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MEXAHN3Mbl POCTA BbIHOCA BEWECTBA N3 3PO3NOHHOI O
KPATEPA MPU AIBYXVMMY/TbCHOW NA3EPHOW ABNALNN
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MpeacTaBneHbl pe3ynbTaTbl IKCNEPUMEHTANbHOIO UCCeJ0BaHNA MEXaHU3MOB pocTa abnauum MeTanoB cABo-
EHHbIMY Na3epHbIMU HAHOCEKYHAHLIMY UMMy/bcamu. [oKa3aHo, YTo PoCT BbIHOCA BELLECTBa M3 3PO3MOHHOIO Kpa-
Tepa MU POCT UHTEHCMBHOCTW CMEKTPabHbLIX IMHWIA Na3epHO-3MUCCUOHHO Nia3Mbl, NPY BO3AENCTBUN Ha MeTa//n-
YECKYK0 MULLEHb CABOEHHbLIMW fla3epHbIMU MMMy bcamu, 06YCNOBNEHbI BbICOKOM TemmepaTypoli Kpatepa (600-
7000C 1 6onee), 06pa3oBaHHOIO MEPBLIM SlA3ePHBIM MMMY/ILCOM. Bo3aeliicTBME BTOPOro 1a3epHOro MMMNysbca Ha
«rOpsYYHO» MOBEPXHOCTb TOFO XKe CamMoro kpatepa NPUBOAWT K CYLLECTBEHHOMY CHVDKEHWIO 3aTpaT 3Heprum Ha ee
HarpeBs. 3Heprvs BTOPOro fla3epHOro UMMy/sibCa B OCHOBHOM 3aTpaynBaeTCs Ha BbIHOC BellecTsa (nasmbl) U3 Kpa-
Tepa. Kpome Toro, «ropsyas» NnoBepxHOCTb KpaTepa 06n1aaaeT 6051ee BbICOKOW MOr/oLWatoLLei crnocobHOCTbIO Na-
3epHOr0 M3MyyeHus. J1la3epHO-3MUCCUOHHbIA Ma3MeHHbIN (haken, 06pa3oBaHHbI BTOPLIM N1a3epHbIM UMY LCOM,
BbIHOCWT 13 KpaTepa B HECKO/IbKO pas3 ([0 0AHOro nopsaka) 6osblue BeLecTBa, Yem hakes, 06pa3oBaHHbIA NepPBbIM
NasepHbIM UMMY/bCOM. ITO MPUBOAUT K TOMY, Y4TO CyMMapHbIii BbIHOC BELLECTBA M3 3PO3MOHHOr0 KpaTepa napoi
Na3epHbIX UMMNY/bCOB MPEBbILIAET BbIHOC BELLECTBA OAMHOYHBIM MMMY/LCOM B 2-5 pa3 v 3aBUCUT OT MaTepuana
MULLEHW. [Py 3TOM 3Heprus Napbl Na3epHbIX UMMYNbCOB PABHA 3HEPT UM OAMNHOYHOTO MMMY/bCA.

KntoueBble cnoBa: nasepHast abnsums; 3pO3VOHHBIA KpaTep; Na3epHO-3MUCCUMOHHAS MasMa; Mia3MeHHbIR (a-
Ken; BbIHOC MaTepuaa; MHTEHCUBHOCTb CMEKTPANIbHOIN IMHUM; CABOEHHbIE fla3ePHbIE UMMY/IbChI.

MECHANISMS OF GROWTH OF SUBSTANCE OUTLET FROM
AN EROSION CRATER DURING TWO-PULSE LASER ABLATION
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The article presents the results of an experimental study of the mechanisms of metal ablation growth by double
laser nanosecond pulses. It is shown that the growth of the substance removal from the erosion crater and the growth
of the intensity of the spectral lines of the laser-emission plasma, when a metal target is exposed to double laser
pulses, are due to the high temperature (600-7000C and more) of the crater formed by the first laser pulse. The
action of the second laser pulse on the “hot” surface of the same crater leads to a significant decrease in the energy
costs for its heating. The energy of the second laser pulse is mainly spent on the removal of substance (plasma) from
the crater. In addition, the “hot” surface of the crater has a higher absorption capacity of laser radiation. The laser-
emission plasma torch formed by the second laser pulse removes from the crater several times (up to one order of
magnitude) more substance than the torch formed by the first laser pulse. This leads to the fact that the total removal
of matter from the erosion crater by a pair of laser pulses exceeds the removal of matter by a single pulse by 2-5
times and depends on the target material. In this case, the energy of a pair of laser pulses is equal to the energy of a
single pulse.

