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Description

[0001] The present invention refers to a method for
generating laser radiation, comprising the steps of gen-
erating laser radiation of a fundamental wavelength
from a laser microchip in a laser cavity by pumping it
with radiation from a diode laser.
[0002] The present invention also refers to a laser
comprising: first and second reflecting elements defin-
ing a laser cavity; and a laser microchip provided in said
laser cavity and arranged to be pumped by radiation
from a diode laser to thereby generate laser radiation of
a fundamental wavelength.
[0003] Microchip lasers and miniature lasers that us-
es laser microchip are small, robust, compact, diode
pumped solid state lasers which can be manufactured
in large quantities at a low cost. For a general technol-
ogy background and examples on aspects, advantages
and interesting application areas of microchip lasers ref-
erence is given to the article "Microchip Lasers and La-
ser Arrays: Technology and Applications", Optics and
Photonics News, Nov. 1995, pp. 16-19. Examples on in-
teresting application areas for microchip lasers include
transmission of cable TV signals, image generation, ma-
terial treatment, etc.
[0004] The microchip laser concept was developed at
the MIT Lincoln Laboratory in the middle of the 1980's
and aims to use semiconductor packaging and fabrica-
tion technology for manufacturing of lasers. Simple mi-
crochip lasers are made from a rod of laser material,
normally a crystal or a glass, such as Nd:YAG. The rod
is cut into wafers which are polished to show planar and
parallel surfaces which is then coated with dielectric mir-
rors, usually by some kind of vacuum deposition tech-
nology. The wafers are then cut into chips using conven-
tional semiconductor cutting technology. Laser crystal
chips usually have an area of approximately 1x1 to 4x4
mm2 and a thickness in the radiation direction of less
than 4 mm. The microchip laser technology thus pro-
vides for mass production of laser microchips. For ex-
ample, more than 2,000 chips can be fabricated from a
2.5 cm (1 inch) long Nd:YAG rod.
[0005] Furthermore, different types of functional ele-
ments, such as Q-switches or frequency doubling ele-
ments etc., can be integrated in the laser cavity as dis-
closed in T. TAIRA et al., "Intracavity Frequency dou-
bling und Q-switching in diode-laser-pumped Nd : yvon
lasers", Applied Optics, 34(21), 4298 (1995). By using
pick and place technology, the laser chip and one or
more functional elements may be brought together and
contacted through thermal diffusion bonding or similar.
When the different elements are mounted together in
this way, and mirrors are applied directly on the chips/
elements, the appearance of air gaps is eliminated in
the laser cavity, which eliminates risk for reflections
which may disturb the lasing. However, laser microchips
can also be used in so called miniature lasers, in which
the laser microchip and other incorporated functional el-

ements are not necessarily arranged in contact with
each other but instead are separated from each other
by small gaps.
[0006] Just as for conventional solid state lasers, the
laser material is doped with ions of a rare earth metal
that provides the lasing. As the thickness of the laser
chip is small compared to other types of solid state la-
sers, the laser radiation can only be.built up over a rel-
atively short distance. To compensate for this limitation,
the laser microchip material is given a high degree of
dopant as compared to other solid state lasers. In a mi-
cro-hip laser, the doping provides for more than 0.1 per-
cent by weight of the laser material, while the degree of
dopant in a conventional solid states laser usually is far
below 1,000 ppm, for example 50 ppm for a 10 cm long
laser crystal. The high degree of dopant in the laser mi-
crochip provides a short absorption length, which
among other things makes it possible to store a large
amount of energy in a small volume, but also leads to a
shorter lifetime for electrons excited to the meta stable
upper laser level.
[0007] The most common and important dopant for la-
ser microchips is neodymium (Nd), but erbium (Er), pra-
sodymium (Pr), holmium (Ho), and ytterbium (Yb) are
other examples on important rare earth metals that can
be used as dopants. Ytterbium is of special interest, as
it can lase over a broad spectrum or wavelengths.
[0008] Several different host materials may be used.
YAG - Yttrium Aluminium Garnet (Y3Al5O12) and yttrium
vanadate (YVO4) are two of the most commonly used
crystals today. YAG has a comparatively long lifetime
for the metastable state, but a lower absorption cross-
section (i.e. a lower absorption capacity) than yttrium
vanadate, which enables the latter to be made shorter.
Many other crystals may be used, such as YLF (yttrium-
lithium-floride), LNP, LSB, SVAP, and GdVO4 (gadolin-
ium vanadate). Even glasses and plastics can be used
as host materials.
[0009] Most Nd lasers are used at the strong
transition 4F3/2 → 4I11/2. This provides lasing at wave-
lengths slightly longer than 1 µm, somewhat varying as
dependent on the host material. For Nd:YAG this wave-
length usually appears at 1064 nm. Other interesting
transitions that may be used are 4F3/2 → 4I9/2, which
gives lasing at shorter wavelengths (946 nm for Nd:
YAG), and 4F3/2 → 4I13/2, which gives lasing at a longer
wavelength (1360 nm for Nd:YAG).
[0010] The laser microchip is usually pumped by a di-
ode laser that gives a wavelength matched to the ab-
sorption band of the used rare earth metal. The pumped
laser may be single mode or multimode. The function of
the diode laser is only to excite electrons in a small vol-
ume of the laser microchip and thereby transfer the larg-
est possible amount of energy to the mode of the laser
microchip. A relatively cheap diode laser is thus prefer-
ably used, as the laser microchip will transfer the rela-
tively poor spectral and spatial properties of the diode
laser output into a laser beam having pure spectral and
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spatial properties and low noise. As a result of the high
doping and short length of the laser microchip (and the
corresponding short laser cavity which gives a large
mode spacing), microchip lasers are characterized by a
tendency to lase in single mode, which is desired in
many applications.
[0011] A very important property of materials such as
YAG is that dn/dT (the change in refractive index with
temperature) is positive, which means that a thermally
induced lens is created by the heat generated by that
part of the pump energy which is not utilized for the las-
ing in the microchip laser. The thermal expansion of the
material also contributes to the creation of this lens. The
lens stabilizes the laser cavity, which would otherwise
have been an unstable (coplanar) cavity. For a chip hav-
ing plane, parallel mirror surfaces, a stable resonator
may be formed if the pump light is concentrated. This
phenomenon gives an automatically stabilized resona-
tor, which enables simple manufacturing and alignment.
[0012] A very important type of microchip lasers and
miniature lasers which utilizes laser microchips are such
that uses so called intra-cavity frequency doubling.
These types of lasers comprise an intra-cavity arranged
functional element in the form of a frequency doubling
crystal that provides frequency doubling (SHG - second
harmonic generation) of the fundamental light wave, i.
e. which converts the laser radiation of the fundamental
wavelength from the laser microchip into laser radiation
of half the fundamental wavelength. Examples on such
intra-cavity frequency doubling in a microchip laser has
been described in the international patent application
WO 90/09688.
[0013] Intra-cavity frequency doubled microchip la-
sers can show a very high conversion efficiency even at
low pump power. This is caused by the laser mode being
concentrated, i.e. has a high intensity, in the short mi-
crochip laser cavity, and by the laser mirrors being made
high reflecting at the laser wavelength, which means
that the fundamental light wave is confined between the
mirrors to build up a high intensity.
[0014] During frequency doubling, two coherent pho-
tons at the fundamental wavelength, each having the
energy "ω, induce a polarization at the double frequency
in the non-linear material. The induced polarization is a
source term for emission of a new photon having the
energy 2"ω. To achieved an efficient frequency dou-
bling, phase matching is required, which means that the
polarization induced at different places in the material
emit frequency doubled radiation coherently. This re-
quire that the two waves ω and 2ω perceive the same
refractive indices. This is normally not possible, as the
dispersion makes the refractive index at the shorter
wavelength larger than the refractive index at the longer
wavelength.
[0015] When using intra-cavity frequency doubling in
microchip lasers, so-called birefringent phase matching
is utilized. Here, a difference in refractive index for dif-
ferent polarization in uniaxial and biaxial non-linear

