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DESCRIPTION

[0001] The present invention relates to a method for generating terahertz (THz) radiation and
a THz radiation source. In particular, the object of the present invention 1Is a method and
arrangement (the radiation source itself) to generate THz radiation via optical rectification Iin a
nonlinear optical medium. In particular, the present invention is closely related to high energy
THz radiation sources with tilted pulse front and a method to generate high energy THz
radiation based on the tilted pulse front technique.

[0002] The use and thus the generation of THz pulses (particularly consisting of only a few
optical cycles) having high energy and high field strength comes more and more into the front
nowadays especially in the medical, security, nonlinear spectroscopy, particle manipulation and
lots of other fields. Here, and from now on, the term "THz radiation’' refers to optical radiation In
the far infrared domain with its main spectrum being in the frequency range of 0.1-10 THz.

[0003] Optical rectification of laser pulses having femtosecond (fs) pulse length in a nonlinear
medium (e.g. In crystals having nonlinear optical properties) can be considered rather efficient
methods for generating THz pulses having picosecond (ps) pulse length. Typically, ultrashort
THz pulses (I.e. having a pulse length of several ps) may be generated by pump pulses in the
visible or near infrared domain having pulse lengths of several hundred fs. As it Is known, well
defined phase matching conditions have to be satisfied for the occurrence of nonlinear
phenomena, which in this case means a so-called velocity matching: the group velocity vp.cs Of

the pump pulse has to be equal to the phase velocity vtz of the generated THz pulse. If

these velocities are close to each other in the medium having nonlinear optical properties, I.e.
the group refractive index of the nonlinear medium at the frequency of the pumping does not
differ by too much from the phase refractive index in the THz domain, this condition can be
satisfied relatively easily - as it is known to a person skilled in the art. However, the efficiency of
THz radiation generation 1s greatly affected by the second order nonlinear optical coefficient of
the nonlinear medium. There are materials, whose nonlinear optical coefficient has a
preferably high value, but due to the high value of the aforementioned refractive index
difference, the velocity-matched THz radiation generation is an unsolvable technical problem.
Lithium niobate LINbO4s (LN) 1s such a material with extraordinary high optical nonlinearity, In

which the ratio of said refractive indices Is greater than two.

[0004] In such cases, preferably the so-called tilted-pulse-front technique may be used (see
the scientific publication of Hebling J. et al. entitled "Velocity matching by pulse front tilting for
large-area THz-pulse generation” [Optics Express, 2002, vol. 10, issue 21, pages 1161-1166].
This Is based on the fact that generation of THz radiation takes place by means of a light pulse
In which the pulse front (intensity front) forms a required angle (y) with the wave front (phase
front). As the generated THz beam propagates perpendicularly to the tilted pulse front, as a
conseqgquence of the phase matching condition, the projection of the group velocity vector of
pumping onto the direction of the propagation direction of the THz radiation has to be equal to
the phase velocity of the THz beam, 1.e. the
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v 70 COS(}/ ) - vTHz;f
relation has to be satisfied.

[0005] In a widespread technical implementation of the tilted-pulse-front technique, the pulse
front tilt of a beam of the pump source Is induced by diffracting said beam on an (mostly
reflective) optical grating. Then the diffracted beam iIs guided through an optical lens or
telescope (1.e. an imaging optics) directly into the nonlinear crystal (e.g. LN) to generate THz
radiation in such a manner, that the image of the beam spot appearing on the surface of the
optical grating 1s imaged into the crystal by the lens or telescope, wherein the desired THz
radiation Is generated as a result of the nonlinear phenomena. The pump pulse I1s guided onto
the entry plane of the crystal mostly/preferably perpendicularly, thus In order to minimize
reflection losses, the exit plane and the entry plane of the crystal have to be oriented at an
angle y relative to each other, 1.e. the optical medium substantially forms an optical prism to
ensure a perpendicular exit of the THz beam from the crystal. The magnitude of angle vy iIs
material specific, thus its value is explicitly determined based on the crystal to be used. That is,
In particular, in the case of LN said value is y = 63°.

[0006] Nowadays, the tilted-pulse-front technique substantially 1s a routine method for
generating THz radiation, In the last decade, using LN crystal, an increase of about seven
magnitudes has been achieved with this technique In the energy of quasi single cycle THz
pulses. The pulse front tilting by a diffraction element, and the transformation on imaging optics
disposed after the dispersive element Is discussed in numerous publications In the literature,
for example - without completeness - the work of H. Hirori et al. entitled "Single-cycle terahertz
pulses with amplitudes exceeding 1 MV/cm generated by optical rectification in LINbO(3)" [see
Applied Physics Letters, 2011, vol. 98, issue 9, page 3] that uses LN crystal as nonlinear optical
medium or the publication of Blanchard et al. entitled "Terahertz pulse generation from bulk
GaAs by a tilted-pulse-front excitation at 1.8 um" [see Applied Physics Letters, 2014, vol. 105,
page 241106], which uses gallium-arsenide crystal with plane parallel structure as nonlinear
optical medium. A method for THz radiation generation by the tilted-pulse-front technique is
further discussed Iin the European patent no. EP-2,354,841 B1, which discusses a method and
device for THz radiation generation based on optical rectification, carried out by a tilted-pulse-
front pump pulse, wherein said pump pulse is guided onto a transmissive or reflective grating
where 1t Is diffracted and thus its pulse front is tilted, then this pulse i1s imaged into a suitable
nonlinear crystal, e.g. LN crystal, by an imaging optical system.

