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MNpaBpa nu, 4TO AecTBMeE la3epHOro Jiy4ya
3¢pdpekTUBHO? ECIM HeT, TO KAKMM 06pa3oM MOXHO
M3MEHUTb NPOPUIb UHTEHCUBHOCTMU Nly4a Aans
ONTUMMU3ALLMM TEXHONIOTMYECKOro npouecca?

OTu BONpocChbl MMetoT 60/blIOe 3HAYEeHUe AN
Pa3/IN4HbIX MPOMbILLIEHHbIX J1a3epPHbIX TEXHOJIOTUMA,
0Cco6eHHO AJ19 TaKUX MPUMEHEHUM, KakK Jla3epHas
MapKMpoBKa U rpaBupoBka. Yacto 3¢pdeKTUMBHOCTb
KOHKPeTHOW TeXHONI0r MM MOXeT 6bITb
CylecTBEHHO y/ly4llueHa 3a cYeT npeo6pa3oBaHus
pacnpeneneHnss UHTEHCUBHOCTU J1a3e€pHOrO

Jlyya. DTo oAHA M3 NPUYUNH pacTyLLEero uHTepeca

K MeTogaM ¢opMUPOBaHUSA U3TyHeHUS.

BBEAEHWE
HeomHOPOLHOCTH JIa3€pHOr0 H3JIYYEeHUsS MOKET
6BITh UCTOUHHUKOM TPYLHOCTEH IIPU IIPUMeHeHUH
Ja3epoB, HAIIpUMep, B TaK Ha3bIBaeMOMH 30He Tep-
mMuyeckoro so3nernctBus (HAZ - heat-affected zone)
B CBapHBIX HJIHM KOHYCOOOpPa3HBIX OTBEPCTHUSAX
(1].

9TO yTBep>XKAeHHe MOKHO IIPOUJIIIOCTPHUPOBATH,
eCcJM MBI PAacCMOTPHUM TIeoOMeTpHYeCKHe CBOM-
CTBa NpoHUIS HHTEHCHBHOCTH OJHOMOJOBOTO
(unu TEM,,) nasepHoro nyda. TaKoH JIyd 4acTo
HCIIONB3YeTCSl B PAa3IHMYHBIX TeXHOJIOTHSAX obpa-
6OTKH MaTepHa/oB, IIOCKOJABKY OH obecredynBaeT
HauboNIpIIyI0 KOHIIEHTPALMIO SHepruu. KoHeuHo,
Ka’kZoe Ja3epHOe IMPHJIOKEHHe HMeeT CBOH 0CO-
6eHHOCTH B3aHMMOAENCTBHUS MaTepHaaa U ja3ep-
HOTO M3J1y4YeHU s, OJJHAKO CYIIecTByeT OLHO obiee
CBOMCTBO BCeX OLHOMOJOBBHIX JIa3€pOB — IaycCoBa
GYHKLKS pacrmpefeneHUs HHTEHCHBHOCTH. I[103-
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Is it true that the laser beam action is

effective? If not, how it is possible to change

the beam intensity profile in order to optimize
process characteristics? These issues are of
great importance for various industrial laser
technologies, especially for applications such as
laser marking and engraving. It often happens
that the effectiveness of a particular technology
can be significantly improved by converting the
intensity distribution of the laser beam. This is
one of the reasons for the growing interest in the
methods of radiation formation.

INTRODUCTION

The inhomogeneity of laser radiation can be
a source of difficulty in the use of lasers, for
example, in the so-called heat-affected zone (HAZ)
in welded or cone-shaped holes [1].

This statement can be illustrated if we consider
geometric properties of the single-mode (or TEM,,)
laser beam intensity profile. Such beam is
often used in a variety of materials processing
technology, since it provides the greatest energy
concentration. Of course, each laser application
has its own peculiarities of interaction of material
and laser radiation, however there is one feature
common to all single-mode lasers - intensity
distribution Gaussian function. Therefore, in
order to evaluate the efficiency of a laser beam, it
is possible to consider only the geometric features
of the Gaussian function as a first step without
taking into account such effects as combustion,
melting, laser torch, etc. accompanying laser
processing.
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TOMY [,/151 OLleHKHU 3P PeKTUBHOCTH JIa3ePHOTO Iyda
B KayeCTBe IePBOro Ilara MOXXHO PacCMOTPeTh
TOJIBKO TeoMeTpHUecKHe 0C06eHHOCTH QYHKIIUHU
Taycca 6e3 ydyeTa TakUX 39 HeKTOB, COIIPOBOKIAIO-
IMX 7a3epHyIo 06paboTKy, KaK ropeHue, IjaBiie-
HHe, 1a3epHBIH QaKes T. J.

TEOPETUYECKOE OBOCHOBAHUWE
PacrmpeneneHrve HMHTeHCHBHOCTH I(r) ongHoO-
MOJOBOIO Ja3epHOro myd4ka [2, 3] omuchIBaeTcs
B IIOJISIPHBIX KOOPAHHATaX XOPOIIO H3BECTHBIM
COOTHOILIEHUEM:

2Ly 2%
(r)=I e % -2 ¢'%, M

nax oy
Irge r - pajghyc Jyda, o, - PagHyC IMepeTsKKH,
I.x — MaKCMMaJibHOe 3HayeHHe HHTEHCUBHOCTH.
3HaveHue I ,, BeIOpaHO TakMM obpasom, dYTO
IIOJIHAsl SHEepPryus Iy4YKa, COOTBeTCTBYyomas 06b-
eMy QUTYpHI IIOM MOBEPXHOCTBIO IByMEPHOM rayc-
coBor QYHKUHUHK I(I), paBHa YyCJIOBHOM eJHHHIle
(puc. 1).

Lenr OOMBIIMHCTBA Ja3epHBIX TEXHOJO-
TUH - IepefaTh oIlpefe/leHHOe KOJIHYeCTBO 3Hep-
ruu snasepa obpabareiBaeMoMy MaTepuasny, I103-
TOMYy [O1s aHanusa 3QPeKTUBHOCTH JOTHUYHO
HCIONb30BaTh OLIEHKY DJHePrHH Pa3IHYHBIX
JacTer Ja3epHOro naydva. [as ymobcTBa majabHem-
IIero pacCMOTPeHHUs NPUHSTO, YTO BCe IIPOLIECCH
pacIpocTpaHeHUs J1a3epHOro H3Jy4eHUs IIPOHC-
XOASIT C UHTEePBAJIOM BpeMeHH, PaBHBIM eJUHHUIIE.
KonunuecTtBo 3Hepruu E, ,, cocpemoTodyeHHOe
B KOJIbLIEBOM YaCTH JIa3epPHOIO JIy4a, OrpaHHUYeH-
HOe KpyraMH PaJHyCOB I; U I,, MOXHO HaHTH
IIyTeM HHTeIrpUpPOBaHUS QYHKUHUU HHTEHCHBHO-
ctu (1)

E,, ., =2n[I(r)rdr. 2)

[logcTaHOBKa QYHKLUHUMU  paclpefesleHUs
MHTeHCUBHOCTH (1) B dopmMyny (2) U ©UHTeTpUpOBa-
HUe IIPUBOAST K popMyIle:

2 2
5
BLS 2

2
-e 9, (3)
[IpeAIIONOKKUM, YTO TeXHOJOTHU obpaboTku
MaTepHhaloB IPOUCXOASAT IPU I[PUMeHEeHHUU
MHTEHCUBHOCTH IIy4YKa Ha OIpeJeIeHHOM YpPOBHe
I, (cm. puc.l). [nsg ymobcTBa manbHEHIIHUX pac-

CY>KAEeHUN BBegeM IepeMeHHYI0: h=1I,/1_ ...

i1

THEORETICAL JUSTIFICATION

The intensity distribution I(r) of single-mode laser
beam (2, 3] is described in polar coordinates by the
well-known relation:

2 2
I I
e_zth% ~ 2 e-zw—é
=— ,
(0N

I(r)=1,., oy
where 1 is beam radius, ®, is the constriction
radius, I, is the maximum intensity value. I,
value is selected so that the total beam energy
corresponding to figure volume under the surface
of the two-dimensional Gaussian function I(r) is
equal to a conventional unit (Fig.1).

