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B pa6oTe npeacTaB/ieH CpaBHUTE/IbHbIA aHaNU3
napamMeTpoB UMMYJ/IbCHbIX J1Aa3€POB U Jla3epHbIX
cucteM Ha napax meau (JINM v JICMIM) c gpyrumu
TUMaMU rasoBbiX U TBEPAOTE/IbHbIX J1a3€pOB U UX
BO3MOXHOCTWU NPOMbILIJIEHHOIO UCMOJIb30BaHUSA
B o6nactu o6paboTkm matepmnanos. [MokasaHo,
yto JINM c aAnnMHamMmu BOSIH usny4vyeHusa 510,6

M 578,2 HM, HQHOCEKYHAHOW AJINTENIbHOCTbIO
MMMYJ/IbCOB U CBETOBbIM NATHOM AUAMETPOM

[0 20 MKM C NJIOTHOCTbIO MMKOBOW MOLLHOCTU
10°-10" BT/ cM? 9BNA10TCA YHUKATIbHBIMMU
MHCTPYMeHTaMu A 3pPeKTUBHOMN

M KQ4YeCTBEHHOW MUKPOO6pabOTKU NpakTU4YeCKHU
NobbIX MeTannmyecknx u 6onbwioro Kpyra
HeMeTaNIn4yeckMx maTtepmanos.
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BBEAEHWE

OIHMM U3 IPOrPeCCHBHBIX TeXHOJIOTHYeCKHX
HaIlpaBJeHUH 3a MociaefHHe 20-25 JseT cTano
HCII0/Ib30BaHHE Ja3epPHBIX TEXHOJIOTHI B 3JIeKTPOH-
HOIM, aBTOMOOMJIBHOM, ABHAIMOHHOM, CYLOCTPO-
HUTeJbHOM, aTOMHOH IIPOMBILIIIEHHOCTAX, TOYHOM
nprubopocTpoeHUU U APYrUX chepax deloBeuecKok
IesiTebHOCTH. 3aMeTHO PaCIIMPSIOTCS 06/1acTH HX
HCII0/Ib30BaHHUS B 0OOPOHHO-IIPOMBIIIIEHHOM KOM-
nnekce. K 3TMM TeXHOJIOTHUAM OTHOCATCS pa3mep-
Has pe3Ka, CBapKa, PacKpoH, NPOLIKBKA OTBEPCTHUH,
TepMo0o6paboTKa, JIerupoBaHHe, I1OBePXHOCTHAS
obpaboTka, celeKTHUBHOe CIleKaHHe, MHKpoobpa-
60TKa, MapKHPOBKAa M TPaBUPOBKA C BBICOKMM pas-
pellleHHeM CaMBbIX Pa3HOOOpPa3sHBIX MaTepHasoB.
BHenpeHMe Jla3epHBIX TeXHOJOTHH IIPaKTHYeCKH
BCerjia MOBbILIIALT Ka4YeCTBO U IIPOU3BOJUTEILHOCTD

264 ®OTOHUKA TOM 13 N2 32019

COMPARATIVE ANALYSIS

OF LASER SYSTEMS

FOR THE MICRO-PROCESSING
OF MATERIALS

A.G.Crigoryants!, M.A.Kazaryan?, N.A. Lyabin?,
L. N. Shiganov'

! Bauman Institute, Moscow

2 LPI RAS, Moscow

3 NPP “Istok”, Fryazino, Moscow region

A comparative analysis of the parameters of pulsed
lasers and copper vapor laser systems (CVL and CVLS)
with other types of gas and solid-state lasers and
their industrial applicability in the field of material
processing. It is shown that CVL with radiation
wavelengths of 510.6 and 578.2 nm, nanosecond pulse
duration and a light spot with a diameter of up to

20 um with a peak power density of 10°-10""W / cm?
are unique tools for efficient and high-quality
micromachining of almost any metal and a wide
range of nonmetallic materials.
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INTRODUCTION

The use of laser technologies in the electronics,
automotive, aeronautical, shipbuilding, nuclear
industries, precision instrument-making and
other areas of anthropologic activity has become
one of the progressive technological trends in the
last 20-25 years, and their use in the defense
industry has significantly expanded. These
technologies include dimensional cutting,
welding, tailoring, hole piercing, heat treatment,
alloying, surface treatment, selective sintering,
micro processing, high-resolution marking and
engraving of materials. The introduction of laser
technology almost always improves the quality
and productivity of processing, ensures ecological
cleanliness of production, and in many cases
technical and economic results are achieved that
cannot be obtained by other processing methods.
A special place in the manufacture of electronic
products and precision instrument-making is
precision micro-machining.
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06paboTku, obecrieuyrBaeT 3KOJOTHUYECKYI0 YHUCTOTY
[IPOM3BOJCTBA, BO MHOTHX C/Iy4asiX JTOCTHUTAIOTCS
TeXHHUYEeCKHe U YKOHOMUYECKHe Pe3yabTaThl, KOTO-
pble Hesb3s IOAYYUTh APYTHMH MeToZaMHu ob6pa-
6oTku. Ocoboe MecTO B MPOU3BOACTBE H3IeTHH
3/IeKTPOHHOM TeXHUKH U TOUYHOM IpubopocTpoe-
HUU 3aHUMAET Mpelu3uoHHast MUKPoobpaboTka.

FA30OBbIE U TBEPAOTEJIbHbIE
TEXHOJTIOTMYECKWME NA3EPHDIE
CUCTEMDI

B KauecTBe MCTOYHHKOB M3JIy4YeHHS MOIYT 3pdex-
THBHO MCIIONB30BaTbCA M YK€ MCIIONb3yIOTCS
KOPOTKOMMIIY/IbCHbBI®, BBICOKOYACTOTHBIE, C MaJIOK
3HepPruer B HMIIyJIbCe H MaJbIM KO3pPHUIIHeH-
TOM OTpa’keHHs Jia3epbl BHUAMMOIO H YIbTPadHO-
JIETOBOTO AUAIla30HOB: TBEPLOTe/NbHBIE U Ca30BHIE,
B YaCTHOCTH, Jla3epbl M J1a3epHBIe CHUCTeMBl Ha
mapax menu (cm. Tabn.).

JTA3EPbI N TA3EPHbIE CUCTEMDbI HA
NAPAX MEAWN (INM U 1ICNM)

JIIIM u JICIIM ¢ IyIMHaMU BOJIH H3JIyYeHUS A=510,6
u 578,2 HM, HAHOCEKYHJHOH [JIUTEeJIbHOCTBIO
HMIYAbCOB (T,,, =20-40 Hc), 6GOABmIKUM ycuIe-
HueM akTHBHOM cpenbl (AC) (k=10-102 [6/M), cbe-
MOM CpelHeN MOIIHOCTH C OJAHOIO aKTHBHOTO 3Je-
MeHTa (AD) mo 750 BT, OTHOCHUTEJIbHO BBICOKMUMH
YaCcTOTAMH ITOBTOPeHHS HMITyabcoB (f=5-30 KI)
U HHU3KOM MMIy/IbCHOU 3Hepruer (W=0,1-10 m/K)
OCTAIOTCSl Ha CErOfHS CAaMbIMH MOIIHBIMH HMIIY/IbC-
HBIMHU HCTOYHHKaAMH KOTepPeHTHOIO M3/Iy4YeHHUS
B BUOMMON obnactu crekrpa [1-14]. C maHHBIMHU
napamerpamu JIIIM u Ipu yC10BUKM GOPMHUPOBAHKS
H3JIy4eHHs] OJHOIYYKOBOM CTPYKTYPhl ¢ IUPPAKIH-
OHHBIM KauyeCTBOM IIJIOTHOCTh IIHMKOBOM MOIIHOCTHU
B CQOKYCHPOBaHHOM IIATHE (d=5-20 MKM) Iake IIpu
OTHOCHUTE/IBHO MasblX 3HaUeHHUSIX CpefHeN MOIIHO-
ctu (P,,,=1-20 BT) mocTUraeT o4eHb BBHICOKHUX 3Ha-
yeHHH: p=10-10% BT/cm?. C TaKMMH YPOBHIMH
IJIOTHOCTH BHUJIMMOIO HM3y4eHHUs obecliednBaeTCs
3ddeKTHBHAS MUKpPOO6PaboTKA B HCIAPUTETBHOM
peskHMe KaK BBICOKOTEIUIONPOBOAHBIX — Cu, Al, Ag,
Au, Tak ¥ TyromiaBkux - W, Mo, Ta, Re u apyrux
MeTayssioB - Ni, Ti, Zr, Fe ¥ MX CIUIaBOB, CTaJIeH,
MHOT'HX II0JIyIIPOBOJHHKOB U JHU3/IeKTPUKOB — KpeM-
HHUS, MNOJIUKPUCTAIIMYECKOro aaMasa, candupa,
rpaduTta, KapbUmOB M HUTPULOB, MIPO3PAUHBIX
MaTepuanoB [15-19]. Kpome Toro, ans obecredeHUs
BBICOKOT'O KaueCTBa pe3a, XapaKTepH3yeMOoro MUHU-
MaJIPHOM 30HOH TePMHYECKOro BIHSHHUS (<3 MKM)
U IIepoXOBATOCTBIO (<1 MKM), HeCTabHIBHOCTb OCH
JUarpaMMBbl HaIlpaB/JeHHOCTH IIy4Ka H3/ydeHUs
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GAS AND SOLID-STATE TECHNOLOGICAL
LASER SYSTEMS

Short-pulse, high-frequency, low-pulse energy and
low reflectance lasers of the visible and ultraviolet
ranges: solid-state and gas, in particular, lasers and
copper vapor laser systems (Table) can be effectively
used and are already used as radiation sources.

COPPER VAPOR LASERS AND LASER
SYSTEMS (CVL AND CVLS)

Currently, the CVL and CVLS with radiation
wavelengths A=510.6 and 578.2 nm, nanosecond
pulse duration (t,,,=20-40 ns), large gain of the
active medium (AC) (k=10-102 Db/m), removal
average power from one active element (AE) to 750 W,
relatively high pulse repetition rates (f=5-30 kHz)
and low pulse energy (W=0.1-10 mJ) remain the most
powerful pulsed sources of coherent radiation in
visible spectrum [1-14]. With the given parameters of
the CVL and under the condition of the formation of
radiation of a single-beam structure with diffraction
quality, the peak power density in the focused
spot (d=5-20 pm), even at relatively small values
of the average power (R,4=1-20 W), reaches very
high values: p=10°-10" W/cm?. With such levels of
visible radiation density, effective micromachining
in the evaporative mode is ensured both by high-heat
conducting Cu, Al, Ag, Au, and high-melting W,
Mo, Ta, Re and other metals Ni, Ti, Zr, Fe and their
alloys, steels, many semiconductors and dielectrics:
silicon, polycrystalline diamond, sapphire, graphite,
carbides and nitrides, and transparent materials
[15-19]. Furthermore, to ensure high quality of the
cut, characterized by minimal heat-affected zone (<3
pm) and roughness (<1 pm), the instability of the
axis of the radiation beam pattern should be three
to four orders of magnitude less than the diffraction
divergence [04;¢,/ (103-10%)].

