IHI/IMaJIOCb7 9T0
(Er/h)(ksT./Er)* [58]. Yactora ve; HAXOmH-
Jlach M0 yJIeJbHOMY 3JIeKTPUYECKOMY CONPOTUBJICHUIO
1o cnpaBounbiM ganubiM [59]. Ona pasna ve; [c?]
= 1.2 101 T;(p°/p)t-3 B TBepmoit daze u ve; [c7l] =
= (0.34 4+ 2.7 1074T;)(p°/p)*? - 10'° B xmaKOIt baze;
3/1ech MOHHAas TeMmmepartypa 1; OGepercs B KeJTbBHHAX,

Vee



XKITP, tom 147, Boin. 1, 2015

Crpyeobpa3oBaHue npu oTpbiBe

METaJINTNYECKOWN NAEHKN . . .

p’ = 193 I‘/CM3 — TJIOTHOCTB 30JI0TAQ MPH HOPMAaJb-

V13 npubnukenno

HbIX ycnoBusx. Muoxurens (p°/p
ANMPOKCUMUPYET HAYAIbHBIA yIACTOK MMAJIEHUs TPOBO-
JUMocTH ¢ yMenblnenuem morHoctu [60]. ITockombky
HAaIll TUAPOIMHAMUIECKU KO UCIIONb3YeT MIHIPOKO/IU-
amazonnoe muOrodaszroe YPC, Ham m3BecTeH MrHOBEH-
HbII (Da30BbI COCTAB B KAXK/IOH JIArDAHZKEBON dacTu-
1e. B coe miaBieHns 9acToTa Ve; MOACIUTHIBAIACH 110
TIPUBEJIEHHBIM (DOPMYJIaM I TBEPAOH n KuaKkoi das
¢ ydgeToM o0beMHOMN m10u a3 B AByX(a3HOH CMeCH.

2.2. TenmoBbIe POIECCHI

TenioBBIX TPOLECCOB TPU: MOTJIOIIEHKE JIa3epHOI
SHEPIWH B CKHUH-CJIOE 30JI0Ta TOJIIUHON TPUMEPHO
15 HM AJs1 MCIOTB3YeMbIX ONTUYECKUX JIA3EPHBIX CH-
crem ¢ smeprueii dorona 1-1.5 5B; mepemaga morso-
[IIEHHON 9HEPTUU B TOJILY TJIEHKUA MOTOKOM ¢ B ypaB-
Hennn (5) 3a cYeT SJIEKTPOHHON TEIIONPOBOIHOCTH;
COMMZKAIONIAST TEMIIEPATYPBI JIEKTPOH-UOHHAS TEeMIIe-
paTypHas pelakcalysd, 33 KOTOPYIO OTBEYAET CIIarae-
moe a (T —T;). TennonpoBOAHOCTBIO U IEKTPUIECKOT
MOJJIOKKHU OyieM npeHedperaTh Ha PacCMaTPUBAEMbBIX
Macmrabax Bpemenu. [[09TOMy TerjioBble sIBJIEHHs CO-
CpPeJI0TOYUEHbI B IJIeHKe 3070Ta. B 2T-ycmoBusx Termio-
IPOBOJHOCTD BeJUKa, IieHKH 1,28 33| Tonkue, u mpo-
IPEB MJIEHKH MPOUCXOINT UIPe3Bbrdaituo OnicTpo. Coot-
BETCTBEHHO JIJIsi WHTepTpeTalnn onbiTos [1,28-33] me-
TaJbHBIE 3HAHUSA O KOI(DDUIMEHTE TEMTONPOBOIHOCTH
He OYeHb CyIIecTBeHHb) . Boree BazKHBIMI OKA3EIBAIOT-
co 3HavUeHnA KO3 DHUIMEHTa JIeKTPOH-HOHHOTO TEILI0-
oOMeHa (v ¥ JABJIEHUsI JIEKTPOHOB P, MOCKOJIbKY pe-
JIAKCAIMsl TPOIOJIZKAETCS 3aMETHBINH OTPE30K BPEMEHH.

Ha puc. 3 nokazaH TUIIUYHBIA TPUMED U3 MHOIOYHC-
JIEHHBIX PACUYETOB PA3HBIX BAPUAHTOB. TUCIEHHO perra-
ercs cucrema ypapnenuii (3)—(6) 2T-repmoruapouna-
muku. U3secrno [5], uro na 2T-craguu B 01HOPOAHBIX
00'bEMHBIX MUIIIEHSIX 3JIEKTPOHHAsI TEILIOBAsI BOJIHA PAC-
IPOCTPAHSETCsI CO CBEPX3BYKOBON CKOPOCTHIO — IIPOUC-
XOJIUT «KBA3UTOMOTEHHBI» HATPEB CJI0ST TOIIINHON dT .
B ciyuae rouxux wwienok (dy < dr) 910 siBienue npu-
BOIUT K OBICTPOMY BBIPDABHUBAHUIO 3JIEKTPOHHON TeM-
nepaTypbl 10 TPOCTPAHCTBY (cM. puc. 3). Yzke K neppoii
[IUKOCEKYH/Ie PA3HOCTb TEMIIEPATYD

AT (t) = Te(2° = 60 um, t) — Te(2° = 0,t)

Ha CTOPOHAX ILICHKHU CHMKACTCA 110 7 % OT cpeiHeii 1mo
TDAHWUIAM TeMITePATyPhI

8) KoabprImenT TernIonpoBogHOCTH BAZKEH IPY ONPeeIeHnH
roiyOuHBL IPOrpeBa dp U MOPOTa TEPMOMEXAHUIEeCKOH abuisauu Ha
00 bEeMHBIX MHUIICHIX.
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Puc. 3. PacnpocTtpaneHne Tennosoii BonHbl 1 6bICTpOE
BblPaBHMBaHNE 3/1€KTPOHHOV TemnepaTypbl 1¢ no npo-
CTpaHcTBy nieHkn TonwmHoli dy = 60 Hm. Mornowen-
Has sHeprus Flop, = 40 mx/cm?. Touka z = 0 co-
OTBETCTBYET MOJIOXKEHUNIO KOHTAKTA CTEK0—30/10TO A0
npuxoga YKJIN Ha konTakT. CTekno HaxoguTca cnesa,
3on0oto — cnpasa. YKJIN oceewaet nnenky cnpasa, co
cTopoHbl Bakyyma. Bpewmsi t oTcumTbiBaeTca oT mak-
cumyma YKJIN. Onutensnocts VKN 77, = 100 dbc,
TOAWMHA CKnHa § = 15 Hm

Te(t) [Te(2° = 60 mm, t) + T (2° = 0,1)],

NN

AT, (t = 3 ne)/Te(t = 3 mc) < 1073, Vakue nukw Ha
puc. 4, 5 00ycJIOB/IEeHbl OBICTPHIM PACIPOCTPAHEHUEM
Tensa w3 CKUH-Ciost 6 = 15 HM B IUIEHKY TOJIIIMHOI
dy =60 um.

[Ipormecc BeipaBHUBaHUS JIEKTPOHHON T, ¥ MOHHO
T; Temmeparyp mpoustiocTpupoBan ua puc. 4. Ou cBs-
3aH ¢ KO3DDUIMMEHTOM (v B 9HEPTreTHIeCKNX YPaBHEHN-
ax (5), (6). Ha TOHKHX mI€HKAX 30JI0Ta IPOIECC BbI-
paBHUBaHUs TeMmepaTypbl T (z,t) HAMHOTO omeperka-
€T XOJI JIeKTPOH-UOHHOHI TeMIepaTypHON pesakcaluu
(puc. 3, 4). Kaxk Bugao u3 puc. 4, remneparypHas pe-
JTAKCATINS TTPOIOIKAETCS TeCATKN MUKOCEKYHT U HE 3a-
KaHIMBAETCA JazKe K MOMEHTY typqy = 39.3 TIC OTPHIBA
(spall) mienku ot cTeksa (AUHAMUYECKUM SIBJICHUSAM U
OTDPBIBY IJIEHKH TIOCBSIIIEH CJIeLyIoImmii nogpasen). Pe-
anbHast penaxkcamys uaer opicrpee (puc. 5). Peanbhas
peslakcanust cBs3aHa C mnepejadeil TmOrJIoeHHON Hep-
run Fyps, 3aacenHoil B 9JIEKTPOHHOM TOCHCTEME, T3
SJIEKTPOHOB B WMOHBI. YK€ B MOMeHT ¢t = 5.4 mc 3T
SHEPTUN CPABHUBAIOTCS, XOTs YJIEKTPOHBI B 8 pa3 ropsi-
qee (cp. puc. 4 n 5). Pasymeercs, 910 CBs3aHO € Ma-
JIOCTHIO HEKTPOHHON TETIIOEMKOCTH MO CPABHEHUIO CO
3HavenuneM 3kp mpu Temmeparypax I, B HECKOJIbKO KH-
JIOKETTbBUHOB.
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T.,Ti, kK

15}

10}

t, 1c

Puc.4. BuipasHusatue anekTpoHHoii T, (2° = 60 Hm,
t) n wnonnoit T;(z° = 60 nwm, t) TemnepaTyp BCneg-
CTBME 3NEKTPOH-MoHHON penakcauum; 7 = 100 dc,
6 = 15 Hm. MNpueegersl rpacdukn TemnepaTyp Ha rpa-
HULE MEeXAy 30/70TOM 1 Bakyymom. JHeprusi YK/
MOrOWAeTC B CKUH-CNOe Ha 3Toli rpaHuue. Maken-
mym T, = 16.7 kK pocTturaercs B momenT ¢ = 0.11 nc.
HavanbHble TemnepaTypbl 3010Ta U CTeKna paBHbI
300 K. Kak ckasaHo, npu t > 1 nc mana Bapnauunsa T,
MO HOPManM K NAeHkKe. DTO O3HAYaeT, 4TO NMPOCTpPaH-
cTBeHHbii npoduns T;(z,t) npumepHo ogHopogeH no
HOpManu K ruienke. B MOMEHT t,pq1 MneHka oTpbiBa-
€TCs1 OT NMOAJIOXKKI

Kax nmpoTekaer HArPEB MOHHON MOJCHCTEMBI MOKA-
3aHO Ha puc. 6. OObEeMHBIM HCTOYHUKOM HATDEBA $IB-
nsercs cinaraemoe «(T, — 1;) B ypasuenun (6). Ilocne
ObICTPOrO BhIpaBHUBaHUsA Temueparypol T, (cum. puc. 3)
MOIIHOCTh MCTOYHWKA HATPEBA MPUMEPHO OJHOPOITHA
no koopaunare z. Ha npodwuab remneparypsr T;(z, )
Bausier Takxke <wien P;divu, cesa3amubIl ¢ paboToit
P dV v rujipouHAMUYECKUM JIBUZKEHUEM.

B npunsitom Bbine npubnmzkennn (8) npeneOpera-
eTCsl BINUSHUEM BO30YZKICHUS SJIEKTPOHOB HA, yIPYTHE
MOCTOSTHABIE. DTO O3HAYAET, 9TO KPHUBAs TJIABJICHUS
T, (P) cnabo 3aBUCAT OT SJEKTPOHHON TEMIIEPATYPhI
T.. Kpome TOro, B HAIIUX I'UIPOJMHAMUYECKNX Dacye-
Tax menonb3yercs repmognnammaeckoe YPC. Cremosa-
TEJIBHO, HAIIU PACYETHI HE OMUCHIBAIOT KWHETHUKY TJIaB-
JIeHUsI. DTO 3aMETHBIH HEJTOCTATOK, €CIN pedb WIaeT 00
OKPECTHOCTH Topora miasienus. COUHOIATD meperpe-
roro kpucramia Ts(P) pacnonaraercs Ha 25-40 % [61]
Bbie Kpupoii nuasnenus: 1s(P) ~ (1.25 — 1.4)T,,,(P).
B cayuae Fops = 40 m/lxx/cm® (cm. puc. 3-6) mon-
Has TeMIepaTrypa MOJHUMAeTCs JI0 3HAUEHUI mpuMep-
1o 2 KK (cm. puc. 6). Temmeparypnr okoso 2 kK coor-
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E., E;, 3B/arom

1.2 i

0.8 ¢ i

04 i
0

40

t, nc

Puc.5. T[lepeka4ka aHepruy 3/1eKTPOHOB B NOHbI MpK

Te > T;. Bngnm, 4TO B 21€KTPOHAX OCTAETCA MeHee

22 % ot cymmapHoii aHeprun E. + E; npn t > 15 nc.

MpeacTtaBneHbl 3aBUCUMOCTU OT BPEMEHU SHEpruii B

NarpaH>KeBoii 4acTuue Ha rpaHuLe 30710TO—BaKyyM,

2% = 60 Hm. Pacyer ¢ napametrpamn, npusegeHHbIMY
B nognucsax k puc. 3 n 4

o+

20 40

Puc. 6. Harpes noHoB 006be€MHbIM NCTOYHMKOM — FO-

psi4mMn 31eKTpoHamu — 3a cHeT yneHa 1. —T; B ypas-

HeHusix (5), (6). MapameTpbl Te xe, 4TO U B Cly4ae
puc. 3-5

BeTcTBYIOT OKpectHocTH cnimHomann Ts(P). TIpn takux
AMILTATYJaxX IeperpeBa KuHeTndeckue 3(heKTsl He Cy-
IeCTBEHHBI.

[Ipu BBICOKMX CKOPOCTSX PACIPOCTPAHEHMS CJIOs
TJIaBJICHUSA TI0 BEIIECTBY TJIEHKHN BO3HHKAET ;LByX(baB-
Hasl IPOCTPAHCTBEHHAS 00JIACTh CO CMEChIO TBEPION 1
xunkoit dgaz. JlokanbHoe o6beMHOe costepzkanue (a3 B
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Puc.7. SBontoumsi MFHOBEHHOrO NMPOCTPAHCTBEHHOTO
npocpunsa T;[p(x,t),t] noHHo TemnepaTypbl Nog, Aeii-
cTBMeM 0OBEMHOrO Harpesa NoHHON noagcuctembr: 1 —
bunogans; 2 — conuayc; 3 — NUKBMAYC. DBONOLUS
MOET B HanpaBfAeHWM OT TBEPAOrO Tena K pacniasy.
MokasaHbl npodunu Ha MomeHTbl Bpemenun ¢ = 3, 10,
20 nc. Ha Bpemenax okono 10 nc npoucxonnt nepece-
4eHne 30Hbl ABYxa3HOW CMECU KpUCTANN—XKULKOCTb.
Onucanne a3oBbiX KpuBbIX CM. B TekcTe. [Mapamer-
pbl BO3AeﬁCTBI/|5| N NAEHKN TAKNE >XE, KAaK B Cﬂyqae

puc. 3-6

CMeCH TIOCTENeHHO MEHSIeTCsI ¢ TedeHneM BpeMeHu. Bbi-
COKHe CKOPOCTH IIPOCTPAHCTBEHHOTO PACIIIUPEHIST 30HBI
repexojia KPUCTasia B PACIIIaB 00yCIOBIE€HBI BHICOKH-
MU CKOPOCTSIME PACHPOCTPAHEHMSI SJIEKTPOHHOM Teri0-
Boii BosHBI B caydae YKJIM (cm. puc. 3). Coorser-
CTBEHHO, 3JIEKTPOHHAsT TeMIiepaTypa ObICTPO BHIPABHU-
Baercs mo ToumuHe IeHKd. [losroMy HArpeB MOHHOI
MOJCUCTEMbI MJET TPUMEPHO OJHOPOIHO 110 MPOCTPAH-
crBy (cm. puc. 6). Cirle10BaTeIbHO, ¢ TEUEHnEM BPDEMEHH
MPUMEDPHO OJHOPOJIHO TI0 MPOCTPAHCTBY MeHsteTcst dha-
30BBIH COCTAB BEIECTBA TIeHKH. [10/I07KeHne 0CIoKHsI-
€TCsl TeM, UTO M3-3a PACTAKEHIS 30JI0Ta B BOJTHAX Pa3-
DezKeHusi BO3HUKAIOT YYACTKH, HA KOTOPBIX BELIECTBO
nepecekaeT OMHOJIAL U HEPEXOJUT B METACTADUIbHOE
COCTOsTHWE. DTO SICHO MIIIIOCTPUPYET PHC. 7.

Ha puc. 7 nokazana daszoBast quarpaMmMa 3070Ta CO-
raacuo mupokogmanazonaomy YPC [36, 37,53, 54]. Bu-
Hozmanb (KpuBasi 1) oraensier asyxdasnyio 00jacTb
nap — KOHIeHcupoBanHasa ¢asza. [Opu30HTAIBHBIN yaa-
crok ¢ T; = 1337 K na 6uHOIAM COOTBETCTBYET TPOii-
Hoit Touke. Conmuayc (KpuBas 2 ) OTIeNeT KPUCTAIT OT
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AByxdas3Hoit cmecn TBepo# 1 KUAKON daz. JInkBumyc
(kpuBast 3) — BepxHaAs rpaHMia ABYX()a3HOH cmecn
TBEPIOR U 2KUIAKOHA (a3 1pu pABHOBECHOM ILIABJICHUH.
Ha 6unoznane manoxenst rpu npobuss T;(p, t) pacupe-
nenenuit p(z°,t), T;(2°,t) O TOIIMHE TLIEHKU 30J10TA.
MrHoBeHHBIE TTPOMUIIN TPEICTABISIOT CO00M OT/IeNb-
Hble KPUBbIE, HA KOTOPBIX HA (DA30BOM MJIOCKOCTH HA
puc. 7 temmeparypa 1; NOTHUMAETCSA CHU3Y BBEPX OT
HUKHEIl KpUBOHU K CpelHeil u OT cpejHell KPUBOI K
Bepxneit. Ha puc. 7 6051ee BhICOKHE TeMIepaTyphl HAXO-
JsaTcst cBepxy. Ha KOHKpETHOM MTHOBEHHOM TpOodIe
Oosiee ropstume 10 remieparype T; TOYKH pacrosara-
10TCA O/IMzKe K TDAHUIEe MKy 30JI0TOM U BaKyyMOM
(cM. puc. 6). DTO CBSI3aHO € T€M, 9TO B BAPUAHTE, COOT-
BETCTBYIOIIEM pHC. 3—7, TIJIEHKa HATPEeBAEeTCs JIa3epOM
CO CTOPOHBI BAKyyMa.

~

Ha orpeske Bpemen t 10 nc mpodumm T;(p, t)
nepecekaroT AByX(a3HyIo NOJOCKY COMMIYC—IUKBUILYC.
DTO 03HAWAET, YTO BCE 30/0TO TJIEHKH MIAaBUTC. JIro-
OOIILITHO, YTO BCTPEYA BOJIH PA3PEKEHUs IIPOUCXOMAUT
UMEHHO HA OTPE3KE BPEMEH, OTHOCSIIUXCS K IIaB-
nennto. CKa3aHHOE OTHOCUTCS K CIydal0 C Fpps
= 40 m/Ix /em?. JTge BomHBI paspezkenns [14, 16], Gery-
@e 1o TUIeHKE OT TPAHWIL ¢ BAKYYMOM M CO CTEKJIOM,
BCTPEYAIOTCS TMPUMEPHO nocepeaune mienku. O6paru-
Te BHUMAHHUE Ha TPOBAJ, COOTBETCTBYIOMIUI cepeuHe
ek Ha puc. 6, Ha npodume t = 10 mc. Bmecre ¢

yMeHI)H_IeHI/IeM TeMHepaTypr Ti K KpadgaMm TJIEHKW 3TOT
MPOBAJI CUTHATU3UPYET O TOM, YTO TPOM3OIILIA BCTPEIa
JIBYX BOJIH DA3PEKEHUSI.

Ha mpoduisx nuMerrcsi y4acTKu, Ha KOTOPBIX Be-
IeCTBO HAXOJUTCA B paCTf{HyTOM COCTOAHUN C OTpUILA-
TeJTBbHBIM MOHHBIM jgaBieHuneM P; < 0. Bo-mepsbix, 310
CBS3aHO C T€M, YTO BCETJA MOJIOKUTEIBHOE SIEKTPOH-
HOE JIaBJIEHUE PACTATUBAET KOHIEHCUPOBAHHYTO a3y B
BOJIHE pa3pezkenust (M. 00CYZKIeHne JAHHOTO OBCTOsI-
TesbeTBa B paborax [55, 56, 62]). Bo-Bropsix, mapim-
ampubie (P, P;) u cymmapuoe (P = P, + P;) nasie-
HUS MEHSIOTCS U3-33 [epefadu SHEPIHH OT JIEKTPO-
uoB nonam. [losromy BOTHBI pa3perkeHus He SABJISAIOTCS
crporo aBromozenbabiMu. Ha yuactkax ¢ P; < 0 Be-
[IECTBO TEPEXOINUT B MeTacTabUIbHOE cOcTosiHue. AM-
IUTUTYIQ PACTSAYKEHUS HEJIOCTATOYHA 71 PA3PhIBA KOH-
JEHCHPOBAHHOI (a3l HA HAIIKNX MACIITA0AX BPEMEHH.
Yaacrku npoduneit ¢ P; < 0 HaxomsTesi noj, OWHOIA-
apio 1 ma puc. 7. OTMernM, 9TO B JAHHOM BapPHAHTE
muporoaranazonaoro YPC, comuayc 2 w auksugyc 3
IPOJIONZKAIOTCS B METACTAOMIbHYIO obmacts [18].

[Ipoduns ¢ t = 20 nc HA puC. 7 OTHOCUTCS K ITa-
My, Ha KOTOPOM OOJIACTH PACTAZKEHWST MPUOINIKACTCS K
KOHTAKTHOW TPAHUIE MKy ILIeHKOH (3010T0) U moj-
n0KKOoit (cTekso.) Ilosromy Gosee ropsvmii yIaCTOK,
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Tabnuua. PaszoBbiii cocTas, Bpemsi tspqy OTKONA 1

CKOPOCTb Ve LEHTPA MAcC NMEeHKU TONWMHOW df =

= 60 Hm nocne otkona; n° = 6-10%? cm~?

— Ha4anb-
Hasi KOHLEHTpauus aTOMOB 30/10Ta

Fops, Mk /cm? 10 20 30 40
Fabs/df n°, 3B/arom | 0.17 | 0.35 0.52 0.69

tspall, TIC 25 28.5 37 35
T(tspan), kK 09 | 1.337 1.7 | 24

KonuaectBo
0 20 100 100
KUAKON dasel, %
Vem, M/C 12.6 |25 53 70

COOTBETCTBYIOMIMI 30/10TY BHE OKPECTHOCTH KOHTAKTA,
HaXOUTCsT TIOJ1 OMHOIAIBI0. TOIBKO yIaCTOK BO3JIe KOH-
TaKTa OCTAETCsI B CZKATOM cocTostHun. Jlasiee BOIHA pas-
peKeHns, UAYIas cO CTOPOHBI BaKyyMa, BBLIXOJUT Ha
KOHTAKTHYIO TPAHUILY, JABJIEHNE HA ITOW TPAHWIE CHU-
kaerca 10 Hynd. Ecau npenebpedn kKores3meil Mezk iy
CTEKJIOM M 30JI0TOM, TO B MOMEHT tgpqi/, KOTJA JIaBJIE-
Hue Ha KoHTakre P.(t) obpaliaercs B Hyllb, JIEHKA, OT-
JIeJisieTcsl OT MOJJIOKKH (CM. pas3fl. 2.3, MOCBAIIEHHbI
JMHAMHYIECKUM MPOSIBICHUSIM ).

IMouemy B MOMEHT lgpqu, KOrga Pe(t) = 0, npouc-
xoauT oraenenue mwieHku! [Ipuanna npocra. Eciu Ob
oTJesieHne He mpown3orio, To Gynkuus P,(t) crana Obr
orpunarenbroii: Pp(t) < 0 mpu ¢ > tspqy. Torna xax mo
MIPEIIIONOKEHUIO HATIpsIZKeHne Pe.,p, KOTe3UH 30710Ta Ha
crekse Masio. PaccMoTpuM cuTyanyy ¢ KOHEIHBIME 3HA-
YEHUAMM MEXaHMYeCKOH IpovYHOCTH KOHTakTa. Ilycrh
dbynarups Av(P.,n) 1aeT 3aBHCHMOCTH CKOPOCTH Dac-
XOZKJICHUsI TPAHUIL CTEKJIA U 307I0Ta B MOMEHT OTKOJIA
tspail, oupemensiemsrii ypasaerHueM — P, (tspai) = Peon-
Ormerum, uro ckopocrb Av(P,,p) obpamaercs B HyJib
npu P.,, = 0 u pacrer ¢ pocrom Benmwaunbl P.,p,. Ta-
KUM 00pa30M, NP MaJIOM HANPsIKEeHWH KOT€3WW IJI€H-
K K NOAI0KKe (P.op & 0) 3a30p MeKIy rpaHUNaMU
TJIEHKW W TTOJIOKKU TPU & > tgpay PACTITUPSIETCS MEI-
JIEHHO.

Ha puc. 3-7 ananusupyercs ciydail nieHku dy =
= 60 am n F s = 40 MI[}K/CMZ. [Inenka oTrpwrBaeTcs
OT CTeKJIa B MOMEHT BPEMEHH {pq = 35 1IC (CM. TabiIu-
y). IlomeT miaeHKH TOCTe OTKOA MPOMCXOJUT B PAc-
nIaBjaeHHoOM cocrostium (cum. puc. 7). Ilocmorpum, Kax
BEJIMYMHA TOIJIONIEHHONW SHEPruyM BauAeT Ha (pa3oBoe
COCTOSTHUE TIpU APYTHUX 3HaYeHustx Fy ;. B Tabamie npu-
BeJIeHBbI 3HAUCHUA MOMEHTOB BPEMEHH OTKONA t4pq IIPH
MpeHeOPEsKEeHNH MEeXaHUIECKO#H MPOYHOCTHI0 KOHTAKTA
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CTEKJIO-TIIIeHKa. BMecTe o 3HAUEHUAMNA typq) JAIOTCA
BEJIMYMHBI CKOPOCTEH HMEHTPA MACC IIEHKHU Usp, MOCIIE
orpbiBa IeHKu 0T crexkna. OHu noazobaTcsa HAM B
pasmg. 2.3.

Tabmuna HeoOXOAUMa JIJisi  ONpPEJIeTeHus IOpora
[LIABJIEHUsI, BBIIIE KOTOPOTO ILJIEHKA TOCEe OTPhIBA Jie-
TUT B TIOJHOCTBIO pacijiaBieHHoOM coctosiiuu. OHa 3a-
MensgeT rpaduKn, TPUBEACHHbIE HA PUC. 7 I Fups =
= 40 m/Ix/ eM?, A7 cAydaeB ¢ IPYTEME 3HAYUCHIH-
Mu Fops. W3 mabauner ciemyer, uro duroerc Fups =

10 mJIx/ cM? HENOCTATOYEH Ui IUIaBIeHHd. B
9TOM CJIydae Ha dTale JUHAMIIECKOTO B3anMOIeiCTBU ST
WIeHKU €O CTekyoM (t < tgpqu) U 110CIE OTPLIBA
(t > tspqu) TIEHKA OCTAETCS B TBEPIOM COCTOSHWW.
[Tosromy mosst 2Kuakoit dpasbl paBaa Hysr0. Konude-
CTBO ZKHMOKOW as3pl mpuBemeHo B Tabmiuie. Bosmeii-
creue YKJIN marpesaer merasn g0 0.9 kK. Hawasnb-
nas remieparypa pasHa 0.3 kK. IIpuparmienne Temme-
parypbt AT JIeTKO OIEHUTD, 3AMUCHIBasT OATAHC IHED-
run dyCAT = Fays. Ilpun dy = 60 um, C' = 3kpn®,
n® =~ 61022 cm 3, Fps = 10 m/Ix/cm® Haxomum
AT = 0.67 xK. 9ta onenka npumepuo ua 10 % 3aBbI-
maeT pa3sHOCTb TeMIepaTyp, IOCKOJIbKY He yUUTbIBaeT
9HEPTUIO, HAXO/ISIYIOCS B BOJIHE CXKATHs B CTEKJe. B
MOMEHT lgpqu = 25 IC KHHETHUIeCKas SHeprus ILIeH-
ku cocrasager 0.3 % ot sueprun Fyp,. Kunernueckas
sHeprusl HanpasjieHHoro jasuxkenust (1/2)p°dsv?, B
MOMEHT tgpqu = 25 1c pasua 0.18 % ot sueprun Fip,.

Ipu F,ps = 20 m/Ix/cm® pacueT ¢ paBHOBECHBIM
VPC nokaseiBaer, 4To eIe J0 MOMEHTa OTKOJa 3010~
TO JOCTUTAET TeMIEepPaTypbl TPOWHON To4ukM (CM. Ta-
6smiy ). B pacuerax ¢ pasaoBecubiM YPC muaBienune
TMPOUCXOIUT OBICTpee, YeM TPHU yUueTe KUHETHKH IIaB-
neHns. IToT 3pdEKT CyIecTBeH, €C/TN MePerpeBbl HeBe-
JIMKYU ¥ He BBIXOJAT 3a CIUHOAAJb IeperpeToil TBep/10i
dazpl. Kak yxe ynoMuHAIOCH, TeMIEpATypa Ha CITH-
Hozmann Ha 25-40 % [61] npeBocxoanT Temmeparypy Ha
KpuBoil miapnenus. Bapuant ¢ Fyps = 20 MJlx/cm?
OTHOCHUTCS K CTyJal0 MAJbIX mmeperpeBos. Ilostomy, Bu-
JAUMO, B MOMEHT OTKOJIA 30J7I0TO HAXOJAUTCA B COCTOAHUNA
neperpeToi rBepaoi ¢gazel. HacTudHoe 1niaBieHue mpo-
UCXOJUT TO3ZKe, YZKe B TIoJIeTe. HOpOI‘ IIJIaBJICHUA Ha-
xomuTes Mexky sHadenuamu 20 u 30 m/Ix /cm?. Tlpu
Faps = 30 mIx/ cM? 30710TO IJTABUTCA €Ie IO OTKOJA
ot creksia. [Ipu 310 SHEPrUU MIHOBEHHOE PACIIpe e ie-
Hue (Pa30BOroO COCTABA 110 ILIEHKE IepecekaeT JIByxdas-
HYIO 00/TACTh PACIIAB—KPUCTAIT B WHTEPBAJE BPEMEH
ot 9 70 21 mc. IIpomecce nepecedenus nByxdaszHoil mMo-
noce! pu Faps = 40 MJIk/cM? IPOMIITIOCTPUPOBAH Ha
puc. 7.

B mamreii moctaHOBKe ONHOIN I'pAHUIEH IIJIEHKH AB-
JgeTcs BaKyyM, a Apyroit — crekyo. McciaegoBanusam
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IUHAMUKHA CBOOOMHOM TJIEHKH, KOTIa 00€ TPpaHUIIbl —
5TO IPAHULIBI C BAKYYMOM, IOCBsLIEHbI paboTsl [63, 64]
(cm. rakzke [65]). B 9rux paborax onpeesneHsr noporu
[JIaBJIEHUs] U a0JIsIUK B 3aBUCUMOCTHU OT 3HAYEeHuil na-
pamerpa Fops /dy n®, mpusegensoro B tabmure. JaHnabre
TaOMIUIBI COTTIACYIOTCS ¢ paboramu [63, 64] mo mopory
IL1ABJICHUSL.

2.3. InnamMuvyeckoe moBeJieHue

IIpuaumoil THAPOIUHAMUIECKOTO JIBUKEHUS TIICH-
KN ¥ TIOJJTOXKKHN SIBJISIETCST TEIIOBOE PACITUPEHne 30-
sota. [osTomy nTuHAMUYECKUe SABIEHUS aHATU3UPYIOT-
41 TIOCJTE TeTJIOBBIX. B manHoOM mopasiene paccMaTpi-
BaeTcs (POPMUPOBAHUE W PACIPOCTPAHEHUE JIBYX BOJIH
pa3perKenns B MJIEHKE W PACITPOCTPAHEHNE BOIHDI CZKa-
st B creksae. OOHAPYKEHBI IBA HOBBIX JIFOOOIBIT-
HbIX 3dderTa. Bo-mepBoix, 3TO «cClemy» cBepXOBICTPO-
O POCTa W CHUKEHWS 3JIEKTPOHHOTO mamjeHust P,.
Cren obpasyercss Ha yJIBTPAKOPOTKOI CTAIUM CBEPX-
OBICTPOTO POCTA W CHUIKEHWsT JaBjenns P, BO BpeMms
geiicreust YKJIV upe3sbruaitno masioil JnTeIbHOCTH
71, ~ 0.1 mc. O6pa30BaBIMKCDH, CJIe, TYTEIECTBYET 110
XapaKTePUCTUKAM, UAYIINM OT TPAHUIIBI C BAKYYMOM B
TOJIILY IIJICHKH U 3aTeM CTEeKJIA.

Bo-BTODPBIX, MHTEPECHBIM ABJIAETCS MIPOIECC IIpe-
JIOMJIEHUSI W OTPAKEHUS BOJHBI DA3PEKEHUsI, WIYy-
meit OT TPAHWIBI 30JI0TO—BAKYyM, HA KOHTAKTE TIIEH-
Ka—CTEKJIO ¢ OOIBINMM OTHOITEHUEM aKYCTHIECKUX M-
nenancoB. OTMeUYeHHBIH CIeT pa3iessaeTcs Ha aBa (Ipo-
nrenmii ¥ OTPAZKEHHbI) BO BPEMsI IIPEJIOMJIEHUS 1 OT-
pazkeHus1 BOMHBI pa3pezkenus. [Ipomecc orpazkenus cy-
MMECTBEHHBIM 00PA30M CKa3bIBACTCS HA HAOOPE MMITYTh-
ca TJIEHKOIT 3a BpeMsI JMHAMUIECKOTO B3aNMOIeHCTBUT
MeZK/Iy 307I0TOM U cTeKsIoM. HabpaHHbIi HUMITYJIbC Ope-
JIEJISIET CKOPOCTh IIEHTPA MACC IIEHKHU Vep, (CM. Tabsn-
1y) nocae ee oraenenus ot crekaa. OT pacnpeenenus
sHeprun Fops(2,y) 10 msaTHy ocBemenust n GbyHKIUHM
Vem (Faps) 3aBucuT hopma Kymoma, KOTOPbIil obpasyer
orcsionBIiascst mienka (em. puc. 2). OCHOBHOIT 1€7b10,
CTOSAIIEH TTePe] OTHOMEPHBIM MMAPOIMHAMIIECKIM DAC-
YeTOM, ABJseTcs onpeenenne TeMuepatypbl T (Fyps) u
CKOPOCTH Ve (Fups) OTOPBaBmEiics miaeHKn. TU CBeme-
HUs TPeOYIOTCS [IJTsl PEIIeHnsT TPEXMEPHOHN 3aa91 O T0-
sete maeHkn. TpexMepHoil 3a1ate MOCBAIIEeH pa3. 3.

Ha puc. 8 nokazaubl npodunu A, B u C' BosHBI pas-
pezKeHus, OeryIeii OT FPAHUIBI ¢ BAKYYMOM. B KOHIeH-
CUPOBAHHON Cpe/ie BOJTHA DA3PEKEHUs MMEeeT BUI, OT-
JIMYHBINA OT BUJIA B CJIy4ae ra30Boii cpeast [4, 12, 13, 66].
DTO CBI3aHO C TE€M, UTO B KOHIEHCUPOBAHHOI Cpee,
B OTJIMYME OT Ta3a, UMeeTcs KOHEUYHOe COMPOTHUBIIEHIE
PACTSKEHUIO U BOJIHA PA3PEKEeHNs COCTOUT U3 YIACTKA
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Puc.8. PacnpoctpaHeHne BOnHbI pa3pexeHusi oT Ba-

KYYMHOIi rpaHuubl B TOMLWY NAeHKn (CnpaBa Haneeo).

Mpocbunu A, B n C COOTBETCTBYIOT MOMEHTAM Bpe-

menn t = 0.1, 1, 5 nc. MNapametpsr YKJIN n nneHkn,
KakK Ha puc. 3-7

CriaJia JaBJi€eHUd U IIJIOTHOCTU U y4daCTKa IMOCTOAHHOTO
Tedenns (Tuaro, MM nosodka). Ha mmaro napienne
PaBHO JIaBJIEHUIO BHeIIHel cpeapl. [Ipu pacmupenun B
BaKyyM JIaBJIeHIE HA IIJIATO PABHO HYJIIO, & BEIIECTBO HA
MJIATO HAXOUTCS HA OMHOIANN, TOKA3AHHOM HA PHUC. T.
CoorBercrBenHo, npoduim HA PUC. § UMEIOT YIACTKH
1 KpyTOro crajia JIaBJeHns U y9acTKu «Iiato» 3. Yem
MeEHbIIIe aMIITTUTY/ 1A BOJIHBI, TEM TOUHEe TeUeHUe OTHIChHI-
Baercs (POPMYJIAMU JUHEHHON aKyCTUKHN U TeM KOPOUe
u Kpyde ydacTok cuasa jgasienus 1. U3-3a nenmuneii-
HbIX 3 HEKTOB KpyTH3Ha yIacTka 1 yObIBaeT CO Bpeme-
HEeM, TOCKOJIBKY CKOPOCTH 3ByKa OObIe TP OOIbITeM
napmennn. Mepoil HeTmHeHOCTH SIBJISIeTCS OTHOIICHIE
AMTITUTY Al JIABJIEHNsT K 0ObeMHOMY MOomay o K; mjs
zomora K 180 I'lla. K momenty 0.1 mc mraro ma
npodune eme me chopmmposanock (cm. puc. 8). B Ha-
mreit CUTyallur JaBJICHUE B TOJIIE TJICHKW TMePEeMEHHO
10 BpeMeHHU 13-3a 3JIeKTPOH-HOHHOr0 TemmoooMmena. I1o-
9TOMY BMECTO TOYHOTO TLJIATO C HYJIEBBIM TI'DAIUEHTOM

JIABJIEHUS] U HYJIEBBIM JABJIEHUEM, Mbl UMEEM y4aCTOK
«KBA3UILIATO» 3 C HEDOIIBIINM I'PAIUEHTOM [TABJICHUST U
HeOONBINM JaBjaenneM. TOTHOE MIaTO U ABTOMOJIEb-
HBIl y9aCTOK 1 COOTBETCTBYIOT CTAIIMOHAPHOI OTHOPOI-
HOlt curyannu [4, 12, 13, 66].