crystals is utilized. The difference in refractive index
makes it possible to achieve the desired phase match-
ing.
[0016] Birefringent phase matching is used since bi-
refringent crystal chips may be mass produced in a sim-
ilar way as the laser chips mentioned above. For exam-
ple, a KTP crystal rod can be cut into wafers along those
planes that are required to provide a crystal having the
necessary double refraction for birefringent phase
matching in different directions. These wafers can then
be cut into chips that can be bonded to the laser chips
by pick and place technology, as discussed above.

Objects of the invention

[0017] Even if microchip lasers with double refractive
intra-cavity frequency doubling seem to show great po-
tential when it comes to desired mass production ad-
vantages, they also carry several inherent disadvantag-
es.
[0018] One disadvantage is that for each nonlinear
material only a restricted wavelength region, deter-
mined by the specific refractive indices of the material,
can be used for phase matching. The possibilities to
choose frequency to be doubled is hence severely re-
stricted.
[0019] Another disadvantage is that the polarization
of the light is rotated when the light is propagating
through a birefringent crystal. This means that light that
has propagated one round-trip through the cavity does
not have the same state of polarization as it had when
it started. This means that the length of the crystal has
to be controlled very accurately to avoid such stochastic
variations, which otherwise would have severe effect on
the frequency doubled output. Each separate crystal
has to be polished to an exact length. Further problems
occur when the temperature changes, as the refractive
indices and thereby the optical path length changes with
temperature, which will lead to the fluctuation in the state
of polarization. For example, a stable operation for a
temperature interval From 10 to 70 °C would be very
hard to achieve. To the best knowledge of the inventors,
this problem has not been solved yet, which has imped-
ed the realization of temperature stable frequency dou-
bled microchip lasers.
[0020] An object of the invention is thus to realize fre-
quency doubling in a laser having a laser microchip in
such a manner that the laser shows a stable state of
polarization, a high efficiency and can be fabricated at
a low price.

Summary of the invention

[0021] According to the invention, above mentioned
and other aspects are achieved by a method and a de-
vice as defined in the accompanying claims.
[0022] According to a first aspect of the invention,
there is provided a method of the kind mentioned in the
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introduction, characterized by the step of converting
said laser radiation of said fundamental wavelength, by
means of intra-cavity quasi-phase matching in said laser
cavity, into frequency doubled radiation having a wave-
length being half as long as the fundamental wave-
length.
[0023] According to a second aspect of the invention,
there is correspondingly provided a laser of the kind
mentioned in the introduction, characterized by an opti-
cal non-linear, quasi-phase matching element provided
in the laser cavity to receive said laser radiation of the
fundamental wavelength from said laser microchip and
to emit frequency doubled laser radiation of a wave-
length being half as long as said fundamental wave-
length.
[0024] Hence, according to the invention frequency
doubling is achieved in connection with the use of a laser
micro chip by so called quasi-phase matching. Quasi-
phase matching is achieved in the quasi-phase match-
ing element according to the following: when a first light
wave at the angular frequency 2ω, that has been gen-
erated at a first point in time at the position x = 0, reaches
the position x = lc at a second point in time, at which the
first light wave is 180° out of phase with the second light
wave generated at the position x = lc at the second point
in time, the nonlinearity is inverted over a second region
(from x = lc to x = 2lc), which means that light generated
in this second region is phase shifted 180° relative to
light generated in the first region (x = 0 to x = lc). The
distance lc is usually called the coherence length. In
such a way, light generated in the second region will be
in phase with the light generated over the first region.
After the next coherence length, the nonlinearity is in-
verted again. The nonlinearity is in this way modulated
periodically throughout the material.
[0025] Quasi-phase matching has several advantag-
es. For example, any wavelength can be phase
matched throughout the transparency region of the non-
linear medium by proper choice of the periodic modula-
tion of the nonlinearity. Furthermore, a single polariza-
tion can be used, and it is thus no longer necessary to
rely on birefringent crystals to get the desired phase
matching. Furthermore, for many materials, the largest
nonlinearty cannot be used for birefringent phase
matching, but it can be used for quasi-phase matching.
Theoretically, the efficiency in the frequency doubling
process may be improved by a factor of ten or more for
quasi-phase matching over conventional birefringent
phase matching. Using quasi-phase matching, it is also
relatively easy to achieve phase matching at shorter
wavelengths. An interesting application is to use one
single material and quasi-phase match the three laser
lines for the Nd:YAG laser to blue, green and red light,
what not would not have been possible with convention-
al birefringent phase matching. Small compact lasers at
these wavelength are very interesting for many applica-
tions, particularly image formation and displays.
[0026] According to an embodiment of a laser accord-