The goal of most laser technologies is to
transfer a certain amount of laser energy to the
material being processed, thus, it is logical to use
the energy estimate of different parts of the laser
beam to analyze the efficiency. For convenience
of further consideration, let’s assume that all the
processes of laser radiation propagation occur with
a time interval equal to one. Amount of energy
E, ., concentrated in the annular part of the laser
beam, bounded by circles of radii r; and r,, can be
found by integrating the intensity function I(r)

E o= anzl(r)rdr.

I

(2)

(=]

\ Ihzh.Imax

I, I I

Puc. 1. layccosoe pacnpedeneHue UHMEHCUBHOCMU 0OHOMO~
008020 AA3epHO20 Ny4YKa

Fig. 1. Gaussian intensity distribution of a single-mode laser
beam
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Takum obpasom, h aBnsercs "pabouum" ypoBHeM
Jla3epHOro Jy4a, NP 3TOM AHAIA30H 3HaUYeHUN h
cocTaBaseT 3Ha4YeHHUsA ot 0 go 1.

Temepp pacCMOTPUM TPeXMePHYIO TeOMeTpH-
YeCKyo QUTYpPY, OTPAHUYEHHYI0 TOPHU30HTATbHOM
IIJIOCKOCTBIO U IIOBEPXHOCTBIO ABYMEpPHOM rayc-
coBon ¢yHKI UM I(r), onpefesleHHON B IOASPHBIX
KoopAaHuHaTaX. Ob6beM 3TOM QUIYpHl UMeeT GU3U-
YeCKHMH CMBICJ 3HePruM Jla3epHOro Jaydva; [s
IPUHSITON paHee HOPMHPOBKH 3HadeHHe 3TOH
SHePruu paBHO efuHUIe. O603HAUUM Uepes mepe-
MmeHHBble E;, E;, u E; pasHble yacTu QUIYPHI, KOTO-
pble MOTyT OBITP MHTepPIpPeTHPOBAHBI KakK YacTH
SHEPruu MyuKa:

« E,-"BepmuHa" pyHKUIUU [aycca, Ioe UHTeH-

CHBHOCTb IpeBbIIIaeT paboduil ypoBeHb
h (oueBumHO, 4TO 3Ta 3HEPrUs HCIIOIB3Y-
eTcss He3QpPeKTHUBHO U B HEKOTOPBIX CIIy-
yasx MpeAcTaBiseT cobol MpsIMYIO IIOTePIo,
HalpuMep, NpH abasLKMU TOHKHUX IIJIEHOK
MaTepHasa);

« E,-"xBocTel" pyHKIHMH [aycca, roe UHTeH-
CHBHOCTb HeNOCTAaTOYHA /JIS TeXHOJOTH-
yecKoTo IIpoliecca, HO Yallle BCEro SIBJIS-
eTcs NpHUYMUHON obpasoBaHus HAZ (TakuMm
obpa3om, 3TOT caydal NpaKTUYeCKHU Bcerjaa
COOTBETCTBYeT IOTepe HIH He3pPeKTHB-
HOMY HCII0JIb30BAHUIO JIa3ePHOM 3HEPrUH);

« E; - 50beKTUBHBIA "LOUIHUHAP' >SHEPrUHU
(masepHBIN Iy4oK 'paboTaeT" ¢ omTHMasb-
HOI HHTE@HCHUBHOCTBIO).

Hcnonbp3ysi cooTHoIleHHe (3), HETPYAHO oOIpe-

0enuTb GOPMYAbl A4 BBHIYMCAEHHUS 3HadYeHUH
"qacTen sHeprum':

E,=1-h+Inh-h

E,=h

E,=-Inh-h

E,+E,=1+Inh-h. 4)

CymMma E;+E, mpuBefeHa IOjis OLeHKHU IIOTepb
npu ob6paboTke TOHKHUX IIEHOK MM IIOKPBITHH.
Pe3ynbTaThl pacueToB 1o ¢opmynam (4) mpeacras-
JIeHBI Ha pHC. 2.

9TH pe3yJabTaThl BeCbMa MHTepeCHBI. be3ycios-
Has IOTepsl SHepPTuH E, MOXeT HOCTHUTAaTh OUYeHb
BBICOKMX BeJIM4YMH. Hampumep, B cilydae, eclu
pabounii ypoBeHb SHEPTUU COCTAB/ISIET IIOJIOBUHY
0T MaKCMMyMa (4acTo 3TOT YPOBeHb CUMTAETCH
pabounm), To MOTepU IHEPTHUM COCTABISIOT 50%
OT IIOJTHOM SHEePTHH JIa3epHOTOo Jy4da. B yCI0BHAX
nasepHON 06paboOTKH TOHKHUX IIJIEHOK SHepreTH-
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Permutation of intensity distribution function
(1) into formula (2) and integrating lead to the
following formula:

=€ “@-e (3)

Suppose that the technologies for materials
processing occur when the intensity of the
beam is applied at a certain level I, (see Fig.l).
For convenience of further consideration, let’s
introduce the variable: h=I,/I.,,. Thus, h is
the "working" level of the laser beam, wherein the
range of h values is a value between 0 and 1.

Now, let’s consider a three-dimensional
geometric figure limited by a horizontal plane
and the surface of a two-dimensional Gaussian
function I(r) defined in polar coordinates. The
volume of this figure has physical sense of the
laser beam energy; for the normalization adopted
earlier, the value of this energy is equal to one. Let
the variables E;, E, and E; denote different parts of
the figure that can be interpreted as parts of the
beam energy:

e E, is the "apex" of the Gaussian function,
where the intensity exceeds the working
level h (obviously that this energy is used
inefficiently and, in some cases, represents
a direct loss, e.g., in the ablation of thin
films of material);

El
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h

Puc. 2. Tpaduku GyHKLUL Yacmeli 3HepzUU Ad3epHO20 Ay4a:
E, - "sepwuHa”, E, - "xeocmul”, E; - "3pekmueHbill yuauHop
Fig. 2. Graphs of functions of the parts of the energy of the
laser beam: E, - "apex”, E, - "tails", E5 - "effective cylinder"
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yeckas 4acTb E;, BepmmuHa laycca, Takxke pac-
CMaTpHUBaeTCsl KaK IOTeps 3HePTruH, II0OCKOJIbKY
3Ta 4acTh MpeBHIIaeT paboyUil ypoBeHb SHEPrUu
I,. Takum obpasoMm, obe sHepreTudecKue 4acTH E;
U E, aBngioTca notepamu. Mx cymma E;+E, TakKe
[I0OKa3aHa Ha JHarpamMme; MUHHUMYM 3TOH QYyHK-
uuu 0,63. JpyruMHU c0BaMu, IIpu 06paboTKe TOH-
KHX IIJIEHOK B JIY4IIeM cJiydae "TOJbKO' 63% 3Hep-
TUU TepseTcss UIH HedQPeKTHBHO MCIIONb3yeTcCs,
a 37% "paboTaroT'.