O6paTum BHUMAHKE HA HEOOBITHBII MPOBAJT 2 B TIPO-
dunax gasrenus wa puc. 8. OH pacmosaraeTcs B U3J10-
Me MeKJy y9IaCTKOM I ¥ KBA3WIJIATO W JIBUKETCS Ha-
JIEBO BMECTE C STUM H3JIOMOM. DTO O3HAYAET, UTO MPO-
BaJI OEZKUT MO XAPAKTEPUCTUKAM BOJIHBI PA3PEZKEHUS 1
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Puc.9. Jsontoouunsi BO BpeMeHM CKOPOCTN U TPaHMLib
30/10TO—BaKyyM N MaKCUMaJbHOIO MOJSIHOrO AaBfEHUs!
Praz npn Fups = 40 M,D,)K/CMZ. 3HaueHus Prao(t)
ONpenenstoTCsl MaKCUMaabHbIM 3HAYEHNEM HA MIHO-
BEHHOM Npocue CKOPOCTU, OTHOCSLLEMCSI K MOMEHTY
Bpemenn t. KBagpaTbl COOTBETCTBYIOT MOMEHTY Bpe-
MEHUN W BENM4YWHE MAKCMMaJIbHON CKOPOCTU BaKyyMm-
voii rpanuubl. Lindpsr 40, 30, 20 n 10 parot 3Haue-
Hua aHeprum Fups. [opn3oHTanbHbIl 0Tpe3ok ¢ uud-
poii 40 paeT BeNMYMHY CKOPOCTU LEHTPa MacC Ve, U3
Tabnuubl. ObpaTuTe BHUMaHMe Ha 6osbOE OTHOLIE-
Hue ckopocTu rpaHuupl (kBagpat 40) n CKOPOCTU Ver,
(oTpesok 40)

9TO OH 00PA30BAJICS HA TPAHUIIE C BAKYYMOM B MOMEHT
t ~ 0. Pacipocrpanenue nmpoBaJia CripaBa HAJIEBO MOK-
HO TPOCJIEIUTD U 1O JIOKATBHBIM MTOHUZKEHUAM HOHHO
TeMreparypsl 1; Ha puc. 6, Ha KOTOPOM BH/JIHO, ITO HA
MomeHT ¢ = 10 ¢ npoBaJt I0CTUraeT CepeINnHbI ILIeHKH.

Bremne mnpoBas mHamoMwHAeT «Z-BOJIHY», COCTOSsI-
HIyIo u3 yvactka cxkarusg P > 0 u yyacrka pacrszke-
ans P < 0. Taxkas Bomua siBistercst tunnaHoii. Ona Bee-
raa o0pa3yercs BCJIEJACTBUHE TEPMOMEXAHUIECKOTO BO3-
JefCTBUA HA TOJICTYIO MUIIEHb, €CJIH MUIIEHDL TOJIIIE,
4em dp. B paborax [67] (cm. puc. 1 B [67]) u [68] upuso-
JUTCA &, t-auarpamMmMa, Ha KOTOPO# BUJIHO, 9YTO y4aCTKU
P > 0wu P < 0 pacnpocrpansiorcs B mape. [Ipodwuan
JaBJeHus ¢ napoit yaacrkos P > 0u P < () noka3aHbl B
paborax [65, 69, 70]. Kax obpa3yercst Z-BoiHA, MTOSCHS-
ercs B crarbe [71]. Z-Bonma dbopmmpyercst Beieacreue
MTPOCTPAHCTBEHHON HEOHOPOIHOCTH OBICTPOrO (CBEPX-
3BYKOBOT'O, H30XOPHYECKOTO) TIPOrPEBa BEIIECTBA Y I'Pa-
HUIBI Mutienn. HeoqHOPOIHOCTD XapaKTepu3yeTcs TOJ-
mmHON dr cnosg mporpeBa. COOTBETCTBEHHO YUACTKH
Z-BOJIHBI C TIOJIOKATETLHBIM W OTPHUIATETLHBIM TaBJIE-
HUSIMU UMEIOT TTPOTSIKEHHOCTD MOPSIAKA d7.

O iHAKO B HAIIEH CHTYAITMU TOJIINHA TpoBaja (11u-
HA TPOMEKYTKA MO OCH Z, KOTODBIH 3aHUMAET TPOBAI)
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HAMHOTO MEHBITe MACITTaba HEOTHOPOIHOCTH d T, KOTO-
pbtit npespiaer roynuny ek dy = 60 um. r1o0bI
[IOHATH NPUIUHBL (POPMHUPOBAHUS MTPOBAJIA, PACCMOT-
PUM 3aBHCHMOCTH OT BPEMEHU CKOPOCTH I'DAHHUIIBL C
BAKyyMOM U MAKCHMYMa IIOJHOTO [ABJIEHUA. JTH 3a-
BUCHMOCTH TIpeCTaBIeHbl Ha puc. 9. Bumnwm, dro cy-
ecTByer KOPOTKUHM pe3Kuil UK I[OJIHOI'O JlaBJ/IeHUs
U CBS3aHHBIA C HUM MUK CKOPOCTH TPAHUIBI. DTOT
K€ MUK TPOSIBJISETCS HAa 3aBUCUMOCTSAX JIEKTPOHHOI
TemmiepaTypbl U Heprum Ha puc. 4 n 5. IlosBrenne
nuKa TosHOoTO JaBjienus P = P; + P, obyciosie-
HO BBICOKHM TEMIIOM BBIJEJIEHUS TEeIIa B CKUH-CIIOe
n3-3a Ype3BbIUYANHONI KPATKOBPEMEHHOCTHU JIA3€PHOTO
pozaeiicreust: 7, = 100 ¢de. 3arem npoucxoaut peskuii
CTaJI, JIEKTPOHHOTO BKJIAJa B JIABJIEHUE BCJIEJICTBUE
OBICTPOrO TPOCTPAHCTBEHHOTO DACIPOCTPAHEHUS Tell-
Jla M3 CKUH-CJIOS. DTO MPOUJLTIOCTPUPOBAHO BBIIIIE HA
puc. 3 — BHUJHO, UYTO BBIDABHUBAHUE TeMIepPATypbl 1
O TIJIEHKE 3aHUMAET JIUIIh OJHY MHKOCEKYH/IY.

Cunxenve BenuavH T, v P, B CHITYy 3T€KTPOH-HOH-
HOTO TerI000MeHa MPOOIZKACTCS TOPA3I0 TObIIE 110
CPABHEHUIO C MX CHUKEHWEM H3-3a TEeIJIOIIPOBOHOCTH,
7 TIO3TOMY He NMeeT OTHOIIEeHNs K (hOPMUPOBAHUIO TTPO-
Basa. I3 puc. 9 BUAHO, 9TO HOCTIE PE3KOTr0 IEPBOro M-
Ka mpu t ~ 0 mosHOe JaBeHNe HAUMHAET PACTH Ha
BPEMEHAX, OMPEIeTIeMbIX HTEKTPOH-MOHHBIM TErI000-
MEHOM. DTOT POCT CBA3AH C TEM, UTO WOHHBINH mapa-
vetp I'pronaiizena I'; & 2 Gosbire, 4eM 37I€KTPOHHBIH
napamerp ['pronaiizena I'. ~ 1 [35]. CooTBeTcTBeHHO,
TIPU MaJIOM U3MEHEHUH YAEJIbHOTO 00beMa IIOTHOe TaB-
JIEHUE PACTET 10 Mepe TOr0, KaK dHEePrus MePexouT u3
9JIEKTPOHHON TTO/ICUCTEMbBI B HOHHYTO.

[osiBenme pacTsizKeHNs BEIIECTBA, Y TPAHUIIBI CBsI-
3aHO € TeM, 9TO CHAMAJIA CKOPOCTh TPAHUIIBI ObLIA OO0JTb-
0¥, a HECKOJIBKO TO03:Ke CHu3mIach. [losromy Gosee
rIyOOKHe CJION TOPMO3AT OBICTPO JIETAIININ €TI0 Y Tpa-
HUIBL. TakuM 00pa3oM, MOIbeM U CHUYKEHUE JTABTICHUT
(peskmii nuk HA puC. 9) NPUBOJAAT K MOSBJIEHWUIO CJIOST
C PACTSAKEHUEM W OTPUIATEILHBIM TaBICHIEM. DTa CH-
Tyalys COOTBETCTByeT npoduiaio B u npoBany 2p Ha
puc. 8. Jlajiee naBiieHne HAYMHAET PACTH M TDAHUIIA Ha-
YUHAET OTHOCUTEIHHO (OTHOCUTENBHO MuKa mpu t & ()
ME/JIEHHO yCKOPAThCs (CM. puc. 9). YeioBus ajist pacrs-
JKeHWsT BeMeCTBa y rpanuiisl nponagaor. Ho cren mpo-
BaJIa, CO3JAHHOTO HA paHHei cragnu t &~ 0, mepexoant
B BOJIHY Pa3peKeHUs U PACIPOCTPAHIETCS IO XapaKTe-
pHCTHKaM U, TAKAM oOpa3oM, coxpansercs. [Ipu sTom
JABJIEHHE BHYTDH CJI€/1a CTAHOBHUTCS MOJIOZKUTEIbHBIM
73-32 POCTA MOJHOTO JIABICHUsI M YCKODEHUsT TPAHUIIHI
(cm. mpumep ¢ mpodusiem C' w mpoBasioMm 2¢ Ha puc. 8).
IIpu sTom dopma mposana coxpangerca. IIlupuna ero
MeJJIEHHO YBeTHINBACTCS U3-3a 3aBUCUMOCTH CKOPOCTHI
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Puc. 10. PacnpoctpaHeHune fByx BCTpeUHbIX BOSH pas-

peXXeHus, ¢ n sv, No nyieHke 3o50Ta. BonHa sc 6exuT

OT KOHTAKTa ¢, @ ¢v — OT rpaHulbl C BaKyyMOM v,

vl. MepeaHnii bpoHT BOMHBI OKaTUs B CTeKNE 0603Ha-
YeH sg

3BYKa OT aMIUIATY 16 (HesmHeiHbIi 9ddeKT).

OOHapysKeHHe THKa, MPOBaJia U ero CIea B BOJIHE
paspezkenusi, beryimeit Ha puc. 6, 8 HaJI€BO, TPOUIOIILIO
6saromapsi Tomy, uro cucrema (3)—(6) pemaercst dwnc-
nernHo ¢ MenkuM marom (0.02-0.1 HM Mo TPOCTPAHCTBY.
ITupuna mpoBama coctaBaser 1-2 um. OnHa ompenesns-
ercsi MaciTaboM TOPSIIKA, CsTr, . Bpsis ik MOKHO Oy1er
VJIOBUTH Tako# TOHKWH 3PQPEKT B MOIEKYIAPHON 1u-
HaMUKe, TOCKONBKY Tipn 77, = (.1 mc mmpnHa mpoBasia
CpaBHUMa C MEZKaTOMHBIM DACCTOAHUEM.

Kpowme paccmorpeHHO# BBIIIe BOJHBI Da3pPerKeHMsI,
pacupocrpandioneiicas OT BaKyyMHONH I'DAHUIBI, HMe-
eTCs BOMHA DPA3PEIKEHUsI, KOTOPAsT PACITPOCTPAHIET-
Cs1 MO TUIEHKE OT KOHTAKTa CTEKJIO—30,I0T0. B 3050T0
UIET BOMHA Da3perKeHWsd, a B CTEKJIO — BOJHA CZKa-
tust. CxeMa JBUZKEHUsI BOJH MPEJCTABJIEHA, HA %, t-1Ha-
rpamme Ha puc. 10. Akycruueckuil mmnesanc crexsa
Zy = 0.9-10° r/cm? ¢ MeHbIIe, 4eM aKyCTHIeCKUi HMIIe-
nanc 3omota Z, = 5.9-108 r/cm?-c. Amanmututeckoe axy-
CTUYECKOEe DellleHre B JTHHEeHHOM MPUOINKEHUN MPUBe-
JleHO B pabore [72]. Anajusupyemoe 3/€Ch UUCIEHHOE
perenne 3HAYUTENHHO HOTee COMEePKATENHHO, YeM aHa-
nututgeckoe perenne. CpaBHeHWE peIIeHnil TOKa3aHO
Ha puc. 11. B rungponnramnyeckux 2T-pacderax Bmec-
TO CTEKJa BBIOPAH AJIOMUHUII, MMOCKOJIBLKY OH HMeeT
npusbraaoe HaMm YPC u 6/1M30K M0 TIOTHOCTH U CKOPO-
CTU 3ByKa K CTeKJIaM, HO aKyCTUYeCKU UMIIeJaHC aJlio-
vuans Z = 1.4 - 10% r/cm?-¢ B monropa pasa Godbiie.
DT0 06CTOATENHCTBO (MEPEXOM K ATIOMUHHUIO) YBEIIH -
BaeT CKOPOCTHb IEHTPA MAacCC Uepy, B 1.4 pa3a m yMeHb-
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Puc.11. CpasHenne uucnenvoro (kpusasi 1) u nu-

HeMHOro aHanMTN4eckoro (nomaHbie 2 n 3) peleHnii.
MowmeHT Bpemenn t = 6 nc; Fups = 40 MD,)K/CMQ,
dy =60 um, 7L =100 dc

maeT CKOpOCTh KOHTakTa Ha 8 %. AmamuTmueckoe pe-
HeHue, mpuBeieHHoe Ha puc. 11, nomydeHo no gpopmy-
JlaM pacraJjia pa3pblBa B CTOPOHY BaKyyMa M B CTOPOHY
crexna. [punaro, uto B ciydae ¢ Fups = 40 Ml /cm>
VKJIM MraoBeHHO CO3/1a€T OJHOPOIHOE II0 ILJICHKE JaB-
nenne P, = 10 I'lla; 3a P, nupunsaTo cpejhee 10 BpeMe-
Hu jgassierue ¢ puc. 9. [Ipu aTom npenedbperaeTcst Terio-
MTPOBOJHOCTHBIM BbIDABHUBAHUEM TeMmriepaTypbl T, 1o
mIeHke (Cp. ¢ puc. 3), a TaKyKe W3MEHEHHeM IMOTHOTO
JABJIEHUS U3-3a TIePe/Iadr SHEPTHH B HOHHYIO TIO/ICUCTe-
My U Pa3HUIIbl B 3JIEKTPOHHBIX U MOHHBIX IIapamerpax
[pronaiizena (cm. puc. 9).

B ITUX MPEANOJIOKEHUAX aHAJIUTHICCKOE pelrneHmne
COCTONT M3 HAOOpA JIBYX TOCTOSHHBIX JABJIEHUIT, TOKa-
3aHHBIX Ha puc. 11. C TeueHmeM BpeMeHH MEHSIIOTCS
IIOJIOZKEHUA MW 3Ha4Y€HUA ITOCTOAHHBIX ,ILaBJ'[eHHfI. STO
MPOUCXOIUT COrJIacHO auarpamme na puc. 10. [Ipes-
CTaBUM BKPATIE AHAJUTUIECKOE PEIeHHe, UTOOBI T0-
HUMATh KATeCTBEHHBIE OCODEHHOCTH UHMCIEHHOTO perlie-
uus. Ha Bpemennom muTepBate 0 < t < t5/2 (ts =
= dys/cs = 20 nc, ¢ = 3.05 KM/c — CKOPOCTH 3BYKA
B 30J10T€ B HOPMAaJIbHBIX yCHOBI/IHX) nMeeM 3HadYeHUdA
Tpex JaBJIeHW# CjeBa HANpaBO B AHAJUTUYECKOM pe-
wennn: p. = P,Z/(Z + Z,), P,, 0 (cM. Tpu miaTo Ha
puc. 11). Buauenusa nasnenunii P, HA CpeaHeM OTpe3-
ke u P = 0 Ha nmpaBoM OTPE3Ke BBIJACJICHBI 3HATKAMUI
«mtocy u «0» va puc. 10. I'panuiibl 1psAMOYTrOIbHUKOB
O TABJICHUIO (eCTh €Ile CKAYOK MIIOTHOCTH Ha KOHTAK-
T€) IBUZKYTCS CO CKOPOCTHIO 3BYKA B COOTBETCTBYIOIIEH
cpezne. Ckopocts KoutakTa u, = P,/(Z+ Z,), CKopocThb
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TPAHUIBI ¢ BAKYyMOM pasHa P,/Z,.
Ha Bpemennom unTepBase ts/2 < t < ts umeem cie-
JIyIOIIue 3HAYEHUST TPeX JABJIEHUI: Pe,

Preg = —Po+p.=—-P,Z,/(Z + Z,) (10)

u 0. /laBirenusi HA BTOPOM ¥ TPETHEM OTPE3KAX BbIIE-
JIEHbI 3HAaYKaMu «MuHYyC» 1 «0» wHa puc. 10. Buanwm,
9TO B TPEYTONBHON 00TACTH, TTOMEUEHHOM 3HAYKOM MU-
Hyc Ha puc. 10, BO3HUKAIOT OOIBIINE PACTATUBAIONINE
Hanpsizkenus: (orpunarenpaoe nasiexne). C reveHnem
BPEMEHH CJI0il PACTsizKeHust (3HAYOK «MUHYC») PACIIy-
psetcs. Pacimpenne B CTOPOHY KOHTAKTa TTPOJOJIZKAET-
¢ 10 MOMEHTA BBIXOJA 3BYKOBOI BONHBI sv Ha puc. 10
Ha TpaHUILy TIeHKH ¢. KoopAumHATHI 2,1 TOYKHU Tepece-
qeHHUs TpaeKTopuil sv u ¢ Ha puc. 10 cremyromntue:

- —1
Zsp K 4
— == =14+ -1
dy [Po < " Za) } 7
ts
tsp = R~ ts (11)

1= (Po/K) /(1 + Z/Z.)

Buaum, yro B nuneitHOM pexume P, < K cMmemnienue
Zsp MAJIO TIO CPABHEHHUIO € TOIIUHON myieHKH df (CM.
puc. 10). Mepoii HeJMHERHOCTH SIBJISIETCS OTHOIICHHE
JIaBJIEHUS K 00BeMHOMY MOyJTio 30710Ta P, /K, a Mepoit
CUMMETPpUUN paClIMpPEHUd IIJICHKW — OTHOLIeHUue HUMIie-
JaHcoB. IIpw CUMMETPUIHOM paCIINpeHnun, KOTaa 00e
TPaHUIIbI IIJICHKW — 9TO I'PAHUIBI C BAKYYMOM, UMeeM
Z]Zy =01 vy = 0.

TlomuepkHeM, 9TO C/IyYai0 HEMOABUKHOTO KOHTAKTA
COOTBETCTBYET DECKOHETHO OOJIBIION UMIIEJAHC CTEKJIA,
coorsercTBeHHO Z/Z, = 00. B rakoil mocraHoBke 3a-
Jada paccmarpusasack B padorax [1,2]. B sTom ciy-
Jae KaYeCTBEHHO MEHAETCA XapaKTep AUHaAMWUYeCKOTO
BSaI/IMO/‘_IeI./’ICTBI/IH IIJIEHKN C KOHTAKTOM. BMeCTO BOJIHBI
pa3peKeHns sc, HAIMHAIOIEe B MOMeHT t/ts ~ 0 cBoe
pacIpocTpaHeHne B CTEKJIO BJIEBO W B 30JI0TO BIIPABO
(cm. puc. 10), BEmECTBO y KOHTAKTa OCTAETCSl B IIOJIO-
JKeHWU TIOKOsI ¢ HEM3MEHHOW TJIOTHOCTHIO JI0 TIPUXO0JA
Ha KOHTAKT BOJIHBI pDa3pezKeHusd Ssuv, HCHyIHeHHOﬁ Trpa-
HUIEH ¢ BAKYYMOM B MOMEHT ¢ & (. DTO CKa3bIBACTCS
Ha TEYCHUM B LIEJIO0M, HAIPUMED, CKOPOCTb I'PDAHUIBL C
BaKyyMOM Ha puc. 9 He HaUNHAET yMEHbIIATHCA B MO-
MeHT ¢ & {g, TOCKOIBKY yMEHBIIIEHNEe CBA3aHO C TpH-
XOJIOM BOJIHBI DA3PEeKEeHudA SC OT KOHTaKTa. CKOpOCTb
Ve HEHTPA MACC IUIEHKH TOCTIe OTAEJIEHUS MIJIeHKH OT
CTEKJIA OKA3bIBACTCS HAMHOTO OOJIbIe 3HAYMEHMWI, TPU-
BEJIEHHBIX B TAOJUIE. DTO CBA3AHO C OTCYTCTBUEM DAC-
MAPEeHNA B CTOPOHY CTEKJIA.

Bepuemca k cnyvao Z < Z,, KOTOPBIl peann3y-
erca B onbtax. Ilpum t = ¢4, + 0 BomHA pacTazKeHHA
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9 mc
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L 6 mc |
8t 4
t=3mc
4t i
0 N ! N 1 N 1 N 1
—50 —25 0 25 50
Z, HM
Puc.12. MepgneHHoe paclunpeHue nieHKW U pac-

NPOCTPaHEHNE BOSHbI COKaTusi B CTekno. | paHcdop-

Mauma eBoOll Sc M NpaBoli SU BOJMH pa3pexke-

HUS [O WX BCTPEYM NPUMEPHO NOCEPEAUHE NNEHKMU.
Fops = 40 M,El,)K/CM2

npuObIBAET HA TPAHUILY €, U HAUHMHAECTCS DPACTAKEHNE
KOHTAKTa MeXK/Iy TIJIEHKOW M MOoI0yKKoi. Ecan mpene-
6peunb aaresmeii 3omora x crekny (P, = 0), To oT-
JIeJIeHNe TIJIeHKW OT TIOJJIOYKKHU TPOUCXOJIUT B MOMEHT
tsp (Moment orkona). Ha puc. 10 nocsie orkosa BMeCTo
KOHTAKTa € IOABJIAIOTCA JIBe DACXOJANINecS TPaeKTo-
pun, g n a. [Ipn 3ToM npodnib THAPOINHAMUIECKOTO
TevyeHus Pa3OUBACTCS HA TATh yYACTKOB: 1) sg—tv, nas-
JIEHUE PABHO P, tU — MPOIITeIIast BOIHA, 0OPa30BaBIIA-
fACs B pe3yJIbTare IPeJIOMJIEHNs BOJIHBI DA3PerKeHus SU
Ha CKavIKe NMIeIaHca Ha KOHTAKTe ¢; 2) tv—g, TaBJIeHne
PAaBHO HYJIO; 3) a—rv, TABJIEHNe DABHO HYIIO; 4) rv—rc,
pasienue orpunarensuoe Pheg (10); 5) re—vl, nasie-
HU€e PABHO HYJIIO.

Bepuemcs k onucanuio guciaennoro pemrenwusi. Bos-
HBI pa3perkeHns sc u sv Ha puc. 10 BcTpevaroTes B MO-
MeHT BpemeHn t & t5/2 &~ 10 nc B cepequHe NIEHKH.
Co BeTpeueil BOJTH pa3pezKeHus SC U SU CBI3aHO HAYAIIO
pe3koro najenus gapiaenus (cum. puc. 9). Iocre Berpe-
YU € BOJIHOM SV BOJIHA PA3PEZKEHUsl SC IPOJIOJIZKAET JIBU-
JKeHne K rpanme ¢ Bakyymom v (v1 ma puc. 10). Bonna
SC JOCTHTaeT BAKyyMHO# IDAHUIbI B MOMEHT BDEMeHH
t & ts. DTOT MOMEHT BPEMEHU pPA3MEsIeT YIACTKUA U U
v1 TpaeKTOpUU IPAHUIIBI C BAKYYMOM, HA KOTOPBIX CKO-
POCTb IpaHULIbl UMeeT pa3Hble 3Haku. BOiu3u momenTa
ts ~ 20 nc HauMHAETCS yMEHbIIEHHE CKOPOCTU I'DaHU-
upl ¢ BakyyMoM (cm. puc. 9). IlpumepHO 01HOBPEMEHHO
npu t & ts BOJHA pa3peykeHus sv, Oerymas OT BaKyyM-
HOI rpanumpl, gocturaer KouTakta (cm. puc. 10).

DBomonusa Tpoduieil 10 BCTPEYH BOJIH SC U SU



XKITP, tom 147, Boin. 1, 2015

Crpyeobpa3oBaHue npyi OTPbIBE METAINYECKON MIEHKHA . . .

MPOWJLTIOCTPUpOBaHa Ha puc. 12. Curyammst cooTBer-
CTBYET IMPOCTOMY DAa3BUTUIO PACIaja CKAdKa JaBJIe-
HUS MEZKJY 30JI0TOM, HAXOSIIUMCS IOJL JIABICHUEM,
7 CTEKJIOM, JaBJIeHHe B KOTOPOM paBHO HyJi0. [lepena-
Ya SHEPrUU B HOHBI OObeMHBIM UCTOUHUKOM « (T — T5)
B ypaBHeHnH (6) TOZHMMAET MOTHOE JaBienue P (cM.
puc. 9) u3-3a pasuunp napamerpos I ponaiizena. Diek-
TPOH-UOHHAST PeJAKCAIMA MTPOIOTIKAETCS MTPUMEPHO
5-15 nc (cm. puc. 5) MO SHEPrMU M OKOJIO 35 MC 1O
remmieparype (cM. puc. 4). Tloswimenve gapiennst P co
BpEMEHEeM CYIIECTBEHHO M3MEHSIeT INCIeHHOE PEIeHe
1O CPaBHEHUIO ¢ aHanuTudeckuM (cm. puc. 11). B obna-
CTAX, TJe HAXOJATCA MJIATO CIIPaBA U CJI€BA HA AHAJU-
TUYECKOM DEITeHNN, TMEeEeM PACTYIIINE MO OCH Z PacIpe-
ngenennsi P. Poct P B mpocTpaHCTBE B HAINPABIEHUN
K CJIOI0 BBICOKOTO JABJIEHUsI BHYTPH 30/I0TOM TIITEHKU
BBI3BAH POCTOM P BO BpeMEHU B CJI0€ BBLICOKOTO JIaB-
nenus. I31om rpaguenta P Ha KOHTaKTe ¢ CBA3aH CO
CKA9KOM TJIOTHOCTH HA KOHTAKTE. YCKODEHWsT JACTHUI]
cJIeBa W CIPaBa OT KOHTAKTA OJWHAKOBHI, & TJIOTHOCTH
pas3Hble: OTHOIIEHNE TPAJINEHTOB P paBHO OTHOIIEHUIO
IIJIOTHOCTEI, T. €. B 307I0T€ TPAJNEHT Kpyue.

Paccmorpum B3amMoieiicTBIE BOJHBI SU C KOHTAK-
TOM ¢. B jinHeiHO# akycTruke B3auMo/1efCTBUe MIHOBEH-
HO U B MOMEHT t4, & 20 mc (11) mpuBozaur k orkomy. B
PeabHO CUTyaIul OTKOJI MPOWCXOIUT MO37Ke; HATIPU-
mep, 1pu Fups = 40 MLk /em? umee tspay = 35 11c (em.
TabanIy). DTO BBI3BAHO PA3MBITOCTHIO (DPOHTA BOJIHBI
U HAJIMYHMEM KBA3WILIATO ¢ HEHYJIEBBIM JIaBIeHUEM (CM.
puc. 8, Ha KOTOPOM (DPOHT BOJIHBI OTMeYEH Iudpamu
1 miist TPEX MOMEHTOB BPEMEHH, a KBA3UILIATO — ud-
pamu 3). B smmeiiHoil akyctuke orpazkeHme Sv — ¢
MPUBOINT K TIOSIBJIEHUIO MPOIIEIIeil B CTEKIO BOTHBI
tv, pa3pbiBa ¢ OeperaMu ¢ U @, OTPAKEHHOI BOJHBI 1V
(cm. pue. 10). Bomma sv mmeeT aBe BazKHbIE XapaKTe-
pucTuUKH. DTO Oerymast BIepeIn XapaKTePUCTHKA SU U
XapaKTePUCTUKA HA M3/I0Me MeZK/1y (DPOHTOM W KBa3WU-
mwraro (cM. puc. 8). XapakTepuCTHKA Ha H37I0Me OTMe-
gena 1nndpoii 2 Ha puc. 8.

Ha puc. 13 nponiiocTpupoBaHO MPOXOZK IeHNe BOJI-
HBI SV 9epe3 KOHTAKT ¢ B caydae Fyp, = 40 M/l /cm?.
Tlomozkennsa KOHTaAKTa ¢ B MOMEHTHI BpemeHu 19, 25,
30, 35.3 ic orMeveHbl YeTbIPbMs KPyKKaMu. B MoMeHT
19 nc npasas BosnHa paspezkenus (cMm. puc. 12) noaxo-
JAT K KOHTAKTy. B 3TOT MOMEHT XapaKTepUCTHKHU SV
7 2 9TON BONHBI HAXOATCS TpaBee KOHTaKTa. VI310M
rpaguenTa VP Bce eme ycKOpsieT KOHTaKT. XapaKTe-
pucCTUKH SV U 2 OKAMMIIAIOT KPYTOil y4aCTOK BOIHBI
paspezkenus, Oeryimeil crpaBa HAJEBO OT TPAHUIBI C
BakyyMmoMm (cum. puc. 12). JTamee xapaKTepUCTHKA SU TTe-
peceKaeT KOHTAKT W NPEBPAINAETCS B MPOIISTNIYIO Xa-
pakTepucTuky tv (cM. puc. 13). B MmomenT 25 mc xapak-

P, T'Tla
4

~60 —10  —20 0 20

Z, HM

Puc. 13. TpoxoxaeHune 1Yepes KOHTAKT CTEK10—30/10TO
KPYTOro y4acTka sv-2 1 KBa3uniaaTo BOJIHbI Pa3pexe-
HUS1, nAylwei oT rpaHuybl ¢ Bakyymom. [MokasaHbl He-
Toipe npocduns (cnpaBa HaneBo), OTHOCALLMECS K MO-
meHTam Bpemenn t = 19, 25, 30, 35.3 nc. HTobbl He
3arpomMoXgaTb puUCyHOK, OoT npocuns 35.3 ocTaBneH
TOJNIbKO KYCOK BO3/1e KoHTakTa. B momenT 35.3 nc pas-
JIEHNE HAa KOHTAKTE CHMXXAEeTCA [0 HynA. nocne 3TOro
Ha4YNHAETCA MEA/IEHHOE PAaCXOXAEHNE rpaHunL, CTeKNa n
30510Ta

TEPUCTUKA 2 BIUIOTHYIO MPUOINIKAETCS K KOHTAKTY. Ha
npoduie, coorBercTByiomeM 30 ¢, OTMEYEHBI 0COOEH-
HOCTHU, CBSI3AHHBIE C TTPOTIE/INTEei XapaKTePUCTUKOM t2 1
OTparKeHHOH XapakTepucTuKoi 2. XapaKTepucTuKu t2
u 72 NDOpOXKIEHbI XapakTepucTukoii 2. Ilpu nmpoxozxme-
HUM KPYTOT'O y4acTKa Sv—2 4epe3 KOHTAKT JaBJIeHUe Ha
HeM ObICTPO cHUzKaercst. [1o3ToMy yCKOpeHne KOHTAK-
Ta yCTymaeT MeCTO TOpMOKeHWio Koutakta. CooTBer-
cTBeHHO, rpagueHT V P menser 3uak. Ho mo-npexuemy,
B 30J10Te abCOMIOTHOE 3HAUEHNE IPAIHeHTa OOJIbIIE, II0-
CKOJIbKY 30JI0TO IJIOTHEE CTEeKJIA.

Boraucnum ckopocTb ey, LEHTPA MACC IJIEHKH I10-
cie ee orkosa or crekia. /1o Bo3geitcteus YKJIU nm-
MyJbC CUCTEMBI IJIEHKA -+ CTEKJIO paBeH Hys0. Ecian
ILJTIEHKA OTOPBAJIACH OT CTEKJIA, TO CYMMAPHbBINA UMITYJThC
NO-NPEZKHEMY PABEH HyJII0 (MMITYJIbCOM MOTJIONIEHHBIX
doronos npenedperaem). Ho ummyibe miuenkn

z°=60
1= / pudz
z2°=0

CTAHOBUTCSA KOHEYHOI BEJIMYMHOI, pABHOI

tsp

i= / pelt) dt.

— 00

3*
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P, I'la
4

Puc. 14.
AaBJIEHNA CTEKJla Ha I'I]'IeHKy '-|epe3 KOHTAKT CTEKJ/10—

VckopeHue LeHTpa MacC MAEHKM 3a cHeT

3onoto. CHavana cymmapHoe paenevne P = P, + P;

pacTeT 3a CHET 3MEKTPOH—MOHHON penakcaynmn. 3atem

Ha KOHTaKT NpnbbIBaeT xapakTepucTika sv 1 Aasie-

Hue po(t) HauMHaeT BbICTPO CHUXKATBCA (CM. TakXKe
puc. 13). Fps = 40 mIx/cm?

TaxkuM 06pa3oM, CKOPOCTb Vem = i/m OmIpejesnseTcs
JaBIeHIeM Ha KOHTAKTE; 371eCh

2°=60

m

pdr = p®dy

— Macca TIJIeHKH.

Monpmrerpanbuas Gyuxums p.(t) npusegena Ha
puc. 14. B nuneiinom cirydae uMIyabC U CKOPOCThb PaB-
HBL Pets B Vem = (Zg/Za)Ue, vhe Ue = Po/(Zy + Za).
B awmeiinom ciayvae dyHkums pq(t) wveer mpsiMo-
yronbuyio Gopmy. DTa (QYHKONS pPABHA HYJIIO MOpH
t > tgp & ts & 20 me (11), em. puc. 10 u 11. B pe-
aJIBHON CUTyaIlnu BMECTO TPsIMOYTOIbHUKA HA puc. 14
nMeeTcst pactymias (yHKIUsS, 3HATEHUS KOTOPOil Ha-
YUHAIOT YMEHBITATHCS TIOCTe TOTO, KAK XapaKTePUCTH-
Ka SV Tepeceksia KOHTakT. [lepecewdenme mpoOMCXOIUT
B MOMEHT lg, ~ 20 mc. Mexnay Toukamu sv u 2 Ha
puc. 14 naenenune p.(t) pe3ko CHUzKAETCS. DTOT yda-
CTOK COOTBETCTBYET IPOXOKIACHUIO KPYTOTO yYaCTKa
$U-2 BOJTHBI PA3PEIKEHMUsT, UIAYITEH CO CTOPOHBI BAKYYyMa,
(cm. pue. 11-13). Barem Ha KOHTAKT MPUOBIBAET KBA3H-
IIJIATO BOJTHBI pa3pezkeHns sv. EMy cooTBeTCTByeT yda-
CTOK MezKJy TOUKaMu 2 U lgpal- 3unauenue tspall M4
Fups = 40 m/Tx/cv? yrazano B tabnune. B pesynbrare
MJIEHKA HAOUPAET CKOPOCTD V¢, YKA3AHHYIO B TAOJIUIIE.
I'paduk ma puc. 14 moxoxK Ha 3aBHCHUMOCTHL CKOPOCTH
IrpaHunsl ¢ BakyymoM Ha puc. 9. Ho ma puc. 9 ymens-

36

MKIT®P, Ttom 147, Boi. 1, 2015

TeHne CKOPOCTHU OTIPeJieisieT BOTHA pa3perKeHusi, Oery-
mas OT KOHTAKTA, TOrJA KAK HA puc. 14 cra/i jaBieHust
3a/aeTCsl BOJTHON paspezkeHusi, beryiieil or BakyyMHO
TPAHUTIBI.

3. BJINCTEPUHT IIJIEHKH HA IIOOJIO2KKE

3.1. Kanunaspabie 3¢ dpeKThl

[IpuseieHHbBIE BbIlIE BHIYUCIECHUS, BBIIOJHEHHBIE C
ITOMOIIIHI0 OJHOMEPHOTO TruApoauHamMudeckoro 27T-ko-
Jla, UTPAIOT UCKJIIOUUTEIHHYIO pOJIb. OHU MOSICHSIIOT Me-
XaHU3M OTCKOKA METAJLJIMYECKON ILIIEHKH OT JUIJIeKTPU-
YECKOHN HO/JIOZKKHU U OLPEEIAI0T HAYaJIbHOE 110J1€ CKO-
pocTeit Vem (2,Y) = Vem[Faps(z,y)]. Kox annpokcumu-
pyer cucremy ypasuenuii (3) (6). Bakupim mapamer-
pom sBjsercsa nuamerp Ry mazeproro myuka. men-
HO ¢ HUM CBsi3aHbI HEOJHOMEpPHbIE 3PPEKThbI, KOTOPHIM
MOCBSIIIEH HACTOSINUI paszes. B mepreH uKyisipHOM
oCU IIyYKa HANPaBJIEHUU DACIPe/eIeHue UHTEHCUBHO-
cTu yObIBaeT Mpu yIAJeHUu OT OCH Mydka. B KauecTse
dbyHKIMYM, aNTPOKCUMUPYIOIIEH pacipeie/ieHe HHTEeH-
CUBHOCTU B HEPIEHMUKYJISIPHON OCH 1Ly YKA ILIOCKOCTH,
MOZKHO BBIOPATH Ty WJIM HHYIO KyTOJI000pa3Hyio BhyHK-
nmto, Hanpumep pyuknuio Faycca. Pacipeesienne uH-
TEHCUBHOCTH IO MOBEPXHOCTH TIJIEHKH TIPOMOPIUOHAh-
no exp(—x?/R%) B ciaydae nyuka B ¢opme TOJIOCH,
exp(—r?/R%), r* = 2? + y? B cIydae OCeCHMMETPHY-
HOI'O IyYKa, HaJAI0IIero Ha MUIIEHb [0 HOPMAJIU K 10~
sepxnoctu mutent, u exp[—(z2 +y? cos? 3)/R2] B cy-
4ae 0CECUMMETPUIHOTO MyUKa, MaJIaiollero Ha MUIIEHb
oJ1, YoM 3 MEK/ly HOPMAJIbIO U OChIO TIyYKA.