At low radiation power levels (1-10 W), CVL is usu-
ally constructively performed as a separate genera-
tor with one AE and an optical resonator. To obtain
medium (20-100 W) and especially high (units - tens
of kW) radiation power levels, CVLS are used, operat-
ing according to the master oscillator - power ampli-
fier (MO - PA) scheme with one or several AE as PA. In
CVLS, in comparison with CVL operating in the mode
of a single generator, higher powers and efficiency
and, therefore, micromachining productivity are
achieved [6, 10]. These pulsed lasers are also used as
efficient pumping sources of nonlinear crystals (NC)
of the BBO, KDP, DKDR type, which convert the vis-
ible CVL radiation into the second harmonic - 255.3,
289.1 and 272.2 nm, i.e., into the ultraviolet region
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IO/KHA 6BITh Ha TPHU-YeThIpe MoPsiKka MeHblIe -
PaKLMOHHON PACXOAUMOCTH [0,,4,/(10°-10%)].

IIpy MaJbIX YPOBHSX MOLIHOCTH HM3Iy4YeHUS
(1-10 Bt1) JIIIM 0OBIYHO KOHCTPYKTHBHO BBIIION-
HseTCS B BHIE OTHAEJIBHOIO0 reHepaTopa C OOHHM
AD W ONTHUYECKHUM PE30HATOPOM. [JId IIOIy4YeHUs
cpenHuxX (20-100 BT) M 0cobeHHO BBICOKHX (enH-
HULBI-eCATKU KBT) ypoBHeH MOIIHOCTH H3Jyue-
Hus npumensoorcs JICIIM, paboraromiue o cxeme
33IaI0M NN TeHepaTop - yCHINTeNb MOIIHOCTH (3T -
VM) ¢ OODHHM H/JIU HECKOJIBKUMHU AD B KaudecTBe
YM. B JICIIM mno cpaBHeHHUIO ¢ JI[IM, paboTatomem
B peXkMMe eIMHHWYHOIO reHeparopa, HOCTHUIAIOTCS
6osiee BhICOKHE MOIIHOCTU U KIIJ| U COOTBETCTBEHHO
IIPOM3BOAMTENBHOCTh MUKPoob6paboTku [6, 10]. Tu
MMIIY/IbCHBIE JIa3ePhl MCIIONB3YIOTCA U B KaydecTBe
3QPeKTUBHBIX MCTOYHHKOB HAaKa4KH HeTHHEHHBIX
kpuctawioB (HK) tuma BBO, KDP, DKDP, mpeob-
pasyoIinux BHUAMMOe u3nydeHuHe JIIIM Bo BTOpyio
FapMOHUKY - 255,3, 289,1 1 272,2 HM, T.e. B yJIbTpa-
duoneroByro obnacTs crekTpa ¢ KI1J 10-25%. Takue
IepecTparviBaeMble ja3epHble CHCTEMBI IIPeIIIOYTH-
TEeJIBHBI JJISI MUKPOOOPAbOTKH OpraHHUYecKHUX MaTe-
pHasnoB U Imoaumepos [5, 6, 10, 20, 21].

CO,-N1A3EPbDI

B TexHosmoruu 06paboTKM MaTepHUasoB TPaJHULIH-
OHHO IIMPOKO NpuMeHsI0TCsE CO,-71a3epsl C AIHHOHN
BOTHBI A=10,6 MkM. Mouiusle CO,-71a3epsl U TBEPHO-
TenbpHble HMK-nmasepsl (1-30 KBT) mpeuMylieCTBEHHO
HICITOIB3YIOTCS [JISI BBICOKOCKOPOCTHOM Pe3KH, pac-
KPOSI M CBAPKH YePHBIX META/VIOB U HepsKaBelolller
CTaIX TOMIIHMHOM 1-30 MM. OZHAaKO M3-3a BBEICOKOTO
KodbdunreHTa oTpaskeHUs (>95%) Takue BBICOKO-
TEIUIONPOBOAHBIE MeTIbl Kak Cu, Al, Au u Ag
obpabatsiBaTh u3nydeHuem CO,- u gpyrumu HK-
nazepaMu He 3¢dekTHBHO. K Haubonee U3BECTHHIM
IIPOM3BOLUTENISIM KOMMEPUECKHX JIa3epHBIX TeXHO-
JIOTUYeCcKUX KoMIlIekcoB (JITK), co3maBaeMbIX Ha UX
OCHOBe, OTHOCSITCS Clefymoouipe GUPMBI: Bystronic
(lIBeninapus), Trumpf u Rofin-Sinar Laser (Cep-
maHusg), Koike u Mitsubishi Electric (dmoHus),
Salvagnini (Mrtanus), PyxcepBomortop (Benopycs),
Hankwang (YOsknas Kopes), Hans Laser (Kutam),
«TexHoJlazep» (Illatypa, Mock. 061.), HTO «HP3-
[Tontoc» (®psismHO, Mock. 061.), IPG Photonics
Corporation, AO «HIIII «HcTtok» um.lllokuHa» (Pps-
31uHO, Mock. 06:1.), OOO HIIL] «JIa3epsl U JIa3epHbIe
TexHoloTUK» (3eneHorpan) (20, 22-32].

TBEPAOTEJ/IbHbLIE CTEP>XHEBbIE JIA3EPDI
Bausxui K JIIIM o momHocTH U KIIJI mHPOKO pac-
IPOCTPAaHEHHBIN TBEePAOTE/NbHBIN J1a3ep Ha OCHOBE
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spectrum with an efficiency of 10-25%. Such tunable
laser systems are preferred for the micro-processing
of organic materials and polymers [5, 6, 10, 20, 21].

CO, LASERS

In the technology of processing materials, CO, lasers
with a wavelength of A=10.6 pm are traditionally
widely used. High-power CO, lasers and solid-state
IR lasers (1-30 kW) are mainly used for high-speed
cutting, tailoring and welding ferrous metals and
stainless steel with a thickness of 1-30 mm However,
due to the high reflection coefficient (>95%), high-
conducting metals such as Cu, Al, Au and Ag are
not efficiently treated with CO, and other IR lasers.
The most well-known manufacturers of commercial
laser technology complexes (LTC) created on their
basis include the following companies: Bystronic
(Switzerland), Trumpf and Rofin-Sinar Laser
(Germany), Koike and Mitsubishi Electric (Japan),
Salvagnini (Italy), Rukhservomotor (Belorus),
Hankwang (South Korea), Hans Laser (China),
TechnoLaser (Shatura, Moscow Region), NTO IRE-
Polus (Fryazino, Moscow Region), IPG Photonics
Corporation, Shokin NPP “Istok” (Fryazino, Moscow
region), LLC “Research and Production Center “Lasers
and Laser Technologies” (Zelenograd) [20, 22-32].

SOLID-STATE ROD LASERS

A widespread solid-state laser based on a rod of
yttrium - aluminum garnet with neodymium (Nd:
YAG) with A=1064 nm and frequency doubling
on nonlinear crystals with A=532 nm, due to the
occurrence of thermal deformations in the working
rod has radiation divergences greater than the
diffraction limit. Low-power Nd: YAG lasers are
massively used for marking and engraving of parts,
assemblies and finished products during their
manufacture, those that are powerful ones - for
welding and cutting metals, including aluminum
[22-32].

DISK AND FIBER LASERS

In terms of the aggregate parameters for micro-
processing of materials, the closest to CVL are high-
performance (efficiency up to 20%) pulsed solid-state
disk ytterbium lasers (Yb:YAG) with diode pumping
and emission wavelength A=1030 nm produced by
such famous German companies as Trumpf and
Rofin-Sinar Laser. Disk lasers provide the best
solution for a wide range of industrial applications.
The disk is a simple and easily excited laser AE that
allows for generating high-quality radiation in its
parameters. With a large radiating surface of a disk
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CTep>KHEBOI0 MTTPHUH-aJIOMHHHEBOTO TIpaHaTa
¢ HeoguMoM (Nd:YAG) c A=1064 HM U yABOEHHEM
YaCTOTHl Ha HeJTHMHEHMHBIX KPUCTa/IaX ¢ A=532 HM,
1M3-32 BO3HHMKHOBEHHS TeIlJIOBBIX JepopMaluu
B paboueM CTepskHe, MMeeT PACXOAHUMOCTH H3TIy-
yeHUs bonpiie NUGPAKLIMOHHOTO IIpenena. Maso-
MorHbele Nd:YAG-yasepbsl MaccoBO IIPHUMEHSIOTCS
I71s. MapKHUPOBKM U TPaBHUPOBKHU [leTasell, y3/I0B
M TOTOBBIX M3[eJIHUH B IIpoLiecce UX IIPOM3BOJCTBA,
MOIIHBIE ~ [JI CBAPKM M PACKPOsS METa/IOB, BKIIIO-
4as alloMHUHUH [22-32].

OUNCKOBbLIE N BOJTIOKOHHDbIE JIA3EPDI

ITo COBOKYITHOCTH IIapaMeTPOB [T MUKP0ooOpaboTKu
MaTepHaloB CaMbBIMU 61u3KUMU K JIIIM sABISIOTCS
BbICOKO3dekTuBHBIe (KII[ m0 20%) HUMIIYIbCHBIE
TBEPLOTEJbHBIe OUCKOBble HTTepOueBBle Ja3ephl
(Yb:YAG) ¢ gUOOHOM HaKa4yKOM M IJIMHOM BOJIHBI
n3nydeHuss A=1030 HM IPOU3BOACTBA TAKHUX HU3BECT-
HbIX HeMeIKMX ¢upM Kak Trumpf u Rofin-Sinar
Laser. JIMCKOBBIe Jia3ephl OAIOT HawMayylllee pelle-
HHe [JIg 3HAUYMUTEeJbHOIO pslia MIPOMBIIIIEHHBIX
IIpUMeHeHHM. [UCK — IIPOCTOM M JIerKo Bo36yskma-
eMBIl AD Jsla3epa, KOTOPBIM I103BOJIsSIeT TeHepUupo-
BaTh II0 CBOMM IlapaMeTpaM H3JlyYyeHHe BbICOKOTO
KavyecTBa. I[Ipu OOJNBIION K3Iydalollell II0BEPXHO-
CTH [OHCKOBOTO Jjla3epa IUIOTHOCTb MOILIHOCTH [Jif
Hero He KpUTHYHA Ja’ke IIPU BBICOKUX 3HAYEHHAX
MMHUKOBOM MOIIHOCTH. Y BOJIOKOHHBIX UTTEPOMEBBIX
nasepoB (KIIJ nmo 30%), MmO CpaBHEHHUIO C JHCKO-
BBIMU, [IOBBIIIEHHE [IMKOBOM MOIIIHOCTH HEraTUBHO
BJIMSeT Ha KayecTBO H3/Jy4YeHUsS M 3KCIUIyaTallu-
OHHYIO HaJle>XHOCTDb B IIEPBYIO ouepelb pe3oHaTopa.
OpyrumM 3aMeTHBIM HeLOCTaTKOM BOJIOKOHHOIO
Jasepa ABJISAETCS €ro BBICOKAs YYBCTBUTEIBHOCTH
K OTPa’keHHOMY H3JIyYeHHIO, KOTOPOe BO3HUKAET
IPHU B3aUMOJENCTBUU C BBICOKOOTPKAMIIHUMU
MaTepruanaMu (Menb, OpoH3a, ATIOMHUHHU U T.[.).
BoJIOKOHHBIe J1a3ephl pa3pabaTslBAlOT K IIPOU3BOAST
Takue pupMsl Kak IPG Photonics Corporation (CIIA),
Lumera Laser (CIIA), Light Conversion Ltd. (Jlutsa),
HTO «HP3-Tlomroc», ABectra IlpoekT u Laser-Form
(Poccust). MolHbBle, MHOIOKHJIOBAaTTHOTO YPOBHS
OMCKOBBle M BOJIOKOHHBIE Jla3ephbl MIPHUMEHSIOTCS
B OCHOBHOM [1J151 BLICOKOCKOPOCTHOM IPelH3H0HHOM
Pe3KM M PacKpos, CBApPKU M 3aKaJIKH MeTa/UIMye-
CKUX MaTepuasos [20, 22-32].

