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POWER-SCALABLE OPTICAL SYSTEM FOR
NONLINEAR FREQUENCY CONVERSION

[0001] This invention is related to a system for the non-
linear frequency conversion of laser light, that allows the
scaling of the output power beyond the power output known
in the state of the art systems.

[0002] 7 Lasers combining high output power, good beam
quality, and high wall-plug efficiency exist only in the
spectral range from 1000 nm to 1100 nm. However, many
industrial and scientific applications require high-power
laser radiation with high beam quality and high plug-in
efficiency in the visible or throughout the infrared spectrum.
Examples are the welding of copper and pumping of Ti:Sap-
phire lasers. This shortage in the visible region is presently
mitigated by frequency-doubling of near-infrared lasers. A
commonly used technique is the intra-cavity second har-
monic generation (SHG) as shown in FIG. 1, where a
frequency-doubling nonlinear crystal is placed inside the
active laser resonator for the fundamental mode at 1030 nm
to produce laser radiation at 515 nm. The intra-cavity
intensity enhancement and the absence of an out-coupling
mirror for the fundamental (pump) mode lead to small losses
and consequently high frequency-doubling efficiency.

[0003] Presently, high-power second-harmonic-genera-
tion relies on nonlinear crystals in the shape of rods of a few
cm of length (both for intra-cavity and extra-cavity SHG)
placed into a temperature controlled oven to optimize phase
matching. The laser beam passing the nonlinear crystal
along the rod axis, deposits some heat (due to residual
absorption) that is transported radially (orthogonal to the
beam propagation) from the beam position to the crystal
surface (see FIG. 2) which is thermalized to a temperature-
controlled heat sink. The heat deposition in the crystal and
the geometry of the thermal contact give rise to a radial
temperature gradient with maximal temperature along the
rod axis (see FIG. 2). It can be shown that the temperature
difference AT between the rod axis and the rod surface is

P 1
ATz ¢y
4nKL

[0004] where P [W] is the power of the laser beam
passing the crystal, u the absorption coefficient for unit
length, K the thermal conductivity of the crystal mate-
rial and L the crystal length. In equation 1, homoge-
neous illumination of the crystal aperture is assumed.
Larger AT are expected for any realistic cases. From
this equation it can be seen that AT is linearly propor-
tional to the laser power P[W], but it is independent (as
shown also in FIG. 2 (left)) of the diameter of the
nonlinear crystal assuming that the laser beam size is
matched to the crystal diameter.

[0005] The intensity of the frequency-doubled beam I,
[W/cm?] produced by the pump beam at the output side of
a crystal of length L takes the form (neglecting saturation
effects)

Ak L 2
Isie =71§L2 sincz( 3 ), @
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[0006] where I, [W/cm?] is the intensity of the pump
beam, Ak=2k,,,Kgy: the difference between the
wave-vectors of the pump and the frequency-doubled
beams, y=20,°d,;’n, ns,; ", with d . the effective
nonlinear coefficient of the crystal, ®, the angular
frequency of the pump beam, n,, and ng,; the refractive
indices for the pump and the frequency-doubled beams,
respectively. Hence, the conversion efficiency Mgy
from the pump beam to the frequency-doubled beam is

Iswc . HfAkL ()]
NSHG = T = dgﬁlpLzsmcz( 3 ]

[0007] As can be seen from these equations, the SHG
process is severely limited by a possible phase mismatch
(AkL=0). The phase matching strongly depends on the
temperature of the nonlinear crystal as the wave-vector
scales with the refractive index, and the refractive index
depends on the temperature T: Ak~n (T)—ng;,(T). Hence, a
large temperature gradient (large AT) in the crystal means
that phase-matching (Ak<<1/L) is possible only over a very
limited portion of the nonlinear crystal resulting in back
conversion and distortion of the transverse profile of the
frequency-converted beam.

[0008] In principle, a large phase mismatch could be
mitigated by reducing the crystal length L, but this would
decrease the overall conversion efficiency (m SHG~IPL2 see
Equation 3). To compensate this decrease, the laser intensity
L, could be increased. Yet, this intensity increase eventually
leads to laser-induced damage of the nonlinear crystal.
[0009] Hence, power-scaling of the state-of-the-art SHG is
not possible as the related thermal load and phase-mismatch
(Ak~T~P) call for a reduction of the crystal length and an
increase of the laser intensity, leading to optical-induced
damage of the nonlinear crystal.

[0010] To date the main mitigation strategies of this issue
involves:

[0011] Finding nonlinear crystal materials with lower
absorption, higher thermal conductivity, larger damage
threshold and larger nonlinear coefficients. Yet opti-
mizing simultaneously all these parameters is challeng-
ing.

[0012] Improving the material quality of existing non-
linear crystals to reduce absorption and increase dam-
age threshold.

[0013] Hence, the present day approaches do not solve the
fundamental issue that power-scaling seems to require inten-
sity-scaling that eventually is leading to laser-induced dam-
ages of the nonlinear crystal. For example, the output power
obtained at 515 nm is presently limited by the heat genera-
tion in the nonlinear crystal, so that the full potential of the
existing high-power lasers at 1030 nm cannot be fully
exploited.

[0014] Itis therefore the objective of the present invention
to provide a power-scalable optical element for nonlinear
frequency conversion (e.g. second-harmonic generation,
half-harmonic generation, parametric down-conversion).
When applied for example to high-power lasers at 1 pm this
leads to high-power laser beams at 500 nm wavelength (via
SHG) or to high-power lasers at wavelengths longer that 1
pm throughout the full infrared spectrum (via parametric
down-conversion).
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[0015] This objective is achieved according to the present
invention by a system for frequency-conversion of a pump
radiation, comprising:

[0016] 1) a laser source generating the pump radiation,

[0017] 1ii) a nonlinear optical element for frequency-
conversion of the pump radiation, said nonlinear opti-
cal element comprising a nonlinear birefringent crystal
in the shape of a thin plate, wherein the size of the
front-surface and back-surface of the thin plate in all
directions is large compared to the thickness of the thin
plate, said optical nonlinear element generating at least
one frequency-converted beam as compared to the
frequency of the pump radiation, wherein all involved
beams propagate fulfilling phase matching or quasi-
phase matching conditions in the said nonlinear optical
element;

[0018] iii) said nonlinear optical element comprising a
partial reflective coating at the front surface and a
high-reflective coating at the back-surface of the crystal
yielding to resonant intensity enhancement of the laser
pump radiation and at least one of the frequency-
converted beams, wherein the high-reflective coating is
designed to reflect all the involved wavelengths and to
conserve or purposefully adjust the relative phase delay
between the frequency-converted beam(s) and the
pump radiation upon an internal reflection so that the
relative phase delays between the various beams is
maintained yielding optimal frequency-conversion, and
wherein the nonlinear optical element is in thermal
contact to a heat sink, preferably the back-surface of the
high-reflective coating of the nonlinear optical element
is in thermal contact to the heat sink;

[0019] iv) said heat sink being controllable in tempera-
ture enabling efficient cooling of the crystal and gen-
erating a temperature gradient in the nonlinear crystal
essentially orthogonal to the back-surface and approxi-
matively in the direction of propagation of the laser
beams, and minimizing the temperature inhomogeneity
in the nonlinear crystal in particular in the transverse
direction with respect to the direction of propagation of
the laser beams, with the goal to decrease phase match-
ing inhomogeneity between the various beams in par-
ticular in the transverse direction.

[0020] Preferred embodiments of the present invention are
hereinafter listed in the depending claims 2 to 28.