ing to the second aspect of this invention, the quasi-
phase matching element consist of an optically nonlin-
ear crystal whose c-axis is directed perpendicular to the
propagation direction through the element. This is called
noncritical phase matching and means that the funda-
mental wavelength beam and the frequency doubled
wavelength beam are aligned. This carry a great advan-
tage, since the beam quality is preserved. In conven-
tional birefringent phase matching, "walk-off" effects
typically appear, i.e. the frequency doubled wave is
propagating in a different direction than the fundamen-
tal, which results in an undesired elliptical beam. Fur-
thermore, the conversion efficiency is proportional to the
interaction length, which means that it is important to
have the two waves to propagate overlapping the long-
est possible distance to get a maximum energy trans-
ferred to the frequency doubled wave.
[0027] According to another alternative, said optically
nonlinear crystal is made of LiNbO3, LiTaO3, KTiOPO4,
RbTiOPO4, RbTiAsO4, CsTiOAsO4, or KTiOAsO4.
KTiOPO4 (KTP) is the presently most commonly used
material and can hence be obtained in good quality and
at a low price. In the nonlinear crystals, the polarization
axis is inverted periodically. This is called ferroelectric
domain inversion. Example on manners of achieving do-
main reversal in ferroelectric crystals are the diffusion
at high temperatures, the ion-exchange and poling with
electric fields. As mentioned above, the period should
be chosen to compensate for phase velocity mismatch
between the fundamental and the frequency doubled
wave.
[0028] According to another embodiment of the inven-
tion a light converging element provided to converge
said laser radiation of the first wavelength so that the
light intensity, with respect to said laser radiation of the
first wavelength, becomes as large as possible in said
quasi-phase matching element. According to this em-
bodiment the light intensity in the quasi-phase matching
element is increased, and as the conversion efficiency
is increasing with increasing intensity, an increase in the
output power, at the frequency doubled wavelength, is
obtained from the quasi-phase matching element.
[0029] According to another embodiment converging
is obtained by said first reflecting element having a both
inward directed and curved reflecting surface, with re-
spect to said laser cavity, forming said light converging
element. In this context, the laser microchip is preferen-
tially provided to have a correspondingly curved surface
on which said reflecting element, forming the light con-
verging element, is provided. This gives a very compact
construction with high intensity in the quasi-phase
matching element.
[0030] Another very important property of quasi-
phase matching crystals is that only one polarization is
utilized. Polarization induced noise may therefore be
eliminated. In isotropic materials, or materials where the
probability for lasing for the two orthogonal polarization
states are relatively similar, a polarizer may be placed
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in the cavity to achieve linearly polarized laser emission
and thereby eliminate polarization instabilities.
[0031] According to another embodiment of a laser
according to the invention, a polarization discriminating
element is provided in the laser cavity.
[0032] In cases it is wanted to generate short pulses
with high power, it may be desired to place an active or
a passive pulsing element in the laser cavity. In a pre-
ferred embodiment, said pulsing element is a passive
Q-switch consisting of a saturable absorber preferably
made in a Cr-doped crystal or a Cr-doped glass.
[0033] It is often preferred that the laser microchip
generates a stable single-mode at a wavelength falling
within the phase matching bandwidth of the quasi-phase
matching element. A short cavity, which is the conse-
quence of a short microchip laser, normally gives single
mode lasing, but the occurrence of an undesired multi-
mode lasing can be eliminated by providing a mode dis-
criminating element, which only allows lasing in desired
modes, in the cavity.
[0034] It can also be mentioned that in many applica-
tions it is important to be able to pulse the laser light,
which for example may be done by providing a function-
al element that temporarily inhibits lasing in the cavity,
a so called "Q-switch" or a mode-locker. When the puls-
ing element then allows lasing, all the energy stored in
the laser microchip since last pulse will be released in
one energetic pulse. This gives a short pulse with high
peak power. Q-switching can be done both passively
and actively. Passive Q-switching is achieved with a sat-
urable absorber. For passive Q-switching of Nd:YAG mi-
crochip lasers for 1064 nm, good results have been ob-
tained with a thin crystals of Cr:YAG. For active Q-
switching, so called Pockel cells are utilized. This could
for example be a crystal of KTP, LiNbO3 or LiTaO3 which
is modulated by a voltage applied over electrodes ap-
plied on the surfaces of the crystal. Active control gives
larger freedom in the design of the laser as well as for
the temporal noise in the emission of pulses.
[0035] From a manufacturing perspective it is today
preferred to provide the energy to the laser element op-
tically from a laser diode via an optical fiber. This gives
a simple coupling which can be optimized during the
mounting and which permits the laser diode to be placed
at a distance away from the laser element.
[0036] Another preferred way to transfer the energy
from the diode laser to the laser element is to use a ho-
lographic optical element.
[0037] Another alternative is to transfer the energy
from the laser diode to the laser element via a GRIN lens
(graded index lens). GRIN lenses in the form of rods,
which can be made of different length and thereby ad-
justed to specific applications, are very practical for use
with diode lasers.
[0038] According to a preferred embodiment of the in-
vention, said elements of different kinds are aligned to
form an essentially straight beam path through the laser
cavity. This makes it possible to form a very short laser.