[0007] The imaging errors (e.g. different types of aberrations) of the imaging optics in the case
of tilted-pulse-front THz generation arrangements having imaging optics cause distortion of the
pump pulses In the nonlinear medium, namely local pulse length widening, which effect
Increases by the distance from the optical axis. As one of the important factors determining the
efficiency of THz radiation generation 1s the pulse length of the pump pulse, these imaging
errors cause a significant efficiency decrease. Due to the limited optical damage threshold of
materials, the increase of the pump energy necessarily leads to the increase of the beam
diameter (cross section?). However In the case of large diameter (i.e. wide) pump beams said
pulse length widening causes significant decrease In the efficiency of THz radiation generation.
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[0008] Thus, the imaging optics Is disadvantageous from the point of view of tilted pulse front
THz generation arrangements comprising 1t, because It decreases the efficiency of THz
radiation generation at large pump energies, and thus it significantly limits the feasibility of
large energy T Hz radiation generation carried out by the tilted-pulse-front technique, and thus
the achievable energy of THz radiation generated thereby.

[0009] In recent years, study of imaging optics forming substantial parts of the tilted-pulse-front
technique has been the object of numerous studies. For example the publication of J. Fulop et
al. entitled "Design of high-energy terahertz sources based on optical rectification” [see Optics
Express, 2010, vol. 18, i1ssue 12, pages 12311-12327] discusses a THz radiation generation
arrangement, which is based on the combination of an optical grating (as spectral dispersive
element) and a special imaging optics (a collecting lens). The essence of the arrangement Is
that the pulse front tilt satisfying the velocity matching condition required for coupling in the
pump pulse into the nonlinear optical medium that is required for the THz radiation generation
IS achieved In a single step on an optical grating disposed in the propagation path of the pump
pulse, I.e. In the light path, before the imaging optics.

[0010] Said scientific publication also provides a detailed guide for the optimal construction of
an optical imaging arrangement implemented with the lens. Accordingly efficient THz radiation
generation requires that (i) the pulse front tilt in the crystal is as large as required by the
velocity matching condition (e.g. about 63° In the case of LN), and (il) in order to minimize the
effect of imaging errors on the efficiency of THz radiation generation, the pump pulse length
along the tilted pulse front in the nonlinear optical medium i1s as close to the transformation-
imited value as possible. In order to satisfy this, the image of the beam spot appearing on the
optical grating created In the crystal has to contact the tilted-pulse-front surface along the
optical axis.

[0011] The imaging errors unique for imaging optics and thus the drawbacks of using
Imagining optics however not even this work has been able to rule out completely.

[0012] A further widespread method for THz radiation generation is - besides the tilted-pulse-
front THz generation arrangements having imaging optics - the so called contact grating
arrangement (see the scientific publication of L. Palfalvi et al. entitled "Novel setups for
extremely high power single-cycle terahertz pulse generation by optical rectification” [Applied
Physics Letters, 2008, vol. 92, issue 1, pages 171107-171109]). A characteristic feature of
these Is that pulse front tilt of the pump beam is achieved on a single optical element having
angular-dispersion-inducing property formed In the surface of the nonlinear optical medium
(e.g. by etching), preferably by a single step of diffraction on a single transmissive optical
grating. The period (or line-density) of the optical grating that I1s necessary for this Is
determined by the material of the nonlinear crystal and the emission wavelength of the pump
source. The primary parameters Iimiting the size of the pump beam in the contact grating
arrangement I1s the damage threshold of the material and the dimensional constraints of the
crystal growing, therefore particularly large energy pumping (i.e. by a wide beam) can be
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achieved.

[0013] In recent years, THz radiation generation by the contact-grating arrangement has
become also a subject of numerous scientific publications, thus the optimal design and
practical implementations of suitable contact gratings are discussed relatively widely. As a
result of said studies, further factors limiting the use of the contact grating arrangement
became apparent.

[0014] For example, the work of A. Nagashima et al. entitled "Design of Rectangular
Transmission Gratings Fabricated in LINbO3 for High-Power Terahertz-VWave Generation” [see
Japanese Journal of Applied Physics, 2010, vol. 49, page 122504-1] and the publication of A.
Nagashima et al. entitled "Erratum: Design of Rectangular Transmission Gratings Fabricated In
LINbO3 for High-Power Terahertz-Wave Generation” [see Japanese Journal of Applied
Physics, 2012, vol. 51, page 119201-1] extensively study the theoretical modeling of the
contact grating to be formed in the surface of a LN crystal. Taking a binary grating profile as a
basis (see Figure 1) the diffraction efficiency of the contact grating was optimized as a function
of the lattice constant (d,), the filling factor (=w/d, here w is the profile width) and the profile

depth (h). They came to the conclusion that it was practical to use an intermediate material, In
particular, fused silica on the air/LN boundary surface in order to improve the efficiency of only
20% achievable with optimal lattice constant (d>,=0.42 um, line-density of 2380/mm) In the case

of an air/LN contact grating setup. According to their theoretical calculations, a diffraction
efficiency of 90% may be achieved with the air/fused silica/LN contact grating structure at the
optimal lattice constant (d>=0.36 um, line-density of 2777/mm). As the problem of applying

silica on the submicron sized structure of the LN surface Is not solved nowadays, the
technical/practical implementation of the theoretically obtained structure would be quite difficult,

If possible at all.