9TO TOJIBKO reoMeTpHUUecKass MHTepIpeTalUs.
OmHaKo TaKOM IOAXOJ II03BOJISIET MONYUUTh IIpej-
CTaBJIeHHe 0 MacuiTabe [MOTephb Ta3epHOrO U3/Iyue-
HUSI, KOTOpble MOT'YT MHOTJA AOCTUTATh [10JIOBUHBI
[IOJIHOM SHepPruHu nmydxal

NMPEOBPA3OBAHUE NPO®UNEN
NNA3EPHDbIX NMYYKOB
HecomHeHHO, npeobpa3oBaHHe HCXOMHOK Taycco-
BoM GopMbl Ipoduasg B 3¢PeKTHBHBIN LUIHUHAP
C PaBHOMeDHOM HHTEHCHBHOCTBIO, IIOMOIJIO OBl
3¢ PeKTHUBHO MCIIOIb30BATh 3HEPrHUi0 Ja3epa
M yIy4IIUTh TeXHOJOTHHU, Ile Haubosnee kemna-
TeJlbHa OAHOPONHAs HHTEHCHUBHOCTL. [nd pea-
NMHU3allMK TaKkoro npeobpa3oBaHHUs Ipefjaraercs
HEeCKOJIBKO THIIOB OIITHYECKHX CHCTeM, Ha3blBa-
eMBIX TaKKe IleHIepaMu (0T aHIJIHMCKOro beam
shaper) [4]: mpenomnsiomue, AUPpPaKIIMOHHEIE,
MHTErpaTopbl INYYKOB HJIH KOMOHMHHPOBAHHBIE
CHCTeMBl. BoIOOp IOAXOASIIEro pelleHUsl 3aBUCUT
OT YPOBHSI MOLIHOCTH, AJIMHBI BOJHBI, KayecTBa
TOMOTeHH3aluu Iy4ka K APYrUXx ocobeHHOCTel
KOHKPeTHOM 3aJauH.

[Ipeobpa3oBaHUe raycCOBOro Iy4YKa B IIYYOK
C pABHOMEPHOM HHTeHCUBHOCTHIO (flat-top muau top
hat) aBnsiercs ocHoBHOM PyHKIMer TShaper, ped-
PaKILMOHHOTO CeMeNCTBa CHCTeM IpeobpasoBa-
HUS U3/1yUYeHUs, NpeJHa3HAUYeHHBIX ISl PaboThl
C HONYASAPHBIMH B HayKe M IIPOMBIIIJIEHHOCTH
nasepaMu YO-, MK- ¥ BUAMMOTO JHUAMIa30HOB.

Konuenuus paborel mShaper mpomnnioctpu-
poBaHa Ha pucyHKe 3. layccoBoe pacmpepeine-
HHe WHTEeHCHUBHOCTHU KOJJIMMHPOBAHHOILO IIy4YKa
TEM,,-1a3epa mpeobpasyercss B IIJIOCKOe pacIipe-
leleHHe Ha BeplIMHe (IOXoXee Ha I'PedyecKylo
OyKBY ). BRIXOAHOH MY4OK TaKske KOJIHUMHUPOBAH
M HMeeT IPUOIHU3UTENBHO Te Xe pa3Mepsl, UTO
U BXOJHOH IIy4OK.

nShaper mpexcraBnsier cobol Teneckom, rhe
COXpaHfeTCd 1LeJ0CTHOCTh IIy4YKa, IPpoPHUIb
MHTEHCHUBHOCTH TpPaHCOOPMHUPYETCA KOHTPO-
TUpyeMbIM 06pa3oM C IIOMOINBIO JHH3 C IJIaj-
KHMH OINTHYECKMMH IIOBEPXHOCTSIMH, a OLHHUM

i1

e E, are the "tails" of the Gaussian function
where intensity is insufficient for the
process, but most often is the cause of HAZ
formation (thus, it is almost always the case
that corresponds to loss or inefficient use of
laser energy);

« E,is the effective "cylinder" of energy (laser
beam "works" with the optimal intensity).

Using equation (3), it is easy to determine the

formulas for calculating the values of the "parts
of energy":

E,-1-h+Inh-h
E,-h

E,--Inh-h

E,+E,=1+Inh-h. 4)

Sum of E,+E, is given for the evaluation of
losses in the processing of thin films or coatings.
The results of calculations using formulas (4) are
shown in Fig. 2

These results are very interesting.
Unconditional loss of energy E, can reach very
high values. For example, if the working level
of energy is half of the maximum (this level is
often considered a working one), the energy loss
is 50% of the total energy of the laser beam. In the
conditions of laser processing of thin films, the
energy part E;, the Gauss apex, is also considered
as energy loss since this part exceeds the energy
working level I,,. Thus, both energy parts E; and E,
are losses. Their sum E,+E, is also shown in the
diagram; the minimum of this function is 0.63.
In other words, when processing thin films "only"
63% of energy is lost or inefficiently used, and 37%
"work" at the best the case.

Thisisonly a geometricinterpretation. However,
this approach provides an idea of the scale of

Puc. 3. nShaper npeobpa3syem zayccosbili Ny4oK 8 ny4ok
pasHomepHoU UHMeHcUusHocmu

Fig. 3. mShaper transforms a Gaussian beam into uniform
intensity beam
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13 OCHOBHBIX IIPUHIIMIIOB SIBJIS-
eTCsi OTCYTCTBHE BOJIHOBOM
abeppanuu, 4YTO TapaHTHpYeT
COXpaHeHHe IIJIOCKOCTHOCTH
BOJIHOBOTO QPOHTA BBIXOJHOIO
Iy4Ka. DTH 0COOEHHOCTH OTIH-
yaioT nShaper or romoreHmusa-
TOPOB HMHTErpPalLlMOHHOIO THIIA
(homogenizers), roe omHOpOogHAS
MHTEHCHUBHOCTh obecmeuyunBa-
eTcsi IpUMeHeHHeM MHOTOJIHH-
30BbIX OITHYECKHUX KOMIIOHEH-
TOB, pa3bueHHeM HCXOLHOIO

IIy4YyKa Ha YacTU U 'TlepeMelIu-
BaHHUeM" 3THUX YacTeH B OIpe-
meneHHON pabodeil IJIOCKOCTH.
B oTaMYMe OT UHTEIPUPYIOLIHUX
FOMOTeHH3aTOPOB, IIJIOCKOCT-
HOCTb BBIXOZHOTO BOJIHOBOTO
¢ponta nShaper’a obecmeuu- o ‘

! ! 0

BaeT boJblllee pacCTOSIHHUE ITOCTIe 6 -4 -2
yCTpOHCTBA, TIJe CBOMCTBA
Iy4Ka OCTAIOTCS CTAaOUIPHBIMHU.
OTa QyHKLUHKS YIpoIlaeT IpUMe-
HeHue mShaper’oB B peanbHBIX
CHCTeMax.

X, MM / X, mm

Puc. 4. Mpumep npeobpazosaHus pacnpedeneHus UHMeHCUBHOCMU ycmpolcmeom
nShaper: cresa — 8X00HOU NY4Y0K, CNPABA — 8bIXOOHOL NY4Y0K

Fig. 4. Example of a distribution intensity transformation using nShaper device:
left - input beam, right - output beam

-4 -3 -2 -1 0 1 2 3 4 5
X, MM / X, mm

0 2 4

(o)}
I
w

[IoCTPOeHHBIN IO CXeMe
Teneckona Tlanunes nShaper
peanusyoT 1npeobpa3soBaHHe Ja3epHBIX My4-
KoB 6e3 BHyTpeHHeH QOKYCHPOBKH, UTO Ba>XHO
B CJly4yae IMPHUJIOKEHHUIN C MOIIHBIMH U KOPOTKO-
MMIIYJIbCHBIMU Ja3epaMU. TeopeTH4ecKHu IIpeob-
pasoBaHMe H31ydeHHs TShaper'om mpoHCXOOHUT
6e3 moreps, a MpUMeHEHHEe ONTHMH3HMPOBAHHBIX
MIPOCBET/NSIOMUX MOKPBITHM, I03BOJSeT JOCTHYb
nouTH 100%-ro mpomyckaHHs CUCTeMBbl - 6osblIoe
IperMYyIIeCTBO IIepeJ TOMOreHH3aTopaMu AUb-
PaKIMOHHOIO THIA.

