Pul sed | aser machi ni ng net hod and pul sed | aser machining equipnent, in
particular for welding, with variation of the power of each |aser pulse 5
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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 dual frequency light.



thus a | aser beam fornmed of two wavel engths, i.e. 1064 nm (infra-red Iight)
and 532 nm (green light). This docunent proposes to produce a pul sed 25

| aser beamwith at |east 3% I|ight having a wavel ength of between 350 and
600 nm generated by a 2F frequency coﬁv%rfer. Preferably, the |aser pul ses
have at | east 30 MJ] energy with at least 3 M) fromthe dual frequency
light. - 2 - 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

di scl oses three enmbodi nents for the | aser wel ding equipnent. In the first
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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 fiash lamp ON/OFF. As
shown in Figure 2 of that document, this results in puises 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 conirol 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 maxi mum | eyel 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 remains at a maxi mum except at the two ends - 3 -
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plasma formation and the ejection of nelted material outside the surface of

t he mat eri alRlscHegases the quantity of infra-red light and in any event the overall
quantity of energy per pulse. It was observed that this causes a problem for
the quality of the weld formed since, if the initial coupling of green light in

15 the material is better, once the local temperature of the welded material
increases significantly, the infra-red energy is aiso 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



20 the power of the pulsed laser is reduced to limt the quantity of
infra-red |ight absorbed per pulse, the proportion and quantity of green

| i ght energy supplied decreases and the4wgld efficiency is reduced.
Further, the reproducibility of a given‘weld becones very dependent on the
surface state of the welded material. It becones conplex and difficult to
control the 25 quality of the weld forned. Summary of the invention Figure
1 shows approximately the absorption coefficient of four highly reflective
netals (copper, gold, silver_and alum nium _at substantially anbient
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consi derably when the surface tenperature of the netal increases, and there
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tenperature, as ,s,sho appr oxijat e in Figure,.2 for, co Fo n
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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



20 netal in the initial welding phase, the prior art increases the
infra-red |ight power throughout the period of the pulse, which is

i ncreasi ngly absorbed as soon as the suEface tenperature of the nmaterial

i ncreases; which actually happens qui ckfy. The initial weld efficiency

I ncreases, but the overall quantity of energy finally absorbed becones too
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Particul ar fraanarde opfimiss theneadlivg ef@ewgldien in the clai ns dependent on
claim1l. The invention also 15 concerns a |aser nachining equiﬁment as
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15 concerns a laser machining equipment as defined in claim 13. Particular
features of this equipment and the control means thereof are given in the

claims dependent on claim 13.

Owing to the features of the invention, which introduce control of the

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



20 with relatively high power in an initial phase of the pul se and reduced
power after this initial phase, a significant quantity of dual frequency
light is obtained in the initial phase and then, when the absorption of
light at the initial frequency of the” | 8s&r source has sufficiently

i ncreased following the increase in surface tenperature of the nmachined
material, the light power 25 emtted is significantly decreased to limt
the quantity of energy absorbed and preferably to tenporally control the

| um nous power absorbed during the internedi ate phase of the |aser pulse.
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crystal . during welding and to the absorption thereof by the material. The :nltlal
20 peak is therefore used to obtain an initial dual frequency 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 dependent on the luminous

25 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 dual frequency 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 fo increase the conversion rate by the non-



By limting the duration of high power sinply to the initial phase, the
power in the initial phase, where the dual frequency light is nostly
absorbed, is thus controlled differentli fromin the internedi ate phase
during which the actual weld takes place and where the light at the initial
30 wavel ength 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- - 7 - linear crystal. Indeed, this conversion rate increases
proportionally to the incident [umnous intensity, and consequently the
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laser cavity to obtain a certain proportion of dual frequency light. It is thus

possible to take a conventional laser source and arrange a heat-adjusted
unit comprising the non-linear crystal on the optical axis of the laser beam