PaccmorpuM ciydaii, Korja IIeHKA B IATHE HArpe-
Ba pacmjaBuiach B pesyJbrare BozzeiicTBus Y IKJIN.
Torjga Ha JAMHAMUKY [OJIeTa [UIEHKU HOCJEe ee OTPbIBA
OT CTEKJIA BJIUsIET MOBEPXHOCTHOE HATSIZKEHUE MOPSTIErO
pacmiasa. KosddunmeHT NOBEPXHOCTHOTO HATSYKEHU ST
saBJIsieTcs (PUKCHPOBAHHON (Hen3MensieMoit) GyHKimedi
TemmepaTypbl kuakoi dasbr (puc. 15). To ke (Hens-
MEHSIEMOCTh) OTHOCUTCHA K IIOTHOCTH 3070Ta p° 1pu
HOPMAaJIbHBIX yCJIOBUsAX. 1109TOMY, Ka3a/10Ch Obl, Xapak-
Tep BaugHUS KOIDDUIMEHTA ¢ HA JXHAMUKY OMpejIe-
JIAeTCA N3MEeHAeMBIMI BeJmauHaMu Ry, df u vy 38 v,
MpUMeM 3HaveHWe CKOPOCTH MEeHTPa Mace MJIEHKH (CM.
Tabminy) Ha ocu maseproro myuka®) . Ho paguyc Ry BbI-
naJaeT u3 yucsia napaMerpos. Kanususipasiit macirad

9) Kak TOBOPUJIOCH B pa3. 1, mporecc OTpbIBa IJIEHKH, C OJHONR
CTOPOHBI, U IIPOIECC HOJIeTA IJIEHKH, C JPYTroif, MOI'yT paccMaTpH-
BaTbhCs pa3gesnbHO. JleficTBUTE/IbHO, BDEMEHHbIe MACIITA0bl STUX
ABYX HPOLECCOB PA3JIMYAIOTCH HA TPU HOpsjka. JliuresbHOCTH
nepBoro mnporecca ts ~ 10 nc, a AIUTeIbHOCTh BTOPOTO MPOIecca
Ry /vo ~ 10 HC, T.e. R [vo > ts.
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0, JUH/CM
1200 ;
800 |
400 L
0
Puc.15. [loBepxHOCTHOe HaTs>XXeHMe o Ha OTpe3-

ke BUHOZANN Nap—>KMAKOCTb, T.€. HAa KPUBOHA Kune-
Hua (cm. TMpunoxenune). TpeyronbHUKN ©  YepHble
KPY>XXKW — 3KCMepuMeHTaNbHble faHHble n3 paboT
[73,74]. KsagpaTbl — 3Ha4yeHns o COrNacHo nOTEH-
unany sonota [70], paccuutanHomy B npubnnxe-
HUM norpyxeHHoro atoma (embedded atom model,
EAM). Kpusbie — annpokcumauun suga o(T)
=03[(1=T/T.)/(1 = T3 /T:)]"-*° [75], T3 = 1.337 kK
n T, = 7.756 kK — TemnepaTypbl B TPOiHON 1 Kpu-
Tuyeckoll Toukax, oz = o(T3). N3sectHo, 4to EAM-

noTeHumanbl 0bbIYHO 3aMETHO 3aHMXAOT KO3 uLM-
eHT o

CKOPOCTH Uy HAXONUTCA U3 CPABHEHUS IOBEPXHOCTHOI
U KUHETUYEeCKOH 3Hepruil mjieHkn:

0,,2 4 4
25 =2 U‘Tdf, v2 = 7 = —07 (12)
2 pedy o
rae i, [r/cm?] = p°dy — MOBEPXHOCTHASI IUIOTHOCTH

IJTEHKU JI0 HaYaJa JIBUKeHusA. B mapamerp v, pagmyc
Ry ue Bxomut. B pasencrse (12) mepen o ctouT MHO-
ZKUTEJb 2, MOCKOJIBKY IOCTEe OTPhIBA OT CTEKJIA ILJIEH-
Ka WMeeT JBe CBODOOJHBIE MOBepXHOCTH. Takum obOpa-
30M, TIPU MTPEHEOPEZKEHMH TEIJIOMPOBOIHOCTHBIM OXJIa-
JKJEeHUeM BO0Jb METAJJIMIeCKO IJIeHKN U 3aMOPO3KOit
pacriaBa eIMHCTBEHHBI 6e3pa3MepHbIil mapamMeTp, pe-
PYJIUPYIOIINN JIBUZKEHUE, 3TO Oe3pasMepHast CKOPOCTh

Vo = v/ 05. (13)

Ecau npeneGpevp paspbiBOM miieHKH (T1eHKa GECKO-
HEYHOH PACTSZKMMOCTH ), TO IIOBEPXHOCTHOE HATSIZKEHNE
BCerJia OCTAHOBUT W ITOBEPHET Ha3aJ K MOJJIOKKE JIBU-
KeHne OTJeTaloNnell IJIeHKN Take IpHU Vo > 1 (13),
KOI'/a HA HAYAJILHOM JTaIle KHHETHIECKAs SHEPIUd 10~
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MWHHUDPYET. (DopMa TJIEHKN Ha MOJJIOKKE MOKa3aHa BBI-
wre Ha puc. 2. JleiicTBUTe/1IbHO, TOBEPXHOCTHAS SHEPT U
HEOI'PAHUY€HHO YyBeEJIMYUBACTCA 110 MeEpe yBeJIn4YeHusd
TTOBEPXHOCTU TIJICHKHU, TOT/JJa KaK KHHETHYCCKasd dHEP-
CHsl OTPAHUYEHA.

B gewm 3akmouaercs posb paanyca Ry, ecau B ompe-
npemrenne napaverpa (13) ou ve Bxogut? Ipu duxcupo-
BanuoM 3Havenun V, (13) Ipomece pasBUTHS «BCILydH-
Banusi» (bumping), cm. puc. 2, oguHaKOB B Ge3pasmep-
HBIX KOOpAWnHaTax

_t
Rp/vs’

. T
r=—

Ry’

z
Rr’

Y

, 5= t=
Ry,

g = (14)
T. €. IIDU PAaBHBIX ITapaMeTpax Vo U B paBHbIE MOMEHTbBI
BpeMeHu i pasmep BCIydMBaHUA IIPOCTO IPONOPIUOHA-
JeH Bequuanae Ry .

Banuirem ypaBHeHUsI JBUKEHWsT TJIEHKU B Oe3pas-
MEpHOM BHIE:

8% 8z &5 _oF
= % om e
3
R= A//A/k s’ k= v f12+2127 (15)
zZ2'rt —r'z
o7 93 1/ 7 2
A Al:— = —
= %a’ 2 © 2(@R+k&>'

Cucrema u3 nByx ypasrenuii (15) coorBercTByeT oce-
cumMmeTpuaHOit reomerpun. [Ipm 3TOM OCh 2z Ha puc. 2
SIBJISIETCST OCBIO BPAINEHU, & 7 — NUIHHIPUIECKHA pa-
Jyc, T.e. paccrogHume 1m0 ocu z, ¢ = r/Ry. Ilnenka
cuurtaercss OeCKoOHedHO TOHKOM. /lyra mieHku npobera-
eTcst JarpaHzKeBoii koopaunaroii a; @ = a/Ry. Koop-
JWHATA @ 337A€TCS KaK HATAJIHHOE 3HAUEHWE DAINyCa
r, Ha KOTOPOM JIO0 HAaJYaJIa JBUKEHUs HAXOIIach MaTe-
puanbHasg YaCTUINA IJIEHKH Ha mommoxkke. JIo Hadasa
JIBUZKEHUS TIOBEPXHOCTH IIOJIOKKHA — 3TO ILIOCKOCTD
z=0.

B pasmepnbIx mepemennbix cucrema (15) nmeer sua

0%¢ o rds _

5 = —2—— — (R + R ')n, (16)

ot lo a da
rue E = {’f’, 2}7
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TETT sl el ot

— paaMyC KPUBU3HBI KPMBOM, KOTOpas Ipu Bpalie-
HUHU BOKPYT OCH 2z 00pa3yeT 0CeCHMMETPHYIHYTO TIOBEPX-
HOCTH BBINyYUBaHUs ILUIEHKH HA puc. 2, r' = 9Or/da.

JlarHast TIIOCKas KpUBast HAXOANUTCS B TJIOCKOCTH T'Z.
Bropoit paguyc kpususnbr B ypasaennu (16),
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OTHOCHUTCHA K TIJIOCKOIl KPUBOI, KOTOpas JIEKUT B TIe-
pecedeHun miI0CKOCTH N M HOBEPXHOCTH BpAILECHUS,
cosa = dz/ds; o — yron mezy OCbIO Z U KACATEJIbHOI
OpsIMOM K TJIEHKE. DTa KACaTeIbHasl JIEKUT B ILIOCKO-
cru rz. Ilnockocts N mpOXOIuT tUepe3 BEKTOp HOpMa-
JIT N K TIOBEPXHOCTHU TJIEHKY W MEPIIEHIUKYJISIP K ILJI0C-
xoctu rz. Pagnyc Ry paBeH PacCTOSHHUIO OT TOYKH HA
IIJIGHKE 70 OCH Z BJIOJIb HOPMAJTH 1.

Ynen cnesa B ypasrenun (16) cBsi3aH ¢ Ccmuoii
wrepiyn (27a da) o€ Kombia ¢ Maccoit (2ma da) g, Te
2ma da — TLIOMA/IL STOrO KOJIbIA HA MOBEPXHOCTHU MOJI-
stozkku 110 Bosueiicrsug Y KJIN. Hopmaiib K TOUKe ¢ KO-
OpJMHATAMU T, Z HA MOBEPXHOCTH IJIEHKH HA PHUC. 2 Ha-
pasJieHa HApyZKy, B CTOPOHY BbIMYKJI0CTH mjieHKu. Co-
OTBETCTBEHHO PA3HOCTH JIABJIEHUil, CO3MaHHAsT OBEPX-
HOCTHBIM HATSIZKEHUEM, HANPaBJIEHA BHYTDb U TOPMO-
3UT IUIEHKY. DTOMY COOTBETCTBYET 3HAK MUHYC MEpes
mpaBoii uacTeio ypasHenus (16). Ynen cnpasa momyda-
ercst u3 cubl (27 1 ds) p KANWIISIPHOTO JIABJIEHUsT P HA
KOJBIO TLTomaabio 27 r ds. Muoxwurens (1/p,)(r/a)s’
cripaBa B ypasaenun (16) dopmupyercs n3 macesr (6e3
21) poada u nnomamu (6e3 2m) rds xombua. Jlers-
mas IUIeHKA MMEeT JBe CBOOO/IHBbIE ITOBEPXHOCTH, IO-
9TOMY IOsIBJISIETCSI MHOZKHUTEJIb 2 B IIPABOI YacTu ypas-

Henus (16).
B mockoMm ciyuae cucrema (15) mpuanMaer Bua
o’ 1 9z 9’2 1 0% (17)
o2~ 2R, 04’ 0> 2R, 04’
- k3 7 a5 . 0%
Rp:72”§;'_j”2" k= V&2 + 272, w':%.

B mockoit reoMeTpuur BCIIydYUuBaHUe uMeeT BUJL ITOJIOCHI
B0 ocu Y. CooTBeTCTBEHHO KpuBas z(x,t) neKuT B
nJI0CKOCTH Yy =const. BMecTo mmimHIpuIeckoro pam-
yca r(a,t) B cucremy (17) Bxomur koopamuara x(a,t).

3.2. Pe3syabrarbl MHTErpUPOBAHUSA

Henuneitnas cucrema ypaBHeHHil B 9aCTHBIX IPO-
u3BOmHBIX (13) pernasach YUCIEHHO ¢ HAYATLHBIMEU U
rpaHuvHbIME ycnoBusamu. Havyasibable ycioBus umeror

B,
r(a,t =—-0)=a, z(a,t=-0)=0,
or(a,t =—-0)=0 _ 0
ot T (18)
0z(a,t = =0) — 0y cos? a
ot L

Yenoeust (18) paBHOMEPHO PACHPENENSIOT MATEPUATIb-
HbIE YACTHUIIBI 110 TLIOCKOCTH TO/JIOKKN HA oTpe3ke 0 <
< a < Ry w 3a7ai0T HaYaIbHOE pacIpeesieHne CKOPo-
ctu 0z /0t mo HOpManu K mojytoxKKe. Kak roBopmiocs B
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pasmd. 2, 3, MOXKHO TipeHeOpedh BpeMenamu tg ~ 20 tc,
3a KOTODbIE IIJIEHKA OTAe/IAeTCA OT IIOAJIOZKKH, 110 CpaB-
senuto ¢ spemenamu Rp /v, ~ 1 [mxm]/100 [m/c] ~
~ 10 He, 3a KOTOpbIE IIJIEHKA TepeMelaeTcss Ha PaccTo-
aung nopanka Ry . IlosToMmy orcuer BpeMeHH B yCIOBH-
ax (18) emercss or Momenta t = 0. Bazade o Bo3zeii-
creun YKJIN nogxomsar rpanu<nbie yCaoBus

0z(a=10,t)/0a =0, (19)

r(a= Rr,t)=Rr, z(a=Rp,t)=0, (20)
KOTOPBIE COOTBETCTBYIOT TOMY, YTO HEHTPAJIbHAS JIar-
pamxkeBa dactuna (a = 0) HAXOAUTCS HA OCH Z W KPH-
BU3HA IJIEHKU B Bepmmmue kKoHeuna (19). Kpome Toro,
Kpaiings narpanzkesa dactuna (a = Rjp) 3akperieHa
B rouke r = Ry, z = 0 (20). Cucremst (15)—(17) uet-
BEPTOr0 MOPsA/IKA IO BPEMEHU M YeTBEPTOrO IMOPAIKA
o koopanaare. [losTomy st mx perreHus HeoOX0INMO
BOCEMb HAYATbHBIX U IPAHIYHBIX ycnoBmii (18)—(20).

Cucrempbr (15)—(17) amanmm3upoBaINchL HEJIABHO B
pabore [72]. Ilo cpaBHeHuIo ¢ 310it paboTOii 31€CH Oy IeT
[pe/ICTaBIeHa BaykHasl KjaacCuduKalus peiieHuii B 3a-
BUCHMOCTH OT OIIpe/IeJIsIolero napamerpa Vi, (13); To-
r1a Kak B pabore [72] paccMOTPEHO HECKOIBKO OTIETb-
HBIX CJIy49aeB, B KOTOPBHIX TMPOUCXOAUT «ONPOKUIbIBA-
HHE» DelleHrs U HauuHaeT 3apPOzK/1aTbCid Kallld B BEp-
HIMHEe BBINy4YUBaHus. Byer mcnpasieHa mgomyIieHHast
B [72] merounocts — dopmyna ans napamerpa C (15)
JIOTZKHA cofepkarh MHOKUTETb 1/2. Kpowme Toro, 6y-
AayT ﬂO6aBJ’[eHbI HOBBIE MOJIEKYJTAPHO-ANHAMUYIECKNE
(M/I) pacueTsl B NJIOCKOH T€OMETPHUH, COOTBETCTBYIO-
mieii ypasaennsim (17). TnmasHoe, HUZKE BEpBbIE MPEI-
craBjieHbl pe3ysbraTbl M/I-MomennpoBaHus B OcecuM-
MeTpH‘IHOﬁ TeOMEeTpUH. OHI/I TIO3BOJINJIN TE€OPETUYIECKN
OOBACHUTD TPOUCXOK/IEHNE ODHAPYKEHHOTO HeIaBHO
s dexTa 0bpazoBanusa obpaTHOil cTpyu (cM. puc. 7 B
pabore [28]).

[Ipu masnbIx 3HAYEHUAX Vo < 1 (13) nyrenka moBopa-
YUBAET HA3a[] B CTOPOHY MOJJIOKKH TIOC/Ie HEDOJIBIIIOrO
yaaJaeHusa OT TOJJIOZKKH. HO3TOMy KamnJjsgd B BepIIUHE
KYIIOJia BCIIyYnBaHUs 0O0pa3oBaThes He yerneeT. Popmu-
pOBaHWE Kallll W CTPYU B BepPIIMHE INPOUCXOIUT IIPHU
Vo = Vcr. IIpex e wem npuBecTu 3HAYECHUST ‘7CT JLIISE
IJIOCKON M IMIUHAPUYECKON reoOMeTpHil, NpOaHaJIUu3U-
pyem ciydait VD > ‘7CT. Cpagnenne M/I-pacuera ¢ pe-
menneM cucteMsl (15) B 9TOM ¢Iydae mpecTaBIeHo Ha
puc. 16. Ilapamerpbl pacuera: oOceCUMMETPUYHOE JIa3€ep-
noe Bozgeiicrsue; V, = 2.60177 (13); Ry = 300 mu;
vy = 300 M/c; po = 1.64356 - 1075 r/cm?. Jlo BO3-
neiicrBust Y KJIN nenka I'TIK-kpucrasnia 3omora nme-
Jla TONMIUHY B 23 mocTogHHBIX perneTku 0.429434 nwm
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Puc.16. CpasHenne kpynHomacwTabroro (0.2 mun-
nuapga 4actuy) M[-mopennposaHus n pesynbTaToB
nHTerpuposatus cucrtemst (15): kpusasi I — B MOMEHT
t = 1.846 uc, ¢ = 0.70954 ~ 0.71; kpusbie 2 n 3 —
HUXKHSISE 1 BEPXHSISt TpaHuLbl naeHku cornacio M[-
pacuety. [apameTpbl pacHeToB cM. B TekcTe. YpoBeHb
z = 0 OTHOCNTCA K MNOBEPXHOCTU NOANOXKKN OO BO3-
aeicteus YKJIN. Ons nnepumnonnoii kpusoit 4 o = 0
(nonet nneHkn no nHepuumn), a OCTasbHbIE NAPAMETPbI
Takue xe, Kak B pacyete cucrtemsl (15)

MPpU  HOPMAJBHBIX YCIOBUAX (P
EAM-norennuana. IIpu M/I-pacuere BuyTpu obnacrw,
OrpAHUYEHHON KDPYyrom r

0) mus wHamrero

= 300 HM u KBaJpaTOM
620 x 620 aM2, TOCTOSIHHO PAbOTAET TEPMOCTAT C HYJIE-
BOIl CKOPOCTBIO, KOTOPBIil IPUHYIUTEIHHO YI€PKUBAET
Kpaii kKymosa uHa moyoxke. Oomacts M/I-pacaeros mo-
kpeiBasa ksagapar 620 x 620 um>. B pacuere ncroab3o-
Basoch 191832512 ~ 200 - 10 atomos. KoaddummenTt
NOBEPXHOCTHOTO HATsIZKEHUs 546 1MH/CM U1 CHCTeMbI
(15) rakoii e, kak B M/I-pacdere (cm. ITpumoxkenne
n puc. 15). B M/I-pacdere pacnias 3010Ta HMEET TeM-
nepatypy 1600 K u nmmotHocTs 16.55 r/CM3, IPU 3TOM
BEIEeCTBO HAXoAuTCst HA Guromanu (cm. [lpunoxkenne).
ITocme mmaBaennst TEPMOCTATOM U 0 HAYMAJIA JBUKEHUS
TOJIINUHA TUIeHKU coctasisia 9.9 am. B M/I-pacduere
NPUHUMAETCHA, YTO BEHIECTBO HAXOAMUTCS MEZKJY BEPX-
Heil 1 HUZKHel TpaHunaMn mwieHkn (cM. puc. 16).

13 cpaBuenns M/I-1aHHBIX U JAHHBIX, IOy Y€HHBIX
YHCIeHHBIM WHTerpupoBanneM cucrembl (15), cremyer,
UTO OHM OYEHb XOPOIIO COOTBETCTBYIOT JIPYT APYTY Ja-
JKe mocse Hadasga (popMUpOBAHWS KAIIM B BEPIIUHE
(cm. puc. 16). B cucreme (15) kame coorsercrsyer
nerenbka B BepmmmHe. Ha puc. 16 mokasam mocrarod-
HO TO3JHUNA MOMEHT BPEMEHH, K KOTOPOMY KAIIHILISIP-
HBbIE CHJIBI yZKe CYIIECTBEHHO 3aTOPMO3HIN KyIom (cp.

39

Z, HM
300/ T , , : : :
7/\, \\ 1
2 N
N
200 - N\ E
N\
NN
L ! 3 \) J
¥ N\ ~ N
5/ \\ A
100 L N \ ,
N
N
N
X
L N ]
\\\
0 I L I L I L
0 100 200 300
7, HM

Puc.17. BepxHas rpynna us Tpex KpUBbIX OTHOCUTCS
kK t = 2.86 HC, a HuxHAas — k t = 3.81 nc. VmeroT-
Cst 30HbI LEHTPanbHOW cTpyn m koHTpcTpym. [Mnenka
Ha MOKa3aHHble MOMEHTbI BPEMEHV MNpOLW/a CTAAUI0
OCTaHOBKM 1 ABUXKETCsI Hazag, K nognoxke. Homepa
KPUBbIX MU NMapaMeTpbl 3afadyn Takue e, Kak B Ciy-
4ae puc. 16. BbinyknocTb BHU3 B LLleHTPaAnbHON 30HE HA
HUKHEl U3 KpMBbIX 2 COOTBETCTBYET 3apOXKAatoLLeiics

KOHTPCTpye

KkpuBble 1 u 4). YIOBIETBOPUTEIHHOE COTTIACHE MEYK Ty
M/I-monenupoBanuem u pacaeTom cucrembt (15) coxpa-
HAETCS TazKe Ha GOTBINAX BPeMeHAX, KOT/Ia CTAHOBUTCS
Beska Macca kamu (puc. 17).

Peun nger o cpapaennn dhopm mienkn (B M/I-pac-
qere u corsnacHo (15)) BHE LEHTPAIbHOI 30HBL, B KOTO-
poii pacmosiaratoTcst CTpysi (J€TUT BBEPX ) M KOHTPCTPYS
(nerut BHM3). Beraucnenune (¢ mOMOMIBIO PEIIEHUs! CUC-
rembl (15)) maer mast Macehl Karum BesnauHbl 26 % n
40 % ma momenTwl Bpemenn t = 2.86 nc u t = 3.81 He.
OTUM JIByM MOMEHTAM BPEMEHH COOTBETCTBYIOT KDPU-
Bble Ha puc. 17. IIpomeHThl MOKa3bIBAIOT OTHOIIEHUE
MAaCChl KAIUIM K TIOJHOM Macce TUIeHKW BHYTPH KPyTa
pagmnyca Ry, cm. yeaosue (20). st onpezenenust Mac-
CbI KAILIH COIVIACHO DEIIeHHIO cHCTeMbI (15), Haxommm
TOUKY Gdrop, B KOTOPOil ¢yHKIus 7(a,t) mepseli pas
obparaercs: B HyJlb DU BapUALIUH JIAPAHZKEBOI KOOP-
JUHATLL @ 0T 1 10 Ggrop. B 9700 TOUKe npoucxomutr ca-
Morepecedenne miaeHkn Ha ocn z. [Ipumep camonepece-
YeHUs MOKA3aH HA PUC. 16 B BUE METEIbKU B BEpIIUHE
KOHYCcO0Opa3Horo kymnosa. Popma MmIeHKH 3a/1aeTCs TTa-
pamerpuuecku pynkumsvu r(a,t) u z(a,t), Koropse
ABJISLIOTCs peltenusiviu cucreMbl (15). B moment ¢ =
= 1.846 uc, nmpeacraBieHHbIil Ha puc. 16, KoopanHaTa
TOYKH CaMOIlepecedeHHsA PAaBHA Agdrop = 0.2285391, a
Macca KallTU-MeTebKI, OTHEeCeHHAsI K MOJHON Macce,
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Puc.18. Kpusble Az = zpign(r,t) — ziow(r,t) pa-

IOT Pa3sHOCTb BbICOT BEpXHeli 1 HUXKHell NOBepXHOCTEl
BOO/Ib OC Z B MOMEHT ¢ 2.86 Hc: kpuas 1 —
M[-pacuer; 2 — cucrema (15). TonwwnHa nnerkn h

(kpuBas 3) cornacHo (21). MapameTpbi Takue xe, kak
ans puc. 16

pasma ma2 , /TR} = 0.228539% = 5.22%. 3navenne
Gdrop OLIPEJIeIIsIeT KOOPJUHATY, B KOTOPO#l KPUBbIE MO-
mesn (15) wa puc. 17 mepecekaioT och z.

Jlo Hauayia JBWKEHWUs] B Pe3yJIbTaTe BO3IeHCTBUS
VEKJIN nnenka npuseraia K ocu z npu 3uadennn a = 0.
JlarpanzkeBa gactuna a = ( sBJIsIeTCS €IMHCTBEHHOMN
JacTUllell Ha OCH 2z IIOCTIe HadaJja JBHZKEHUS U 10 MO-
MeHTa l4rop, KOT/IA BOBHUKAET camolepecedenue. B mo-
sein (15) B MOMEHT tgyqp B BEPLIMHE KYIIOJIA T10SIBIISAET-
¢ 3apO/IbIIT Kartu. Jlajgee 3TOT 3apo/IbIil pa3BUBAETC
B CTPYIO U KOHTPCTPYIO, KAk 310 cieayer u3 NM/I-mo-
pesuposBanus. Ipu t > tg4p0p IJIEHKA HOKPbIBAET OT-
PE30K OT OCH Z J0 TOYKM NpuKpernjeHus r = Ry 3a
CYeT YMEHbIIIEHHOTO KOJTUIECTBA JTArPDAHZKEBBIX YACTHI]
a: Gdrop < a < Rp. Taxum obpasom, 3a cdeT pasiyBa-
HUg KyIOoJla IpU HoJeTe BBepX U 3a cueT yXoJa Bellle-
CTBa B KaIlTI0O WMeeT MecTO pacTsKenue mmeHkn. Co-
OTBETCTBEHHO, TOJIIIIUHA IIJICHKU yMEHbIIaeTCd. OTMe—
THM, UTO B CJIydYae, MOKA3aHHOM Ha puc. 17, pa3maysa-
HUEe KyHOJIa CMEHAeTCA IBUKEeHNEeM Ha3a/d K IOJJIOXKKeE.
IIpu s10M aKKyMyJIsilidsi BELIECTBA B KAILIE JIEHCTBYET
B HAIPABJIEHUU YMEHbIIEHWS TOJIIUHBI MJIEHKH, & CO-
KpallleHre IJI0Ia, 1 OOKOBOI MOBEPXHOCTH KyTIOJIA JIeii-
CTByeT B 0OPDATHOM HaIPABJIEHWH.

Pacnpenenenne maccel mo pajuycy r MOKAa3aHO HA
puc. 18. B mozenu (15) mveem
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Puc.19. PasHocts Az (BepxHue gBe cTyneHdaTble

kpusble) n3 M[-pac4eToB n TonwmHbl nneHok h co-
rnacHo (21). MapameTpbl Takne xe, Kak ans puc. 16.
PasHoctn Az v TonwuHbl h AaHbl Ha ABa MOMEHTa
spemenn: ¢ = 0.70954 (t = 1.846 nc) n f = 1.46594
(t = 3.81403 Hc). Lndbpbl 0Kono Kpuebix AatoT OKpyr-
neHHble 3HaueHns GespasmepHoro Bpemenn ¢ (14). 3a-
sucumoctn Az(r) w h(r) nocreneHHo cbnmxatoTcs
(cp. napy Az n h 8 momenTbl t = 1.8 Hc n t = 3.8 HC).
DTO NPONCXOANT M3-3a YBEINYEHUS] Yraa PaCKPbITUsi
KOHYCa MO Mepe MNpubIVXKEHNSI MIEHKA K MOAJIOKKE
(cm. puc. 16 un 17)

\ _ to afr(a,1)

~ p 9s/da’
(21)

_ Mo a/r(a,t)

Az= p Or/da’

rae h — TOJIIWHA TJIEHKW, pABHAsT PACCTOSTHIIO MEK Iy
JBYMsl TOYKAMH, KOTOPbBIE JIeXKaT Ha BEKTOpPE HOpMa-
JI K TIOBEPXHOCTHU TIJICHKH W MPUHAJIEZKAT OJTHA BEPX-
Heil, a Apyrasg HUKHEil rpaHunaM IeHKn, Az — pas-
HOCTb BBICOT Zhigh (T, 1) — Zjow (T, 1), fto — Macca na eau-
HUILY TUIOIIAJN TUIeHKH 110 Bo3zeicteus YKJIU, p —
TJIOTHOCTD 30/10TA B TIJICHKE, TIPHU TEMIIEPATYPe PACIIIa-
Ba 1.6 kK sta mnornocts pasma 16.55 r/cm®. Ipu-
BeJIeHHBIE (DOPMYJIBI CIEAYIOT U3 COXPAHEHWST MacChl
2na da jio = 2mr ds ph. Tomuunaa IeHKH PE3KO BO3PAC-
TaeT B NEHTPAIbHON 30He (cMm. puc. 18), rme mpouncxo-
JIUT TIOCTENEHHOE TPEBPAINEHNe OKPYTJION Karmm (CM.
puc. 16) B BBITSIHYyTOE MO OCH z ODpa30BaHWe B BUIE
CTPYW M KOHTPCTPYH.

[Iporecc n3mMeHeHUS TOMITUHBI IIJIEHKU CO BPEMEHEM
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MpOUJLTIOCTpUpoBaH Ha puc. 19. Kak BuanMm, Tommmna
pacrer K ocu kynosa r = 0. Kynos npuaumaer Konyco-
ob6pasubiit Bug (cm. puc. 16 n 17). Beicora konyca (6e3
ydera CTpym) CHuzKaercs Ha Bpemenax 2—4 ue ¢ 0.4 mo
0.15 MmrMm. C TeueHmeM BpeMEHH BEIECTBO IIIEHKU ITe-
pereKkaeT B IEHTPAJIbHYIO 30HY — CTPys B 3TOi 30HE
JefcTByeT KaK CTOK MacChl Jj1 OCTa/IbHOI 4acTu I1/1eH-
ku. Ileperekanne 06yCIOBIEHO 3HAKOM TOPMOYKEHUS —
BHU3 K TOJJIOKKe U K ocu 2. Kak roBopusoch Bbllle,
Ha CTAJINN JBUZKEHUS KYTOJa HA3a/ K TOJJIOKKE, CTOK
Macchl JIeWCTBYeT B CTOPOHY YMEHBINEHUS TOJITHHBI
[LUIEHKU, a COKDPAIEHUE IIOMA M Kyrojga — B obpar-
uyio cropory'®. Ha oTpeske SBOMONUH, TOKA3AHHOM
Ha puc. 19, Mmacca meHTpaJbHOr0 00PA30BAHUS Y BEIU Y-
Baercst ¢ 5 10 40 % (cem. Borme). Ilnomaap Konyca mpu

5TOM cHEzKaercs mpumMepHo ¢ 0.5 Mrm? 110 0.3 MrM2.

Bujumo, ymeHbiieHue IIoma iy Kynoaa HEeCKOJb-
KO KOMTIEHCHUPYET CTOK BeIIecTBAa B MPHUOCEBYIO 30HY.
IlosTtomy 3a 2 Hmc, ¢ t 1.846 uc g0 t 3.81 =c,
TOJIIMHA IIJIeHKH M3MEeHIJIach MAaJo. 3aTo IO CpaBHe-
HMIO C Ha4daJbHBIM 3HadenmeM h =~ 10 M TommuHa

YMEHBIIMJIACH IPUMEPHO BABOE. KK MOMEHTY BpeMeHu
t = 3.81 HC MUHUMYM TOJIMWHBI CMECTHUJICA K TIOIHO-
Kuio Kouyca (cum. puc. 19). Bo3moxno, 310 03nauaer,
9TO €C/IH TIJIeHKA He KPUCTAIN3YETCS, TO KOTBIIO OTPhI-
Ba Oyzer HaxoauThCs Omzke K nogozxke (cp. ¢ [33]).
ZKujikuii Kyost, orpbiBasiCb OT MUIIEHH, B [IOJIETE 110~
CTEIeHHO TPEBPAIAETCs U3 00PA30BaHUs, UMEIOIIErO
CIIOKHYIO HOPMY, B MIAPOBUIHYIO KAILIIO [72]. D10 mpo-
UCXOUT TIO Mepe JUCCUTIAINN KATUJLISIPHBIX OCIIUJLIsI-
unit. B moment t = 3.81 mc, mokazannbiit Ha puc. 19,
MUHIMAJTbHAS TONIINHA TIeHKH IIPUMEPHO paBHA 4 HM.
Js pa3pbiBa KUIKOH TIEHKN HEOOXOIMMO, 9TOOLI ee
TOJIIIAHA YMEHBIINIACH 0 BEJUINHBI TPUMEPHO 1 HM
(3—4 MeKATOMHBIX PACCTOSTHNUST). 3aKII0YeHIe O Pa3pPhbl-
Be ILUICHKU I[IPU €€ UCTOHYEeHHH JI0 3—4 MerKaTOMHBIX
DPACCTOSIHUI CIeIyeT W3 pacuyeTOB HAHOBCIYUIMBAHUS B
IJIOCKO reomerpur [72] U pacueroB BCIEHUBAHUS U
Pa3pYIIEHNs MEeHbl PACIIABICHHBIX MeTasIoB [5, 55].
Kanmumnapubie 3 dexTsl, mporecchl HyKaealun 1 pas-
BUTHS TEHBI TIPU IMUPOKOM TIsITHe HarpeBa (Rp — me-
CATKH MEKPOMeTpOB) [5, 55, 76-78] u mpu paccmarpusa-
eMoit 31ech ocTpoii hpoxycupoeke (R ~ 1 MKM) nmeror
MHOTO 001iero. BenennBanne pacniasa n 3aMOpPO3Ka e~
HBI TIpejiaraorcst B paborax [5, 55, 76-78| B kadecrBe
MexaHmn3Ma (hOPMUPOBAHUS XAOTHIECKUX CTPYKTYD, Ha-
6moaeMbIxX B SKCIepuMeHTax [79-81].

10) 310 TaK, MOKA HE HAYAIOCH 3AMEP3AHME IJICHKH KyITOJA.
Bompoc TemmooTBoia U PeKPUCTAJIA3AIUN TPeOyeT OT/IeIbHOr0
ob6Ccy K IeHus.
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Puc.20. Ssontouns UeHTPanbHONR 30HbI, 3aKAOHato-
wasica B bOpMUPOBaHNA 1 Pa3BUTUN MOLLHOFO MpU-
ocesoro obpasosatus. MNpu 3apoxgeqnn 3to obpaso-
BaHMe MMeeT BuA Kanesnbkn B Bepwure (cm. puc. 16).
[anee kanenbka TpPaHCHOPMNPYETCS B CTPYIO 1 KOHTP-
ctpyto. C TeyeHnem BpemMeHn CTPyst BbICOKO MOAHMMA-
€TCSA Haj NOBEPXHOCTbIO Kynona. B momenT ¢t = 3.8 He
CKOpOCTb CTPyN Ozhigh/Ot = 120 m/c. HanomHnm,
Vo = 300 m/c (cM. napameTpbl B onucaHun puc. 16).
Kpusbie 1 — z(a = 0,t); 2— zarop(t); 3— ziow(t); 4 —
Zhigh (t). KBagpaTbl COOTBETCTBYIOT MOMEHTAM BpeMe-
HW, OTHOCALWMMCS K puc. 16—-19

3.3. CTpys U KOHTPCTPYs

Ha puc. 20 mpejacrasiiena KuHeMaTUKa IMOAbeMa
BBEDX U OIYCKAHWsI BHU3 K TOJJIOKKE IEHTPATBHOIN 30~
HBI KYTOJIa. DTOT PUCYHOK UJLIFOCTPUPYET POCT CTPYH
u 3apoxjenue kKoHTperpyu. Kpusag z(0,t) mokasbiBa-
er, kak B Mojenu (15) yzansiercst or IOAJIOXKKYH MaTe-
puajbHas 4acTuiia, Koropas o Boszeiicteus Y KJIN
HAXOIMJIACH B IIEHTPE TATHA Harpesa. Bekope mocse 00-
pa3oBaHUsT caMOTepecedennst KpUBOil, 0TOOpazKaroIei
OGECKOHEYHO TOHKYIO ILIEHKY HA ILIOCKOCTH T'Z, TPaeK-
topust z(0,t) Tepsier dbuznIECKuUit CMPBICT, TOCKOIBKY
B 9TOIl 30HE HEJIb3sl MpeHeOperaTb TOMIIUHON TLIeHKH.
Kpusast zgrop(t) HA puc. 20 COOTBETCTBYET TPAEKTO-
PHHI TOYKHU CAMOIEPECEICHUS Gy op(t), T'[adrop(t), ] = 0,
Zdrop(t) = z[adrop(t), t]. B 310l TOUKe BemydeHnas B BU-
JIe KyTI0/1a TOHKAas IIJIEHKA rmepecekaeT och 2. U3 puc. 16
sicua pasuuna Mexy rouxkamu z(0,1) u Zgrep(t) — onu
COOTBETCTBYIOT BEDXHEN M HUIKHEH TOYKAM IeTeJIbKU.
MrHOBeHHOE TTONIOKEHNE YU [JIEHKH 33/1aeTCs pelle-
uameM 7(a,t),z(a,t) cucremer (15). 3aecy mapamerp a
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Puc. 21. PocTt gonun maccel B npoueHTax. Peub nger o
macce M. (t), kotopas B mogenu (15) k momeHTy Bpe-
MeHU ¢ MpoLUia Yepe3 TOHKY CaMOMNEPECEHEH s B Npu-
oceByto 30Hy. Bennunna M, oTHeceHa k macce nieHku
Mr, B kpyre pagunyca Rr. Ha goctatodno nosgHmx
BpemeHax M, — 3To, B OCHOBHOM, Macca CTpyu, BO3-
BbllWatowWwelics Hag kynonom. B mogenn (15) 3apoxae-
HME MPNOCEBOro 0OPa3oBaHMSI MPONCXOAUT B MOMEHT
Havana camonepeceyeHusi. ITOT MOMEHT OTMeEYEH Bep-
TukanbHbiM OTpe3kom Ha puc. 20. [lo Havana nepece-
veHns macca M. (t) pasHa nynto. [Napametpbl Takue
xe, Kak ans puc. 16

npoGeraer ayry. Touka nepecewenns myru 7(a, t), z(a, t)
¢ ochbi0 z mokazana Ha puc. 16 m 17. Ha puc. 20 na-
a0 KPUBOU Zgrop(t) OTMEUEHO BEPTHKAIBHBIM OTDPE3-
KOM. STO Ha4aJI0O Mbl Ha3bIBa€M MOMEHTOM 3apOzK/ie-
HHUA KAllJIM B BEPpHIMHE KYIIOJia. KOOp,D;I/IHaTbI TOYKMU 3a-
POKIEHUSA €CTh tarop = 1.971 HC U Zgrop = 0.3663 MKM.

Cpasunm pesyabrarst M/I-mogenmnpoBanus ¢ perre-
auem cucrembr (15). IIpm MJI-pacvere 3apogenne
KaIlJIn TIPOUCXOJIUT MOCTEIICHHO. STOMy COOTBETCTBYET
yBe/IMYeHne PACCTOSHUS 10 OCH Z MEXKJY KPUBBIMH 3
u 4 Ha puc. 20. Cragusa 3apozKIeHus U JaJbHeAInas
spourionust ipu MJI-pacyere corsacyiorcst ¢ perienuem
cucrembl (15) — kpusbie 1 n 2 Ha puc. 20. Kak roeo-
pUIOCH, ecanm HeT pa3phlBa IJICHKHW, TO KANWJIAPHBIC
CIJIBI BCErJIA OCTAHOBAT POCT KyTosa. IIpu BhIOpaHHBIX
mapaMerpax 3aJadi MaKCUMAJbHOE yIaJeHue KymoJia
0.37 MKM gocTuraercs B MOMEHT 1.8 HC B TOYKE IIOBO-
pora gBuUrKeHWS HA3a/l K MOJI0KKe. TpeMs KBaapaTu-
Kamu Ha puc. 20 oTMedeHbl MOMEHTBI BpeMEeH!, OTHOCS-
muecd K puc. 16-19.

Ha puc. 21 nokazano, KaK pacTeT KOJIMYECTBO 30-
JIOTa B IEHTPaJIbHON 30He. KoHeuHoii Toukoil rpaduka
ABJIAETCA MOMEHT ¢ & 5.2 HC, B KOTOPBIN TOYKA CaMO-
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Puc.22. Mopdonorus n 3sonoyusi npuocesoro 06-
pa3oBaHMsi B OCECUMMETPUYHOM CilyHae Ha MO3AHUX
cragusix M-monenuposatus. MNokasanbl pacnpegene-
HUSI BEPTUKA/IbHON CKOPOCTU B TOHKOM CEYeHUU, Npo-
xopsiwem yepes ocb Bpawenus ctpyu (r = 0). lMpa-
Basi MOJIOBMHA OTHOCWUTCA K MomeHTy t = 3.88 Hc,
nesas — t = 2.86 Hc. Bepxnsis Touka cTpym cnpa-
Ba (Cnesa) ABMXKETCs BBEpX CO CkopocTbio +131 m/c
(+139 m/c), a HUKHAS TOYKA [BUKETCS BHU3 CO CKO-
poctbto —164 m/c (—134 m/c)

niepecevenust Ha puc. 20 TPUXOAUT Ha MOMTOKKY. I1o
POPU30HTAJIBHON OcH Ha puc. 21 oryiozKeHo Ge3pa3mep-
Hoe BpeMs . PasMepHoe Bpems pasmo ¢ = 2.60177¢ mc.
BemectBo, nepere/iiiee U3 mIeHKN B HEHTPAJIBHYIO 30-
HYy, B OCHOBHOM DAacCXOAyeTcs Ha (GOPMUPOBAHUE MOTII-
HOlt ctpyn (puc. 22). Inamerp MPUMEPHO [AJIHHIPHYe-
CKOH CTPYU MEHSIeTCsl MEJJIEHHO 110 CPABHEHUIO C JIjTH-
moii crpyu. On cocrapysger mpuMepHo 50 HM, T. €. OKOJIO
10% or mmamerpa Kpyra, B KOTOPOM ILJICHKa OTOPBa-
JIACH OT MOJJIOKKH.