Furthermore, a straight coinciding beam path will pro-
vide a higher efficiency in the transfer of energy from the
fundamental wave to the frequency doubled wave, as
discussed above. Hence it is preferred that the beam
path essentially follows a straight line between the re-
flectors and that the planar surfaces of the different el-
ements are arranged perpendicular to the beam path, i.
e. the arrangement forms a so called planar cavity. How-
ever, a more or less folded beam path may also be an
alternative for miniature lasers using microchips.
[0039] Furthermore, both of the reflecting elements
are provided to transmit said frequency doubled radia-
tion out from the laser cavity. If only one of the reflecting
elements transmits the frequency doubled radiation and
the other reflecting element reflects the frequency dou-
bled radiation, destructive interference might occur.
[0040] According to yet another embodiment of the in-
vention, the laser microchip consists of a material con-
taining more than 0.1 weight percent of the laser dopant.
The high degree of dopant is compensating the relative-
ly short optical path length of the laser microchip. For
example, it is desired that said laser microchip has a
length in the optical path direction of less than 3 mm,
preferably less than 1.5 mm.
[0041] For many applications, it is furthermore pre-
ferred that the dopant is neodymium or ytterbium and
the host material is YAG or YVO4.
[0042] To create a cavity being as short as possible,
in order to get as close to single-mode operation as pos-
sible, it said quasi-phase matching element preferably
has a length in the beam path direction of less than 4
mm, preferably less than 2 mm.
[0043] To give the microchip laser a generally com-
pact construction, it is desired that the cross-section ar-
ea of the quasi-phase matching element is smaller than
10 mm2 perpendicular to the beam propagation direc-
tion, preferably smaller than 5 mm2.
[0044] To avoid undesired internal reflections in the
cavity and to provide an embodiment being as compact
as possible, is it preferred that the elements are ar-
ranged in contact with each other to form a cavity without
any air gaps which might cause reflections.
[0045] From a manufacturing perspective it is pre-
ferred that the laser microchip and the quasi-phase
matching element are mounted together by thermal dif-
fusion and that the reflecting element is applied on the
outside of the laser microchip and the quasi-phase
matching element,. respectively, by vacuum evapora-
tion. A simpler technique for mounting, which can be ap-
plicable in some cases, is to simply glue two or more
elements together.
[0046] According to yet another embodiment of the
present invention, which may prove interesting in the fu-
ture, one or more of said elements are provided on a
carrier where they form the miniature or microchip laser.
It is furthermore understood that fine adjustments of the
elements with respect to each other is possible if they
are provided separate from each other on the carrier. If
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they are mounted separately, internal reflection may be
avoided by coating the individual components with anti-
reflection coatings.
[0047] In another embodiment of the invention, the
quasi-phase matching element comprises several qua-
si-phase matching gratings provided in parallel with
slightly different grating periods.
[0048] The advantage with such an element is that the
refractive index of the non-linear element are not always
exactly known. Then, to guarantee that the quasi-phase
matching condition is fulfilled, the element may be pro-
vided with slightly different grating periods in different
parts of the element. When manufacturing the micro-
chip, coupling of the diode laser light may be optimized
so that the frequency doubling takes place at a grating
period giving the highest frequency doubling efficiency.
[0049] A crystal having different grating periods can
also be made by forming the periodic domain inversions
of the crystal in a fan-like diverging form, as will be de-
scribed below.
[0050] It should also be mentioned that the pumping
of the laser microchip can be achieved in several ways.
The pumping diode laser can be provided close to the
laser microchip, whereby the pumping is provided di-
rectly from the diode laser to the laser microchip. This
construction gives a very compact device, but unfortu-
nately the risk of causing damage on the optical surfac-
es during construction of the laser, as the diode laser
has to be provided only a few micrometers away from
the laser microchip. Another method is to transfer the
laser light from the diode laser to the laser microchip
through an optical fiber. This method shows the advan-
tages that the diode laser can be cooled independently
of the microchip, as it can be placed away from the chip,
that a large amount of light is provided to the laser mi-
crochip, as the fibre makes sure that the divergence of
light from the diode laser is limited, and that the coupling
of light to the laser microchip can be adjusted during
production for optimizing thereof, which facilitates mass
production. According to another example, the optical
fibre coupling is replaced by one or several lenses, or
other types of optics, which however can be less desired
for mass production as this usually requires extensive
adjustments and optimizations.

Brief Description of the Drawings

[0051] Further aspects and advantages of the present
invention will become clear from the following detailed
description with reference to the accompanying draw-
ings, wherein:

Fig. 1 schematically shows a laser according to a
first embodiment of the invention;
Fig. 2 schematically shows a laser according to a
second embodiment of the invention;
Fig. 3 schematically shows a laser according to a
third embodiment of the invention;

Fig. 4 schematically shows a laser according to a
fourth embodiment of the invention;
Fig. 5a schematically shows a microchip laser ac-
cording to the invention; which is pumped with ra-
diation from a laser diode;
Fig. 5b schematically shows a microchip laser ac-
cording to the invention, which is pumped with light
from a diode laser via an optical fiber;
Fig. 5c schematically shows a microchip laser ac-
cording to the invention, which is pumped with light
from a diode laser via a holographic optical element
or a similar optical element;
Fig. 6 schematically shows an alternative-embodi-
ment of a quasi-phase matching element comprised
in a laser according to the invention.
Fig. 7 schematically shows a laser according to a
fifth embodiment of the invention;
Fig. 8a schematically shows a laser according to a
sixth embodiment of the invention;
Fig. 8b schematically shows a laser according to a
seventh embodiment of the invention;
Fig. 9a schematically shows a miniature laser ac-
cording to an eight embodiment of the invention;
Fig. 9b schematically shows the miniature laser in
Fig. 9a in an alternative arrangement;
Fig. 9c schematically shows a miniature laser ac-
cording to a ninth embodiment of the invention; and
Fig. 9d schematically shows a miniature laser ac-
cording to a tenth embodiment of the invention.

