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An experimental study of the efficiency of recently predicted photonic crystal (PhC) based spatial filtering is provided. Pho-
tonic structures are fabricated using a direct laser writing technique employing point-by-point modification by tightly focused
femtosecond pulses in soda-lime glass. Such PhCs are characterized by using an s-coefficient — a parameter defining PhC filter ef-
ficiency. We explore the dependences of filtering efficiency on different laser writing conditions, such as irradiation peak intensity
and the polarization of laser beam. In addition, we show that the PhCs can also exhibit even asymmetric shapes of voxels under

particular conditions.
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1. Introduction

Spatial (or angular) filtering is frequently used to
improve the spatial quality of light beams by remov-
ing the undesired angular or far-field components of
the radiation. A conventional design for spatial fil-
tering comprises a confocal system of lenses with
a diaphragm of appropriate diameter positioned in
the confocal plane, blocking the undesired angular
components of the spatial spectrum []. Such a con-
figuration extends over at least two focal lengths of
both lenses and is of a relatively large size - it could
hardly be used in micro- or nano-scale photonic de-
vices. Other, more sophisticated arrangements for
spatial filtering based on liquid-crystal cells [E] , utiliza-
tion of thin film interfaces [E], anisotropic media [E],
metallic grids [E], possibly including monolithically
integrated passive beam shaping elements [E], etc. have
not resulted in widespread technological applications.
Recently, an alternative approach to spatial filtering has
been suggested, which is based on propagation of light
beams through photonic crystals (PhCs) - materials
with a periodic modulation of the refractive index on
a wavelength scale []. PhC based spatial filters are

potentially advantageous due to their relatively small
size as compared to the conventional spatial filters, that
could enable the integration of such filters into micro-
optical devices or micro-laser resonators.

The well-known property of PhCs is the appearance
of photonic band gaps, i. e. forbidden frequency rang-
es at which light waves cannot propagate [EI]. Thus,
the PhCs can provide frequency (chromatic) filtering,
eliminating (reflecting) specific frequency components
from the incident radiation. Similar to the chromatic
band gaps, angular band gaps can also appear in PhCs,
which can be engineered in such a way that for a given
frequency only on- and around-axis waves are allowed
to propagate. Angular filtering has been shown in two-
and three-dimensional (2D and 3D) PhCs in the mi-
crowave and infrared regime [-1(|]. The most simple
mechanisms of spatial filtering by PhCs are based on
angular band gaps, which appear if a condition related
to alongitudinal modulation period, dH <A, ismet. How-
ever, despite the enormous progress in micro- and nano-
structure fabrication technologies, the latter condition
is still difficult to fulfill in the visible and near-infrared
ranges. Perhaps, this is the reason why the spatial filter-
ing by angular band gaps has never been experimentally



183 D. Gailevicius et al. / Lith. J. Phys. 55, 182-190 (2015)

demonstrated in optics. We note the recent demonstra-
tion of spatial filtering in acoustics by the so-called sonic
crystals | @ . where the fabrication of structures on
a millimeter scale is less challenging.
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Fig. 1. Illustration of spatial filtering in a 2D PhC: (a) is
the mechanism of resonant wave scattering in a gapless
configuration, (b) is the schematic of the experimental ar-
rangement. Filtering occurs when the waves in the dark
triangle zones get into the resonant scattering condition
with modulation wave vectors 4 = (q,, ¢.). Dashed lines
show the direction of filtered out angular components.
The spatial spectrum (far field) of the initial beam, con-
sisting of the central (regular) part, and of the wings (the
part to be removed), is shown by red and grey triangles.