Ha mpuenennom Boimre puc. 17 nuaus 3 BHeNIHeH
TPAHUILI KYTIOJIa B IEHTPAJIBHON 30He yOpana. 9To cje-
JIAHO It TOrO, 9T00bI puc. 17 6pun gcubim. Jdemo B
TOM, 9TO pHC. 17 TIOCBSAIIEH aHAIN3Y KOHYCOBUIHOTO
kymosa. IIpmoceBoe obpa3zoBanue 1Mo Bceil ero BbICOTE
nokazano Ha puc. 20 u 22. Pacemorpum mpuoceByio
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Crpyeobpa3oBaHue npyi OTPbIBE METAINYECKON MIEHKHA . . .

Puc. 23. CronknoseHne nnactus A u B (nnockas reo-

METPUSI) MAN CXOXKAEHME CTEHOK KoHyca A, B k ocu

KoHyca (ocecummeTpudHbIli cnyyaii). M3-3a cronkHo-

BEHUS BO3HWKAIOT KymynsTusHas cTpys J un nect P.

Crpenkn MnoKasbiBalOT HAMPaBEHUsi CKOPOCTEN mnia-
cTuH B nabopaTopHOii cucteme KoopamHaT

CTPYKTYypy. B BepxHeil gacTtu cTpyu Ha puc. 22 pacro-
Jraraercsi Karsi. Poct cymMmapHoit 1yinabl 06pa30BaHuUst
Zhigh(® = 0,t) — zjow(z = 0,t) upusesen na puc. 20.

~

Ha wmauasnbroil crammm (t 1.6 HC) cTekaHms Berme-
CTBa Ha OCh Z NMPUOCEBOE 00PA30BAHME UMEET BU/I Kall-
au B Bepriuie Kynosa (cm. puc. 16, 20). Ha mocmemy-
oUeil cTajuu JJIMHA CTPYU PacTeT ropasio Obicrpee,
geM JIJInHA KOHTPCTpyu. KOHTPCTPYst Ipe/IcTaBisier co-
6o Oyropok Ha BHYTPEHHEHl MOBEPXHOCTH KyMOJa Ha
puc. 17, 22.

B TEXHUKE XOPOULIO U3BECTHbI KyMYJIATUBHbIC ABJIE-
nust [82, 83]. Kocoe crosikHOBEHUE NJIOCKUX ILJIACTUH
WIn CXOzK/JIeHue KOHYyCa K OCH B HECZKIMaeMO KU~
KOCTU TIPUBOJUT K TIOABJICHUIO KyMyJIHTI/IBHOI‘/JI CTpyn
(puc. 23). CxoxuM 06pa3oM OOCTOUT €10 U B Hameil
3ajiade. BepmmHa KOHTPCTPYHW UMEET 3HAYUTENbHYIO
CKOPOCTb Uo; = 120 M/c, KOTOpas HAIpPaBJICHA BHU3.
CKOPOCTB Vg BEIECTBA B IJIEHKE KYIIOIA HEJTATIEKO OT
OCH Z HANPAaBJIEHA B OCHOBHOM TOPU30HTAJIBHO B CTOPO-
HY OCH; BepTHUKaJIbHadA COCTaBJIAIONIAsA CKOPOCTU 3TUX
JACTHUI] BEIIECTBA Masia. I13-3a TOro 4To IUIeHKa pacio-
JIOZKEHA TIOJ] YIJIOM K OCH %, & CKOPOCTB Ucyp IICHKH
HAIPABJIEHA K OCH, TOYKA IepecedeHust 0Opaszyommx
KOHYCOOOpPA3HOTO Kymosna aBuskercst BHm3. OKa3bIBaeT-
Cs1, 9TO CKOPOCTH TIEPEMEIIEHUs TOUKH TlepecedeHust 00-
Pa3yIONMX MPUMEPHO PABHA CKOPOCTH BEPIIHHBI KOH-
rperpyu. [losromy, HECMOTDsI HA 3HAYUTEJbHYIO CKO-
POCTb Vgj BEPUIMHbBL KOHTPCTPYH, KOHTPCTPYS Pa3BUBa-
eTCsl MeZJIeHHO (cp. ¢ puc. 7 B pabore [28]). BozmoxHo,
Oomee JTUHHAS KOHTPCTPYs 0Opa3yeTcs, eciu HadHeT-
s 3aMep3aHue KyIoia U CHU3UTCA CKOPOCTD Ucyp. 1eM
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Puc. 24.
OTHOLUEHNS] KWHETWYECKOW 1 KanuaasipHOil 3Hepruii,
cm. ypasHenusi (12), (13). lNMokasaHbl 3aBUCMMOCTU
z(O,t;Vo) oT BpemeHn npu 3HadeHusx V, = 0.6 (xpu-
Bas 1), 0.65 (2), 1.5 (3),2.6 (4),5(5). Yem 6onbLue
napametp V,, Tem Bonblue KMHETUHYECKasi SHEPrus u

Moandukauns pewennii npn Bapnayun

Tem BoicTpee aBuxeTcs nneHka. B tabnuue npusogst-
Cs 3Ha4eHuns VO, OTHOCALWMECA K COOTBeTCTByI'OLU'VIM
kpusbim. Cnyuyaii V, = 2.60177 nogpobHo pasobpan
Boiwe (cm. puc. 20 u 16-22). Mapkepbl yka3sbiBaioT
TO4Ky 06Pa30BaHNA KM Lirop, Zdrop B BEPLINHE

He Mmenee, w3 puc. 17 u 22 cieayer, 9TO yKa3aHwWe Ha
CyTIeCTBOBAHNE KOHTPCTPYH HECOMHEHHO MMeeTCs.

3.4. Knaccudukanms pernenumii

Knaccuduraropom permrennit sBisercs: 6e3pasMep-
Hast HavambHas ckopocTh V, (13). Mmerorcs Tpu Tima
peleHuii, COOTBETCTBYIOIINE MAJIbIM, CPETHUM U OOJTh-
MM 3HAUCHUIM: Vo < 1, Vo ~ 1lmu Vo > 1. Pac-
CMOTPHUM X 110 OPsIKY. IIpn MasibIx 3Ha4YeHNAX CKOPO-
cru (13), oropBaBIIAsCS OT MOAJIOKKHU TIJIEHKA MOJHY-
MaeTcst Ha HeOOJIbIyIo BhicoTy 2 K Ry, 2 < 1, 3arem
MIPOUCXOJUT MOBOPOT HA3aJ], U B MOMEHT I} ILJICHKA
BO3BPAINAETCS HA MOJJIOKKY (CM. puc. 24) ¢ 0TXOI0M
W BO3BpaleHneM oceBoii Touku kynona z(a = 0,t) na
mwiockocts 2 = 0 npm Vo = 0.6. IIpu manbix amiim-
Tyaax ‘70 TIJIEHKA, HATAHYTasd Ha OKPYKHOCTH paJanyca
Ry, Morsia ObI COBEPIIATH KAMMJIISPHDBIE OCIUJLISAIINH,
ecau Obl He OBLIO TOJIOKKU. Bpems ty.r, yaapa IieH-
KH O TIOMJIOKKY TPUMEDHO DABHO TTOJIOBHHE MEPUOIA
Kosiebanusi Ha Hu3Iei moze. Ha puc. 24 nmokasaHbl 3a-
sucnmoctn z(0, t; ‘A/'O) [IPU PA3HBIX 3HAYECHUAX CKOPOCTH
v, (13). Tazke mpu MAJIBIX 3HAYCHUAX V, < 1 rpadux
z(t) oTnuvaeTcs OT CHHYCOUIBI, TOCKOIBKY MPOTIOPITH-



H. A. Wnoramos, B. B. XXaxosckuii, B. A. XoxsioB

oHanbHas KBajpary Kocmayca dyukuus (18), 3amaio-
_0)7

HE ABJIAEeTCs COOCTBEHHON MO/ION 3a1a9u O KOJ1e0aHusAX

as HAYAIbLHOE pacipeesienue ckopocrn Z(a,t =

MJIEHKW Ha KPYTOBOM KOHTYpe. MakcuMmaabHbIH TOAb-
€M MJIeHKH HAaJ, IOJJIOKKOW TOCTUTAETCA B MOMEHT
tmaz = tpek/2, TPUMEDHO DABHBIN UETBEPTH IEPHO-
na. B 6espasmepubix koopaunarax t/(Rp/v,) umeem
tmaz = 1.

Orpannuenne Z < 1 OTHOCUTCS K JIMHEHHOI 110
AMIIATYE BO3MYIIEHWST TEOPUH. [IpeacTaBuM JIimHei-
HBI aHAIN3. DTO MO3BOIUT TOTHO BHIYUCIUTE yKa3aH-
HbIE BbIIIE BPEMEHA, JOCTHZKEHUS MAKCUMYMA, fmag, U
yapa ILUIeHKH O TOAJIOXKKY, tyck, B MIPEIETe MAJBIX aM-
TIATY T, Vo < 1. Byzer BugHO, 9TO JJaHHBIE BPEMEHA
BBIXOJAT HA TOCTOSTHHBIEC 3HAMEHWS B mpegene V, — 0.
Kpowme Toro, monb3a OT JUHEHHOTO DPEIeHust CIeayio-
masg. [lreHka HAUYMHAET CBOE NBUIKEHHE C ILIOCKOCTH
z = 0, xorga BemonHgeTca ycaosue z <K 1. Ilosto-
My JIMHEHHOE DelleHre OIUChIBACT HAYAJbHBIN yIacTOK
SBOJIOIUN MPH TTPOM3BOJIBHEIX 3HATCHUAX V, (13). dnn-
TEJBHOCTH ITOTO yIACTKA OTPAHUYEHA BETUIUHON, CO-
CTABJISIONIEH MATYIO OO OT BpeMeHn 1/ V,: B pasmep-
HBIX ITEPEMEHHBIX 9TO0 BPeMs PaBHO Ry, /v,.

BbruuciauM nepuoj; MasiblX KaNWLISIPHBIX KoJieba-
HWW TJIEHKW, HATSHYTONW Ha OKPYKHOCTH paanyca R .
JInneapusyem cucremy (15) BO3Jie HEBO3MYIIIEHHOTO CO-
crosHus: 7 = G + dr, |or] < 1, |Z] < 1. Nmeem

ds . 1 1 3
k=2 =1, R=— C==(2"+2),
da 522/0a2 3 (Z + a>
rae 2/ = 0%/0a. Bespa3zmepHbre nepeMeHHbIe GBI BBE-

nenbl Boie (14). IMogcrasmusig 5Tu HOPMYIIBI B CHCTE-
my (15), HAXOAMM, 9TO MONPABKA 0T SIBJISIETCS TIOMPAB-
KOM BTOPOTrO MOpsJAKa MaJOCTH, T.e. B JUHEHHOM MpHU-
OJIMKeHUK paBHA HYJII0. BuguM, 94To B nepsom npubiu-
JKeHUH MaTepHaIbHbIE YACTHIbI [LJIEHKH COBEPLIAIOT KO-
nebaHus, TBUTASCh CTPOTO 110 HOpMAaJTH (B JIMHEHHOIT ar-
npokcumarmn). Ypasaenne fias 0%r/0t? semagaer us
cucrembl (15); dyukuio r(a,t) u narpankeBy KOOpIu-
HATY @ MOYKHO 3aMEHWTh Ha MOPU30HTAJIBHYI0 KOODP/IU-
HATy — IUJIXHIPUIECKUHA paauyc r. JInHeapu30BaHHOE
ypasrenue jyisa 0%z /0> uveer By

Al 24 P

. Z 0z ., 0z
T2 =0, =2, 22
* 7 ot? 0, = or (22)

Nmenm permenue B suje 2(7, 1) = exp(—idt ) Z (7). Hox-
cTaBJisis B ypaBHenwe (22), momydaeM, 9to GyHKuus Z

TOJINHACTCA YPaBHEHUIO Beccensa HYJIEBOTO TIOPAJIKA:
FPZ"+2'4+20°FZ =0. (23)

Wurepecyoriee HAC pelnienne ypaBHeHus (23) ume-
er un Z o< Jo(v/2&7). Bropoe HesaBmcmMoe perrie-
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HHe OTOPACHIBAEM, TIOCKOIBKY OHO MMEEeT JIorapugMu-
4eCKy10 CUHIYJidpHOCTh Ha ocu r = (0. U3 rpannynoro
yenosus (20) nupu 7 = 1 (7 = r/Rr (14)) oupenensiem
CIEKTP COOCTBEHHBIX MO/

227
b;

L hi=T
Wi

w; =

\/57
rae b; — xopuu ypasHenusi Jo(b;) = 0. Ilepsbie Tpn
3uadenns paBubl by = 2.4048255, by = 5.5200781, b3 =
= 8.6537279. [Iepuos 0CHOBHO# MOIBI Tl = 3.69497.

Pazoxum Ge3pasMepHy0 HavajbHYI CKOPOCTh
(18) B psix no dynxumsv Beccess:

By

Vo

T; = (24)

)

A o0
N T N .
V,, cos? (7) =V, z;ai Jo(bi 7), (25)
i—
rae KO3 PUIMEHTHI PA3JIOKEHUsT PABHBI
/cos2 <%r> Jo(b; 7) r dr
a; = .
/ J3(bi#) rdr
g HeCKONbKHX IEepBbIX 3Ha4YeHHil Kodhuim-
eHroB (25) mmeem a; = 0.7793, as = 0.26771,
as3 = —0.06562. Pemenune 3aza4u 0 1mosiere BEPIIUHBI

KyTIOJia MJIeHKH JAeTCs CXOAANIIMMCS PAJIOM:

Wcenonwn3yst 9ToT psan, Haiizem BpeMmeHa lpek, tmax
U MaKCUMAaJ/bHOE YJAJeHHe ILIeHKUM OT IOJJI0KKH,
2(F = 0,tmar), B Opegese V, — 0. BHauenus tyq, u
ther OTIPEIENIAIOT TOYKY HAMBBICIIIETO MONHEMA, TIICHKH
U MOMEHT yJapa IJIEHKH O TOIOKKY (CM. puc. 24, Kpu-
Bast 2(0,t;V, = 0.6)). Ykazanubie BpeMeHa SBISIOTCS
KOPHAMU ypaBHEHU

A(F = 0,tper) =0,  fpor = 1.94128,

t A
—’m“z) =0, tmae = 0.736047.

o

(26)

Q
>

2(F = 0, tae = 0.736047) = 0.463843 V/,.

Hawansnas ckopocts 02(a, i = 0)/9t = V, cos®(r a/2)
(18) mpeacrasister coboit cmech moz. 13-3a sToro Bpe-
M tae = 0.736 He PABHO MOJOBHHE BPEMEHH BO3BDA-
IIeHHIs Ha TIOTOKKY Lper /2 = 0.97, a Bpems BO3BpaIIe-
Hust fher, = 1.94 He PaBHO TOJIOBUHE TEPUO/IA HUBIIEH
mozpr Ty /2 = 1.85.

CpaBHeHHe JIMHEHHOTO PEIIeHNs ¢ PEIIeHneM IOJ-
HOji cucreMsl (15) mokasaHo Ha puc. 25. 3aMeTHbI HA
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Puc.25. Conocraenenue nuneiitoro (kpusbie 1,3,5)
n HenuHelinoro (kpusbie 2, 4, 6) pewenunii cucre-
mbl (15) npu V, = 5 (1,2), 0.6 (3,4), 0.2 (5,6).
Obpa3soBaHne kannm B BepLUMHE O3HAYAET, YTO Hesu-
HeliHbie MOoMnpaBKyM CTanu CylwecTseHHbIMU. Kak u Ha
puc. 24, uepHble KpYXKN (tdrops Zdrop) OTHOCATCS K
MOMEHTY MOSIBAEHUSI Kanau 1 K NO3uUuM, B KOTOPOI
OHa HaxoANTCs

a3 OTXO0J, HeJIMHEHHOrO pelleHus OT JIMHEHHOIro Ha-
quHaeTcs nocjie obpasopanus kamin. Karmist obpasyer-
cst B 104KaX (tdrops Zdrop), OTMEUEHHBIX MapKepaMu Ha
puc. 25. Ilpn t > tg4rop, KaK BUAHO W3 puc. 21, Hadn-
HAeT PACTH M3 HyJsl Macca IPHOCEBOr0 0Opa30BaHMs.
Kpowme Toro, B perrernu cucremer (15) nosiistirorcst ase
TOYKHM HA OCU Z BMECTO OAHOM (cM. puc. 16 (neresbka
B Bepumne) u 20). A mmenno, kpome touxu z(a = 0,t)
HOSIBJISIETCS TOUKA CAMOIIEPECETICHU Zgrop(t). B KaKyIO
MOIIHYIO MPHUOCEBYI0 CTPYKTYPY MOCTENEHHO Mpeobpa-
3yercs NepBoHAYa/IbHO MaJeHbKas Kallls HOKA3aHO Ha
puc. 22.

Ipu MaJIbIx 3HAYeHUAX Vi, aMIVIHTY 12 |2| ~ Vy; npu
9TOM Katist (pOPMUPYETCst MO3HO. [es10 B TOM, |TO Ha
CTa0OMCKPUBIICHHON MOBEPXHOCTH BPEMS 0OPA30BAHUS
KaIl/TH BeJIHUKO. Bpems tgrop OBICTPO pacTeT IO Mepe
yMeHbIIeHHs 3HadeHns V, (cm. puc. 24-26). Yeemuue-
nue cxopoctu V, (13) B Hesmmeiinof cucreme mpuBo-
IIT K HEGOMBIIOMY YMEHBIIEHHIO BETIMUIHBL {10y . 1IpH
V, <14 BpeMsi 00pa30BAHNS KATLIH tAdmp(Vo) GombIme,
9eM fpqp. DTO O3HAYACT, UTO KAILTA (HOPMHEPYETCS HA
Hucxonsmelt sersu Bpemennoii sasucumoctu z(0, ; V).
Hpu V, < 0.555 umeem tAdmp(Vo) > fbck(Vo), T.€e. Ipu
JIOCTATOYHO MAJIBIX AMIIJIATYIAX KATIJIA HE yCTIEeBAeT 00-
pasoBaTbcs Ha BeeM orpeske BpeMmenu (0, tpqr) cyie-
CTBOBAHUSA IJICHKH B MOJIETE OT MOMEHTA, €€ OTIETCHNUS
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Zdrop

2.0

tbck ) tdrop

1.6

1.2

0.8

0.4

Puc. 26. Knaccudpmkauus pelernii B 3aBUCUMOCTN OT
napamertpa V, (13). Mpu V, > 0.6435 nnenka nepecra-
eT BO3BpawaTbCa Ha nognoxky. Todka V, = 0.6435,

fher = 2.22 ABNAETCA TOYKOW OKOHYAHUS KpuBOIA
fbck(Vo). Kpusbie z(0,¢;V,) na puc. 24 npu V, = 0.6
n V, = 0.65 oKkallMnslOT KPUTUYHECKOE 3HayeHue

V, = 0.6435. DyHKkLUN idmp(\A/o) n édmp(f/o) natoT

KOOPAMNHATBI TOYKN 3aPOXKAEHUS KArin B BEPLUNHE Ky-

nona. 3Tn pyHKLMM NapamMeTpruHecKn 3aAat0T KPUBYHO,

OTAENbHbIE TOYKN KOTOPOW NOKa3aHbl Mapkepamm Ha
puc. 24 n 25

OT TOJIOKKHN 7O MOMEHTA €€ BO3BDAIIEHUs Ha TOJI-
710:kKy. COOTBETCTBEHHO, HA BPEMEHHOW 3aBUCHMOCTH
z(0,¢; ‘70) npu Vo < 0.555 mer Touku 0Opa30BaHMS KAll-
. IIpu Vo > 0.555 TOUKa 3apOKIECHUS KATLTU HA 3aBU-
cmvocrn z(0,t; V,) umeercs (cm. puc. 24 u 25). B Touke
V, = 0.555, ¢ = 2.09 3aBucumocTu fbck(Vo) n fdmp(f/o)
nepecekaiorcs (puc. 26).

Mpwu Vo > 0.555 KamIs ycreBaeT 3apoauThCs BO
BpeMs moseta Kynomna. [lociae dpopMUpoOBaHUs KATLITH,
t > tdrop, 3ABUCUMOCTD z(OJ;VO) CTAHOBUTCS JIOCTA-
TO4YHO ycnoBHO#. JleiictBurenbro (cm. puc. 20), Ha ocu
Z TIOSIBJISTIOTCSI TPU TOYKM: (CHU3Y BBEPX) arleKe KOHTD-
crpyn (KpuBas 3); IpUMbIKAHWE KYIOJIa K HEHTPAb-
HOIt 30He (KpuBag 2); BepuIuHa cTpyu (KpuBas 4 ), M.
Takke puc. 22. OyHKIUM fdmp(f/o) n 2dmp(f/o) JTaloT
KOODJMHATHL TOUYKU 3aPOK/ICHUS KAILIA B BEPIIUHE Ky-
rosia, BbIJEJeHHbIe MapKepamu Ha puc. 24 u 25. Kak
BUIHO U3 puC. 24, IpH yBeJanmdennn napamerpa V, pac-
TeT PaCCTOSHIE 2dmp(170)7 Ha KOTOPOM 0Opas3yercs Kail-
ns. IIpu 3ToM BpeMs obpa3oBaHus fdmp(f/o) CTAHOBUT-
cst Merbine. O6a 3Tu 0OCTOATETHCTBA BLI3BAHDI YBEJIU-
qenneM cKopocTH V.

Kak sgcno m3 ckazannoro, acuMmnToTrura V, < 1
npocta. PaccMoTpuM MpOTHUBOMONOXKHBII TTpeen V, >
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> 1 (cm. pme. 24-26). TToBepXHOCTHOE HATSIIKEHWE
OCTAHOBUT KYIIOJI IIPU CKOJIb yTOJHO OOMbIION KMHETH-
qeckoit sneprumn. Ho z-koopaumHarTa TOYKM OCTAHOBKH
Oymer Besnwka. [Ipy HAJIUYUU OCTAHOBKHU 00s13aTe/IBHO
npousoiizier (gopmupoBanue Kamiu. Pasymeercs, cka-
3aHHOE CIIPABEJIMBO MPH OECKOHEYHON PACTSZKUMOCTH
mwreakn. Ha camom gese B yenoBuax YKJIN n ronkux
wenok (dy 10-100 uM) muIeHKA pa3pLIBAETCS TIPU
PaCTsIZKeHUU JI0 TOJIIMHBL nopsiaka 1 M. V3 uccieno-

BaHUs 3aBUCUMOCTH MTHOBEHHOI TOJINIUHBI TIJIEHKW OT
pazgmyca (cM. puc. 19) caemyer, 9T0 pa3pbiB MPOUCXOIAT
HIPUMEPHO 11O OKPYZzKHOCTHU HEJaJIEKO OT OCHOBAaHUA KYy-
nosa (6e3 yuera kpucranmu3anuu). [Ipu 37oM B mieHke,
TIOKPBIBATOMIEH TO/IJIOKKY, OCTaeTCsl KPyTJyas JbIPKA.

Ecnn 3amats HagampHOe pactapezesenne (18) u mpu-
HATH, 9TO MOBEPXHOCTHOe HaTrsxkeHue o = 0, v, = 0,
V, = 00, TO IpaBast 9ACTb CHCTEMBI (15) obpamaercs B
HYJIb, T.€. BEIIECTBO JIETUT MO WHEPIIUH C MOCTOAHHOM
CKOPOCTBHIO B HAIIPABJIEHUU 110 HOPMAJIU K MOBEPXHOCTHU
TO/IJTOYKKH!:

fa,t) =a, 2(a,i) = Vofcos®(ra/2).  (27)

IIpu Gompmmx pagmycax Rjp TaTHA HArpeBa WMEHHO
9TUM TOJBKO W OI'DAHUYUBAIOTCA; HO IPpU H3y4YCeHUU
BCIIEHWBAHNS KANWIISPHOCTh YIUTHIBAIOT [55,76-T78].
Jpuzkenne (27) pacraruBaer TUIeHKY. Buraucianm cre-
MeHb pacTsazkenus no ¢gopmye (21):

h

ho

1 .
\/1 + [%Vofsin(wd)]z

BuyTpu npoussenenust V, ¢ kanuisipHas CKOPOCTb Uy

alr B

!
Sa

1
o
a

COKpaIIaeTcs. KaK BUIUM, MaKCI/IMyM PacCTAZKeHUudA Ha-
XOJIUTCSA B TOUKE ITepernba HauaJIbHOr0 IPOghUIsa CKOpo-
ctu, T. e. mocepenuue orpeska (0, Ry, ). Ha konax sroro
oTpeska pactsizkenusi HeT: h = h,, a B cepeauHe oTpes-
Ka TONMIIMHA IIJIEHKHW y6bIBaeT 10 3aKOHY

h 1
g
4 \ Ry,
C aCUMIITOTUKON
2 Rp 2 Ry,
;m:;z(a—OJ)

Ha OOJBIINX BpeMeHaX.

3.5. buancrepuHr B ILIOCKON reoMeTpHuu

B Ka4YeCTBEHHOM OTHOIIEHUH OCECHMMETDUIHBIA
cay4aii 2D, (15), (16) amasormyueH mIOCKOMY CIIydaio

46

MKIT®P, Ttom 147, Boi. 1, 2015

2D, (17). TosTomy Gymem meiicTBOBATH TTO CXeMe, MpH-
MEHEHHOI BBIIIe: JIMHEHHOE PelleHne, KIacCuuKAIMst
o mapamerpy V, U CONOCTABJICHHE JINHEHHBIX, HEJIN-
ne#inpx n M/I-pemennii. JInneapusamnmsa 2D,-cucremsr
(17) mpuBOAUT K BOJHOBOMY yDABHEHHUIO

2 — 022" /2 =0, (28)
i

Zu—2"/2=0.

Kpowme Toro, B muHeitHOM IpHOJNKEHIN MOZKHO IIPEHEe-
6peqb CMEIIEHUAMU JIarpaHKeBbIX YaCTHUIl B TOPU30H-
TaTbHOM HampapieHuH r; B 2D,-reomerpnn xoopauHa-
Ta & WCTONb3yeTcst BMecTo pasgmyca r. CooTBeTCTBEH-
o, z(a,t) = a, a — x. Tocne moxcramoskn (#,1) =
= exp(—idt ) Z (&) nomyuaem

7" +20°7 = 0.

D10 ypaBHEHHEe 3aMeHsieT ypaBHeHue (23) i UM/IMH-
JIPUTIECKUX BOJIH.

Hac unTepecytor crosgune KamuaasgpHble BOJTHBL. B
o0ImeM caydae Takast BOJTHA, CKIIQIBIBACTCS U3 CYTIEPIIO-
3UIUU COOCTBEHHBIX MO/

oy

m=1 """

™ (2m

S

m

A&, 1) sin(@y, t ) cos

&>

C JUCKPETHBIM CIIEKTPOM

R m(2m—1)
W = ————,
" 2V/2
2 4./2

T, =

E:—21n—17 m:1727...
[Tepnox mepBoit MOJBI paBeH T, = 4V2 = 5.657.
Kak Bugnm, u3-3a yMEHbIIEHUs] CyMMAPHON KPUBU3HBI
ek (B 2D,-ciy4aae mer kpususubl 1/ R, cM. ypas-
nenusi (16), (17)) sror mepuoj cyumecrBeHHO GoJibLIe
nepruoga MepBOil MOJIBI TUJIMHIPUYIECKON CTOA9el BOJI-
e 7200 = 3,695 (24).

Kosddunmentsr a,, psma @ypbe (29) onpenensitor-
cst npoduiiem HavwanbHOI ckopoctu (18):

/

Ay =

cos?(m 2 /2) cos[r (2m — 1)7/2] d#

/

cos?[m (2m — 1)2/2] d

B (8/m) cos(mm)
(=3 —4m +4m?)(1 — 2m)’

(30)
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Puc. 27. MNopbewm Bepwutbl kynona 8 2D,-reomeTpun.
MokasaHbl TpaekTopun BepwuHbl z(a = 0,t) cornac-
HO peLUeHNIO MOJMHON HenuuelHol cuctemsl (17) —
BEPXHNE KPUBble — B CPABHEHUM C JINHERHbLIM peLue-
Huem (29) — HuKHMe KpuBble. B kaxkaoii nape nonHoe
pelleHne NAET BbilUE N YCTPOEHO CIOXKHEE

Paznoxenne @ypoe (29) ¢ koapdunuenravu (30) nos-
HOCTBIO ONpeensieT uHeitHoe penrerne. OTvernm, 9To
apyaiaen cos?(r£/2) = 1/2+ (1/2) cos(ri) He ecth oT-
pe3ok psima (29). [eiicTBurenbHO, HU KOHCTAHTA, HU
cos(T &) MO OTAENBLHOCTH He yJOBJIETBOPSIOT DAHUY-
HBIM ycroBuaM (20) 1 MOITOMY He SBJIAIOTCH COOCTBEH-
HBIMH MOJIAMU 33/1a4H.

Juneitnoe perrenue (29), (30) mo3sossier ompene-
JIATH KOOPJMHATHT 1 az s Zmae TOTKA OCTAHOBKH KYTIONA
B €r0 JIBUKCHUU BBEDX U MOMEHT lpc YJapa [JIEHKU O
HOJJIOKKY, ¢M. (26). DTH 3HAUEHUS OTHOCATCS K TIpe-
Jlelly MaJbIX mapamerpos Vi (13). B 2D,-reomerpuu
noryaaeMm

ther = 2.82843 (1.94128), fpmae = 1.41421 (0.736047),

0, trae = 1.41421) =
=0.707155V, (0.463843V,).

Zmaz = 2(Z

3mech A7 CpaBHEHUsI B KPYIVIBIX CKOOKAX ITPUBEIEHBI
sradennst (26), coorsercrByionie 2D, -cayvaro. Kak
BUINM, YMeHbIIeAne KpuBn3nabl B 2D -reomerpnn cxa-
3bIBAETCS B YBEJIUYEHUU BPEMEH {ypqz U Tper XU B YBEIIU-
YeHUW JUCTAHIINNA OCTAHOBKU Zqz -

Knaccuduranust pereHuii B 3aBUCUMOCTH OT 0O€3-
pasmepHoit ckopocTn V, (13) nokazana Ha puc. 27,
KOTOPBII IpeacTaBigeT coboii obobmienune puc. 24 u
25 ma cay4vail 2Dj-reomerpuu. IlpusesenHble KpuBbIe
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Puc.28. Conocraenenne M/[-pacuera (kpusbie 2, 3)
n mogenu (17) — kpusas 1, cm. nognuce k puc. 16.
[Mapamerpel M/1-pacyerta: Toncras njeHka C Havasb-
HoUi TonwmHol b = 32 uwm; V, = 0.776379. MpuseneHo
6espasmeproe Bpems t = 1.89 (t = 6.47 HC), 4TOGI
MOXHO BbIfI0 CONOCTaBUTb 3TOT PUCYHOK C puc. 27

coorBeTcTByI0T TpeM MJI-pacueram B 2D,-reomerpun
TP CJIeAYIONUX 3HAUYEHUAX MapaMeTpa Vo: 0.776379,
1.21293 u 2.56695 (nx OKPYyIJIEHHBIE 3HAYEHUs TIPUBE-
JieHbl Ha puc. 27). Yem Gombiie CKOpOCTh, TeM GOIbIIe
paccrosgHue, Ha KOTOPOe BepIIMHA KyIOoJa IPUIIOTHU-
MaeTcs HaJl MIIOCKOCThIO Mook z = 0. Bosee rman-
KHe KPUBBbIE OTHOCATCS K JIMHEHHOMY permeHuto (29),
(30); onn mayr muze. Henuneitnbie adpdexrpr crano-
BATCA BazKHBIMH, KOTIa HeJTmHelTHoe penieHne HauuHa-
€T CYIIECTBEHHO OTKJIOHATHCA OT JIMHEHHOTO.

Ha puc. 28-30 nokazaHO cpaBHEHHE De3yJIbTATOB
M/I-mozenupoBanusi W YUCIEHHOIO pAacYeTa CUCTe-
Mbl (17). DTO ZOCTATOMHO MO3/THIE MOMEHTHI BpEMEHH,
KOrJa CKy4YnBaHUE BellieCTBa IIJICHKHW B IIE€HTPAJIb-
HYIO 30HY CTAHOBUTCS CyIIecTBeHHBIM. I[losTomy B
npuocesoii obsacru onucanue (17) B npubinxenuu
OECKOHEYHO TOHKON ILJIEHKU TepsieT CBOK IIPUMEHU-
MocTh. Tem ®e MeHee BHE 3TOI 00JACTH peIIEHTE
cucrembr (17) xopomo cormacyercsa ¢ MJI-pacaeTom.
Hemnnoxoe cooTBeTcTBHE COXpaHAETCA JONTO JayKe B
ciaygae tosctoii mrenku (puc. 28). B M/I-pacuere na
puc. 28 nocje TepMaM3alUud TEPMOCTATOM U IEpeJ]
CaAMBIM HAYAJIOM JIBUZKEHUS MACCa HA €INHUILY TIIOTIA-
[ nyenky i, = 5.27 - 107° r/cm?. Coorsercrryiomas
tommuua h, = 32 um, R, /h, = 6.9.

Boumu BeiOpanbl pasubie mapamerpsl st M/I-pac-
9eTOB, ITOOBI ONEHNUTH BNsHIE (DUINTECKUX YCIOBUI
Ha Gaucrepunr. B pacuaere (cMm. puc. 28) GezpasmepHas
CKOPOCTb PaBHA VO = 0.776379. OcranbHbIe TapaMmer-
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Puc. 29. Conocraenenue pesynstatos M/-mozenupo-
Batus (kpuebie 2, 3) n pacyera cuctemsi (17) — kpu-

Bas 1 — B cnyvae B Tpu pa3a bOonee TOHKOW nieH-
Kun, 4em B ciy4vae puc. 28, B Tpn pasa bonbuueii cko-
poct n B 1.5 pasa ysenu4enHoro pasmepa Rr (cwm.
Takxe nognuce K puc. 16). V, = 1.21293; {t=1.75
(t = 4.39 Hc)
Z, HM
800 | 1 _
L 3,7 1
T
600 - 1 -
1+3
400 b h i
200 | A\
Ay 3
O " Il " Il " Il " “‘
0 100 200 300
T, HM

Puc.30. Conocrasnenne pesynstatos M/l-pacyeros

n mogenu (17) B cnyvae BbICOKOI Ha4anbHON CKOPO-

ctu: v, = 300 M/c B ABa pa3a bonblie, 4em B criyvae

puc. 29 (obo3sHaueHus kpusbIx Kak Ha puc. 16, 28, 29).
V, = 2.56695; § = 1.4 (t = 3.71 uc)

DBI: HAYa/IbHAsT CKOPOCTh U, = 50 M/C; Umcao atomMoB
Ngt = 2976320 ~ 3 - 10%; Ry = 220 uwm; TommuHa pac-
YeTHOrO JIOMeHa 1O KOOpPJWHAaTe, MepHeH uKyJJIAPHOR
mwrockocTH puc. 28, 1| = 4.2 uM; v, = 64.4 M/c¢; BO Beex
pacdeTax 307010 Harpenasoch 10 1600 K, kosdduru-
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€HT TMMOBEPXHOCTHOTO HATAKEHUA TIPpN 3TOT TeMrepaTty-
pe 546 jmuH/cM, a paBHOBeCHast IOTHOCTH 16.55 v /cM®
(cm. IMpmnozxenne).

[Tapamerpsr M/I-pacdeTa, mokazaHHOTO Ha puc. 29,
crepytomue: V, = 1.21293; v, = 150 m/c; Ry, = 310 v
Ny = 1093752 1.1-105% 1, = 4.04 um; p, =
=1.43-1075 r/cm?; hy = 8.63 nm; v, = 124 m/c.

M/I-pacder Ha puc. 30 umes cjieayoime nmapamer-
pei: V, = 2.56695; v, = 300 m/c; Ry, = 310 ww;
Ny = 1169640 ~ 1.2 -10% 1, = 3.865 nuw; p1p =
=1.60-1075 r/em?; hy = 9.7 HM; v, = 117 M/c.

O6parum BHUMaHHE HA HEOONBIIYIO HEYCTOUTH-

~
~

Bocth B M/I-pacdere na puc. 28. Ona HApyIIAeT CHM-
METPHUIO & — —X. DTO ABJEHUE CBA3AHO C TETLJIOBBIMHU
dbaykryammavu B M/I-pacdere (wHWIMAIMS, TOYHOMN
CUMMETDHM HET) W TOPMOKEHHEM (yCHJICHHE BO3MYIIe-
uuii). HeycTo9nBOCTb IPUBOAUT K MOTEPE CUMMETPHUU
npu pacnaze KuAkoi mieHkn Ha kamm (cm. Huzxe). B
pacuerax no mozenu (17) npu moBBIIEHHBIX 3HAYEHUAX
Ge3pa3MepHoOil HATAIBHON CKOPOCTH HEYCTOWTIHBOCTH
BbIpazkeHa cusbhee (cp. puc. 28 u 29, 30). OHa oxBaThI-
BaeT IeHTPaIbHYIO 30Hy Kynona. B 2D,-reomerpnn Ha-
KOILJIeHHe HeJIMHEHHbBIX 3(PPEKTOB MPOsIBISIETCs TPEK-
Jle BCEro B TOSIBJIEHUN KAl Ha ocu z (cM. puc. 16, 24,
25). IIpu 9TOM BHE KAILIU TOBEPXHOCTH KYMOJIA OCTAET-
cA HeKoTopoe BpeMs Tiaaxoil. B 2D -reomerpun «pas-
GanThIBAHWE» TIPUOCEBOIT 30HBI MOKET HATATHCS PAHb-
ure, yeM o6pa3yercs HeHTpatbHast Kaisa (cM. puc. 28,
29). B mozenu (17) mMbl nosaraem, 4ro Kamist HaduHA-
eT (hOpPMUPOBATHCS TOCTIE TIOSBIICHIS CAMOIIEPECETCH ST
ek, BHE MeHTpambHOM 30HBI KYMOIa PENeHus 110
mogzesn (17) m pesynbrarer M/I-MomesanpoBaHust corya-
cytorest xopomo (em. pue. 29, 30). B 2D,-reomerpun
HaMOOJIbITIee PACTSIKEHNe TJIEHKH U, COOTBETCTBEHHO,
ee HAWMEHBINAsT TOJIINHA HAXOAATCS OJMKe K IIeH-
TpabHOl 30He, ueM B 2D -caygae (cm. puc. 29, 30).