[0021] Preferred embodiments of the present invention are
hereinafter described in more detail with reference to the
attached drawings which depict in:

[0022] FIG. 1 schematically a thin-disk laser with intra-
cavity frequency doubling using a rod-like SHG crystal
according to the prior art; in red and green are given the
pump and frequency-doubled mode, respectively;

[0023] FIG. 2 (Left) Temperature distribution in the rod-
like SHG crystal passed axially by a laser beam and cooled
at its surface according to the prior art. In red is given the
hottest temperature, in blue the coldest; (Right) Temperature
distributions in a rod-like crystal for two laser beam sizes but
identical laser power;

[0024] FIG. 3 schematically a double-resonant SHG ele-
ment with power-scalability for nonlinear frequency con-
version of high power laser radiation;

[0025] FIG. 4 schematically a thin-disk laser with intra-
cavity frequency-doubling containing a doubly-resonant
SHG element as proposed here;
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[0026] FIG. 5 schematically a doubly-resonant OPO (opti-
cal parametric oscillator) element similar to the doubly-
resonant SHG element of FIG. 3;

[0027] FIG. 6 schematically a high-power frequency-se-
lective system consisting of a polarizer (in this case a TFP:
thin-film polarizer), a A/4-plate and the proposed nonlinear
element that acts as a birefringent Gires Tournois interfer-
ometer (BGTI); the transmission curve (T=Output/Input) of
this system depends on the laser wavelength through the
wavelength-dependent relative phase shift of the ordinary
and extra-ordinary polarization components of the pump
radiation in the BGTI;

[0028] FIG. 7 Transmission curve (T=Output/Input) of the
polarizer+h/4-plate+BGTI system of FIG. 6 (red) compared
to the transmission curve of a Fabry-Perot-etalon (black) of
similar parameters;

[0029] FIG. 8 Frequency-dependent laser losses for the
pump mode for two different frequency scales (left and
right). The losses inflicted by the polarizer+A/4-plate+BGTI
system are given in red, the losses due to the SHG process
are given in green. The dashed black curve represents the
sum of the two losses. The frequency is expressed in free
spectral range (FSR) units;

[0030] FIG. 9 schematically a thin-disk laser at 1030 nm
with intra-cavity frequency-doubling based on the proposed
nonlinear SHG element;

[0031] FIG. 10 schematically a single-frequency pump
laser at 1030 nm with a subsequent SHG stage where the
proposed SHG element is placed into an external enhance-
ment cavity;

[0032] FIG. 11 schematically a fourth-harmonic genera-
tion scheme using two successive SHG stages: the first
within the 1030 nm active laser resonator (intra-cavity), the
second in an external cavity enhancing the 515 nm radiation;
[0033] FIG. 12 schematically a Q-switched laser at 1030
nm with intra-cavity SHG, apt particularly for ps-long
pulses;

[0034] FIG. 13 schematically a single-frequency seed
laser at 1030 nm followed by a Q-switched regenerative
amplifier and extra-cavity SHG generation occurring in a
single-reflection at the SHG element;

[0035] FIG. 14 schematically a thin-disk laser at 1030 nm
with intra-cavity frequency doubling where the SHG ele-
ment is used as a turning mirror;

[0036] FIG. 15 schematically a thin-disk laser operating at
nm with the proposed element used as intra-cavity OPO and
with an additional collinear resonator for the signal (red)
radiation;

[0037] FIG. 16 schematically a thin-disk laser operating at
1030 nm with the proposed element used as intra-cavity
OPO and with an additional V-shaped resonator for the
signal (red) radiation;

[0038] FIG. 17 schematically a passive enhancement cav-
ity pumped by a single-frequency laser at 515 nm and
containing the proposed doubly-resonant OPO element. The
element is also used as a turning mirror in a V-shaped cavity
for the signal radiation;

[0039] FIG. 18 schematically a Q-switched thin-disk laser
operating at 1030 nm with intra-cavity OPO element and
V-shaped signal cavity, apt particularly for pus-long pulses;
[0040] FIG. 19 schematically an external passive cavity
for the signal radiation containing an OPO element pumped
with a pulsed laser at 1030 nm;
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[0041] FIG. 20 schematically a thin-disk laser at 1030 nm
with intra-cavity half-harmonic generation and external col-
linear cavity for the frequency-halved radiation at 2060 nm;
[0042] FIG. 21 schematically a thin-disk laser at 1030 nm
with intra-cavity half-harmonic generation and external
V-shaped cavity for the frequency-halved radiation at 2060
nm;

[0043] FIG. 22 schematically a passive cavity enhancing
the pump radiation delivered by a single-frequency laser at
1030 nm equipped with a HHG element that also acts as a
mirror within a cavity enhancing the frequency-halved
radiation;

[0044] FIG. 23 schematically a Q-switched laser at 1030
nm with intra-cavity HHG and an external cavity for the
frequency-halved radiation, apt particularly for us-long
pulses;

[0045] FIG. 24 schematically a passive cavity for the
frequency-halved radiation containing a HHG-element
pumped with a pulsed laser at 1030 nm.

[0046] The present invention addresses the above
described power scaling limitations of prior art and proposes
an optical element for frequency-conversion of high-power
lasers, wherein the power-scaling is obtained by scaling the
pump beam size at constant pump intensity.

[0047] This invention exemplarily proposes an optical
element that allows power-scaling of second-harmonic gen-
eration (SHG) enabling for example the generation of high-
power laser beams at 515 nm when starting from a high-
power thin-disk laser operating at 1030 nm. One of the
possible application of this invention is welding of copper.
Copper has a reflectivity of 97% for light at a wavelength of
1030 nm and has a very high thermal conductivity. There-
fore, copper welding with a beam of 1030 nm wavelength is
challenging as it requires a high power density. The needed
power density and instabilities issues are however consid-
erably reduced at a wavelength of 515 nm where the copper
reflectivity is only 60%.

[0048] A variation of the proposed element can be used
also to obtain frequency conversions of a pump radiation to
longer wavelengths, extending thus the coverage of high-
power lasers in a continuous way from 1 um to the full
infrared spectrum. In this case the doubly-resonant nonlinear
element acts as an optical parametric oscillator (OPO)
instead of a frequency-doubler. This OPO element could
alleviate limitations for “eye-save” laser machining in the
near infrared. Indeed, the proposed element could be used to
deliver high-power laser beams with high beam quality and
high wall-plug efficiency in the 2 um wavelength region
where the exposure limits for lasers is about three orders of
magnitude higher than at 1.0 um. In addition, the 2 pm
radiation is suited for fiber transport.

[0049] The system according to the present invention
comprises a nonlinear birefringent crystal in the shape of a
thin plate, e.g. a disk with diameter D=20 mm and thickness
L=0.5 mm, with two custom-made coatings: a high-reflector
(HR), and a partial reflector (PR) forming a doubly-resonant
intensity enhancement for the so called pump radiation and
one of the generated beams, here with the backside of the
coated nonlinear crystal thermally contacted to a heat sink.
An example of an embodiment for intra-cavity frequency-
doubling is shown in FIG. 4.

[0050] FIG. 3 depicts a scheme of the doubly-resonant
SHG element comprising a nonlinear birefringent crystal 2
contacted to a heat sink 5. A high reflective coating (HR) 3
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for pump and frequency-doubled wavelengths has been
applied to the backside of the crystal 2 and a partially
reflective coating (PR) 4 to its front side for both the pump
and the frequency-doubled radiation. The nonlinear birefrin-
gent crystal 2 in this example has the shape of a disk; the
diameter can be typically in the range from 5 mm to 30 mm
(depending on the power demands) while the thickness can
be typically in the range from 0.1 mm to 3 mm. The
birefringent crystal 2 may also have the shape of a rectan-
gular plate or a honeycomb-shape or the like.

[0051] In this example, one polarization component (i.e.
the extra-ordinary polarization component) of the impinging
pump radiation 9 to be resonant to the nonlinear optical
element is assumed, and the other component (the ordinary
polarization component) of the impinging pump radiation 7
to be off resonance. Thus, the incident pump radiation with
the ordinary polarization 7 is simply reflected at the partly
reflective coating (PR) 4 on the front side of the SHG
element producing a reflected beam 8 with ordinary polar-
ization. In contrast, the incident pump radiation with an
extra-ordinary polarization 9 is coupled into the nonlinear
crystal and undergoes back and forth propagations between
the HR and PR coatings yielding to a resonant intensity
enhancement of the circulating radiation 10. The part of the
circulating pump radiation with extra-ordinary polarization
transmitted from the nonlinear crystal through the PR coat-
ing is indicated by 11. The nonlinear crystal is designed such
that the resonant pump radiation with extra-ordinary polar-
ization 10 is phase matched to the frequency-doubled radia-
tion 12 which is also intensity enhanced within the element.
This doubly-resonance configuration with phase matching is
leading to efficient frequency conversion.

[0052] Note that the role of the ordinary and extra-ordi-
nary polarizations can be swapped throughout this patent
depending on the crystal properties.