Ha puc. 4 mpencTaBieH npumMep mpeobpasosa-
HHS TaycCOBOro Iy4Yka B paBHoMepHHH (flat-top)
ny4ok nShaper’om.

HHTepeCHONM 0COOEHHOCTBIO SIBISETCS TOT
daKT, YTO OLHO YCTPOMCTBO MOXKeT GOPMHUPOBATH
HeCKOJIBKO BBIXOJHBIX IpodHIell B 3aBUCUMOCTH
OT BXOJHOTO fiIMaMeTpa My4Ka.

brarogapsi 3ToMy CHCTeMbl GOPMHPOBAHHS
pPaBHOMepHBIX IyuKoB TShaper HaxomsiT mpuMme-
HeHHe B KadecTBe II0JIe3HBIX MHCTPYMEHTOB JJIs
yAy4dIIeHUs] MPOMBIIIJIEHHBIX Ja3epPHBIX TeXHO-
JOTUHM W pelleHHUs HeKOTOPhIX HAy4HBIX 3ajad.
[IpyMepoM YCIeIIHOro IpPUMeHeHHUS SBIseTCs
nasepHas abnsuus kpeMHHs KoMmnaHuein Ekspla
Ltd. (puc. 5). 3mech oOTBepCTHe BBHIIIOTHEHO B KpeM-
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losses of laser radiation, which can sometimes
reach half the total beam energy!

LASER BEAM PROFILE TRANSFORMATION
Undoubtedly, the transformation of the initial
Gaussian profile shape into an effective cylinder
with uniform intensity would help to efficiently
use the laser energy and improve the technologies
where homogeneous intensity is most desirable.
To implement this transformation, several types of

B |
=

Puc. 5. Fnyxue omeepcmusi, 8bINOAHEHHbIE 8 KPEMHUU € NOMO-
wbto TEMy, Nd : YAG-nasepa:

c/Aesa — 2ayccosblll Ny4oK, 8 LeHmpe u cnpasa — Ny4ok, noay-
UeHHbIl ¢ nomoubto TShaper'a

Fig. 5. Blind holes, formed in silicon using TEM

Nd :YAG laser: left - Gaussian beam, in center and on right -
using nShaper
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HHUM C IIOMOLIBI0 HAaHOCEKYHIHOro na3epa Ekspla
DPSS Nd: YAG c ucnonp3oBanueMm nShaper. 3agava
COCTOSIZIa B TOM, 4UTOOBI JOCTHYB HMPOGHUIS "IJIO0-
CKOro AHA" IIYXHX IIePeXOAHBIX OTBEPCTHH Oe3
nebekToB Ha KpasX - 3TO BaKHO IPU H3LOTOBJIE-
HUU MHOTOC/IOMHBIX II€YaTHBIX I1J1aT.

Pa3HHIIA B pe3yIbTaTax OuYeBU/AHA: IIPU HUCIIOIb-
30BaHHUH rayccoBa jgyda ¢opmMa OTBEepPCTHS IIOBTO-
psieT rayccoBBIF IPOQHUIB, T. €. Cy>KaeTcs K LIeHTPY
(cMm.puc. 5, cieBa), TaK KakK IOYTH BCS 3HePrus
coCpefoToUYeHA B I[@HTPe U JIUINb ee Majas 4acTh
Ha mepudepuu OTBEpPCTHUS. BbICOKass MHTEHCHUB-
HOCTB B LIeHTPe rayccoBa Iy4YKa MOXKET IIPeBHIIIATh
ropor abyisAIuU CJI0SI MeIH IO/ HUM.

dopMa OTBepCTHUs pe3Ko H3MeHsIeTCs IpHU
ucnonbs3oBaHuM nShaper. OTBepcTus, ob6pa3zoBaH-
HbIe C IOMOIIbIO IIJIOCKOTO PacIIpefe/eHUs UHTEeH-
CHBHOCTH, UMEIOT YeTKHe Kpasl U IIJI0CKOoe THO (CM.
puc.5, LeHTp U cmpaBa). Popma "muockoro gHa"
OTBEPCTHUH YCTOMYMBA B IIMPOKOM JHAIIa30He CMe-
ImeHUI oT u3obpaskeHUs (PoKaTbPHOM) IIJIOCKOCTH.
Takum obpa3zom, mpumeHeHue TShaper momorio
PeIIMTh 3aauy CBEpJeHHUS OTBePCTHUH HeoOXOoU-
MO QOPMEI.

dopMmupoBaHHe HPOPHUIS Iy4YKa OTKPHIBAET
HOBble BO3MOKHOCTHU [JIsl YIYy4IleHUS [IPOU3BO-
OUTeNbHOCTH TeX JIa3ePHBIX TeXHOJIOTUM, Ile Hau-
boslee skenaTeNbHA PaBHOMEPHAsi MHTEHCHBHOCTb.
W nShaper mo3BonsieT OOCTHYB OMNTHMAJIBHOTO
pesy/bpTaTa IPU pelleHHUU pa3sHOOOpasHBIX MHIY-
CTPHUAJIbHBIX U HAYUHBIX 33/1a4 JIETKO U IIPOCTO.

B mpakTHUKe Ja3epHbIX TEXHOJIOTHHM MpHMe-
HSIIOTCSI BA MOJEJbHBIX psifa Ipeobpa3oBaTeneit
JTa3epHOTO U3TyUYeHHs:

e mnShaper nns GopMHPOBAHUS KOTIHMUPO-

BaHHBIX Iy4YKOB PaBHOMEPHOM HHTEHCHB-
HOCTH U

« Focal-mShaper gns chokycHpOBaHHBIX Iyd-
KOB M CO3/[laHUSI pPaBHO-

i1

optical systems are suggested, also called shapers
(beam shapers) [4]: refractive, diffractive, beam
integrators or combined systems. The choice of
a suitable solution depends on the power level,
wavelength, quality of the beam homogenization
and other features of the specific application.

Transformation of the Gaussian beam into a
beam with uniform intensity (flat-top or top hat)
is the main function of nShaper, refractive family
of radiation transformation systems, designed to
work with UV, IR visible range lasers common in
science and industry.

The concept of the mnShaper operation is
illustrated in Fig. 3. The Gaussian distribution of
the intensity of the collimated beam of the TEM,,
laser is transformed into a flat distribution on the
apex (similar to the Creek letter m). The output
beam is also collimated and has approximately the
same dimensions as the input beam.

nShaper is a telescope retaining the integrity
of the beam, while the intensity profile is
transformed in a controlled manner by lenses
with smooth optical surfaces, and one of the basic
principles is no wave aberration, which guarantees
the preservation of the flatness of the wave front
of the output beam. These features distinguish
nShaper from integration-type homogenizers,
where homogeneous intensity is provided by the
use of multi-lens optical components, breaking
up the initial beam into parts and "mixing" these
parts in a certain working plane. In contrast
to integrating homogenizers, the flatness of
the output wave front of mShaper ensures its
large distance after the device, where the beam
properties remain stable. This feature simplifies
the use of mShapers in actual systems.