3.6. Pa3pbIB miieHKu

Pa3pwiB Kynosna n3-3a ero pacTsykKeHuss U yTOHBIIIE-
HUST JI0 TOJIIMHBL OKOIO 1 HM moka3aH Ha puc. 31 (cm.
TakzKe puc. 3¢ B pabore [84]). Pasprie mponcxonnt He
MI'HOBEHHO 1IpH ¢ & 4.44 HC; 3TO IPOLIECC, BUIUMO, CBS-
3aHHBII C PA3BUTHEM YKU3HECIIOCOOHOTO 3aPOIBIIIA OT
TerIOBON (PJIyKTyalluu HA CHJIBHOPACTSIHYTOH TIJIEHKE.
Jmurensrocts mponecca mopsaaka 10 mc (cm. puc. 31).
fIBnenus, cBA3aHHBIE C 3aPOZK/ICHIEM MIPOKOJIA TLITEHKT
¥ ero TPpeXMepPHbIM Pa3BUTHUEM, PACCMATPUBAJIUCH B Da-
Gore [84]. Ilapamerpbr M/I-pacuera B ciayuae puc. 30
n 31 cosmamaror. Illar omudpoBrky MO TOPU30HTATIH U
Beprukanu MJI-nmanubix (pasMep MUKCENs ) COCTABIISLI
0.8 aMm.
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Puc. 31. Pa3spbiB nneHkn BCIEACTBUE €€ PaCTSKEHUS .

Mapametpsl coorsercTeytoT puc. 30. Mapkepbl oTcne-

XKNBAKOT rpaHmuy MJEHKN. nOKa3aHb| ABa MOMEHTA: ne-

pes cambim paspbisom, t = 4.435 Hm (kBagpatbl) un
cpasy nocne Hero (kpyxkn), t = 4.454 Hm

JIucnepcuoHHOe COOTHOIIECHUE LIS KAIWJLISPHBIX
BOJIH Ha TIyGOKO# Boze mveer Bu w = /o /p k3/?, rae
p  IUIOTHOCTL BOABI. KomeGaHms Mamoil aMIITHTYIbI
Ha TOHKOI MJIEHKE OMUCHIBAIOTCA BOJTHOBBLIM ypaBHeHI/I-
em (28). IToacranoska z x exp(—iwt+ikx) B ypaBHeHue
(28) ompesensgeT THHEHEIA IO BOTHOBOMY BeKTOPY k
3aKOH JIUCICPCHH

w= (vg/\/i) k. (31)
Corsnacno (31), dasoBag u TpynnoBas CKOPOCTH MO-
BEPXHOCTHO# BOJIHBI OJIMHAKOBBI U DABHBI Uy / V2. Ta-
KUM 00pa30M, BOJTHA, CBI3aHHASA ¢ MTOBEPXHOCTHBIM Ha-
TSKEHWeM Ha TOHKOI TIJIeHKe, aHaJOTHYHA 3BYKOBOI
BOJIHE B YTIPYTOii cpefie.

PaspeiB miuenku (cM. mpumep Ha puc. 31) BbI3bIBa-
eT De3Koe M3MEHEHUe CUJIOBBIX HampsiKeHuil. B cuiy
ypasaenuit (28) u (31) curaan o TOM, 9TO MPOU3OMLIET
Pa3PBIB, PACTIPOCTPAHSIETCS TI0 TJIEHKE ¢ KOHETHOH CKO-
POCTBIO Uy /+/2. JInnamuka hOPMUPOBAHIS U PACIIHpe-
HHUA Pa3pbIBa ILIEHKH HMEET HEKOTOPBIe OOIIHe YepPThI
¢ IMHAMWKON HyKJieanunm Hecriomuoctu [85] B pacrs-
HYTOM KOHJIEHCUPOBAHHOM BelecTee. B ciaydae obbem-
HOIl CpeIbl BO3MYINEHNE OT pas3phiBa JOKAJIU30BAHO B
001aCcTH MEKIY OTKOJBHBIM WMITYJIHCOM W TPAHUIEH
[IApOBOii MOMOCTH. JTOT MMIYJILC pa3beraercs OT TOY-
KU Pa3PhIBa CO CKOPOCTHIO 3BYKA. OTKOIBHBIN MMITYJIHC
CHUMAET HANPsIZKEHHE PACTsizKeHus1 (PA3rpyzKaeT pacrsi-
HyTOE BEIECTBO), MOCKONBKY 33 HUM DAaCTSHYyTOe (OT-
puraTenbaoe JaBierne p < () BEIIECTBO CKUMAETCS
B HOpMasbHOoe cocrosgame, p — 0. Takum obGpaszowm,

4 JKOTO, Boim. 1
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Puc.32. Cka4ok CKOpOCTM, HANOMUHAKOWNI OTKONb-
Hblli UMNYNbC, B MOMEHT ¢ = 4.512 HC. PPOHT CKayka
OTMeYeH BepTuKanbHOl cTpenkoin Av. 310 bpoHT cre-
Ba OT paspbiBa <«uwenby. PpoHT, berywnii Hanpaso,
HaxXOAUTCS B OaHHbIA MOMEHT B Touke © = —40 HMm.
MapameTpbl pacuera COOTBETCTBYIOT BbICOKOCKOPOCT-
HOMY Ciiy4ato, nokasanHomy Ha puc. 30. [sycTopoHHss
ropyv30HTasibHasi CTPE/IKa OTMEYAET MOJSIOKEHNE LIEH-
TpasbHOW Kannaum, KOTopasi (pOpMUPYETCS B BEpLUMHE
kynona (cm. puc. 30 n 33)

OTKOJIbHBIN UMITYJIbC SIBISETCA BOTHOH CZKATHSI, KOTO-
past TIOBBIIIAET JaBjenne or 3uadenns p < 0 10 3Ha-
gennsg p ~ (. UI3-3a yMeHbIIEeHNs yIEIbHOIO 00beMa
[IPU CHATUU PACTsIZKeHUs (Pasrpys3ka), 00beM MOIOCTH
(HECITOMHOCTH ), BO3HUKIIEH NPU HYKJICAIMH, DACTET.
Ha navanbHOl cTauu HyKJIeauu CKOPOCTH OTKOIBHO-
PO MMITYJIbCA W PACHINPEHHST TOJIOCTH COMOCTABAMBI. 3a-
TeM DAaCIIUPEHHe TOJOCTH PE3KO 3aMEJJITeTCs U mepe-
XOIUT B CUIBHOJO3BYKOBOW PEIKWM JIBUIKCHMUS.

OGBIIHBIH 3BYK PACTPOCTPAHSIETCST B DACTIIABE 30-
JoTa, HarpetoMm 110 Temneparypsr 1600 K, co ckopocThio
npumepHo 2.25 kM/c [36, 37, 53, 54]. Cmemos ero pac-
IpoCTpaHeHws! Ha TUIeHKe He BUIAHO. [leso B TOM, |9TO
[IJIEHKA, TOHKasl, ¢ JBYX CTOPOH OHA I'PAHUYUT € 00Ja-
CTHIO TIOCTOSTHHOTO s1aBsierns (BakyyMm). [TosTomy oObr4-
HBII 3BYK, PACTPOCTPAHSSICH TIO MJIEHKE, 3aTyXaeT Ha
DPACCTOSIHUY TODsIIKA TOJIIUHBI MIeHKH. [locMoTpmM,
Kak obcTomT 11610 co 3BykoMm (28), (31).

Ha puc. 32 mpeacraBieHo MIrHOBEHHOE pacipeeie-
HUE TOPU30HTAJIBHON KOMIIOHEHTBI CKOPOCTH Uy (2, =
= 4.512 HC) B OKPECTHOCTH Da3PbiBa, MOKA3AHHOIO HA
puc. 31, gyepe3 70 mc mocyie paspbiBa. PaspbiB Bbije-
JIeH ABYMS BePTUKAIAMHU «IMedby» Ha puc. 32 u 33,
KOTOPBIE OTHOCATCS K OJHOMY MOMEHTY BPEMEHH. IJI-
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Puc. 33.
perax paspbiBa. JTO HOBbI€ Kamnim Mo OTHOLUEHUIO K
ueHTpaanoﬁ Kanne. Kpomequle HaHOKanan, B3aTbl€
B KPY>XKW, HE CyLLeCTBEHHbI. Bugnm, 4To dhpoHT cKau-
Ka CKOpOCTM Ha puc. 32 CoBnajaeT C rpaHuLein mexxay
kanneii u nneHkoii. Ha puc. 32 cka4yok oTmeueH BepTu-

Obpa3zosarue kanenb (ytonwennii) Ha be-

KaJIbHOI CTpenkoii, a 34eCb — CrNJIOLWHON BepTUKaib-
HOI npsimoli

JIMIICOM BHU3Y OTM€Y€eHa KPOIIeYHad CaMOCTOAdTe/IbHaA
Kallis, OT/Je/IMBIIAasACs B IIpolecce pa3pbisa. Ecrb eme
OJTHA TaKasi Kallisi BO3Je MPABOTO Kpasl pa3pbiBa (cM.
puc. 33) Ona TakzKe BBIJCJICHA C IIOMOIIBIO JIJIATICA.
Pasmepsnr 5tux xamesnb Menbie Hanomerpa. OT pa3pbl-
Ba B JIB€ CTOPOHBI IIO ILJICHKE PACIPOCTPAHAIOTCA IBa
ckauka ckopocru (em. puc. 32). Unymmuit HameBo ckaaok
BBIJIEJIEH BePTUKAJIBHOI cTpesikoil Ha puc. 32. B Toii ke
TOYKEe HAXOIUTCs JieBas BepTHKANb Ha puc. 33. Ilpa-
BBIil CKAYOK DACIPOCTPAHSIETCSI B CTOPOHY IE€HTPAJIb-
noit karm. B

MOMEHT ¢

4.512 HC, NOKA3aHHbIM
Ha puc. 32 u 33, KOOp/AMHATA IPABOrO CKAYKA PABHA
x = —40 nvm. [opusoHTaNIbHAS NPOTAKEHHOCTD JIEBOM
TIOJIOBUHBI IEHTPAJIBHOM KAIlJId OTMedYeHa JBYCTODOH-
Hell TOPU30HTAJIBLHOI CTpesIKO# Ha prc. 32. BHyTpn 1eH-
TPaAJIbHON KAIL/IM I'OPU3OHTAIbHAA KOMIIOHEHTA CKOPO-
CTH v, OIM3KA K HYJII0. DTO CBI3aHO € TEM, U9TO MOTO-
KM MacChl, BXOJSIINE B IEHTPAJbHYIO KAIlJIIO CJIeBa U
cIpaBa, IPUHOCAT B KallJII0 TOPU30HTAJIbHbIE HMIIYJIb-
ChI TTPOTHBOTIOJIOYKHOTO 3HAKA.

IloxcueTr cCKOPOCTH JBUZKEHUS BEIIECTBA 38 CKATKOM
OTHOCHTEJIbHO BeIeCTBA IJIEHKHU IIepe] CKAaUYKOM JaeT
Avy = 165 m/c B momenr t = 4.512 uc, orHOCsmMiTCS
K puc. 32 u 33. /Insa moxcuera BemnauHbl Av; BEKTOPDI
CKODOCTH CJleBa V_ U CIpaBa V4 OT CKAadKa BBIIUTA-
nuck. Ilpoekmnusa pazHocTH v_ — vy Ha HalpaBJeHUe
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Puc. 34. DBontouus Kynona Anst Ha4anbHbIX NapameT-
pos, 3agaHHbix Ha puc. 30 (bonblias Ha4anbHas CKo-
pocte 300 m/c); t = 4.896 Hc. Vimeetcs BbipakeHHas
LUEHTpasibHasi Kanis M Kanau Ha Oeperax paspbiBOB.
Kanns Ha npasom Gepery nepsoro paspbiBa yxe Cnu-
nack C LeHTpanbHoii kanneii. Lindper y Tpex paspsisos
YKa3blBalOT MOMEHTbI BPEMEHN, B KOTOPbIE MPON30LUESN
AaHHbIli pa3pbiB. Kanns Ha nesom Gepery nepeoro pas-

pbiBa MokasaHa KpynHo Ha puc. 35

BJIOJIb TIJIEHKHU paBHsieTcss Avy. Bwuraucienue ckopocTu
v, /vV/2 (31) mo dbopmyre (12) ¢ yuerom ymenbiienns
TOMIUHBI TIEHKH 710 2.35 HM TaeT v, /v/2 = 168 M/c.
IMonyuaercsi, 97O HA HAYAJIBHON CTA/UU TIOCIE Pa3Pbl-
Ba (DPOHT CKAYKa JBUZKETCS IO ILIEHKE CO CKOPOCTHIO
3Byka (31). B arom cmbicie 10T GpPOHT MOXOK HA OT-
KOJIbHBII MMILYJIBC, KOTOPbIA TOXKe pacIpOCTpaHAeTcs
€O CKOPOCTBIO 3ByKa (crnabas YB).

Ha pwuc. 34 mpencraBiena curyarys HAa MOMEHT
t = 4.896 HC, KOrla HA MOBEPXHOCTH KYTIOTa UMEIOTCS
yZKe TpHU paspbiBa. MOMEeHTBI 00pa30BaHUsA PA3PHIBOB
NpUBEIEHBI y KaykJIoro paspeisa. JlasnpHeiias cymab-
6a xymosa Ha puc. 34 cocront B HOPMUPOBAHUN ITICH-
TPaJIbHON KA, KOTOpas 3aTATUBAeT B ce0s1 Kycouek
MJIEHKN OT Tperhero paspbiBa (4.87 Hc), n obpasoBa-
Huwu 60KOBOIT Kamn cieBa. Obe KAl yIeTaT BBEPX.
B GoxkoBy1o kamio ciaeBa TpaHCHOPMHUPYETCsT KyCOTEK
wieHky Mezky nepsbiM (4.44 uc) u Bropoiv (4.76 uc)
pa3pbiBamu. BTopoil pa3phbiB MPOUCXOIUT HE3ABUCUMO
OT TIepBOTO. XOTsT TEPBBIN PA3PHIB, HAMTOIOOME OTKOh-
HOTO MMITYJIbCA, TIPEKPAIAET PACTIKEeHNe IJIeHKH, 00-
JIACTh YTOJIIIEHHsT MJIeHKM (B KOTOPOil JeiicTByer OT-
KOJIbHBIH MMITYJIbC M TPEKPAIIAETCS PACTSZKEHNE) Orpa-
HUYeHa, KaIlIei. HOSTOMy BHE KallJIl PaCTsAZKEeHue TIJIeH-
KU TIPOJIOJIZKACTCS U TIPOUCXOAUT BTOPOU PA3PbIB ILIEH-
KH.
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Puc.35. Bupg obnactu BHyTpu npsimoyrosbHuka Ha

puc. 34. BugHbl KpynHas kKanas n CKavyok CKOpOCTH,

CBSAI3aHHbI C FPaHULEN MEXAY Kannei n nneHkoi. 1o

BUA Kanau, nokasaHHol Ha puc. 33 cnesa, B bonee

I'IOB,ELHI/Iﬁ MOMEHT BpemeHm. C TE€YEeHNEM BPEMeHVI Kan-

J1a NorsiowaeT HOBblE N HOBbIE I'IOpLJ,VIVI NnJeHkKn, ee pa3-
Mep pacTeT

Ha puc. 35 nokazan Buz xamaum ¢ puc. 33, HO B 00-
Jlee o3 Huil MOMeHT BpeMeHu. Bmecte ¢ popmoit kar-
M Ha pUC. 35 TNPHUBEIEHBI pPACHpeesieHns CKOPOCTH,
Kak Ha puc. 32. Beraucaenune cKOpOCTH KAILTH OTHOCH-
TEJILHO BeIIeCTBa TJICHKW U CpaBHEHUE STO CKOpPOCTH
¢ MeCTHOM TeKymieil cKopocThio 3ByKa (31) mokasbiBa-
0T, 4TO CKAQ4YOK CKOPOCTHU IIPOAOJIZKAaeT ABHUIaTbCA CO
CKOPOCTBIO 3ByKa! DT0 KayKercs: yauBuTeIbHbIM. Jleii-
CTBHUTEIbHO, KAILIA OOJbIIag, ¢ MOMEHTa ee 00pa3oBa-
HUSA Tponiio 456 Tc, a OHa TO-TIpeyKHEMY IBUZKETCS
€O CKOPOCTBIO 3BYKa, KAK MAJIOE BO3MYIIEHHE CHCTEMbI
ypaBuenuit (17), cp. ¢ puc. 32. Tomydaercs, 9To cKa-
YOK CKOPOCTHU 3KBUBAJICHTECH OTKOJIbHOMY HMMITYJIBCY B
0OBEMHOM CJTydae, Karjisi SKBUBAJIEHTHA O0JIACTH CyKa-
THSA MeXKJy (DPOHTOM OTKOJIBHOTO MMITYJIbCA W TOJIO-
CTbIO, & TPexMepHas I10JIOCTb SKBUBAJIEHTHA Pa3PbIBY
IIJIEHKH. DTO TLITOXO COTIACYETCsI C OUEBUTHBIM HEJTIHEH-
HBIM XapakKTepPOM TedeHUd [IPU HAJIUYUKU KPYNHOHU Kal-
an. Mbl He BuanM npeobpa3oBaHms TJIEHKA — TIJIEHKA
MpU TIepexojie Yepe3 CKadoK CKOpocTH. BmecTo 3TOTO
BEIECTBO TIEHKH MPUCOETUHAETCS K BEMIECTBY KATLITH.
Ilocnenmioo cuurarh IJIEHKOI He mpuxomuTcd. Kasa-
JTOCH OBbI, KaIljisd IO/IZKHA JAeHCTBOBATH KAK HEKOTOPOE
IPDAHUYHOE YCJIOBWE HA TUIEHKY BHE Karuiu (CM. B 9TOM
cBasm puc. 16, 29 u 30 ¢ meATpaIbHOI Karieil 1 MpuMbI-
KaIoMeil MIeHKOil; CM. TaK:Ke OOCYKIeHUe CpaBHEHUIt
91X pucyHKoB ¢ M/I-MozenmpoBanuem).

CoBmasienne CKOPOCTH JIBUZKEHUS KAMIH (OTHOCH-
TEJIbHO BEIeCTBA IIJIEHKU Tepes; Heil) CO CKOPOCTHIO

3ByKa (31) MOKHO 00BSICHUTH. 3aruIeM 3aKOH COXpa-
HEHMsl UMILYJIbCA

20t =dylpAv. (32)

B 6amnance nvmmysbea (32) ciaesa crout cuia, neidcTBy-
foIast Ha KaTJIio, a CrpaBa — HaOpaHHbBI nMiysbc. Ko-
s dunmenT 2 nuIIeTCs, MOCKOJIBKY ILJIEHKA UMEeT JIBEe
MTOBEPXHOCTHU. DTOT UMITYIHC HAKAIIIHBACTCS 34 BPEMs
t. 3a 9TO BpeMst B KAILIIO TIEPEXOAUT KYCOK TIJICHKN [IJTH-
noit [. Tonmuna nienxku obosnadena dy. [Ipu nepecede-
HUM (PPOHTA CKAYKa CKOPOCTH, KOTOPBINH OJIHOBDEMEH-
HO sIBJISIETCS I'PAHULEH KaIlIM, CKOPOCTb YaCTUIIbl Be-
mecTBa u3MeHsercs Ha Benuunny Av. MarepuanbHas
JaCTHIA B Karue u GPOHT CKAYKA JIBUKYTCS CO CKOPO-
cTbi0 AV OTHOCUTEILHO BellecTsa ieHku. [loacraBum
B (32) kuremarnveckoe yciosue | = t Av. B pesynbrare
Oy 9aeM

Av = v, V2, (33)

T.€. 3aKOH COXPDAHEHUs MMILYJIbCA 3ACTABJISAET KAILTIO
JIBUTATHCS CO CKOPOCTHIO 3BYKa (31).

Sanuiem 3aK0H coXpaHenus suepruu. Ilycrs mieH-
ka nokourcst. C OIHOrO U3 ee KOHIOB HA IJIEHKY HA/IBU-
raercs Karist. Hampumep, Ha puc. 35 Kamisa JBUZKETCs
cripaBa HaseBO. CKOPOCTH KAITH OTHOCHTENBHO ILIEH-
ku paBHa Av (33). IIpupaBuuBas paboTy CHI MOBEPX-
HOCTHOTO HATAZKEHUs K KUHETUIeCKON SHEePIuu KaIlTh
U IMCCUNUPOBABIIeR SHeprun (), moydaem

200 =1d; p(Av)*/2+Ql,

TJie CIeBa CTOUT U3PACXOJOBAHHAS KATMILISPHAS SHEP-
rHs, a COpaBa — CyMMa KMHETHYECKOH SHEPrUU Kall-
JIM ¥ SHEPTHH, NePerne/ el B Terno B pAcIeTe Ha e/Iu-
Huty nomaau. [oacrasisisi Cloa TpupalneHne CKopo-
crr (33), HAXOIMM, YTO MOJOBUHA MOBEPXHOCTHOIT HHED-
PHH TIEPEXOJUT B KUHETUIECKYIO SHEPIUIO, A MOTOBUHA
auccunmpyer: @ = 0. B dopmynax Belie moiaramoch,
YTO TIEHKA TOHKast. [109TOMy MmIomaab TIeHKH MHO-
ro OOJIBITE TIIOMIAAN OOpPA30BABIIEHCS W3 HEe KAIlJIh.
CoOTBETCTBEHHO KATIUJIISPHONM SHEPTHUe KA TpeHe-
Operaem.

Hanuuue coornowenus (33) He o3nadaer, 4ro Ha
MOBEPXHOCTH IIJICHKH (T. €. BHE KOHIIEBOIT KAIIIH) BOJIHO-
BOe ypasHeHwue (28) n ckopocThb 3ByKa (31) orMeHsior-
cs1. U3 coornorenus (33) cieyer, 94TO KOHIEBas KAall-
Jist, chOpMUPOBAHHAS PA3PHIBOM ILJIEHKH, JBUZKETCSI CO
CKOPOCTHIO 3ByKa (KAK OTKO/bHBLH nMitybe). [losromy
MaTepuasIbHas YacTUIA MJIeHKH (BIJIOTH /10 €e MOrJo-
IMeHus KAryeil) «He 3HaeT» O MPOU3OIIEIIIEM Pa3phbl-
Be. B cBa3m ¢ obcyxkaennem uncia Maxa orMeTnm, ITO

4*
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Puc. 36. YckopeHus a, MaTepnasibHbIX 4acTuL NaeHKM

K OCM Z 1 3aMefJIeHNe G 4acTuL BAOMb OCU B MOMEHT

Bpemenn t = 1.846 Hc (f = 0.70954). MapameTpsi u

MOMEHT BPEMEHU COOTBETCTBYIOT OCECUMMETPUHHOMY
(2D,) nasepromy Bo3geiicTeuto Ha puc. 16

IPY TOIbEME KyTOIa Ha BBICOTY 2 ~ Rp, CKOPOCTB BTe-
KaHIs BEIIECTBA B HEHTPAIBHYIO KAIUIIO CPABHUMA CO
ckopocThio 3ByKa (31), Av ~ 0.50, /v/2.

ToguepkHeM, 4TO ¢ POCTOM HAYAIBHOH CKOPOCTH
Vo (18) m Ge3pa3sMepHOro ONMPeIeSIONEro mapamMeTpa
V, (13) (mycrs 3nadenns o u ji, (16) buxcnposamsr)
MEHACTCA HallpaBJIE€HNE TPENMYNIECTBEHHOT'O BBLIETa
(BHU3 MJIM BBEPX) OTOPBABINEHCST OT MOMJIOKKH MACChI
IJIEHKU 30710Ta. DTO MOYKHO MOHATH U3 TPaA]UKOB Ha
puc. 24, 25 u 27. Ilpu V, < A ocHOBHasi Macca BO3-
BpaIllaeTcst Ha MO/JIOKKY, B 00paTHOM cirydae OOJIbInast
qacTh Macchl yireraer (abssiums); Beananra A & 1.8.
HOHHTI/Ie «OCHOBHa MacCCa» OTHOCUTCA K HeHTpaJ’[bHOI‘/‘I
Karie, KOTopas BCErIa IBUKETCS MPUMEPHO 10 BEPTHU-
Kaau (BIOJIB OCH Z). DTO CBA3AHO ¢ MPHOIM3UTENBHOM
cuMMeTpueil Kynosa. Yros BblIeTa MaJjoi Kallld, ec-
JIU OHA €CTh, ONPEIE/ISIeTCsl BEKTOPOM UMITYJIbCa, KOTO-
prfI UMeJICA Ha OTOpBaBHIEMCA KYCOYKeE IIJICHKHW JIO €T0
OTpBIBA OT OCHOBHOH IIeHKH. IIpumep Takoro Kycod-
K& MOKa3aH Ha puc. 34 (Kycodek Mezkay paspblBaMu
4.76 u 4.44 uc). B cayvae, npeacraBieHHOM HA puc. 29,
[EeHTpaJbHAs KAl yIapseT B MOJI0XKKY. B ciydae
Ha puc. 30 IMeHTpaTbHAS KA YXOJUT TIO BEPTUKAIN
BBEpX.
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Puc.37. Tllone taxectun a, B cCuCTeMe KOOPAMHAT,
CBsA3aHHON C rpaHuuein GG, npmxumaeT xungkocts L K
rpanunue G. CkaTbiBalowas cuna sSBASETCA NPUHMHONA
YCKOPEHUSI XKNAKOCTN K OCU z. ITa KapTnHa obbsicHseT
nosieneHune ueHtpanshol kanam (cm. puc. 16, 17, 22,
28-30, 33, 34) u npuocesoii ctpyu (cm. puc. 22, 23)

3.7. Pusuyueckue MPUINHBI CTEKAHUS BEIECTBAa
K ocu U oOpa3oBaHUs CTPyHU

Kanunnsgpuble CHIbI NPUHIUIHAILHO MEHIIOT Xa-
paKkTep BUKEHUS IJIEHKUA 110 CPABHEHUIO CO CJIyda-
em 6e3 MOBEPXHOCTHOrO HaTazkeHus (Cp. KpuBble 1-3
Ha puc. 16 ¢ kpusoii 4). ConporusieHne MOBEPXHO-
CTH KYTIOJTIA €TO PACTAZKeHWIO MPUBOJINT K MOABIIEHUIO

= n

MOIIHBIX YCKOpeHuit u 3amesyenuii, 0%r/0t?
0%z /ot?

puc. 36. 1o nosrop puc. 16, Ha KOTOPOM BMECTO CMe-

Qr

= a,. Tunwaueiii npumep npejcTaBiIeH Ha
[IeHUN MOKAa3aHbl YCKOPEHUs, KOTOPbIe NPUBOJAT K Ta-
KM cMemnteHnaM. Mbl He cTann OpuBOIUTL Ha pHUC. 36
YCKOPEHUil B BEIECTBE, KOTOPOE TOMAJ0 B TETENbKY,
cM. puc. 16. Be3spaszmepubie yCKOpeHHsT ¢ B KAIHILISAD-
HOIi CHCTEeMe €ITMHUIL TEPEBOIATCS B PA3MEPHBIE YCKOPe-
uus o dopmyse [9%r/0t?| = (v2/Ry) a. Hoacrasnas
napamerpbl M/I-pacuera, mpuBesenHoro wHa puc. 16,
Jyuis Macitaba yckopenus v2 /Ry nojydaem BeJuuumy
44 10" CM/CZ. OTa BeJIMYMHA HA JIEBATH IOPIIKOB
6OTIbINEe YCKOPEHUs 3¢MHOTO TATOTEHUsI, B CTO pa3 IIpe-
BBIITAET YCKOPEHNEe CBODOIHOrO MaeHnsT Ha, OeJIhIX Kap-
JINKAX ¥ COCTABJISIET TPOTEHTHI OT TPOMATHOTO YCKOpPe-
HUA HA HeﬁTpOHHbIX 3Be3JaxX.

B meunneprmaanHoil cucteMe KOOPAWHAT, CBI3aHHON
¢ 3amegstionmMcst Kymoiaom G (em. puc. 36), 3amen-
JIeHU€ (. SKBUBAJEHTHO d(h(MEKTUBHOMY OO TIAKeC-
™ (3¢bdexr ropmoxkenus: aprobyca), cm. puc. 37. Co-
CTABJIAIONIAS YCKOPEHHs, KacaTedbHas K ITOBEPXHOC-
TN Kynona, OTPUBOIUT K COCKAJb3bIBAHUIO ZKUJKOCTU
BHU3 K OocM cuMMerpun. Takum 0Opa3oM, JIETKO Bbi-
SICHSIETCSI TIPOMCXOZKICHINE CKOPOCTEH, HAIPaBJIEHHBIX
K nentpy. Iloroxk BemecTBa, TEKyIero K ocu, BO-TEP-
BbIX, BbI3bIBACT YMEHbLIIECHUE TOJIIIUHBI IIJICHKW KYIIO-
Jla, BO-BTOPBIX, (DOPMUPYETCS MACCUBHOE MTPUOCEBOE
obpazoBanue (cm. puc. 22). CTOJIKHOBEHUE DaJIUATb-
HOTO IMOTOKA ILTEHKH C OChI0 MPUBOIUT K TMOSBIEHUIO
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CTPYW W KOHTPCTPYHW. DTO CTAHIAAPTHBI 3dderT Te-
opun cronkuoBenusi crpyit [82, 83]. Takum obpaszom,
CKJIQJIBIBACTCS SICHOE MOHUMAaHUE (DU3UKHU JIA3EPHOTO
HAHOCTPYKTYPUPOBAHUS B AKTYAJBHBIX IKCIEPUMEH-
tax [1,2,28 33,86 88], B KOTOpPBIX HAOIIONAIOTCSA Ha-
HOCTPYHKHN U KOHTpPCTPys (cM. puc. 7 B padore [28]).
B npeapLaymux TeopeTuuecKux MOCTPOCHUAX He y/a-
BAJIOCh OObSACHUTD MTPOUCXOXKICHUE PATUATBLHOTO TeUue-
HUSA JKUJIKOH (ba3bl B NEHTPATBHYIO 30HY.

4. SAKJIFOYEHUE

PaccMoTpeHHast Bbillle 3ajada O [MPOCTPAHCTBEH-
HO-JIOKAJIN30BAHHOM JIa3€PHOM BOB,ZIQP‘ICTBI/H/I Ha ILj1e-
HOYHYIO MUIIECHb BazKHa JJId MHOTUX HpI/IJIO}KeHI/Iﬁ oT
MHUKPO3JEKTPOHUKHA 10 OMOMETUITUHBI 1 HAHOILTA3MO-
uukn [1,2,28-33,86-88]. B pabore moctpoeHa merasb-
Has MOJeb BO3aeiicrBus Ha iteHku. OHa OXBaTbIBa-
er KaK CTaIUI0 OTCJIONKU, JJISILYIOCs JIeCATKU MHKOCe-
KYHJ, TAK U CTaIWI0 PA3BUTHUs KYTOJa, KOTOPas MpO-
JIOTZKACTCS €TAHUIBI U IECATKA HAHOCEKYH/T. VI3yqeHbr
TOHKOCTH B3aMMOJICHCTBHI TUADOIUHAMAYECKAX BOJH
B IUIEHKe W B nojjioxke. IlpeacraBiena gpusndeckasi
KAPTUHA OTCJaanBadust (OJIMCTEPUHT) TUIEHKU OT MOJ-
JIOZKKH. OHI/ICaHI/Iﬂ a6HﬂHI/II/I TOHKHUX IIJICHOK OT JUIJIEK-
TPUYIECKUX MOJJIOZKEK PAHee He CyIeCTBOBAIIO.

Xors npeacraB/IeHUuA (6] TEPMOMEXaHUIEeCKOM
xXapakTepe OBICTPO aob-
JAMAA  PA3BUTHl K HACTOSIIEMY BDEMEHH XODPOIIO
[4,5,14-18,44-47, 56,63, 65,67, 69, 89], B manHoii pado-
T€ MU3JlIaraeTCd PsAJ HOBBIX ACIHEKTOB. HaﬁﬂeHa CBA3b

(n30xOpUYecKnii HArpen)

MEZK/Ly TOTJIOIIEHHBIM (DIIIOEHCOM U CKOPOCTBIO OTJIeTa
MJIEHKN 30J10Ta OT MOMIoKKH (pasm. 2). OcyriecrBien
KpymHOMaciTabubrit M/I-pacdeTr B ocecuMMeETPUYIHO
reomerpun (pasz. 3.2, 3.3). IIpogemoncTpupoBaHO, Ka-
kuM 06pazom GopMupyercs HaHOCTPyst (CM. puc. 22).
UccnenoBana wenmneiinas cucrema ypaBHEHUU B
YACTHBIX [POU3BOIHBIX, OMUCHIBAIOIIAS IIOJIET KyTO-
ma (paszm. 3.4, 3.5). U3ydeHo BiusHUE TEOMETDHU
(IoCKMii W OCECHMMETPUYHBIH CIydam), pasi. 3.
Ananmruyeckn paccMOTPEH CIydail MajbIX CKOpOCTei
oTnera NJIEHKH OT TOJJIOKKM (MuHeHHAs Teopusd,
cayuau 2D, u 2D, coorsercrBenHo pazj. 3.4 u 3.5).
IIpoananmu3upoBaHbl MPOIECCHI PACTaa IIEHKH U
dopmupoBanns HaHoKanesab (pasg. 3.6). Haiimeno
npocroe 00bsicHeHne (PEHOMEHY CTEKAHHS BEIIeCTBA B
30Hy BepiuHbl Kynona (pasma. 3.7). VIMenHo sror npo-
[IeCC MPUBOANT K (DOPMUPOBAHUIO CTPYH U KOHTPCTPYit

(pazzm. 3.7).

VcenemoBanme BBIIOTHEHO NpHU MO IepKKe Pocenii-
cKoro HayaHOro onga (mpoekt Ne 14-19-01599). Moure-
KYJISPHO- TUHAMIYIECKOE MOJEJIUPOBAHUE OBLIO IIPOBE-

53

JIeHO Ha, cymnepKoMmmbioTepe «JIoMmoHocoB» MockoBcKo-
o rocyJapCTBEHHOI'O yHUBEpCUuTeTa.

IIPNJIOZKEHUE

Me>x49yacTUYHBIN IMOTEHIMA, OUHOJAb U
HOBEPXHOCTHOE HATsI>XKEHUEe

B M/I-pacderax ObLT UCIOJIB30BAH MEZKIACTHIHDII
MOTEeHIIAI 30510Ta 13 paboTer [70]. DTOT NOTEHIMAT CO-
orBercTByer Merony morpyzxennoro aroma (EAM-no-
rernuas). CpaBHUM JAHHBIE, TTOTYYEHHBIE C TIOMOIIHIO
YPC [36, 37, 53, 54] u cormacuo morennmany EAM.
Hanmoe YPC 6b1710 BCTONB30BAHO TP THAPOAUHAMHA-
TeCKWX pacdeTax aOIANUN TIIEHKN 30710Ta C TIOJTOZK-
KU B pazf. 2. MeTon HaX0KIeHUS TePMOINHAMAIECKUX
mapaMeTpoB TpejcTaBieH Ha puc. 38. Bepercsa mienka
30s10Ta TOIIUHON npumepno 25 am. [lienka nmeer Be
cBOOOHBIE Tpanutibl. KoopanaaTa ¢ Ha puc. 38 Hampas-
JIeHa TePHeHINKYISIPHO TIOCKOoCTH Tienku. Ha pucyn-
Ke KPYITHO MOKA3aHbI JBA OKOJIOTDAHUIHBIX CJIOS TIIeH-
KU, CPeJHAA JaCTh OIyIIEHA.

Metromuka OmpeaeseHus MOBEPXHOCTHOTO HATSIZKE-
HUS ¥ TePMOIMHAMUYIECKUX ITAPAMETPOB HA OUHOIAIN
3aK/IIOYMAETCS B CIEAYIONEM. BerecTBo TIeHKn pa3o-
IPeBaeTCd TePMOCTATOM 10 3aJaHHON TeMIIePATYDHI.
3areMm B TeUeHHE JOCTATOYHO MPOIOIZKUTEIHHOTO Bpe-
MeHE cucreMa Tepmocratupyercs. [lapamerpsr ompe/e-
JIAIOTCS TOTIA, KOI/IA CHCTEMa HPUIILIA B TEPMOIUHA-
MUYIECKOe DABHOBECHE. 3HAMEHWsT TTOBEPXHOCTHOTO Ha-
TAKEHU JJ15 YeThIPeX TeMIepaTyp, HailleHHbIe TAKIM
METO/IOM, TTPUBEIEHBI BhIe Ha puc. 15. OTMeTnm, 9o

T, I'lla \ Ip, r/cm®
0.8
0.6
0.4
0.2
0
1 n I\\ 1 n 1
—12 —1h\M1 12
T, HM
Puc. 38. MeTtoanka onpegeneHnss NOBEPXHOCTHO-
ro HaTSDKEHUSI W TEPMOAMHAMUYECKMX MapameT-
poB Ha bunHogann ¢ nomowbto M/[-mogenuposanus;
7= (P, — Py)/2
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Puc.39. CpaBHeHne Kpusbix KuneHusi (CnaoLHble

kpusbie — YPC [36,37,53, 54], mapkepei — EAM-

noteHyuan): 1 — 6buHopans, 2 — conuayc, 3 — ANKBU-

ayc. TpoiiHO TO4YKe COOTBETCTBYET rOPU3OHTAsIbHbII
0Tpe3okK

OHH HEIJIOXO YKJIAIBIBAIOTCS HA 3aBucuMOocThb o (1) u3
paborsr [75]. UroObl onpenesmrh ¢, Hy:KHO TPOMHTE-
TPUPOBATh HAIIPSAZKEHHE CABHUTA T Ha PUC. 38 IO KOOp-
JIUHATE T.

Bue mnenku na puc. 38 jgaBieHue Masio, ILIEHKA
OUYeHb MEJJIEHHO (TeMIepaTypbl HU3KHE) MCIapsieTcs.
Temmeparypa kunenust 30;10ta cocrapiser 3243 K. [Ipu
9TOil TeMIlepaType JaBJIeHNe HACBHIIMEHHBIX TapOB Ha
pacILtaBoM 30JI0Ta JOCTUrAeT OmHOM armocdepsl. Jlas-
JIEHUsI TIOPSIJIKA JIazKe COTeH arMocdep HUUTOXKHBI 110
CPaBHEHUIO C HAIIpsizKeHneM casura 7 Ha puc. 38. ITosro-
MY HaJIM4YHE MapoOB HE CKa3bIBACTCA Ha TOYHOCTU OIIpe-
JleJIeHNs] KallUIIapHOro Ko3ddUuImenTa B HHTEpeCcyo-
eM HAC JIrarma3oHe TeMIepaTyp.

IInoTHOCTD BemecTBa B IEHTPATBHONU YACTU ILIE€H-
KM Ha puC. 38 COOTBETCTBYeT COCTOSHUIO Ha OWHO-
JIA COMIACHO MCnosb3oBannoMy EAM-norennpasy.
Murepecyromuit HAC YyYIACTOK OWHOJATH HA3BIBACTCS
Kpupoii Kwunenusi. Ha Hem KoHJeHcupoBaHHasi ¢a-
3a (KWIKOCTH) TpaHuanT ¢ AByXdasHoil 06JacThIO
map—KuaAKoCcTh. CpaBHEHWE KPUBBIX KHIEHWS, TOIY-
gennbix ¢ nomoupio YPC u MJI-moaenmuposBanus, no-
Kazano Ha puc. 39. M/I-3HaveHnsM Ha OWHOTAINA COOT-
BETCTBYIOT MapKephL.