Keywords: laser ablation; erosion crater; laser emission plasma; plasma torch; material removal; spectral line
intensity; dual laser pulses.

BBegeHune Mpun BO3A4eNCTBUM CHOKYCUPOBAHHLIM fla-

B3anmopeincTeme MHTEHCUMBHOIO Na3epHO- 3epHbIM U3/lyYeHUeM Ha TBEpPAOe TeNo Ha ero
ro M3ny4YeHUs C martepuanamum uccnegyertcs NMOBEPXHOCTU 06pa3yeTcs 3PO3NOHHbIN Kpa-
NPakTUYeCcKn ¢ MOMeHTa OTKPbITUA /1a3epoB. Tep, NPOUCXOAMT BbIHOC BellecTBa Nla3epHo-
Na3epHoe n3ny4yeHWe LWMPOKO MCMONb3yeTcA 3MUCCUOHHBIM  NNa3MeHHbIM  (hakesioMm B
BO MHOIMX 06/1aCcTAX HayKW, TEXHUKW U Mpo- OKpy>atouiee npocTpaHcTBo. lMpeactaBnset
M3BOACTBA, OfHAKO MPOLECChbl, Npoucxoas- NHTepec MccnefoBaHMe MeXaHM3MOB BblHOCA
Me Npu 3TOM, A0 KOHLA €eLle He W3y4YeHbl. BELleCcTBa M3 KpaTepa ANa Leneil 06paboTkm
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MaTepuasioB nasepHbiM u3nydeHnmem [1-3];
nccnefoBaHne NpoLeccoB, NPOUCXOAALLUX B
Na3epHO-3MUCCUOHHON nNnasme Ang opmu-
pOBaHMA MOKPbITUA N HAHOCTPYKTYypupoBa-
HUA BellecTBa [4]; nccnefoBaHue U3nyveHns
nnasmbl A0S Na3epPHO-3MUCCUOHHON  Chek-
Tpockonun (LIBS) [5-7]. B page paboT yka-
3bIBa/I0Cb, YTO WCMO/b30BAHNE CLBOEHHbIX
NasepHbIX MMNYNbCOB ANd 06paboTKM MmaTe-
pnanoB 3HaYUTe/IbHO YBENMUYMBAET CKOPOCTb
abnaumm no CpaBHEHUIO C OJUHOYHBIMU UM-
nynbcamu, OAHaKO WUCCNefOBaHUI0 MeXaHW3-
MOB 3TOr0 SAB/IEHUS [O/DKHOr0 BHUMAaHUA
yefeHo He 6bino [8-10].

OKCNepMMeHTa/ibHaa yCTaHOBKaA

JKcnepnMeHTanbHas yCcTaHOBKa OnucaHa
B [11]. Wcnonb3osanca YAG:Nd3+ nasep,
paboTaloWmnin Ha gnnHe BOAHbI 1.06 MKM Kak
B peXWMe OfWHOYHBLIX, TaK W B pexume
CABOEHHbIX (MapHbIX) UMNYNLCOB U3NYYEeHUS
ANNTENbHOCTbIO N0 ~15 HC Kaxablii. Me-
XUMMYNbCHbIA WMHTEpPBan MOr peryampo-
BaTbCA B guManasoHe 1-300 mkc. SHeprusa na-
3epHbIX MMMY/MLCOB MOTrfa M3MEHATLCHA OT 5
no 32 mx. Nccneposanach aPeKTUBHOCTD
BbIHOCA BELLEeCcTBa Ha npumepax altoMUHUS,
Mefn, HUKEeNs, HepXasetowei ctann. LN3ny-
YyeHue nasepa (POKycMpoBanoCb Ha MOBEPX-
HOCTb METa/JINYECKUX MNACTUHOK B MNATHO
gvnametpom MeHbwe 0.5 wMMm. T1nOTHOCTH
MOLLHOCTM /f1a3epHOr0 W3/ly4eHUs Ha MuULLe-
HU cocTaBnsna go 109BT1/cm2.

