Pul sed | aser machi ni ng net hod and pul sed | aser machining equipnent, in
particular for welding, wth variation of the _power of each |aser puke
Field of the invention The present invention concerns the field of
llaser welding and in particular the |aser welding of highly reflective
materials, such as copper, gold, silver, alum niumor an alloy conprising
one of these netals. Mdre 10 specifically, the invention concerns a | aser
wel di ng nmet hod and an equi prent for inplenenting said nmethod where the
coherent |ight source generates a | aser beamw th a wavel ength of between
700 and 1200 nanonetres, for exanple an Nd: YAG | aser or fibre laser. A
non-linear crystal is provided for partially doubling the frequency of the
| aser beam so 15 as to increase machining efficiency. Background of the
invention A |l aser wel ding equipnent is known fromUS Patent No. 5,083, 007
conprising an Nd: YAG | aser source optically punped using a flash | anp and
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Field of the invention

The present invention concerns the field of laser welding and in
particular the laser welding of highly reflective materials, such as copper,
gold, silver, aluminium or an alloy comprising one of these metals. More

10 specifically, the invention concerns a laser welding method and an
equipment for implementing said method where the coherent light source
generates a laser beam with a wavelength of between 700 and 1200
nanometres, for example an Nd:YAG laser or fibre laser. A non-linear
crystal is provided for partially doubling the frequency of the laser beam so

15 as to increase machining efficiency.

Background of the invention

A laser welding equipment is known from US Patent No. 5,083,007
comprising an Nd:YAG laser source optically pumped using a flash lamp
and generating a coherent light with a wavelength of 1064 nanometres

20 (nm), and a non-linear crystal (for example LiNbO3 or KTP) arranged in the
resonant cavity, said crystal partially doubling the frequency of the light
generated by the laser source. At the output of the resonant cavity, there is
thus a laser beam formed of two wavelengths, i.e. 1064 nm (infra-red light)
and 532 nm (green light). This document proposes to produce a pulsed

25 laser beam with at least 3% light having a wavelength of between 350 and
600 nm generated by a 2F frequency converter. Preferably, the laser pulses
have at least 30 MJ energy with at least 3 MJ from the frequency doubled



thus a | aser beam fornmed of two wavel engths, i.e. 1064 nin (infra-red
light) and 532 run (green light). This docunent proposes to produce a

pul sed 25 |l aser beamwith at |east 3% |ight having a wavel ength of between
350 and 600 nrn generated by a 2F frequency converter. Preferably, the

| aser pul ses have at least 30 rvu energy with at least 3 M fromthe
frequency doubled Ilight. The duration of the pulses is arranged to be
between 0.5 mlliseconds (nms) and 5.0 ns. US Patent No. 5,083, 007
essentially discloses three enbodinents for the | aser wel ding equipnent. In
the first enbodi_nment (Figure 1), there is 5 generated a | aser beam of
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arranged t onpéed berethaliheiptie ehyeendnirased liphhpndigresr light is fixed. In
the third embodiment, to be able to adjust the ratio between these two types

of radiation in the laser beam, these two types of radiation may be
15 separated and then independently attenuated by filters. This allows the ratio
between the two types of radiation to be varied while reducing the incident
laser power on the material for a given transmitted power. The efficiency of
the laser system is therefore reduced. Further, it will be noted that this
method allows the ratio between green light and infra-red light to be varied
20 between two distinct welding operations since it is necessary to change at

least one attenuator filter to modify said ratio.

In all the embodiments given in US Patent No. 5,083,007, the laser
pulses are arranged to be formed by switching the flash lamp ON/OFF. As
shown in Figure 2 of that document, this results in pulses wherein, as soon

25 as the pumping means is switched ON, the power profile exhibits an
exponential increase up to a maximum level which is maintained while the
pumping means remains active, i.e. throughout the body of the pulse, the
duration of which is related to the period of the pulse, then the power drops
exponentially as soon as the optical pumping means is switched OFF.

30 There is therefore no management or control of the power profile during

each pulse. The power remains at a maximum except at the two ends



shown in Figure 2 of that document, this results in pulses wherein, as soon
25 as the punping neans is switched ON, the power profile exhibits an
exponential increase up to a nmaximum|evel which is maintained while the
punpi ng neans renmains active, i.e. throughout the body of the pulse, the
duration of which is related to the period of the pulse, then the power
drops exponentially as soon as the optical punping neans is switched OFF.
30 There is therefore no nanagenent or control of the power profile during
each pul se. The power renmains at a nmaxi mum except at the two ends where
the profil e depends onléhon t he physi cal charac hIStICS of the |aser
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bettter once the local temperature of the welded material
increases significantly, the infra-red energy is also well absorbed. This then
leads to the absorption of excessive energy intensity and the appearance of
damaging secondary thermal effects, such as plasma formation and the
ejection of melted material outside the surface of the material. However, if
20 the power of the pulsed laser is reduced to limit the quantity of infra-red light
absorbed per pulse, the proportion and quantity of green light energy
supplied decreases and the weld efficiency is reduced. Further, the
reproducibility of a given weld becomes very dependent on the surface
state of the welded material. It becomes complex and difficult to control the

25 quality of the weld formed.

Summary of the invention

Figure 1 shows approximately the absorption coefficient of four highly
reflective metals (copper, gold, silver and aluminium) at substantially
ambient temperature according to the wavelength of the incident laser light

30 on each metal. A very low light absorption rate is observed for the 1064 nm

wavelength which is the radiation generated by an Nd:YAG laser, in



25 quality of the weld fornmed. Figure 1 shows approxi mately the absorption
coefficient of four highly reflective netals (copper, gold, silver and
alum nium at substantially anbient tenperature according to the wavel ength
of the incident |laser |light 30 on each netal. A very low |ight absorption
rate is observed for the 1064 nm wavel ength which is the radiation
generated by an Nd: YAG | aser, in particular for copper (Cu), gold (Au) and
silver (Ag). Conversely, at double the frequency (Le. at 532 nrn), it is
observed that the absorption rate greatly increases to reach around 20% ( at
anbi ent tenperature) for cop8er and 80 d. This rate can rise to around 40%
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15 around 10% close to melting temperature Ty. At melting temperature, this

coefficient becomes higher than 15% and it then continues to increase with

an increase in the temperature of the melting metal. This observation

provides an explanation of the problem observed in the prior art. By

increasing the power of the laser device to have more energy coupled to the

20 metal in the initial welding phase, the prior art increases the infra-red light

power throughout the period of the pulse, which is increasingly absorbed as

soon as the surface temperature of the material increases; which actually

happens quickly. The initial weld efficiency increases, but the overall

quantity of energy finally absorbed becomes too great and causes

25 secondary problems detrimental to the quality of the weld, particularly to the

surface state after welding.