TTorenmman EAM 3naunTenbHO 3aHnzKaeT KO3 hu-
OUEHT IMOBEPXHOCTHOTO HATAZKCHUA O (B JABa pa3a, CM.
puc. 15). Koaddunuenr remnosoro pacumpenus =
= (0InV/0T),, Ha060pOT, OKA3LIBAETCS 3ABBIMICHHBIM
(cm. puc. 39). ITosToMy KpuBasi KUIEHUsI, TIOIYI€HHAS
m3 M/I-pacuera, umer auzke. COOTBETCTBEHHO, KPUTHU-

MKIT®P, Ttom 147, Boi. 1, 2015

JecKasi Temmeparypa, ompemenennas mo EAM-noren-
nuasty, Oy/JeT MeHbIe, & JIABJIeHHE HACHIIEHHBIX Ma-
poB — Gosbime (mpu paBHBIX TeMmneparypax). JIbo-
MBITHO, 9TO KOd(DDUIMEHTH! [, TaK Ke KaKk o, Pa3Jin-
JafoTcs B 1Ba pasa: fpos = 0.48 - 1071 K™, Bram =
=0.96-10"* K. B TBepmoii ¢paze morpemHocTs ompe-
pestenus f ~ 0.43 - 10~* K1 ropasuo menbie. [Tapa-
MeTpbI TBepoil (pa3bl HCmoNb30BaHHbI EAM-moTen-
[MaJl ONUCBIBAET ¢ Xopoleil Tounocrsio [70].

EAM-norennman axKKypaTHO HPEACTAB/IAET Iapa-
MeTPbl TPONHON TOUYKM: TeMmueparypy IuiaBiaeHus 1,
7 PA3HOCTh TIOTHOCTEH TBepAOit n xuakoit dhasz. s
remneparypbt 1y, EAM-niorennman [70] naer snavenne
1330 K, Torma Kaxk cmpaBo4dHOe 3HaudeHue 1, paBHO
1337 K. Ilosromy M/I-kpuBasi kunenus Ha puc. 39 unc-
XOIHT U3 JIEBOTO KOHIIA OTPE3KA, OTHOCAIIErOCs K TPOH-
HOIt TOUKe Ha, ockocTu p, T'. Benuunwa f — o anud-
depernmaabubiit KOG UIMEHT, €€ BLITUCIEHNE Tpe-
oyer muddepennnpoanusa. COOTBETCTBEHHO OIHOKA
6ompie. [lnornocTs paciiaBa, HARAEHHAS C TIOMOIIBHIO
EAM-norennuana [70], Xopouo coriacyercs ¢ 1wioTHO-
CTBIO TOydUeHHOU ¢ mcmomb3oBammem YPC. laxe B
TouKe ¢ Hambosbeil Temneparypoii 2.4 kK #a puc. 39
MJIOTHOCTH JIWIE Ha 8 % MeHbIIe.
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HOCTpOeHa HOBad MOJIEJIb U ITPOBEACHBI PaCYCThI (bOpI\/II/IpOBaHI/IH HaHOKaIleJIb IIpu BO3,H€I71CTBI/II/I YJIbBTpaKoO-

POTKOI'O JIA3EPHOIO UMILY/Ibca Ha TOHKYIO (10-100 HM) IIJIEHKY 30J10Ta, HAIBLIEHHYIO Ha CTEKJISHHYTO HOJJIOK-

Ky. BozzeiicTBue j1a3epa IPUBOANT K IJIABJIEHHUIO IIJIEHKH B 00JIACTH IISITHA HATPEBA U €€ TEPMOMEXaHNYECKOMY
OTCKOKY OT IOJIOKKM. OTiieTaromast IjieHKa NpuHIMaeT (hpopMy KyIoJa n3-3a CHUXKEHUSI TeMIIepaTyphl B Ha-
[IpaBJIEHUH OT IIEHTPa IsATHA HarpeBa. C IMOMOIIBIO TEOPETHIECKON MOJIEH YIaI0Ch 00bsICHUTD (POPMUPOBAHUE

HaHOKane/b. Hamu YCTaHOBJIEHO, 9YTO, BO-IIEPBLIX, B CJIyYae IIJIEHKU U3 30J10Ta UMEET MECTO CHUJIbHOE CHUZKe-

HHE CKOPOCTHU OTCKOKa IIJIEHKU OT CTEKJIa, IIOCKOJIbKY aKyCTI/I‘IeCKI/Iﬁ MIIeJaHC 30J10Ta HAMHOI'O 60]’[1)[116, qeM
Yy CTeKJIa. BO—BTOprX, HaHOKAaILJIN 06pa3y10Tcs{ BCJIEICTBHUE KaHHHHHpHOﬁ (bOKyCI/IpoBKI/I BelleCTBa, KOTOopasd

3aKJII09aeTCd B IIOABJICHUH HaHpaBJIeHHOfI K OCA CHMMETPpUHU KYIIOJIa KOMIIOHEHTHI TOpNIOSS{H_IeI‘/‘I cunbl. Ilo-

BEPXHOCTHOE HATAXKEHNE CTAHOBUTCA JUHAMUYIECKHN CYHIECTBEHHBIM B CHJIYy YKa3aHHOTO CHJIBHOI'O CHUXKEHUA
CKOPOCTH OTCKOKa OT CTEKJIa U B CHUJIYy MaJIOCTH JUuaMeTpa (bOKaJ'IBHOI‘O IIATHa (D ~1 MKM), OIIpeiesisseMoro

,ILI/I(bpaKLLI/IOHHbIM IIpeaesyioM OIITHUYIECKOI'0 U3JIy9IeHUd.

DOI: 10.7868/S0370274X14130025

PeMTOCEKyH/HBIE JIaA3€PHBbIE HMMITYJIbChI JIJIATEJb-
Hocthio ~ 10—100 e npumensiiores it (habpuKanum
TPEXMEPHBIX DEIIETUATHIX HAHOKOMIIO3UTOB C IIOMO-
IMbI0 TEXHUK Jia3epHOro mepeHoca BemectBa LIFT
(laser-induced forward transfer) u LIBT (laser-induced
backward transfer) (cm. Wikipedia). O6bemublie
HAHOKOMIIO3UTBI H3TOTABJIMBAIOTCA JJId  yCTPOHCTB
METAOUTUKY, HAHOIJIA3MOHUKY, OMOMEIUIMHLI W Ha-
voruapasguku. Cxema LIFT mpocra. Mmeercst 3a30p
MEzKJly JOHOPCKOII IIDO3pavHON IIJIACTUHKON M IIPUHU-
marormei (pecusep) macruHod. Ha JoHOp HamblieHa
wierka 3os0ta (Au) rtommumuolt d. JlazepHbrit Jryd
[IPOXOJINT Yepe3 JOHOp U ocsermaer wieHKy Au. C
IOMOIIBIO (DOKYCHPOBKU TOCTUTAIOTCA MUHUMAJBHBIC
pa3Mmepbl nATHa HarpesBa, DD ~ 1MrM. B BaxBIX
paborax [1-5] 6blM mosOGpaHbl ApaMeTphl (SHEPrus
JlazepHOro mMmiyiabca FE, nuamerp nstaa D u TomuHA
IeHKu d), IIpU KOTOPBIX HA BepINUHE KyIoJa obpasy-
eTcs HAHOCTPYyiiKa. B 3aMevuaTeIbHBIX IKCIEPIMEHTAX
[1] npomemoHCTpHPOBaHA BO3MOXKHOCTH MAHHUILYIAPO-
BaHUdA BepxHeEl CTPYMKON M IIPOIECCOM ee paclaja Ha
karmi. I[lokazaHo, 9T0 MOYXKHO cOOMpaTh CTOJIOMKH U3
[TOCJIE/IOBATEILHO BBIJICTEBIINX KAIleJb HA DECHBEpE.

De-mail: nailinogamov@gmail.com

VipasJienue nporeccoM OCYIIECTBIISIETCS TIOCPEICTBOM
Bapuanuu napaMerpos F, D u d B 0UHOYHOM JIa36PHOM
BBICTpEJIE.

Pa3yl\«ICCTC9{, JJIdd OIITUMU3AIIUN TEXHOJIOTUHN HCO6XO—
JIMMO MOHUMATh (DU3UKY UMEIONNX MecTo siBjieHuit. Ha
CETOHANIHUI JIeHb MPEJIOXKEHO JBE MOJEIN OTCJIONKH
MM OTKOJIA IJICHKW OT CTeKJa. K coXKaJleHnIo, OHM He
00bsCHAIOT 06pa3oBaHue Kaleab. B oxHoit Mojenn [6—
8] ucnosb3yercss MosekynsapHas auHaMuka. CMeneHn-
€M T'PAHUILI MEXK/Iy CTEKJIOM U METaJIJIOM IIpeHebpera-
ercs (crekio — “xxecrkas” creHKa). BriajbpiBaeTcs Ta-
Kasg 3Heprus F, 9ToOBI IPOM30ILIO TIABICHAE IIJICHKH
B nsTHe Harpesa (B [6, 7] paccMaTpuBaeTCsl HUKENb, B
[8] — 30omoT0). B apyroit mogenn [9] 301010 B nsAiTHE Ha-
rpesa ocraercsd TBepAbIM. IIpn 9TOM 1tenka B ropstiem
[ATHE, PACIIUPUBIINCH B TAHME€HIUAJBHOM (T.e. BIOJb
IPaHUIIBI C NOJJIOXKKON) HAIPABJIEHUA B PE3yJIbTaTe Ha-
rpeBa, yIupaeTcss B XOJOJHYIO OKPYZKAIONIYIO TIJICHKY.
DTO UPHUBOIUT K YIPYrOMY BBITMOAHUIO IJIEHKH OTHO-
CUTEJIbHO CTEKJISIHHOMI HO/JIOZKKH, KOTOpasd CHUTaAETCHA
HEIOJABUXKHOIL.

IIpescTaBuM HaIly MOJE/b, U3 KOTOPO CJIEIYeT sIC-
Hast KapTuHa (HhOPMHUPOBAHUST MUKPOKAIEIb U OTPBIBA
Kymosia. II0BEpXHOCTHOE HATSKEHUE YKUJKOrO 30J10Ta B
JIOBOJILHO HMIMPOKOM AMANA30HE TEMIIEPaTyp COCTABJIS-
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er 0 &~ 1070 guu/cu [10]. (YkaxkeM 1y cpaBHEHHUS, 9TO
st Bogel npu 25°C ¢ = 72 qun/cm.) B cayuae xug-
KOT'O KyIIOJIa, OTPBIBAIOIIErOC OT CTEKJIA, KAIIIIAPHOE
TOPMOZKEHIE BEIIECTBA KYIIOJIa COCTABIISIET

40/pdR = 3.2-10" /d7o Ry, [em/c?], (1)

Q

g

rae d7g = d/70HM — HavajbHas TOJIIUHA IJICHKH,
Ry, = R/1MEM — pagmyc KpUBU3HBI KyIONIa; p =
= po = 19.3r/em® — mavanbrag mwrotHOCTH Au. Kammi-
JIIpHAs Pa3HOCTh JABJICHUI NJI Iy3bIPbKa JHaMeTPOM
1 mxm pasua 90 arm. Topmozkenne (1) ocTaHOBUT Kymout
Ha, PACCTOSHUMN Zgtp, €CJH YCPEHEHHAd 110 HOpMaJsn K
njieHKe (KOOPJAMHATA Z) CKOPOCTH IJIEHKHU IOCJe OTJIe-
JIeHNsI OT CTEKJIAHHOI IOMJIOKKNU OyeT paBHA

v, &\ 2970p = 56\/m m/c],  (2)

TIe Zosy = Zstp/0.5 MKM. B (2) npunsito zsep, ~ D.

TIpy HAYAJIBHBIX CKOPOCTSIX IOJIETA, CYIIECTBEHHO
[PEBBIIIAIININX KAIWUIAPHbI MacmTab (2), mpoucxo-
JINT OTPBIB KYIOJIa OT XOJOJHON 9aCTU TJICHKH, PACIO-
Jlararomencs BHe MATHa HArpeBa. 1103TOMy BazKHO MOJI-
CYUTATH CKOPOCTh ¥, OTCKOKA ILIEHKH 30JI0T& OT CTEK-
JISTHHOH TIOJIOXKKI U CPABHUTH €e ¢ MaciraboM (2).

CkopocTb v, (Fahs) MOHOTOHHO BO3PACTAET C POCTOM
TOTTOEHHOTO 30T0ToM attoerca Fapg [MIx/em?] (F —
9TO PHEPIUsl HA eJIUHUIY [UIOIA/ U ToBepxHOCTH ). VMe-
ercsi MUHUMaJIbHOE 3HavdeHue (uioeHca Fyps, HeoOxomm-
Moe JIJId TIaBJIeHUs TIeHKH Tomunoi d ~ 70 am. Kpo-
Me F,ps, BeTMYUHA U, 3aBUCAT OT OTHONICHUS AKYyCTH-
YEeCKUX MMIIEJAHCOB Zay (MeTalula, U3 KOTOPOro M3ro-
TOBJIEHA, IUIEHKA) U Zg) (CTEKJIA, COCTABJISIONIETO IO-
JOXKKY). AJresusi 30J0Ta Ha CTEKJIe sIBJISAETCs CIaboM.
Eciu BMecTO CTeKsa pacrosaraercs KeCcTKas CTEHKA
(2g1 = 00,) TO CKOPOCTB U, OrpaHUYEHa CHHU3Y IIpee-
J0M = 150 M/ ¢, KOTODBIi ONIpe/IesISIeTCsl yCIOBUEM ILIaB-
aennus (cM. Texer Hizke). IIpu 25 = 00 CKOPOCTD v, MakK-
cuMmasibHa (pasymeercs, npu (HhUKCHPOBAHHOM 3HAYEHUN
Fobs). Ecu zg = 0 (BakyyM ¢ JBYX CTOPOH ILJIEHKH), TO
PA3JIET TIEHKH IPUMEPHO CUMMETPUIEH B 00€ CTOPOHBI,
MOCKOJIBKY TTyOmHa mporpesa 3050ta (120-140 am [11])
Ha asyxremmeparypuoit (27) [12] cragum cymecTren-
HO GouibIne, YeM TosuHa (20-70 HM) IUIEHOK B yCTPOii-
creax LIFT. Crnenosarensno, v, ~ 0 mpu 25 = 0. men-
HO MaJIbIii MMIIEJIAHC CTEKJIA ITO3BOJIACT U PACILIABUTD
IJIEHKY, U YMEHBLIIATH CKOPOCTH U, JIO KAIUJUISIPHBIX
3HaveHuit (2).

Ha puc.1 nokasana dasopasg amarpamma 30J0Ta,
[13, 14]. BeprukaibHas mpsiMas COOTBETCTBYET H30XO-
pe HadaJIbHOI IIOTHOCTH po. Ha puc. 2 mpejacrapieHa
M30XOPUYIECKAST 3aBUCUMOCTD JABJICHUSI OT BHYTDEHHEH
sueprud, p(Fint, p = po). Toukn m3, S, Liq Ha puc. 1 u
2 MMEIOT CJICIYIOMMI CMBICIT:

ITucema B 2K9TP  Tom 100
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‘m3

0 N

- Il
16 17 18 19 20
p (g/ee)

Puc. 1. (Ilsernoit onnaiin) Bunopass (cuHsis Kpusast ¢ U3~
JIOMOM TPOHHON TOYKHM), cosnuayc S u juksumyc Liq 30-
sota. Ilocime okonvanus 27-craguu Ha BpeMeHaX HOPSi-
Ka 3BYKOBOT'O MAacInTaba BpeMeHU ts; MOYKHO IpeHeOpedh
TEIJIONPOBOIHOCTBIO. [ToaToMy mnpubimkeHHO pacuupe-
HUE 30JI0Ta, HAIPETOr0 U30XOpHYecKHu (T.e. GBICTPO), IPO-
HUCXOJUT BJOJIb U39HTPOI, IOKA3AHHBIX IITPUXOBBIMH JIH-
ausavmu. Hac uaTepecyer naTEpBaJ TEMIIEPATyp Ha KPUBOM
KHIIEHNsI HEMHOI'O BBIIIIe TeMITepaTypbl masienns 1337 K.
Kpusoit kunenusi Ha3bIBA€TCS OTPE30K OMHOIAJIN BBIIIE
TPONHON TOYKN

20
L Li
Au 1
15
= i S
@ 10 | m3
S9
5 -
ok
: | : | :
0 3
T (kK)
Puc. 2. 3aBucumocts p(Fing, p = po) AABIEHUS OT SHEp-

MM Ha HU30X0Pe po, KOTOpasi OTHOCUTCS K IIJIOTHOCTH
19.3 I‘/CM3. Toukm m3, S u Liq umeroT TOT Ke CMBICT, 9TO

u Ha puc. 1

em3 — mepeceveHne W33HTPOIDI, BBIMIEAIEH 13 JIeBOit
TOYKHU OTPe3Ka TPOMHOM TOUKM, U U30XOPBI p = pg. o-
CTYKEHUE TOYKU M3 HeOOXOIMMO JIJIsi TOTO, YTOOBI MOJI-
HOCTBIO PACIUIABUTH 30JI0TO. DTOI TOYKE COOTBETCTBY-
eT MUHUMAJIbHOE 3HaueHne GJrroeHca Fups, TP KOTOPOM
€Ille UMEeT MECTO IOJTHOE IIABJIEHUE ILJIEHKU;
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® s — IepecevyeHne N30X0Pbl U COJIHIYCa;
eliq — mepecedyenne uzoxopbl U JuKBHAyca. Commmyc
U JINKBH/LyC OKAMIIAIOT TIOJIOCKY /By xX]asHoii obactu
IUIaBJICHUS Ha puc. 1.
Tny6una nporpesa Tosicroro oopasna Au wa 27T-crajun
cocrasiser dp = (120—140) um [11]. Tommuna eHKH
d B ycJ0BUsIX 9KCIEPUMEHTOB [1-5] CyIecTBeHHO MeHb-
me. Ilpu ycnoBun d < dp Majo u pasjimdme MexK-
JIy CIydasiMd, KOTJa IIJIEHKa OCBEIAeTCs Yepe3 CTEKIIO-
mouop (LIFT) u gepe3 pecuBep U BaKyyMHBIH IIPOMe-
KyTOK Mex 1y mienkoit u pecusepom (LIBT). Ha 27-
CTaJAuu JICKTPOHHAd TEIlJIOBagd BOJIHa IIPOT'PEBAET 11JIeH-
Ky 6BICTPO (38 HECKOJBKO TMKOCEKYHT). B 3omore 27-
crazus [11] mpomomkaercsa 5-7 mc.

3ByKOBas pejiakcalys, BO BpeMsi g KOTOPOH 3BYK
npoberaer IJIEHKY, JJINTCS HAMHOIO JI0Jjiblne, yeM 27-
crajust: ts = d/cs = 23 nc upu d = 70nm (¢s = /K /po,
obbemusbiii Mmoayns K = 180 'Ia). CienosarensHo, npu
aHajmM3e OTjesIeHus (OTKOJIA) IJIEHKU OT CTeKJa JIJIH-
TeJIbHOCTBIO 2T -cTa/Iuu MOYKHO 1peHeOpeyb. JlaBienns
~11-17T'Ila, cooTBeTCTBYIOIINE NHTEPBAILY BIIOZKEHUIT
SHepruil B IreHKy Mexk 1y Toukamu m3 u Liq Ha puc. 1 u
2, HaMHOTO MeHbIte o0bemuoro Moy K. [losromy 3a-
Jlady MOXKHO PacCMOTDPETh B aKyCTHYECKOM IIPHUOJIMKe-
uuu. Ha puc. 3 uzobpakena z—t-auarpaMma 0JJHOMEPHO-

\\\ ggl g gv

Ny,

Cd
<— Glass ><—— Au —> z
Puc. 3. Tunamuka mienku (Au) u crexia (glass) B npene-
Ope’KeHNY JJIUTEIBHOCTBIO 2T-CTajun U IPOIHOCTHIO Me-
XAHIIECKON CBSI3H 30JI0Ta CO CTEKJIOM Peoh = 0

ro (1D) apurKkenusi BOJIH 1O TOJIMHE TIeHKH. Tosmm-
Ha IJICHKHN d MaJia [0 CPaBHEHUIO C JMAMETPOM IISTHA
ocserienns: D. CoOTBETCTBEHHO OJIHOMEPHOE IPUOIHKe-
HU€ IIPUTOJTHO JIO TAla CUJILHOTO UCKPUBJICHUS TIJICHKHT
Jepe3 HeCKOJIbKO HAHOCEKYH]I ITOCJIe OTKOJIA, IJIEHKU OT
CTeKJIa.

Ha puc. 3 npuzkenne BOJIH CTApPTyeT ¢ MOMEHTA OBICT-
poro uHarpesa t = (0, TOCKOJIbKY MbI IIPEHEOPErIn JJIu-

reabHOCTRIO 2T -craguu. Ilpu t > 0 mauunHaercs pac-
MIUpEeHNe B BAKyyM T'DAHUIBI IUICHKU (. 1yTb I03-
ke dopmupyercst ciabast yiaaphast Boana (YB) SW B
creke. Ilepen sroit ¥YB HaxomuTcst 06/1aCTh TOKOST, KO-

)

TOpas “He 3HAET O MPOUBOIIEIIEM JIA3EPHOM BO3eii-

crBun (cM. puc. 3). B mwienky or KoHTakTa “c’ 30J10T0—
CcTeKJIO O6eXKUT BOJIHA pa3pexKenus S.. B obimactu mMex-
ay SW u xapakTepUuCTUKOil S, JaBJieHHe P, U CKOPOCTH
MMOTOKA Ue B 30JI0T€ M CTEKJIe MPUMEDPHO OJHOPOIHBI U
onuHakoBbl. CKOPOCTDb U, paBHa CKOpocTu KoHTakTa C
Ha 3TOM Talle JBUMKEeHUsI. SaluIleM YCJIOBUsI Paciaa
CKa4Ka JIABJEHUs] HA KOHTAKTE MEXKIy ObICTPO (MIHO-
BEHHO) HAIPETHIM 30J0TOM U CTEKJIOM: P = Zgl|Uc| B
CTEKII, P — Pe = ZAu|Ue| B Au. AKycTraeckue nmmean-
cbl crekia (pyrex, 2.23r/cM, cg = 3.9KM/c) u 3010TA
€CTh Zg] = PgiCgl = 0.87- 10%r-em™2-¢71, m zpy = pocs =
=5.9-10%r-cm2-¢c~ L. Ha puc. 3 mokazana TpeyrobHas
obustactb P, B KOTOpPOIT aBjIeHre paBHO P, a 30JI0TO I0-
KOWTCH.

Ilycrs naBiieHusi p HIpUHAJIEXKAT MUHTEPECYIOMEMY
Hac auanasony: p = (11—17) I'Tla. Takue JaBienus Bo3-
HUKAIOT [PH TOIJIOEHNH IIJIEHKO sHeprun Fyp,s HEMHO-
o BBIIIe Topora miasyenus (cM. puc. 1 u 2). Pemas cu-
CTeMy yPaBHEHUN OTHOCUTEJIBHO P U Ue, HAXOIUM

De = PZgl/ (ZAu + Zg1) = Zgite = (1.6—2.5)T'TIa, (3)
Ue = p/(2au + 2g) = (160—250) m/c. (3)

Tlo npubbiTrn XapakKTEepPUCTUKH S, Ha KOHTAKT C ILIeH-
Ka OTPBIBAETCS OT CTEKJIa (KOre3noHHAas! IPOYHOCTD KOH-
rakTa MaJja). Touka Spall Ha puc. 3 0OTHOCUTCS K MOMEH-
Ty oTphiBa. B jarubiit MoMeHT KOHTakT C paciiernisier-
sl Ha, PACXOJISIIUECS APYT OT IPyra IPAHHIY CTEKTIA Jgl
(cteBa) m rpamuIy miIeHKH 3050Ta ¢ (crpasa). B aTom
3aKJIIOYAETCsT OTKOJI HJIA OTCKOK IIJIEHKH OT CTEKJIA.

3a BpeMs KOHTakKTa €O crekaoM, t = (0—tgpall),
tspall = ts, TUICHKA HAOMPACT UMIIYJILC ¢ = fg * pedt. Co-
OTBETCTBYIONIAs CKOPOCTDH TJIEHKU PABHA

Lo_Pels _ Pe _MFo (o4 g7yn/e (4)

vV, = —— = =
z pod pod ZAu ZAu

Kak MbI BuanM, 13-3a GOJIBIIOIO OTHOIICHHUS ZAy/ Zgl =
= 6.8 (“markocrs’ crekia) jgasiaenue p. (3) Maso 1o
cpasHennio ¢ gasiaenueM p = (11-17)T'Tla. B nan-
HOM CMBICJIE CTEKJIO MAJIO OTJIMYaeTcs OT BaKyyMa. Ilpu
3TOM pazJieT IJICHKU NPHOJU3UTETHHO CHUMMETPHYEH:
CKOPOCTH U, (3)' mpuMepHO paBHAa CKOPOCTH pasJiera
30JI0Ta B CTOPOHY BaKyyMa, p/zay. B CHly yKasaHHON
NpUOIN3UTENILHON CUMMETPUU PA3JIeTa CKOPOCTH IICH-
Tpa Macc v, (4) MaJia o CPABHEHUIO CO CKOPOCTBIO Pac-
mmpenns 4. (3)’. B caydae, Korga BMECTO CTEKIa CTOUT
JKeCTKasl CTEeHKa, CKOPOCTh U, = P/zay A Uc HAMHOIO
Gourbiite, YeM BeauduHa (4).

[Tucema B 2KOT® tom 100
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Vmenno BestecTBre GOJIBINON BEJIMYUHBI OTHOIIE-
HUS HMIIENAHCOB ZAy/%Zg = 6.8 HadasbHAs CKOPOCTH
wienky (4) nonagaer B MHTepBas 3Havenuit (1), (2), rme
CTaHOBUTCH CYIIECTBEHHBIM IIOBEPXHOCTHOE HAaTA?KEHUE.

Ilocne orpoiBa mleHKu OT crekja ypasHenust 1D-
rugpoauHaMuky (3), (4) 3aMeHsIoTCs Ha ypaBHEHNUSs, KO-
TOPBIE OIUCHIBAIOT BCILYYMBAHUE ILUIEHKH U (DOPMUPOBa-
Hue Kynosia. PopMUpOBaHUEe KyHOJa IPOUCKXOIUT U3-3a
TOTO, YTO PACIIPEJETEHUE MOIJIONEHHON SHEPrun Fypg
HEOJHOPOJHO: OHO UMEeeT MaKCUMYM B IIEHTPE IIATHA Ha-
rpeBa u yOBIBAeT J0 HYJIs IPU yjaajeHuu oT Hero. Llen-
TPY HSATHA COOTBETCTBYET BepmimHa Kymosa. CKopocTh
Uz (Fabs) B IIEHTPE MAKCUMAJIbHA.

SamnuineM ypaBHEHUsI JBUXKEHHsI [JIEHKU C YIETOM
KanmLIApHBIX 3hdekTos. IIycTs mieHKa sBseTcs: TOH-
Koif, d < D, a ee MOJIOXKEHNE 3a/1a€TCs TAPAMETPHYIE-
cku: 7(a,t), z(a,t), Tae a — JarpaHkeBa KOODJUHATA,
r(a,t = 0) = a, z(a,t = 0) = 0. Moment t = 0 co-
OTBETCTBYET MOMEHTY OTKOJI& ILJIeHKU (3HadeHue t = 0
orHOCHTCS K Touke Spall Ha puc. 3). DBosonus WICHKH
NpPOUCXOAUT Ha BpeMeHax D /v, ~ 10 Hc, rpoMaiHbIX O
CPaBHEHUIO C OMPEJICIEHHBIM BBIIIE 3BYKOBBIM MaCIITa~
6oM ts = d/cs ~ 10mc. IloaroMy [UIMTENIBHOCTBIO CTa~
JIAM CHJIOBOT'O B3aUMOJIEHiCTBYS IIJIEHKA—CTEKJIO MOYKHO
npenebpedn. [locte 0TKOMA TIEHKH OT TOJJIOKKU Ha-
60p MMIYJIbCA 3a CYET MEXaHMIECKON OTIAYHM CTEKJIa
npekparmmaercs. Jlajee JIoKaIbHOE U3MEHEHUE MMITYJIb-
ca IJICHKU ONpeJIesIdeTCsd TOJBKO KAWJIJIAPHONW CHJION,
KOTOpPasi TOPMO3UT IJIEHKY.

CooTBeTCTBYIOIIAST CUCTEMA YPABHEHUIT UMEeT BHI,

!/
F= A, =AY, A=? (1 + Z—) NG
R rk)a

rze vy = /40 /pod /&= 56 M/c — KanuuISIpHBIIT MacTab,

2+ 22 R=Fk3/(2"r" —r"%") — xpususna oce-
CHMMETPUYHOrO KyIoJa B ILIocKocTH (rz), 7 = Jr/0t,
r’ = Or/0a. OcecuMMeTPUYHbIN 3aKOH COXPAHEHHUS MaC-
col, 271 ds . = 27ma da pod, pecTaBiisier coboii ypaBHe-
HUE HepaspbIBHOCTH B JIATDAHXKEBOM OIIMCAHWUU. 3JECh
ds = kda — nmma tyrw, p|r/cm?] — nokambHOE TeKyTee
3HAYEHNE [TOBEPXHOCTHOI IIOTHOCTH, po U d — HAYAb-
HbIE [JIOTHOCTH M TOJIIUHA HANBLIEHHO 1yieHKu. Bro-
poe ciaraemoe B CKOOKax B (5) CBA3aHO ¢ KPUBU3HOI B
IJIOCKOCTH, IPOXO/IsIeil Yepe3 HOpMaJib K Touke (T, z)
U UepleHuKyIsApHoil 1wockoctu (rz). CooTBercTByIO-
mumit paJuyc KPUBU3HbI ONPEJIEJISIETCS] PACCTOSTHUEM OT
TOYKH (7, 2) JI0 TOYKU HEPeCceueHus] HOPMAJU C OChIO 2.
B m1ockoM cityuae BTopasi KpUBU3HA [IPOIIAJIAET U MHO-
)kuresib A B ypaBHeHusX (5) NPUHIMAET POCTON BH/I:
A =92 /R. Kynos Bo3Jie 0CH CHMMETDUH ABJISICTCA Bbl-
nykJbiM. [Tosromy B (5) # < 0, 2 < 0. Takum obpazom,
ITucema B 2KOTO
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HMEIOT MeCTO TopMoKeHue Kymnosa (£ < 0) u dokycn-

poBka (" < 0) JarpaHKeBbIX YACTHI] IIJIEHKH K OCH 2.
Tunuanelil npuMep pacdera noka3aH Ha puc.4 u b.

B nHauvasbHBIT MOMEHT, KOr/ia IJIEHKa €eIlle HaXOIUTCS

o5 S

0.4
(@~ 7=7.2251ns *~._7.2251 ns, plane
E 03F
2
N i ™
4 .
02k 3 ns s N
0.1
| | L ! S
0 0.1 0.2 0.3 0.4 0.5
7 (um)

Puc.4. Ilogbem Kymoja # €ro TOPMOXKEHHE ITOBEPXHOCT-
HBIM HaTspKeHneM. B momeHT ¢ = 7.2251 HC HaYMHAETCS Ca-
MOIIEpECEeYEHNE TTOBEPXHOCTH B OCECUMMETPUYIHOM CJIyUae.
Mapkepbl 0TCIE)KUBAIOT (DOKYCHPOBKY K OCH CHMMETPHU
snarpanzkeBoit gactuipl ¢ = 100 #M. IIITpuxoBas Kpusast —
dopma KymoJia B ciydae IUIOCKOI FeOMETPUN IIPU TAKUX YKe
3HAYEHUSIX MapaMeTpoB vo, D, R, d, o. Crpeykoii moka-
3aHO CMellleHUe JIaI'PDaH>KEeBOI YaCTUIIBI 10 TOPU30HTAJIBHON
KOOpJuHAaTE

Ha TOJIJIOXKKE, 33/1aeTCsl PaCIIpe/iesIeHIe BePTUKAIbHOMN
KOMIIOHEHTBI CKOPOCTH:

exp(—a®/R}) — exp[—(D/2)*/R7]

v(a) = v 1 —exp[—(D/2)?/R}]

(6)

Pacnpegesienue (6) cOOTBETCTBYET rayCCOBY Ja3ePHOMY
IMyYKy C pajuycoM Ry, Ha IIOBEPXHOCTH IIEHKU. B pac-
dere Ha puc.4 m 5 HA OKPYKHOCTU C PaUyCOM G =
= D/2 ~ Ry, )ujxasi JIeHKa KOHTAKTUPYET ¢ TBEPJIOi,
CMeITeHIeM KOTOPOil MbI OyzeM NpeHnedperars Mo cpas-
HEHUIO C OOJIBIIMMU CMEIIEHUSIMH KHUJIKOTO YYaCTKa
wieHKH. Benndanna vy 3a/1aeT HAYAJIBHYIO CKOPOCTDH Ha
ocu nyuka. Fe 3naduenus: Opajuch MOpsiKa KAUJIIAP-
HBIX cKopocTeit (2) u v, u3 (5). Ha puc. 4 u 5 upexcras-
JIeHA 9BOJIIOIMsL KyToJia B ciydae Ry, = D/2 = 0.5 MM,
v, = 100M/c, d = 70um, 0 = 1070 nun/cm. Mapkepa-
MU Ha PUC. 4 TOKA3aHBI TOCIEIOBATEIHLHBIC [TOJI0KEHUST
JIarpaHKeBOi JacTunbl ¢ KoopjauHaroit a = 100 um. B
HAYAJbHBIA MOMEHT 3T YaCTUIA HAXOIUTCS HA PACCTO-
sann 100 HM oT ieHTpa. BuiHo, Kak 3a cueT HalpaBJ/IeH-
HOI K HEHTPY PaJuajbHON KOMIIOHEHTBI CKOPOCTH (CM.
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80
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— 40
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Puc.5. CHmxenne BepTHKAJIBHONW CKOPOCTH U, U POCT
(10 aBCOIOTHOM BeJIMUNHE) TOPU30HTAILHON CKOPOCTH Uy
BCJIEICTBHE KaIULIsIpHON poKycuposku. HauanbHoe 3Ha-
weHne ckopoctu B BepmuHe pasao 100 M/c. B aToM mponec-
Ce IIPOUCXOIUT IIOCTENIEHHOE YKPYYeHue rpaauenTa Jvy, /Or
na npoduse paauaibHoil ckopocT. B MomenT camonepe-
cedeHus tjey = 7.2251 He (cM. puc. 4) rpasueHT CTaHOBUTCS
CUHTY/IspHBIM Ha ocu (“onpokupiBanue” npodussi CKopo-
CTH Uy )

pHC. 5) IPOUCXOANT NPUBIINKEHHE JIATPAHIKEBOI TacTH-
bl K OCH Z.

B miockoM citydae cymMmapHasi KPUBH3HA MEHbIIIE.
TTosToMy TOpMOXKEHME KyIoJIa WJeT MeJJIEHHee, YeM B
OCECHMMETPUYHOM ciiydae (Cp. J(Be KPHBBIE, COOTBET-
crBytomue ¢t = 7.2251 He, Ha puc.4). (Pasymeercs, B
IJIOCKOM CJIydae TOPU30HTAIbHAsT KOOPJIUHATA — 9TO HE
nuanHIpuaeckuil paguyc). Ilnockas reomerpusi coor-
BETCTBYET BHITSIHYTOMY (DOKAJBLHOMY IISITHY, CO3JI@HHO-
My myTeM ocselrneHnsi depe3 mesb [4]. IIpun sTom mm-
puna nsgtHa D MHOro MeHbIIe ero jumHBL ll1ockas
reOMeTPHsI IIPEJICTABJISIET SKCIIEPUMEHTAIbLHBIN HHTEPEC
[4, 8]. “OnpokujpBanne” npoduiis PaJUaIbHON CKO-
poctu v,.(7,t) B 9TOM CJlyuae MPOUCXOIUT HECKOJBKO
nosxke. Ha puc.4 B IUIMHAPUYECKON TeOMETPUH MO-
MEHT OINPOKUABIBAHUSA tjer = 7.2251HC, a B IIOCKO# —
8.9133 uc. B aToT MOMEHT Ha OCH 2 HOABJsIETCSA OECKO-
HeYHas IPOU3BOJHAS TPOoduis CKOpocTu v,. [Ipubim-
JKeHne K MOMEHTY “ONpOKUIGIBAHUS JIJIs OCECHMMET-
PUYHOTO CjIydasl MOKa3aHo Ha puc. 5. B moment “ompo-
KH/IbIBaHUs /CaMOIlepeceyeHns JIarPaHKeBbl JaCTHIBI
IJIEHKH, JIO 9TOI'0 HAXOIUBIINECH HA KOHEYHOM PacCTO-
SIHUU OT TIEHTPa TPAKTUIECKU OJHOBPEMEHHO NPUOBIBa-
0T Ha OCb cuMMeTpud. [Ipu 37oM BOJIU3M OCH TOJIIIUHA
IJIEHKN PE3KO yBeJMYnBaeTcsi. B JaHHONH OKpeCcTHOCTH
yPABHEHUST TOHKO# TieHKn (5) CTAHOBSITCS HEIPUMEHU-
MBIMU.

Vpasuenus (5) crpaBe/IUBBI, KOT/A TJICHKA ABJIS-
ercsi TOHKON. B akcnepumenrtax [1-5] madasnbHOe 3HA-

JeHne MaJioro napamerpa d/D cocTaBiisieT HECKOJIBKO
mporenToB. [losToMy paHHsIS IBOJIONMS OMUCHLIBAETCS
cucremoii ypasuenuii (5). Kak yxke 6buio ckaszano, B
MEHTPAJIBHO 06JIACTH KYTIOJIa POUCXO/IUT HAKOILJICHIE
MaCChl, TOJIIMHA [IJIEHKU pacTeT u cucreMa (5) mepecra-
eT ObITh NPUMEHUMO BOJIM3M MOMEHTa ‘“OIPOKH/IbIBA-
Hust. DTO MPOUCKXOIUT BCJIEACTBUE (DOKYCUPOBKU PAC-
[IJIABJIEHHOTO BEIIECTBA IIJIEHKW 3a CYEeT TOPMOXKEHUSI
MOBEPXHOCTHBIM HATsI?)KeHUEM. Mbl UCITOJIB30BAJIA MOJIe-
KyasgpHyio quaamuKy (M), 9To6bl TOHATE, BO-TIEPBBIX,
KaK MaJias, HO KOHeYHAas TOJIIINHA BJIAIET HA TOYHOCTD
OINUCAHWS IMHAMUKY [JIEHKU (Pedb UJIET O IIPOBEPKE CH-
cremsl (5)), U, BO-BTODPBIX, 4TOObI BBISICHUTD, KAKAM 00-
pPa30M SBOJIIOIIMOHUPYET KYIOJI TIOCJe TOro, KaK B €ro
nentpe opmupyercs yrommenue. B pesyiabrare crano-
BHUTCH $ICHO, YTO IPOUCXOIUT B OIbITax [1-5].