As an alternative to the spatial filtering based on
the angular band gaps, a mechanism of PhC based spa-
tial filtering was proposed with the PhCs arranged in
a gapless configuration [@]. In the latter case, a deflec-
tion of the angular components of radiation in the for-
ward direction is observed (see Fig. E](a)). The gapless
spatial filtering can be obtained for substantially larger
longitudinal periods of modulation d, > A (we will use
d_ to denote the thickness of one layer, two layers com-
prise one period d = 2d); hence, current fabrication
techniques can be applied more easily. Such kind of
filtering has been recently demonstrated experimen-
tally in different 3D configurations using PhCs with
a square symmetry in transverse space || ﬁ E as well
as photonic structures with axisymmetric rings [[7,
@]. The gapless filtering has been recently proposed
also to clean atomic ensembles on Bose-Einstein con-
densates [@].

Another advantage of the proposed spatial filtering
alternative is the required relatively low refractive in-
dex modulation (of the order of 102), that is around
two orders lower compared to []. Such a low in-

dex modulation suggests the possibility of inscription
of such PhCs into the bulk of transparent materials,
such as glass, by using femtosecond direct laser write
techniques. Glass is an excellent alternative to other
media, such as photoresists used in 3D laser lithogra-
phy, that are more prone to issues with shrinkage, noise
sensitivity and also destructive optical breakdown [@,
@]. However, this technique typically allows refrac-
tive index modulation, that is on the lower side (=1073)
of the required index modulation, therefore a careful
choice of processing parameters must be made in order
to maximize it.

Due to the fact that relatively small transversal peri-
ods (of the order of 1 and 2 ym for 2D and 3D axisym-
metric PhCs, respectively) were used in the multilayer
structures, formation of successive layers can modify
the previous one and induce tension in the area of fur-
ther successive layer fabrication. This makes it difficult
to characterize such structures using conventional
methods, such as phase contrast microscopy. The solu-
tion uses a characterization method based on the so-
called s-coeflicient, that is a phenomenological constant
and allows the characterization of periodic structures
without knowing its specific details (such as the ampli-
tude An__of refractive index modulation, the profile of
refractive index change, the size of the modified regions
or, more particularly, the longitudinal size of the modi-
fications Al). The s-coefficient can be interpreted as
the scattering coefficient of one crystalline longitudinal
period of the structure and expressed by (see Appendix
A and B for detailed derivation)

s=m"An_ Al/A, (1)

and as it was shown in [@], can be used as a tool for
determining the most appropriate crystal geometry for
available laser processing parameters for a given appli-
cation. For example, if we consider that for a given set
of PhC fabrication we know the value of s, and a par-
ticular application requires 100% intensity depletion
along a predefined filtering angle « for an arbitrary
input beam, then to determine the number of PhC pe-
riods N needed to achieve the best result we can use
the condition s-N = 1.5 (see Fig. @). In addition, an ap-
proximate line width could be determined, which fol-
lows the relation w ~50~/s mrad. Similarly, controlling
s might also be beneficial for other applications, e. g.
axisymmetric super-collimation [R2] or flat lensing
[@]. A more complete overview of progress made in
the field of PhC filters can be found in [é].

Although the s-coeflicient has been found to be
useful in determining the behaviour of the PhC filter,
it should be stressed that the dependence of s on any
of processing parameters, such as DLW speed, peak
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Fig. 2. (a) is the numerically calculated width and (b) is
the depth of the angular filtering range, depending on
the length of the structure for three different s-coeffi-
cient values: 0.05, 0.15, and 0.25 (for details on the nu-
meric computation procedure see Appendix C).

intensity, pulse repetition rate, etc., has never been
explored before. Little is known about optimization
of PhC based filter fabrication conditions, in general.
Therefore, this article is devoted to the experimental
study of the PhC spatial filter efficiency depending on
DLW conditions, or, in other words, the behaviours of
the s-coeflicient.