It is an object of the present invention to overcome the problem
highlighted above within the scope of the present invention by fitting the
laser equipment with a control means arranged to form laser pulses with a

30 power profile over the period of each laser pulse which, in an initial sub-

period, has a maximum power peak or part of a pulse with a maximum



It is an object of the present invention to overcone the problem

hi ghl i ght ed above within the scope of the present invention by fitting the
| aser equipnment with a control neans arranged to formlaser pulses with a
30 power profile over the period of each |aser pulse which, in an initial
sub period, has a maxi mum power peak or "part of a pulse with a maxi num
power peak and, in an internedi ate sub-period of greater duration than the
initial sub-period and i medi ately thereafter, a | ower power than said
maxi mum power throughout the entire internedi ate sub-period. The val ue of
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Owing to the features of the invention, which introduce control of the
luminous power emitted during each laser pulse and define a power profile
20 with relatively high power in an initial phase of the pulse and reduced power
after this initial phase, a significant quantity of frequency doubled light is
obtained in the initial phase and then, when the absorption of light at the
initial frequency of the laser source has sufficiently increased following the
increase in surface temperature of the machined material, the light power
25 emitted is significantly decreased to limit the quantity of energy absorbed
and preferably to temporally control the luminous power absorbed during

the intermediate phase of the laser pulse.

It will be noted that the control of the power profile of each laser

pulse in the first phase is specifically arranged to optimise the production of

30 frequency doubled light, which is better absorbed than single frequency light
in this initial phase where the temperature of the welded material is initially



inthis initial phase where the tenperature of the welded material is
initially lower than its nelting tenperature. Thus, the maxi num power is
arranged to be rapidly increased to rapidly obtain a frequency doubl ed

| um nous power which is sufficient to rapidly heat the welded materi al,
According to the invention, the duration or time of increase to maxi num
power is less 5 than 300 ps (0.3 ns) and preferably |l ess than 100 us (0.1
ns) . The maxi num power of the initial peak nust be sufficient to
coupl e the frequency doubled | um nous energy to the material in an optinum
manner, but not too high since wwth a good desirahle conversion rate, the
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pulse. In each generated laser pulse there is therefore a combination of two

successive pulses, wherein the frequency of the first is double that of the

second. Each of these two pulses is adapted to the temperature change of

the material during welding and to the absorption thereof by the material.

20 The initial peak is therefore used to obtain an initial frequency doubled

pulse, the power of which is sufficient to rapidly raise the temperature of the

welded material, said initial peak having, according to the invention, a

power at least twice as high as the mean power of the pulse since the

conversion rate of non-linear crystal is much less than 100% and is also

25 dependent on the luminous intensity received by the crystal.

By limiting the duration of high power simply to the initial phase, the
power in the initial phase, where the frequency doubled light is mostly
absorbed, is thus controlled differently from in the intermediate phase
during which the actual weld takes place and where the light at the initial

30 wavelength is well absorbed. Further, this enables a relatively high power to

be supplied in the initial phase to increase the conversion rate by the non-



be supplied in the initial phase to increase the conversion rate by the
non- linear crystal. Indeed, this conversion rate increases proportionally
to the incident |umnous intensity, and consequently the frequency doubl ed
| um nous power increases proportionally to the square of the incident

power. Thus, in order to obtain a maxi mim of frequency doubled light in the
5 initial phase, it is advantageous to provide a relatively high | um nous
power in this initial phase. Since the power emitted in this initial phase
does not define the power enmtted in the subsequent phase, this does not

cause any problenms of machining quality. A relatively high power peak can
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view of a flrst e
frequency doubled light. It is thus possible to take a conventional laser

source and arrange a heat-adjusted unit comprising the non-linear crystal

15 on the optical axis of the laser beam exiting the laser source.

Brief description of the drawings

Other particular features of the invention will be described below with
reference to the annexed drawings, given by way of non-limiting example,
and in which:

20 - Figure 1, already described, shows the dependence of luminous
absorption according to wavelength for various metals at ambient
temperature.

- Figure 2, already described, shows the dependence of the luminous
absorption of copper according to the temperature of the metal.

25 - Figure 3 shows schematically a power profile of a laser pulse
according to the invention with the components at two wavelengths
present after passing through a non-linear crystal.

- Figure 4 shows a preferred implementation of the laser machining
method according to the invention.

30 - Figure 5 is a schematic view of a first embodiment of a laser

machining equipment according to the invention.



machi ni ng equi pnment according to the invention. - Figure 6 is a schematic
vi ew of a second enbodi nent of a |aser machi ning equi pnment according to the
invention. Detailed description of the invention The | aser machi ni ng net hod
of the invention includes the followng_ 5 steps: A) Generating, by nmeans
of a laser source, a |aser beam having & vavel ength of between 700 and 1200
nanonetres fornmed of a series of |aser pulses. B) Doubling the
frequency of one part of the |aser beam by neans of a 10non-linear crystal.
C) Varying the power during each emitted |aser pulse so that, throughout

the period of this |aser pulse, the power profile has a maxi num peak power
or part of the pllig&ewptin & SeRgMAi WeWe Pf ignsarendiambedigant R, a d@sefi  and
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val ue of the maxi mum power Dedailed descripfioat of thgs ©nt i nes hi gher than the
mean power throughout the period of the iaser puI se and 20 the tinme of
increase to sai d Tinexiasemnpaskeningrmethdue of thee inweitieacincludserthpublewing | ess

t han 3/ l%r quseconds (0.3 ns). Figure 3 shows a nornalised power profile
vari ant effii%e scale with naxi num at 1) of the laser pul ses according to

the present inxpmdrtatity!l ¥¢ means of a laser source, a laser beam having a

wavelength of between 700 and 1200 nanometres formed of a series of

laser pulses.

B) Doubling the frequency of one part of the laser beam by means of a
10 non-linear crystal.

C) Varying the power during each emitted laser pulse so that,

throughout the period of this laser pulse, the power profile has a

maximum peak power or part of the pulse with a maximum power in an

initial sub-period T1, and in a second intermediate sub-period T2 of
15 longer duration than the initial sub-period and occurring thereafter, a

lower power than said maximum power throughout the entire

intermediate sub-period.

The value of the maximum power variation is at least two times
higher than the mean power throughout the period of the laser pulse and
20 the time of increase to said maximum power from the start of each laser

pulse is less than 3/10 milliseconds (0.3 ms).