Ha puc.6 u 7 npuseseno cpasaenue pacuera (5) u
M/I ma HeJWHEHHOH cTa UM, KOrya KYHOJ CYNIECTBEH-

300

200

MD density

z (um)

100 -

0 100 200 300
y (nm)

Puc. 6. (Isernoit onsaiin) Comnocrasnenue M/I-pacuera
(MD density) ¢ pemennenm cucrems! ypasrenuii (5) (kpac-
Has auHUsA). B MJI-ciydae nuieHKa nMeer KOHEYHYIO TOJI-
HY

HO OTJIMYAETCS OT TOrO KYIOJa, KOTOPBIN HAOJIIOIAJICS
OBl B clydae YACTO WHEPIIMOHHOIO II0JIeTa ILIEHKH. B
WHEPIIMOHHOM PEKUMe CKOPOCTD YKUJIKUX YaCTHUI] PABHA
Ha4YaJILHOI M HE MEHHAETCs ¢ TeYeHneM BpeMeHU. B Ka-
YeCcTBe HAYAJIBHOTO OBIJIO0 BEIOPAHO PacCIpeieieHne CKO-
pocru Buza v, (y,t = 0) = v cos?(ry/D), v, = 0, rue
vo = 150m/c, D = 600 uM, d = 10 um. Pacemarpusascs
IJIOCKUIA CiIydail ¢ TOpPU30HTAJIbHOR U BEPTUKAJIBLHON! KO-
opaunaramu (y, z). [Ipu M/I-Moe/IMpoBaHuy HCIOIB30-
Basicst EAM (embedded atom model) norennuas 30s0ta
[15]. Dror morenmman maer koabGUIUEHT TTOBEPXHOCT-
HOrO HaTsiKeHHst o = 530 JIMH/CM, YTO MEHBIIE, YeM

[Mucema B 2K9T®  Tom 100

Boin. 1 -2 2014
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Puc. 7. (IIsernoit omsaitn) Comnocrasienue MJI-pacuera
(dmykTynpyiomas cuHsisi KpuBasi) C PEIICHUEM CHCTEMBbI
ypasrenuii (5) (uepHast KpuBasi)

9KCIlepuMeHTaJbHast BejndnHa o = 1070 auH/cM, npu-
Besennas B pabore [10]. B M/I-pacuere Kpasi IJIeHKH
¢ xKoopauHaTamu |y| > 300 M Obliu 3akpernuieHsl. V3-
HaYaJbHO KPUCTAJJINYIECKAs IJICHKA ObLiIa HArpeTa Tep-
MocTaToM 210 Temueparypsl 1.6 KK u paciiaBuiach. 3a-
TE€M B T€4eHUE HECKOJIbKUX JIECATKOB IIMKOCEKYH/T IIJICH-
Ka IPUBO/IMJIACH TEPMOCTATOM B COCTOSTHHE TEPMOIUHA~
Mudeckoro paBHoBecus npu Temieparype 1.6 kK. Ilo-
CJIe 9TOTO TEPMOCTAT BBIKJIIOYAJICS U K CKOPOCTSAM aTO-
MOB IIJIEHKH JT00ABJISLIACH BEPTUKAIbHASI CKOPOCTh CO-
IVIACHO YKA3aHHOMY BBIIIe pacipejenernto. [Ipu pac-
Jere cucTeMbl ypasHeHnii (5) GbLIO IPUHATO 3HAYEHHE
o = 0.747 - 530 mun/cMm. PopMa KynoJia B HUHEPIIUOHHOM
ciayqae (upu o = 0) umeer Bux z = v,(y,t = 0)t. Ona
mokasana Ha puc. 6 kpacHoit kpusoii Inertial. Ocrasb-
Hble KpUBBIE Ha PUC. 6 yINTHIBAIOT IIOBEPXHOCTHOE HATS-
Kenne. BuiHo, Kak MOBEPXHOCTHOE HATSKEHUE YMEHb-
nraeT KpUBU3HY ImOBepxHOcTH (cp. KpuByto Inertial ¢
JIPYTUMU KPUBBIMH ).

TopMmorkeHHe KyToJia TPOUIIIOCTPUPOBAHO Ha, PUC. T
(Cp. MHEPIUMOHHYIO KPUBYIO — IOJIET ¢ HAYAJIBHOU CKO-
poctbio v, (y,0) — n Kanmusgpasle Kpusble). CKOpocTh
BEPIUHDBI KYTIOJIa CHU3WIACh B 2.4 pa3a [0 CpABHEHUIO
¢ HaYaJIbHOI cKopocThio (cM. Tak)ke puc. 5). [Ipoduis
CKOPOCTH TePsIET CBOIO HAYAJILHYIO MOHOTOHHOCTD: B €TI0
HeHTpe obpasyercs npoBaJs. Puc.6 u 7 cooTBEeTCTBYIOT
MIPOMEXKYTOYHOMY MOMEHTY BPEMEHU, KO/ BJIASIHUE
KaIMJUIAPHOTO 3P deKTa y2Ke CyIIeCTBEHHO, a CaMOoIle-
pecevenuii MoBepxHOCTHU erie HeT: ¢ = 1.92 He MeHbIIe,
qeM tjey = 3.194mcC, g BLIOpAHHBIX 3HAMCHMI Hapa-
merpoB. Ipejicrasienunie Ha puc. 6 u 7 pe3yabTaThl CBU-
ITucema B 2K9TP  Tom 100
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JIETEJILCTBYIOT O TOM, YTO cucreMa (5) XOpOIIO OIHCHI-
BaeT JIMHAMUKY IIJIEHKH, OTOPBABIIEHCH OT HOJJIOXKKU.

ITocTenenno mMacca IJIEHKH, HAXOJISAINENCH B JIBUZKe-
HUU, KOHIIEHTPUPYETCS B OKPECTHOCTU BEPIIIHBI KYII0-
sa. O6pasyercss MaccUBHasi Kaluist (CM. pUC. 8, MOMEHT
BpeMmenn ¢ = 5.18 uc). Ilpu BHIOpAHHBIX 3HAYEHUSAX Ha-

t=15.18 ns

8.54 ns

0 .
-300 —200 -100 O 100 200 300
y (nm)

Puc. 8. Crekanune pacmiaBa 1o IJIeHKe B IEHTD, (hopMu-
pOBaHMe BEPIINHHON KaIlJIM U paspylieHue mieHku. [Ipu-
YMHOIN pPa3pyIIeHNUsI sIBJISIETCS IIepepacIIpe/ieIeHue MACCHI,
MIPUBOJISIIEE K YMEHBIIIEHUIO TOJIIINHBI IVIEHKN BHE KAILIH,
KOTOpasl HAXO/IUTCsI B BEPIIIHE

YaJIbHOM TOJIIUHEI IJIEHKU d, JuaMerpa D u cKopocTu
Vo Kalisg hOpMHUPYETCcs Ha CTaUH TOPMOYKEHUS JIBH-
sxeHnst BBepX. OCTaHOBKA JBUKEHNS [0 BEPTUKAJIN U
[IOBOPOT HAa3aJi IIPOUCXOJSAT Ha BpeMeHax ¢ & (3—6) He.
IIpu 3TOM BepIIMHA TOIHUMAETCS HA BBICOTY IIPUMEPHO
pasayio pajuycy (D/2 = 300 HM) ABIDKH B IUICHKE Ha
nomyioxkke (D — nquamerp apipku). Ha Bpemenax ¢ > 6 He
HAYMHAETCs J[BUXKEHHEe KYIIoJa B 00paTHY0 CTOPOHY (B
CTOPOHY TIOJJIOXKKN ).

B moment ¢ = 7.939 HC mpoucxoauT NepBBIil pa3phIB
wieHKn B Touke y = —255uM (cMm. puc.8). Hlupuna
pas3pbiBa OBICTPO BO3PACTAET, & Ha ero beperax hopMu-
pYIOTCsI OKpyIJIble KaleJabku. B Moment ¢t = 8.227Hc
cIpaBa OT IIEHTPA IIPOMCXOJIUT BTOPOI pPa3pbIB IIJIEH-
K# B Touke y = 234 M. Hakonern, B MomentT ¢ = 8.34 ue
HEMHOT'O IIpaBee IEPBOro Pa3pbiBa B ToOUKe y = —160 HM
IUIEHKA Dpa3pblBaeTcs erle pa3. B pesysbrare obpasy-
I0TCSl JIBE JIeTsIIMe KAIUIM: KPYIIHAs Kalllls B IIEHTPE,
KOTOpas IIPOJIO/IKAET JIBUKEHUE KyIIOoJla U JIETUT BHU3,
U MaJjleHbKas cieBa. MaJjieHbKas Kalisi cobupaer Mac-
Cy MexK/ly IepBBIM U TpeTbuM paspbiBamu. OHa JeTuT
BBEPX M HaAUPaBo 1o yrioMm 60° K HOpMaJu CO CKOPO-
creio 170 M/c. Kamum #a npaBoM u jieBoM Kpasix Gop-
MHUDYIOT KalWJUISIPHBIA BaJUK BOKPYT JBIPKH B XOJIO-
noit mwrenke. llenTpasibnast Kaiuisg, oOpa3oBaBIIasCa B
MoMeHT ¢ = 8.34 He, BHaYaJIe UMeeT BeChbMa HEIIPABHIIb-
HYIO (JIAJIEKYI0 OT OKPY?KHOCTH) (HOpMY. DTO CBSI3AHO C
ocraTkaMu 06009k Kynosa (“kryramu’) (cMm. puc. 8).
Kamnis coBepriraeT ciioxkHble KAIMJIISPHbBIE OCIUJILIISIINN
U IIOCTEIEHHO IIPUHUMaeT 6osiee OKpyTiyio hopmy. dra
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KAILTA yIapseTcs B MOJJIOXKKY U 3acTbiBaeT Ha Helr. OT-
METHM, YTO B JIMAIla30HE CKOpPOCTell vy Mexay 150 m
300 M/c IPOMCXOMUT M3MEHEHWE HAIIPABJICHUS BBLIETA
KalleJlb. HpI/I He6OJ’IbHH/IX CKOPOCTAX IIEeHTpaJIbHad Kall-
Js JIETUT B MOMIOKKY (momop). IIpn HOBBIEHHBIX Ke
CKOPOCTSIX KAIlIsl WJIM KAILIA TOPSYIEero pacijiaBa MeTaJ-
JIa BBLJIETAIOT BBEPX, B CTOPOHY PECHBEPA.

B macrosmeit pabore ¢ mMOMOIIBI0O HOBOTO IIOIXOJA,
(ypaBrenust 5) u M/JI MOJe/MpOBaHMs [OJIYYEHO 00b-
sICHEHHE MeXaHu3Ma, (POPMHUPOBAHUSI KalleJib B BEPIIIMHE
KymoJta. JJaHHbIf TOIX0] yIUTHIBAET, BO-IIEPBLIX, PEaK-
A0 CTEKJIa Ha TEPMOMEXAHUIECKOE PACITUPEHIE 00JIy-
YEHHOW 30JI0TO¥ IJICHKW W, BO-BTOPBIX, KAIUJIJIAPHOE
TOpMOXKeHHE U (HOKYCHPOBKY YKUJIKUX YACTUIL KYyTIOJIA.
ITokazaHo, 9TO IBOJIOIMS KyHOJI& JIO €ro pPa3pyIleHust
TSHETCsI OT €JIUHUIL JI0 JIECATKOB HAHOCEKYH/I, & €10 CMe-
IIIEHUE COCTABJISICT COTHU HAHOMETPOB. DTHU JAHHBIE XO-
pomio coryacyiorcs ¢ onbiramu [1]. BoisicHeHna BaxkHast
POJIb Tall€eHUud CKOPOCTU OTCKOKa IIJICHKH OT IIOJJIOZK-
KM 33 CYEeT OTJA4u B “MArKO€’ CTEKJI0. YCTaHOBJICHO,
9TO UMEHHO SHEPIrOBJIOYKEHME, MPUBOIAIIEE K TLIaBJIe-
HUIO TIJICHKH, JAeT IOJXOJAININe 3HAUCHUS JABJICHUI 1
ckopocreil. Panee 6110 HesICHO, KAKMM 00pa3oM OTjIe-
JIMBIIAACA OT IIOAJIOZKKHU U JIeTdAlllad BBEPX IIJIEHKa MO-
JKeT 00pa30BBIBATH HAOJIIOJAaEMbIe B OIBITAX KallJId Ha
mojtoKKe. Pacder, mpejcraBiieHHbIil Ha puc. 6-8, 1m03-
BOJISIET Pa3pElIuTh 3Ty 3arajky (IIOBOPOT KAILIM Ha-
3ax). OTMeTuM, 9TO B TAKOH KaIljle COCPEJIOTOUYEHA OC-
HOBHas 4YacTh MacChl ILIEHKHU, KOTOpasd OTOpBaJlach OT
TOJIJIOYXKKU.
6maromapsar PH® 14-19-01599. MJI-
pacdersl OBLIM BBINOJIHEHBI Ha Ccynepkomibiorepe Jlo-
MOHOCOB, ycTaHoBsieHHOM B MI'Y um. M.B.JIomonocoBa.
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Subwavelength structures (meta-atoms) with artificially engineered permittivity and permeability have
shown promising applications for guiding and controlling the flow of electromagnetic energy on the
nanoscale. Ultrafast laser nanoprinting emerges as a promising single-step, green and flexible technology in
fabricating large-area arrays of meta-atoms through the translative or ablative modification of noble-metal
thin films. Ultrafast laser energy deposition in noble-metal films produces irreversible, intricate nanoscale
translative mass redistributions after resolidification of the transient thermally assisted hydrodynamic melt
perturbations. Such mass redistribution results in the formation of a radially symmetric frozen surface with
modified hidden nanofeatures, which strongly affect the optical response harnessed in plasmonic sensing
and nonlinear optical applications. Here, we demonstrate that side-view electron microscopy and ion-beam
cross sections together with low-energy electron x-ray dispersion microscopy provide exact information
about such three-dimensional patterns, enabling an accurate acquisition of their cross-sectional mass
distributions. Such nanoscale solidified structures are theoretically modeled, considering the underlying
physical processes associated with laser-induced energy absorption, electron-ion energy exchange, acoustic
relaxation, and hydrodynamic flows. A theoretical approach, separating slow and fast physical processes
and combining hybrid analytical two-temperature calculations, scalable molecular-dynamics simulations,
and a semianalytical thin-shell model is synergistically applied. These advanced characterization
approaches are required for a detailed modeling of near-field electromagnetic response and pave the
way to a fully automated noninvasive in-line control of a high-throughput and large-scale laser fabrication.
This theoretical modeling provides an accurate prediction of scales and topographies of the laser-fabricated

meta-atoms and metasurfaces.

DOI: 10.1103/PhysRevApplied.8.044016

I. INTRODUCTION

Precise high numerical-aperture (NA) nanoscale laser
ablation of thin metal films, using short and ultrashort laser
pulses (full width at half-intensity maximum z; < 10 ps),
is a key enabling physical process in emerging large-scale
technologies in high-throughput MHz- [1-4] or GHz-rate
[5] processing of thin-film transistors [6], scribing thin-film
solar cells [7], ablative fabrication, and laser-induced
forward-transfer (LIFT) printing of advanced plasmonic
and dielectric nanophotonic metasurfaces and circuits
[8—17]. In comparison to short laser pulses (z; > 10 ps),
the ultrashort ones are broadly used during such precise
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ablation, holding a promise of providing an ultimate spatial
resolution, despite the underlying more intense response of
the electron subsystem to laser exposure with dramatically
higher electron-lattice temperature (for z; < 1 ps) and
pressure gradients, resulting in intense nanoscale hydro-
dynamic flows and ultrafast quenching of corresponding
transient melt configurations—e.g., a nanodroplet, separat-
ing from a nanojet [18].

Radial nanoscale mass distributions inside frozen
center-symmetric nanostructures were previously demon-
strated to be inhomogeneous with intense hydrodynamic
gradient-driven melt redistributions in the melt stage and
even some emerging hidden subsurface features (e.g.,
counterjets, cavities) [19-26]. A number of focused studies
were devoted to separation dynamics of molten spherical
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nanodroplets from a laser-induced nanojet [18] and their
deposition on an acceptor substrate [27] in the context of
the promising LIFT-printing technology [10]. Meanwhile,
till now nano- and microscale resolidified structures on thin
supported metallic films were only qualitatively or semi-
quantitatively visualized in terms of their internal structure
by top- or side-view scanning electron microscopy (SEM),
without visualization of hidden nanoelements and quanti-
tative acquisition of their mass distribution parameters (film
or membrane relief profile or metal thickness, shape, etc.).
The latter parameters were demonstrated to be crucial in
supporting the propagation of surface plasmon-polaritons
in surface arrays of laser-induced nano- or microstructures
and managing their related surface electromagnetic nodes
(hot spots), important for various applications as surface-
enhanced Raman scattering and photoluminescence
enhancement, plasmonic coloration, and nonlinear optical
applications [12,17,28]. Hence, highly informative, non-
invasive quantitative nanocharacterization procedures are
required for the comprehensive acquisition of mass dis-
tributions in such nanoelements of plasmonic metasurfaces
produced by ultrafast laser printing (preferably via an in-
line inspection).

Alternatively, molecular-dynamics (MD) and hydrody-
namics (HD) simulations can potentially provide a realistic
detailed description of the underlying spatiotemporal
dynamics of the laser-induced nanoscale hydrodynamic
flows, enlightening the corresponding physical mecha-
nisms [26,29-31]. Specifically, several previous MD stud-
ies [32-34] considered an initial stage of fs-laser-induced
separation of a thin metal film from a substrate caused by a
negative pressure at the film-substrate contact boundary,
while much later stages, when the formation of a central
nanojet occurs, were not achieved in these simulations.
Meanwhile, forming and development of multiple nanojets
were simulated during two-temperature-model- (TTM) MD
(TTM-MD) studies of fs-laser spallation [35]. Also, a rather
complicated process of formation of subsurface voids (a
nanoporous subsurface layer) on the fs-laser irradiated
metal surface [20,25,36,37] is modeled, using combined
theoretical approaches based on Monte Carlo-MD [20] or
TTM-MD codes [25,26,33,34,38].

Despite these remarkable demonstrations of the predic-
tive theoretical capability, a substantial detailed experimen-
tal input is usually required as a starting point for the
comprehensive justification of such theoretical models and
comparative quantitative verification of their results, to
enable future important quantitative predictions and opti-
mization of experimental parameters. In this work, we
present experimental procedures based on the SEM inspec-
tion of nanoscale focused-ion-beam (FIB) cuts and energy-
dispersive x-ray fluorescence (EDX) nanoscale profiling,
for nanoscale invasive and noninvasive characterization of
mass-density distributions within individual radially sym-
metric topological surface structures—separate nanobumps

and jets on nanobumps, produced by single-shot ablation of
50-nm-thick glass-supported gold films by tightly focused
fs-laser pulses at variable pulse energies. These structures
are fabricated to reveal quenched configurations of melt,
yielding from irreversible nanoscale translative hydrody-
namic flows and nanoscale heat conduction, by means of
the developed characterization procedures. By taking into
account all underlying physical processes associated with
laser-induced energy absorption, electron-ion energy
exchange, acoustic relaxation, and hydrodynamic flows,
the theoretical approach based on the separation of the slow
and fast physical processes and combining hybrid analyti-
cal two-temperature calculations, scalable molecular-
dynamics simulations, and the semianalytical thin-shell
model is tested in terms of its predictive capabilities
regarding such nanoscale resolidified morphologies.

II. EXPERIMENTAL STUDY OF NANOSCALE
TRANSLATIVE MASS REDISTRIBUTIONS

To experimentally reveal the initial stage of metal film
blistering from its substrate under the tightly focused fs-
laser pulse irradiation, as well as to follow the subsequent
evolution of the molten material through nanoscale hydro-
dynamic flows and quenching (resolidification) of transient
nanofeatures—from the parabola-shaped nanobumps to the
small nanojets, their cross-sectional cuts are prepared,
using Ga™-ion FIB milling (Raith TonLINE). To do this,
an e-beam-evaporated 50-nm-thick Au film, covering a
silica glass substrate, is first patterned with well-ordered
arrays of different surface structures—smaller and larger
nanobumps; with small nanojets atop for the larger fluences
[Figs. 1(a)-1(e)]. The spatial period of arrays is set 2 ym.

The small structures are formed in the fluence range
below the thresholds for nanojet and hole appearance
[highlighted by green and red colors in Fig. 1(h), respec-
tively]. Studying the small structures can shed light on the
reasons of material redistribution during their initial for-
mation stage, because the main governing processes,
including melting, material flow, and recrystallization,
are triggered at such a time scale. Additionally, these
experimental results can be used to justify the previously
suggested theoretical models [30,34,41,42].

For laser patterning, second-harmonic (4 = 515 nm),
230-fs FWHM laser pulses from a Yb:KGW laser system
(PHAROS, Light Conversion Ltd.) are focused into a
submicrometer spot using a dry objective lens with
numerical aperture NA=0.5 (Mitutoyo M Plan Apo NIR
HR). Each surface structure presented in Figs. 1(a)-1(e) is
produced by single-pulse irradiation, keeping the constant
absorbed fluence F for each single array, while increasing
its value stepwise from 26 to 47.8 mJ/cm? per pulse for
subsequently patterned arrays [Figs. 1(a)-1(e)].

After such laser fabrication, the sample, containing
nanostructures, is overcoated with a protective titanium
(Ti) film. The Ti coating provides a good contrast of FIB
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FIG. 1. (a)-(e) SEM images of the nanostructure arrays
fabricated at increasing absorbed fluence in units of mJ/cm?:
(a) 26, (b) 33.6, (c) 39.4, (d) 45.2, (e) 47.8; the insets present side-
view (view angle of 45°) SEM images of the corresponding
structures. (f),(g) Side-view (view angle of 45°) SEM images of
nanojet and microhole arrays fabricated at absorbed fluences:
()92 and (g) 1130 mJ/cm?, respectively. The scale bars for these
images correspond to 1 um. The absorbed fluence is estimated as
F = AE(zR3,)™" considering the constant absorbance of A =
0.35 [39.,40] and optical spot radius R, = 0.614 (NA)~.
(h) Squared outer diameter D> of the nanobumps, nanojets,
and through holes versus the natural logarithm of the applied
pulse energy In E (E in nJ, bottom axis) and absorbed fluence F
(upper colored axis). The inset illustrates the magnified leftmost
part of this dependence. The slope of the fitting lines for bumps
and through holes indicates the characteristic energy deposition
diameter, while the intersection with the x axis indicates the
threshold pulse energy required to produce the bump structure.

cuts of the laser-fabricated nano- and microstructures
during their SEM visualization. For small parabola-shaped
microbumps [Figs. 1(a) and 1(b)], the 100-nm-thick Ti film
is postdeposited, while for taller structures a twice-thicker
protective layer is used to ensure their complete coverage.
The succeeding FIB milling of the sample is performed at

the 30-kV acceleration voltage and the relatively small
beam current of 50 pA to produce smooth walls. For each
type of nano- or microstructure, at least ten similar cuts are
prepared to provide statistical significance and to reveal
small fluctuations due to the instability of the laser fluence,
as well as stochastic inhomogeneities of the metal film-
glass substrate. Finally, the fabricated FIB cuts are visu-
alized, using a field-emission SEM module of the e-beam
lithography writer Raith 150-TWO.

By measuring the dependence of squared diameters D?
of the through holes produced in the Au film versus natural
logarithm of incident pulse energy, In(E), the correspond-
ing threshold pulse energy of Ey e = 7.0 0.7 nJ [red
dots in Fig. 1(h)] is estimated, with its slope indicating
the characteristic energy deposition diameter D, pole OF
24 ym. This gives the deposited threshold fluence
Finnote = AE pote (TR 4 1) ™ = 53 £7 mJ/em? for the
50-nm-thick Au film absorbance A ~ 0.35 [39,40] (see also
Note 3 in the Appendix), which is in good agreement with
previously reported values; see also Fig. 4 below. Similar
dependences of basement radii measured for nanobumps
and jets [blue and green dots in Fig. 1(h)], evaluated
considering the bending-inflection point on the film-mem-
brane surface, indicate practically the same deposited
fluence Fi pump =AEn bump (FRT /¢ pump) ~ =49+6mJ /cm?
at the threshold pulse energy Ey,pump = 0.86 £ 0.09 nJ
and almost threefold smaller energy deposition radius
D/ bump = 0.87 £0.09 um. Obviously, the different
energy  deposition  scales—D) . pymp # 0.9 yum  and
D/ pote ® 2.4 pm—indicate, for the same focusing con-
ditions, the corresponding different temporal scales of their
formation, enabling the laser-deposited energy in the thin
film to be transported laterally from the focal spot (diameter
D ~ 1.2 pm) via electronic heat conduction. Specifically,
in the case of microholes #y,1e & (D7, o = Dopt) /4r X911,
respectively, for the high-temperature (1000 K) thermal
diffusivity coefficient of solid gold y =~ 1.2 cm?/s [43]
being comparable to previous similar estimates [44,45].

A series of side-view SEM images [Figs. 2(a)-2(e)]
demonstrate the central cross-section cuts of the different
structures produced on the surface of the Au film at the
increasing absorbed fluence [each presented image illus-
trates the cut of one of the surface structure previously
shown in Figs. 1(a)-1(e)]. The detailed analysis of the cuts
indicate that for parabola-shaped nanobumps produced at
the pulse energies slightly above the measured threshold for
the nanobump formation (Fy, > 49 mJ/cm?), the thickness
of the Au film remains almost unchanged with some
negligible material redistribution, occurring only near the
edges of the nanobump [Figs. 2(al) and 2(bl)]. For the
increasing absorbed fluence [Figs. 2(c) and 2(d)], signifi-
cant thinning of the film is observed (in some specific
points near the nanobump edge the film becomes twice
thinner) and is associated with the corresponding increase
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FIG. 2. (a)—(e) Side-view SEM images (view angle of 45°) of FIB cross-sectional cuts of single frozen-surface structures produced at
the increasing absorbed fluence and previously shown in Figs. 1(a)-1(e), respectively. Orange areas in each image highlight the Au film
and membrane. The scale bars for these images correspond to 100 nm. The darker gray layer under the Au layer, appearing in the images
(c)—(e), is attributed to the redeposition of the Ti layer during the FIB milling, which is confirmed by the corresponding EDX
measurements; (al)—(el) Film-membrane thickness d experimentally measured over 10 similar cuts of the 10 similar surface structures
produced at the same irradiation conditions (red curves), and recalculated via corresponding MD simulations (black dotted curve) as a
function of the lateral r-coordinate (cylindrical radius) defined in Fig. 2(a). Film-membrane thickness d is measured and recalculated in
the directions normal to its local section [details are given in the inset in Fig. 3(b) below]. Gray areas indicate the error bar; (b2)—(e2)
molecular-dynamics (MD) simulations showing the modification of the metal shell with absorbed energy. Red and green colors divide

the molten and solid states of the film.

of the nanobump height. The subsequent evolution of the
nanobump shape—from parabolic to conical—occurs at the
further increase of the fluence [Figs. 2(d) and (d1)]
accompanied by the accumulation of the molten material
at the nanobump tip in the form of the 120-nm-high and
100-nm-wide protrusion. The lateral and vertical dimen-
sions of this protrusion continuously increase versus the F
value [Figs. 2(d), 2(e), 2(d1), and 2(el)], forming a nanojet,
while the surrounding nanobump becomes thinner through
the jet-directed nanoscale hydrodynamic flow with its
minimal experimentally observed thickness, reaching
~13 nm near the nanojet edge and ~20 nm near the
nanobump edge. A further increase of the absorbed fluence
stimulates the growth of the central protrusion [see Fig. 1(f)
as well as Note 1 in the Appendix], while the surrounding
shell continuously thins until its destruction accompanied
by the formation of a micrometer-wide through hole
[Fig. 1()].

Despite its straightforward character, such FIB cutting of
surface nanotextures produced on noble-metal films, which
are typically weakly resistant to electron- and ion-beam
exposures, requires additional sample overcoating by some
protective layer, mostly excluding its following practical
nanophotonic applications. In this respect, nondestructive

and noninvasive experimental methods, enabling a quanti-
tative characterization of the supported nanoscale struc-
tures, are required. In this study, we have performed a
nanoscale cross-sectional SEM-based EDX analysis sche-
matically illustrated in Fig. 3(a) of the typical structures
shown in Fig. 2(e). In this case, the EDX signal profile in
the membrane normalized to that of the unperturbed film to
give the corresponding membrane thickness profile. The
advantage of the EDX acquisition is its almost nonpertur-
bative character, as compared to the above-mentioned FIB-
SEM combination. Indeed, FIB-SEM requires (i) deposition
of a highly cohesive material (Ti) layer with the simulta-
neous release of very high cohesive energy (sublimation
enthalpy of a few eV/atom), which can perturb—melt or
even vaporize—the initial structure, if the Ti deposition rate
and conduction of the releasing heat is inappropriately
adjusted and, also, (ii) FIB cutting of the layered set can
perturb the initial nanofeatures, if ion currents or the
thickness of the deposited Ti layer are improperly chosen.
Among these EDX-characterized surface nanostructures,
the microbump, containing the small nanojet atop, provides
the maximal metal thickness redistribution—f{rom the
13-nm-thick cap of the bump to a few hundred-nm high
protrusion—as it was previously confirmed by SEM
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FIG. 3. (a) Sketch explaining the principle of the EDX profiling
across the nanofeature by the e-beam excitation and subsequent
detection of the characteristic x-ray fluorescence signal. (b) Radial
profiles of film-membrane thickness measured using EDX cross-
sectional analysis (blue curve) and FIB cutting—SEM visualiza-
tion recalculated to present the film thickness in the direction
normal to the substrate (black curve) and normal to the local
section of the film-membrane (red curve). The inset shows the
difference between the actual thickness along the normal to its
local section and the top-view EDX-acquired thickness.

analysis of the FIB cuts. Additionally, the steep wall of the
central protrusion in Fig. 2(e) represents almost a perfect
object to estimate the lateral resolution of this SEM-based
EDX approach.

EDX cross-sectional (radial) elemental microanalysis is
carried out with a field-emission SEM microscope JEOL
7001F using an INCA Energy 350XT spectrometer
(Oxford Instruments Analytical), at the electron energies
of 10 and 30 keV, while the electron beam current is chosen
at the level of 79 pA to avoid thermal damage of the
nanostructures on the film. The acquisition of the EDX
profiles for the laser-induced surface nanofeatures at the
particular electron energies, which provide the penetration
depths in the film and the supporting substrate much larger
than the 50-nm film thickness, enables their calibration in
terms of thickness, using the reference EDX-signal value
for the nonirradiated gold film.

More specifically, the 30-keV electron beam provides too
low and noisy EDX signals from the flattened regions of

the thin Au film due to its very deep (2-3 um) penetration
through the film into the supporting substrate, but the
30-keV beam produces the appropriate EDX signals across
the micron-tall nanofeatures, formed by the laser-driven
melt accumulation (the central protrusion atop the nano-
bump). In contrast, the 10-keV electron beam provides
reasonable EDX signals from the gold film and laser-
induced features of comparable thickness, but is almost
completely absorbed by the micron-tall surface features,
excluding calibration of the corresponding EDX signals. As
aresult, the acquired cross-sectional EDX profiles are linked
in the transition region from the thinned film within the
bump and the tall central protrusion, representing the initial
stage of the nanojet formation, with the 30-keV EDX signal
in the center and 10-keV EDX signal at the periphery.

Figure 3(b) shows the EDX-profiling results for the
thickness of the nanojet with the surrounding nanobump
[Figs. 2(e) and 2(el)] in comparison to the side-view SEM
measurements of its thickness along the normal to the
substrate, using the cross-sectional cuts. Both curves indi-
cate a good agreement within the experimental error bars for
all three topographies—the nonirradiated film, nanobump,
and nanojet, supporting the relevance of both of these
approaches. A minor difference in the spatial resolution
of these approaches indicated by the 100-nm difference of
the nanojet radius in Fig. 3, is a broadening artifact of an
external electromagnetic noise in the local circuits during
the prolongated EDX-profiling procedure of 3—5 min.

III. SIMULATION TECHNIQUE

In this study, a comprehensive simulation approach,
including the two-temperature electron-ion hydrodynamics
(2T-HD) and the classical molecular-dynamics method
combined with Monte Carlo heat transfer by electrons
(MD-MC) [46] is used, to represent the next step toward the
accurate prediction of the translative flow-assisted redis-
tribution of material after the ultrashort laser exposure. To
achieve this goal, all relevant physical processes underlying
the material response to such tightly localized ultrafast
energy deposition in a skin layer should be taken into
account. However, the simultaneous consideration of those
multiple processes on the micrometer-sized scale during
several nanoseconds with our simulation technique, includ-
ing billions of interacting atoms and electrons, far exceeds
the limits of available supercomputers; the largest and
longest MD simulations [29,47,48] of laser ablation today
operate with fewer 0.1 x 10 atoms and up to 3 ns only. To
overcome this limitation, we divide all physical processes
into “fast” and “slow” processes, and apply the 2T-HD or
MD-MC model, respectively.

The 2T-HD model, describing the first short evolution
stage with its typical duration of the order of acoustic
time scale (=17 ps for our 50-nm-thick Au film and
longitudinal speed of sound in gold of 3 km/s), includes
one-dimensional 2T hydrodynamic code having a full 2T
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physics: absorption laser energy, 2T electron thermal
conduction, energy exchange between electrons and atomic
vibrations via their coupling, and a 2T equation of state.
Thus, the model takes into account all fast processes
associated with electron pressure, electron conductivity,
electron-ion temperature relaxation in gold lasting 7-10 ps
[49], and separation of the molten film from the substrate
with separation velocity v, (r) depending on the local
stress p(r) generated by isochoric laser heating of film up
to lattice temperatures of a few thousand degrees produced
by the absorbed fluence F (7). 2T-HD calculations show
that in 1-2 ps the electron heat conduction approximately
homogeneously redistributes electron temperature 7', along
the thickness of a film. After that normal to film gradient of
T, drops down but the 2T stage continues during 7-10 ps
equilibrating electron and ion temperatures along the
thickness. Thus, the temperature becomes dependent only
on the lateral directions after the conclusion of the 2T stage.
Fast homogenization of temperature takes place because
the thickness of our gold film is less than the thickness of a
heat-affected zone in a bulk gold [50,51].

The stress of p(r) ~ 10 GPa generated within the first
stage, is responsible for the separation of film from the
substrate. The 2T-HD model provides the separation veloc-
ities o ~ (Z,/Zs)(p/B)c, ranging from 0 to ~60 m/s,
where c, is the longitudinal speed of sound in gold, B is the
bulk modulus of gold, Z;, Z are acoustic impedances of the
substrate and the film, respectively, see details in Note 2 of
the Appendix where a comparison between velocities v ,,
in simulations and experiments is discussed.

The second, slow evolution stage starts after the sepa-
ration of a film from the substrate and completes after the
recrystallization of the molten cupola, which requires tens
of nanoseconds typically. To simulate the slow processes
initiated within the fast stage, the combined MD-MC
approach is utilized. We (i) use known values for surface
tension, density, and the coefficient of thermal conductivity
together with (ii) the experimental lateral size of the cupola,
thickness of a film, and the incident fluence in the tip,
convert the incident fluence into absorbed fluence using a
known value for the dielectric constant at our laser wave-
length. Then, (iii) we use velocities from the hydrodynamic
2T-HD code for the particular experimental absorbed
fluences. With all this, we calculate experimental dimen-
sionless capillary and thermal parameters, shown below in

TABLE 1.

this section and in the Appendix. Afterwards, we run the
MD-MC code for these particular values of the two
dimensionless parameters.

Then, the embedded atom method interatomic potential
for gold is used [52], reproducing well the stress-strain
and thermal characteristics of gold. The potential gives the
density of melt about 16.9 g/cm?® and the melting point
of about 1330 K, which is close to the experimental
T, = 1337 K. The calculated surface tension of
0.546 J/m? is notably lower than the experimental ¢ =
1.125 J/cm? at the melting temperature, see the discussion
in the Appendix of Ref. [23].

The simulation parameters of two selected MD-MC
calculations are presented in Table I. A thin film with a
thickness d is placed in a square simulation box with
dimensions L, = L, = 140 nm for the case “e” or L, =
L, =270 nm for the case “d”. The periodical boundary
conditions are imposed along the x and y axes. Then, the
film is thermalized with the given radial temperature profile
T(r) with the fixed T(r.) = 1500 K. After melting and
equilibration the film gains the vertical-separation velocity
Vem. (r) ~cos(zr/2r.) with the maximum at the center,
presented in Table I, and zero velocity at the ... Because the
maximal temperature of the film is much less than the
boiling temperature (~3.2 kK), the saturated vapor pres-
sure is too small to cause any dynamic effect on the moving
film. Indeed, evaporation is not even observed in our MD
simulations in the given temperature range.

MD-MC simulations reveal the translative flow-assisted
redistribution of the molten film with MC heat transfer
resulting in the subsequent resolidification of liquid via
heat-conduction cooling of the hot cupolalike shell. The
thermal diffusivity shown in Table I is adjusted by the MC
electron jumping rate between neighbor atoms as described
in Ref. [46]. A heat sink is simulated by using the Langevin
thermostat with the typical temperature of 500 K for all
atoms with r > r., which leads to the resolidification of
film from its edge with time. This thermostat maintains also
the zero-mass velocity outside the circle r., which keeps
mechanically the film outside the circle at the substrate.
This condition corresponds to the fixed boundary con-
ditions implied at the edge r, of the cupola.

The MD-MC simulation of a realistic micrometer-sized
film having a very large amount of involved atoms (~10%)
during a long cooling time of many tens of nanoseconds is

Parameters of MD-MC simulations for two regimes of mass redistribution leading to the formation of

either bumps or jets. This makes it possible to plot the theoretical boundary between these regimes marked as points
“d” and “e” in Fig. 4. The corresponding final structures obtained in the simulation are shown in Figs. 2(d1), 2(d2),

2(el), and 2(e2).

No. N atoms 2r, (nm)  d (nm)  y (cm?/s) v (M/S) oy, (Mfs) v, (mfs) V, V.
d 44 x 10° 260 10 0.18 200 106 69 0.529  0.346
e 6 x 106 130 5.1 0.18 385 148 138 0.384  0.358
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not feasible on the available computers. Instead, the small-
sized films with several millions of atoms are simulated
(Table I). To meet the experimental conditions, the scaling
approach [30] is used. Two nondimensional parameters,
governing the evolution of film separating from the sub-
strate with the velocity v, ,, are the capillary parameter

Vs :U(r/yc.m. (1)

and the thermal parameter

VK = U){/Uc.m.’ (2)

where the capillary velocity v, and the thermal velocity v,
are defined as

Vo =2v/0/(pd), v, =x/(2r). (3)

Here, y is the thermal diffusivity, ¢ the surface tension, p
the initial density, d the initial thickness of metal film, and
r. the separation radius. These governing parameters are
also listed in Table I.