DTOro KjIacca Jia3ephl BBIIYCKAKOTCA M B CcoYyeTa-
HHUU ¢ HK, IIpu 3TOM 32 CYeT yABOEHHSI U YTPOEHUS
YacTOTBl OCHOBHOIO H3JIydeHHs opmupyercs YP-
H3JIy4YeHHe C JJIMHaAMK BOJIH A=0,515 u 0,343 MKM.
JOCTUTHYTHI NTUKO- U GEeMTOCeKYHIHBIe 3HAaYeHUs
JUIMTEJIBHOCTU MMIIYJIBCOB IIPU YacTOTe IIOBTOpe-
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laser, the power density is not critical, even at high
peak powers. In fiber ytterbium lasers (efficiency up
to 30%), compared to the disk ones, an increase in
peak power negatively affects the radiation quality
and operational reliability of the resonator primarily.
Another noticeable disadvantage of a fiber laser is its
high sensitivity to reflected radiation, which occurs
when interacting with highly reflective materials
(copper, bronze, aluminum, etc.). Fiber lasers are
designed and manufactured by such companies
as IPG Photonics Corporation (USA), Lumera Laser
(USA), Light Conversion Ltd. (Lithuania), NTO “IRE -
Polyus”, Avesta Project and Laser-Form (Russia).
High-power, multi-kilowatt, disk and fiber lasers
are used mainly for high-speed precision cutting
and tailoring, welding and hardening of metallic
materials [20, 22-32].

Lasers of this class are also produced in combina-
tion with NCs, while due to the doubling and tripling
of the frequency of the main radiation, UV-radiation
is generated with wavelengths A=0.515 and 0.343 pm.
The pico- and femtosecond values of the pulse dura-
tion at a repetition frequency from kilo to megahertz
were achieved (see table). With high-frequency pico-
and femtosecond lasers, due to the short exposure
time of a radiation to a substance, the highest qual-
ity of micromachining is achieved - the minimum
(submicron) heat-affected zone (HAZ) with almost
no melt formation [33]. Disk short-pulse lasers are
mainly used in cases where it is impossible to achieve
high quality processing with other lasers, e.g., in
the automotive industry for drilling microholes in
stainless steel for injector nozzles or for manufactur-
ing medical stents for expanding blood vessels. These
lasers expensive during production, to ensure sta-
ble output radiation parameters, require additional
stringent conditions of protection against external
influences. At the same time, our experience shows
that by several times cheaper CVL with nanosecond
pulse durations often provides micro-processing of
materials with high productivity, acceptable quality
and profitability several times [6, 15-20].

EXCIMER LASERS

Excimer gas lasers on inert gas halide compounds
(ArF, KrF, XeCl, XeF) and inert gas dimers (Ar, Kr)
operate similar to CVLs in a pulsed mode with
nanosecond duration, but have shorter wavelengths
of radiation (A=157; 193; 248; 282; 308; 351 nm), i.e.
generate in the near UV range (see Table.) [20, 29, 30].
They are widely used in semiconductor production
for photolithography and labeling, as well as the
processing of plastics, ceramics, crystals, and
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HUS OT KUJI0- 10 Merarepl (cMm. Tabi.). C BeIcOKOUA-
CTOTHBIMHU IIHKO- U QeMTOCEeKyHIHBIMHU JIa3epaMH,
13-32 MQJIOTO BpeMeHH BO3[eHCTBUS HU3/Iy4eHHUs Ha
BeIIeCTBO, NOCTUTraeTCs Haubosiee BBICOKOE KaUeCcTBO
MHKPOO6PabOTKH - MHUHHMaIbHas (CyOMHUKPOH-
Has) 30Ha TepMuveckoro BausiHUSA (3TB) mpaxTu-
yecku 6e3 obpasoBaHus pacmuiaBa [33]. [JucKkoBble
KOPOTKOKMMIIY/JIbCHBIE JIa3ephl B OCHOBHOM IIpHMe-
HSIIOTCSL B TeX CllydasX, KOIZA HeJb3sl NOCTUIHYTb
BBICOKOTO Ka4yecTBa 06pabOTKHU APYTHMHU Ja3epaMH,
HallpuMep, B aBTOMOOMIECTPOEHUU MJisl CBepiie-
HUSI MHUKPOOTBEPCTHM B Hep)KaBeIOLleH CTald [
bOPCYHOK MHKEKTOPHBIX ABUTATe/Iel HIH AJIS U3T0-
TOBJIEHHUSI MeNULHMHCKHUX CTeHTOB JJs PpacIliupe-
HHUSI KPOBEHOCHBIX COCYAOB. DTH AOpOrHe Ja3epsl
B IIpoLiecce IIPOM3BOACTBEHHOM 3KCIUIYAaTALUK AJISI
obecrieueHust CTAaBUIBHBIX BBIXOJHBIX IIaPaMETPOB
M3/y4eHUsI TPebyIoT MOIOTHHUTENbHBIX >XeCTKHUX
YCJIOBUH 3alUTHI OT BHEIIHUX BO3JIeHCTBHUI. B Toxe
BpeMsI HaIll OITBIT IIOKA3bIBaeT, YTO B HECKOJIBKO Pa3
6ostee memeBsld JIIIM ¢ HaHoceKyHL[Hoﬁ IOJIUTEeIbHO-
CTBIO MMIIY/IBCOB BO MHOTHX C/Iy4asix obecriedrnBaeT
MHKPOOOPabOTKY MaTepHaIOB C BBICOKOM ITPOH3BO-
IUTeNbHOCTbIO, IIPUeM/IeMbIM KadeCTBOM U PeHTa-
6enbHOCTBIO [6, 15-20].

SKCUMEPHDIE TA3EPbDI

IKCUMepHBIe Ta30Bble JIa3epbl Ha FAJIOUTHBIX COeH-
HeHUSX Ha uHepTHOM rase (ArF, KrF, XeCl, XeF)
M IMMepax WHepTHoro rasa (Ar, Kr) paboTaioT, Kak
u JIIIM, B UMIYJIbCHOM peXHMe C HaHOCEeKYHJHOH
IJINTeNbHOCTBIO, HO UMeIOT 6o/iee KOPOTKHUe JIHHBI
BOIH u3nydeHus (A=157; 193; 248; 282; 308; 351 HM),
T.e. TeHepUpyT B OnmxkHeMm VYOd-guamnasoHe
(cm. Tabm.) [20, 29, 30]. OHM LIUPOKOro MpPHUMe-
HSIIOTCSL B I10J1yIIPOBOAHUKOBOM IIPOM3BOACTBE MJISI
doronuTorpaduu M MapKHUPOBKH, a TakKe obpa-
6OTKM IJIACTHUKOB, KePaMHUKH, KPHUCTAII0B, OHO-
JIOTUYeCKUX TKaHel. Ho M3-3a OTHOCHUTeNTBHO 60JIb-
IIOM PAacXOJMMOCTH M MEHBHIMX Pabodmx dYacToT
IIOBTOpeHHUsT umnynbcos (UIIH) (mo 1-5 xI') Kaue-
CTBO W IIPOHM3BOJMUTENBHOCTh 06paboTKHU MaTepHua-
JIOB CHIDKAIOTCSI. B To ke Bpemsi 6osiee BBICOKOUA-
cTOTHBIN JITIM 3a cueT IMpUMeHEeHHUS HelHHeHHBIX
KpUCTaaa0B obecreuynBaeT IIPOM3BOJUTENbHYIO
M Ka4yeCTBEHHYI0 MHKPOOOpaboTKy M B yabTpadro-
neToBoy obnactu cnekTpa [5, 10].

ANOAOHDbIE NTA3EPDI

JuonHble na3eppl HUMelT HebobIIMe pa3Mepsl
K MOIYT BBIIIYCKAaTbCs OONBIIMMH HApPTHUSIMH
IPY OTHOCHUTENBHO HM3KHUX 3aTpPaTaX. BOJBIIMH-
CTBO AUOAHBIX J1a3epOB TeHepUPYIOT B OIMKHEH
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biological tissues. But because of the relatively large
divergence and lower pulse repetition operating
frequencies (PRFs) (up to 1-5 kHz), the quality and
productivity of materials processing decreases. At the
same time, higher-frequency CVL, through the use of
nonlinear crystals, provides a productive and high-
quality micro-processing in the ultraviolet spectrum
region [5, 10].

DIODE LASERS

Diode lasers are small and can be produced in large
quantities at relatively low costs. Most diode lasers
are generated in the near infrared region (A=800-
1000 nm). They are reliable and durable, but the
output power of a single element is limited and have
a large radiation divergence. Diode lasers are used
in many areas of human activity, mainly in the
telecommunications and optical memory sector, and
also commonly used as pump sources for solid-state
and fiber lasers. The developed technology of addition
of single diodes to diode arrays allows increasing the
average laser power to 1-3 kW, which is sufficient for
high-performance and high-quality welding, e.g.,
aluminum parts.

STATE AND DEVELOPMENT OF CVL AND
CVLS

A comparative analysis of pulsed CVL and CVLS
generating in the visible region of the spectrum with
other known types of technological lasers, carried
out in the introduction, shows that, from the set
of output radiation parameters, these lasers remain
promising for precision micromachining of materials
(5, 6, 10, 15-19]. It should also be emphasized that
besides microtreatment, the important areas of
application for these lasers are selective isotope
separation technology, spectral studies of the
composition of solid, liquid and gaseous substances,
image intensifiers of micro-objects, nanotechnology,
etc. [5, 6, 10-12, 20].