Figure 3 shows a normalised power profile variant (relative scale with

maximum at 1) of the laser pulses according to the present invention. Curve

10 represents the total laser power emitted during a pulse. After passing

25 through the non-linear crystal, one part of the initial frequency light from the
laser source is converted into frequency doubled light. The resulting power
curve for this frequency doubled light or radiation is schematically and
approximately represented by curve 12. The remaining initial light power is
given by curve 14. The hatched surface 16 therefore represents the part of

30 generated laser light whose frequency has been doubled. It will be noted



10 represents the total |aser power emtted during a pulse. After passing
25 through the non-linear crystal, one part of the initial frequency |ight
fromthe |laser source is converted into frequency doubled Iight. The
resulting power curve for this frequeqc§ doubled light or radiation is
schematically and approxi mately represented by curve 12. The remaini ng
initial light power is given by curve 14. The hatched surface 16 therefore
represents the part of 30 generated | aser |ight whose frequency has been
doubled. It will be noted $ that the |um nous power of the frequency

doubled light is proportional to the square t hemati cal power of 2) of
the initial AR IKIEROVEHOERE, Te @yrﬂétﬁw ﬁa'at i frep rﬁlOﬁamth&% 1
a frequency hAVLS IffQr a1 Rfni A | t @ ned,
wher eas wher?qla g?ﬂ?{t% pom@r%%@g OEfS deogftgggﬂgﬁl)@n?@gg?gm%g{% l(n%igo‘é)?: ﬁ%rhe
frequency deubbrdalised imitisd povesr of §',redespeney dadnled durainausdp@ver§r( 7. 59 .
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m | secondas, en () e o aser IS assaoclated wt a Treqguen
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be descri bed,faelpwhnol toleshoR@s NAt BradREEYS thENRaxihuh® 18RS idth§id@ obtain
f(ﬁ)re g ﬁ%

hi gher conversion rates wt > optic lasers supplying a very high
qual i ty | asérdusduah fladh @ose and/or,dpde Ipumpeed iasierivath p power bhass source

is controlled tqg.rapidl y reach th 5 i [ oV] . & btai n an
optimal fre @%39 @&u T%&”NRW%_&HES oﬁ%ﬁwﬁ%&e@@ﬂ V\}ﬂgﬁghlséﬁgréfl Y,

o preferred atl ot the bonr e arr oncod o e i ner eaoed S0 aulokly k6 |
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doubl ed 1'i gyl R%ef a2t iB% POSSIHIB!t8- obtain higher conversion rates with fibre optic
lasers supplying a very high quality laser beam (M? close to 1.0).

In the initial phase, the laser source is controlled to rapidly reach the

15 maximum power provided, to obtain an optimal frequency doubled luminous
power within a short time. Generally, the duration of increase to maximum
power is less than 3/10 ms (0.3 ms). In a preferred variant, the power is
arranged to be increased as quickly as possible at the start of the laser
pulse, to obtain a maximum of frequency doubled light as soon as possible.

20 The duration of increase to maximum power is then less than 0.1 ms. In a

particular variant, this duration of increase is less than 50 ps (0.05 ms).

The laser pulse ends in an end sub-period T3 of power decrease
towards zero preferably with control of this decrease to influence the cooling
of a weld performed and to optimise metallurgy.

25 To properly understand the physical mechanism obtained by laser
pulses with a power profile according to the invention, reference may be
made to the variant of Figure 3 in an application to laser welding copper
elements with infra-red light (1064 or 1070 nm). In the initial sub-period T1
where power is maximum, it may be assumed for example that 20% of

30 infra-red light is converted into green light (632 or 535). Therefore 80% of

incident infra-red light remains on the surface of the metal. However, 20-40



20 The duration of increase to maxi mum power is then less than 0,1 ns. In a
particular variant, this duration of increase is |ess than 50 us (0.05 ns).
The | aser pulse ends in an end sub-period T3 of power decrease towards zero
preferably with control of this decreasg,to influence the cooling of a weld
perfornmed and to optim se netal |l urgy. quo properly understand t he physi cal
mechani sm obt ai ned by | aser pulses with a power profile according to the
invention, reference may be made to the variant of Figure 3 in an
application to | aser wel ding copper elements with infra-red Iight (1064 or

1070 nm. In the initial sub-period Ti where power is maxinum it may be
assumed for YeArPereratliopdanerases aRepmsdewh|le @y ps Q%rﬂ/fggt}l‘ﬁe'ﬁfr?rfﬁg green
light (532 OF frnbNCA } g | 0 REIRI @S on
t he surface%@FEﬁE}es ﬁggg{bghm@e%gﬁéyggg?%%ﬂgféﬂq Fg%gr]]r g@r;[ I:ni t eneril(ja’y IS
absor bed whiareurhky8%-df0edbdtal lemergy, rahicbds edssr the propabisenr bégreerhlighdf or e

the coupling of, green light. inthe netal i.s.araound 4-8% t of:

ener gy, whi gﬂuplfgal? othten %tta!)pghyﬁoﬂnoﬁ‘egr@g%rIﬁlﬂgﬁ?eréooquﬂied &gebhmt al .
Thus, in g heohftidutéd asubrupAra®the tifea-geedight itghhelinganer inetdiewhie thiach as
the infra-red light to nelting the netal, whil ?_the conoversi,cin performed by
the non-1i n€RAVRISYAY aerfpgn%lby thgopon-tinggn ¢rvplal iropel 40vat ltawillbgenatedr ¢ of
the initial (baRE Qdn dtfthb SntilPsuiBALE! Whfle the tRpBRItAle DR Retyet been
significantly increased by the supply of energy; the quantity of energy at
the initial hbsegokryey hddrcisigreficardlyr ededyed Hy e asuppdy 16f goaegyalthe | ower

h h f th ' pl. ' .
t emper at ur 6 SBANEHEST By aPeatd LaiThartiel €aheBril B sl Bre tuo
coupl ed gnegahefallyabives tradittHahof enaabiubleddfeqesey hetich fdmpegs eneag

becomes preponderant. As soon as the quantity of absorbed 1 nfra-red energy
i ncreases sRafiplynce e | tgmnasakirg ceths @QtéHMG?S%iSH%'C'enﬂV, the ratio

between the two coupled energies varies and the quantity of absorbed infra-
red energy becomes preponderant. As soon as the quantity of absorbed
infra-red energy increases sharply, the luminous power is reduced; which
15 defines intermediate sub-period T2 of each laser pulse according to the

invention.