[0053] The SHG crystal 2 can be made for example from
Lithium-Niobate (LNB) as it provides a non-critical phase-
matching for frequency-doubling of a 1030 nm (pump
beam) at room temperature. It is therefore well suited also
for embodiments detailed later, where the beams impinge on
the element with angles deviating from the normal inci-
dence. LNB is cheap and less brittle than most other
nonlinear crystals. A particularly advantageous property of
LNB is its high nonlinear coefficient. A disadvantageous
property is its high absorption coefficient that leads to heat
generation in the nonlinear crystal. However, this issue can
be handled by the efficient cooling of the here proposed
doubly-resonant SHG element 2. An alternative material
could be Beta Barium Borate (BBO); it provides high
nonlinearity, low absorption, and high damage threshold.
However, this material does not provide a non-critical phase
matching. Another alternative material could be Lithium
Borate (LBO); it provides a high damage threshold and a
large acceptance angle.

[0054] Suitably, the temperature stabilized heat sink 5 is
realized as a disk of diamond. Diamond has the highest
thermal conductivity of any material around room tempera-
ture while providing excellent stiffness, and low thermal
expansion. When the nonlinear crystal is cemented to such
a diamond support and the diamond support is cooled, the
phase distortions caused by the thermal load produced by the
laser beams are minimized. Alternatively, the HR side can be
contacted for example to a SiC heat sink or to metallic heat
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sinks (ideally copper). Direct cooling of the HR-coating
with fluids or gases is also another possibility.

[0055] FIG. 4 depicts a schematic of a thin-disk laser with
intra-cavity frequency-doubling containing the doubly-reso-
nant SHG element 1 as proposed in this patent, a dichroic
mirror 14, an active medium in the form of a thin disk 18,
a quarter wave plate 15, and a grating acting as frequency
and polarization selective element (16 and 17, respectively).
This design represents a particularly favorable embodiment
where both the active medium 18 and the doubly-resonant
SHG element 1 have similar power scalability and where the
active medium gain is similar to the frequency-conversion
efficiency in the SHG element. The placement of the quarter-
wave-plate 15 is such to provide twisted-mode-operation of
the laser, minimizing spatial hole burning in the thin disk 18.
The interplay of the ordinary and extra-ordinary polariza-
tions in the doubly-resonant SHG element 1, the quarter-
wave-plate 15, and the polarization selective element 17
provides wavelength selectivity leading to single-frequency
operation when the element is placed in an active laser
resonator. In order to stress the similarity of the cooling
principle of the doubly-resonant SHG element 1 to the
cooling principle of the thin-disk laser 18, also the structure
of the thin-disk is detailed in the figure.

[0056] FIG. 5 depicts a scheme of the doubly-resonant
OPO element which is having a structure similar to the
doubly-resonant SHG element. In this figure, it is assumed
that the wavelength of the pump beam matches a resonance
of the nonlinear optical element 1 for a certain polarization
component while the other polarization component is not
resonant. Hence, the incident pump radiation with non-
resonant polarization 7 is simply reflected on the partly
reflective coating (PR) 4 on the front side of the nonlinear
optical element 1 to form the beam 8. In contrast, the pump
beam with resonant polarization component 9 is resonantly
enhanced forming a circulating radiation 10 of large inten-
sity apt for nonlinear conversion. Part of the circulating
radiation escapes the nonlinear optical element 1 forming
the beam 11. The resonant pump radiation 10 is phase-
matched and frequency-converted into signal and idler
radiations. In this specific case the PR coating partially
reflects the idler radiation so that the idler radiation is
resonantly enhanced 24 in the doubly-resonant nonlinear
optical element 1. Moreover, the PR coating is designed to
transmit the signal radiation. Hence, the signal radiation
generated in the element is out coupled 23 while an imping-
ing signal beam 22 is being transmitted into the crystal 2 and
reflected at the HR coating 27. Note that the role of signal
and idler can be swapped throughout this description.

[0057] 3 Also in this case the nonlinear material for the
OPO-element 2 can be Lithium-Niobate (LNB) as it is
transparent up to a wavelength of 4 pm. An alternative
material could be Lithium Indium Selenide (LISE) as it
exhibits transparency up to 7 pum.

[0058] There are five innovative considerations relevant in
the context of the invention:

[0059] 1. Nonlinear birefringent crystal in the shape of a
thin plate with a high reflective coating (HR) for all involved
wavelengths contacted to a heat sink, preferably on its
backside. The resulting efficient cooling and one-dimen-
sional heat flow leads to improved phase matching between
the fundamental and the frequency-converted radiations, and
to an arbitrary power-scalability for frequency-conversion.
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[0060] 2. A partly reflective coating (PR) on the front side
for realizing a doubly-resonant cavity that resonantly
enhances the intensities of the pump and at least one of the
frequency-shifted radiations generated in the nonlinear crys-
tal. These resonant enhancements of the intensities lead to
efficient frequency-conversion and compensate for the small
thickness L. of the nonlinear crystal.

[0061] 3. For all possible embodiments (applications) of
the optical nonlinear element, the HR coating needs to
reflect the pump and all the frequency-converted beam(s) of
different wavelengths with an appropriate relative phase
shift, so that the correct phase relation for efficient fre-
quency-conversion of the pump holds continuously while
the various beams propagate back and forth in the nonlinear
crystal. For several applications, e.g. when the element is
used for frequency-doubling or frequency-halving, also the
PR coating needs to conserve the relative phase relation
between pump and frequency-shifted radiations upon an
internal reflection. Small mismatches of the relative phase
delay upon a reflection at the HR or PR coatings can be
compensated in the propagation through the nonlinear crys-
tal by slightly changing the refractive indices seen by the
pump and the frequency-converted beams through a fine
tuning of the birefringent crystal temperature.

[0062] Alternatively, the HR and PR coatings can be
designed to realize a quasi-phase-matched configuration
where a deviation from perfect phase matching in the
nonlinear crystal is compensated by an appropriate (oppo-
site) phase delay at the coatings.

[0063] 4. The PR-HR coated nonlinear crystal not only
acts as a frequency-converting element with doubly-reso-
nant intensity enhancement for the pump and one of the
frequency-converted radiations, but also acts as a birefrin-
gent Gires Tournois interferometer (BGTI). Combined with
a M4-plate and a polarizer the BGTI forms a frequency-
selective element with highest (unity) transmission at the
resonances of the optical nonlinear element (see FIGS. 6, 7
and 8). Thus, the polarizer+i/4-waveplate+BGTI system
used in a laser resonator forces the laser to operate at a
frequency (wavelength) that matches automatically one of
the resonances of the nonlinear element. Hence, the laser is
forced by the proposed element itself to operate at a wave-
length that yields maximal frequency-conversion. When
including into an active laser resonator the proposed element
and an additional wavelength-selective optical component,
also single-frequency operation can be obtained. The optical
nonlinear element thus leads to efficient intra-cavity fre-
quency conversion with power scalability, forces laser
operation at a wavelength where optimal frequency-conver-
sion occurs, and paves the way to obtain single-frequency
operation.

[0064] 5. The wavelength-dependent rotation of the polar-
ization that occurs in the nonlinear element can be used to
obtain an error signal via a Hénsch-Couillaud-like locking
scheme to match continuously the frequency of the active
laser resonator (pump) with the resonances of the nonlinear
element. In this way single-frequency operation without
mode jumps is obtained.

[0065] Disk-Shaped Nonlinear Crystal and Power Scal-
ability The presented optical nonlinear element is a nonlin-
ear crystal in the shape of a thin plate with large size of the
front- and back-surfaces in all directions compared to the
length (thickness) of the crystal. A reflective coating on the
back side of the nonlinear crystal allows access to the back
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of the crystal as this is not exposed to the laser radiation.
This allows to contact the nonlinear crystal to a heat-sink as
shown in FIG. 3. This results in a one dimensional heat flow
pointing along the disk axis (which is also the laser pump
beam axis) and in an efficient cooling because of the large
ratio cooling surface to heat-generation volume (heat trans-
port over a small path L). The efficient cooling results in
small temperature inhomogeneity within the crystal that
implies small phase mismatches (Ak~AT).