The CO,, solid-state disk and fiber, excimer,
nitrogen and diode lasers are widely used in modern
technological equipment. The use of pulsed CVL in
specialized equipment, despite the unique combina-
tion of its output parameters, is still extremely lim-
ited due to the small number of commercial models
on the market with high reliability and radiation
quality. This situation seems to have developed
for several reasons. Firstly, many Russian (USSR)
research institutes carried out mainly large-scale
theoretical and experimental studies of physical pro-
cesses in CVL, rather than industrial developments.
Secondly, in advanced foreign countries (USA, Eng-
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HUK-o6mactyt (A=800-1000 HM). OHH HaJeXHBI
M [I0JITOBEYHBI, HO UMeIT OOJIBIIYI0 PAacXOLUMOCTb
H3J7Iy4YeHUsI, U BBIXOJHAsI MOINHOCTb eAHMHHYHOIO
3JleMeHTa OrpaHUYeHa. [[MOoJHBIe ja3epbl HaXOIST
IIpHUMeHeHHe BO MHOTUX cdepax deloBedecKoH aesi-
TeJIbHOCTU, B OCHOBHOM — B CeKTOpe TeIeKOMMYHU-
KaIllMHF U OIITHYECKOM ITaMSTH, a TaKKe B OOJIBbIIOM
KOJIMYeCTBe KCIIOB3YIOTCS B KadecTBe MCTOYHHUKOB
HAaKa4K{ TBepAOTeNbHBIX M BOJOKOHHBIX J1a3epoB.
Pa3paboTaHHAs TeXHOJIOTHS CJIOKEHUS eIHHHUYHBIX
OUOMOB B JUOJHBIe JTHMHENKHU II03BOJISIET YBeIHYHU-
BaTb CPeIHIO MOIINHOCTE Jiasepa go 1-3 KBT, 4TO
NOCTATOYHO JJIsl BEICOKOIIPOM3BOLUTEIBHON U Kade-
CTBEHHOH CBapK{, HAIPHUMep, aJIIOMHUHHEBBIX
JeTaneu.

COCTOSAHUE U PA3BUTUE 1INMM U JICINTM
CpaBHUTeNbHBIM aHaAM3 MMIYIbCHEX JIIIM
u JICIIM, TeHepHUPYIOUIUX B BUAU MO 006/IaCTH CIIeK-
Tpa, C APyTHUMH H3BECTHBIMHU TUIIAMHU TeXHOJIOTHYe"
CKHX J1a3epOB, IIPOBefeHHbIM BO BBeJIeHHUH, II0Ka3bl-
BaeT, YTO I10 COBOKYITHOCTH BHIXOJHBIX IIapaMeTpOB
M3JIy4eHUS 3TH Jla3ePhl OCTAIOTCA IIePCIIeKTUBHBIMHU
IJIs1 IPeLIU3MOHHOM MHKPOO6PaboTKH MaTepHasIoB
(5, 6, 10, 15-19]. CinenyeT Takke IIOAYePKHYTh, YTO,
KpoMe MHKpPoobpaboTky, BaKHBIMHU 061acTIMH
IIPUMEeHEeHHMs 3THX JIa3epOB SABJAIOTCS CeJIeKTHUBHAs
TeXHOJIOTM II0 pas3feIeHHI0 M30TOIIOB, CIIeKTPajb-
HbIe MCCIeJOBaHHS COCTaBa TBEPHAOTE/NBHBIX, SKUJ-
KHUX M Ta30BbIX BeLIEeCTB, YCHUJIMTEIHU APKOCTH H30-
OpaskeHHUsI MUKPOOOBEKTOB, HAHOTEXHOJIOTUS U [IP.
(5, 6, 10-12, 20].

B coBpeMeHHOM TeXHOJOTH4YeckoM obopymo-
BAaHHH IIKMPOKO Hcmonb3ywrcss CO,, TBepAOTe/b-
Hble [JHUCKOBble M BOJIOKOHHBIe, 3KCHMeEpHBLIEe,
a30THBIE M [OUOAHBIE jasepnl. IIpuMeHeHHe >Ke
HMIIylIbcHOro JI[IM B cIeLHaaHn3UpOBaHHOM 060-
PyLOBaHUM, HECMOTPs Ha YHHMKAJIbHYIO COBOKYII-
HOCTh €ro BBIXOAHBIX IIapaMeTpPOB, TeM He MeHee
KpalHe OTrpaHHUYEHO, YTO OOYC/IOBIEHO MaJbIM
KOJIMYeCTBOM Ha PBIHKe KOMMeEPUYEeCKHX MOJAeNleH
C BBICOKMMM HANEXKHOCTBIO M KayeCTBOM H3JIyde-
Husg. Takasg cuTyanus, IIO-BUAMMOMY, CJIOXKHJIACh
10 psAAy HOpHUYHH. Bo-mepBhiX, BO MHOrux HHH
Poccuu (CCCP) IPOBOAM/IKCH B OCHOBHOM LIMPOKO-
MaciuTabHble TeopeTHYecKhe M 3KCIepUMeHTasIb-
Hble HUCCIefoBaHHA U3HNYeCKUX ITpolieccos B JIIIM,
a He IIPOMBIIIJIEHHBIe Pa3paboTKu. Bo-BTOPBHIX,
B Ilepe/loBEIX 3apybexkHbIX cTpaHax (CIIA, AHIIHS,
OpaHuus, SMNOHHUS) OCHOBHBIE YCHUIMS OBLIN
HaIlpaB/JeHbl Ha MCCIeloBaHUS U pa3paboTKy BeICO-
KOMOIIHBIX JICIIM Ttuma 3[-YM B obecrieyeHU U IIpo-
rpaMM JIa3epHOI0 pasfeeHUss U30TomoB 1o AVLIS

Syl 4

land, France, Japan), the main efforts were directed
to the research and development of high-power
CVLS of MO - PA type in providing laser isotope
separation programs using AVLIS technology for
the needs of nuclear energy. At the same time, the
development of the most popular commercial CVLs,
which include lasers of small (1-20 W) and medium
(30-100 W) power levels, remained aside. Thirdly,
over the past 10-15 years, the laser market has been
represented by a relatively large number of varie-
ties of CVL with a low level of reliability and quality
of radiation, which has reduced user demand for
this type of laser. Despite the current situation, a
number of domestic and foreign organizations con-
tinue to work on the creation of new commercial
models of CVL and CVLS and, on their basis, of mod-
ern technological equipment for micro-processing
of materials and isotope separation, medical and
research equipment. These include JSC “Shokin NPP
“Istok” (Fryazino Moscow Region), LLC NPP VELIT
(Istra, Moscow Region), CJSC Clean Technologies
(Izhevsk), Lebedev Physical Institute of RAS, Oxford
Lasers (England), Macquarie University (Australia)
and Pulse Light (Bulgaria). As for powerful CVLS
designed for isotope separation technology, the
Lawrence Livermore National Laboratory (USA) with
the average power increased to 72 kW and the RRC
Kurchatov Institute are the leaders. The research
continues at the A. N. Prokhorov Institute of General
Physics of RAS (Moscow), TSU and the Institute of
Optics and Atmosphere of the Siberian Branch of
RAS (Tomsk), the Institute of Semiconductor Phys-
ics (Novosibirsk), NPO Mechatron LLC, St.Peters-
burg State Polytechnical University, St.Petersburg
National Research University of Information Tech-
nologies, Mechanics and Optics, N.E.Bauman
MSTU and the Joint Institute for High Temperatures
of RAS (Moscow).

IMPLEMENTING THE ADVANTAGES OF
PULSED CVL

In order to implement the advantages of pulsed
radiation of CVLin the technology of micro-processing
of materials and other modern technologies, it
was necessary to create a new generation of highly
efficient industrial CVL and CVLS use them as a
base for modern precision technological equipment.
The goal was achieved by performing the following
tasks:

« development of efficient, durable and stable
parameters of industrial sealed laser AE on
copper vapor with an average radiation power
of 1-100 W,
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OCHOBHbIe MapameTpbl KOPOTKOUMMY/ILCHBLIX BbICOKOYACTOTHbIX FA30BbIX 1 TBEPAOTENbHbLIX TEXHONOrMYeCKMX 1Ia3epoB
Main parameters of short-pulse high-frequency gas and solid-state technological lasers

Tun nasepa MapameTpsbl / Parameters

OnnHa YacTtoTa noBTO-

BOJIHbI,

ONNTeNnbHOCTb
MMMYIbCa,

OnameTtp SHeprus KayectBO
PEHUS UMMY/b- nyyka, UMMYyNbCa, nyyka
cos, F D, . MM ad,s W M?2
Pulse repetition Beam Pulse Beam
diameter, energy, quality
Dy, mm W M?

A, MKM T
Wavelength,
A, um Tk frequency, F

HUMII

Pulse length,

TBepaoTenbHble /Solid-state
Nd: YAG RAPID 1,064 <10nc 1-1000kIy, 1 6 - <1,3
(0,532, 0,355)
RAPID10 0,75 10 -
SUPER RAPID-HE 1,064 <15nc no 10 kly, - >200 MK/
500 kIy 20 MK
HUPER RAPID25 1,064 200-1000 Ky, 3 25 -
(0,532, 0,355)
HUPER RAPID50 400-1000 Ky, 50 - <l,4
HUPER RAPID100 400-1000 Ky, 100 - <l,4
Yb: KGW PHAROS 1,028 290 pc—-10nc = 200«kMy—1Mrly - 4-15 >0,2 M <1,2
PHAROS-SP 190 pc—-10nc 1Ml - 6 >1,5 M <1,3
PHAROS2m) 300pc—-10nc | 200kMy—1 Ml - >2,0 MK
[unckoBble / Disk
TruMicro 5050 1,03 <1l0nc 200-800 kI, - 50 0,25 mIx <1,3
TruMicro 5250 0,515 30 0,15 mxx
TruMicro 5350 0,343 10 0,05 mxx
TruMicro 5025 1,030 25 0,125 mAx
StarPico 1,064 <15nc 1My—20Mry 15; 0,120 mZpx <l,4
50 0,4 M
StarFemto-E 1,030 700 ¢c 1Mu—-2Mly 3,5 20 0,02 M« <1,3
- M 700 ¢c 0,1 mx
- L 800 ¢c 0,16 M
StarFemto FX 1,030 300 pc—-10nc 1-1000 Iy, 3,5 6-15 0,2 M <1,2
0,515 3-7,5 0,1 mxx <14
0,343 1,5- 0,05 mZ»x <1,7
3,75
BONOKOHHbIe/ Fiber
ANTAUS 1,03-1,06 <350 ¢c 0o 2,5Mry - >5 BT > 4 MK TEMoo
Yb:YAG GLPM 0,532 1,3 HC 10-900 Ky, - 5-50 >30 MKZK <1,2
Yb:YAG YLPS-20 1,01-1,07 <70nc 10-700 kI, - 20 >30 MK 1,5-2,0
Yb:YAG 1,06 1 HC 10-600 Ky, - 18 60 MK <1,3
YLPM-0.3-A1-60-18 SHC 200 Mk
10 HC 300 MKAX
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lMpoussoamn-
Tenb

Manufacturer

0O6nacTv NpUMeHEeHUs

Application areas

Lumera Laser,
Coherent
(CLIA)

BblcOKOKa4eCcTBeHHas 1 TO4YHas MUKPO-
0bpaboTka maTepranos B MUKPO-
31eKTPOHMKeE, NOAYNPOBOAHNKOBOWN

1 GOTO3NEKTPUYECKOM MHAYCTPUM,
MUKPOCTPYKTYPUPOBaHME NOBEPXHOCTEN
mMatepuana

High-quality and accurate micro-processing
of materials in the microelectronics,
semiconductor and photovoltaic industries,
micro-structuring of material surfaces

Light

(Nutea)

Conversion Ltd.