Within the scope of the invention, the laser pulses are obtained
either by a flash lamp pumped laser, or by a diode pumped laser operating
in a first variant in modulated CW mode and in a second variant in QCW

20 mode. If the laser is, for example, a solid state Nd:YAG or similar type of
laser, the pumping means is formed, in a first variant, by a flash lamp and,
in another variant by diodes. In a preferred embodiment, a diode pumped
fibre laser is used. The latter provides a better quality beam which can be
focussed better; which increases the conversion rate of the non-linear

25 crystal. In the initial sub-period T1, the maximum power may vary between
50 W (Watts) and 20 kW. This depends in particular on the diameter
provided for the laser spot on the surface of the machined material.

The period of the laser pulses is not limited, but is generally between
0.1 ms and 100 ms (milliseconds). In a preferred variant, in particular for a

30 welding application, the duration of initial sub-period T1 is less than 2 ms. A



15 defines internedi ate sub-period T2 of each | aser pulse according to the
i nventi on. Wthin the scope of the invention, the |aser pulses are
obtained either by a flash | anp punped | aser, or by a di ode punped | aser
operating in a first variant in nodul at CWrnode and in a second vari ant
in ()OW20 node. If the laser is, for exanple, a solid state Nd: YAG or
simlar type of laser, the punping neans is forned, in a first variant, by
a flash lanp and, in another variant by diodes. In a preferred enbodi nent,
a diode punped fibre laser is used. The latter provides a better quality

beam whi ch can be focussed better; which increases the conversion rate of
t he non-1i né4rcalziusaten gﬂr.'nierﬁ”ﬁﬁ’@t?rﬁupr%ﬁ”%jb-gﬁ%w@ﬂ’ fei’le‘, range Qfak NS power

may vary befsvmgggthfthe\%\gﬁqar%f%@Ine&ﬂﬁwﬁm i???é‘é't@ftrﬁ]ePW“ cular on the

di anet er provi or t aser spot on the surface o machi ned

material. The pegio I [ I ¥] kS rally
bet ween 01 ns an(lfH 1%08{%&?%% Fﬁ@%&%ﬂés; Iér:lf %r@?@éﬁ%?&ﬁlgﬁt ,tcgietﬁ%
particul ar frorenéio80 the\dilug cipiblei oexironm pbeed wfatheotasef puise itampsuod- peri od

Ti is less th 2 ne., A ical duratiqn for internedi ate sub-perjod T2 is
wthin the PhTDe oot icget c¥Betifes HioRes At Sir edh v Erouhaif R ¢ na
T2 is great @eribBadt daid laser pulde. anPd @faetidiggr VARARITRING ahh@mueh gdieernit hod
according to the invention, the value of the nmaxi nrum power of the |aser

pﬁl se th enpohighesrthan| 20Q Vain theadattangase 1ee IasghedurehpParatesnital GYwer
t t . o . . >
ey ol Ol 4 05 RN, TRRL SO Eod PLL Bboe e

maxi mum power | after case, aser saurce
oper at es i ntigEWanbdanopoaef Inasihadaii noatctes dee paxdmdmMmEde powertamel tedul at ed

CW node,, th Xi mum power in phase Ti ches..t he maxi num CW power and the
10 CW ﬂ&e%\&g)qv}‘?éds%é uéeéii"q 'Pﬁgeﬁ‘g%[%ﬁﬂ%%izn. The aBpI i cati ons
envi saged for the nethod of the invention are tiple,, in particular the
conti nuous or spa_ﬂ"'emépﬂ_'?ﬂj'o@ﬁ RBYigAged ¢ tﬁ}?g“g'#h_‘)gt eﬁithﬁ 'H!@?Bﬁ'%” #M& hard
materials s 118, P parictar BN RHinBERs orpdt RIdihg Widhefdlesutngraans of

focussing the [laser beamis
etching metals and hard materials such as ceramics, CBN or PKD.

In a particular mode, a means of focussing the laser beam is

15 provided, which may or may not be totally chromatically compensated, to
obtain a light spot at the focal point for the frequency doubled light having a
smaller diameter than that of the light spot for the light at the initial
wavelength. Thus, this particular embodiment of the invention takes
advantage of the fact that the divergence of the frequency doubled light is

20 different from that of the single frequency light, by a factor of around two. As
shown in Figure 4A, the light spot formed by the incident beam on the
machined material has, in central area 20, a mixture of two types of
radiation, whereas the annular area 24 only receives the single frequency
light, the light spot 22 of which has a larger diameter than that of the

25 frequency doubled light spot defining central area 20. Owing to this feature,
the absorption of energy in an initial phase of a laser pulse essentially
occurs in central area 20 where the machining is started efficiently since the
frequency doubled light is concentrated in this central area and the intensify
thereof is thus much higher than it would be if the frequency doubled light

30 covered substantially all of light spot 22. This particular embodiment is

especially advantageous in an application to welding metallic elements.



15 provided, which may or may not be totally chromatically conpensated, to
obtain a light spot at the focal point for the frequency doubled |ight
having a smal |l er dianeter than that of the light spot for the light at the
initial wavel ength. Thus, this particylg enbodi nent of the invention takes
advantage of the fact that the divergen of the frequency doubled light is
20 different fromthat of the single frequency light, by a factor of around
two. As shown in Figure 4A, the light spot fornmed by the incident beam on
the machined material has, in central area 20, a m xture of two types of
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the case of a solid state |aser (for exa or a fibre |laser (for
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given in Fi ?ure 1, it is clear that the enerqy is initially absorbed in
central ight spot obtained for the infra-red light. A1Uminous intensity’ multiplied by

around four is thus obtained.

Based on the absorption features of light by highly reflective metals

25 given in Figure 1, it is clear that the energy is initially absorbed in central
area 20 where the metal starts to melt after a certain time period
(schematically represented by the hatching in Figure 4A). The energy is
rapidly diffused in the surrounding area (for copper, the diffusion of heat is
around 0.3 mm per millisecond, which is represented by the arrows in