[0015] A possible solution for this technical problem is using a refractive index matching liquid
(RIML) on the air/LN crystal boundary surface, as suggested in the work of Ollmann Z. et al.
entitled "Design of a contact grating setup for md-energy THz pulse generation by optical
rectification” [see Applied Physics B, 2012, vol. 108, i1ssue 4, pages 821-826]. This publication
discusses the details of coupling in and out of an LN crystal in a contact grating arrangement in
the case of numerous possible RIML materials, and the effects of dispersion during
propagation through the crystal; in particular, a diffraction efficiency of 98% Is predicted for a
RIML material with a refractive index equivalent to that of e.g. a type BK7 glass comprising a
grating with a lattice constant of 0.35 um (i.e. line-density of 2874/mm).

[0016] However, studies regarding the formation of contact-gratings in the surface of nonlinear
optical media, and thus particularly of LN crystals, show that the crystal surfaces can only be
machined only up to a certain (material dependent) line-density limit. In particular, If the line-
density Is above this limit, the profile of the created grating becomes blurred. This causes the
actual diffraction efficiency of the grating in typical pump beam wavelengths to fall far below the
theoretical predictions, because the diffraction efficiency of the grating is very sensitive to the
formed grating profile. According to our studies, this limit in the cases of e.g. LN or LiTaOj
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(lithium tantalate) i1s about 2000/mm for pump beam wavelength of 1030 nm. |.e. according to
our experimental results, the grating geometries with line densities of 2500-3000 1/mm
predicting the promising efficiencies described in the aforementioned publications cannot be
practically implemented to achieve the theoretically predicted efficiencies with the methods
avallable nowadays (e.g. reactive ion etching, lithographic methods, ablation techniques, etc.).

[0017] Accordingly the THz radiation generation solutions based on a contact grating are not
sufficient for high energy THz radiation generation In themselves, because machining
difficulties prevent the formation of good quality grating profiles in cases wherein formation of a
grating with high line-density would be necessary.

[0018] It should be here further noted, that tilted-pulse-front THz generation arrangements
comprising iImaging optics and contact grating based THz generation arrangements have been
extensively studied and compared with each other In literature as independent solutions
providing alternative generating schemes mutually excluding each other. In particular, the
publication of M. Kunitski et al. entitled "Optimization of single-cycle terahertz generation In
LINbOS3 for sub-50 femtosecond pump pulses” [see Optics Express, 2013, vol. 21, Issue 6,
pages 6826-6836] compare LN crystal based arrangements for THz radiation generation by
tited pulse front pump pulses. The paper discusses four conventional arrangements with
optical grating and imaging optics (with lens, refracting telescope, mirror, reflecting telescope),
whose efficacy Is compared with each other and with a contact grating arrangement on the
basis of model calculations. Optical errors of different optical imaging systems are studied and
described In great detail. Based on the result of the comparison, a ranking 1s established
among said arrangements, wherein the contact grating arrangement and the conventional
arrangement are considered to be mutually exclusive solutions.

[0019] By comparing the advantages and disadvantages of tilted-pulse-front techniques,
namely the arrangements comprising Imaging optics (from now on, conventional
arrangements) and the contact grating based arrangements, we have came to the conclusion,
that grating profiles obtained by manufacturing methods available nowadays can be made
suitable to provide diffraction efficiencies as predicted by theoretical calculations (but only at
significantly greater line densities). According to our studies, this requires the tilting of the pulse
front of the pump pulses to the extent required by the velocity matching condition in more than
one step, as a series of partial pulse front tilts or, putting this another way, as a sum of pulse
front tilts created separately from each other. That is, the pump pulses have to be subjected to
pulse front tilting (pre-tilting) before their incidence on the contact grating, which may be
carried out by e.g. a combination of an angular-dispersive element and an imaging optics used
e.g. In conventional techniques. According to our studies, the pulse front tilt of pump pulses
required to satisfy the velocity matching condition is preferably achieved by at least two optical
elements with angular-dispersion-inducing property spatially separated from each other (in the
light path) instead of a single optical element with angular-dispersion-inducing properties.

[0020] In light of the aforementioned, an object of the present invention is to provide a hybrid
tilted-pulse-front THz generation arrangement by combining the tilted-pulse-front THz
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generation arrangement comprising imaging optics and the THz generation arrangement with
a contact grating, which significantly reduces or eliminates the disadvantages of the
aforementioned prior art solutions.

[0021] A further object of the present invention is to provide a method and radiation source for
generating high energy THz radiation, 1.e. In the md domain, particularly with using materials
characterized by high nonlinear optical coefficient, such as LN, as nonlinear optical medium. JP
2014 044 365 shows a terahertz radiation source according to the preamble of claim 6.

[0022] A yet further object of the present invention iIs to provide a method and radiation source
for generating high energy THz radiation, wherein the distortion of the beam profile of the
generated THz radiation may also be moderated.

[0023] The object of providing a method for generating THz radiation is achieved by the
method according to claim 1. Further preferred embodiments of the method according to the
Invention are set out Iin claims 2 to 5. The object of providing a terahertz radiation source Is
achieved by the radiation source according to claim 6. Preferred embodiments of the terahertz
radiation source according to the invention are set out in claims 7 to 13.