2. Materials and methods

The photonic structures were fabricated using a di-
rect laser writing (DLW) technique employing point-
by-point volumetric modification by tightly focused
IR (A = 1030 nm from a Yb:KGW laser) femtosec-
ond laser pulses (FWHW/1.41 = 300 fs) in standard
microscope soda-lime glass slides (Carl Roth, ISO
8037-1, n_, = 1.52). This method is widely used for
the inscription of various micro-optical and photon-
ic components in glass, such as waveguides @g],
(4]

Bragg gratings [@], as well as vortex generators

The geometry of fabricated PhCs is schematically
depicted in Fig. E](b). It is the simplest case, that al-
lows only one-directional filtering. The geometry con-
sists of parallel equidistant layers that are arranged to
be perpendicular (in the longitudinal direction) to
the optical axis of an incident beam. Each layer con-
tains a one-dimensional periodic arrangement of par-
allel linear modified regions. The transverse period
(Iateral distance between modifications) was chosen to
be d_=1 ym for the analysis of irradiation conditions.
Every second layer is transversally shifted by half of
the transverse period with respect to the previous layer.
This results in N longitudinal periods, each having two
layers. The length of longitudinal periods was selected
to be 2d_ = 6 ym.

During formation of PhCs focusing was achieved
by using a Zeiss 63 x 1.4 NA objective. PhC length was
limited by the maximal working distance of the objec-
tive, i. e. =300 pm, that for the given geometry cor-
responds to the highest possible number of periods of
N__ = 50. A lower NA <1 objective lens, as used in
[@T{], might be more suitable for generating higher
length modifications Al with a potentially higher am-
plitude of the refractive index modulation An__, but
results in spherical aberrations. Also, large period
number PhCs are difficult to realize as mechanical
stress accumulated throughout the structure can in-
duce failures, leading to crack formation or even shat-
tering. The process is similar to that which is used for
cleaving brittle materials [@].

The fabrication algorithm and the fabrication setup
are reported in detail in [@]. PhCs were inscribed layer
by layer by relative translation of the focal point inside
the bulk of the glass sample. The translation speed
was limited to v =5mm/s, beyond which error free
fabrication was not possible. We varied the pulse fre-
quency f and pulse energy E during the first experi-
ment phase, whereby E was established by measuring
the average beam power before the objective and by
taking into account the total transmittance of the ob-
jective. The number of pulses per unit length (PPUL)
was fixed at 20 yum™', which allows us to compare our
results to those achieved in [] . fwas selected to be 25,
50, 100 and 200 kHz. E values were set in the range of
0.01 pJ to 0.3 uJ. We calculated the peak intensity (ir-
radiance) values as in [@], with an approximate beam
waist radius ~300 nm.

For every discrete combination of such parameters
we formed 100 x 100 ym? transversal size crystals hav-
ing a different number of periods N. It should be noted
that if the s-coefficient is below the approximate value
of s < 0.025, in order to achieve the condition of full
filtering dips defined by the relation s-N = 1.5, a large
number of longitudinal periods N > 60 is required,
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whereby for samples of f = 200 kHz this condition was
not met due to low filtering performance. Structures
having a large number of periods, fabricated using high
values of E and I, succumbed to cracking, which was
expected due to the fact that soda-lime glass is prone
to thermal shock and has a higher expansion rate than
optical grade glasses such as fused silica. Therefore,
results for some low s-coefficient structures have not
been analyzed. Furthermore, producing a sufficient
number of samples is difficult due to the allowed pro-
cessing speeds. This can be illustrated by taking into
account time needed to produce an array of PhCs for
f =25 kHz, with at least 12 values of E, and N = 3, 4,
5...50. Such an array takes at least ~3 days to produce,
whereby for f = 1 kHz it would take at least 71 days,
therefore an experimental part of this article dealing
with the relation of s to E (including I) and f has been
limited to only a few frequency values acceptable for
the level of the scope and scale of this study.