MunKpoobpaboTka, MMKPO- 1 HAHOCTPYK-
TYPUPOBAHME, HEIMHENHAS ONTUKA,
CNeKTPOCKOMMNS BbICOKOrO BPEMEHHOIO
paspeLleHuns

Micro-processing, micro-and nano-
structuring, nonlinear optics, high
temporal resolution spectroscopy

Trumpf
(frepmarns)

Rofin
(Frepmanuns)

MunKpoobpaboTka c onTUMabHbIM CoYe-
TaHWEM KayeCTBa M MPOM3BOANTENLHOCTU:
npeLm3noHHas MMKpopesKka u MUKPO-
CBepeHne MeTanInyeckmx MaTepumanos,
KepaMMKK 1 XPYNKMX MaTepranos, MUKPO-
M HAHOCTPYKTYpUpPOBaHMe, CenekTuBHoe
yAaneHue TOHKKX cnoes 6e3 NoBpexaeHums
NOANOXKM

Micro-processing with an optimal
combination of quality and performance:
precision micro-cutting and micro-drilling
of metallic materials, ceramics and fragile
materials, micro- and nano-structuring,
selective removal of thin layers without
damaging the substrate

ABecTa-lpoeKkT
(Poccus)

MukpobpaboTka 1 CTpyKTypupoBaHue
MaTepmnasnios, CNeKTPOCKONMNS BbICOKOTO
BPEMEHHOr0 pa3peLleHuns, MeTpoaorus,
MHOTrOPOTOHHAS MUKPOCKOMUS
Micro-processing and structuring of
materials, high temporal resolution
spectroscopy, metrology, multiphoton
microscopy

IPG Photonics
(CLLA)

MwnkpoobpaboTka, MapKknpoBKa 1 rpaBu-
poBKa 1 Ap.

Micro-processing, marking and engraving,
etc.

=

« development and research of highly efficient
and reliable schemes for the execution of a
high-voltage IP modulator with a nanosecond
duration of pump pulses;

« studies of highly selective optical resonators
and systems for the formation of single-beam
diffraction quality and stable parameters in
CVL and CVLS to achieve high peak power
densities (10°-1012 W/cm?);

» studies of AC properties of the pulsed CVL and
the development of methods and electronic
devices for the operational management of
power and PRF radiation;

« developmenton the basis of a new generation of
sealed-off AEs, high-voltage modulators for IPs,
high-selective optical systems and operational
methods for controlling the emission
parameters of industrial technological CVL
and CVLS with radiation power up to 100 W
with high reliability, efficiency, quality and
stability of the radiation parameters;

« creation of modern automated laser
technological installations (ALTI) of the
“Caravella” type based on industrial CVL
and CVLS and modern precision XYZ three-
coordinate tables for productive and high-
quality precision laser micromachining of the
materials;

e determination of optimum densities of
peak and average radiation power of CVL for
effective micromachining of foil (0.01-0.2
mm) and thin-sheet (0.3-1 mm) materials;

INDUSTRIAL SEALED-OFF AES OF THE
PULSED CVL

In the development process, the design of self-heating
AE with the intravacuum arrangement of the thermal
insulator proposed by the staff of the P.N.Lebedev
Physics Institute, RAS, and JSC “Shokin NPP “Istok”
(Fryazino. Moscow Region) was taken as the basis
for the design of both the first AE models of pulsed
CVL and the new generation of industrial sealed-
off AEs: “Pendant”, small (1-20 W) and “Crystal”,
medium (30-100 W) power levels with an operating
temperature of the discharge channel 1600-1700 °C.
The design, technology of outgassing and cleaning
after outgassing of the developed industrial sealed-
off AEs “Pendant” and “Crystal” are identical and
differ only in the size of functional units and the
time of outgassing and cleaning. The power of each
individual AE model is ultimately determined by the
diameter and length of the discharge channel. The
diameter and length of the discharge channel of AE
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Tabnuua. MpoaomkeHme

Table.
Tun nasepa Mapametpbl / Parameters
AnvHa AnnTtenbHocTb  Yactotanosto-  Auamerp P, BT SHeprusa KavyecTBoO
BOJIHbI, MMMybCa, peHns UMMyJsib- ny4ka, MMMybca, nyyka
A, MKM Tymn coB, F D, MM Ppog W W M2
Wavelength, Pulse length, Pulse repetition Beam Pulse Beam
A, um Tonlse frequency, F diameter, energy, quality
Dy, mm M?2
Yb:YAG MicroDM 1,07 200-20000 HC - - 150 - <2
Yb:KGW FemtoFAB 1,028 - 200 Ky, - 4, 1 MmO <1,2
0,515 6, <2
0,343 8,
0,258 1

DKCUMepHble / Excimer

ArF 0,193;0,248,; 14 HC 0o 5000 Iy, 50x25 200 40 mIx 1x0,5

KrF 0,351 16 HC 300 60 M Mpaza?

XeF 16 HC 200 40 mAXx

ArF 0,193 13 HC 200 Iy, 25x11 45 650 MK 3x1
Mpaz?

ArF 0,193;0,248; 9 HC 1000 'y 6x3 3 5 MK 0,7x1,4

KrF 0,308; 5 8 M mpaa?

XeCl 0,351 3 4 MK

XeF 1 2 M

AsoTHble (N,) /Nitrogen (N,)

AWNN-0,5 0,337 5 HC 1-200 Iy, - 0,0015 2,5 MK -
ANN-3 5 HC 1-100 'y, 0,0025 30 MK

ANN-511 6—8 HC 1-1000 Iy, 0,005 240 MK /K

NL-1-100 3-60 HC 100y 4x14 0,1 1 M -
Nrn-21 10 HC 3 0,003 30 MK 3 Mpag

Nazepbl Ha Napax meau (JINM) / Copper vapor lasers (CVL)

JINM npoka4yHown 0,5106 20 HC 1020 kIy, - [o 00 6 M 0,075
B COCTaBe TexHoJiornye- 0,5782 60 BT Mpag
CKOW ycTaHoBKM MP200X
Pumping CVL as part

of the technological
installation MR200H

JINM «KynoH» B cocTase 15 HC 14 5-20 0,1-2 mx <1,1
TeXHOJIOrMYyecKmx ycTa-
HOBOK «Kapasenna»
CVL«Pendant» as part
of the technological
installations «Caravella»

JICNM «Kapennsa» CVLS 20, 40-100 2-10 M
«Karelia» 32,
45
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061acTV NpUMEHeHUS

Application areas

Nazepdopm MukpoobpaboTka, peska, NpoLIMBKa
(Poccus) OTBEPCTUM, CKPanbUpOBaHME MOANOXKEK
MUKPOCXeM 1 Ap.
Micro-processing, cutting, piercing holes,
scribing chip substrates, etc.
NODPAH doTtonnTorpadpus B NoaynpoBoLAHNKOBOM
(Poccms) NMPpOW3BOACTBE, Na3ePHbIN OTXKUT, MapKu-

Lambda Physic

poBKka, 06paboTKa NNacTUKOB, KEPAMUKK,
KpUCTaNNN0B, bMONOrMYeCKMX TKaHEN
Photolithography in semiconductor

(fepmaHms) manufacturing, laser annealing, labeling,
processing of plastics, ceramics, crystals,

Gam lasers biological tissues

(CLlA)

Mnasma [MoAroHka HOMMHaN0B NIEHOYHbIX pe3u-

(Poccumsn) CTOPOB M KOHAEHCATOPOB B MUKPO31eKTPO-
HuKe
Adjustment of film resistors and capacitors

MNCD CO PAH in microelectronics

(Poccus)

HMM «cTtok»

(Poccus)

Oxford Lasers

MukpoobpaboTka MaTepranos TOLLMHON

(AHrnua) [0 2 MM
Micro-processing of materials up to 2 mm
thick
AO «HIMM Mukpoo6paboTka posbrosbix (0,01-0,2 Mm)
«McToK» N TOHKONNCTOBbLIX (0,3—1 MM) MaTepuanos
(Poccuma) Micro-processing of foil (0.01-0.2 mm) and

thin-sheet (0.3-1 mm) materials

MukpoobpaboTka MaTepranos TOLLMHON
1-2 MM. B coyeTaHuu Cc 1asepamu Ha Kpacu-
Tensx — pasfeseHne n30Tonos
Micro-processing of materials with a
thickness of 1-2 mm in combination with
dye lasers —isotope separation

=

“Pendant” with an average radiation power of 1 W is 7

and 140 mm, a power of 5W - 12 and 340 mm, 20 W -
14 and 625 mm, AE “Crystal” with a power of 30 W -
20 and 930 mm, 55 W - 32 and 1230 mm, 100 W - 45
and 1520 mm. High efficiency, power, durability,
quality and stability of radiation parameters of the
industrial sealed-off AEs “Pendant” and “Crystal”
are achieved through the implementation of a set of
scientific, technical and technological solutions:

The parameters of AE radiation for power con-
sumption, pressure of the neon and hydrogen buffer
gas, repetition frequency, and pump pulse param-
eters were optimized. As a pump generator, a thy-
ratron IP was used with the high-voltage modulator
made according to the capacitive voltage doubling
scheme with magnetic compression units of nano-
second current pulses and an anode reactor, which
according to the results of research today is the most
reliable and easy-to-use AC laser [6, 34, 35]. Compared
with the classical scheme, the duration of the cur-
rent pulses generated is shortened by 2 times, from
250-300 ns to 120-150 ns, which leads to an increase
in radiation power by 2 times The efficiency is 1.5
times due to an increase in the optimal operating
temperature and, as a result, the concentration of
copper vapor in the AC is approximately 2-2.5 times,
the service life of the thyratron switch (more than
2000 hours) and switching power (up to 5-10 kW) by
reducing the power loss in it.