[0066] The most important consequence of the disk-heat-
sink geometry (one dimensional heat flow) is that the
temperature depends only on the pump beam intensity I,
[W/cm?] but does not depend on the overall pump power
P[W]. On the contrary, the temperature difference AT of the
state-of-the-art depends on the power but does not depend
on the intensity as shown in FIG. 2, left. Combined with the
fact that also the conversion efficiency 1 depends on the
intensity of the pump radiation (n~L,), an increase of the
laser power at constant intensity I, does not change neither
the temperature inhomogeneity AT, nor the conversion effi-
ciency 1, nor the optical-induced damage threshold. Hence
the output power of the here proposed element can be scaled
without decreasing its performance simply by increasing the
transverse size of the pump beam at the element at constant
pump intensity L,.

[0067] This is the fundamental property underlying the
power-scalability of the frequency-conversion through our
proposed element, alike the power-scalability of thin-disk
lasers where the laser power is increased by scaling the laser
mode size at constant intensity. Hence, the proposed element
acts as a nonlinear optical frequency converter with power
limited only by the power of the pump radiation.

[0068] Double-Resonant Intensity Enhancement

[0069] From Equation 3, thereduction of the nonlinear
crystal from few cm as in the state-of the-art, to for example
a fraction of mm as in the proposed geometry, would lead to
a decrease of the conversion efficiency by about two orders
of magnitude. This issue (which holds also for other non-
linear frequency-conversion processes as parametric down-
conversion and frequency-halving) is solved in the present
invention by coating the two faces of the thin nonlinear
crystal so that the backside is acting as a high reflector (HR)
for the pump and the frequency-converted beams, and the
front side is acting as a partial reflector (PR) for the pump
and one of the frequency-converted beams (see FIGS. 3 and
5). For appropriate relative phase delays between the various
beams upon an internal reflection at the HR or PR coatings,
the coated nonlinear crystal acts as a doubly-resonant cavity
simultaneously for the pump and one of the frequency-
shifted beams. This results in a considerable increase of both
beam’s intensities that leads to an increase of the frequency-
conversion efficiency (see Equation 3 for the SHG case). For
the SHG case the effect of the PR coating on the conversion
efficiency can be summarized by the following equations
describing the conversion efficiencies for three cases: with-
out PR coating, with a PR coating reflecting only the pump
wavelength (single-resonant), and with a PR coating reflect-
ing both the pump and the frequency-doubled radiation
(doubly-resonant):
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[0070] where R, is the reflectivity for the pump radia-
tion, and Rg,s the reflectivity for the frequency-
doubled beam at the PR coating. If we assume
R,=Rs:¢=0.9 the conversion efficiency for a doubly-
resonant element increases by a factor of about 60'000
relative to the conversion efficiency of an element
without any PR coating. Similar enhancements have to
be expected for other nonlinear processes.

[0071] Phase Shifts at the HR and PR Coatings

[0072] Frequency-conversion in the birefringent nonlinear
crystal occurs when there is phase matching between all
involved beams (pump and frequency-converted beams).
Moreover, as visible from Equation 6 for the SHG case,
efficient frequency-conversion is obtained only when the
intensities of the pump and one of the frequency-converted
beam are enhanced. This doubly-resonant condition implies
that when the pump beam frequency matches a resonant
frequency of the element, also the frequency of the radiation
generated in the element matches a resonance of the ele-
ment. More precisely this doubly-resonant condition is
reached when both the pump and one of the frequency-
converted beams in a roundtrip undergo a phase shift cor-
responding to a multiple of 27, i.e. when for both beams
following condition holds:

KLAAP i =2TN, %

[0073] where Ne Zand A®,,q:,~AQutAQpy is the
sum of the phase shifts upon an internal reflection at the
HR and PR coatings, respectively.

[0074] This doubly-resonant enhancement can be obtained
also when it is not possible to have perfect phase matching
in the nonlinear medium. For this purpose, the phase shifts
at the coatings have to be correspondingly designed to fulfill
the Equation 7. In this way a quasi-phase-matching configu-
ration can be obtained.

[0075] The coating designs have to provide optimal rela-
tive phase relation between the various involved beams
while the beams propagate back and forth in the nonlinear
element. Moreover, the coatings must provide simultaneous
intensity enhancements of the pump and one of the fre-
quency-converted beam. Depending on the involved non-
linear process the coating design is having slightly different
properties:

[0076] SHG For the second-harmonic generation (SHG
with ©g,5=2®,) the doubly-resonance condition is
reached if the following properties are met:

[0077] Firstly, the refractive indices of the two beams
in the nonlinear crystal have to be equal (ng;=n,, so
that kgy,=2 k. This is possible because the pump
and the frequency-doubled beams are propagating in
the birefringent nonlinear crystal with orthogonal
polarization. Note that this condition corresponds to
a Type I phase matching condition in the nonlinear
crystal needed in the first place for the nonlinear
process. Secondly, upon an internal reflection at the
HR and PR coatings the two beams (pump and
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frequency-doubled) must not lose their relative
phase relation. This means that the phase at each
internal reflection must change accordingly to
AQgr—2A¢,,. With these relative phase shifts at the
coatings, the relative phase of the pump and fre-
quency-doubled beams is continuously matching
while the beams propagate back and forth in the
nonlinear crystal resulting in the optimal condition
for frequency-conversion.

[0078] Moreover, when the phase shift of the pump in
a round-trip in the element is 2t N (resonant condi-
tion), then the frequency-doubled beam undergoes a
phase shift of 4x N. Thus, also the frequency-
doubled beam fulfils the resonance condition so that
the required doubly-resonant condition is obtained.
Note that a change of the crystal thickness leads to a
change of the element’s resonance frequencies: still
the conditions for doubly-resonance and phase
matching are fulfilled. These properties greatly sim-
plify the production of the SHG element: On the one
hand, because no particular control of the crystal
thickness is needed, on the other hand, because the
HR and PR coatings do not depend on the crystal
thickness. Coating of a batch of substrates having
different thicknesses is possible.

[0079] In contrast Type II phase matching would
require a much better control of the crystal thickness
because in this case the ordinary and extra-ordinary
polarization components must accumulate a round-
trip phase delay of 2m M, where M is an integer.

[0080] Summarizing, the SHG element is acting as a
doubly-resonant intensity enhancing cavity for the
pump and the frequency-doubled radiation while
fulfilling the phase-matching conditions needed for
the nonlinear conversion and keeping the correct
phase relation between pump and generated beam to
optimize conversion. Similarly, for quasi phase-
matched conditions the HR and PR coatings can be
designed to compensate the relative phase delay
accumulated while the beams propagate in the non-
linear crystal by generating an inverse phase delay
upon internal reflections at the coatings so that
Equation 7 holds.

[0081] HHG The nonlinear element can be designed to
operate as a frequency-halving element, where each
pump photon is split into two photons having the same
frequency so that ©, =2 6. Similar to SHG, to obtain
doubly-resonant intensity enhancement and continuous
phase matching for the half-harmonic generation
(HHG), following conditions must hold: Firstly, the
refractive index for the pump and frequency-halved
radiation have to be equal so that k, =2k,

[0082] Secondly, the phase shifts at the HR and PR
coatings must obey the relation Aq,=2AQ . Alter-
natively, the HR and PR coatings can be designed to
realize a quasi-phase-matched configuration where a
deviation from perfect phase matching in the non-
linear crystal is compensated by an inverse relative
phase delay at the coatings.

[0083] Similar to the SHG case, no particular control
of'the crystal thickness is needed, and the HR and PR
coating’s designs do not depend on the crystal thick-
ness.
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[0084] OPO The proposed coated nonlinear element
can be designed to act as an optical parametric oscil-
lator (OPO) that splits the pump photons into idler and
signal photons fulfilling energy conservation
(00,70, 70,+D01,7)- In this process thus three different
wavelengths are involved (the HHG is a special case of
the more general OPO process).

[0085] Also in this case the nonlinear process
requires phase matching between the three beams
with wave-vectors k,=K, 5., 4K, 0,01
[0086] Apparently the simplest solution would be to

make the proposed element resonant for all three
wavelengths. Its realization must thus account for the
different phase velocities of the three beams in the
nonlinear crystal yielding different round-trip phase
delays which depend linearly also on the thickness of
the element. Hence, the coating design requires
knowledge of the nonlinear crystal thickness on the
nm level.

[0087] Therefore, the most promising OPO design
based on the proposed element would be resonant for
pump and one of the generated beams (for example
the idler). In this design an external cavity for the
signal radiation would be used to provide triple-
enhancement and to provide longitudinal and trans-
versal mode stability. This external cavity can be
tuned by changing its length to reach a triple-reso-
nant condition independent of the crystal thickness.