An interesting effect that we observed was the scat-
tering efficiency asymmetric behaviour, that is dis-
cussed in further section. To minimize the dependence
on multiple variables we employed a new single direc-
tional raster scan pattern in the DLW process of each
individual layer of the PhCs. We selected 4 fixed angles
of the linear polarization plane (electric field vector E).
The plain was fixed to be parallel to the z axis and at
y = 0° parallel to the x axis. Other positions y = 45,
90, 135° are defined counter-clockwise to the positive
z axis. The PhCs (and line structures) used for asym-
metry observation were written using the fabrication
parameter values: f=2kHz, E=65n] (I=56 TW/cm?),
v = 500 ym/s (PPUL 4 ym™), N = 20, where a lower
frequency and PPUL value were chosen to reduce ther-
mal accumulation effects while maintaining a reason-
able processing speed.

Characterization of the fabricated PhCs was car-
ried out by illuminating the samples with a continu-
ous 633 nm wavelength He-Ne laser beam focused
into PhC samples with a 10 x 0.25 NA objective (see
Fig. H(b)). Focusing provided a large angular range of
the radiation illuminating the PhC. To register the out-
put, a CCD camera was placed 11 mm behind the sam-
ple in a fixed position. Only the central beam part of
the radiation was recorded.

By measuring the angular intensity profile at
the output of the PhC, we determined which compo-
nents are filtered out. The s-coeflicient was determined
by calibrating numerical simulation data (derived by
solving the paraxial propagation equation with a scat-
tering matrix algorithm as in [Bff , @], and also
by using the split-step procedure as described in Ap-
pendix C, whereby both gave equivalent results) with
spatial intensity spectra behind PhCs of varying N.
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Fig. 3. Illustration of PhC fabrication (a) and characteri-
zation setup (b).

Calibration was performed while measuring the satu-
ration value N for which the filtering depth reaches
the first peak as in Fig. B(b).

For sample inspection, we additionally used an op-
tical microscope. To perform the observations the glass
samples were cut (using a manual glass cutter), opti-
cally polished perpendicularly to the inscribed lines
with varied d_(variation in the range of 0.5 to 3 ym),
and then examined under an optical microscope in
the transmittance regime (Fig. g). Smaller peak in-
tensity values were used to produce the high contrast
clearly observable line structures, since with higher
levels of exposure the structures overlap more strongly,
and change of spatial boundaries is even more difficult
to observe. We chose the described inspection routine
due to several reasons, such as a large size of a sam-
ple, the complexity of a structure and a small size of
the modifications, which made the use of other possi-

ble inspection methods, such as microelipsometry [@]

or refractive near-field techniques [ | not feasible.

3. Results and discussion

3.1. Scattering efficiency measurement results

The basic results are shown in Fig. H, in which a cross-
section view of extending modified areas is shown, and
further summarized in Fig. E s-coefficient dependence
on pulse energy has maxima for different frequencies of
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Fig. 4. Six examples of optical microscope cross-section
views of mechanically cut and polished samples con-
taining lines written in glass (with two different minimal
distances between the closest neighbours). DLW order
was chosen to be in the positive x direction. Beam was
incident in the +z direction. The pulse repetition rate
was f=2 kHz.

writing pulses. Particularly, for f = 50 kHz the highest
value of s was achieved with a pulse energy of E = 260 nJ
and a peak intensity value of I = 224 TW/cm®.

The general trend in Fig. E allows claiming that
the refractive index modulation depth of structures pro-
duced in glass is increasing with increasing pulse ener-
gy. However, not only the modulation depth increases
with increasing pulse energy, but also the geometrical
parameters change. We assume that when the size of in-
dex modified areas becomes too large (Fig. @ shows that
with increasing E the modified refractive index struc-
ture increases in size), they start to overlap (clearly ob-
served for the d_= 1 um case), thus reducing the index
modulation depth of the periodic structure and causing
the decrease of the s-coeficient value for higher pulse
energy/peak intensity values (Fig. H).