Constructed according to the scheme of Galilean
telescope, mShaper implements transformation of

MEepHBIX HJIH KOJIbIIe-
BBIX TMpoduaen MATEH Input TEM,
B QOKaJbHOU IIJIOCKOCTH or Multimode
doxkycupyromero o06bek- .
THBA.
nShaper —
nShaper mnpeobpasyer nasep-

Hble IIYYKH C TayCCOBBIM HIJIH
JITUHBI BOJIH, HM:

OAOGHBIM  pacmpejeneHHueM 250-275; 330-380; 335-560; 520-550; 405-680;  700-900;
HHTeHCHUBHOCTH B  IYYKHU 1020-1100; 1100-1700; 1500-1600; 1800-2050; 1940-2160; 1900-2800
paBHOMEpPHOH MHTEHCHBHO" Puc. 6. MpuHyun pabomsl nShaper'a

CTM K C IIJIOCKMM BOJIHOBBIM Fig. 6. Operational principle of nShaper

opoutom (puc. 6). Ilpeobpa-

Output Flattop

I

-m
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30BaHHe TaKOro THIIA Ba’XKHO B Pa3HOOOpPa3HBIX
IIPUJIOKeHU X [5]:

* ronorpadus,

* HHTepdpepoMeTpH4,

* OINTHYeCKHEe CHUCTeMbl COBPEMEHHBIX KOH-
boKanbHBIX MHKPOCKOIIOB U MHKPOCKOIIOB
peanu3yoOIUX pa3lHu4YHble (IOPeCcLeHT-
Hble TeXHOJIOTHH,

* ONTHYeCKHe CHCTEeMBbl MOIIHEIX JIa3eposB,
IIOCTPOeHHBIe II0 CXeMe TIeHepaTOp-yCH-
nutens (MOPA-lasers), rme ympaBieHHe
npoduseM HHTEHCHBHOCTH IO3BOJsIET
CYIIeCTBEHHO IMOBBICUTh 3$PeKTHUBHOCTD
Y CTabUIBHOCTD yCUJIEHU S,

* CBapKa,

* HaIJIaBKa,

* Jla3epHas 3aKajka.

Hekortopsle Momenu mShaper’oB MMeOT axpo-
MaTHU4eCcKyl0 KOHCTPYKILIMIO, KOTopasl II103BOJseT
HCII0JIb30BaTh OLHO H TO K€ yCTPOHCTBO C pa3jiny-
HBIMU JIa3epHBIMHU HUCTOYHHKaAMH OJHOBPEMEHHO
1 obecreuynBaTh C OAUHAKOBOM 3PPEKTHBHOCTHIO
npeobpasoBaHue NpodPHUIST HHTEHCHBHOCTH Ha
PasHBIX JJHHAX BOJIH.

OcHOBHBIe CBOMCTBA cucTeM nShaper:

* JIMH30BBIe ONTHYECKHEe CHCTeMHl Ipeobpa-
30BaHUSl paclpefelleHUS HHTeHCHBHOCTH
7a3epHBIX IIy4YKOB M3 TayCCOBOTO B PaBHO-
mepHoe (flat-top);

e IPUHUUN Npeobpa3oBaHUS - KOHTPOIUPY-
eMoe H3MeHeHHe BOJIHOBOIO QPOHTa BHY-
TPU YCTPOHCTBA - 1-H KOMIIOHEHT BHOCHT
chepuueckyto abeppaiuio, HeobXOZHUMYIO
ol TpaHchopMalMu NpodUIss UHTEHCHUB-
HOCTH, 2- KOMIIOHEHT KOMIIEHCUPYyeT 3Ty
abeppanuio,

* IMJOCKHH BOJTHOBOHM POHT BBIXOJHOTO
myuka, T.e. 6e3abeppalluOHHBIH,

« pabota ¢ TEM,, 1a3epaMH, a TakKe C MHO-
TOMOJIOBBIMHM J1a3epaMHU, pacIpefeneHHe
MHTEHCHUBHOCTH KOTOPBIX IIOJOOHO Traycco-
BOMY, HaIlpuMep, apabonnydeckoe,

* KOJJHMMHUPOBAHHBIM BBIXOLHOH IIYYOK,
PacXoJMMOCTh KaK Yy BXOJHOTO IayCCOBOIO
IIy4Ka,

* CTabHIBHOCTBH BBIXOJHOTO NPoduIs Ha 60/b-
IIOM PacCCTOSIHUH,

* aXpoMaTHYeCKHH AHU3aHMH - CIOCOOHOCTH
paboTaTh C HECKOJIBKHMHU Jla3epaMH OJLHO-
BpPeMeHHO C OJHHAaKOBOH 3 PeKTHBHOCTEIO
npeobpa3oBaHUs Ha Pa3HBIX JJIHHAX BONH,

* OTCYTCTBHe BHYTpPeHHel QOKYCHPOBKH.
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laser beams without internal focusing, which
is important in the case of applications with
powerful and short-pulse lasers. Theoretically,
the radiation transformation by mShaper occurs
without losses and application of optimized
antireflective coatings allows to achieve almost
100% system transmittance - a great advantage
over homogenizers diffraction type.

Fig. 4 shows an example of converting a
Gaussian beam into a uniform (flat-top) beam
using nShaper.

An interesting feature is the fact that one
device can form several output profiles depending
on the input beam diameter.

Due to this, the nShaper systems of uniform
beam formation are applied as useful tools for
improving industrial laser technologies and
solving some scientific problems. An example of
a successful application is the laser ablation of
silicon by Ekspla Ltd. (Fig. 5). Here, the hole is
made in silicon using a nanosecond laser Ekspla
DPSS Nd: YAG using nShaper. The aim was to
achieve the "flat bottom" profile of the blind
by-pass hole without edge defects - it is important
to at manufacture of multi-layer printed circuit
boards.

The difference in the results is obvious: if a
Gaussian beam is used, the hole shape follows
the Gaussian profile, i.e. narrows towards the
center (see Fig. 5, left), since almost all the energy
is concentrated at the center, and only a small
part of it - on the periphery of the hole. The high
intensity in the center of the Gaussian beam can
exceed the ablation threshold of the copper layer
below it.

The shape of the hole changes abruptly when
using nShaper. The holes formed through the flat
intensity distribution, have clearly edges and flat
bottom (see Fig. 5, center and right). The shape of
the "flat bottom" of the holes is stable in a wide
range of displacements from the image (focal
plane). Thus, the use of nShaper helped solve the
problem of drilling holes of the required shape.

The formation of the beam profile opens up
new possibilities for improving the performance
of those laser technologies where the uniform
intensity is the most desirable. Moreover, nShaper
allows to achieve the optimum result when solving
various industrial and scientific tasks in an easy
and simple way.