[0088] The best conversion-efficiency in this case is
obtained when the HR coating is reflective for all
three wavelengths and the relative phase shifts upon
an internal reflection at the HR coating obeys the
relation Ag,=AQ,,, . AP, 4,

[0089] The PR coating needs to be partly reflective
for pump and idler but acting preferably as an
anti-reflex coating for the signal. The relative phase
delay between pump and idler upon an internal
reflection at the PR coating does not necessarily
needs to be conserved. Indeed, the phase matching
condition  (AQ, =A@y, +AP;z.,) can be also
obtained by adapting the phase of the signal Ag,,,,,.;
(i.e. by changing the length of an external signal
cavity).

[0090] Also in this case the HR coating can be
designed to realize a quasi-phase-matched configu-
ration where a deviation from perfect phase match-
ing in the nonlinear crystal is compensated in each
round trip in the element by an appropriate phase
delay at the coating. Note that in this description and
in all embodiments with the OPO element the roles
of signal and idler can be swapped.

[0091] Dedicated coating designs are thus needed for all

three cases, with appropriate reflectivities and phase delays

for two or more wavelengths. Standard dichroitic coatings
usually do not provide the needed relative phase changes
upon an internal reflection. A mismatch of the relative phase
delay upon an internal reflection results in a decrease of the
conversion efficiency. In the worst case, when the mismatch
is of 180°, the frequency-converted beam is back-converted
into the pump beam decreasing the overall efficiency of the
process. Because in the doubly-resonant nonlinear element
multiple reflections are occurring, there is potentially a large
sensitivity to inappropriate relative phase changes upon
reflection at the coatings. Even though it is possible to
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design the coatings with the desired relative phase delays, it
is difficult to control it during the production process. We
therefore need to cope with some degree of mismatch from
the ideal relative phase delays upon reflection. This, how-
ever, is not really an issue because small mismatches (of the
relative phase delay from ideal condition) upon reflection at
the coatings can be compensated by generating the inverse
mismatch in the nonlinear crystal by a small temperature
tuning of the nonlinear crystal.
[0092] Wavelength-Selection and
Operation

[0093] The coated disk-shaped nonlinear crystal acts not
only as a wavelength converter but also as a birefringent
Gires-Tournois interferometer (BGTI) causing different
phase delays for the ordinary and the extra-ordinary polar-
izations of the pump beam. This different phase delay
between the two polarizations of the pump beam, in com-
bination with a polarizer (Brewster plate, thin-film polarizer
or grating) and a A/d-plate (FIGS. 4 and 6) leads to a
wavelength-selectivity (FIG. 7) with minimal losses (FIG. 8)
when the laser pump wavelength is resonant with one of the
BGTI resonances. This wavelength selectivity forces thus
the laser to operate at a frequency resonant to the BGTIL.
Because at resonance the intensity of the light circulating in
the proposed nonlinear element is maximal, optimal fre-
quency-conversion efficiency is continuously guaranteed. In
short, for intra-cavity applications, the nonlinear element in
combination with a polarizer and a A/4-plate is forcing laser
operation at a frequency resonant to itself (to the resonances
of the nonlinear element), so that maximal conversion
efficiency is guaranteed.

[0094] A Gires-Tournois interferometer (GTI) is an optical
standing-wave resonator similar to a Fabry-Perot interfer-
ometer (FPI) but with a partially reflective (PR) front side
and a high reflective (HR) backside (FIG. 3). Because the
backside of the GTI is highly reflective, the GTI does not
transmit any light (all the light is back reflected). Still the
GTI has intra-cavity intensity enhancement (resonances)
similar to a FPI with a free spectral range given by

Single-Frequency

¢ ®)
FSR=—.
2Ln

[0095] As no light is transmitted through the backside of
the GTI, it is exemplarily possible to contact the backside of
the GTI to a heat sink. In this way a heat management
similar to the thin-disk laser can be obtained. Because the
reflectivity of a GTI is unity at all wavelengths, the GTI does
not act as wavelength selective element by itself. Yet, similar
to a FPI the reflected light of a GTI shows a wavelength-
dependent and polarization-dependent phase shift that can
be used to obtain wavelength-selectivity when combined
with a polarizer and a A/4-plate as shown in FIG. 6. The
transmission (T=Output/Input) of the polarizer+A/4-plate+
BGTI system as a function of the laser pump frequency f is
given by

1-R ®

T=
R? —Rcos(Sﬂanc’l) +1

[0096] where R is the PR coating reflectivity for the
pump, c the speed of light and n=(n_4n,)/2 the average
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refractive index for the ordinary and extra-ordinary

polarization components of the pump.
[0097] Equation 9 assumes for simplicity that the birefrin-
gent GTI produces a A/4 retardation when passed by the
pump beam (in single-pass configuration). Slightly more
complex transmission spectra T(f) are obtained when this
single-pass retardation deviates from A/4 but this does not
change the working principle of the proposed element.
[0098] A plot of the transmission curve of Equation 9 is
shown in red in FIG. 7 and compared to the transmission
curve of a Fabry-Perot-etalon (black) of similar parameters.
We assume a Fabry-Perot-etalon made of fused silica (n=1.
45 for A=1030 nm) with 147 pum thickness and 50% reflec-
tivity for both surfaces. The GTI is assumed to be made of
crystalline quartz (n,=1.5346 and n,=1.5433 for A=1030
nm) with 147 pm thickness and 50% PR reflectivity.
[0099] Beside the wavelength-dependent losses L. (IL.=1—
T) caused by the above described wavelength-dependent
transmission of the polarizer+A/4-plate+BGTI system, also
the losses inflicted on the pump radiation caused by the
frequency-conversion process need to be considered. These
losses are maximal when the conversion efficiency is maxi-
mal, i.e., when the laser frequency is resonant with the BGTI
resonances. Yet, for cw operation the losses caused by the
polarizer+A/4-plate+BGTI system supersede the losses due
to the frequency-conversion process (see FIG. 8 for the SHG
case) so that the laser is forced by the nonlinear element to
operate at a resonance of the BGTI resulting in single-
longitudinal laser operation and efficient frequency-conver-
sion.
[0100] FIG. 8 (left) shows the frequency-dependent losses
inflicted by the polarizer+A/4-plate+BGTI system (red), and
by the SHG in our proposed element (green). The black
dashed curve represents the sum of the two losses. On the
right panel the frequency-dependent losses are plotted over
a larger frequency range spanning over several resonances
of the BGTI, over several FSR. Because the BGTI exhibits
resonances with alternating polarization, only every second
resonance the polarization is such to have phase matching.
Because in steady-state conditions the laser operates at the
wavelength with minimal losses, the laser will eventually
operate at a BGTI resonance with the inappropriate polar-
ization for frequency-doubling. This issue can be avoided by
introducing an additional frequency-selective element in the
active laser resonator to increase the losses at the resonances
with the inappropriate (for phase matching) polarization.
Fortunately, these resonances are much further spaced than
the longitudinal modes of the laser resonator making their
selection simple and reliable.
[0101] Various additional frequency-selective elements
can be used for this purpose. The most promising is a
(guided mode resonance) grating that also acts as the polar-
izer of the polarizer+A/4-plate+BGTI system of FIG. 6.
[0102] High-power lasers, usually cannot be operated in
single-frequency mode, as they are typically realized as
linear resonators. Indeed, the resulting standing-wave pat-
tern in the active medium of these lasers is leading to spatial
hole burning disrupting single-frequency operation. This
problem can be solved using a twisted-mode configuration
in which two A/4-plates are inserted before and after the
active medium so that back and forth propagating beams
have circular polarizations orthogonal to each other. This
prevents the formation of standing wave pattern (interfer-
ence-effects).
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[0103] The A/4-plate of the polarizer+A/4-plate+BGTI
system can be positioned as shown for example in FIG. 4 to
obtain a twisted-mode configuration where the active
medium is placed in between the proposed element and the
A4-plate.

[0104] Héansch-Couillaud Locking

[0105] As mentioned above, the transmission curve T
related to the polarizer+A/4-plate+BGTI system forces the
laser to operate at the laser frequency that better matches the
maximum of T. However, a frequency-drift of the laser or of
the element resonances may lead to mode jumps as the mode
which is momentarily closest to the maximum of T (minimal
losses) is getting amplified and becomes dominant. This
disrupts stable single-frequency operation.