By examining the single layer gratings, it was ob-
served that the overlap of index modification areas oc-
curs before reaching the critical pulse energy (resulting
in the highest s, Fig. H). This might seem like a counter-
intuitive result, but for parameters, such as used in our
experiment, soda-lime rarefaction (decrease of den-
sity) occurs at the centre of the femtosecond pulse ab-
sorbing area and densifications at the boundaries, and
when densified areas from two linear modifications
overlap, then the largest modulation depth is achieved.
If we take into consideration Eq. (1) and assume a con-
tinuous refractive index modulation pattern (see Ap-
pendix B), then the maximum local depth would be
An__=~2-107, which is a smaller value than that esti-
mated in [].

It should be noted that this overlap mechanism
is not always clearly observed for different gratings
at various writing conditions, as seen from Fig. {.
For low modulation depths (low values of s < 0.025)
the modifications can be optically observed (e. g.
E = 39 nJ), but no sufficiently functional PhCs can
be produced. Therefore, a high optically observable
contrast is not indicative of the observable filter per-
formance.

E (n))

Fig. 5. llustration of selected results. A summary of av-
eraged s measurements as dependent on frequency and
pulse energy. Dotted line shows a general trend of s in-
crease until an observed peak or saturation (s < 0.06) is
reached. Lower energy values for which s could not be
measured (s < 0.025) are omitted.

3.2. Asymmetric voxels

Weakly asymmetric filtering spatial spectra patterns
were observed in the cases of Fig. E, especially when
deviating from E__ and I values. Such behaviour
was unexpected, and we chose to further explore the in-
fluence of the DLW beam polarization angle and beam
writing direction to isolate possible unusual interac-
tion mechanisms. After choosing different fabrication
parameters and geometries containing different values
of dx, we found cases where the effect is pronounced.
A selection of particular cases is shown in Fig. H

For the cases with d_= 1.2 ym, where a strong trans-
verse voxel overlap occurs, the dominant filtering lines
change from one diffraction minimum to another.
For another instance where d_= 1.4 ym, the asym-
metry appeared without any change, depending on
different values of y. Asymmetry that is explained by
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Fig. 6. Filtering patterns for different geometries and
DLW beam polarization.

the far-field component diffraction from +k_to +k_+q_
becomes more efficient (less efficient for -k to -k _-gq ).
This implies that in order to describe the PhC filter not
one but two scattering coefficient values are needed:
S *S, and also the refractive index modified struc-
ture is itself asymmetrical, the asymmetry depends on
both the polarization and the relative scanning direc-
tion of the DLW beam.

The modified refractive index areas most probably
contain an effectively tilted structure. To check the vi-
ability of such assumption, we performed numerical
calculations to simulate PhCs having a harmonic type
volume grating structure with different angles of a tilt.
The tilted structures and resulting beam angular spec-
tra are shown in Fig. ﬁ No asymmetry is observed
when voxels have a zero tilt (Fig. ﬁ(a)), yet the asym-
metry starts to appear with a homogeneously increased
tilt angle as seen in Fig. [](b-c).

We expected a semi-homogeneous tilt structure,
where the unidirectional raster scan was employed,
but it was not always observed (e. g. the case in Fig. H:
d = 1.2 ym, y = 45°). Also, a strong asymmetry was
not always observed in the filtering patterns for the pa-
rameter sets of Fig. E, but a possible explanation is
found in Fig. ﬁ(d). As the tilt direction is reversed for
each individual PhC plain, structures of different tilt
might compensate the effect. In reality, the refractive
index profile might be even more complex, as can be
seen from Fig. @, where Y-shaped cracks form along
the length of the PhC.

4. Conclusions

In this article, we presented a study of PhC spatial fil-
ters characterizing s-coefficient dependence of laser
direct writing conditions in soda-lime glass.

We have found that for different pulse repetition
rates s increases together with the irradiation intensity
peak value until it reaches a peak or saturation value.
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Fig. 7. Results of numerical simulations (see Appen-
dix C). Different angular spectra (blue online) result for
an input Gaussian beam (red online) for a 15 deg. tilt
harmonic modulation structure model. (a) is the regular
structure, (b) and (c) are opposite homogeneously tilted
structures, (d) is the alternating tilt structure.