Detailed Description of Preferred Embodiments

[0052] In Fig. 1, a microchip laser is shown according
to a first embodiment of the invention. In this specific
example, the microchip laser comprises an approxi-
mately 1 mm long laser microchip 1 which is made of a
solid-state laser of Nd:YAG. The laser microchip 1 is
pumped with optical energy from a diode laser 7 and
emits a fundamental wavelength. Furthermore, an ap-
proximately 1 mm long optically nonlinear crystal 2 of
KTP is arranged in contact with the laser microchip 1.
The elements 1 and 2 are mounted together by diffusion
bonding and reflecting element 3 and 4 are provided on
the end surfaces of the elements 1 and 2 to form an ap-
proximately 2 mm long laser cavity which consequently
comprises both the laser chip 1 and the quasi-phase
matching crystal 2.
[0053] The optical nonlinear crystal 2 comprises a
quasi-phase matching grating with a quasi-phase
matching bandwidth matched to the fundamental laser
wavelength from the laser chip 1. The c-axes of the crys-
tal is directed perpendicularly to the beam path through
the crystal, i.e. perpendicularly to direction of the arrow
SH. The crystal 2 receives the fundamental light wave
from the laser chip 1 and transform it into a frequency
doubled light wave SH.
[0054] The reflecting elements 3 and 4 reflect essen-
tially all the fundamental radiation and transmits as
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much as possible of the frequency doubled light.
[0055] In Fig. 2, a frequency doubled microchip laser
according to a second embodiment of the invention is
shown, which, in addition to the elements described
above, also comprises an intra-cavity arranged func-
tional element in form of a Q-switch 5 provided to trans-
mit the frequency doubled light in short pulses with high
peak power.
[0056] In Fig. 3, a frequency doubled microchip laser
according to a third embodiment of the invention is
shown, which comprises intra-cavitary arranged func-
tional elements in form of a Q-switch 5 and a polarizer
6. The polarizer 6 inhibits polarization induced noise in
the cavity, which would have a detrimental effect on the
generation of the frequency doubled light wave.
[0057] In Fig. 4, a microchip laser according to a fourth
embodiment of the invention is schematically shown,
which, in addition to what has been described with ref-
erence to the first embodiment, also comprises an intra-
cavity arranged mode discriminating element 12 which
makes sure that lasing is taking place in desired modes,
preferentially single-mode.
[0058] As is understood by those skilled in the art, the
different functional elements may be chosen and com-
bined according to desired application and are not re-
stricted to the embodiments described above. The dif-
ferent elements may also be mounted and combined in
desired ways to form a miniature laser, as will be further
described with reference to Fig. 9a-9c below.
[0059] Fig. 5a to 5c schematically show a microchip
laser of the kind described with reference to Fig. 1, in
which the microchip laser is pumped with light from a
laser diode 7. In Fig. 5a, the laser diode 7, like in Fig. 1,
is provided in proximity to the laser element 1, whereby
the radiation from the laser diode is transferred directly
to the microchip laser. In Fig. 5b, the laser diode is pro-
vided at a distance from the laser microchip 1, wherein
the radiation from the laser diode is transferred to the
laser microchip 1 by an optical fiber 8. In Fig. 5c, the
radiation from the laser diode 7 is transferred to the laser
chip 1 via an optical element 9 which may be a holo-
graphic optical element, a GRIN lens or a similar optical
system.
[0060] In Fig. 6, an alternative embodiment of a quasi-
phase matching element 11 is schematically shown. In
the element 11, the quasi-phase matching grating is pro-
vided with a grating period varying in-a direction perpen-
dicularly to the propagation direction, i.e. the grating pe-
riod and thus the quasi-phase matching wavelength is
changing from the upper part of the element to the lower
part in the figure. By testing, during fabrication of the
laser, which part of the quasi-phase matching element
11 that gives the best conversion, i.e. which grating pe-
riod that gives a phase matching best fitting to the wave-
length spectrum of the laser, the microchip laser is op-
timized with respect to the frequency doubled output
power.
[0061] As mentioned above, a crystal with several

parallel grating periods may be used in the different re-
alizations of the invention.
[0062] A microchip laser according to a fifth embodi-
ment of the invention is shown in Fig. 7. The laser in Fig.
7 differs from the one in Fig. 1 in that a mechanically
supporting element 13 is provided on opposite sides of
the laser microchip 1. This realization is particularly pre-
ferred in high power applications. When the laser micro-
chip is pumped with high power, part of the energy trans-
ferred from the diode laser 7 to the micro-chip 1 will be
lost as heat. The microchip 1 will then tend to expand,
which can cause cracking of the laser micro-chip 1. The
mechanically supporting elements 13 counteracts such
an undesired cracking by reducing the thermal expan-
sion of the laser microchip 1 . The mechanically support-
ing elements 13 is preferably made of the same material
as the laser microchip 1, but without doping. If the laser
microchip is made of Nd:YAG, it is consequently pre-
ferred to have the mechanically supporting elements 13
made of undoped YAG.
[0063] In Fig. 8a, a microchip laser according to a sev-
enth embodiment of the invention is shown. The laser
in Fig. 8a is different from, for example, the one shown
in Fig. 1 in that it has the side 1a opposite to the quasi-
phase matching element 2 polished to a curved surface
on which a curved reflecting element 3a is provided. The
curved reflecting element 3a works as a converging el-
ement which both forms a stable laser cavity and
achieves the highest possible light intensity in the quasi-
phase matching element 2, which schematically is indi-
cated with dashed lines in the figure. It may be noted
that a completely planar parallel microchip laser of the
kind shown in Fig. 1-7 only is stabilized because of the
energy lost in the laser microchip 1, which leads to the
necessary optical expansion and curving of the surface
of the laser microchip, which provides a stable beam
path through the laser. However, in Fig. 8a the stability
is achieved by the incorporation of the converging ele-
ment, in this case the reflector 3a.
[0064] In Fig. 8b, the converging element is provided
in a similar way by a reflecting element 3a, which corre-
sponds to the curved reflecting element 3a in Fig. 8a but
which in Fig. 8b instead is provided on a curved surface
of a mirror substrate 14a. One side of the substrate 14a
is essentially planar, while the other side of the substrate
14a, i.e. the side directed towards the laser microchip 1
and covered with the reflecting element 3a, is curved
and hence only in contact with the laser micro-chip 1 in
a peripheral portion thereof. (In an alternative embodi-
ment, the reflecting element 3a may be completely sep-
arated from the laser microchip 1.)
[0065] The reflecting element 3a is preferentially high
reflecting for the fundamental wavelength. It is at the
same time preferred that the element 3a transmits light
from the laser diode 7 so it easily can pass into the laser
cavity. As a consequence of the curvature of the sub-
strate 14a and the reflecting element 3a, a semi-convex
air gap is formed between the reflecting element 3a and
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the laser chip 1. The curved surface of the reflecting el-
ement 3a will provide a stabilization of the beam path
through the laser and a focusing of the light in the quasi-
phase matching element, in a similar way as is de-
scribed with reference to Fig. 8a and which has been
indicated by the dashed lines in Fig. 8b.
[0066] Fig. 9a and 9b schematically show a miniature
laser according to an eighth embodiment of the inven-
tion. In Fig. 9a and 9b, a first reflecting element 3, a laser
microchip 1, a quasi-phase matching element 2, and a
second reflecting element 4 are arranged separately
from each other on a prepared micro-table or carrier 10,
which may be a silicon chip, a plastic plate, an etched
glass or metal plate, or the like. The laser microchip is
pumped by a laser diode 7 via an optical fiber 8. Of
course, as discussed above, the laser light may instead
be transferred from the diode laser 7 directly to the laser
micro-chip 1 without any optical fiber, or by using a lens
system or the like.
[0067] As is shown in Fig. 9a and 9b, the elements
are mounted separately from each other on the carriers
10. This facilities fine adjustments of the different ele-
ments to allow optimization of the function of the minia-
ture laser. For example, the reflecting elements 3 and 4
may be chosen, and their individual positions be adjust-
ed, to give an optimized beam path through the cavity
formed by the reflecting elements 3 and 4. It is desired
that the beam path is adjusted so that an optimum power
density is achieved in the quasi-phase matching ele-
ment 2. The carrier 10 be provided with tuning nobs, or
similar tools (not shown), to trim the position of the dif-
ferent elements.
[0068] An advantageous aspect of such a micro-me-
chanical fine-tuning is that a quasi-phase matching ele-
ment which only has one grating period can be rotated
or tilted around the axes perpendicular to the beam path
through the cavity, as shown in Fig. 9b. When the quasi-
phase matching element is adjusted, the effective quasi-
phase matching period experienced by the fundamental
wavelength is changed. The grating period can hence
be mechanically adjusted for optimum frequency dou-
bling. The miniature laser in Fig. 9a and 9b may of
course also include other elements, like a tunable mode
discriminating element for choice of desired laser mode.
[0069] A miniature laser of the kind shown in Fig. 9a
and 9b may also be provided with light converging ele-
ments aiming to stabilize the laser and provide an opti-
mum light intensity in the quasi-phase matching element
2. In Fig. 9c, such a converging element, in the form of
a conventional convex lens 14b, is provided between
the laser chip 1 and the quasi-phase matching element
2. The lens 14b in Fig. 9c is separated from the laser
chip 1 and the element 2 by air gaps. As schematically
indicated with dashed lines in Fig. 9c, the lens 14a will
stabilize the beam path through the laser and at the
same time focus the beam in the quasi-phase matching
element, in a similar way as described with reference to
Fig. 8a and 8b.