[0106] These mode jumps can be suppressed by actively
stabilizing the pump wavelength to a resonant frequency of
the proposed element or vice versa. The proposed nonlinear
element offers the possibility to obtain such an active
stabilization: indeed, a frequency mismatch between the
element resonance and the frequency of the running laser
produces a change of the pump polarization that can be
monitored and used in a control loop. For example, balanced
photodiodes and a polarizer can be used as shown in FIG. 9
to measure the polarization of the pump light leaking the
laser resonator. The photo-current difference in the two
diodes depends on the frequency offset between the laser
frequency and the element’s resonance. This difference can
be used in a Hansch-Couillaud locking scheme as an error
signal to act either on the laser resonator (e.g. resonator
length) to tune the frequency of the laser to match the
frequency of a BGTI resonance, or to act on the temperature
of the BGTI to tune one of its resonances to match the laser
frequency. Note that the Hansch-Couillaud locking scheme
can be realized to automatically select only the resonances
with the correct polarization needed for frequency-conver-
sion.

[0107] The particular embodiment of FIG. 9 shows a
twisted-mode thin-disk laser with intra-cavity SHG based on
the proposed element with a Hansch-Couillaud scheme
locking a resonance of the element to the operational wave-
length of the laser by acting on the temperature of the heat
sink in thermal contact with the element. A grating roughly
selects one of the resonances of the element.

[0108] Section: Alternative Applications of the Present
Invention

[0109] SHG in a Passive Enhancement Cavity

[0110] In CW operation the conversion efficiency that can

be obtained by reflecting a pump beam at the proposed
nonlinear SHG element is small. However, the nonlinear
SHG element can be utilized also as shown in FIG. 10 in a
passive (outside a laser resonator) cavity that enhances the
intensity of the pump radiation providing efficient fre-
quency-doubling. In this particular design the length of the
passive cavity is locked to the pump frequency using a
Pound-Drever-Hall locking scheme to have resonant pump
intensity enhancement, and a resonance of the element is
also matched to the pump frequency using a Héansch-
Couillaud lock. This configuration is particularly favorable
for:

[0111] a) an oscillator-amplifier scheme with subse-
quent SHG stage (see FIG. 10) and

[0112] b) a scheme providing frequency-quadrupling
(see FIG. 11).
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[0113] Intra-Cavity Pulsed SHG

[0114] The nonlinear SHG element can be used intra-
cavity within a Q-switched laser resonator to generate high
energy pulses as shown in FIG. 12. This applies in particular
for pulses of pus-duration. This design provides thus single-
frequency laser pulses with a very compact layout.

[0115] Single-Refection Pulsed SHG

[0116] For short pulses the peak pump intensity is so high
that there is no need of placing the proposed element into a
laser resonator or a passive enhancement cavity. In this case,
the pump beam can be simply reflected at the doubly-
resonant nonlinear SHG element (FIG. 13). A Hénsch-
Couillaud locking scheme can be used to tune the tempera-
ture of the doubly-resonant SHG element so that its
resonance frequency matches the frequency of the pump
beam impinging on the element. This scheme is particularly
suited for ns-long pulses, as these pulses are still sufficiently
long to provide complete intensity enhancement in the
doubly-resonant SHG element.

[0117] Continuously Tunable Intra-Cavity SHG

[0118] The above described SHG schemes can only be
frequency tuned in steps corresponding to twice the free
spectral range of the birefringent element. Instead of using
the proposed SHG element as a resonator end-mirror, it can
be used as a turning mirror (under an incident angle of a few
degrees) as shown in FIG. 14. This layout allows to con-
tinuously tune the frequency of the converted radiation
within the limits given by the gain profile of the active laser
medium. In this V-shaped configuration two different opera-
tional modes can be selected simply by changing the phase
matching conditions:

[0119] 1. The frequency-doubled beam propagates
along the direction of the fundamental mode using the
same phase matching condition as above kgz=2k,.
This scheme shows completely free wavelength tun-
ability but generates two frequency-doubled beams of
equal power (for the back and forth propagation).

[0120] 2. The frequency-doubled beam is generated at
0° incidence as shown in FIG. 14. Here the more
general phase matching condition has to be considered:

FSHG:Fpﬁsz This configuration generates only a
single output beam that is directly extracted without
passing any optical elements.
[0121] Applications of the Present Invention as an Optical
Parametric Oscillator (OPO)
[0122] In an optical parametric oscillator (OPO) each
pump photon is split in two photons called signal and idler:
from energy conservation only certain frequency combina-
tions are possible w,=w,,,,,+0;z.,, While phase matching

conditions requires Fp:Fsi‘gﬂaZ-'-E)i e Note the polarization
of the three involved laser frequencies in this case can be
chosen freely according to the properties of the nonlinear
crystal.

[0123] For efficient frequency conversion the OPO laser
needs to be resonant for all the three involved wavelengths.
Apparently the simplest solution would be to make the
proposed element resonant for all three wavelengths. How-
ever, its realization requires precise knowledge of the non-
linear crystal thickness (down to the nm level). In addition,
even if an element with triple-resonance was realized, very
limited transversal and longitudinal mode selectivity would
be obtained due to the shortness of the element.

[0124] Therefore, the most promising OPO design based
on the proposed element would make use of an external
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resonator for e.g. the signal radiation and a doubly-resonant
(for pump and idler) element. This external signal resonator
provides transverse and longitudinal mode selectivity and it
can be tuned in length to reach the triple-resonant condition
that maximizes conversion-efficiency. A frequency selective
element can be placed within this external resonator. By
tuning the signal wavelength several resonances of the idler
(in the OPO element) can be selected.

[0125] Note that the role of idler and signal can be
swapped throughout this patent.

[0126] Intra-Cavity OPO Element with Collinear Signal
Resonator
[0127] A simple intra-cavity OPO with good beam quality

is realized by employing a collinear resonator for the signal
radiation comprising also an out-coupler and optionally a
frequency selective element. One of this embodiment is
shown in FIG. 15. The OPO element thus acts as a resonator
end-mirror for both the pump and the signal radiation.

[0128] Intra-Cavity OPO Element with V-Shaped Signal
Resonator
[0129] Continuous tunability of the OPO can be obtained

making use of a V-shaped signal resonator as shown in FIG.
16. In this case, the nonlinear OPO element acts as an
end-mirror for the pump and as turning mirror for idler and
signal. The phase matching in the nonlinear crystal is

fulfilled for non-collinear propagation (Tfp:fsigmﬁfi dior)
so that all three beams have different directions. Another
advantage of this layout is given by the absence of dichroitic
mirrors so that losses are minimized.

[0130] OPO Element in a Passive Enhancement Cavity
[0131] The doubly-resonant OPO element can be placed in
a passive (outside an active laser resonator) cavity enhanc-
ing the pump radiation delivered by a preferably single-
frequency pump laser (see FIG. 17). To improve conversion
efficiency, the OPO element can be placed in a second
external cavity enhancing the signal intensity (see for
example V-shaped cavity in FIG. 17). In an alternative
embodiment the enhancement of the pump and signal radia-
tion can be obtained within a single external cavity.

[0132] This scheme with external (to the laser) application
of the OPO-element applies particularly for pump lasers
having an oscillator-amplifier configuration, or having intra-
cavity frequency-doubling. Of particular interest is for
example the wavelength region between 550 and 1000 nm,
that could be covered starting with a pump beam at 515 nm
produced by a thin-disk laser with intra-cavity frequency
doubling.

[0133] Intra-Cavity Pulsed OPO

[0134] The doubly-resonant OPO element can be used in
a Q-switched laser resonator to generate high energy laser
pulses at longer wavelengths compared to the pump. The
pulses need to be long compared to the round-trip time in the
laser and signal resonators to have complete intensity
enhancement. FIG. 18 shows a particular embodiment of
this scheme based on a Q-switched thin-disk laser operating
at 1030 nm with intra-cavity OPO element and a V-shaped
signal cavity.

[0135] Pulsed OPO with External Signal Cavity and with-
out Pump Enhancement Cavity

[0136] The doubly-resonant (pump and idler) OPO ele-
ment can be placed in an external cavity for the signal
radiation as shown in FIG. 19. This configuration is suited
for the down-conversion of laser pulses.
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[0137] Laser with Self-Seeding at 1.54,,

[0138] A laser containing both an OPO element and a
SHG element according to our invention can be used to
generate radiation at a wavelength of 1.5 , where A, is the
pump wavelength.