15 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.
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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
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
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
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
through the non-linear crystal, one part of the initial frequency light from the
laser source is converted into dual frequency light. The resulting power
curve for this or dual frequency 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
generated laser light whose frequency has been doubled. It will be noted



15 longer duration than the initial sub-period and occurring thereafter, a
| ower power than said maxi num power throughout the entire internediate
sub- peri od. The val ue of the nmaxi num power variation is at |east
two tines higher than the nean power Th?oﬂghout the period of the |aser
pul se and 20 the time of increase to said maxi num power fromthe start of
each laser pulse is less than 3/10 mlliseconds (0.3 ns). Figure 3 shows a
normal i sed power profile variant (relative scale with maxi mumat 1) of the
| aser pul ses according to the present invention. Curve 10 represents the
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i's industrial flash lamp and/or diode pumped laser with a peak power of less
than 10 kW and pumping pulses of several milliseconds, when this type of
10 laser is associated with a frequency doubling unit external to the resonator
(as in Figures 5 and 6 which will be described below). It will be noted
however that it is possible to 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 dual frequency 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 dual frequency 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 s (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 (532 or 535). Therefore 80% of
incident infra-red light remains on the surface of the metal. However, 20-40



5 decreased by two to 0.5 (50%, the dual frequency |um nous power is
reduced by four to around 0.075 (7.5%. It will be noted that a conversion
rate of 30% corresponds in practice to t@e maxi nrum for a standard

i ndustrial flash | anp and/ or diode pu?rp% Taser with a peak power of |ess
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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



- 10 - %of the green light energy is absorbed while only 5-10% of the
infra-red energy is absorbed. Therefore the coupling of green light in the
nmetal is around 4-8% of the total energﬁ which is also the proportion of
green light coupled to the netal. Thus, T the initial sub-period, the
green light 5 contributes as nuch as the infra-red light to nelting the
nmetal, while the conversion perfornmed by the non-linear crystal is only
20% It will be noted that at the start of the initial sub-period, while
the tenperature of the netal has not get been significantly increased by
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maxi mum CW pdwentagedof the fact that the divergence of the dual frequency 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 duai
25 frequency light spot defining central area 20. Owing to this feature, the
absorption of energy in an initial phase of a laser puise essentially occurs in
central area 20 where the machining is started efficiently since the dual
frequency light is concentrated in this central area and the intensity thereof
is thus much higher than it would be if the dual frequency light covered
30 substantially all of light spot 22. This particular embodiment is especially

advantageous in an application to welding metallic elements.



10 CWpower is then reduced in the next phase T2. The applications
envi saged for the nethod of the invention are nultiple, in particular the
continuous or spot welding of netals, cutting and etching netals and hard
material s such as ceranics, CBN or PRDX4 i a particul ar node, a neans of
focussing the | aser beamis 15 provided, which may or nay not be totally
chromatically conpensated, to obtain a light spot at the focal point for

t he dual frequency |ight having a smaller diameter than that of the |ight
spot for the light at the initial wavelength. Thus, this particular
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multiplied by areiadyfGiifhd %é&’bﬁoﬂ%&u’?&é’ 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 pericd
(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



Based on the absorption features of light by highly reflective netals 25
given in Figure 1, it is clear that the energy is initially absorbed in
central area 20 where the netal starts to nelt after a certain tine period
(schematically represented by the hat"ch]'rfhg‘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 is represented by the arrows in 30
Figure 4A). The tenperature therefore increases in the annular area 24 and
finally the single frequency light (infra-red) is also significantly
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particular, the luminous intensity is controlled to keep the temperature of the

melted material in the welding area substantially constant, at least in a first

part of said 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 dual frequency light intensity in the initial
sub-period T1 is greater than 0.1MW/em? at the focal 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 dual frequency 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 puise 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 particular variant, the dual frequency light intensity in the initial
sub-period Ti is greater than 0. 1MNcnR at the focal point |ocated
substantially on the future weld. Preferably, the maxi num power of the

