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MEXAHU3MbI POCTA BBIHOCA BEHIECTBA U3 3PO3UNOHHOI'O
KPATEPA IIPU JIBYXUMIIYJIbCHOM JIASEPHOU ABJIALIUU

K.®. 3n0CcKO
I'poonenckuii 2cocyoapcmeennuiti ynusepcumem um. Anku Kynanwi,
ya. Oxcewxo 22, I'poono 230023, benapycsw, znosko@rambler.ru

[IpencraBneHbl pe3ysbTaThl SKCHEPHUMEHTAIEHOTO HCCIIEIOBAHUST MEXaHU3MOB POCTa abJISIIIMU METAJJIOB CIIBO-
€HHBIMH JIa3€PHBIMH HAHOCEKYHIHBIMH MMITyJIbcaMH. [Toka3aHo, 4TO poCT BBIHOCA BEUIECTBA M3 3PO3HOHHOTO Kpa-
Tepa ¥ POCT MHTEHCHUBHOCTH CIIEKTPAJIbHBIX JIMHUN J1a3epHO-IMUCCHOHHOHN IUIa3MBbl, IPH BO3ACHCTBUH HA METAIIIH-
YeCKyI0 MHUIIEHb CABOCHHBIMH JIa3€pHBIMU HMITYJIbCAMH, OOYCIIOBIICHBI BBICOKOH TemIeparypoil kparepa (600—
700°C u Gomee), 0Opa30BaHHOTO HEPBBIM Ja3epHBIM HUMIYIHCOM. Bo3meiicTBue BTOPOTO JIa3epHOTO MMITyJIbCa Ha
«TOPSAYYIO» TOBEPXHOCTH TOTO K€ CAMOTO KpaTepa NMPHUBOJIUT K CYIIECTBEHHOMY CHIDKCHHUIO 3aTpaT PHEPIHU Ha ee
HarpeB. DHEPTHUsl BTOPOTO JIa3€pHOTO MMITYJIbCa B OCHOBHOM 3aTPAavyMBAacTCsl HA BBIHOC BEIeCTBa (TIIa3Mbl) U3 Kpa-
Tepa. Kpome Toro, «ropsiuas» HOBEpXHOCTb KpaTepa obnazaeT Oosiee BHICOKOH IOTJIOMIAIONIEH CIIOCOOHOCTHIO Jla-
3epHOro u3nmy4yeHus. Jla3epHO-IMUCCHOHHBIN IJIa3MEHHBIH (hakel, 00pa30BaHHbBII BTOPHIM Ja3ePHBIM HMITYJIbCOM,
BBIHOCHUT U3 KpaTepa B HECKOJIBKO pa3 (0 OJHOTO MOpsiKa) OOJIbIle BeUIecTBa, 4eM (aken, 00pa3oBaHHBINA IEPBBIM
J1a3epHBIM UMITYJIbCOM. DTO HMPUBOAMT K TOMY, YTO CYMMAapHBII BBIHOC BEIECTBA U3 3PO3UOHHOTO KpaTepa mapoi
JIa3epHBIX UMITYJILCOB IPEBBIIIAECT BHIHOC BEIIECTBA OJMHOYHBIM MMITYJIECOM B 2-5 pa3 M 3aBHCUT OT MaTepHaia
mutneHd. [Ipy 3ToM sHeprus mapel Ja3epHBIX UMITYJILCOB paBHA SHEPTUU OJAMHOYHOTO UMITYJIbCA.

Kniroueswie cnosa: Jla3zepHas a6J'I$ILII/I$[; 3p03HOHHBII>'I KpaTep; Ja3€pHO-OMUCCUOHHAA IUI1a3zMa, IUTa3MEHHEIN (1)a—
KEJI; BBIHOC MaTcpuaia; MHTCHCUBHOCTb CHeKTpaHLHOfI JIMHWU; CABOCHHBIC JIa3CPHBIC UMITYJIbCBHI.

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 (600-700°C 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.