[0139] Half-Harmonic Generation (HHG)

[0140] The nonlinear element can be designed to operate
as a frequency-halving element, where each pump photon is
split into an idler and a signal photon having the same
frequency so that , =20 and k,=2k,,. This degener-
ate OPO layout has two advantages:

[0141] Similarly, to a doubly-resonant SHG element it
is inherently resonant for all involved frequencies with-
out increased requirement in precision of the manufac-
turing process (when the pump beam is resonant with
the clement, also the frequency-halved radiation
matches a resonance of the element).

[0142] Because the idler coincides with the signal, all
the frequency-converted photons are part of the “use-
ful” output of the laser.

[0143] Owing to the large phase matching acceptance
close to degeneracy, an external resonator is typically
required for the frequency-halved radiation to provide trans-
verse and longitudinal mode selectivity.

[0144] Intra-Cavity HHG with Collinear Signal Resonator
[0145] The simplest way to implement intra-cavity half-
harmonic generation is to have the OPO element also acting
as end-mirror of an external collinear resonator for the
frequency-halved radiation (FIG. 20). A control loop can be
used to match the frequency of the frequency-halved radia-
tion circulating in the signal cavity to a resonance of the
OPO element.

[0146] Intra-Cavity HHG with V-Shaped Signal Resonator
[0147] To provide continuous tuning of the half-harmonic
output (within the limits imposed by the gain spectrum of the
pump laser), the external signal cavity can be realized in a
V-shaped form (see FIG. 21) with the phase matching

condition taking the form fp:fHHGﬁf Hrce- This design
offers all the advantages of the half-harmonic generation
with collinear resonator while avoiding losses in the
dichroitic mirrors.

[0148] HHG in Passive Enhancement Cavity for the Pump
and Signal Resonator

[0149] The doubly-resonant HHG element can be utilized
also outside of an active laser resonator. Efficient wave-
length conversion can be obtained by placing the element
within a passive cavity for the pump radiation whose cavity
length can be locked to be resonant to the pump frequency.
[0150] The conversion efficiency can be increased when
the HHG element is also part of a second cavity enhancing
the intensity of the frequency-halved radiation and selecting
the degenerate mode. See a particular embodiment for a
V-shaped cavity in FIG. 22. In an alternative embodiment
the enhancement of the signal and pump radiation can be
obtained within a single external cavity.

[0151] Intra-Cavity Pulsed HHG in a Q-Switched Laser
with a Resonator Circulating the Frequency-Halved Radia-
tion

[0152] The doubly-resonant OPO-element for half-har-
monic generation can be used in a Q-switched laser reso-
nator to generate pulses of high energy (see FIG. 23). The
pump pulses need to be long compared to the round-trip time
in the signal resonator to build-up the signal intensity.
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[0153] Single-Reflection Pulsed HHG

[0154] For short pulses, in particular ns pulses, it is
possible to operate the doubly-resonant nonlinear OPO
element without any enhancement cavity for the pump
radiation, simply by reflecting a pump beam at the element.
A better control of the transverse and longitudinal properties
of'the frequency-halved beam could be obtained either using
an external signal cavity (see FIG. 24) or through injection
seeding of the signal.

[0155] Mode-Locked Operation of a Doubly-Resonant
HHG Element
[0156] Type 1 parametric frequency conversion has a

particularly large phase matching acceptance around the
degenerate region. Therefore, the HHG element can be used
to realize a powerful mode-locked laser with high repetition
rates. Mode-locking could be enforced by a proper design of
the HR and PR coatings of the element. In particular, the HR
coating of the element can be designed to compensate for the
dispersion of the signal radiation.

LIST OF REFERENCE NUMBERS

[0157] 1. Nonlinear optical element, i.e. doubly-reso-
nant SHG element

[0158] 2. Nonlinear birefringent crystal

[0159] 3. High reflective dichroic coating (HR) for
pump and frequency-doubled beams causing phase
shifts fulfilling the condition A¢q,=2AQsz; upon an
internal reflection.

[0160] 4. Partly reflective dichroic coating (PR) for
pump and frequency-doubled beams causing phase
shifts fulfilling the condition A¢q,=2AQsz; upon an
internal reflection.

[0161] 5. Heat sink
[0162] 6. Mode of the pump radiation
[0163] 7. Incident pump radiation with polarization

fulfilling neither the resonance nor the phase matching
conditions within the nonlinear optical element 1

[0164] 8. Reflected pump radiation fulfilling neither the
resonance nor the phase matching conditions within the
nonlinear optical element 1

[0165] 9. Incident pump radiation with polarization
fulfilling both the resonance and the phase matching
conditions within the nonlinear optical element 1

[0166] 10. Resonantly enhanced pump radiation circu-
lating in the element with polarization fulfilling the
phase matching conditions within the nonlinear optical
element 1

[0167] 11. Reflected pump radiation with polarization
fulfilling both the resonance and the phase matching
conditions within the nonlinear optical element 1

[0168] 12. Resonant frequency-doubled radiation
[0169] 13. Extracted frequency-doubled radiation
[0170] 14. Dichroic mirror (HR for the pump radiation,

AR for the frequency-doubled radiation)

[0171] 15. Quarter wave plate for the pump radiation

[0172] 16. Frequency-selective element (e.g. resonant
waveguide grating) for the pump radiation

[0173] 17. Polarization selective element (e.g. resonant
waveguide grating) for the pump radiation

[0174] 18. Thin-disk laser active medium contacted to a
heat sink

[0175] 19. Active laser medium

[0176] 20. Anti-reflex coating
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[0177] 21. High reflective coating for the laser wave-
length (pump)

[0178] 22. Incident signal radiation

[0179] 23. Signal radiation reflected at the HR coating
of the element

[0180] 24. Resonantly enhanced idler radiation circu-
lating in the element

[0181] 25. Idler radiation extracted from the element

[0182] 26. Dichroic coating (PR for the pump radiation,
AR for the signal radiation, PR for the idler radiation)

[0183] 27. High-reflective coating (HR) for all involved
wavelengths with relative phase shifts fulfilling
AQ,=AQ,, ., .+ AP, 4., upon an internal reflection.

[0184] 28. Pump radiation leaking through a HR mirror
[0185] 29. Photodiode

[0186] 30. Balanced polarization detector

[0187] 31. Half-wave plate

[0188] 32. Piezoelectric stack

[0189] 33. Partly reflective mirror

1-28. (canceled)

29. A system for frequency-conversion of a pump radia-
tion, the system comprising:

i) a laser source generating the pump radiation;

ii) a nonlinear optical element for frequency-conversion
of the pump radiation, said nonlinear optical element
including a nonlinear birefringent crystal shaped as a
thin plate, said thin plate having a thickness and having
a front-surface and a back-surface with a size in all
directions being larger than said thickness, said non-
linear optical element generating at least one fre-
quency-converted beam as compared to a frequency of
the pump radiation, and all involved beams propagating
fulfilling phase matching or quasi-phase matching con-
ditions in said nonlinear optical element;

iii) said nonlinear optical element including a partial
reflective coating at said front-surface and a high-
reflective coating at said back-surface of said nonlinear
crystal yielding to resonant intensity enhancement of
the laser pump radiation and at least one of the fre-
quency-converted beams, said high-reflective coating
being configured to reflect all involved wavelengths
and to conserve or purposefully adjust a relative phase
delay between the at least one frequency-converted
beam and the pump radiation upon an internal reflec-
tion for maintaining the relative phase delays between
various beams yielding optimal frequency-conversion;

iv) a heat sink in thermal contact with said nonlinear
optical element, said heat sink having a controllable
temperature enabling efficient cooling of said nonlinear
crystal and generating a temperature gradient in said
nonlinear crystal substantially orthogonal to said back-
surface and approximatively in a direction of propaga-
tion of laser beams, and minimizing a temperature
inhomogeneity in said nonlinear crystal, for decreasing
phase matching inhomogeneity between the various
beams.