[0024] In the case of a tilted-pulse-front hybrid generation arrangement comprising both an
Imaging optics and a contact grating arrangement, and in the case of a high-energy THz
radiation source according to the arrangement:

e on the one hand, contact grating can be used for materials exploited in THz radiation
generation with nonlinear optical properties (and thus for LN), wherein achieving high
diffraction efficiency would require line densities that would cause technical problems
and would not technologically be implementable,

e on the other hand, as the extent of pre-tilting of the pulse front may be much less than
what would be necessary in an arrangement based only on the combination of an optical
grating and an imaging optics, the influence of the imaging errors on the local pulse
length Is significantly reduced that is highly beneficial to the efficiency of THz radiation
generation.

[0025] In particular, In a preferred embodiment of the hybrid generation arrangement
according to the invention, the grating formed In the surface of the material having nonlinear
optical properties has significantly lower line-density than in arrangements comprising only a
contact grating, thus the (contact)grating required for pump pulses to be coupled Iinto the
material having nonlinear optical properties may be formed as a high quality optical grating
regarding its fine structure.

[0026] The hybrid generation arrangement according to the invention has the further
advantage that to achieve a high diffraction efficiency, no use of a refractive index matching
liquid Is required.
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[0027] A further advantage of the hybrid generation arrangement according to the invention is
that dividing the pulse front tilt of the pump pulses necessary for satisfying the velocity
matching condition to two or more separate steps results in the reduction of the angle formed
between the entry- and exit plane of the optical medium used for THz radiation generation,
which Is especially advantageous In the case of THz beams having large transversal
dimensions, because this may reduce distortion of the exiting beam profile due to the smaller
dispersion of the beam parts closer to the edges, therefore it is possible to improve the quality
of the THz beam.

[0028] Arrangements having imaging optics and arrangements having a contact grating, and
the advantages/disadvantages thereof are known from the literature dealing with the
development of THz radiation sources. The combination of the two methods and the creation
of a single so-called hybrid arrangement having both imaging optics and contact grating is not
known from the literature and there is not even a hint thereto - as far as we know -, moreover,
as mentioned previously, these two solutions are considered and used only as alternatives of
each other in the art.

[0029] In what follows, the Invention Is described In detail with reference to the accompanying
drawings, wherein

e Figure 1 illlustrates - In an enlarged view - the characteristic parameters of the grating
profile of a contact grating with a binary grating profile that represents a preferred
embodiment of the contact grating that can be used as the optical element with angular-
dispersion-inducing property Iin the hybrid generation arrangement according to the
Invention;

e Figure 2 shows schematically a preferred embodiment of the THz radiation source
Implementing a hybrid generation arrangement according to the invention with an
angular-dispersive optical element formed by a transmission optical grating disposed In
the light path before (i.e. upstream of) the imaging optics and a contact grating arranged
after (1.e. downstream of) the imaging optics resulting in pulse front tilt of the pump beam
IS more than one separate steps;

e Figure 3 shows the diffraction efficiency of a contact grating used In the hybrid
generation arrangement according to the invention formed in the surface, in particular,
of an LN crystal with a grating profile as illustrated in Figure 1 as a function of the
Incidence angle (a») of the pump beam having a tilted pulse front, with the geometric

parameters summarized in Table 2;

e Figure 4 shows the diffraction efficiency of a contact grating formed in the surface, In
particular, of an LN crystal with a grating profile as illustrated in Figure 1 used In the
hybrid generation arrangement according to the invention as a function of the filling
factor (f=w/d5) and the profile depth (h); and

e Figure 5 shows changes In pulse length (1) In a transversal direction (y) perpendicular to
the propagation of the pump beam due to imaging errors of a hybrid generation
arrangement according to the invention implemented with a contact grating etched into
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the surface of, In particular, an LN crystal and of a corresponding conventional
generation arrangement.

[0030] The so-called hybrid tilted-pulse-front THz beam generation arrangement according to
the Invention, and a preferred embodiment of the THz radiation source 100 for generating THz
radiation are illustrated in Figure 2. The radiation source 100 comprises a pump source 10 for
providing a pump beam 12, and an optical element 50 having nonlinear optical properties for
generating THz radiation 60. The optical element 50 has an exit plane 52 and an opposing
entry plane 51, which forms a predetermined angle with the exit plane 52; therefore the optical
element 50 1s preferably formed as a prism or optical wedge. The THz radiation 60 Is
generated as a result of the nonlinear optical interaction of the material of the optical element
50 and the pump beam 12, preferably by optical rectification, in the volume of the optical
element 50 substantially at a distance L3 from the entry plane 51, then it leaves the optical

element 50 through its exit plane 52 and then it may be subjected to further use. A contact
grating 40 characterized by predetermined geometrical parameters is arranged on the entry
plane 51 In perfect optical coupling with said entry plane 51 or formed in the entry plane 51. In
practice, the contact grating 40 i1s formed by an optical grating having an optical axis O2 and a
lattice constant d,, wherein the optical axis O2 is substantially perpendicular to the entry plane

51.

[0031] The pump source 10 and the optical element 50 - as an Initial element and a final
element - together define a light path extending between the emission point of the pump
source 10 and the entry plane 51. The radiation source 100 comprises In said light path, in the
propagation direction of the pump beam 12, i1.e. toward the entry plane 51 respectively a first
optical element having angular dispersion inducing property, i1.e. an angular-dispersive optical
element 20 and an imaging optics 30 In a predetermined geometrical arrangement; the optical
element 20 and the imaging optics 30 are located at a mutual distance L4 along the light path,

while the imaging optics 30 and the contact grating 40 are arranged at a mutual distance L.
Determining the geometric parameters comprising the distances L4, L» and Ly Is described In

detail in the following.