[0070] An alternative is shown in the embodiment in
Fig. 9d, wherein a converging element is provided in
form of a curved mirror 15 arranged between the laser
chip 12 and the quasi-phase matching element 2.
Hence, in Fig. 9d, a folded beam path through the cavity
is utilized, defined by the reflecting elements 3, 4 and
15. As schematically indicated by the dashed lines in
Fig. 9d, the mirror 15 will reflect and focus the light from
the laser microchip 1 on the quasi-phase matching ele-
ment 2 to provide both a stabilization of the beam path
through the laser and a focusing of the light to a high
intensity in the quasi-phase matching element, in a sim-
ilar way to what has been described above.
[0071] Even though specific embodiment of the
present has been described, it is understood by those
skilled in the art that many different modifications, com-
binations and changes of the different embodiment may
be provided within the scope of the invention, which is
defined by the accompanying claims.
[0072] Even though the description of the present in-
vention has been concentrated to frequency doubling,
it is understood by those skilled in the art that the inven-
tion may just as well be used for other types of wave-
length conversions.

Claims

1. Method for generating laser radiation, comprising
the steps of generating laser radiation of a funda-
mental wavelength from a laser microchip (1, 1a) in
a laser cavity by pumping it with radiation from a
diode laser (7);

characterized by the step of:

converting said laser radiation of said funda-
mental wavelength, by means of an optical non-
linear element comprising a quasi-phase
matching grating in said laser cavity, into fre-
quency doubled radiation having a wavelength
being half as long as the fundamental wave-
length.

2. Method as claimed in claim 1, comprising the step
of pulsing said frequency doubled laser radiation so
that it is emitted in short pulses from the laser mi-
crochip (1).

3. Method as claimed in claim 1 or 2, comprising the
step of stabilizing the polarization of the laser radi-
ation to inhibit the occurrence of undesired polari-
zation changes in the laser microchip.

4. Laser, comprising:

first (3, 3a) and second (4) reflecting elements
defining a laser cavity; and
a laser microchip (1; 1a) provided in said laser
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cavity and arranged to be pumped by radiation
from a diode laser to thereby generate laser ra-
diation of a fundamental wavelength;

characterized by:

an optical nonlinear element comprising a qua-
si-phase matching grating (2; 11), provided in
the laser cavity to receive said laser radiation
of the fundamental wavelength from said laser
microchip (1; 1a) and to emit frequency doubled
laser radiation (SH) of a wavelength being half
as long as said fundamental wavelength.

5. Laser as claimed in claim 4, wherein said nonlinear
element (2; 11) consists of an optical non-linear
crystal having its c-axis directed perpendicularly to
the beam path through said nonlinear element.

6. Laser as claimed in claim 5, wherein said non-linear
crystal (2; 11) is made of LiNbO3 or LiTaO3 or
KTiOPO4 or RbTiOPO4 or KTiOAsO4 or
RbTiOAsO4 or CsTiOAsO4.

7. Laser as claimed in claim 4, 5 or 6, comprising a
light converging element (3a; 14a; 15) provided to
converge said laser radiation of the first wavelength
in said quasi-phase matching grating.

8. Laser as claimed in claim 7, wherein said first re-
flecting element (3a) have a both inward directed
and curved reflecting surface, with respect to said
laser cavity, forming said light converging element.

9. Laser as claimed in claim 8, wherein said laser mi-
crochip (1a) has a curved surface on which said re-
flecting element (3a), forming said light converging
element, is provided.

10. Laser as claimed in any one of the claims 4 to 9,
comprising an active or passive pulse element (5)
provided in said laser cavity.

11. Laser as claimed in claim 10, wherein said pulse
element (5) is a passive Q-switch comprising a sat-
urable absorber preferably consisting of a Cr-doped
crystal or a Cr-doped glass.

12. Laser as claimed in any one of claims 4 to 11, com-
prising a polarizing element (6) provided in said la-
ser cavity to ensure lasing in desired polarization.

13. Laser as claimed in any one of claims 4 to 12, com-
prising a mode discriminating element (12) ensur-
ing that the laser is only permitted to operate in de-
sired modes.

14. Laser as claimed in any one of claims 4 to 13,

wherein all of said elements are aligned forming a
straight beam path through the laser cavity.

15. Laser as claimed in claim 14, wherein all of said el-
ements are arranged in contact with each other to
form an internal air gap free cavity.

16. Laser as claimed in claim 15, wherein said laser mi-
crochip (1; 1a) and said nonlinear element (2; 11)
are bound together by thermal diffusion.

17. Laser as claimed in any one of claims 4 to 16,
wherein said laser microchip (1; 1a) comprises a
material containing a dopant forming more than 0.1
percent by weight of the material.

18. Laser as claimed in claim 17, wherein said dopant
is neodymium or ytterbium and said material is YAG
or YVO4.

19. Laser as claimed in any one of claims 4 to 18,
wherein said laser microchip (1; 1a) has a length in
the direction of the beam which is smaller than 3
mm, preferably 1.5 mm.

20. Laser as claimed in any one of claims 4 to 19,
wherein the cross-section of said laser microchip (1;
1a) and said nonlinear element (2) perpendicular to
the beam direction are smaller than 10 mm2, pref-
erably smaller than 5 mm2.