We have formulated a possible explanation, where
for different fabrication conditions the redistribution
of material density between successive linear writ-
ing operations plays a detrimental role in achieving
the highest s-coeflicient available. Under optimal writ-
ing conditions rarefaction at the centre of irradiation
and densification around the rarefied centres can be
beneficial in the formation of harmonic modulation
of the PhCs layers, which is not seen in a conventional
measurement due to increased diftraction.

Also, we have shown that scattering from different
intended filtering lines in the PhC transmittance spec-
trum can become asymmetrical for different DLW po-
larizations and scanning patterns. Therefore, the behav-
iour of PhC filters cannot always be described in using
a single value s, but needs to be characterized in terms
of separate values, for example, S0 S As a result, writ-
ing a 2D filter with maximal symmetry requires that
PhC geometry factors, the DLW direction and beam
polarization should be taken into account as well.

However, little is known about the distribution of
the refractive index inside the processed glass that would



188

D. Gailevicius et al. / Lith. J. Phys. 55, 182-190 (2015)

help to further improve the technology and understand-
ing of real PhCs. In light of this, more research is needed
to improve the models and also the fabrication proce-
dures for determining the best DLW conditions.
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Appendix A: Mathematical model

Here we derive the scalar wave equation for the propa-
gation of the unipolarized electric field E. For simplic-
ity’s sake the E is polarized along the “bars” of the PhC
layer (y direction - TM polarization). The refractive
index is expected to be in the form of

(A1)

n(x, z)2ny +An(x, z),

where n(x, z) is the local value of the refractive in-
dex, n is the average ambient refractive index, and
An(x, z) is the local deviation from n, expected to be
An(x, z)<n,.

For a complex wave function describing the elec-
tric field E(x, z, t) = E(x, z)e', with a complex ampli-
tude E(x, z) = A(x, 2)e*? and a complex envelope
A(x, z), the wave equation can be written down as

1 9’E(xz1) ~0 (A2)

V?E(x,z, ) —
( ) (xz) of

with V2 =8%/ax? + 02/ 6z c(x, z) is the local speed of
light expressed as c(x, z) = ¢,/n(x, z) and using ko = w/co
and the approximation (n, + An(x, 2))* = n’ + 2An(x
, Z)n,, together with the slowly varying envelope ap-
proximation dA(x, z)/0z <« A(x, z)z, we arrive at

aA(x,z)_lazA(x,z)Hk An(x, z)
fo'4 2k o 1y

(A3)

A(x, 2)

This equation is correct as long as two conditions
are satisfied. First, the refractive index modulation
An(x, z) must be small compared to the average re-
fractive index n, which in the case of this paper is
lower than An < 1072 Second, PhC periods must be
larger than the wavelength. In our case, where in-
terlayer distances are on the average d, = 3 yum and
larger, the relation is nodz/)t < 7.2, which is sufficient.

Appendix B: Scattering by one layer

Here we want to relate the s, that is the amplitude scat-
tering coeflicient from one layer (grating) of a PhC,

to the maximum modulation of the refraction in-
dex An__ . If the plane wave A(x; z)) = A, illuminates
the grating with the wavenumber q = 2n/d_(d, is
the transverse period), then the field behind the grat-
ing becomes

Alx, Az=21) = A (1 +is(e™ + e"%)). (B1)

This is valid for weakly scattering gratings s < 1, in
the linear approximation with respect to s. (In the next
quadratic approximation with respect to s the transmit-
ted wave willbe A(x, Az=21) = A (1 -5’ +is(e'* + &%),
fulfilling the energy conservation, however, for simple
estimation the linear approximation is sufficient). We
assume that a refractive index modulation profile fol-
lows a cosine along the transversal and Gaussian func-
tion in the longitudinal direction:

An(X, 2) = ARy cos(qx)efzz/[(z’, (B2)
where [ is the thickness of one layer.