i ght 20 pulse for a given laser is é?ﬁéhgéd to be as high as possible,
whil e avoiding piercing in the case of a welding application. In this
preferred variant, the intensity of dual frequency light in the initial
sub-period Ti has a power peak higher than 1.0 MWcnR at the focal point.
In a variant optimsing the power of the |aser device for a given weld, 25
the |ight iha&igurey, the taser machining eauipneenftad ipciwdes-red light) in the
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maximum power from the start of each laser pulse is less than 300 us
(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 nmfor an Nd: YAG. A polariser 48 and a
di aphragm 50 are al so arranged in the resonant cavity. Non-linear crystal
36 is selected to efficiently double tg% frequency of |aser beam 34. This
crystal is arranged in a dustproof casebZ2. The case is preferably
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connect ed { Baar o0k 70bbad foriaunId the: AbLAMidy Hogd 7o enter certain

sel ect ed val ues jUS € paraneters so as t I ne the power profile

of The | aser pul 365 SRS e has S, SONBER feaRe 2° oI Rlesg s ¢ e

| aser machi ning e accordrng PRY SRt 170N des et be

above. Cont isohssovidted 4vrthaﬁtnetmeemsqimiefcbulpplﬁﬂmetrheapampmgmmmatamﬂrcafmr m an
ext er nal '

such as_a .o ter. | articul ans 38.1s
rr anged Ot ofarh i Fingls FnatORB! yiltiorufhel Spinecodis. SR (N ARER ithe
maxi num pOV‘@bnﬁéctéB@topé”&ﬁ\tiQﬁQ}HtSM adiranye’y t@@luawea&s&m@remér Qerigireat er
duration and an end sub-period where the emtted power decreases to 20

zero. In a pelectad walueaferaadusiable paramelsrs 69 asne defing the ReawepRIgiR) | s
| ess than t tﬁ@:lLJilée?gﬂﬂQ%slggaefgi%diﬂ#gfétsertsgbﬁ:ecgﬂtgoogs”fsq |ér'§.eﬁf Eﬁged to

obtain a relativ rease to maXi num tenperature ichis
in any eventasleesmathmm@Oﬁeﬂmd laccarding sto émdoquiiesent intdrdiohaslescritted ce i s
arranged . to 88 aé nI
16 a ontro unit 74 can be assembled to the laser equipment or form an
external unit, such as a compuier. In particular, confrol 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 o 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 CWnode with dibd%ﬁpnnping. In a third enbodi nent,
the | aser source is flash |anp punped, i.e. it operates in pul sed node.
30According to a particular enbodi nent, particularly for a welding
application, the |aser nmachining equi pnent includes, downstream of non- -
16 - linear crystal 36, optical focusing elenents of the |aser beam which
are not, or limear coisiall 36, optioatdoresing elepapisnefdhedaserdemn mhigbaeg not, at t he

focal point, i | i ' S mal | er
i amet or. ¢ it atBEy SPRmARAl Eptiidos ST B Y oI, e ToPftdint

wa?/g! engt h _(asﬁghﬂ:si;;%mrfer %hlﬁudEﬁ’Gdﬁlhé]&_C!( ﬁag}ttml)ilch hafs a sﬁmlleplroMrhefHﬂ than s aI .
'R thi e appitieaer 4 Tight Spetiarherions o Beaniiah yevel b tsrm T daAA. 0
frequencys | WadepBEd iaBbegsi ty of nore than 0.1 MVWcnR at the focal point.
Preferably, the intensity of the dual frequency 10 light in the initial

sub-period Tl ha ; té}gpp W‘@ﬂ frR&als poi nt.
In order to |imiﬂ@ﬁ%@%??§'ﬁﬁﬁg@§r (I)unﬁggt, an ‘a Y/géhf'!éadgg%us v!isr' Pant
provi des f orfot rexampienooppaémoergsldy Iat thisheapgphicalien, iy e¢quipmient i3bds| ess
than 10 MW ¢ teowi | LN t her. [ in
the Fi gur es. ANendel W gkl L 3L sedbnby RS inBIRY b thag AL
res?nant dcaNVWcﬂf dthteel fosar psintir Rreferabieg \,tb?,intﬁwsfiy wfrthegﬂrmmeqwnpgt
preferre ince it requires co ruction of t ser sour citic to
the pr esttht ot ininedhiiakpus pedodSccher pripweiesr R mateahasr S SMIRTERY si de
the resonantaicmd yoal iRt FnE%rdélfsfH IBRHRE p%ér_cl’_% tAe SABAYréSaH