21. Laser as claimed in any one of claims 4 to 20,
wherein said nonlinear element (2; 11) has a length
in the beam propagation direction of less than 4
mm, preferably less than 2 mm.

22. Laser as claimed in any one of claims 4 to 21,
wherein said nonlinear element (11) comprises a
quasi-phase matching grating having varying grat-
ing constants.

Patentansprüche

1. Verfahren zum Erzeugen von Laserstrahlung, das
die Schritte des Erzeugens von Laserstrahlung ei-
ner Grundwellenlänge von einem Laser-Mikrochip
(1, 1 a) in einem Laser-Resonator durch Pumpen
desselben mit Strahlung von einem Dioden-Laser
(7) umfasst,
gekennzeichnet durch den Schritt des Umwan-
delns der Laser-Strahlung der Grundwellenlänge
mittels eines optischen nichtlinearen Elementes,
das ein Quasi-Phasenanpassungsgitter umfasst, in
dem Laserresonator in eine frequenzverdoppelte
Strahlung mit einer Wellenlänge, die halb so lang
ist wie die Grundwellenlänge.
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2. Verfahren nach Anspruch 1, das den Schritt des
Pulsens der frequenzverdoppelten Laserstrahlung
umfasst, so dass sie in kurzen Impulsen von dem
Laser-Mikrochip (1) emittiert wird.

3. Verfahren nach Anspruch 1 oder 2, das den Schritt
des Stabilisierens der Polarisation der Laserstrah-
lung umfasst, um das Auftreten unerwünschter Po-
larisationsänderungen in dem Laser-Mikrochip zu
unterdrücken.

4. Laser, der umfasst:

ein erstes (3, 3a) und ein zweites (4) reflektie-
rendes Element, die einen Laser-Resonator bil-
den; und

einen Laser-Mikrochip (1; 1a), der in dem La-
ser-Resonator vorhanden und so eingerichtet
ist, dass er mit Strahlung von einem Dioden-
Laser gepumpt wird, um so Laserstrahlung ei-
ner Grundwellenlänge zu erzeugen;

gekennzeichnet durch:

ein optisches nichtlineares Element, das ein
Quasi-Phasenanpassungsgitter (2; 11) um-
fasst und in dem Laser-Resonator vorhanden
ist, um die Laserstrahlung der Grundwellenlän-
ge von dem Laser-Mikrochip (1; 1a) zu empfan-
gen und frequenzverdoppelte Laserstrahlung
(SH) einer Wellenlänge zu emittieren, die halb
so lang ist wie die Grundwellenlänge.

5. Laser nach Anspruch 4, wobei das nichtlineare Ele-
ment (2; 11) aus einem optischen nichtlinearen Kri-
stall besteht, dessen c-Achse senkrecht zu dem
Strahlverlauf durch das nichtlineare Element ge-
richtet ist.

6. Laser nach Anspruch 5, wobei der nichtlineare Kri-
stall (2; 11) aus LiNbO3 oder LiTaO3 oder KTiOPO4
oder RbTiOPO4 oder KTiOAsO4 oder RbTiOAsO4
oder CsTiOAsO4 besteht.

7. Laser nach Anspruch 4, 5 oder 6, der ein Licht sam-
melndes Element (3a; 14a; 15) umfasst, das vor-
handen ist, um die Laserstrahlung der ersten Wel-
lenlänge in dem Quasi-Phasenanpassungsgitter zu
sammeln.

8. Laser nach Anspruch 7, wobei das erste reflektie-
rende Element (3a) eine in Bezug auf den Laser-
Resonator sowohl nach innen gerichtete als auch
gekrümmte reflektierende Fläche hat, die das Licht
sammelnde Element bildet.

9. Laser nach Anspruch 8, wobei der Laser-Mikrochip

(1a) eine gekrümmte Fläche hat, auf der das reflek-
tierende Element (3a), das das Licht sammelnde
Element bildet, vorhanden ist.

10. Laser nach einem der Ansprüche 4 bis 9, der ein
aktives oder passives Puls-Element (5) umfasst,
das in dem Laser-Resonator vorhanden ist.

11. Laser nach Anspruch 10, wobei das Puls-Element
(5) ein passiver Güteschalter ist, der einen sätti-
gungsfähigen Absorber umfasst, der vorzugsweise
aus einem Cr-dotierten Kristall oder einem Cr-do-
tierten Glas besteht.

12. Laser nach einem der Ansprüche 4 bis 11, der ein
polarisierendes Element (6) umfasst, das in dem
Laser-Resonator vorhanden ist, um Lasung in ge-
wünschter Polarisation zu gewährleisten.

13. Laser nach einem der Ansprüche 4 bis 12, der ein
Moden-Unterscheidungselement (12) umfasst, das
gewährleistet, dass der Laser nur in gewünschten
Moden arbeiten darf.

14. Laser nach einem der Ansprüche 4 bis 13, wobei
alle der Elemente so ausgerichtet sind, dass sie ei-
nen geraden Strahlverlauf durch den Laser-Reso-
nator bilden.

15. Laser nach Anspruch 14, wobei alle der Elemente
in Kontakt miteinander angeordnet sind, um einen
Resonator ohne inneren Luftspalt zu bilden.

16. Laser nach Anspruch 15, wobei der Laser-Mikro-
chip (1; 1a) und das nichtlineare Element (2; 11)
durch thermische Diffusion miteinander verbunden
sind.

17. Laser nach einem der Ansprüche 4 bis 16, wobei
der Laser-Mikrochip (1; 1a) ein Material umfasst,
das einen Dotierstoff enthält, der mehr als 0,1 Gew.
% des Materials bildet.

18. Laser nach Anspruch 17, wobei der Dotierstoff Neo-
dym oder Ytterbium ist und das Material YAG oder
YVO4 ist.

19. Laser nach einem der Ansprüche 4 bis 18, wobei
der Laser-Mikrochip (1; 1a) eine Länge in der Rich-
tung des Strahls hat, der kürzer ist als 3 mm, vor-
zugsweise 1,5 mm.

20. Laser nach einem der Ansprüche 4 bis 19, wobei
der Querschnitt des Laser-Mikrochips (1; 1 a) und
des nichtlinearen Elementes (2) senkrecht zu der
Strahlrichtung kleiner ist als 10 mm2, vorzugsweise
kleiner als 5 mm2.
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21. Laser nach einem der Ansprüche 4 bis 20, wobei
das nichtlineare Element (2; 11) eine Länge in der
Strahl-Ausbreitungsrichtung von weniger als 4 mm,
vorzugsweise weniger als 2 mm, hat.