BBenenne IIpu Bo3melicTBUM CHOKYCHPOBAaHHBIM JIa-

B3aumopeiicTBe MHTEHCUBHOTO JIa3€pPHO- 3€pHBIM M3JIy4€HHEM Ha TBEPOE TEJIO Ha €T
ro M3JIy4eHHs C MaTepHallaMd HCCIeTyeTcs MOBEPXHOCTU 00pa3yeTcsi SpO3UOHHBIN Kpa-
MPAKTUYECKH C MOMEHTA OTKPBITHS JIa3€POB. Tep, MPOUCXOJUT BHIHOC BEIIECTBA JIA3€PHO-
JlazepHoe u3Iy4YeHHE IIUPOKO HCIOIb3yeTCs HSMHUCCHOHHBIM IIJIJa3MEHHBIM  (akeioM B
BO MHOTHX O0OJACTSIX HAYKH, TEXHUKHU U TPO- OKpYy’Karolmiee npoctpanctBo. llpencrapnser
W3BOJICTBA, OJIHAKO MPOIIECCHI, MPOUCXOMS- MHTEpeC UCCIIeJOBAaHNE MEXaHU3MOB BBIHOCA
1IUe MpU 3TOM, /10 KOHIIA €LIe HE U3YUYCHBI. BellecTBa M3 KpaTtepa Juis 1eneil 00paboTku
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MaTepUajoB Ja3epHbIM Hu3IyyeHuem [1-3];
HCCJIETOBAaHKE MPOIIECCOB, MPOUCXOISAIINX B
Ja3ePHO-OIMUCCHOHHON TUIa3Me it QopMu-
pPOBaHUS TOKPBITUI U HAHOCTPYKTYPHPOBa-
HUs BellecTBa [4]; uccieaoBannue U3IydeHus
IUIa3Mbl UL JTA3€PHO-DMUCCHOHHOM  CIIeK-
tpockonuu (LIBS) [5-7]. B psine pabot yka-
3bIBAJIOCh, YTO HCIOJb30BAaHUE CIIBOCHHBIX
Ja3epHBIX UMIYJILCOB UIE 00pabOTKU MaTe-
pHAJIOB 3HAYUTEIHHO YBEIMYUBAET CKOPOCTh
a0JIAMY TI0 CPABHEHHIO C OJMHOYHBIMU HM-
MyJIbCaMH, OJJHAKO UCCIIEJOBAHUIO MEXaHU3-
MOB OTOTO SIBICHUSI JIOJDKHOTO BHHUMAaHUS
yaeneHo He ow10 [8-10].

IKcnepuMeHTaJIbHasl YCTAHOBKA

DKCIepuMEHTalbHasl YCTaHOBKA OMKcaHa
B [11]. Ucnoms3oBancas YAG:Nd*" nasep,
paboraronuii Ha ayMHEe BoJIHBI 1.06 MKM Kak
B PEOKHUME OJWHOYHBIX, TaK U B PEKUME
CIABOCHHBIX (IMAPHBIX) UMIYJIbCOB U3TyUCHUS
JUIATENBHOCTRI0O MO ~15 HC Kaxnaeli. Me-
KUMITYJIbCHBIM HMHTEpBAJI MOT PETYJIHPO-
BaThCs B Auanazone 1-300 mkc. DHeprus Ja-
3€pHBIX WMITYJIbCOB MOTIJIA U3MEHSTHCS OT S5
1o 32 m/Ix. UccnenoBanack 3pPpeKTUBHOCTD
BBIHOCA BEIIECTBA HAa MPHUMEPAX ATIOMUHUSA,
MeI1, HUKEJs, Hep)KaBewen cramu. M3my-
YyeHue Jazepa (OKyCHPOBAIOCH Ha MOBEPX-
HOCTh METANINYECKUX INIACTUHOK B IISITHO
nuamerpom Menbie 0.5 mm. IlmoTHOCTH
MOIIIHOCTH JIa3€PHOTO HM3TYUYEHHUs Ha MHUIIIE-
" cocTaBisuia 10 10° Br/em?.