If we ignore the diffraction term in (A3) and per-
form integration of (B2), we arrive at a solution in
the form of

ZICE IV INCUETSO Yoy o RS
AO )"0 “

itAn

Assuming the layer thickness is less than the inter-
layer distance d, > 21, the Taylor series expansion of
the exponent up to the first term and integration yields

A(x,Az =2l )~

3/2 3/2
.t " [h)An iox T LhAn 4
A() 1+i 0 max equ+ 0 max e igx .
/10 /10

(B4)

Comparing (B4) to (B1) shows that s can be ex-
pressed as (1). In this way we have estimated the ampli-
tude scattering coeflicient s for symmetric phase grat-
ings, where the wave is equally directed to the +g and
-q components. For asymmetric gratings considered
in the main part of the article the amplitude scattering
coefficients are S E S respectively.

Appendix C: Numerical method

To calculate the complete angular spectra for regular
PhC and asymmetrical PhC structures we used a split-
step method approach (a detailed implementation
for the general case is found in [@]). The split-step
method is used when diffractive homogenous space
propagation can be evaluated separately from scatter-
ing from an infinitely thin phase grating, which, in this
case, applies to one crystal layer, where the feature spa-
tial period size is larger than the wavelength d , d_> A.
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A scattering operator (matrix) is defined as
Sj = exp(istj) (Mj can be defined as (-1)'cos(gx), with
j=1,2... N counting the PhC layers), together with

a propagation operator P= exp(i% K2 —k? J The re-

sulting A > A field for a PhC having N layers can
be calculated by iteratively performing this operation:

Aj = F‘I(PF(SAH)). (C1)

F and F! are the discrete Fourier and inverse Fou-
rier transform operators.

If the structure is irregular, (C1) has to be modified
to be applied not N times, but m - N. In this case, m is
the sublayer step number for a sublayer of thickness
d/m.S, and M, become dependent on an additional
iteration number p = 1, 2, ... m. A new parameter 0
is introduced: M].)P = (-1) cos(gx + p@pdz/ m) to control
the new phase term that is responsible for displac-
ing the phase grating along the x direction for every
sublayer step m in the z direction. The scattering coef-
ficient must also be scaled s > s/m to avoid incorrect
modeling m times more efficient PhCs. In the simplest
case 0 = const, and selected according to the desired
tilt value.
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ERDVINIU FILTRU TIESIOGINIS LAZERINIS FORMAVIMAS
FEMTOSEKUNDINIAIS IMPULSAIS NATRIO-KALCIO SILIKATINIAME STIKLE
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Santrauka

Erdvinis filtravimas daznai naudojamas lazeriniy
pluosty erdvinei kokybei gerinti. Neseniai buvo parody-
tas erdvinis pluosty filtravimas fotoniniais kristalais (FK)
[24]. Siame darbe tiriama $iy naujo tipo FK erdviniy fil-
try efektyvumo priklausomybé nuo FK jrasymo salygy.
Fotoniniai dariniai suformuoti tiesioginio lazerinio ra-
$ymo budu taikant pataskinj medziagos lazio rodiklio
modifikavimg astriai sufokusuotais femtosekundiniais

impulsais natrio-kalcio silikatiniame stikle. Tokie FK
yra apibudinami panaudojus s-koeficientg — paramet-
ra, skirtg apibrézti FK filtro efektyvuma. Nagrinéjama
filtravimo efektyvumo priklausomybé nuo skirtingy
lazerinio jrasymo salygy, pavyzdzZiui, smailinio spindu-
liuotés intensyvumo ir lazerio pluosto poliarizacijos. Pa-
rodoma, kad esant atitinkamoms jraSymo salygoms FK
gali pasizyméti asimetri$ka vokseliy sandara.
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