30. The system according to claim 29, wherein/which
further comprises said back-surface of said high-reflective
coating of said nonlinear optical element is in thermal
contact with said heat sink, and the temperature inhomoge-
neity in said nonlinear crystal is minimized in the transverse
direction relative to the direction of propagation of the laser
beams, for decreasing phase matching inhomogeneity
between the various beams in the transverse direction.
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31. The system according to claim 29, wherein:

said nonlinear optical element provides frequency-dou-
bling (second-harmonic generation SHG) of the laser
pump radiation; and
said partial reflective coating is configured to conserve or
purposefully adjust a relative phase delay between the
frequency-doubled and the pump radiation upon an
internal reflection within said nonlinear optical element
for obtaining intensity enhancement for both the pump
radiation and the frequency-doubled radiation while
maintaining a relative phase delay between the pump
radiation and the frequency-doubled radiation, maxi-
mizing frequency conversion.
32. The system according to claim 29, wherein said
nonlinear optical element acts as a mirror in an active laser
resonator for a circulating pump beam.
33. The system according to claim 29, wherein said
nonlinear optical element acts as a mirror in a passive
enhancement cavity for the laser pump beam.
34. The system according to claim 29, wherein said
nonlinear optical element acts as a mirror in a single-
reflection configuration providing frequency-conversion for
laser pulses or ns laser pulses.
35. The system according to claim 29, wherein:
said nonlinear optical element provides frequency-halv-
ing of a pump radiation (half harmonic generation
HHG); and

said partial reflective coating is configured to conserve or
purposefully change a relative phase delay between the
frequency-halved and the laser pump radiation upon an
internal reflection within said nonlinear optical ele-
ment, for obtaining intensity enhancement for both the
pump and the frequency-halved radiation while main-
taining a relative phase delay between the pump radia-
tion and the frequency-halved radiation, maximizing
frequency conversion.

36. The system according to claim 35, wherein said
nonlinear optical element acts as a mirror in an active laser
resonator for the laser pump radiation, and said nonlinear
optical element acts as a mirror in a resonator circulating a
generated half-harmonic radiation to improve longitudinal
and transverse mode selection of the half-harmonic radia-
tion.

37. The system according to claim 35, wherein said
nonlinear optical element acts as a mirror in a passive
enhancement cavity for the laser pump radiation, and said
nonlinear optical element acts as a mirror within a resonator
circulating the half-harmonic radiation to improve longitu-
dinal and transverse mode selection of the half-harmonic
beam.

38. The system according to claim 35, wherein said
nonlinear optical element acts as a mirror for a laser pump
radiation in a single-reflection configuration for laser pulses
or ns laser pulses, and said nonlinear optical element acts as
a mirror within a resonator circulating the half-harmonic
radiation to increase longitudinal and transverse mode selec-
tion of the half-harmonic radiation.

39. The system according to claim 35, wherein said
nonlinear optical element acts as a mirror in an active laser
resonator for the laser pump radiation with both of said
partial reflective coating and said high-reflective coating
yielding an appropriate reflectivity and dispersion to gener-
ate mode-locked frequency-halved radiation.
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40. The system according to claim 39, wherein the mode-
locked frequency-halved radiation has repetition rates in a
100 GHz range.

41. The system according to claim 35, wherein said
nonlinear optical element acts as a mirror in a passive
enhancement cavity for the laser pump radiation with both
of said partial reflective coating and said high-reflective
coating yielding an appropriate reflectivity and dispersion to
generate mode-locked frequency-halved radiation.

42. The system according to claim 41, wherein the mode-
locked frequency-halved radiation has repetition rates in a
100 GHz range.

43. The system according to claim 29, wherein said
nonlinear optical element acts as an optical parametric
oscillator converting the laser pump radiation to a signal
beam and an idler beam with both of said partial reflective
coating and said high-reflective coating yielding a double-
resonant intensity enhancement for the pump radiation and
the idler beam.

44. The system according to claim 43, wherein said
nonlinear optical element acts as a mirror in an active laser
resonator for the pump radiation, and said nonlinear optical
element also acts as a mirror in a resonator circulating the
signal radiation to increase a conversion efficiency and
improve a longitudinal and a transverse mode selection of
the signal beam and, therefore, indirectly of the idler beam.

45. The system according to claim 43, wherein said
nonlinear optical element acts as a mirror in a passive
enhancement cavity for the pump radiation, and said non-
linear optical element also acts as a mirror in a resonator
circulating the signal beam to increase a conversion effi-
ciency and improve a longitudinal and a transverse mode
selection of the signal beam and, therefore, indirectly of the
idler beam.

46. The system according to claim 43, wherein said
nonlinear optical element acts as a mirror for the laser pump
beam in a single-reflection configuration, for laser pulses
and ns laser pulses, and said nonlinear optical element also
acts as a mirror within a resonator circulating the signal
beam to increase a conversion efficiency and improve a
longitudinal and a transverse mode selection of the signal
beam and, therefore, indirectly of the idler beam.

47. The system according to claim 29, wherein said
nonlinear optical element acts as an optical parametric
oscillator converting the laser pump radiation to a signal
beam and an idler beam with said partial reflective coating
and said high-reflective coating yielding an intensity
enhancement for both the pump beam and the signal beam.

48. The system according to claim 47, wherein said
nonlinear optical element acts as a mirror in an active laser
resonator for the pump radiation, and said nonlinear optical
element also acts as a mirror in a resonator circulating the
idler radiation to increase a conversion efficiency and
improve a longitudinal and a transverse mode selection of
the idler beam and, therefore, indirectly of the signal beam.

49. The system according to claim 47, wherein said
nonlinear optical element acts as a mirror in a passive
enhancement cavity for the pump radiation, and said non-
linear optical element also acts as a mirror in a resonator
circulating the idler radiation to increase a conversion effi-
ciency and improve a longitudinal and a transverse mode
selection of the idler beam and, therefore, indirectly of the
signal beam.
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50. The system according to claim 47, wherein said
nonlinear optical element acts as a mirror for the laser pump
radiation in single-reflection configuration, for laser pulses
and ns laser pulses, and said nonlinear optical element also
acts as a mirror within a resonator circulating the idler
radiation to increase a conversion efficiency and improve a
longitudinal and a transverse mode selection of the idler
beam and, therefore, indirectly of the signal beam.

51. The system according to claim 32, wherein said active
laser resonator is equipped with a A/4-plate and a polariza-
tion-selective component acting in conjunction with said
nonlinear optical element to provide wavelength-selectivity
for the pump radiation, forcing the laser pump radiation to
operate at a frequency matching a resonance frequency of
said nonlinear optical element.

52. The system according to claim 32, wherein said laser
resonator is operated in a Q-switch mode.

53. The system according to claim 32, wherein a mea-
surement of a pump polarization acts to produce an error
signal acting through a Hansch-Couillaud locking scheme to
stabilize a frequency of a pump mode running in said active
laser resonator to a resonance of said nonlinear optical
element suppressing mode jumps caused by slow drifts,

54. The system according to claim 53, wherein the error
signal is used to adapt a resonator length of said active laser,
or a wavelength of external pump radiation.

55. The system according to claim 32, wherein a mea-
surement of a pump polarization acts to produce an error
signal acting through a Hansch-Couillaud locking scheme to
stabilize a resonant frequency of said nonlinear optical
element to a frequency of said active laser, suppressing
mode jumps caused by slow drifts and optimizing phase
matching.

Feb. 8, 2024

56. The system according to claim 55, wherein the error
signal is used to tune a temperature of said nonlinear
birefringent crystal.

57. The system according to claim 35, which further
comprises a resonator circulating a frequency-halved radia-
tion including a A/4-plate and a polarization-selective com-
ponent, a polarization of the frequency-halved radiation
acting to produce an error signal acting through a Hénsch-
Couillaud locking scheme to stabilize a length of the half-
harmonic resonator to establish degenerate OPO operation
having an idler wavelength equal to a signal wavelength.

58. The system according to claim 32, which further
comprises an additional frequency-selective element or a
grating introduced into said active laser resonator to force
laser operation into a single-longitudinal mode resulting in
generation of single-frequency frequency-converted beams
with maximal intra-cavity frequency-conversion efficiency.

59. The system according to claim 44, which further
comprises an additional frequency-selective element or a
grating placed into said resonator circulating the signal
radiation to obtain single-frequency operation.

60. The system according to claim 48, which further
comprises an additional frequency-selective element placed
into said resonator circulating the idler radiation to obtain
single-frequency operation.

61. The system according to claim 36, which further
comprises an additional frequency-selective element placed
into said resonator circulating frequency-halved radiation to
obtain single-frequency operation.
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