Pe3yabTaThl 1 HX 00CyKIeHHE
[IpoBeeHHBIE 3KCNIEPUMEHTAJIBHBIE HC-
CJIeZIOBaHUS TIOKa3ald, YTO TOJIIIMHA a0Iu-
POBAaHHOI'O CJIOSI CABOEHHBIMH J1a3€pHBIMHU
UMIyJIbCaMU aJIIOMHUHUS B ~5 pa3, Meau B ~6
pa3, HUKeJs U HeprkaBerole cTanu B ~4 pa-
3a Oousblie, YeM TOJIIMHA a0JIMPOBAHHOTO
CJIOSl ITMX METAJUIOB OAMHOYHBIMU MMITYJIb-
CaMH C DHEPrUeH paBHOM DHEPIUU CIIBOCH-
HBIX HMMITYJbCOB. MEXUMITYJIbCHBIH HHTEp-
BaJl IpU 3TOM cocTaBisl 1 Mkc. Pacyertsi,
MIPOBECHHBIE 110 MeToAuKe [4, 5], MOoKa3bl-
BalOT, YTO BTOPOW JIa3epHbIN MUMITYJIbC 0Oec-
HeynuBal BBIHOC MaTepualla U3 KpaTepa
00BN, YeM NEPBBIN B ~9 pa3 I alnoMu-

Hus, B ~11 pa3 qnsg meau v B ~7 pa3 i HU-
KeJlsd U Hep KaBeIoILer CTau.

[Tocne BO3AEHCTBHSA Ha MHILEHB IEPBBIM
Ja3epHBIM HUMITYJILCOM TeMIepaTypa oopazo-
BAaHHOTO KpaTepa B TEYCHHE HECKOJIbKHX
MHUKPOCEKYH/]I OCTAaeTCs BBICOKOM, a JIsl Me-
TAJUIOB C HHU3KOM TEMIEPATypOW IUIABIICHUS
B KpaTepe HaxoAuTcs paciuiaB. Bo3nelicTtue
BTOPOTO JIA3EPHOTO UMITYJIbCA HA «TOPSIUYIO»
IIOBEPXHOCTh TOr'O K€ CaMOIo KpaTepa IpH-
BOJUT K CYHIECTBEHHOMY CHIKEHUIO 3aTpat
SHEPIUM Ha €€ HarpeB. DHEpPrus BTOPOro Jia-
3€pHOr0 MMIYJIbca B OCHOBHOM 3aTpayvBa-
€TCsl Ha BBIHOC BELIECTBA B BUJE IUIA3Mbl U
MHUKpOKamnenb. Takxke «ropsdasy IMOBepX-
HOCTb KpaTepa obsagaer 6osee BbICOKOI Mmo-
IJIOINAONIEH CIHOCOOHOCTBIO JIA3€PHOIO H3-
JyYEHHUs], YTO MPUBOJUT K JOMOJHUTEIBHOMY
POCTY BBIHOCA BELIECTBA U3 KpaTepa.

Hanuuue BbICOKOH TeMIiepaTypsl B Kpate-
pax MOATBEpKAACTCS HAOIIOJACMBIMU KOJIb-
11eoOpa3HbIMH LIBETaMU MOOEXKAIOCTH, KOTO-
pbI€ OKPY>KAIOT KpaTepbl, HA METAJUTMUYECKUX
racTuHkax. Kpatepbl okpy» eHbl 00J1acThIO
OTOXCKEHHOTO MeETajlsla, YTO TMOATBEPKIAET
TO, YTO MeETaJibl ObUIM TMOABEP>KEHBI BO3-
JEUCTBUIO BBICOKOM TEMIEPATYpPhl, KOTOpas
MpUBEJa K OKUCICHUI0 UX MOBEPXHOCTEU U
WU3MEHEHUIO CTPYKTYPHI.

Poct BBIHOCa BemiecTBa M3 3PO3UOHHOTO
Kparepa CUIBHO 3aBUCUT OT MEXKUMITYJIbCHO-
ro uHTepBaia. OH AOCTUraeT MakCHMyMa
NP MEKHUMITYJIbCHBIX HHTEpPBaJiaX, COCTaB-
msaronux 1-2 mMrc. C pocTOM MEKUMIYJIbC-
HOTI'0 MHTEpBAJIa BBIHOC MaTepuaia U3 3po3u-
OHHOT'O Kparepa pe3ko cHuxkaercs. g uc-
CJICIOBAHHBIX METANIOB CHIKEHHE BBIHOCA
Marepuaia U3 Kpatepa B 2 pa3a IpOUCXOJIUT
yKe TIPU MEKHUMIYJIbCHBIX MHTEPBAJIaX OKO-
7m0 10 mxkc. [Ipyn MexuMIyJIbCHBIX WHTEpBa-
nax Oospmux 10 MKC CHM>KEHHE BBIHOCA Ma-
Tepuaia U3 KpaTepa ¢ pOCTOM MEXKUMITYJIbC-
HOTO MHTEpBaja MPOUCXOIUT MEJJICHHEE.