30 Figure 4A). The temperature therefore increases in the annular area 24 and

finally the single frequency light (infra-red) is also significantly absorbed



area 20 where the nmetal starts to nelt after a certain tinme period
(schematically represented by the hatching in Figure 4A). The energy is
rapidly diffused in the surrounding area (for copper, the diffusion of heat
is around 0.3 mmper mllisecond, which és_represented by the arrows in
Figure 4A). The tenperature therefore increases in the annular area 24 and
finally the single frequency light (infra-red) is also significantly
absorbed over the entire light spot 22, which |eads to a fusion of netal
in the area of the surface thereof defined by said |ight spot 22, as shown

in Figure 46. The weld is . therefore perforned fromthe central area of the
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particul ar Ig/agoedihgatgopduelors. Vari ous methods are avail able to those
skilled in the art. In a particular variant, the frequency doubl ed
light intensity itwilldso betncied St ther pawerTof the Igseratar bertanto)lad/ahdn? at

t he foca1l poi_nt IIO at ed aubs ant ital I¥ on t he fut %{ag weltd.. Pr ef rablI , the
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hi gh as posghlicilariiié RiInfeLSimtensiteiscdotdrdllad tbkeepike @ém?emhfb Olthe
application. | his preferred variant, the intensi t?/ﬁrgf requency. doubl ed

nt pr € . . .
light in th&eld materaldo see waidmp arga sibstariallpcarstangnat learbin a fiostvy cne
at the focal, p04Laid intermediate sub-period. The power profile of the intermediate
sub-period can be controlled in real time via a sensor or determined

15 empirically, particular by preliminary tests. Various methods are available to
those skilled in the art.

In a particular variant, the frequency doubled light intensity in the
initial sub-period T1 is greater than 0.1MW/cm? at the fo;:al point located
substantially on the future weld. Preferably, the maximum power of the light

20 pulse for a given laser is arranged to be as high as possible, while avoiding
piercing in the case of a welding application. In this preferred variant, the
intensity of frequency doubled light in the initial sub-period T1 has a power
peak higher than 1.0 MW/cm? at the focal point.

In a variant optimising the power of the laser device for a given weld,

25 the light intensity at the initial wavelength (infra-red light) in the power peak
or the part of the pulse at maximum power is lower than the melting point

for this light at ambient temperature for the welded metal. In particular, the
intensity of light at the initial wavelength is less than 10 MW/cm? at the focal

point.

30 Two embodiments of a laser equipment according to the invention

will be described below in a non-limiting manner.



In a variant optimsing the power of the |aser device for a given weld, 25
the light intensity at the initial wavelength (infra-red light) in the
power peak or the part of the pulse at maxi mum power is |lower than the
melting point for this light at anbient, jenperature for the welded netal.
In particular, the intensity of |ight a-lL the initial wavelength is |ess
than 10 MWcnR at the focal point. In Figure 5 the |aser nachining

equi pnent 30 includes: a coherent |ight source 32 generating a | aser beam
34 with an initial wavel ength of between 700 and 1200 nny a non-|i near
crystal 36 for_partially doubling the |aser am 5f requency; a neans 38 of
controlling |§§'Qﬂrﬁi%ﬁ|ﬂeIﬁﬁﬁé@a%'g'ﬂﬂféﬂ"ﬁ@eahggr'%‘il'éd?%iger pﬁl ses. Thi's
equi pment i s CharaaEér?érbﬁFﬁ?ht%&Péfz :§2h§eﬁé}ﬁiiﬁ3|a PRBPSedf BS A 8AgEEat 0 form
| aser pul ses having a powet profile throughout the period 10 of each | aser
pul se with, in amwavsiengih of bietween a0 an Grom;power peak or a part of the

Gur aci on than ©né iRETRar (B7Re) 148" toha PR HSgHE, Bk BoeP oBE.2

power than said fRYjuUBMBY pover t hroughout the entire internedi ate sub-period

(see Figure 3 described agov ). The maxinum 15 power is aryanged to be at
east two tines M HHRANS: Aot KENKEWAD HEAIRr I SUGRSLATANED AP | RNESRIS, he
| 'aser pul se and tfgtd Of increase to said maxi num power fromthe start

of each laser pulse i's I'ess than 300 ps (0.3ns). The coherent |ight source

(laser source) | SHiOTdREbbne s driGefiledl Hidt *heOBbh8l hiehiyTBedIDY a
punpi ng nmeans 42. I'n a rSE VarT an , LhI's punpl ng neans i & Fornme by one
or several fdrestyedaiop®rmllasar pelsendaving amaqwearhgrofilerfliroggnaatriseigertosk ned by

2 PRl LEY Sl Gaes e R AP OHAE AR s e S
sem -refl ectd partadf tHee psjechtittda thakisilirht®slver, and in an intermediate sub-
period of greater duration than the initial sub-period and immediately
thereafter, a lower power than said maximum power throughout the entire
intermediate sub-period (see Figure 3 described above). The maximum
15 power is arranged to be at least two times higher than the mean power
throughout the period of the laser pulse and the time of increase to said
maximum power from the start of each laser pulse is less than 300 ps
(0.3ms).

The coherent light source (laser source) is formed of an active

20 medium 40 optically pumped by a pumping means 42. In a first variant, this

pumping means is formed by one or several flash lamps. In a second

variant, the pumping means is formed by a plurality of diodes. The laser

source includes a resonant cavity formed by a totally reflective mirror 44

and an output mirror 46 which is semi-reflective at the selected transmitted

25 wavelength (particularly at 1064 nm for an Nd:YAG). A polariser 48 and a
diaphragm 50 are also arranged in the resonant cavity.

Non-linear crystal 36 is selected to efficiently double the frequency of
laser beam 34. This crystal is arranged in a dustproof case 52. The case is
preferably heat-regulated, particularly by using a Peltier module 54 and an

30 vacuum is generated in the case by means of a pump 56. At the entry to the

case an optical focusing system 60 is arranged to increase luminous



25 wavel ength (particularly at 1064 nrn for an Nd: YAG . A poiariser 48 and
a di aphragm 50 are also arranged in the resonant cavity. Non-linear crystal
38 is selected to efficiently double the frequency of | aser beam 34. This
crystal is arranged in a dustproof case,52. The case is preferably

heat -regul ated, particularly by using a Peltier nodule 54 and an 30 vacuum
is generated in the case by neans of a punp 56. At the entry to the case an
optical focusing system®60 is arranged to increase lumnous intensity on

t he frequency doubling crystal 36 since the efficiency thereof depends on
the intensity of incident light. An optical system 62 transparent at_ 532 nm
and 1004 nminteasity 85 heolipaedndvorowliing ﬁ‘ﬁrﬁtﬂggﬁséér&e ﬁl%lﬁﬁ@ NG Hg a

m xt ure of L adiadi MNIAt @bt (184
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single functignal unit or the sape nodule, This control rre;ns i S connected

to a control HRTPLOPEE 20 PYrBRaNt 8 an opical sEsNgYSRBO&GBRY & FPHBCRYt ed
val ues for j i : profile of the
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| aser pul ses ge source 32 so as to’i