source, available on the market, to be used. 20 This is an inportant
econoni cal aflvantageeusFrgiiant erevides far sthre kninpus | Biensitya at dbentnitial

he coner enviafelotido B&PEREn fYEMUEE. acer 50 opti caily punped by
diodes. It pref erlfavt\)fhlybe noted that in another embodiment not shown in the Figures,
156 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 embaodiment of a laser
equipment according to the invention. First of all, the coherent light is
generated by a fibre laser 80 optically pumped by dicdes. 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



operates in QCWnode. This laser 80 is associated with a control neans 25
82 arranged to formlaser pulses in accordance with the present invention
(see Figure 3 described above). This control neans defines a neans of
formng | aser pulses with a specific r-profile. It is connected to a
control unit 84 with a user interface. The | aser pulses at the initial
frequency are sent via an optical cable 88 to a unit 86 for processing the
| aser beam 30 formed of these pulses, which is directly assembled to
machi ni ng head 98. This processing unit 86 includes a collimtor 90 for
subst ant i al Ithe daseri bearmmy focuging-it phahe aww-lingsmrystal oeesporgtad irounit he

o 1eS g R b iRl S

optical systmmay fincludptd spscifig dﬁeaé%ﬁstemfmyopﬂimtsm&g thalefficiengie o€ yhe i ght
conversion ( r n Iie\%gt jgthe casei)g a_do bre 5 | ser Yb eghlch
enmits a |las T Y 9kt HRD¥EISIRR ROTeEN]! € case 0 andap%rf
downst r eagn q&sérf\% fWinenenfits & piskk fght Mﬂ%&mﬁxﬁel@hgﬂﬁrﬁqm%nﬁpr measuri ng
respective powers for the light at the initial ffequency and/or for the

dual frequency |':H@vaﬁ\§?ﬁtd0\ﬂﬁéﬁ | dtthels F@{nd;enb FOUBRI TR i€ § sfagr

enlarglng t he transverse sectlon of the ore It enters t
machi ni ng h&ﬂdf%measusnwehpatm@ pewers dof the dightviat thensitiat fmuensyensor S

100 1o SRS bR g HRRL I (REE RPN, & a RuIRERC
light refl e@secbrbanla&g:dg he femresveRsnsector 4f ahd Hddim dieforoiitnentees the
Vari ed i 19 r dapCiEnG HRachER oF e RER S P SRSEE teEHS CRa S More Sensors -
100, for example for measuring the surface temperature of the machined
materiat 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 to be varied in real
15 time according to the measurements made.



- 18 - CLAIMS 1. Laser nmachining nethod including the follow ng steps:

A) Cenerating, by neans of a |aser source (30; 80, 82), a laser 5 beam
havi ng a wavel ength of between 700 and 00 nanonetres fornmed of a series
of | aser pulses (10); B) DoublT1 the frequency of one part (12) 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 pul se so that
the power profile at said initial wavel ength throughout the period of said
| aser pul se has a maxi num peak power or part of the pulse with a maxi num
power in an d¢ppifg@ sub-period (Ti), and in a second internediate
sub-period (TZ) of |longer duration than the initial sub-period and
occurring 15 thereafter, a | ower power than said nmaxi mum power throughout
the entire intermedi ate sub-period, said nmaxi rum power having a val ue at

| east two tines hi1ghi%sép%ghpﬁ%h§§wun%§§w%g&iﬁﬁgﬁggi od of the

| aser pul se and thé increas num powe mthe start of
each | aser pul se Aei @Berderating,hlayn nfeahanof la lBeepsdarde3 08D; p80),. 8202 ldsaser