[0032] The pump source 10 iIs preferably a laser source suitable to produce laser pulses - the
pump beam 12 - In the visible, near- or mid-infrared domain with a pulse length of several
hundred fs, e.g. a diode pumped Yb laser with a central emission wavelength of 1030 nm.
However, different lasers may also be used as pump source 10.

[0033] The optical element 20 1s formed as an optical element inducing the dispersion of the
pump beam 12 incident thereon and transmitted therethrough, and thus changing the tilt of the
Initial pulse front 15 (characterized by preferably zero tilt) of the pump beam 12 by a
predetermined amount. The angular-dispersive optical element 20 may be provided by a
diffraction based optical element (preferably optical grating) or by a refraction based optical
element (preferably a prism/prisms) or by a combination thereof (e.g. a prism combined with a
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diffraction grating, 1.e. a so-called grism). In the embodiment of the radiation source 100
llustrated Iin Figure 2, the optical element 20 1s preferably a transmissive grating having an
optical axis O1 and a lattice constant d4, however - as it Is obvious to a person skilled in the art

- It may also be provided by other angular-dispersive optical elements, e.g. a reflective grating,
prism, etc. The advantage of constructing it as a transmission grating i1s the relatively high
separation of the incident pump pulse 12 and the beam 22 diffracted e.g. in the first order. In
this case, the pump beam 12 Iincident in an angle a4 relative to the optical axis O1 on the

optical element 20 provided In the form of a transmission grating is diffracted in an angle (4

and transmitted in the light path as the beam 22, wherein the pulse front 25 of the beam 22
has a certain extent of tilt; the extent of tilt is explicitly determined by the wavelength A of the
pump beam 12, the lattice constant d4 and the angle of incidence a4 through the following

relations:
sin(a,) = 2 —sin(4,)

d, (1)
s _ 1
d2  d cos(f) (2)

- dg
tan(;/l): A —
dA (3)

[0034] As It Is known to a person skilled in the art, the tilt of the pulse front 25 may be derived
through similar relations when different types of angular-dispersive optical elements 20 are

used.

[0035] The imaging optics 30 may be provided by any imaging optics known from the field of
conventional tilted-pulse-front THz generation arrangements having imaging optics. Thus, for
example the imaging optics 30 may be provided In the form of a lens, refracting telescope,
mirrors, reflecting telescope, or a concave mirror or in the case of a reflecting telescope, the
telescope having concave mirrors may be formed by both spherical and cylindrical mirrors. Any
of said optical elements used for the imaging optics 30, may be formed with spherical shape,
cylindrical shape or a shape with minimized imaging error (‘bestform’). In the embodiment of
the radiation source 100 illustrated in Figure 2, the imaging optics 30 is provided in the form of
a focusing lens having a certain diameter and a focal length f; (e.g. f{=200mm). The imaging

optics 30 images the (in this case) diffracted beam 22 having a pre-tilted pulse front 25 into the
optical element 50 as a beam 32 having a pulse front 35. In particular, in this embodiment of
the radiation source 100, the beam 22 1s guided by the imaging optics 30 - In the form of beam
32 at an angle a» relative to the optical axis O2 - to a further optical element with angular-

dispersion-inducing property, in particular, to a contact grating 40 and after being diffracted it is
Introduced into the volume of the optical element 50 in the form of beam 42. The pulse front 45
of the beam 42 is tilted to the extent required by the phase matching condition. The tilted-
pulse-front beam 42 propagates in the optical element 50 at angle B> to the normal of the
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crystal lattice. The phase fronts of the generated THz radiation 60 are parallel to the tilted
pulse front 45, thus the propagation direction of the THz radiation 60 Is necessarily
perpendicular to these planes.

[0036] The contact grating 40 is preferably provided as an optical grating having a grating
profile illustrated in Figure 1 1.e. a so-called binary grating profile. It is known to a person skilled
In the art, that the contact grating may be implemented with different grating profiles (e.qg.
sinusoidal, sawtooth etc.), further preferred exemplary grating profiles may be known from the
scientific publication of Ollmann Z. et al. entitled "Design of a high-energy terahertz pulse
source based on ZnTe contact grating” [Optics Communication, 2014, issue 3195, pages 159-
163].

[0037] The optical element 50 Is made of a material having an outstandingly high nonlinear
optical coefficient, practically at least 1 pm/V, and having different refractive indices in the
terahertz and the visible domain, preferably LN or lithium-tantalate, preferably with a crystal-
axis orientation that facilitates the occurrence of nonlinear optical phenomena, thus aiding e.g.
the occurrence of optical rectification and thus the generation of THz radiation. Moreover, In
order to minimize reflection losses, the exit plane 52 of the optical element 50 is formed to emit
the THz radiation 60 generated in the optical element 50 through the exit plane 52 of the
optical element 50 perpendicularly.

[0038] As mentioned previously, the geometric parameters (see Figure 2) characterizing the
geometric arrangement of the elements forming parts of the radiation source 100 may be
obtained by optimization. The optimization is based on the following conditions of efficient THz
radiation generation:

e the summed tilt of the pulse front 45 of the beam 42 satisfies the velocity matching
condition;

» In order to minimize the effect of the iImaging errors on the efficiency of THz beam
generation, the pulse length of the pump pulse along the pulse front 45 inside the optical
element 50 Is as close to the transformation-limited value as possible, 1.e. the image of
the beam spot of the beam 22 appearing on the angular-dispersive optical element 20 In
the optical element 50 contacts the tilted-pulse-front surface along the optical axis.