In the practice of laser technologies, two models
of laser radiation transformers are used:



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN NRARRN
NN OPTICAL DEVICES & SYSTEMS @

[JINHBI BOJIH, HM
250-275; 330-380;
1020-1100; 1450-1650;

520-550;
1800-2050;

750-850;
9300-10700

Puc. 7. MpuHyun pabomsl Focal-nShaper'a
Fig. 7. Operational principle of Focal = nShaper

1 1 1
Focusing J \ / \

Lens

rr

Focal-nShaper
Focal-nShaper (puc. 7) paboTtaeT c 0fHOMOLOBBIMH
nasepaMH M IpefHa3HadeH IS QOPMHUPOBAHUS
KOJIJTUMHPOBAHHOIO IIy4ka C paclpefeseHHeM
MHTEeHCUBHOCTH B BHAe QYHKIHH "'THUCK DUpPH’,
KOTOPBIM NpU (OKYCHPOBKe JTHH30K IIpeobpasy-
eTcd B MSTHO C PaBHOMEPHBIM MM KOJbIEBBIM
pacmpeseneHHeM UHTeHCUBHOCTH BOIM3K poKyca
[6]. IlpeobpasoBarenu Focal-mShaper moryr mpu-
MeHSIThCSI C JII060M POKYCHPYIOIEeH ONTHYeCKOM
CHCTeMBl, HallpuMep, cO CKaHaTopaMu C F-O 06b-
eKTHBOM HJH 00BeKTHBAMH MHKPOCKOIA; eJHH-
CTBeHHOe YycJoBHe - QOKyCHpyloIlasi CcHCTeMa
OO/’KHA HMeTh NUOPAKLHMOHHO-OTPAaHUYEHHBIH
ypoBeHb GOKYCHPOBKH, 4YTO obecIiedueHO B COBpe-
MeHHBIX 06BeKkTHBax. Ilockonbky Focal-mShaper
ONTHMU3UPYIOT YCIOBUS HHTepdepeHLHUHU IpHU
doKycHpOBKe J1a3epHBIX Iy4YKOB, U Pe3yIbTHUPY-
fomue paboume ISITHA HMMeEKT MaJbIH pa3sMmep,
06p1yHO MeHee 100 MKM, I1aBHBIe 06/1aCTH mpUMe-
HeHHUS 3THUX IIpeobpa3oBaTesier CBSI3aHBI C MUKPO-
06paboTKOM MaTepHaIOB.
OcHoBHBle TpuaokkeHus Focal-nShaper:
¢ 3D-meuars (CesleKTHBHOE Ja3epHoe IIIaBjIe-
HUe),
* Jla3epHBIN HarpeB B reopu3UYeCKUX HCCIIe-
OOBaHHUSX,
* MapKHPOBKAa U I'PaBUPOBKa,
e CKpanbupoBaHHUe,
* CBepJleHHe, BKJII0OYasg TIAyxHe OTBePCTHUS
B [TIeYaTHBIX IIJIaTaX,
e 3amnuch wu3obpakeHHH B
U 3/IeKTPOHHKE,

nonurpapuu

« mnShaper for the formation of collimated
beams of uniform intensity, and

» Focal-nShaper for focused beams and
creating uniform or annular spot profiles in
the focal plane of the focusing lens.

nShaper
nShaper transforms laser beams with Gaussian
or similar intensity distribution in the beam
of uniform intensity and with a plane wave
front (Fig. 6). Transformation of this type is
important in a variety of applications [5]:

« holography,

« interferometry,

« optical systems of modern confocal
microscopes and the microscopes
implementing  various  fluorescent
technologies,

« optical systems of power lasers built
according to the oscillator-amplifier
scheme (MOPA-lasers), where the intensity
profile control allows to significantly
increase the effectiveness and stability of
amplification,

« welding,

« surfacing,

+ laser hardening.

Some mnShaper models have achromatic
design, which allows using the same device
with different laser sources simultaneously
and providing with the same efficiency the
transformation of the intensity profile at
different wavelengths.
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* MHKPOCBapKa,

¢ MuKpoobpaboTka MaTepHaJIoB,

* MacC-CIeKTPOMeTpHs,

» nw0boe nazepHoe MpHUJIOKEeHHUe, Toe Heobxo-
OUMO COCPeNOTOYMUTh H3IydeHHe B GOKyce,
obecrmeuynuB paBHOMEpHOE HIJIH KOJIbLIEBOE
pacrpefeneHue HHTEHCUBHOCTH.

OcHOBHBIe cBoHCTBa cucteM Focal-nShaper:

» adokanbHas IMH30Bas ONTHYECKas CUCTeMa
C TTaIKUMHU ONITHYECKHUMHU [I0BEPXHOCTSIMH,

« 06e3 BHyTpeHHeN QOKYCHPOBKH,

* BXOJHOI IIyYOK:

* KOJUIMMHPOBAHHBIN UIH c1abo pacxons-
M HCA,

* TEMy,

* BBIXOJHOM IIyYOK:

e KOJUIMMHPOBAHHBIN HIH c1abo pacxons-
IIMICH,

e "mHUCK DUpH" - ONTHUMH3HUPOBAH MO
nocnenyoomed GOKYCHPOBKM B MSTHO
PaBHOMEPHOM MHTEHCHUBHOCTH,

« npodunu npu GoKyCHUPOBKe: PABHOMEPHBIH
(flat-top), xomnpLo, "mepeBepHyTHI [aycc”,

¢ CIeKTpa/JbHble AHANa30Hb: YO, BUIUMBIH,
HK, CO, ma3epsl,

» raybuHa Qokyca CpaBHHMMa C rayCCOBBIMH
My4KaMHU,

« pabota c m060K GOKYCHPYIOUEH ONTHUKOM
IUPaKIIMOHHOIO YPOBHS,

« paboTa co ckaHaTOpaMH,

* IIPOCTOTA IOCTHPOBKU U HMHTErpallUU B yKe
cylecTByomeM 060py0BaHUH,

* KOMIIaKTHOCTb.

MPUMEHEHMUE WWENMEPOB B 3D-MEYATU
B mocnenHee BpeMsi aKTUBHO Pa3BHUBAeTCS TeX-
HOJIOTHS CeJIeKTHBHOIO JIa3epHOr0 IIJIaBJIeHHUS
(CJIII), mpH KOTOPOM IIOC/IOMHOe GOPMHPOBAHHE
M3/le/Ids peaju30BaHO IIyTeM IIJIaBJIeHHUS MeTa-
JIMYeCKOIro IOpOIIKAa C IOMOIIBI0 CHOKYCHPOBAH-
HOI'0 H3JlyueHHUs ogHOMOHOBbIX (TEM,,) /1a3epos.
9Ta TexHOJOTHs, Ha3blBaeMas I0-aHIJIHMNCKHU
SLM (Selective Laser Melting), mpuMeHsieTcs B 3D
IPUHTepax AJsl IIPOHU3BOACTBA CJIOKHBIX CTPYK-
Typ U arperaToB MK Hepa3bOpHBIX KOHCTPYKIIHU
CO CJIOKHOM reoMmeTpHheHr. Cpenu OPYIrHUX ee BaX-
HBIX JOCTOHUHCTB [7]:

* BO3MOXHOCTh QGOPMHUPOBAHUSI
C BHYTPEHHHMHU OTBEpPCTHSIMH,

* 5b0deKTHBHOe pacXomoBaHHe MaTepHasla
(bormee 95% He3ameHNCTBOBAHHOTO IIOPOIIKA
MOSKHO HCII0JIb30BaTh B C/IeAYIOIIeM LIHKJIe
IIPOM3BOLCTBA),

neTaneH

186 ®OTOHMKA TOM 12 N2 2(70) 2018

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
m ONTUYECKME YCTPOUCTBA M CUCTEMbI I
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

The main properties of mShaper systems:

« innovative optical system for transforming
the intensity distribution of laser beams
from Gaussian to uniform (flat-top);

« principle of transformation is a controlled
change in the wave front within the device -
the 15t component introduces the spherical
aberration required for the transformation
of the intensity profile, the 2" component
compensates for this aberration,

« plane wave front of the output beam, i.e.
abrasion-free,

« operation with TEM,, lasers, as well as
with multimode lasers, where the intensity
distribution is similar to Gaussian, e.g.,
parabolic,

« collimated output beam, with divergence
similar to the input Gaussian beam,

+ stability of the output profile at a great
distance,

+ achromatic design, i. e. the ability to operate
multiple lasers simultaneously with the
same transformation efficiency at different
wavelengths,

 absence of internal focusing.