machi ni n t hod, according to claim,1, ¢ cterized in that the duration
of Csaid i HEAM bAdnga wadeleRelh SLOatElesh R 1208 handmetEs fofied o

machi ni ng e §aibAGAESH pdsé®(m)ai m 1 or 2, characterized in that said
variation in power of each |aser pulse is carried out so that said increase

tinme to sai d maxihumBuklingitbe feesiensy pfonespag (38) pheaigslpser beam by 4.
Laser machi r}'g%é’rgl{hgﬂgnqﬁ%gpgb@gaito any of the preceding clains,
ed inf maxi

characteriz at sal num power i s higher than 200 W said | aser
sour ce oper at i ng chara@®izesbisy a step of

10 C) Varying the luminous power emitted during each laser puise so
that the power profile at said initial wavelength throughout the period of said
laser pulse 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 longer duration than the initial sub-period and occurring

15 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 puise
and the increase time to said maximum power from the start of each laser
pulse being less than 0.3 milliseconds (300 us).

20 2. Laser machining method according to claim 1, characterized in
that the duration of said initial sub-period (T1) is less than 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
out so that said increase time to said maximum power is less than 0.05 ms

25 (50 us).

4. Laser machining method according to any of the preceding
claims, characterized in that said maximum power is higher than 200 W,
said laser source operating in QCW mode.

5. Laser machining method according to any of the preceding
30 claims, characterized in that a means of focussing the laser beam is



5. Laser machi ning nethod according to any of the preceding 30 clains,
characterized in that a neans of focussing the |aser beamis - 19 -

provi ded, which are or are not totally chronatlcally conpensated, to obtain
a light spot (20) at the focal point Fot® the dual frequency light having a
smal l er dianmeter than that of the light spot (22) for the light at the
initial wavel ength. 56. Laser nachining nethod according to any of the
precedi ng clains, characterized in that the nmethod consists in welding a

hi ghl'y reflective method. 7. Laser machining nmethod according to
clai m 6, charavitled; wbithi aret tiaare: het fotalynehroinaticalyh ecanpensstedqgieablaini ght

conbined wt eak or
the part of E{]Héﬁﬁﬁbétg@wt %t ?ﬁ%&é‘%ﬁﬁ# ﬁ{bg\é‘r{ ggggﬁgﬂggreéwggﬁgﬁgylggh?gher
than the nelsmalertdiamehal thani that led thei lighdlspetif2Reforothe fight athihe mitiabi nat i on
of light and for the mat eri al bei ng wel ded. 8. Laser machi ni ng

met hod accoM®@ENBhcl ai m 7, characteri zed i n that said dual frequency

| um nous intensity is hi gher than 0.1 t 15 the focal poi

9. Laser Tachi ni n§ nd@8EsH rae@anweng]ectbo 3&?99{ ngrtogany el the &re ng n t hat
the intensit I €l | n part
of the the SY Hfs é%éd%ilzﬁﬁn%npgﬁvér fle Vyﬁﬁf\ﬂeo? %ibﬁsﬂ[s eq@ﬁffg@gﬁ sagb e | od,

t han the nelreflaqlvehneﬂml d for said Ilght and for said 20 wel ded netal .
10. Laser machining nmethod according to claim9, characterized in that said
light intensity at7.t HLeISEnmacﬂnliningmetbngtaccbsdihg\tercEaihiaﬁ charamariced imt t he

610 10, o5 Rtz Rl T bl BB Shihedied Wibosofori e < %

silver, ¢ Ufmlﬂallﬂ‘e@uerﬁﬂ nalthe?mt@am @gtheqsarobf tHEp&Is@&rtnﬂi a.maximum 12.
Laser ITB.ChI ning neth accor any to 11, characterized in

that said | M\fermnea@@ ﬁa%pa\seéﬁchﬂm tben |t'ae naq*b,')lg thregheldn M He diRtr
decreases t Q&b QiRP fGSthiLcARbinEtisR of IEhCAM fdtdh@mdiBRaMididg Jiday. med.