JIns OoLeHKU TemMnepaTypbl B 3pO3MOHHOM
Kparepe Iocje JeHCTBHs IEPBOTO JIA3EPHOTO
MMITyJIbCa, MPOBOJMIIOCH CPAaBHEHUE HMHTEH-
CUBHOCTEN CHEKTPAJIIbHBIX JIMHUW W3JIydae-
MBIX JIa3€PHO-IMHUCCHOHHOM MIa3Moi, oOpa-
30BaHHOM OJMHOYHBIMH JIQ3€PHBIMH  HM-
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MyJbCaMH Ha HArpeTol 0 BBICOKOW TEMIIE-
parypsl muieru (1o 1000 °C), ¢ uHTeHCUB-
HOCTSIMU 3THUX K€ JIMHUN HU3JIy4aeMbIX Ja-
3epHO-dMHUCCUOHHON TMa3Moii, 00pa3oBaH-
HOW CIBOCHHBIMH JIA3€PHBIMH HMITYJIbCAMHU
Ha TOM K€ CaMOM MHUIEHHU, HaXOMIALIEHCA
IIpM KOMHATHOH TemIepaType aHaJIOIMYHO
[12]. IIpu paBeHCTBE MHTEHCUBHOCTEN CIIEK-
TPaJIbHBIX JIMHUA MOXHO ToJjlaraTh, 4YTO
HarpeB MHILEHU JI0 BBICOKOW TEMIEPATyphl
SKBHMBAJICHTEH JEMCTBUIO IIEPBOIO JIA3€PHOIO
uMmIynbca. B mepBoM npubIuKeHHH MOXKHO
CUMTaTh, YTO TEMIIEpaTypa JIOKAJIbHOI'O
HarpeBa Kparepa IEpBbIM JIA3€pPHBIM HM-
IIyJIbCOM paBHa TEMIEpaType HarpeBa MH-
LICHU BHEUIHUM MCTOYHUKOM. OLIeHKa MoKa-
3bIBAET, YTO TEMIIEPATypa SPO3UOHHOIO Kpa-
Tepa yepe3 | MKC mociie BO3JeHCTBUS IEPBO-
IO JIa3€pHOr0 HMMITYJIbCA MPU JIBYXUMITYJIbC-
HOM (POPMHUPOBAHUU J1A3€PHO-IMUCCHOHHOM
ta3mel coctasisier 600-700°C u Gonee.

MakcuMyM HMHTEHCUBHOCTH CIIEKTpaJib-
HBIX JUHUN HAOII0/1a]ach MPU MEKUMITYJIb-
cHoM uHTepBaje B 1 mkc. OHa B 5-8 pa3 npe-
BBIIIAJIa MHTEHCUBHOCTh OJTUX JIMHUU TMpHU
OJTHOMMITYJIbCHOM OOpa3oBaHuM TIia3mbl. C
POCTOM MEKUMITYJILCHOTO MHTepBasia 10 30
MKC OHa pe3ko mnagana. Ilpu mexummyinbc-
HOM wuHTepBaie ~50 MKC HMHTEHCHUBHOCTH
STUX JMHUNA YMEHbIIaNach 10 3 pas.

3akirouenune

TakuMm 00pa3oM, OCHOBHBIM MEXaHHU3MOM,
MPUBOASIIMM K POCTY BBIHOCA BEIIECTBA M3
9PO3MOHHOTO KpaTrepa U POCTY MHTEHCUBHO-
CTM  CHEKTpaJbHbIX  JIMHUH  JIa3epHO-
SMUCCHUOHHOM IJIa3Mbl IPU HAHOCEKYHJHOM
JIBYXMMITYJIbCHOM JIa3€pHOM BO3JI€HCTBUU Ha
METaJlIbl, SIBISIETCA BBICOKas TeMIlepaTypa
KpaTepa, 0Opa30BaHHOIO MEPBBIM HMMITYJIb-
COM, a TaKX€ €ro BhICOKas IMOTJIOoLIaTeNIbHas
CIOCOOHOCTH K JIA3€PHOMY H3IIy4EHHUIO.
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