Focal-nShaper

Focal-nShaper (Fig. 7) operates with single-mode
lasers and is designed to form a collimated beam
with intensity distribution as a function of the
"Airy disk", which, when focused by a lens, is
transformed into a spot with a uniform or circular
intensity distribution near the focus [6]. Focal-
nShaper transformers can be used with any of the

Puc. 8. lNpumep npouecca 3anucu u3obpakeHus 8 MexHoA0-
auu cJin

Fig. 8. Example the image recording process using SLM
technology




* yCKOpeHHe IIPOM3BOJACTBA IIPOTOTUIIOB,

* BO3MOXHOCTb AaBTOMATHM3alMH IIPOU3BOJ-

CTBEHHOTIO IIpollecca.

TexHonorus CJII (puc. 8) sIBIseTCS TepMHU-
YeCKHMM IIpPOLIeCCOM, I03TOMY 4Ype3BBIYaHHO
Ba’keH KOHTPOJIb HaJ TeIJIOBBIMHU 3QPeKTaMHU
KaK B 30He pacIljiaBa IIOPOIIKa, TaK U B ONTHYe-
CKOM TpakTe obopymoBaHHus 3D-meuatu(8]. 310
0co6eHHO aKTya/JIbHO CerofHs, KOrfa Ilepej BOC-
IPUHIATON IPOMBIIIJIEHHOCTbIO TEXHOJOTHEH
CTaBUTCS 3aJayvya IMOBBIIIEHMS MOPOHU3BOAUTENIE-
HOCTH, 4YTO, B CBOIO ouepelb, TpebyeT mpuUMeHe-
HUS Jla3epoB IOBBIIIEHHON MOUIHOCTH. Heobxo-
JUMBIEe [JIs 3TOTO Jia3ephl LOCTYIIHEBI, HalpHUMep,
COBpeMeHHBIe OJHOMOIOBEIE BOJTOKOHHEBIE JIa3ephl,
MOIIHOCTbh KOTOPBIX MOCTHUIAET HECKOJIbKHUX KHJIO-
BaTT. OMHAKO ONHHUM M3 Cepbe3HBIX IPeNsATCTBUU
MX YCIEIIHOTO MNPHMEHeHHUS ABJISETCS Taycco-
BOe paclpefe/ieHHe HHTeHCHUBHOCTH, IPUBOJIS-
Iee K TaKUM IIpobremMam, KaK HepaBHOMepHOe
pacmpepesnieHre TeMIlepaTyphl B 30He paclljiaBa
U IoCIenywiiHe HePaBHOMEPHOCTh Ipoliecca
IIJIABJIeHH S, HeXeJlaTeJIbHOe HMCIapeHHe HIU
HCKpeHUe,

Jlpyras mpobneMa cBsi3aHa C ONTHKOM — rayc-
COBOE pacmpeneieHHe HHTEHCHBHOCTHU J1asep-
HOTO M3JIy4YeHHS IIPUBOAUT K HePABHOMEPHOMY
HarpeBy ONTHYECKHX KOMIIOHEHTOB, YTO BBI3BI-
BaeT TEPMHYECKHH COBHUI IepPeTSKKHU CHOKYCH-
POBAaHHOIO J1a3epHOTO Iy4YKka U BOJIHOBHIe abep-
pauuu; B pe3yabraTe B pabouel IJI0CKOCTH
3D-mpuHTepa IPOUCXOAAT H3MeHEeHHs pa3mepa
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focusing optical system, e. g., with scanners with
F-O lens or microscope lenses; the only condition
is that the focusing system must have diffraction-
restricted level of focusing which is provided in
the modern lenses. Since Focal-nShaper optimizes
interference condition when focusing laser beams,
and the resulting working spots have a small
size, typically less than 100 pm, the main scope
of the transformers is associated with the micro-
processing of materials.

Main Focal-nShaper applications:

+ 3D printing (selective laser melting),

« Laser heating in geophysical studies,

« Marking and engraving,

 Scribing,

« Drilling, including blind holes in printed
circuit boards,

« Recording images in
electronics,

« Micro-welding,

« Micro-processing of materials,

* Mass-spectrometry,

« Any laser application where it is necessary
to focus the radiation, ensuring a uniform
or circular intensity distribution.

Main properties of Focal-nShaper systems:

« Afocal lens optical system with smooth
optical surfaces,

« Without internal focusing,

« Input beam:

+ Collimated or slightly divergent,
« TEM,,,

printing and

« Output beam:

« Collimated or slightly

Focusing Optics

i

Scanning Head

divergent,
« "Airy disk", optimized for
the subsequent focusing into a

-

Gauss TEM,,

"Airy Disk"

JUM

CKUX 3¢pexmos 3aLWUmHbIM OKHOM

from thermal effects

Puc. 9. Cucmema CJ111, ocHaweHHas Focal-mShaper u c60600HbIM 0mM mepmuye-

Fig. 9. SLM system, equipped with Focal - nShaper and a protective window free

spot of uniform intensity,
« Profiles of focusing:
uniform (flat-top), ring,
"inverted Gauss",
»  Spectral ranges: UV, visible,
IR, CO, lasers,

Depth of focus is comparable

Protective
Window

Target Profiles v .
in Working Plane . .
& _ with Gaussian beams,

« Operation with any focusing
optics of the diffraction level,
¢ Operation with scanners,

« Simple alignment and
integration in existing
equipment,

* Compactness.
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U pacmpejeseHHUs HHTEHCHBHOCTH CHOKYCHPO-
BaHHOIO pabouyero msATHa. 9TH TePMUYECKH HUH]Y-
LpoBaHHBIe 3PPeKTH 0CO6EHHO CHIBHO IIPOSIB-
JASI0TCS Ha 3aOIUTHBIX OKHaX paboder KaMepsl
obopynmoBaHUS, TaK KaK OKHA HeH30e>KHO ITOKPHI-
BAIOTCS CJIOeM IIOPOLIKA M IIBUIM B IIPOLLECC JIa3ep-
HOM 3allMCH, YCH/IHMBAIOMIKMH HepaBHOMepDHoOe
HarpeBaHHe MaTepHajia OKOH. CyllecTByeT pelle-
HUe 3TOM Ipo6yieMbl B BU/Jle OKOH K3 CIIeI]HaIbHbIX
CTeKOJI, CaMOKOMIIEHCHUPYIIUX TepMHUYeCKHE
3¢ deKTh, OOHAKO 3Ta TeMa BBIXOOUT 33 PaMKH
HaCTOSIIEeHN CTaThH.

g BbHIpABHHBAaHHUS TeMIIepaTypPHOIO pac-
IpefleleHHss B BaHHe pacIlaBa YCIeNIHO
npumeHsiorcsi Focal-mShaper, mno3Bonsomue
yIOPpaBIATh paclopefeleHHeM HHTEHCHBHOCTH
CPOKYCHPOBAHHOIO MITHA, INPHUMepP ONTHYECKOH
cucTeMbl 3D-IpUHTepa IIOKa3aH Ha pucC. 9.