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

9. Laser machining method according io claim 7 or 8§,
characterized in that the intensity of light at the initial wavelength in the
power peak or part of the the pulse with maximum power is lower, in the
initial sub-period, than the melling threshold for said light and for said

20 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.

11. Laser machining method according to any of claims 6 to 10,
25 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 any of claims 6 to 11,

characterized in that said laser pulses have an end sub-period (T3) in which

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



- 20 - 13. Laser machini ng equi pnent incl uding: a coherent 1|ight
source (32; 80) generating a |laser beam (34) wth an initial wavel ength of
between 700 and 1200 nm a non-linear_cgystal (36; 92) for partially
doubling said | aser beam 6 frequency; a nmeans (38; 82) of controlling
said light source arranged to generate |aser pulses (10);

characterized in that said control means is arranged to formsaid |aser

pul ses with a power profile throughout the period of each | aser pulse 10

which, in an initial sub-period (T1 has .a i_mum po
the pulse with nal@-ndfﬁ%\ymc%ﬂé eﬂ%‘li%eri‘std?gmgf at elos\tljvgE png?lé)dOETg) pg;t °

longer duration thapohBekt Rohi 8bukdliaRe 80P denbrhtingcallasendamedd pwith
thereafter, a | ower power tﬁan sai db(msv'(i nﬁ% omergthroug%)out saiyél Y
i nt er nedi at ears initiadavavetgngtih of hatwessl 60@ 8ndl'#00fBns i s arranged so that the

15 val ue of said qrraﬁﬁ’i%aggg}g%al 3@t gﬁ)e?&.t B%M\B"{/ |WRiBliRG G 1AdEbéda Mean

power throughout e laser pulse and in Yhat the increase

time to sai df power fromthe start of each pul se i
rriIIiseconds?%%%mm pulse is less than 0.3

S) . 14, L . I i ' i
claim 13, 20 char t%ﬁ??@d(qaﬁn g@at"fs%‘? %‘bﬁ%&?ﬁ#ﬂl 6%&'\5%%?%251?@&3{%629 te
punped and Oé)@ﬁé’ﬁa?egla's@r gm\igégqq@} 15. Laser machi ni ng equi pnent

according to-clarm 13 or 14, characterized i i -
source is forned gharacteriged ing{g\gi ("s%gﬁ;c'_oﬁﬁgh@_ﬁ‘eaﬂg‘;‘g 3%3913%55%3%'?%%2&

25T 1B ol Ao e HRRUSTAE At et st on of
10 which, in an initial sub-period (T1), has a maximum power peak or a part of
the pulse with maximum power and, in an intermediate sub-period (T2) of
longer duration than the initial sub-period and occurring immediately
thereafter, a lower power than said maximum power throughout said
intermediate sub-period, in that said control means is arranged so that the
15 value of said maximum power is at least two times 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

milliseconds (300 us).

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

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
(80).

25 16. Laser machining equipment according to any of claims 13 to 15,
characterized in that the duration of said initial sub-period (T1) is less than

two milliseconds (2 ms).

17. Laser machining equipment according to any of claims 13 to 16,
characterized in that the duration of said increase time is less than 50 ps
30 (0.05ms).



17. Laser machi ni ng equi pnment according to any of clains 13 to 16,
characterized in that the duration of said increase tine is |less than 50 ps
30 (0.05 ms). - 21 - 18. Lase[_ggfhjning equi pnent according to any
of claims 13 to 17, characterized int It includes optical elenents for
focussing said | aser beam which are or are not totally chromatically
conpensated, to obtain a |ight spot (20) at the focal point for the dual
frequency light having a smaller 5 dianmeter than that of the |ight spot
(22) for the light at the initial wavelength. 19. Laser machining
equi pment accor dilfg t-8sel mpaRining equipgent ReFRreing oy ohclaig 19¢0 défi nes a