AE “Pendant”, AE “Crystal” (GL-205) are produced
with illuminated exit windows. The basis of opti-
mization to achieve maximum operating values of
efficiency and radiation power was the results of a
complex of unique experimental studies. The design
and manufacturing technology of AE GL-205C on
gold vapor is identical to the GL-205A model on cop-
per vapor, and differs only in the composition of
the active substance, the increased operating tem-
perature of the discharge channel (Tc ~ 1700 °C) and,
therefore, the radiation wavelength (A=578.2 nm)
(see table), which somewhat reduces the AE”s service
life.

HIGH-SELECTIVE OPTICAL RESONATORS
AND SYSTEMS FOR THE FORMATION OF
SINGLE-BEAM DIFFRACTION-QUALITY
RADIATION IN CVL AND CVLS

In this work, special attention was paid to the study
of the optical resonators of the CVL, since they
determine the characteristics and quality of the
output radiation. In the course of these studies,
the dynamics of the formation and structure of
the radiation of a CVL were revealed. It has been
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TeXHOJIOTUM IJISl HYXX[, SIepHOK SHepreTHKU. B To
>Ke BpeMsl pa3paboTku Haubosee MOMYISPHBIX KOM-
mepyeckux JIIIM, K KOTOPBIM OTHOCATCS Jia3ephl
masoro (1-20 Bt) u cpenuero (30-100 BT) ypoBHeH
MOIIHOCTH, OCTAaBAJIMCh KaK OB B CTOpoHe. B-Tpe-
TBUX, 3a HoclefHHe 10-15 jeT jla3epHBIM PBIHOK
OBLI MpenCcTaBlIeH OTHOCHUTENbHO OOJBIIMM KOJIH-
4eCcTBOM pa3HOBHUAHOCTeH JIIIM C HU3KUM YpOBHEM
HaJeKHOCTH M KayeCTBa H3Jy4YeHHS, YTO CHU3HIIO
[I0JIb30BaTe/IbCKUU CIIPOC Ha JaHHBIM THII Jla3epa.
HecMoTps Ha CJIOKMBIIYIOCS CUTyallHIO, Psif, oTeve-
CTBEHHBIX M 3apybesKHBIX OpPraHH3aIUN IIPOJOJI-
Kal0T PaboThl 110 CO3MAHHUIO0 HOBBIX KOMMEPUECKHUX
mogener JIIIM u JICIIM U Ha KX OCHOBe COBpPeMeH-
HOTO TeXHOJIOTMUYeCKOoro 060pyg0oBaHUS AJIsI MUKPO-
06paboTKM MaTepHaJIOB U pasjielleHHs] H30TOIIOB,
MeOULIMHCKON U HCCIef0BaTelIbCKOM aIlIlapaTyphl.
K uHum otHOocaTcsa AO «HIIIT «Mcroxk» um. lokuHa»
(®psi3uHO MocK. 0611.), OO0 «HIIII «BOJIUT» (McTpa,
Mock. 0651.), 3A0 «Yuctbele TexHoJoruu» (M>keBcK),
dusnvyeckuil HHCTUTYT UM.II.H. JlebemeBa PAH,
Oxford Lasers (AHIIHS), YHHBEPCUTeT MaKkKyapu
(ABctpanus) u «Pulse Light» (Bonrapus). Ilo mom-
HbeIM JICIIM, mpenHa3sHa4vYeHHBIM [OJIS1 TeXHOJIOTHH
paspeieHus M30TOIIOB, JHUAUPYIOT JIMBEepMOp-
cKasi HallMoHalbHas jaabopaTopusi um. JloypeHca
(CIIA), rme CpenHss MOIIHOCTD JoBeAeHa 0 72 KBT
u PHII «Kyp4yaTOBCKHMK HHCTUTYT». HccaemoBaHUs
IIPOAOJIKAIOTCA B MHCTHUTYTe obmen ¢usuku PAH
uM. A.H.IIpoxopoBa (MockBa), TTY u HHCTUTYTe
onTuku U atmocdepsr CO PAH (r. Tomck), MHCTH-
TyTe GU3UKU IONTYNPOBOAHUKOB (r. HoBocubupck),
000 «HIIO «MexatpoH», CaHKT-IleTepbyprckom
rOCyZapCTBEHHOM IIOJIUTEXHHUYECKOM YHHUBEP-
cutere, CaHKT-IleTepOyprckoM HAIMOHAIBHOM
KMCC/IeI0BATeIbCKOM YyHHBepCHUTeTe HHpOpMAILH-
OHHBIX TEXHOJIOTHM, MEeXaHHKU U OITHKU, MITY
uMm. H.3.BaymaHa u O6beIMHEHHOM HHCTUTYTe
BBICOKHUX TeMIiepatyp PAH (Mocksa).

PEAIN3ALUNA NMPEMMYLLECTB
MMMYJIbCHOI o JINum
[Uist peanu3aliii IIPeUMYILECTB UMITYJIbCHOTO H3J1y-
yeHHus JIIIM B TexXHOJIOIMH II0 MHKpoobpaborke
MaTepHaJioB H [OPYIrHX COBPEMEHHBIX TeXHOJIO-
TUM HeobxoAMMO OBIIO CO3ZaHHE HOBOIO IIOKOJIe-
HUS BBICOKO3PGEeKTHUBHBIX MPOMBINUIeHHBIX JIIIM
u JICIIM 1 Ha HUX OCHOBE COBPEMEHHOIO IIPeIiU3HU-
OHHOT'O TeXHOJIOru4yeckoro obopynoBaHus. ITocTaB-
JeHHas 1enb 6bl7a JOCTUTHYTA 3a CUeT BBIIIOTHEHUS
CIeayoIIHX 3aa4:

e pa3paboTku 3OPeKTUBHBIX, IOATOBEYHBIX

M CO CTabM/IBHBIMU IIapaMeTpaMH ITPOMBIII-
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established that in CVL in the mode of a separate
generator with an optical resonator, the structure
of the output radiation is multibeam, and each
beam has its own spatial, temporal and energy
characteristics. At the same time, the intensity
distribution of the CVLradiation in the focusing plane
has a stepped, uneven character, which in principle
is not suitable for high-quality micro-processing
and prevented the creation of modern CVL-based
technological equipment. The greatest interest was
aroused by studies of CVL with optical systems with
high spatial selectivity: with one convex mirror, with
a telescopic unstable resonator (UR) and UR with two
convex mirrors, as a result of which the conditions
for the formation of one diffraction-quality beam
radiation with high stability of parameters [6, 15, 16].
Based on the laws of geometric optics, taking into
account the diffraction limit of divergence, formulas
are derived for calculating the divergence of the
output laser beam for these three optical systems
and the conditions for the formation of single-
beam diffraction quality with stable parameters are
determined.

The formula for calculating the radiation diver-
gence during the operation of the CVL in the genera-
tor mode with one convex mirror has the following
form

o R-Dy 244
“2[.(R+L) Dy

The smaller the radius of curvature of the mir-
ror (R) and the diameter of the discharge channel
aperture (Dy), and the longer the distance from the
mirror to the output aperture of the discharge chan-
nel (1), the closer the divergence (0) to the diffraction
limit - O4;¢,= 2.44\/Dy.. When the radii R are one-two
orders of magnitude smaller than the distance 1,
the beam divergence becomes close to the diffrac-
tion one (0=2-4 64), and the peak power density
in the spot of the focused radiation beam reaches
10° W/cm?, sufficient for productive micromachining
of foil materials and cutting solders (0.02-0.1 mm).
For processing thicker materials, a CVL with one con-
vex mirror is used as the MO in the CVLSs of the type
“MO - spatial collimator filter (SCF) - PA”, when using
AE “Crystal” of GL-205A and GL-205B models as the PA,
the radiation power increases more than an order of
magnitude (30-60 W) [6, 16].

The use of CVL in the generator mode with tel-
escopic UR as MO in CVLS of type “MO - SCF - PA”
was the basis for creating modern industrial ALTI
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JIeHHBIX OTIIASHHBIX JIa3epHBIX AD Ha I1apax
MeoU CO CpefHeHM MOIIHOCTBIO H3JIyUYeHHS
1-100 BT;

pa3paboTKu M HCCIeNOBaHHUS BBICOKOIDeEK-
TUBHBIX M HA[eXHBIX CXeM HUCIIOJHEeHHS
BBICOKOBOJIBTHOTO Mopnynsatopa HII ¢ HaHO-
CeKyHJHOH [OJUTeIbHOCTBIO HMIIY/IbCOB
HaKa4vKy;

HCCIeqO0BaHUS BBICOKOCEIeKTUBHBIX OITHU-
YeCKHX Pe30HATOPOB U CHCTeM II0 pOpMU-
posanuo B JIIIM u JICIIM OZHOIIY4KOBOTO
M3AyYeHUsS TUPPAKIKMOHHOTO KauecTBa U CO
CTAabUIBHBIMU IIapaMeTpPaMH MJIsl LOCTHKe-
HHS BBICOKMX IHKOBBIX IIJIOTHOCTEM MOIIHO-
ctu (10°-102 BT/ cm?);

HCCaefoBaHUsI CBOMCTB AC HMMIIYIbCHOTO
JIIIM u pa3paboTKu Ha HX OCHOBe METOMOB
U 31eKTPOHHBIX YCTPOMCTB [AJsl OIlepaTHB-
HOTO yIIpaBleHMUS MOIIHOCThIO ¥ YIIM m3my-
YeHHS;

pa3paboTku Ha 6a3e HOBOTO IIOKOJIEHHUS OTIIA-
SHHBIX AD, BBICOKOBOJIBTHBIX MOIYISTOPOB
nyst UII, BBICOKOCETeKTUBHBIX OITUYECKUX
CHUCTEéM U OIIePAaTHUBHBIX METONOB YIIpaBje-
HUSA [IapaMeTpaMU H3JIyYeHUs IIPOMBIIIEH-
HbIX TexXHonoruyeckux JIIIM u JICIIM momr-
HOCTBIO H371y4YeHHS A0 100 BT ¢ BBHICOKMMU
HaOe>XHOCTbIO, 3QPEeKTUBHOCTBIO, KAUeCTBOM
Y CTaOMJIBHOCTBIO ITAPAaMeTPOB HU3/Ty4YeHHs;
CO30aHKS COBPeMEHHBIX aBTOMAaTH3MPOBAH-
HBIX JIa3€PHBIX TEXHOJOTMYEeCKUX YCTaHOBOK
(ANITY) Tuna «KapaBeuta» Ha 6ase ITPOMBIII-
neHHbIX JIIIM u JICIIM ¥ COBpeMeHHBIX IIpe-
LM3HOHHBIX TPEXKOOPAHMHATHBIX CT0JIOB XYZ

BakyymHoe o6pyaoBaHue
ANsi ONTUKU U
MMWKPO3MIEKTPOHUKMN

MpoekTupoBaHue n
NPOU3BOACTBO BaKyyMHbIX
HanbINUTENbHbIX

YCTAHOBOK «MnoA KITHo4»

MporpamHoe o6ecneyeHne
¥ aBTOMaTU3auns

U3rotoBneHue
TeXHONorn4ecKux
YCTPOWUCTB

000 «W3oBak», yn. M. BorgaHosnya, 155-907,

220040, MuHck, benapychb, Ten.: +375 17 293 18 42,

dhakc: +375 17 2931845

)

Izovac
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“Caravella-1” with a radiation power of 10-15 W for
precision micromachining of metallic materials up
to 0.5 mm thick and non-metallic up to 1-1,2 mm;
with UR with two convex mirrors as MO in CVLS - the
basis for creating the most powerful industrial ALTI
“Caravella-1M” (20-25 W) for precision micro-machin-
ing of metallic materials up to 1 mm thick and non-
metallic up to 1.5 ... 2mm electronics article [17]; with
a telescopic UR and SCF at its output - the basis for
creating compact low-power modern industrial ALTIs
“Caravella-2” and “Caravella-2M” (5-8 W) for precision
micromachining of metallic materials up to 0.3 mm
thick and non-metallic to 0,5-0.7 mm electronics
article [18].