22. Laser nach einem der Ansprüche 4 bis 21, wobei
das nichtlineare Element (11) ein Quasi-Phasenan-
passungsgitter mit veränderlichen Gitterkonstanten
umfasst.

Revendications

1. Procédé de génération d'un rayonnement laser,
comprenant les étapes consistant à produire un
rayonnement laser d'une longueur d'onde fonda-
mentale à partir d'un microcircuit laser (1, 1a) dans
une cavité laser, en le pompant avec un rayonne-
ment provenant d'une diode laser (7) ;

caractérisé par l'étape consistant à :

convertir ledit rayonnement laser de ladite lon-
gueur d'onde fondamentale, au moyen d'un
élément optique non linéaire comprenant un ré-
seau de quasi-adaptation en phase dans ladite
cavité laser, en un rayonnement doublé en fré-
quence ayant une longueur d'onde moitié de la
longueur d'onde fondamentale.

2. Procédé selon la revendication 1, comprenant l'éta-
pe consistant à pulser ledit rayonnement laser dou-
blé en fréquence de façon qu'il soit émis en courtes
impulsions depuis le microcircuit laser (1).

3. Procédé selon la revendication 1 ou 2, comprenant
l'étape consistant à stabiliser la polarisation du
rayonnement laser pour empêcher l'apparition de
variations de polarisation non désirées dans le mi-
crocircuit laser.

4. Laser, comprenant :

un premier (3, 3a) et un second (4) élément ré-
fléchissants définissant une cavité laser ; et
un microcircuit laser (1; 1a) prévu dans ladite
cavité laser et agencé pour être pompé par un
rayonnement provenant d'une diode laser, de
manière à produire ainsi un rayonnement laser
d'une longueur d'onde fondamentale ;

caractérisé par :

un élément optique non linéaire comprenant un
réseau de quasi-adaptation en phase (2; 11)
prévu dans la cavité laser pour recevoir ledit
rayonnement laser de la longueur d'onde fon-
damentale depuis ledit microcircuit laser (1; 1a)
et pour émettre un rayonnement laser doublé

en fréquence (SH) d'une longueur d'onde moi-
tié de ladite longueur d'onde fondamentale.

5. Laser selon la revendication 4, dans lequel ledit élé-
ment non linéaire (2; 11) est constitué d'un cristal
optique non linéaire dont l'axe c est dirigé perpen-
diculairement par rapport au trajet du faisceau tra-
versant ledit élément non linéaire.

6. Laser selon la revendication 5, dans lequel ledit
cristal non linéaire (2; 11) est constitué de LiNbO3
ou de LiTaO3 ou de KTiOPO4 ou de RbTiOPO4 ou
de KTiOAsO4 ou de RbTiOAsO4 ou de CsTiOAsO4.

7. Laser selon la revendication 4, 5 ou 6, comprenant
un élément faisant converger la lumière (3a; 14a;
15) prévu pour faire converger ledit rayonnement
laser de la première longueur d'onde dans ledit ré-
seau de quasi-adaptation en phase.

8. Laser selon la revendication 7, dans lequel ledit pre-
mier élément réfléchissant (3a) possède une surfa-
ce réfléchissante à la fois dirigée vers l'intérieur et
incurvée, par rapport à ladite cavité laser, consti-
tuant ledit élément faisant converger la lumière.

9. Laser selon la revendication 8, dans lequel ledit mi-
crocircuit laser (1a) possède une surface incurvée
sur laquelle est prévu ledit élément réfléchissant
(3a) constituant ledit élément faisant converger la
lumière.

10. Laser selon l'une quelconque des revendications 4
à 9, comprenant un élément d'impulsions actif ou
passif (5) prévu dans ladite cavité laser.

11. Laser selon la revendication 10, dans lequel ledit
élément d'impulsions (5) est un commutateur dé-
clenché passif comprenant un absorbeur saturable
constitué, de préférence, d'un cristal dopé par du
Cr ou de verre dopé par du Cr.

12. Laser selon l'une quelconque des revendications 4
à 11, comprenant un élément polarisant (6) prévu
dans ladite cavité laser, pour assurer une émission
laser dans la polarisation désirée.

13. Laser selon l'une quelconque des revendications 4
à 12, comprenant un élément discriminateur de mo-
de (12) assurant que le laser n'est autorisé à fonc-
tionner que dans les modes désirés.

14. Laser selon l'une quelconque des revendications 4
à 13, dans lequel tous les éléments sont alignés,
formant un trajet de faisceau rectiligne à travers la
cavité laser.

15. Laser selon la revendication 14, dans lequel tous
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lesdits éléments sont agencés en contact entre eux
pour former une cavité sans espace d'air interne.

16. Laser selon la revendication 15, dans lequel ledit
microcircuit laser (1; 1a) et ledit élément non linéai-
re (2; 11) sont reliés ensemble par diffusion thermi-
que.

17. Laser selon l'une quelconque des revendications 4
à 16, dans lequel ledit microcircuit laser (1; 1a) est
constitué d'un matériau contenant un dopant for-
mant plus de 0,1 pour cent en poids du matériau.

18. Laser selon la revendication 17, dans lequel ledit
dopant est du néodyme ou de l'ytterbium et ledit ma-
tériau est du YAG ou du YVO4.

19. Laser selon l'une quelconque des revendications 4
à 18, dans lequel ledit microcircuit laser (1; 1a) a
une longueur dans la direction du faisceau qui est
plus petite que 3 mm, de préférence de 1,5 mm.

20. Laser selon l'une quelconque des revendications 4
à 19, dans lequel les sections transversales dudit
microcircuit laser (1; 1a) et dudit élément non linéai-
re (2) perpendiculaire à la direction du faisceau sont
plus petites que 10 mm2, de préférence plus petite
que 5 mm2.

21. Laser selon l'une quelconque des revendications 4
à 20, dans lequel ledit élément non linéaire (2; 11)
a une longueur dans la direction de propagation du
faisceau inférieure à 4 mm, de préférence inférieure
à 2 mm.

22. Laser selon l'une quelconque des revendications 4
à 21, dans lequel ledit élément non linéaire (11) est
constitué d'un réseau de quasi-adaptation en phase
ayant des constantes de réseau variables.
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