OmHOMOJOBOe M3/Iy4eHHEe K3 BOJOKOHHOTIO
nasepa mpeobpasyercs KonnuMupyoomum Focal-
nShaper B KONIHMMHPOBAaHHBIM IIYy4OK C pac-
npefeleHHWeM HHTeHCHBHOCTH JHCKa DHUpH
U nanee oxkycupyercsi o6beKTHUBOM B pabouyio
IIJIOCKOCTh, 3alHCh HM300paskeHUS peanu3yercs
C momMompio ckaHepa [3]. O6pa3yemoe B poKaip-
HOM IJIOCKOCTH 06beKTHBA MSATHO MMeeT PaBHO-
MepHoe pacmpepeneHue uHTeHcuBHocTH (flat-
top) munum "6ybauk" (doughnut). B cuny cBoiicTB
Harpesa TeIJIONPOBOAAIIMX  MaTepHUaJiOB
MMeHHO "0y6/1uK" SBASeTCS ONTHMAaJbHBIM s
TexHosioruu CJIII, mocKkonbKky obecredyrBaeT paB-
HOMepHoOe pacIpefe/leHHe TeMIlepaTyphl M CTa-
OUIBHOCTD IIpollecca.

Puc. 10. CpasHeHue npoueccos CJ1I1 3anucu: caesa - 2aycco-
8blll ny4yok, cnpasa - "6ybaux”

Fig. 10. Comparison of SLM recording processes: left -
Gaussian beam, right - "doughnut”

i g

APPLICATION OF SHAPERS IN 3D
PRINTING

Recently the technology of selective laser melting
(SLM) has been developed actively where the
product is layer-formed through the melting of
metal powder using focused radiation single-
mode (TEM,,) lasers. This technology, called SLM
(Selective Laser Melting), is used in 3D printers
for the production of complex structures and
aggregates or integral structures with complex
geometry. Its other important advantages [7]
are:

« possibility to create details with internal
holes,

« effective material consumption (more than
95% of unused powder can be used in the
next cycle of production)

 accelerated prototypes production,

+ possibility of automation of the production
process.

SLM technology (Fig.8) is a thermal process,
therefore it is extremely important to control
the thermal effects, both in powder melt zone
and in the optical path of the 3D-printing
equipment [8]. This is especially true today, when
the task of increasing productivity is put before
the technology perceived by industry, which
in turn requires the use of lasers of increased
power. The necessary lasers are available, e.g.,
modern single-mode fiber lasers, whose power
reaches several kilowatts. However, one of the
serious obstacles to their successful application is
Gaussian intensity distribution, resulting to such
problems as uneven temperature distribution in
the melt zone and subsequent non-uniformity of
the melting process, undesirable evaporation or
arcing.

Another problem is related to optics - the
Gaussian distribution of the laser radiation
intensity leads to an uneven heating of the
optical components, which in turn causes a
thermal shift of the constriction of focused
laser beam and wave aberrations; as a result,
in the working plane of the 3D-printer there
are changes in the size and the intensity
distribution from the focused working spot.
These thermally induced effects are particularly
pronounced on the protective windows of the
equipment working chamber, since windows
are inevitably covered with a layer of powder
and dust in the laser recording process, which
increase the uneven heating of the window
material. There is a solution to this problem in
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[IpencTaBieHHAs BBIIIe OINTHYeCcKas CHCTeMa
IIpHMeHeHa B 3KCIIEPHMEHTATbHOM YCTaHOBKE MIJIS
ucrbiTaHui CJIIT TeXHOMOTHHM C Pa3TMYHBIMH pac-
Ipefie/IeHUsIMU HMHTEHCHBHOCTH U Pa3IHYHBIMU
3aIIUTHBIMHU CTeKJIaMHU. CPaBHUM IIPOLIECCHI 3aTIUCH
n306paskeHUH, IONTy4YeHHbIe C IIOMOIIBIO I'ayCCOBBIX
pabourx IsTeH U ISATeH C TeMIIepaTypHBIM pacIipe-
IeneHreM B Buze '6ybnurka’ (puc. 10). M3MepeHuUs
pacripefieleHUH U pe3yabTaThl TPABUPOBKH CTATbHOM
IIJTACTHHBI [T0Ka3aHbl B HUKHEH YacTH PUCYHKa.

3AK/TKOYEHUE
PaccMOTpeHHBIe IIPUMepPHI II03BOJISIIOT CeIaTh Clie-
IYIOIIHe BBIBOJIBIL:

* CyIeCTBEHHO MeHBbIIIe KOJTHYeCTBa UCKP B CIy-
Yyae HCII0Ib30BaHUs "0yb6nHKa" mogTBEepsKAAeT
LeslecoobpasHocTh obeclieueHHUs] pPaBHOMep-
HOM TeMIIEPATyPhl B 30HE PAacIlIaBa IOPOIIKA;

s pacmpeneneHHe HHTEHCHBHOCTH '6ybnuk"
I103BOJISIET ITOBBICUTH 3 PEKTUBHOCTD HUCIIONIb
30BaHUS JIa3epPHOM 3HEPrUH M IPOU3BOAU-
TeJBHOCTb IIPOLIeCCa;

* HCC/Ie[J0OBAHHUE HM3TOTOBJIEHHBIX JAeTajel I10Ka-
3aJI0 MEHBIIYIO IOPUCTOCTD IIPH 3aIKUCH IIST-
HOM B Bu/Je "6ybnuka”.

B menoMm, uccinemosaHus CJIII-mporecca ¥ HM3Me-
PeHHs peaybHBIX H3TOTOBJIEHHBIX [eTaJlel II0oA-
TBePAUIN MPABHUJIBHOCTh MIPEAJIATA€MOro IMOAXO0AA
10 YIIPaB/JIeHHUIO paclpefelleHHeM HHTEeHCHBHOCTHU
CcOOKYCHPOBAHHOIO JIa3€PHOrO IMSATHA U IIPUMEHe-
HUIO 3alIMTHBIX OKOH U3 CIIELIHAJIBHBIX CTEKON I
IIOBBIIIEH U IPOU3BOSUTENBHOCTH U CTAOHMIM3aI MU
TeXHOJIOTMYeCKOro Ipoliecca.
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the form of the windows made of special glass,
self-compensating thermal effects, but this topic
is beyond the scope of this article.

To equalize the temperature distribution
in the melt pool, Focal-mShaper has been
successfully applied allowing to manage the
distribution of the intensity of the focused spot,
an example optical system of 3D- printer is
shown in Fig. 9.

Single-mode radiation of fiber laser is
transformed by collimating Focal-nShaper into
a collimated beam from the Airy disk intensity
distribution and is further focused by the lens
to a working plane, the image is recorded using
a scanner [3]. The spot resulting at a lens focal
plane has even distribution intensity (flat-top)
or "doughnut". Due to heating properties of
heat-conducting materials, it is the "doughnut”
which is optimal for SLM technologies because
it provides an even temperature distribution and
stability of the process.

The optical system given above was applied
at experimental installation for tests of SLM
technologies with different allocations of
intensity and different protective glasses. Let’s
compare the image recording processes, obtained
from using Caussian operational spots and spots
with "doughnut-like" temperature distribution
(Fig. 10). The measurements of distributions and
results of steel plate engraving are shown in
figure’s bottom.

CONCLUSION
The examples considered allow us to draw the
following conclusions:

 significantly lesser arcing in the case of
using "doughnut” justifies the necessity of
uniform temperature in the powder melt
zone;

« "doughnut-like" intensity distribution
allows for more efficient use of the laser
energy and performance of the process;

« examination of the manufactured
parts showed a lower porosity with the
"doughnut-like" spot recording.

In general, the study of the SLM process and
measurements of actual manufactured parts
has confirmed the correctness of the proposed
approach to control intensity distribution
by means of focused laser spot and to apply
protective windows made of special glass in
order to enhance the performance and stability
of the technological process.