In CVLS operating according to the scheme
“MO - PA”, maximum efficiencies (2-3%), power
(2100 W) and density of peak radiation power (up to
1083 W /cm?) are ensured

Operational power control and PRF radiation in
the CVLS of the “MO - PA” type according to a given
algorithm is carried out due to the high-speed desyn-
chronization of the optical signal (radiation pulse) of
the MO from the PA active medium absorption zone
to its amplification or transparency zone and vice
versa.

CONCLUSION

In the process of a large amount of experimental
work carried out, the most promising technological
directions for creating special equipment based
on laser elements on metal vapors were identified
for use in micro-processing of the materials with
nanosecond radiation in order to scale them to a wide
production level.

Pa3paboTka u usrotoBneHue
TOHKOMIIEHOYHbIX U3AEeNUN

Pa3paboTka TexHonorum
chopMUpPOBaHUA TOHKMX
NIeHoK

OnTuyeckne anemMeHThbl

HanbinutenbHbIn cepBuUC

CrnoxHble n YHUKanNbHbIE
NOKPbITUA

WWw.izovac.com
Www.izovac-coatings.com
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IJ1sl IIPOM3BOAUTENbHONM M KadeCTBeHHOM
IIPeIM3UOHHON JIa3epPHOM MHUKpoobpaboTku
MaTepHaoB;

e oOIpeleleHUS OINTHUMAJIbHBIX IIJOTHOCTEH
IIMKOBOM M CPeJHeH MOIIHOCTH H3JIy4eHUS
JIIIM pgns 3¢deKTUBHON MHKPoo6paboTKu
doneroeeix (0,01-0,2 MM) B TOHKOJHCTOBBIX
(0,3-1 MM) MaTepHaIoB.

MPOMDIW/TEHHDbBIE OTIMAAHHDIE A3
MMMNYJIbCHOI O JINM

B mpouecce pa3paboTKu 3a OCHOBY KOHCTPYKI[HH
KaK IepBBIX Mofened AD mmnynascHoro JIIIM, Tak
Y HOBOIO IIOKOJIEHHS MPOMBIIIJIEHHBIX OTIIASH-
HBIX AD cepuun «Kymon» manoro (1-20 Bt) u «Kpu-
cTann» cpegHero (30-100 BT) ypoBHeHM MOILIHOCTH
c paboder TeMIepaTypoH Pa3psSAHOro KaHaJA
1600-1700 °C B3siTa KOHCTPYKLHS CaMOpPa30orpeB-
HOTO AD C BHYTPHMBAaKyyMHBIM PaCIOJI0KeHHEM
TeIJIOU30/IATOpa, IpelioskeHHas COTPYAHHKAMU
®U3MYECKOr0 MHCTUTYTAa HM. I1.H. JlebemeBa PAH
u AO «HIIII «McTtok» um. lllokuua» (Ppsi3uHO. MOCK.
0671.). KOHCTPYKIUSI, TeXHOTOIUs 06e3rasKHuBaHUS
M OYMCTKHU II0Ce obe3ra’kMBaHHUS Pa3paboTaHHBIX
IIPOMBIIIJIEHHBIX OTIAasiHHBIX AD cepuHd «KyjsoH?»
U «KpuCTamn» HAHTHYHBI W OTJIHMYAIOTCA JIMIIb
pasMepaMu QYHKIMOHAJABHBIX Y3710B M BpeMeHeM
06e3raskMBaHHUSA M OYHUCTKH. MOIIHOCTh KaskKAOM
OT/AEIBHOM MOAEeNU AD ONpefenseTcs B KOHEUHOM
HUTOre JUAMeTPOM M [JIMHOM Pa3pASHOrO KaHasa.
JuamMeTp U IJIMHA paspsifHOro KaHaua AD «KyioH»
CO CpefHell MOILIHOCTBIO H31ydyeHHs 1 BT cocTas-
1910T 7 1 140 MM, MOIIHOCTBRIO 5 BT — 12 u 340 MM,
20 Bt - 14 1 625 MM, AD «KpHCTajaa» MOILIHOCTBIO
30 Bt -20 1 930 mMm, 55 BT - 321 1230 mM, 100 BT - 45
u 1520 mm. Bricokue KIIJ[, MOIIHOCTb, OOJITOBEY-
HOCTb, Ka4eCcTBO U CTAabUIBPHOCTh ITapaMEeTPOB U3y~
YeHHs B IIPOMBIIUICHHBIX OTHAasHHBIX AD «KyloH»
U «KpucTann» MOCTUTHYTHL 3a CYeT peajHr3aluu
KOMIIJIEKCA HAyYHO-TeXHHUYECKMX U TexXHOJOorudve-
CKHUX pelleHHH:

[IpoBemeHa ONTHUMH3ALUSA IIAPAMETPOB H3JIy-
yeHHUsI AD 1o moTpebiaseMoil MOIIHOCTH, IaBiie-
HUIO OydepHOro rasa HeoHa U BOJOpOAA, HacCTOTe
IIOBTOPEHMS U IlapaMeTPOB HMIIYIbCOB HaKa4KH.
B KauecTBe reHepaTopa HAKa4YKH HCIIOIb30BAJICH
TUPAaTPOHHBIN HII, BBICOKOBOJIBTHBIM MOZYIATOP
KOTOPOTrO BBIIIOJIHEH II0 CXeMe eMKOCTHOTO YaBoe-
HUS HaIpPsS>KeHUs C MAarHUTHBIMM 3BeHBIMH CKa-
THUS HAHOCEKYHIHBIX MMIIYJIbCOB TOKA M aHOJHBIM
PeaKkTopoM, SIBISIOIMICS 10 pe3ylbTaTaM HCCIe/0-
BaHHMI Ha CErofHs CaMBIM HaJIeKHBIM M IIPOCTBIM
B 3KCIIyaTalMU M 5PPeKTHUBHBIM II0 YCIOBHSIM
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Bo36y>kmeHus: AC nasepa [6, 34, 35]. Ilo cpaBHEHHUIO
C KJIACCHUYeCKOM CXeMOH [JIHUTeNIbHOCTh GOPMUPY-
eMBIX HMMIIYJILCOB TOKAa yKOpauHMBaeTcsi B 2 pasa,
¢ 250-300 HC mo 120-150 HC, YTO HPUBOSUT K YBe-
JTUYEHHIO MOIHOCTH M3JIyYeHUs TakkKe B 2 pasa,
KIIZ B 1,5 pasa 3a cueT HOBBIIIEHUS ONTUMAJIbHOU
pabouell TeMIlepaTyphl M, Kak CJIeACTBHE, KOHIIeH-
Tpaluu mapoB Menu B AC ImpuMepHO B 2-2,5 pasa,
YBEeJIMYMBAETCSI B HECKOJIIBKO pa3 CPOK CIYKOBI KOM-
MyTaTtopa-TupatpoHa (bosmee 2000 4) U KOMMYTH-
pyeMas MOLIHOCTB (mo 5-10 KBT) 3a c4eT CHHKeHHS
B HEeM II0Tepb MOIIHOCTH.

A3 cepun «Kynon», AD «Kpuctamnr» (IJI-205)
BBIIIYCKAIOTCS C IIPOCBETJIEHHBIMU BBIXOJHBIMHU
OKHaMH. OCHOBY ONTHMHM3ALIMU II0 LOCTHKEHHUIO
MaKCHMaJIbHBIX pa60‘-II/IX 3HaueHUH KIIJ ¥ MOIIHO-
CTH M3JIyYeHUs COCTABHJIM Pe3Yy/IbTAaThl KOMILJIEKCA
[IPOBEJEHHBbIX YHHKAJAbHBIX 3KCIIEPUMEHTAAbHBIX
HCC/IeJOBAHUH. KOHCTpYyKUMSA M TeXHOJIOTHS M3I0-
ToB/eHHs A IJI-205T Ha mapax 30/710Ta UAEHTUYHBI
mogmenu [JI-205A Ha mapax MeOU H OTJIMYaeTcs
TOJIBKO COCTABOM AKTHBHOI'O BellleCTBA, ITOBBIIIEH-
HOM pabouell TeMIlepaTypoH Pa3psiAHOrO KaHasla
(T¢=1700 °C) U COOTBETCTBEHHO MJIHMHOMN BOJHBI
usnydeHus (A=578,2 Hm) (cM. Tab1.), YTO HECKOTIBKO
CHMKAeT CPOK CIIY>KROBI AD.