machi ni ng et hod Tﬂ‘écﬁfrmd?gné@§ b aefseﬁﬁ’bhn% ME WAL &'f.sééht‘?@%ééné%ve-
Control unit 74 can be asse ed to the l'aserequi pnent or form an external
unit, such #&sassamaipdtwith tHeneleatrid pawar supmnfordhemranginggnesnaandmwgad t o

formlaser pul ses wiﬁh an initlial. su@; eriod ind ijh.the Ga i_mum _power of
the pul s® of¥H & sUWle fPactiRiG At Qf, -%éﬁ"b%l 8¢ nge {15 °8g g?m?nﬁn'a an end
sub- period whghEcteRetce Bl EdiefblPOVIE74d8AERGEE S0t Bl Z BEEr td RrRePESf&Rr ed
variant, the duration of the initial sub-period ess th

m | 1i secondseleztemsyalurexer adivstaliemarametrarsy #s 'téld:egingéhe ?ogv;ﬁ\gfpapﬂea
cvent | o5 DhaNe 40T oRors WRRARA' By MG RONLETRECT Al B IbRIe 18 P ed
t o operat e ilaser machining method according to the present invention described
15 above. Control unit 74 can be assembled to the laser equipment or form an
external unit, such as a computer. In particular, control means 38 is
arranged to form laser pulses with an initial sub-period in which the
maximum power of the pulse occurs, an intermediate sub-period of greater
duration and an end sub-period where the emitted power decreases to
20 zero. In a preferred variant, the duration of the initial sub-period is less than
two milliseconds (2 ms). Next, this control means is arranged to obtain a
relatively short time of increase to maximum temperature which is in any

event less than 300 ps.

In a first embodiment, the laser source is arranged to operate in

25 QCW mode (specific diode pumping), so as to obtain a relatively high peak
power in the initial sub-period, well above the mean power of the laser, and
relatively long pulses. In a second embodiment, the laser source operates

in modulated CW mode with diode pumping. In a third embodiment, the

laser source is flash lamp pumped, i.e. it operates in pulsed mode.

30 According to a particular embodiment, particularly for a welding

application, the laser machining equipment includes, downstream of non-



25 QCW node (specific diode punping), so as to obtain a relatively high
peak power in the initial sub-period, well above the nean power of the

| aser, and relatively long pulses. In a second enbodi nent, the | aser source
operates in nodul ated CvV node with dlogg punmping. In a third enbodi nent,
the | aser source is flash | anp punped, i.e. it operates in pul sed node.

i near crystal 36, optical focusing elenents of the | aser beam which are
not, or not totally chromatically conpensated, so as to obtain, at the
focal point, a light spot for the frequency doubled |ight mhich has a

smal | er diarr_eterth t hat of the |i S r the the|n|t|al
wavel engt h (I8gar ﬁ'l'y@ §65°E}icﬂleft§’€\"§'889ﬁ 88@3 °fr € IaseEégg fSlns a
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In this application, this equipnent 30 is arranged to obtain a frequency

doubl ed | unmienbaist $mtef|¢s|th9 fegquancy dmbiee Ilghlwvmm has & senaliss iapet

Pref erably, t I t nitial
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poi nt. |15 oddedesd@ibednatiovele power of the Iaser source, an advant ageous
vari ant provides for the lumnous intensity at the initial wavelength to be

l'ess than 10 MN @Hiiprhent80 Forpes QQN@Idlrigf‘@qU|pme&ﬂ&$rhﬁghl9frbﬂdctf\ﬁéaﬂbta1§t shown
in the Figures, 15 the non-|inear crystal may be incorporated |nto t he

resonant cavet ﬁ@WR'ﬁe@%r 0§ ogRlee. 'nl—lﬁlA%v%QP“G?HP% dhisapgeirerinti 30nist
preferred.  rififelitol ki’ #HGRBALY UBLDRA IBMIAS IMeXin aUheR: BRACOAI C Lo

the present 1nv nt i on, ereas assenbling the non-Iinedr crystal outside
t he resonantV\@Herint yat ajhe eiocahqodnatsePrea‘e[a’ocbe tred liotensiy sofatiar fdeduarwy
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the coherent light is generated hy a | aser 80 optically purrped by
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the present 1 nvent
It will be noted that in another embodiment not shown in the Figures,

15 the non-linear crystal may be incorporated into the resonant cavity of the
laser source. However, this arrangement is not preferred, since it requires
construction of the laser source specific to the present invention, whereas
assembling the non-linear crystal outside the resonant cavity, after the laser
source, allows a standard laser source, available on the market, to be used.

20 This is an important economical advantage.

Figure 6 shows a schematic view of a second embodiment of a laser
equipment according to the invention. First of all, the coherent light is
generated by a fibre laser 80 optically pumped by diodes. It preferably
operates in QCW mode. This laser 80 is associated with a control means

25 82 arranged to form laser pulses in accordance with the present invention
(see Figure 3 described above). This control means defines a means of
forming laser pulses with a specific power profile. It is connected to a
control unit 84 with a user interface. The laser pulses at the initial frequency
are sent via an optical cable 88 to a unit 86 for processing the laser beam

30 formed of these pulses, which is directly assembled to machining head 98.
This processing unit 86 includes a collimator 90 for substantially collimating



(see Figure 3 described above). This control neans defines a neans of
formng | aser pulses with a specific power profile. It is connected to a
control unit 84 with a user interface. The | aser pulses at the initial
frequency are sent via an opti cal cabja%§8_to a unit 86 for processing the
| aser beam 30 forned of these pul ses, ich is directly assenbled to
machi ni ng head 98. This processing unit 86 includes a collimator 90 for
substantially collimting the |aser beamor focusing it on the non-linear
crystal incorporated in unit 92 for doubling the frequency of part of the
initial laser light. This unit 92 may include a specific optical systemfor
opti m si ng thelasef ikgasn&y feeusing it PRGLBAGN- I%&SW yHore rﬁ?%‘?é'? (5%“( green
light inth i ' i j i i ght
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section of tdwery®amHict entisid ager dgist lith bheavelehgthiofd 7@atmP8. Thi s
machining head is fitted with one or nore sensors 100, for exanple for

neasuring the surdf acgirfaeip@swhstiearafoftthe fraghinegdidime titdreli®2 sénddre area
of inpact of the |laser beamor for neasuri ngjthe Ilg%ht reflected by said
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device 96 for enlarging the transverse section of the beam before it enters

10 the machining head 98. This machining head is fitted with one or more

sensors 100, for example for measuring the surface temperature of the

machined material 102 in the area of impact of the laser beam or for

measuring the light reflected by said surface. Sensors 94 and 100 are

connected to control means 82 to allow the power profile of the laser pulses

15 to be varied in real time according to the measurements made.