PesynbTaTbl U UX 06CYXAEHNE
MpoBefeHHbIe 3KCMEepUMEHTaNIbHbIE WUC-
cnefoBaHUA Mokasanu, YTo TOMWMHA abnu-
POBAHHOI0 C/I0S CABOEHHbLIMW Na3epHbIMU
nmnynbcamm antoMnHUS B ~5 pas, mean B ~6
pa3, HUKENs 1 HepXaBeroLen ctanm B ~4 pa-
3a 6onblle, 4yem TONWMHA abAMPOBAHHOIO
CNosA 3TUX MEeTasNoB OAUHOYHLIMU UMMY/ib-
camun C 3Heprueli paBHOM 3HEPrun CABOEH-
HbIX MMNYNbCOB. MEXUMNYNbCHbIA WHTEp-
Ba/i Npu 3TOM cocTasnan 1 Mkc. PacueTsl,
npoBefeHHble NO MeToAuKe [4, 5], nokasbl-
BaKOT, YTO BTOPOW NasepHbIi uMNynbc obec-
neuymBan BbIHOC MaTepuana U3 Kpatepa
60NbLWINIA, Yem MepBbIii B ~9 pa3 A4nd antomu-

HuA, B ~11 pa3 gna mean n B ~7 pa3 Ansa Hu-
Kens n Hep)kaBeloLlel cTanw.

Mocne BO3A4ENACTBUA Ha MULLEHb MePBbIM
nasepHbIM UMMYNLCOM TemnepaTtypa obpaso-
BAHHOrO KpaTepa B TeyeHUE HECKO/bKUX
MWKPOCEKYH[, OCTaeTCA BbICOKOMW, a Ans Me-
TanNoB C HWU3KOW TemnepaTypol naBneHus
B Kpatepe HaxoauTca pacnnas. Bo3sgeiicTBue
BTOPOrO /1a3epHOr0 MMMy bCa Ha «ropsvyo»
MOBEPXHOCTb TOr0 e camoro Kpartepa npw-
BOAWUT K CYLLECTBEHHOMY CHUWXEHMWIO 3aTpar
3HEPrumn Ha ee Harpes. SHepPrus BTOPOro na-
3epHOro Mmnynbca B OCHOBHOM 3aTpayuBa-
eTCA Ha BbIHOC BeLLecTBa B BUAE MNasmbl U
MUKpOKanesb. Takxe «ropayas» rMoBeEpPX-
HOCTb KpaTepa o6nagaeT 60/ee BbICOKON No-
rnowarLein cnoco6HOCTbI N1a3epHOro U3-
NYYEHUS, YTO NPUBOAMUT K LOMNONHUTENLHOMY
POCTY BblHOCA BellecTBa 13 Kparepa.

Hanuuune BbICOKOIM TemnepaTypbl B KpaTe-
pax NoATBepxAaeTcd HabnoLaeMbiMU KOJb-
LeobpasHbIMK LBeTaMW NobexanocTu, KOTo-
pble OKPYXalT KpaTepbl, HA METal/IMYeCcKmnx
nnactuHkax. Kpartepbl OKpy>eHbl 061aCTblo
OTOX)KEHHOr0 MeTaia, 4To MOoATBepXKAaet
TO, YTO MeTa/ibl ObIiM MOABEPXEHbI BO3-
[eNcTBUIO BbICOKOM TemrepaTypbl, KOTopas
npmBena K OKUC/IEHUKO WX MOBEPXHOCTEN U
N3MEHEHWIO CTPYKTYpbI.

PocT BblHOCaA BeLeCTBa U3 3PO3VOHHOIO
KpaTepa CU/IbHO 3aBUCUT OT MEXUMMNY/bCHO-
ro umHtepsana. OH pocTuraer Makcumyma
npyv MeXWUMMY/NbCHbIX WHTepBanax, CoCTaB-
naowmx 1-2 Mkc. C pocToM MeXumnysnbCe-
HOro MHTepBasa BbIHOC MaTepuana u3 aposu-
OHHOro Kpartepa pe3Ko CHwXaeTcs. And uc-
CMefloBaHHbIX METa/NNI0B CHWXEeHWe BblHOCA
maTepuana u3 Kkpatepa B 2 pasa Npomcxogut
yXXe NPy MeXMUMMYNbCHbIX MHTEpBanax OKO-
no 10 mkc. Mpn MeXMMNYNbCHLIX MHTEpPBa-
nax 6onbwmnx 10 MKC CHMXKEHUE BbIHOCA Ma-
Tepuana n3 Kpatepa ¢ pOCTOM MeXUMMybC-
HOr0 UHTepBasa NPONCXOAUT MefJ/IeHHEeE.