[0039] Without showing detalled mathematical deductions (which are obvious to a person
skilled In the art), the general equations for the selection of the angular-dispersive optical
element 20 and the imaging optics 30, and for determining the geometry of the radiation
source 100 after fixing the grating profile of the contact grating 40 are summarized in the

following. Accordingly:

in(eq) == ~sin( ) (4)

sin(f3,) = a _”’“' k ()

/I 1 2K & ;
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R
L =1 (\/; + 1) (6)
- fiL, Ly cos’(a,) (7)

Li—f, ncos’(f,)
wherein parameters a and k satisfy the

a2 112 22 22172
y) A= dnn nn,

T (3)
Vd tan'(y,) n'm, 2467 2tan(y, )k

=

k = COS(%') tzm(y ) n, (9)
cos(/,) tan(y,)
relations, and wherein the parameters are summarized in the following Table 1.

Table 1: description of parameters used in equations (1) to (10).

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

central wavelength of the
pump source 10

a4 iangle of incidence at the optical
grating forming the angular-dispersive
optical element 20

diffraction angle at the optical grating
forming the angular-dispersive optical
element 20

focal length of the lens
forming the Imaging optics 30

-
—,

required extent of pulse front § as angle of Incidence at the contact
tilt Inside the optical element grating 40

50

extent of pulse front pre-tilting
(Initial/partial tilt of the pulse
front)

B> idiffraction angle at the contact grating
40

[, irelative distance of the angular-
dispersive optical element 20 and the
Imaging optics 30

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Ng group refractive index of the [ » idistance of the imaging optics 30 and
optical element 50 the contact grating 40
lattice constant of the optical distance of intensive THz radiation

refractive index of the optical
element 50

Q.
—

grating forming the angular- generation Iinside the optical element
dispersive element 20 o0 from the entry plane 51 thereof

-
000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[0040] Assuming real physical parameters, the results of (analytic) calculations carried out on
the basis of a system of equations comprising the aforementioned equations (4) to (9)
determine explicitly the geometric parameters of the hybrid generation arrangement according
to the invention (i.e. of the radiation source 100).

[0041] Parameters A, fi, v, n, Ny, d4, Ly are determined and/or chosen and/or preset by the

user through the selection of the pump source and/or the material of the nonlinear optical
medium to be used for the THz radiation generation.
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[0042] The extent of pre-tilting of the pulse front of the pump beam 10 (i.e. the first part of

pulse front tilting) Is selected so that the tangents of the angles characterizing the subsequent

(two) steps of iInducing pulse front tilts are about the same, I.e.

tan(y) o
a (10)

1g(yy) =

[0043] It Is hereby noted, that the energy of the generated THz pulse is primarily determined
(when using - among others - a pump pulse with a given transformation-limited pulse length)
by the changes In pulse length originating from the imaging errors of the imaging optics 30 and
occurring In the optical element 50, and the diffraction efficiency on the contact grating 40
formed In the entry plane 52 of the optical element 50. Accordingly, as the result of the
efficiency-optimization carried out for the contact grating 40, the parameters a,, 85, d> become

fixed.

[0044] The remaining (free) parameters, 1.e. a4, B1, L4, Lo characterize the geometric relations

of the hybrid THz generation arrangement according to the invention.

Example

[0045] The tilted-pulse-front hybrid generation arrangement according to the Iinvention Is
described In detall in the following with the exemplary use of LN crystal as the nonlinear optical
medium. The use of LN crystal may be considered special, because this material has
outstanding nonlinear properties, but it can only be machined without the deterioration of the
profile quality of the grating to be formed In its surface for the widely used (about 1030 nm)
pump beam wavelength to a line-density of at most about 2000/mm, therefore the use of the
hybrid generation arrangement according to the invention is particularly advantageous in its
case. However, the method - with the necessary modifications obvious to a person skilled In
the art - may naturally be used in the case of any other material, wherein tilted-pulse-front
pumping is required and implementing a solution with merely a contact grating is problematic.

[0046] In this case, the grating profile of the contact grating Is the same as the binary grating
profile shown In Figure 1, a transmissive optical grating Is used as the angular-dispersive
optical element, and the imaging optics is formed In this case by a (preferably focusing) lens.
The extent of pulse front tilt iInduced by the transmissive optical grating may be simply obtained
on the basis of the aforementioned equations (1) to (3) and (10).

[0047] In order to ensure efficient THz beam generation, the aforementioned conditions are
satisfied, 1.e.

e the summed pulse front tilt of the pump beam satisfies the velocity matching condition,
l.e. 1t 1s about 63° In the case of LN;
e In order to minimize the effect of the imaging errors on the efficiency of THz beam
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generation, the pulse length of the pumping along the pulse front in LN crystal is as
close to the transformation-limited value as possible, 1.e. practically the image of the
beam spot appearing on the transmissive optical grating having lattice constant d4 In the

crystal is Iin contact with the tilted-pulse-front surface along the optical axis.

[0048] Under these conditions, the geometric parameters obtained by analytic calculations for
LN crystal through the aforementioned equations (4) to (9) may be explicitly derived after
setting the values of the parameters to be fixed (LN crystal, 1030 nm pump wavelength, etc.)