wel di ng equi gpﬂgﬁ ' it Eofi i € chi ni ng
equi pnent ag@or |enﬁgié'[domcﬁﬁtnl1t i@luq%é gpg?%igtt%%ﬁeznet% f|orn f?%uast% y al&%ﬁdﬁggp

f requency | beamyushichtazesirtarei mothtiotallyr chrheatigaltly Bovnpepsated; e obtainla poi nt .
21. Laser chi ni uj t _acc i t L m1 I . characterized in
Chat the 11 3t sheldaBftl RETeRESER! (rfe obiahir: B BavrSTRER=IE! v c e
~at the feralidméter tharbihdt of eaelightapbt (R2)Forthd light ait tiRcitialivagelangtiny of
claims 19 to 21, characterized Iin that said control neans is arranged to

form said | aser Byl segs¥ trhachifityeeqlippidritcabeordiiy a0 €BnsS U peritgd (T3)
during which the power decreases to zero to ensure optinum cooling of the
wel d for ned chamcterizes, invilaai Wi daiinesua preldingacasinment fos higblyoreflectiyes 13 to
22, 20 char%tg[si zed in that it includes a sensor (94) for measuring the
dual frequency |Um nous power, said sensor being connected to said control

means Lo vary sabd | st Puhsentl ' Salighdl 2geeding 18 tBeyiEagyr ement

t
of said dual freQuéen um nous p sér nmaci ning equi pnent
accordi ng t characterized im it 53id dudBire@bendaluatinens imtdnsity ishhighet tharc| udes a
sensor (100 measuring the tenperature of the surface of the machi ned
mat eri al inbtﬁ&{w ratbtbS%P? Bl area or for neasuring the light reflected
by said surface, sensor hej ng connected to said control, nmeans_to vary

ai
the profile of sgi%d aser pRFBIRG eaupINeRt Accqraing dionFlaim 1k edQur enent
of said tenpRAAIER RN inQhat the light intensity at the initial wavelength is lower than

10 MW/cm? at the focal point.

15 22. Laser machining equipment according to any of claims 19 to 21,
characterized in that said control means is arranged to form said laser
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 any of claims 13 to 22,

20 characterized in that it includes a sensor (94) for measuring the dual
frequency luminous power, said sensor being connected to said control
means to vary said laser pulses in real time according to the measurement

of said dual frequency luminous power.

24. Laser machining equipment according to any of claims 13 to 23,
25 characterized in that it includes a sensor (100) for measuring the
temperature of the surface of the machined material in the laser beam
impact area or for 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

30 said reflected light.



30 sai d reflect ed '_I i.ght. - 22 - 25. ‘La_ser -machi ni ng equi prent
according to any of clainms 13 to 24, characterized in that said control

nmeans i s arranged so that said increase 2ti_ma to said nmaxi num power is

substantially less than 0.1 ns (100 p_s)2. 26. Laser machini ng

equi pnment according to claim 19, 5 characterized in that the dual frequency
| um nous intensity is higher than 1.0 MNcnR at the focal point. 27.
Laser machi ning nmethod according to any of clainms 1 or 12, characterized in
that said variation in power of each |laser pulse is carried out so that
said i ncrease ti #-t basai maghining aapieimentascoisiing tnany of alaifes 18 tp 280 ps) .

S o B SEAPEShD (gL AR AT gt ool

dual frequency lTum nous I nten5| t
poi nt. 15 time to said maximum power is substantially less than 0.1 ms (100 ps).

26. Laser machining equipment according to claim 19,
5 characterized in that the dual frequency luminous intensity is higher than
1.0 MW/cm? at the focat point.

27. lLaser machining method according to any of claims 1 or 12,
characterized in that said varation in power of each laser pulse is carried
out so that said increase time to said maximum power is less than 0.1 ms

10 (100 ps).

28. Laser machining method according to claim 7, characterized in
that said dual frequency luminous intensity is higher than 1.0 MW/cm? at
the focal point.

15



