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ABSTRACT Waveguides in the form of connected pearls, writ-
ten with sub-30 fs pulses centered at 800 nm at a repetition rate
of 10 MHz, show high changes of the refractive index and, as
a consequence, simple in-coupling. The value of the refractive
index modification of these waveguides is as high as 10−2, opti-
cal losses are 6 dB/cm (at 1.55 µm) and the mode field diameter
is 8 µm at 670 nm.

PACS 42.62.-b; 87.80.Mj; 42.82.Et

1 Introduction

Femtosecond (fs) light pulses can successfully
modify transparent material on a µm and even nm scale [1–3].
Among different structures, waveguides are of great interest
for realizing all-optical chips, sensors, etc. They are a basic
component of µm-scale devices written in bulk media. The
waveguides can be written with light sources of two types:
laser systems at a kHz repetition rate (oscillator+ amplifier)
and laser oscillators at a repetition rate of 1–100 MHz. The
difference between these two approaches lies in the accumu-
lated thermal effects. In the case of MHz repetition rates, the
residual heat effects from a previous light pulse are present
for the next pulses, modifying the pulse interaction with the
medium [4–7]. Usually, thermal effects lead to production
of smoother and broader transversal structures than those
obtained in the absence of these effects. Additionally, MHz
repetition rates provide the further important advantage of
high-speed material modification. This allows writing of
high-quality structures due to the stable pulse energy and
good beam pointing stability. The difference in the speed of
waveguide fabrication between these two approaches can be
as high as three orders of magnitude. Thermal effects also
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help to produce waveguides with larger diameter, thus de-
creasing their losses and increasing the coupling efficiency.
Experiments show that the waveguide losses decrease as the
repetition rate of the writing laser increases [7, 8].

The lowest losses demonstrated in fused silica with MHz
repetition rate so far are ∼ 1 dB/cm in waveguides written at
a speed of 15 mm/s [7, 8]. The pulse energies hitherto used
in this regime range from 5 nJ to 5 µJ. In a recent publica-
tion [9] waveguides with losses ∼ 0.2 dB/cm were demon-
strated. They were written at kHz repetition rate. All wave-
guides fabricated and investigated so far look like smooth
structureless objects, except for one experiment [9], where
complex waveguide structures were formed by single pulses
(losses > 1 dB/cm).

This paper reports the fabrication and investigation of
a novel type of waveguide, written at a repetition rate of
10 MHz with a high energy – up to 40 nJ, sub-30 fs pulses.
These waveguides look like a chain of connected pearls and
can be written at a high speed with an optimum at 1 mm/s.
They have several interesting features that can be useful for
photonics and for the production of micro-channels with mod-
ulated diameter. Traditional smooth waveguides were also
written at the lower pulse energies – below 26 nJ.

2 Experimental and characterization techniques

The experimental setup is shown in Fig. 1. The
light source is a sub-30 fs 10 MHz 200 nJ Ti:Sa oscillator [10].
An external compressor readily allowed pre-chirping of the
pulses such that they are the shortest on the target. We moni-
tored the pulse duration with an auto-correlator and by intro-
ducing the equal amount of glass right in front of the auto-
correlator we were able to pre-compensate any pulse broaden-
ing due to the thickness of the focusing objective. The stability
of the pulse train was controlled with a fast photodetector
and oscilloscope. The spectrum generated and the relevant
autocorrelation trace are shown in Fig. 2. An aspheric lens
(Thorlabs, f = 4.5 mm, NA = 0.55) was used for focusing ra-
diation into the sample. To estimate the pulse distortion due
to chromatic aberration we made the same experiments with
an achromatic objective ( f = 6 mm, NA = 0.2) and received
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FIGURE 1 Experimental setup

FIGURE 2 Generated spectrum (left) – note vertical dB scale, and corresponding interferometric autocorrelation trace (right)