BbICOKOCEJTEKTUBHbBIE ONTUYECKUE
PE3SOHATOPbLI U CUCTEMDI

no ®OPMUPOBAHUIO B JINMM U JICTTM
OAHOMYYKOBOIO U3JNTYYHEHUA
ANOPAKLNOHHOIO KAYECTBA

B pabote ocoboe BHHMaHMe 6bLT0 ObpalieHo HcCiIe-
JOBaHHIO OIITHUYECKHX pe30HaTopoB JIIIM, T.K. OHH
OIIpeJe/IsioT XapPaKTePUCTUKH M Ka4veCTBO BBIXOM-
HOIO M3/y4eHHs. B mporecce 3TUX HCCIeL0BAHUU
Opl71a pacKpbiTa AHHAMKKA GOPMHUPOBAHUS U CTPYK-
Typa usnydeHus JIIIM. YcTtaHoBiaeHo, 4To B JIIIM
B peXKMMe OT[e/JIbHOr0 reHepaTopa C ONTHYeCKHUM
Pe30HATOPOM CTPYKTypa BBIXOJHOTO M3IyYeHMUS
MHOTOITy4YKOBasi, IIpHYeM KaKABIM IIy4OK obma-
JlaeT CBOMMM IIPOCTPAHCTBEHHBIMH, BPeMeHHBIMHU
Y SHepreTH4YeCKUMHU XapaKTepUCTUKAMHU. IIpu 3TOM
pacmpeneneHyre MHTEHCUBHOCTH H3ay4deHus JIIIM
B IIJIOCKOCTH (QOKYCHMPOBKH HMeeT CTyIleHYaThIH,
HePaBHOMEPHBIM XapaKTep, 4YTO B IIpUHIUIIe He
NIPUTOLHO [JIs KaueCTBEHHOM MHKpoobpaboTku
M IPeIsTCTBOBAJIO CO3AaHMI0 Ha 6ase JIIIM cospe-
MeHHOI'0 TeXHojorudeckoro obopymoBaHus. Ham-
OOJNIBPIIMKI KMHTEpeC BBI3BAIM HCCIemoBaHHUs JIIIM
C ONTHYeCKHMMH CHCTeMaMH, ob6lafganIuMu
BBICOKOM IIPOCTPAaHCTBEHHOM CEJIeKTHBHOCTBIO:
C OMHMM BBIIIYK/IBIM 3€PKaJIOM, C TeJIECKOITUYECKUM
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HeyCTOMYUBBIM pe3oHaTtopoMm (HP) u HP ¢ nByms
BBIIIYKJABIMH 3e€pKajaMH, B pesyjbTaTe KOTOPhIX
OB OIpefiesieHbl yCI0BHUS GOPMHPOBAHMS OLHO-
IIyYKOBOIO M3JIy4YeHHs OUPPAKLIKMOHHOTO Kaye-
CTBa C BBICOKOM CTAabUIBHOCTBIO IMapameTpos [6, 15,
16]. Ha ocHOBe 3aKOHOB reoMeTPHUUYeCKOM ONTHKH,
C y4eToM IHMPPaKUHOHHOIO IIpefesaa pacXofgUMO-
CTH, BbIBeZeHbl GOPMYJIBL IJI pacyeTa pacxoguMO-
CTH BBIXOAHOIO IIy4YKa H3ay4deHus JIIIM mjg 3TUX
TpeX OITHYECKHX CHUCTEeM U OIpele/leHbl YCIO0BHUS
bopMHUPOBaHHS B HHUX OMHOIIYYKOBOTO HM3JIyde-
HUS JUPPAKIMOHHOIO Ka4ecTBAa CO CTaOMJIBHBIMU
rmapaMeTpaMHu.

dopmyJia i pacyeTa pacXoAHUMOCTH U3TyYeHU ]
npu pabore JIIIM B peskuMe reHepaTopa C OGHUM
BBIITYKJIBIM 3ePKajJIoM HUMeeT CJIef YU UL BH],

R-D, 2,442
T2l (R+L) D,

YeM MeHBbIIle pafHuyCc KPUBH3HBI 3epKaja (R) u gua-
MeTp aIepTyphl pas3psaHoro kaHana (D,,) u 6onblie
PaccTosiHHe OT 3epKaJla [I0 BbIXOAHOL aIllepTypEl pas-
psaHoro KaHana (I), Tem 6nmske pacxomumocTs (6)
K AAQPaKUMOHHOMY Tpereny - 0,4,=2,44A/D,.
IIpu paguycax R Ha OoAMH-IBA IOPSAAKa MEHBIINX
pacctositHUSL | pacXogMMOCTh ITy4Ka CTAaHOBHUTCS
61M3KOM K AUPPAKLIMOHHOMN (9=2—46M¢), a IJIOT-
HOCTb INHUKOBOM MOIIHOCTH B MHATHe CPOKYyCHPO-
BAaHHOI'O IIy4yKa H3JIy4eHUs [OOCTUraeT 3HAUYeHHUU
10° BT/ cM?2, OCTAaTOUYHBIMH [IJIS NIPOM3BOJUTEIBHON
MHKPO06paboTkH (oJBroBEIX MaTepHaIOB K Ppac-
Kkpost mpumnoes (0,02-0,1 mm). [nst 06pabotku bonee
TOJICTBIX MaTepuaysioB JIIIM C OOHKMM BBIIIYK/IBIM
3epKajoM MpHMeHseTcs B KavecTBe 3 B JICIIM
Tuna 3 - NpOCTPAaHCTBEHHBIN QUIBTP KOJUILMATOP
(II®K) - YM, Korja MpHU HCIONb30BaHUU AD «Kpu-
cTar» monenen I'JI-205A u I'JI-2055 B KauecTBe YM
MOIITHOCTb H3/Iy4eHHUs] Bo3pacTaeT bonee ueM Ha
nopsizok (30-60 Br) [6, 16].

[IpuMmenenue JIIIM B peskMMe reHepaTopa C Teje-
ckonuyeckuM HP B KauectBe 3I' B JICIIM THIIa
3 - II®K - YM gBUJIOCh OCHOBOM [OJIsI CO3JaHUSI
COBpeMeHHOU IpoMblIIeHHOH AJITY «Kapasemna-1»
MOIIHOCTBIO U3/1y4eHH s 10-15 BT A/1s1 Ipeli3MOHHOU
MHUKPOOOPAOOTKY MeTaTTIMYeCKUX MATEPUAIOB TON-
IIUMHON A0 0,5 MM U HeMeTa/UITMYeCcKHuX A0 1-1,2 MMm;
C HP ¢ 1ByMs BBIIIYKJIBIMHU 3€pKajlaMU B KadecTse 3T
B JICIIM - OCHOBOHM [Ji CO3JaHHSI CaMOM MOIIHOI
npomMbinieHHoN AJITY «KapaBenna-1M» (20-25 BrT)
IJIsI TIPeLIU3MOHHON MHKPOOOPabOTKH MeTasiHye-
CKHUX MaTepHUJIOB TOJIIUHOM 0 1 MM U HEMeTAJIN-
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ABECTA

NA3EPbI 1 OMNTUHECKWE CUCTEMbI

G)EMTOCGK)/H,D,HbIe Jla3epHble CUCTEMDbI

« NapameTtpunueckue reHepaTopbl 750-4200 HM

- BonokoHHble nasepbl Ha 780, 1030-1064, 1560 HM

« JTazepbl CO cpefgHen MOWHOCTbIO Jo 50 BT

+ ONTUYECKNI CUHTE3ATOP YacToThl ("KOMb-reHepaTop”)
- TuTaH-candurpoBble reHepaTopbl 0T 6 Ao 100 ¢¢

» CucTembl C MMKOBOM MOLLIHOCTbIo Ao 10 TBT

HdnarHocTnka n KOMNOHEHTbI

« DOTONPUEMHUKHN C yCUnuTenem, naBuHHbIe

- 3onatopbl Gapagea 400-1250 Hm, go 60 ab

» CenekTopbl MMMAYNbCOB Ha 250-2700 Hm go 2 MIy
» 3meputenu gnutenbHocTn nmnynbcos, SPIDER
 PLL aneKTpoHMKa ANa CUHXPOHM3aLUK

« TTu-reHepatopsb! 4o 1 mIX B nmnysbce

-

CnekTpomeTpbl

« KomnakTHble yHBepcanbHble mogenu (190-1100 Hm)
« IK ckaHupytowme cnektpomeTtpbl (500-3450 Hm)
- MogkntoyeHne no USB, cobctBeHHoe MO

. P @

OnTomexaHuKa

« [onHbIN Ha6op rOTOBbIX 2/1EMEHTOB A/1A CO34aHUA
onTnyecKknx cteHaoB Nto60M CNIOXKHOCTU

dO

www.avesta.ru fs@avesta.ru
Ten.: (495) 967-94-73; OO0 “Aecta-lpoeKT”,

yn. ®unsunyeckasn, g. 11, r. Tponuk, r. Mocksa.
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yecKux g0 1,5-2 mm HUIT [17]; c TeneckonuuyecKUuM HP
U [IOK Ha ero BBIXOIE — OCHOBOM IJIS CO3MaHUS KOM-
IMaKTHBIX MAaJIOMOIIHBIX COBPEeMEHHBIX IIPOMBIIII-
neHHBIX AJITY «Kapaemia-2» U «KapaBemia-2M»
(5-8 BT) nOns HOpPelU3HOHHOM MHKpPoobpaboTku
MeTJIMYeCKUX MaTepHUaIOB TONIIHUHON 70 0,3 MM
U HeMeTa/UIn4yecKux mo 0,5-0,7 mm wusgenuin 3T
[18].

B JICIIM, pabotaromer 1o cxeme 3I-YM, obecre-
YUBAIOTCI MaKkcumaubHble KIIJ, (2-3%), MOIIHOCTH
(2100 BT) 4 IJIOTHOCTU IIMKOBOM MOLIHOCTH H3Jyde-
Hug (go 1018 Bt/ cm?)

OmepaTUBHOE yIIpaBieHHe MOINHOCThIO U YIIH
usnydyenus B JICIIM tuma 3I - YM mo 3amaHHOMY
AJITOPUTMY IIPOM3BOAUTCA 3a CUET BBICOKOCKOPOCT-
HOM PAaCCHUHXPOHHU3ALMU OITHYEeCKOro CHUTHasla
(ummynbca u3nydeHus) 30 U3 30HBI MOIIOUIEHHS
aKTUBHOM cpefibl YM B 30HY ero yCHU/IeHHMs HJIU I1PO-
3pavyHOCTH U Ha0b60poT.

3AKNOYEHUE

B mporecce 6onbpmoro ob6beMa BBIITOTHEHHBIX 3KC-
[IepHMEHTAIBHBIX PaboT ompemenunuch Haubonee
IIepCIIeKTUBHblE TEXHOJIOTHYeCKHe HaIlpaBJIeHUH
10 CO3LAHHUIO CIeIHaJIBHOr0 0b6OpyJOBaHHUS Ha
OCHOBe JIa3epHBIX 3/JIeMEeHTOB Ha I1apax MeTa/IoB
IJISL KCIIOJIB30BAHHUS B ITpOIleccax MHUKpPoobpaboTku
MaTepHaJOB HAHOCEKYHAHBIM H3/Ty4eHHEM C IIeJIbI0
X MacIITabHUpOBaHMS HA IIMPOKHUH IIPOU3BOLH-
Te/IbHBIK YPOBEHb.
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Mpoaykuus
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POCT
CVD ZnSe nasepHoro kayectsad
c rabaputamu o 1320x680x30

OBPABOTKA
OMTUYECKMX 3NIEMEHTOB PA3HOM reomeTpuye-
ckoi dopmbl uz ZnSe, ZnS,Ge,1G4,1G6

M PA3NINYHBIX MAPOK OMTHUYECKMX CTEKO

HAHECEHUE CMELUAJIbHbBIX
MOKPbITUU
Ha ananasor 0,4-16 mukpoH
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