[ns oueHKN Temnepatypbl B 3p03NOHHOM
KpaTepe nocne AeicTBMA NepBOro /la3epHoro
UMNynbCa, MPOBOAUMIOCH CPaBHEHWE WHTEH-
CUBHOCTEM CMNeKTpanbHbIX NWHWIA un3ny4vae-
MbIX /1a3€PHO-3MUCCMOHHOWN Nna3Moii, obpa-
30BaHHOM OAMHOYHbLIMW NA3epPHbIMK  UM-
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nynbcaMu Ha HarpeTol A0 BbICOKOW Temmne-
patypbl MuweHn (go 1000 oC), C MHTEHCUB-
HOCTAMU 3TUX Xe JNIMHWIA M3nyvaemblX na-
3epHO-3MUCCMOHHOIN NnasMoli, o06pa3oBaH-
HOM CABOEHHbIMWU fla3epHbIMKU UMMNY/bCAMM
Ha TOW >Xe camMOil MULIEHW, HaxopsAllencs
NPy KOMHATHOM TeMmmnepaType aHanornyHo
[12]. Mpu paBeHCTBE MHTEHCUBHOCTEW CMeK-
TpaibHbIX JIMHWUIA MOXHO nonaratb, 4TO
Harpes MWLLEHW [0 BbICOKOW TemnepaTtypbl
9KBUBANEHTEH [eCTBUIO MEPBOro /1a3epHOro
nMmnynbca. B nepsom npubAMXKXEHUN MOXHO
cynTatb, 4TO TemnepaTypa J/10KanbHOro
Harpeea KpaTepa MepBbIM /a3epHbIM UM-
nynbCOM paBHa TemnepaType Harpesa Mu-
LEHN BHELWHUM MCTOYHUKOM. OLeHKa noka-
3blBaeT, YTO TemnepaTypa 3p03NOHHOI0 Kpa-
Tepa Yepe3 1 MKC nocne BO34eNCTBMA Nepso-
ro /1a3epHoOro vMMnysbca npu ABYXUMMNY/bC-
HOM (hOPMUPOBaHWUW Na3epHO-3MUCCUOHHON
nnasmbl coctasnseT 600-7000C n 60nee.

MaKCUMyM WHTEHCUBHOCTU CMeKTpab-
HbIX NIMHWIA Habnganacb NpU MeXUMNy/b-
CHOM MHTepBane B 1 mkc. OHa B 5-8 pa3 npe-
Bblllasna WHTEHCMBHOCTb 3TUX JIMHUIA Npu
OLHOMMMY/Ib.CHOM o06pasoBaHun nnasmel. C
POCTOM MEXMUMMYJ/bCHOro mHTepeana Ao 30
MKC OHa pe3ko nagana. Mpu mexumnynbc-
HOM WHTepBane ~50 MKC WHTEHCUMBHOCTb
3TUX IMHUIA YMeHbLlanach Ao 3 pas.

3ak/oyeHune

Takum 06pa3oM, OCHOBHbIM MeXaHU3MOM,
NMPMBOAALLMM K POCTY BbIHOCA BellecTBa U3
3PO3MOHHOI0 Kpartepa M poCcTy MHTEHCUBHO-
CTU  CMEeKTpaNibHbIX  JIMHWUIA  Nla3epHo-
3MUCCMOHHOWN NnasMbl NPY HAHOCEKYHHOM
ABYXUMMNY/IbCHOM /1a3epHOM BO3/eiCTBUM Ha
MeTal/ibl, SBNAETCA BbICOKas TemnepaTypa
Kpatepa, 00pa3oBaHHOro MepBbIM WMMY/b-
COM, a TakXe ero BblCOKas mnorsouiaTesibHas
CNOCOBHOCTbL K 1a3epHOMY U3NTYHYEHUIO.
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