[0049] Accordingly, the diffraction efficiency for the contact grating with a lattice constant of d-

of the hybrid generation arrangement constructed in an optimal manner regarding the optical
Imaging Is illustrated in Figure 3 as a function of the incidence angle a, of the pump beam

having a pre-tilted pulse front, without the use of RIML and with the LN contact grating cooled
to 100K. The diffraction efficiency i1s shown as a function of the incidence angle as with a lattice

constant chosen for each value that ensures the required extent of pulse front tilt in the LN
crystal, and with an equal extent of pre-tilting (65" In air). According to the figure, the diffraction
efficiency exceeds 85% In the range between 21° and 26°, the angle of Incidence
corresponding to the flat maximum is ao = 24°. From now on, the hybrid generation

arrangement with the geometry corresponding to this point 1s considered optimal and
discussed further.

[0050] For comparison purposes, Table 2 below summarizes the parameters of three different
generation arrangements based on the tilted-pulse-front technique. That is, the characteristic
parameters of the hybrid arrangement, the conventional generation arrangement optimized as
described In the scientific publication of Fulop J. et al. entitled "Design of high-energy terahertz
sources based on optical rectification” [Optics Express, 2011, vol. 18, issue 12, pages 12311-
12327], and the contact grating generation arrangement optimized as described In the
scientific publication of Ollmann Z. et al. entitled "Design of a contact grating setup for md-
energy THz pulse generation by optical rectification” [Applied Physics B, 2012, vol. 108, i1ssue
4. pages 821-826].

Table 2. Characteristic geometric parameters for different types of generation arrangements In
the case of using an LN crystal, assuming an optimal incidence angle a».

pump ‘
1/d, fldy, {lensfi §{ a1 §| a» | fBo

pulse
hybrid 11030 nm- 1563/mm 200mm 46°

length
conventional {1030 nm  {200fs {1400/mm|{ -  {200mm | 37° |

o o |+ el e[
grating

generation
arrangement j wavelength
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[0051] At a given lattice constant, the diffraction efficiency depends on the parameters
characterizing the structure of the grating profile; in the case of the selected square grating
having binary grating profile these are the filling factor f = w/d, and the profile depth h (see also

Figure 1)

[0052] Figure 4 illustrates the diffraction efficiency as a function of the filling factor f and the
profile depth h on the entry plane of the LN crystal in the case of a square grating having
binary grating profile in harmony with the parameters in the 'hybrid arrangement’ line of Table
2. As shown, diffraction efficiency above 85% may be achieved, and the range having similarly
high diffraction efficiency i1s relatively wide; this provides a high tolerance regarding the
machining (line formation) on the entry plane of the LN crystal. The profile depth h
corresponding to the high efficiency range is smaller than the lattice constant d,, and the filling

factor f 1s close to 50%, which values are also advantageous regarding the machining.
Moreover, the lattice constant of 0.639 um (line-density of 1564/mm) of the grating to be
formed In the LN crystal is also under the about 2000/mm threshold value, which also
guarantees that the contact grating is practically realizable.

[0053] According to the aforementioned, the efficiency of THz beam generation is significantly
affected by the pulse length distortion of the pump pulse due to imaging errors. Figure 5
llustrates this for an optimized conventional arrangement and a hybrid generation
arrangement. The local pulse length change (1) caused by the imaging errors is shown In the
plane of angular dispersion transversally (y) along the beam diameter. The two curves clearly
show the advantage of the hybrid arrangement according to the Invention versus the
conventional one, as the extent of pulse length expansion is significantly lower in the case of
the hybrid arrangement. It can also be seen from the curves that for the hybrid arrangement,
the pulse length remains below 500 fs everywhere in the beam even for beam diameters
exceeding 10 mm, while for the conventional arrangement, the pump beam becomes longer
than 1000 fs at the edge of the beam.

[0054] Due to inducing the tilt of the pulse front is carried out in two different steps, creating
high quality grating profile with the lower line-density (at most 2000/mm) that can be used In
the LN crystal does not cause a manufacturing problem. Furthermore the significantly reduced
Imaging errors due to the use of the hybrid generation arrangement the efficiency of THz beam
generation is higher, and the quality and focusabillity of the generated THz beam is better than
what could be obtained by a conventional generation arrangement.

[0055] Besides the more efficient THz beam generation, a further advantage of the hybrid
generation arrangement is that in the case of LN crystal, the exit plane of the THz generating
prism forms an angle with the entry plane that is significantly smaller (~30°) than in the case of
a conventional solution (~63%). This Is advantageous for the intensity distribution of the THz

beam. A further advantage Is that THz beam generation of high efficiency Is possible In a
generation arrangement which does not contain/require refractive index matching liquid.
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Patentkrav