IV. REGIMES OF MASS REDISTRIBUTION
FROM EXPERIMENTS AND SIMULATIONS

Analysis of the FIB cuts performed on surface
features produced at the different incident pulse energies
[Figs. 2(a)-2(e)] indicates several steps, characterizing the
molten film evolution via corresponding translative hydro-
dynamic flows and affecting the resulting thickness dis-
tribution along the produced surface structure: (i) inflation
of the metal film in the form of the parabolic-shaped
cupola, having a constant thickness along its circumfer-
ence; (i) weak redistribution of the cupola thickness;
(iii) transformation from parabolic to conical shape; and,
finally, (iv) appearance of the central protrusion.

Despite the downscaled computation dimensions used in
MD-MC simulations, all these steps are perfectly repro-
duced in our theoretical model by varying the thermal and
capillary parameters [Figs. 2(b)-2(e2)], which both depend
on the absorbed fluence F, in their turn. Here, to illustrate
the film thickness distribution for parabola-shaped bumps
[Figs. 2(b2) and 2(c2)] a few simulated snapshots are taken
at different times, when the moving metal film is not
completely frozen (red and green colors divide the molten
and resolidified states of the film). By increasing the heat
conductivity in the MD-MC simulations, the completely
resolidified parabola-shaped bumps with the negligible
redistribution of mass along the film can be obtained. In
the case when redistribution of mass is weak the final
thickness is approximately equal to the initial thickness.
This conclusion is in agreement with our previous two-
dimensional (2D) MD-MC simulations showing the weak-
ening of the redistribution when absorbed energy is small
and conduction cooling is fast [23,53]. The frozen shapes

are similar for 2D and three-dimensional (3D) geometries
in case of fast cooling. Upscaling the film thickness via
thin-shell recalculation [53] also gives a perfect qualitative
agreement with the experimentally measured thickness
distributions for all surface structures [Figs. 2(al)-2(el)],
providing the reliable way for a theoretical simulation of
the fabricated surface 3D features.

Other common surface structures, such as high-aspect-
ratio nanojets and through holes [Figs. 1(f)-1(h)], can be
also reproduced by varying the capillary and thermal
parameters in the MD-MC simulation. Carrying out such
simulations as well as using our recently published results
[30], we have built the map of the corresponding non-
dimensional governing parameters required to reproduce
the certain type of the structure, where the transitions (or
boundaries) between “bump-jet” and “jet-hole” regimes are
marked with the transition blue-green and green-red strips,
respectively (see Fig. 4). Specifically, two important dots
marked as “d” and “e” letters, reflecting the parameter set
for MD-MC simulations from Figs. 2(d2) and 2(e2) as well
as establishing the theoretical bump-jet regime boundary,
are indicated in this map. These two important regimes can
be formally divided according to relative translative-flow
assisted mass redistribution of the molten film near the
bump tip. This separation follows from the analysis of the
simulated structures with moderate and significant material
redistribution near the structure central axis [Figs. 2(d2) and
2(e2), respectively]. A similar formal separation can also be
applied for our experimental results [see Figs. 1(d), 1(e),
and 1(h), and discussions below]. The corresponding
parameter set for d and e dots are summarized in the Table 1.

We estimate the thermal and capillary parameters,
which correspond to our five main experimental points
[see Figs. 2(al)-2(el)] on the (V,, V,) parameter plane
(hollow circles in Fig. 4) using the typical diameter of the
bump 2r.~ 900 nm from Fig. I1(h) and corresponding
Egs. (1)-(3). Taking into account the temperature-
dependent surface tension of molten gold ~0.9 J/m>
[23] and the thermal diffusivity y ~0.5 cm?/s, for our
50-nm-thick Au film the thermal and capillary velocities
are equal to v, # 56 m/s and v, ~ 61 m/s, respectively.
Although the experimental values of o, x, r., and the
corresponding velocities v, and v, are well defined, the
experimental separation velocity v, ,,, required to estimate
the V, and V,, is an unknown parameter.

For the fixed diameter of the optical spot and the
absorption coefficient A weakly dependent on the incident
fluence F;,., which holds true in our energy range, the
absorbed fluence F,,, will be proportional to the pulse
energy E. On the other hand, according to our 2T-HD
simulations of the separation stage and considering negli-
gibly weak adhesion between the Au film and the silica
substrate, the velocity v, is proportional to the applied
pulse energy E [53]. Using this proportion and assuming
that
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VcAm.(E) = (Vc.m.|E:1.7)(E/1'7)’ (4)

where E is given in nJ and v, |z_,; is an adjustable
separation velocity at E = 1.7 nJ (the corresponding
absorbed fluence is 47.8 mJ/cm?), one can obtain the
set of the governing parameters on the capillary-thermal
plane (V,, V,) (1), (2) related to our particular experimental
cases for the fixed v, |g_; - value.

To obtain the separation velocity v, ,, as a function of the
absorbed fluence F,,, and assess its reliable value, the one-
dimensional 2T-HD modeling of film on the glass substrate
is performed (see Note 2 in the Appendix for details).
Assuming the v, |[E = 1.7 = 110 m/s and using Eq. (4),
we obtain the set of governing parameters on the (V,,V,)
plane (hollow markers in Fig. 4), which corresponds to our
experimental results [Figs. 2(al)-2(el)]. An analysis of the
parameter plane indicates that the experimental bump-jet
transition boundary (dashed curve in Fig. 4) defined by the
surface structures obtained at absorbed fluences 45.2 and
47.8 mJ/cm? (blue and green hollow circles, respectively)
is located ~30%—-40% higher than the corresponding
boundary estimated from the analysis of the simulation
results. This deviation can be explained by the difference in
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FIG. 4. The map of the thermal V, and capillary V, parameters.
The filled markers “d”” and “e” indicate the simulated parameters
used to obtain the resolidified geometries presented in Figs. 2(d2)
and 2(e2), respectively. Other simulated markers used to accu-
mulate statistics on the corresponding regimes are not shown to
avoid overburdening of the figure. Instead, two gradient-color
stripes are used to show the characteristic “hole-jet” (red-green)
and “jet-bump” (green-blue) transition boundaries provided by
the MD-MC simulations. The experimental capillary and thermal
parameters marked as hollow markers are estimated considering
the separation velocity of v, ,, = 110 m/s at absorbed fluence of
47.8 mJ/cm? (see text for details). The corresponding absorbed
fluence (in mJ/ cm?) is indicated near each hollow marker. The
dashed line shows the experimental jet-bump regime boundary.
The colors of the markers (both filled and hollow) indicate the
transition between different fluence-dependent regimes providing
formation of the bumps (blue) and the jets (green), while the
similar color scheme is used to divide the corresponding pulse
energy—fluence ranges in Fig. 1(h).

conditions. The boundary condition established in our
MD-MC simulations poorly reproduces a real experimental
situation since the heat sink and the area defining the
mechanical attachment of a bump to the substrate are much
closer to the edge of the simulated bump (see Appendix).
Under such circumstances, the simulated shell is stronger,
thus shifting the theoretical transition boundary closer to
the point of origin in Fig. 4.

Finally, it is plausible that the relative ratio between the
bump-jet and jet-hole threshold boundaries is weakly
sensitive to the difference in the mentioned boundary
conditions. The experimentally measured ratio of the
characteristic threshold energies required for the formation
of the through hole and the jet [corresponding energy
logarithms In(E) are equal to 1.9 and 0.65 in Fig. 1(h)] is
about 3.5. Analysis of the calculated capillary-thermal
parameter map (position of the gradient-color stripes in
Fig. 4) gives the ratio equal to 3.6. This ratio is calculated
measuring the distances from the origin of the two
characteristic dots on the intersection of the diagonal line
in Fig. 4 and the theoretical bump-jet and jet-hole threshold
boundaries. Thus, the theoretical and experimental results
are in satisfactorily good agreement with each other.

V. CONCLUSIONS AND OUTLOOK

Experimental procedures based on the SEM inspection
of nanoscale focused ion beam cross sections and energy-
dispersive x-ray fluorescence nanoscale profiling, demon-
strate a consistent nanoscale invasive and noninvasive
characterization of mass-density distributions within indi-
vidual radially symmetric topological surface structures—
separate nanobumps and jets on nanobumps, produced by a
single-shot ablation of 50-nm-thick glass-supported gold
films by tightly focused fs-laser pulses at variable pulse
energies. More specifically, radial mass distribution (thick-
ness) across the individual features is quantitatively
acquired either by their nanoscale focused-ion beam cutting
and following side-view electron microscopy analysis,
or by direct top-view radial nanoprofiling of their relative
thickness using energy-dispersive x-ray fluorescence
spectroscopy at different electron-beam energies, calibrated
by the signal from the unperturbed film. These demon-
strated advanced characterization approaches pave the
way to detailed modeling of a near-field electromagnetic
response of fabricated metasurfaces and can be adopted for
fully automated noninvasive in-line control during high-
throughput large-scale laser fabrication.

Comparative molecular-dynamics simulations are under-
taken to envision spatiotemporal dynamics of the under-
lying nanoscale hydrodynamic melt flows and are shown to
provide quantitative predictions of the evolution of the
metal film thickness, enabling in the future realistic
predictions of more-complex 3D nanostructures and
3D-structured nanomaterials [54] produced by focused
ultrashort laser pulses, carrying, for example, angular
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momentum [55-59] (vortex laser pulses), and accurate
simulations of more-complicated systems, such as materi-
als with new metastable amorphous and crystalline phases
[60,61], phase-change materials [62,63], or metallic glasses
[64]. In this line, the quantitative characterization of the
mass distribution profiles for the laser-fabricated 3D nano-
scale structures lays down a solid basis for solution of the
reverse problem, related to evolution dynamics on nano-
structures to benchmark theoretical models.
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APPENDIX: ADDITIONAL INFORMATION

Note 1. Pronounced jet atop the nanobump.—Figure 5
shows the tilted SEM image of a high-aspect-ratio nanojet
produced at absorbed fluence of 56.8 mJ/cm?. This snap-
shot illustrates the formation of the 900-nm-high jet above
the cupola as well as the starting point of the formation
process of the spherical-shape droplet, which will be
ejected at increased absorbed fluence. The modulation of
the thickness along the nanojet height manifests develop-
ment of the Rayleigh-Plateau hydrodynamic instability
acting on the molten metal moving upward along the jet.

FIG. 5. Side-view SEM images (view angle of 45°) of the
nanojet produced at absorbed fluence of 57 mJ/cm? (a) and its
FIB cross-sectional central cut (b). The nanojet is overcoated with
a 200-nm-thick protective Ti layer. The first SEM image (a)
illustrates the nonuniform coverage with the Ti overlayer. Orange
areas in the second image (b) highlight the Au film-membrane.
The scale bars for both images correspond to 100 nm.

Note 2. Internal rupture.—Because the experimental
separation velocity is adjusted to provide the agreement
between experimental and simulation results, additional
discussion is given here to substantiate the chosen sepa-
ration velocity

Vem |p—17 = 110 m/s.

To estimate the dependence of the v, ,, on the absorbed
fluence F,,,, we have carried out the one-dimensional 2T-
HD simulations neglecting the adhesion of gold to the
silica substrate thanks to the hydrophobic property of
silica against molten gold. The 2T-HD simulations show
that the film is homogeneously heated across its thickness d
during ~1 ps after the ultrashort pulse irradiation [53].
Fast spreading of absorbed energy from a skin layer
proceeds due to an electron thermal conductivity strongly
enhanced at the 2T stage. According to our simulations [see
Fig. 6(a)], below the threshold F,,, of the internal rupture
of a film, a film separates as a whole from substrate at the
velocity v, (Faps)- This accumulation continues during
the temporal interval when a film remains in mechanical
contact with the substrate. Velocity v, (Fa) i8S obtained
after the instant of separation by averaging local velocities
over the film thickness. Thus, velocity v, . represent a
velocity of a center of mass (c.m.) of a film.

Two rarefaction waves V and C running towards each
other from the “vacuum-film” (V, vacuum) and “substrate-
film” (C, contact) boundaries create a layer with a negative
pressure p.nq near the middle plane of a film; see details in
Refs. [23,53]. These two waves begin to interact at an
acoustic time scale  ~ 1,/2; t, = d/c,, d is the thickness of
a film, ¢, is a sound speed. For fluences F < Fy, the
tensile stress | pengi| created by V-C interaction is below the
material strength pgyenen Of gold. Thus, at such conditions
the film survives under stretching (no internal rupture).

If the film survives, then the wave V running from the
vacuum side continues its run in the direction to the contact
(the boundary between a film and substrate). The wave V
arrives at the contact at the instant 7 ~ ¢,. Pressure p_(7) at
the contact evolves over time. The acoustic impedance of
gold Z,, is approximately 7 times larger than the impedance
of silica Z;. Pressure p. is significantly less than the
pressures p in the bulk of a film: p. = (Z,/Z,)p. When
the wave V achieves the contact then the function p.(r)
changes its sign from positive to negative [23,53].
Adhesion is small, therefore, the separation of a film as
a whole from substrate [shown in the upper picture in the
left column in Fig. 6(b)] begins around the time ¢ ~ ¢,. The
separation is caused by the tensile action of the wave V onto
the contact.

The situation changes dramatically if F > Fy,,, the
tensile stress |ping| overcomes the strength pyyenen. and
the film begins to split into the vacuum and the contact parts
before the rupture of the contact. This is shown in the
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middle and bottom diagrams in the left column in Fig. 6(b).
Velocities v,,. and v ., in these two diagrams refer to the
vacuum and the contact parts of a film at the stage when the
parts lose their mechanical connections. Values v,,. and
Veone are obtained by averaging along thicknesses of the
vacuum and the contact parts.

As is said, the ratio of impedances of gold Z,, to silica Z;
is large. Therefore, the expansion of a film after the action
of an ultrashort laser pulse is approximately symmetric
relative to the middle plane of a film. A small deviation
from symmetry is caused by a small but finite ratio of
impedances Z,/Z, (and also because d < dr, but not
d < dy, where dr is the thickness of a heat-affected zone).
In the case when Z,/Z, = 0 and the film is thin (thus, it is
almost homogeneously heated across its thickness), the
velocity v, is ~0 in spite of significant expansion
velocities. The expansion velocities connected with the
rarefaction waves V and C are opposite in their directions
and compensate each other giving a resulting small velocity
of the center of mass vy, (Fabs) if F < Fyyp; see Fig. 6(a).

Above the rupture threshold F\,, the center-of-mass
velocities vy,. and v, of the vacuum and the contact
parts are split; for F < Fy, we can formally write
Vem = Vyae + Veont- There is a short interval near the
Fp in Fig. 6(a) where velocities vy,. and v o, have the
same sign directed into the vacuum side. The situation
corresponding to this interval is illustrated by the middle
scheme in the left column of Fig. 6(b).

Above this interval the contact part moves in the
direction of the substrate. The continuation of the
Veont(Fans) Into the range of negative velocities vqgn < 0
is shown by the bottom dashed curve in Fig. 6(a). Of
course, this is the conventional curve because the magni-
tudes Veon(Faps) < 0 are not asymptotic magnitudes 1 — oo
conserved in time. (Here, we consider the 1D case when
deceleration action of the surface tension is absent. This
action becomes significant in the case of a finite-size
irradiation spot). 2T-HD simulations and analytic analysis
show that dense gold (with high Z ) from the contact part
presses the less dense silica (with low Z;) supporting
positive contact pressure p.(z) exponentially decaying in

FIG. 6. (a) Velocity v, of the separated
metal film as a function of the absorbed
fluence F . There are two different fluence-
dependent separation regimes schematically
shown in the left column of (b). At the
fluences F,, lower than the rupture threshold
Fp the film separates as a whole having the
local center-of-mass velocity v, (Faps) [S€€
the upper picture in the left column in (b)],
while at higher fluences the film splits into
“vacuum” and “contact” parts having aver-
aged velocities Vyae(Faps) and Veoni(Fabs),
respectively; see the middle and bottom
diagrams in the left column in (b).

time p. (1) o exp(—1/tgecay) With e-folding time #4e oy of the
order of f,. This pressure decelerates the motion of the
contact part and thus decreases velocity vegn(?).

We are sure that at the acoustic time scale ~t, the
velocity of the contact part remains directed to the substrate
side (no separation from substrate). The fate of the contact
part of the gold film at the late stage > ¢, is unclear.
At least in our experiments with an extremely small
irradiation spot r. = 300—400 nm described in this paper
[see Figs. 2(al)-2(el)] we don’t see remnants of gold on
the surface of silica inside the cavity under the shell of the
bump. Maybe the liquid gold film fragments into a set of
droplets on a surface of hydrophobic silica, and the droplets
move to the periphery of the circle under the shell under the
action of 3D effects and velocities directed along the
surface; also partial evaporation and redeposition onto
the rear side of the shell takes place.

Near the threshold F > F, the velocity vy, quickly
increases with the difference F — Fy,, > 0, see Fig. 6(a).
Below the threshold F < F'y, the momentum

ts/2
I = / p
-0

moving the vacuum part of a film is compensated by
the resistance of condensed gold to stretching, here
p(x =d/2,t) is pressure in the middle of the film. If
we overcome the threshold £, to a few tens of percents,
then the countermomentum produced by the resistance
force of condensed matter becomes small relative to the
momentum (A1). Then the center-of-mass velocity of the
vacuum part is vy, & I/(pd/2). This velocity roughly is
Z,/Z; ~7 times larger than velocity v, ,. near threshold.
This explains the growth of v, (F ) above threshold F,
in Fig. 6(a).

According to the particular series of the 1D 2T-HD
simulations summarized in Fig. 6(a), the values F il
Ve.m.|rup describing the threshold of rupture are rather small:
Fapslrap 740 mJ/em?, v, |y & 60 m/s. The large ratio
Z,/Z, results in a decreasing velocity v, ,, and an increas-
ing susceptibility of velocity vyu.(Fas) to the raising of

(x =4d/2,1)dt (A1)
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energy F,, above the threshold Fy,, see Fig. 6(a). Why do
we say that the values Fyly, and vep [y, are small?
Explanations are given below. The main problem is con-
nected with the comparison of relative positions of the
rupture threshold Fy,, from Fig. 6 and the threshold Fe
from Fig. 4 for the appearance of a through hole; we
compare their positions on the energy axis in Fig. 6.
Figure 6 presents the fast stage, it doesn’t know about
capillary forces r., and the rate of slow cooling at the one-
temperature stage. Definitely, Fyq. < Fy, for large spots
r.; indeed, for r. equal to many tens of microns, the
capillarity can stop the separated shell only very far away,
at distances ~r,; but it seems that the shell will break off
before the stopping; cooling is too slow for large r. to
freeze the shell; only edges are frozen. But for small spots
the situation is different, as we will see below.

Lety, v, (3), then we are near the bisectrix of the angle
between the horizontal and vertical axes in Fig. 4. The
bisectrix cuts the bumps-jets and jets-holes boundaries
taken from simulations at the points V, =V, ~ 0.38 and
~0.1, respectively.

In our experiments, the boundary conditions are softer
than in MD-MC simulation: only at the infinity a film is
held on the substrate (adhesion is weak) and only at the
infinity the temperature returns to the initial temperature of
a film equal to 300 K. While in MD-MC simulation a film
is held on the substrate in the narrow rim around the radius
r.; and cooling of the inflated shell is carried on by
supporting the fixed temperature below the melting temper-
ature in this rim, see Sec. III.

If we use the softer conditions in simulations, then the
threshold velocity v, ,, . necessary to shift from the regime
with bumps to the regime with jets will be smaller, because
the cupola is weaker mechanically connected to the film
and the cooling rate is lower since the cold bath—sink is
more distant. The estimates give a 30%—40% decrease of
the threshold velocity v, ,. Thus, the intersections of the
bisectrix with the bump-jet and jet-hole boundaries in
conditions closer to the experiment will be in the points
Vs =V, ~0.54 and ~0.14, respectively.

In our experiments, v, ~ 60 m/s, v, ~ 60 m/s (3), see
Sec. IV. If we take the threshold values V, = V. ~ 0.54 and
~0.14 corrected above, then the bumps exist in the range of
velocities 0 < v, < 110 m/s, while the jets and holes
appear when 110 < v, <400 m/s and v, > 400 m/s,
respectively. Comparing these high velocities with those in
Fig. 6(a), we see that the bumps, jets, and through holes fall
into the set of cases above the rupture threshold.

The rupture threshold F\,, in Fig. 6(a) has been found
from the 1D 2T-HD runs. The value F\,, depends on the
model of nucleation used in the code. The model has been
presented in Ref. [65]. The model is adjusted to the
spallation results of MD-MC simulations [66] and may
somewhat underestimate the material strength of gold. If
we calculate energy density €, = Fy,/d before the bulk

expansion stage at the threshold Fy,, =36 mJ/ cm? for
d=60nm as in Fig. 6(a), then we will obtain
€np ~ 0.64 eV /atom. The heat of vaporization (cohesive
energy E.y,) of gold is 342 kJ/mol = 3.4 eV/atom.
According to Ref. [67], the ablation threshold F, for a
freestanding Al or Cu film is 28%-30% of E.,; above the
threshold F,, the freestanding film separates into two
halves; thus, the ablation threshold is equivalent to the
rupture threshold above which a film also separates
into two parts. Cu is similar to gold, therefore €, =
0.95-1 eV/atom according to Ref. [67].

The shift from e, ~ 0.64 to 0.95-1 eV /atom increases
Frpand v \mp to 60 mJ/cm? and 90 m/s. A correspond-
ing continuation of the regime of separation as a whole with
dependence v, (Fyps) and the shift of the threshold F,
are shown in Fig. 6(a) by the dashed-line curve split at the
end point to two branches. Additional corrections are
related (i) to the small decrease of the threshold e, from
the value 0.95-1 eV /atom because film in our 1D 2T-HD
simulations is 2-3 times thicker than the films studied in
Ref. [67]; (ii) and with the small increase (from the value
0.95 — 1 eV /atom) proportional to Z,/Z,, since due to the
presence of a substrate the rarefaction wave C coming to
the middle of the film from the substrate side is weaker than
the rarefaction produced by the expansion into vacuum (the
substrate becomes mechanically equivalent to vacuum in
the limit Z,/Z, — 0).

Additional factors increasing the threshold Fy,, in
Fig. 6(a) are linked to (i) an increase of resistance to
stretching thanks to the existence of foam and to (ii) the 3D
character of blistering [see the diagrams on the right-hand
side of Fig. 6(b)]. These factors are illustrated in Fig. 6(b).
The middle and bottom diagrams in the left column in
Fig. 6(b) schematically present membranes in the foam in
the plane case: r, = co. The membranes mechanically link
the vacuum and contact parts of the film after nucleation.
These links reinforce a film against rupture. For the same
reasons, the nucleation threshold is lower than the ablation
threshold [20,26]. This is why the frozen cavities remain.
But comparisons made in Note 4 below don’t give
significant changes in the thresholds.

In the model of rupture, used in the 1D 2T-HD code, the
condensed matter is ruptured (pressure drops to zero) as the
criterium of nucleation is fulfilled. Of course, this is an
approximation. The real situation is shown in Fig. 6(b). The
foam and the curvature of the bump may hamper the total
rupture, thus increasing the values Fi, and v, |, against
the values given by the 1D 2T-HD code. But the discussion
in Note 4 does not support this suggestion.

The analysis presented above shows that even in the
range of high fluences F,, = 40-80 mJ/cm? it is still
possible to keep the bump with the jet structures at the
surface of the substrate (avoiding its total rupture and
formation of a through hole) in spite of high values of
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velocity v,,.. This is possible due to the high NA of the lens
yielding in the relatively small (relative to previous experi-
ments) size of an irradiated spot R, = 600 nm, see Fig. 2.

Velocity v,,. is established after the breaking of the
mechanical connection through the foam between the
vacuum and contact parts of the film. The only slow
mechanical deceleration by surface tension directed tan-
gentially along the surface of the vacuum part remains after
the rupture of the foam. This kind of deceleration appears
due to ties of the flying vacuum part with the solid film
outside the separation radius. This deceleration becomes
more significant with an increase of curvature of the flying
film. Until the foam survives, the curvature is small and the
deceleration of the vacuum part is accomplished by the
liquid membranes forming the foam; this is illustrated in
the left column in Fig. 6(b). At this stage the forces are
directed normally to the surface of the vacuum part.

It should be mentioned again that below the rupture
threshold F,, the film separates as a whole. Thus, the rear
side (opposite to the vacuum side) of the shell of the bump
is smooth [see the upper diagrams in the left and right
columns in Fig. 6(b)] because the contact between a film
and substrate is smooth and the separation (the rupture of a
contact) of a film from the substrate is continuous (no
random nucleations). Above threshold F,,, the internal
rupture of a film takes place. This process begins with
random nucleations in the middle of the film [see the
bottom diagrams in Fig. 6(b)]. The process continues with
the formation of a two-phase liquid-vapor mixture trans-
forming gradually into foam between the vacuum and
contact parts of the film separated later from each other.
This stage is shown in the bottom diagrams in Fig. 6(b), see
also Note 4.

As it was mentioned above, the liquid membranes inside
the foam connect mechanically and thermally the vacuum
and contact parts during some time period. Because of
mechanical connections, the vacuum part is slightly decel-
erated during this transition stage (transition from the
connected stage to the separated stage). The thermal
connections cool the vacuum part through foam. The
remnants of the foam exist for some time at the rear side
of the vacuum part. Thus, above the threshold F,,, for some
time the rear side cannot be regarded as a smooth surface
opposite to the cases below threshold F',,; compare the top
and bottom diagrams in the right column in Fig. 6(b); see
also Fig. 7.

High values of velocity v,,. mean that the first droplet
will also have a high velocity. This droplet appears above
the threshold for the separation of the first droplet from
the jet. The first droplets fly perpendicularly to the surface
of the substrate with a very narrow angular distribution.
Thus, using a high-NA lens producing an extremely small
optical spot provides the way to produce such fast, exactly
directed droplets, a feature crucial for LIFT laser printing
technology.

FIG. 7.

Influence of curvature and nonlocal lateral interactions
on dynamics. ¢ = 665 ps. (a) 1D MD run (No. 353). 1D means
that r. = co and average lateral gradients are equal to zero.
Periodic boundary conditions are imposed on the lateral sides of
the computational rectangle. (b) 3D MD run (No. 355), 192 x 10°
atoms. Periodic boundary conditions are used on the lateral sides.
The spatial period between the sides is 1000 nm. Both runs
correspond to F/Fy,, = 1.4, where F, is the rupture threshold;
in 3D the value F is fluence in the tip. Initial structures of both
runs along the normal direction are similar: there are the gold film
100-nm thick and underlying glass layer (substrate) 250-500-nm
thick. Simulations show that lateral gradients defined by the
aspect ratio 100:1000 of thickness to lateral period weakly
influence the expansion; see also Fig. 8 and text. This conclusion
follows from the comparison of heights of the vacuum bounda-
ries. Colors present values of the symmetry parameter: red refers
to liquid Au and glass, while green refers to solid Au and glass.

Note 3. Nonlinear absorption.—Absorption coefficient
A depends on a state (electron and ion temperatures,
density, transition layer) of reflecting matter and surface
of a target. In reference books, e.g., Refs. [39,40], values A
are measured under normal conditions and for clean
surfaces. Coefficient A may strongly change even during
an ultrashort (tens or hundreds of femtosecond) pulse, see,
e.g., Ref. [68] where pump-probe measurements are
employed and a strong enhancement of the absorption
due to the thermal excitation of d-band electrons of gold is
observed. This change influences the absorption of a pump
pulse. The effect is very important in the case when prior to
a pulse an absorption is weak A ~ 1%. Changing reflection
R from 99% to 70% will increase the absorption x 30.

Coefficient A ~1%-10% relates to well-reflecting
metals and photon energies € outside their d bands;
for gold ¢ <2 eV. Namely, in this case the nonlinear
enhancement of absorption is important. For metals with a
d band around the Fermi level (like Pt, Ta) or metals like
gold illuminated by harder photons (¢ > 2.2 eV for Au) the
effect of changing of absorption A is much less significant;
see the comparison between Ag and Pt dependencies A
(A = fixed, Fi,) in Ref. [69], A = 800 nm = fixed in
Ref. [69] is below the d-band edge for Ag. In all of
these cases the absorption A is high (tens of percent) in the
linear conditions (when the intensity of illumination is
infinitesimally low). According to Ref. [69], in cases with
highly reflecting metals, appreciable changes in the absorp-
tion of a pump pulse begin when the absorbed fluence
is higher than ~20 mJ/cm?. Value A ~0.35 for our € =
2.41 eV on gold does not change during pulse in our range
of fluences.
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Note 4. Discussion.—Note 2 above is devoted to
physical reasons why the rupture threshold appears. The
reasons are the same as in the case of free-standing film
previously considered [66,67]. 2T-HD gives the threshold
value F,, =36 mJ/ cm? for 60-nm film, see Fig. 4.
The situation with film and substrate has been considered
in Ref. [70] by MD methods. There is a 100-nm Au
film strongly attached to the glass substrate (large cohe-
sion). Thus, as the absorbed fluence increases, only internal
rupture is possible. Value Fy,, = 46.5 mJ/ cm? in Ref. [70].
This value is rather close to Fy,,=36mJ/ cm? if we use
proportion to mass 46.5 x 60/100 = 28 mJ/cm?; mass is
proportional to thickness. The increase of contact cohesion
shifts the separation threshold to the upper values.
Separation disappears when the separation threshold over-
comes the threshold F,. The value Fy,, doesn’t depend on
cohesion, because rupture takes place before the stretching
of contact begins (see Note 2).

Comparisons between 1D 2T-HD, 1D MD, and 3D MD
are shown in Figs. 7-9. Figures 7 and 8 present 1D and 3D-
2D MD runs (brief information about these simulations is
given in Ref. [70]). They are compared in order to under-
stand the importance of lateral gradients. In 1D MD an
irradiated spot is infinitely large r. = oo and the average
lateral gradients are equal to zero. The 3D-2D MD run
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FIG. 8. Comparison of 1D No. 353 (see Table II) and 3D-2D
No. 355 expansions in places with equal local values of
F = 1.4F ;. For the 3D-2D case this is the central zone around
the plane y = y., where y, is the y coordinate of the tip point. The
3D MD run shown in Fig. 7(b) has a depth in the z direction equal
to 8.2 nm. Directions x, y, and z relate to the expansion direction
(vertical direction in Fig. 7), horizontal direction in Fig. 7, and to
the normal to the plane of picture, respectively. The z depth is
small relative to the x, y sizes. Thus, the nucleation and initial
expansion of voids start in the 3D environment. But later the foam
transits to 2D expansion. Therefore, we call this case the 3D-2D
case and write “2D” for the corresponding mass distribution
(rho(x)) obtained by averaging along the planes x = const. The
edge points x;.; where (p(xjeq)) = 0 for 1D and 2D distributions
are approximately the same. This means that the 3D-2D effects
(finite size of r,) weakly influence the dynamics of expansion for
r. ~1000/2 = 500 nm.

corresponds to the spot with finite lateral size r.~
1000/2 = 500 nm. Mass distributions {p(x)) in Fig. 8
are obtained by averaging

(p(x,1)) = (L),LZ)‘I//p(x,y,z,t)dydz, (A2)

where L, L, are dimensions of the rectangular cross
section x = const of the simulation box, [ [, means the
integration over this cross section. In 3D-2D geometry the
plane x = const crosses mass curved due to finite size r,. of
the illumination spot. Therefore, 3D-2D distribution (p) in
Fig. 8 is more smeared along the x axis relative to the 1D
distribution. Comparing 1D and 3D-2D we conclude that
the influence of finite size r. & 500 nm is weak and even
has an opposite sign: x.; for 3D-2D in Fig. 8 is more to the
left relative to the 1D one; this is caused by thermal
fluctuations creating nuclei of voids and their stochastic
interactions and coalescence randomly curving the vacuum
boundary, see Fig. 7(b). For small r. of the order of
thickness of a film, the 3D effects should decelerate
expansion relative to the 1D case (when r, = o0).
Nevertheless, comparing the 1D 2T-HD and 1D MD
velocities V,. in Fig. 9, we see that a spallation plate flies

FIF,,
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© @ 300f rupture o
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% 5 melting ’ -
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Absorbed fluence (mJ/cm?)

FIG. 9. This is the 1D 2T-HD dependencies taken from Fig. 4
(gray and red filled circles) compared with the six 1D MD runs
Nos. 350, 351a, 351, 352, 353, 354 (from Table II) shown by the
green filled squares. The snapshot # = 0.665 ns of the case No.
353 is presented in Fig. 7(A). These runs are followed up to the
stage of rupture of all membranes connecting the contact part of a
film and the vacuum part (spallation plate) of a film; see Fig. 4(b).
This refers to the last four runs which are above the rupture
threshold F,,. Their green squares give asymptotic velocities
V.m.sp of the center of mass of the spallation plates (SP). Values
of Fpy, for 1D 2T-HD and 1D MD simulations moderately differ,
see beginning of Note 4. Therefore, 1D MD velocities V. ,, sp (or
Vyac) are shown as the function of normalized fluence F/Fy,
given at the upper horizontal axis. While the 1D 2T-HD velocities
Vem and Vi sp (or V,.) depend on absorbed fluence given at
the bottom horizontal axis.
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TABLE II.  Increase of temperature 7', and decrease of thick-
ness of a spallation plate d, with an increase of absorbed fluence
in the six 1D MD runs.

F/Fryp Ty, (K) dg, (nm) No.
0.783 350
0.957 351a
1 1560 39 351
1.21 1790 40.5 352
1.43 2020 37 353
1.63 2260 34.9 354

faster in hydrodynamics, probably because the deceleration
by membranes in foam is absent. Let us mention that the
amount of velocity ~60 m/s should be extracted from the
1D 2T-HD spallation velocity V... (Fs) in Fig. 9 because
the temporal interval of positive contact pressure doesn’t
add momentum to the film in the case of large adhesion.

A decreased value of the electron heat conduction
coefficient x is used in 1D and 3D-2D MD simulations
shown in Figs. 7-9. Therefore, there is a solid layer of gold
near the contact with glass in Fig. 7; solid is green, liquid is
red. The narrow layer of glass near the contact is molten
thanks to its ion thermal conductivity; we neglect electron
conduction in glass. Temperatures 7', and thicknesses of
the spallation plates d, as functions of absorbed energy are
given in Table II.

Above, around Figs. 7-9 we have discussed the signifi-
cance of lateral gradients (applicability of local approxi-
mation) and have concluded that for r. > 500 nm they are
of small importance. The only place that should be checked
in the future relates to matching between the molten spot
and solid film outside the spot. Because the simulations
from Table I have a narrow transition area outside the
bump, which definitely increases the velocity V., neces-
sary to form a jet and thus decreases the distance from an
origin to the jet-bump boundary in Fig. 4; here, we worry
about the correspondence between theoretical and exper-
imental jet-bump boundaries in Fig. 4.

The simulation shown in Fig. 7(b) doesn’t include a
cooling thermostat at the left and right lateral edges. Thus,
it is difficult to imagine how the experimental situation may
look above the threshold Fy,.

To be closer to experiment, the simulations box laterally
extending around the molten spot is necessary. In our
simulations presented in Table I the square simulation box
is only 8% (the side of the square is 140 nm while the
diameter of the circle is 130 nm) and 4% (270/260) larger
than the circle of bump basement.

(1) The thermal sink should be placed far from the edge
of the cupola. The sink supports 7 = 300 K. Thus, the
melting and recrystallization front is somewhere in between
the sink and the center of the hottest spot. Its radius
increases quickly during the 2T stage, then for some time
increases slowly, and after that begins to decrease at the

nanosecond time scale due to the gradually propagating
recrystallization front. The distance of the order of the
cupola radius from the edge of the cupola is enough for
posting of the sink thanks to 2D spatial expansion of the
cooling flux along the metal film from the hot spot to the
cold peripheral region of the film.

(i1) Another important ingredient is the resistance of a
solid film to its bending. This effect alone (even at zero
cohesion) defines the value of the threshold for nanobump
formation. The mass of a whole film is infinite, thus the
finite amount of momentum directed to vacuum and
transferred during the acoustic time scale inside an irradi-
ated spot to the film is not enough for significant bumping;
bending of the solid film has been considered in
Refs. [41,42] for pulse-durations—thickness—film-material
30 fs/40 nm/Au and 30 ns/200 nm/SnO, respectively.
To significantly bend a solid film, we have to melt it
inside a spot having a rather significant size.

In Ref. [33] the simulation circle is 25 times larger
(125 nm versus 5 nm) than the radius of the laser beam
equal to R; = 5 nm. Extremely large energy 3.1 J/cm? is
injected into this laterally very small spot (the thickness of a
Ni film is 20 nm). During the time interval 7., (few
picoseconds, duration of 2T stage) this energy spreads
out radially filling up a spot with the radius of the order of
thickness of a heat-affected zone in a bulk Ni target. After
the equilibration of electron and ion temperatures, a
coefficient of electron heat conduction in Ref. [33] drops
down to its value x,; known from reference books. The
value k¢ isn’t scaled down as it is described above in
Sec. III. Therefore, the situation considered in Ref. [33]
corresponds exactly to the case with the radius R; = 5 nm.
It cannot be applied to illuminations with optical radiuses
R; of the order of a few hundreds of nanometers and larger;
because small-radius R; and normal-conduction k. sup-
press jet formation—a bump freezes too fast. Indeed, the
value k¢ in Ref. [33] is large, thus thermal velocity v, (3) is
large for so small R; . Then the relative thermal number V,
(2) is large in spite of a huge injected energy 3.1 J/cm? In
these conditions the bump begins to recrystallize quickly, it
does not have time to develop a jet.

There is a common method [71] (InE,R3,) used to
measure the transverse radius R, of a laser beam, here E is
a pulse energy. This procedure is based on the two
assumptions: (i) the fixed modification degree of a target
depends only on the local absorbed fluence and (ii) the
fluence distribution may be approximated by a Gaussian
function. However, for our conditions with a very small
irradiation spot the first assumption is not accurate.

Let us discuss important data presented in Fig. 1(h)
showing the dependence of the geometrical size of the
corresponding type of the structure (marked with different
colors) on the applied pulse-energy—absorbed fluence. The
three colored parts of this dependence fitted with the
straight lines have a different slope for fixed focusing
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conditions (R, = const) used in all three fluence ranges,
which means that the first assumption made in Ref. [71] is
not applicable; there is significant nonlocal influence.
Another important point is that the optical beam radius
Ryp = 630 nm estimated using an expression Rq, =
0.611 (NA)~! differs from the approximate radius of
~450 nm derived for the bumps and jets in Fig. 1(h) by
the common approach [71]. Let us restrict ourselves by
discussion of the fluence range required to produce nano-
bumps and bumps with jets atop. Absorbed fluences are of
the order of predicted in our simulations. The experimental
bumps in Fig. 1(h) are formed above the threshold equal to
~20 mJ/cm?, while in the 1D approximation this value
should be equal to 0 in the absence of cohesion. The value
of 20 mJ/cm? slightly overcomes the melting threshold for
our gold film; see Fig. 4. It seems that both the resistance to
bending and some possible small cohesion contribute to the
corresponding increase of the bumping threshold. Thus, it
is not surprising that additional factors increase the thresh-
olds relative to modeling. Therefore, the rupture threshold
in Fig. 4(a) is shifted to its possible position in the point
F s ~ 60 mJ/cm?, ~110 m/s.
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