1. Laser machining nethod including the foll ow ng steps: A)
Cenerating; by nmeans of a | aser source, a |aser beam having a 5 wavel ength
of between 700 and 1200 nanonetres forned of a series of |aser pulses;

B) Doubling the frequency of one part of said | aser beam by neans of a
non-linear crystal; characterized by a step of 10C) Varying the |um nous
power emtted during each |aser pulse so that the power profile at said
initial wavel ength throughout the period of said | aser pulse has, in an
initial sub-period (Ti), a power peak with a maxi num power or part of the
pul se with a maxi rum power and, in a second internedi ate sub-period (T2) of
| onger duragloniMmisan t he |n|t|al sub-period 15 and occurring thereafter, a
| oner power than said nmaxi num power throughout the entire internediate
sub-peri od, said maxi num power having a value at |east two tinmes higher
than the mean power throughout the period of the |aser pulse and the

increase time to gai g @BXH{BSMM ethb@MdIlging tR& FolRlwirgekedsaser pul se
being less than 0.3 mllisecond {300 ps). 202, Laser nmchi ni ng met hod

according to cl auAh 1 Gefreipting vy mnusro tehlaser SeUERe: & ipsar beakahavinget i al

sub- peri e [ 0 ) r

machi ni ng melsi Rt R apslREs £Parind 3RBoRTorhentE ormed of o SBresIEl g

vari ation i hageoweisesf, each | aser pul se |s carried 25 out so that sai d
increase time to sai i mu |slesthan0 5 i second (50 us).
4. Laser nachini ﬁé n&mnacﬁ)@%ﬁﬁ’g%m ORF1P8H QP S@[‘Bar'%%?r ?’F?EH Yn t hat
sai d maxi MU OMEHF 4 hohliear chddh: 200 W said |aser source operating in QCW

node. Q
characterized by a step of

10 C) Varying the luminous power emitted during each laser pulse so
that the power profile at said initial wavelength throughout the period of said
laser pulse has, in an initial sub-period (T1), a power peak with a maximum
power or part of the pulse with a maximum power and, in a second
intermediate sub-period (T2) of longer duration than the initial sub-period

15 and occurring thereafter, a lower power than said maximum power
throughout the entire intermediate sub-period, said maximum power having
a value at least two times higher than the mean power throughout the
period of the laser pulse and the increase time to said maximum power

from the start of each laser pulse being less than 0.3 millisecond (300 ps).

20 2. Laser machining method according to claim 1, characterized in
that the duration of said initial sub-period (T1) is less than two milliseconds
(2 ms).

3. Laser machining method according to claim 1 or 2,
characterized in that said variation in power of each laser pulse is carried
25 out so that said increase time to said maximum power is less than 0.05

millisecond (50 ps).

4. Laser machining method according to claim 1 or 2,
characterized in that said maximum power is higher than 200 W, said laser

source operating in QCW mode.



5. Laser machi ning nethod according to claim1l or 2, characterized in that
a neans of focussing the | aser beamis provided, which are not or not
totally chromatically conpensated, to obtain a |ight spot at the focal
poi nt for the frequency doubled |light having a smaller dianeter 5 than that

of the light spot for the light at the jfitial wavel ength. 6. Laser
machi ni ng nethod according to claiml1l or 2, characterized in that the
met hod consists in welding a highly reflective netal, 7. Laser

machi ni ng nmet hod according to claim®6, charact eri zed in 10 that the
intensity of the fre uencyd bIedI| conbn h t light at,the
initial frequency® rnﬂ@ & pOvEITyBE Kk ’Bgn}%i ﬁ%?qr fﬂa E’\'@e I\Evl ¥ £ naxi mim
power of eagRat$&zdoM lirs ehais ahirdek bh%bdslémgfﬂﬂéllé@ert bégmhw Brovided he
initial sub-period, for this conbination of ght and for the netal being

vel ded. 158whiefsare Aelcdii mtdgt%t%gmaaéﬂlmmpeas%tpdn ta obtaimaldight &etzed in
h d f
that said fpe ?&éél%%ﬂﬂgf‘éplt_ﬁé %hub@ﬁfﬁﬁhﬁbéd' |fgnH? é@avﬁ{cgoéﬁalférjd idEsLre_at

t he focal p0|nt to claim?7,
char act ersi zéthn that lfithe hghti sptod fisi the light bt’g‘retlnatal waeelamgth. aI wavel ength in
t he power peak or pad of 20 the pulse with maxi rumpower is lower, in the
[ n: 'éi Sl subl- period, tbhesert hqaomhihgngneﬂroelshaﬁc%rﬂmg sm'ddcleiirght1 armdt fr said
wel ded netal , _ 0. lLaser nj ng nmetf hod accordin im9,
char act er i z&02[a¢te] é‘éithai t'@)‘i’ltm?ﬂ"toé'ln§8f‘§'s n P(ée Sk ?aﬂ 9&0&/&5 VR is

l ower than Qgkgj VIVilicn2 at the focal point. 2511. Laser nachining nethod
according to c?al m 6, characterized in that said welded netal is copper,

gold, silver, alugi n'l.‘al?%@@a%’ﬁirﬂh%%(etﬁ%t c'EBH]H%QBE%aFn Bhéﬁéra%?rﬁ:'eél-i

12. Laser machi ni ng me accordi ng to aim racteriz In tHat sai d
| aser puloseshatahe iatersity afuibe-foequartty(d@)bled light chntlireg ok theoligldateases

to zero so Se tlr(?ltlaptfregu%ﬁcit/ r}ﬁ ﬁ1%0|plon ror];ea;[kh%r !edpglgr&e%e pulse with a
maximum power of each laser pulse is higher than the melting threshold, in
the initial sub-period, for this combination of light and for the metal being

welded.

15 8. Laser machining method according to claim 7, characterized in
that said frequency doubled light intensity is higher than 0.1 MW/cm? at the
focal point.

9. Laser machining method according to claim 7, characterized in
that the intensity of light at the initial wavelength in the power peak or part of
20 the pulse with maximum power is lower, in the initial sub-period, than the

melting threshold for said light and for said welded metal.

10. Laser machining method according to claim 9, characterized in
that said light intensity at the initial wavelength is lower than 0.1 MW/cm? at

the focal point.

25 11. Laser machining method according to claim 6, characterized in
that said welded metal is copper, gold, silver, aluminium or an alloy

containing one of these metals.