1. Fremgangsmade til at generere terahertzstraling i et ikkelinezert optisk
medium, hvor en pumpeimpuls udsaettes for impulsfronthaeldning, hvor den
derved opnaede pumpeimpuls med impulsfronthaeldning kobles til det ikkelineaere
optiske medium og en THz-impuls genereres ved hjaelp af det optiske medium |
ikkelineaere optiske processer, i seerdeleshed ved hjalp af optisk rektificering med
pumpeimpulsen, impulsfronthaeldningen af pumpeimpulsen kraevet til at opfylde
en hastighedsmatchende betingelse af vp;cs COS(Y) = vrHzF induceres som en sum
af en flerhed af delimpulsfronthaeldninger af pumpeimpulsen, induceret separat i
efterfglgende trin, hvor vp;cs er gruppehastigheden af pumpeimpulsen, vruzr er
fasehastigheden af THz-impulsen, og v er vinklen dannet mellem impulsfronten og
fasefronten af naevnte pumpeimpuls, og hvor summen af flerheden af
delimpulsfronthaeldninger deles i en fgrste delimpulsfronthaeldning og yderligere
delimpulsfronthaeldninger, hvor pumpeimpulsen udsaettes for den fgrste
delimpulsfronthaeldning, kendetegnet ved, at de yderligere
delimpulsfronthaeldninger af pumpeimpulsen induceres ved at fgre
pumpeimpulsen, som har den fgrste delimpulsfronthaeldning, med
afbildningsoptikken (30) via kobling af pumpeimpulsen til det ikkelineaere optiske
medium ved hjzelp af et kontaktgitter (40), som er i optisk kobling med det
ikkelineaere optiske medium eller dannet pa et indgangsplan af det optiske

medium.

2. Fremgangsmaden ifglge krav 1, kendetegnet ved, at den fgrste
delimpulsfronthaeldning af pumpeimpulsen induceres ved at fgre pumpeimpulsen
over pa et fgrste optisk element (20) som har vinkeldispersionsinducerende
egenskab, og derefter ved at fgre pumpestralen der forlader det fgrste optiske
element (20) som har vinkeldispersionsinducerende egenskab over pa et
afbildningsoptik (30).

3. Fremgangsmaden ifglge et hvilket som helst af kravene 1 til 2, kendetegnet
ved, at pumpeimpulsen er en laserimpuls i det synlige, naer- eller midt-infrargde

domaene, som har en laangde pa hgjst flere hundrede femtosekunder.
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4. Fremgangsmaden ifglge et hvilket som helst af kravene 1 til 3, kendetegnet
ved, at det fgrste optiske element (20) som har vinkeldispersionsinducerende
egenskab er et diffraktionsbaseret optisk element eller et fraktionsbaseret optisk

element eller et optisk element, som er en kombination deraf.

5. Fremgangsmaden ifglge et hvilket som helst af kravene 1 til 4, kendetegnet
ved, at afbildningsoptikken (30) er et afbildningsoptik som anvendt i per se
kendte THz-genereringanordninger med impulsfronthaeldning som har

afbildningsoptikker.

6. Terahertzstralingskilde (100), omfattende en pumpekilde (10) til emittering af
en pumpeimpuls og et ikkelineaert optisk medium til generering af THz-impulser,
hvor pumpekilden (10) og det ikkelineaere optiske medium sammen definerer en
lysvej, hvor naevnte lysvej er indrettet til at foare pumpeimpulsen fra pumpekilden
(10) til det ikkelineaere optiske medium, og hvor et fgrste optisk element (20)
som har vinkeldispersionsinducerende egenskab og et afbildningsoptik (30) er
indrettet i naevnte lysvej efter hinanden i spredningsretningen af pumpeimpulsen,
hvor mindst et yderligere optisk element med vinkeldispersionsinducerende
egenskab er indrettet i naevnte lysvej, naevnte yderligere optiske element placeret
efter bade det fgrste optiske element (20) som har vinkeldispersionsinducerende
egenskab og afbildningsoptikken (30) i spredningsretningen af naevnte
pumpeimpuls, kendetegnet ved, at det mindst ene yderligere optiske element
med vinkeldispersionsinducerende egenskab er et enkelt kontaktgitter (40)
indrettet ved indgangsplanet (51) af det ikkelineaere optiske medium graensende

lysvejen.

7. Stralingskilden ifglge krav 6, kendetegnet ved, at kontaktgitter (40) er

dannet i materialet af det ikkelineaere optiske medium.

8. Stralingskilden ifglge et hvilket som helst af kravene 6 til 7, kendetegnet ved,
at det fgrste optiske element (20) som har vinkeldispersionsinducerende
egenskab er valgt fra en gruppe omfattende diffraktionsbaserede optiske
elementer, fraktionsbaserede optiske elementer, og optisk elementer konstrueret

som en kombination deraf.
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9. Stralingskilden ifglge krav 8, kendetegnet ved, at det fgrste optiske element
(20) som har vinkeldispersionsinducerende egenskab er et transmissivt optisk

gitter.

10. Stralingskilden ifglge et hvilket som helst af kravene 6 til 9, kendetegnet
ved, at afbildningsoptikken (30) er valgt fra gruppen omfattende afbildningsoptik
som har en hvilken som helst af en linse, en linsekikkert, et spejl, en spejlkikkert,

og hulspejle.

11. Stralingskilden ifglge et hvilket som helst af kravene 6 til 10, kendetegnet
ved, at det ikkelineaere optiske medium er dannet af et materiale som har en
ikkelineaert optisk koefficient pa mindst 1 pm/V og forskellige brydningsindeks i

terahertz- og det synlige domaane.

12. Stralingskilden ifglge et hvilket som helst af kravene 6 til 11, kendetegnet
ved, at det ikkelineaere optiske medium er dannet af en lithiumniobat- (LiNbO3)

eller en lithiumtantalat- (LiTaO3) krystal.

13. Stralingskilden ifglge et hvilket som helst af kravene 6 til 12, kendetegnet
ved, at pumpeimpulsen er en laserimpuls i det synlige, naer- eller midt-infrargde

domaene, som har en laangde pa hgjst flere hundrede femtosekunder.
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