12. Laser machining method according to claim 6, characterized in
that said laser pulses have an end sub-period (T3) in which the power

30 decreases to zero so as to optimise the cooling of the weld formed.



13. Laser machini ng equi prent including: a coherent |ight source
generating a |l aser beamwith an initial wavel ength of between 700 nm and

1200 nm a non-linear crystal for partially doubling said | aser
beam frequency; 5- a neans of controlling said |ight source arranged to
generate | aser pul ses; characterized_in that said control neans is

arranged to formsaid | aser pulses with a power profile throughout the
period of each |aser pulse which has, in an initial sub-period (Ti), a
power peak with a maxi num 10 power or a part of the pulse with a maxi num

power and, in an jnternedi ate.sub-period (.-T2) .of |onger duration than the
38" o aSBE BN R e Ungle

initial sub-peri H& eafter, a | ower power than

sai d nmaxi mum powery tcBhergokihtsabecengenadmehgt 8 Bibr RN dwitth nart hatiasai d
control neans is arranged so that the val ue of said nmaxi nrum power is at
| east two tiwaelamthiohkheiwesnd 0Pen @adn! WM t hr oughout the period of the

| aser pul se and i 17 i ] i g i t he
start of each pul S%eﬁé}zﬁlpéggcryﬁfgﬂl%ﬁ%lﬁ?é@ﬁﬁl%%ﬁ%ﬁuéﬁwﬂ-
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coher ent Iing)h source i s diode punped and 20 operates in QCW node.
15. Laser 'ng equi pnent according to claim13 or 14, characterized in

that said cohererhalddbliz&P i GRal SaldoeBRBobYnetrlsl [ arrafged -to form said 16.
Laser machi ni ng equi pnent accor di ngl to claim13 or 14, characterized in
&
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immediately thereafter, a lower power than said maximum power
throughout said intermediate sub-period, in that said control means is
arranged so that the value of said maximum power is at least two times
15 higher than the mean power throughout the period of the laser pulse and in
that the increase time to said maximum power from the start of each pulse

is less than 0.3 millisecond (300 us).

14. Laser machining equipment according to claim 13,
characterized in that said coherent light source is diode pumped and
20 operates in QCW mode.

15. Laser machining equipment according to claim 13 or 14,

characterized in that said coherent light source is formed by a fibre laser.

16. Laser machining equipment according to claim 13 or 14,
characterized in that the duration of said initial sub-period (T1) is less than
25 two milliseconds (2 ms).

17. Laser machining equipment according to claim 13 or 14,
characterized in that the duration of said increase time is less than 0.05
millisecond (50 ps).

18. Laser machining equipment according to claim 13 or 14,

30 characterized in that it includes optical elements for focussing said laser



beam which are not or not totally chromatically conpensated, to obtain a
Iight spot at the focal point for the frequency doubled light having a
smal l er diameter than that of the light spot for the light at the initial

wavel engt h. 19. Laser machining equi pnment according to claim13 or
14, 5 characterized in that it defines g welding equi pnent for highly
reflective netals. 20. Laser nmachini ng equi pnent according to claim

19, characterized in that said frequency doubled light intensity is higher
than 0.1 MWcn2 at the focal point. 1021. Laser machi ning equi prrent

accord t | h t t hat t t th
o er 1 "Sen BRI afB St G MR dorBlpsefhrp bt o' "5,
Laser machl ngﬁgs&ﬁ%tﬁﬁe%cawahﬂfdméqrefd@ﬂéyjeﬁauméwrgmtmawuz@a srﬁalﬂé‘rat sald

control neans is arrangua to formsaid | aser Eweses with a power profile
having an edipnseierpean diwtcf Hye taht snetipni be |t9r|i1éab mlt@éwae@m ho zero to
ensure optinmum cooling of the weld forned. 23. Laser nmachining

equi pnent accor diffg {eset ahachiping epaiprokat aacordipgdto nclatmat 13t of ntd.udes a
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accordi ng t endthls. neasurenent of said frequency doubled |Iight power.
24. Laser machini ng equi pnent according to claim 13 or 14, characterized in

that it includes2g seaser fraachBRIU id@iprent eraeoadinge of tdginsurf@ce of
the machined material in the | aser beaminpact area or for 25 neasuring the

l'ight refl e@hétﬁ%@fl@& @ that weére%ﬁn@y@a@dﬁd bahtrigteasin ichighet B1ag:4-d
control M vﬂf%eti%%apééﬁm.l e of said laser pulses in real time
0 0

according t e nmeasurenen said tenperature or of said reflected

l'i ght ime to [ : tiallyyless,than 0. 1
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characterlzed in that the light intensity at the initial wavelength is lower than

10 MW/cm? at the focal point.

22. Laser machining equipment according to claim 19,
characterized in that said control means is arranged to form said laser
15 pulses with a power profile having an end sub-period (T3) during which the

power decreases to zero to ensure optimum cooling of the weld formed.

23. Laser machining equipment according to claim 13 or 14,
characterized in that it includes a sensor for measuring the frequency
doubled light power, said sensor being connected to said control means to

20 vary said laser pulses in real time according to the measurement of said
frequency doubled light power.

24. Laser machining equipment according to claim 13 or 14,
characterized in that it includes a sensor for measuring the temperature of
the surface of the machined material in the laser beam impact area or for

25 measuring the light reflected by said surface, said sensor being connected
to said control means to vary the profile of said laser pulses in real time

according to the measurement of said temperature or of said reflected light.

25. Laser machining equipment according to claim 13 or 14,

characterized in that said control means is arranged so that said increase



26. Laser machini ng equi pnent according to claim 19, characterized in that
the frequency doubled light intensity is higher than 1,0 5 MWcnR2 at the
focal point 27. Laser machining nethod according to claim1 or 12,
characterized in that said variation in power of each |aser pulse is
tarried out so that said increase tine po said maxi rum power is |ess than
0.1 mllisecond (100 ps). 1028. Laser nmachining nethod according to claim
7, characterized in that said frequency doubled light intensity is higher
than 1.0 fviWcnR at the focal point.

time to said maximum power is substantially less than 0.1 millisecond (100
Ms).
26. Laser machining equipment according to claim 19,
characterized in that the frequency doubled light intensity is higher than 1.0
5 MW/cm? at the focal point.

27. Laser machining method according to clam 1 or 12,
characterized in that said variation in power of each laser pulse is carried
out so that said increase time to said maximum power is less than
0.1 millisecond (100 ps).

10 28. Laser machining method according to claim 7, characterized in
that said frequency doubled light intensity is higher than 1.0 MW/cm? at the

focal point.