similar structures and the same dependence on the pulse en-
ergy. A telescope provided optimization of the beam diameter
(4 mm) at the objective. The beam waist was monitored with
a beam profiler with the micro-objective; its value was below
2 µm at the level of 1/e2. A variable neutral attenuator enabled
the pulse energy on the sample surface to be adjusted with
a precision of 0.1 nJ. The sample was a high-quality 25×50×
1 mm fused silica plate (Saint Gobain Quartz) or BK7 glass
sample. The written structures in these two materials were al-
most identical, except for the necessary pulse energy, which
was less in the case of BK7. Below, we present results only
for fused silica samples. The sample was fixed to a computer-
controlled 3D-translational stage (PI, model 505.1PD) with
the maximum writing speed of 50 mm/s and a resolution of
250 nm. The sample was fixed vertically and translated in
the horizontal direction. The beam polarization was also in
the horizontal plane. All the structures were written inside
the sample, 0.1–0.3 mm beneath the surface. Special precau-
tions had been made to minimize the pulse energy deviations
and beam pointing fluctuations. The positioning accuracy was
measured on the basis of experiments with the fabrication
of crossing structures in the sample and was found to be of
the order of 1 µm. The maximum writing deviations from

a straight line at a distance of 10 mm were measured from the
experimental data and are equal to 1 µm.

After writing the structures, the samples were cut and
polished. The mode of the outgoing radiation was meas-
ured at two wavelengths: 670 nm and 1559 nm. Coupling into
the waveguides was provided through fiber SM 3224; in the
case of 1559 nm it was SMF-28. For coupling, diode lasers
(by Thorlabs) were used and the output was measured with
a micro-objective and a CCD camera.

The value of the refractive index modification in the fabri-
cated waveguides was characterized by measuring their mode
field diameter at different wavelengths with further recon-
struction. The spatial variations of the refractive index were
retrieved by the phase retardation technique. It is known that
the phase variations of a coherent laser field can be recov-
ered from intensity measurements in the adjacent planes with
the help of the transport-of-intensity equation [11, 12]. This
method is proved to be applicable for the phase retardation
measurements in objects on the micrometer scale with the re-
fractive index contrast as low as 10−4 when light microscopy
is used. Another advantage of this technique is that the phase
map over the whole field of view of the microscope can be re-
trieved from the same measurement. However, reconstruction
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of the 3D profile of the refractive index distribution requires
additional information – the depth of the phase object along
the integration axis (Z axis in our case). For the phase meas-
urements, we used the commercial QPM software (IATIA,
www.iatia.com.au) and an optical microscope equipped with
a CCD camera and a sample stage movable in the Z direction
(Axioscope 2M, Zeiss).

3 Results

Figure 3 shows the evolution of waveguide struc-
tures as a function of the pulse energy under otherwise
fixed conditions. At a pulse energy of approximately 20 nJ,
a smooth line-like structure readily becomes visible in the op-
tical microscope, corresponding to traditional waveguides. At
higher energies starting from 27 nJ (low-energy threshold),
the appearance of a new pearl-chain structure is observed.
Physically, this structure represents waveguides with quasi-
periodically modulated diameter. Writing at energies higher
than 27 nJ is accompanied by visible white light generation
with a characteristic spectrum as shown in Fig. 4.

3.1 Smooth “standard” waveguides; multiple scans

Smooth waveguides appeared only at laser ener-
gies below 26 nJ. The transversal cross-section is elongated
in the direction of light propagation and is equal to (2–3) ×

FIGURE 3 Waveguide structures written in the fused silica sample, 200 µm
beneath the surface, at different pulse energies (shown for each scan) and
a constant speed of 0.25 mm/s. Right: transversal structures corresponding
to smooth (top) and pearl-chain (below) waveguides. The complex structure
in the lower inlet incorporates several small (above the red scale bar) and
(nearest to the incident writing laser) one biggest, round micro-void-like ma-
terial modifications. The direction (Z) of the incident light is shown by the
black arrow

FIGURE 5 Change in the refractive in-
dex contrast vs. the number of consecu-
tive scans (left), and the cross section of
the refractive index in a smooth wave-
guide for the case of eight consecutive
scans (right)

FIGURE 4 White light spectrum generated in the sample at pulse energies
higher than 27 nJ. The laser spectrum around 800 nm is also shown

40 µm, see upper inlet in Fig. 3. The modification of the re-
fractive index can be enhanced by multiple scanning over the
same waveguide, as shown in Fig. 5. Coupling into a wave-
guide of this type was found to be possible but very difficult
because of its strongly elliptic cross-section. Micro-objectives
with higher NA can help to fabricate round waveguide struc-
tures of this type, as was already demonstrated in experiments
with astigmatic beams [5].

3.2 Pearl-chain waveguides; structure and transmission

A very sharp transition from smooth structures to
pearl-chains was observed at a pulse energy of 26 nJ as shown
in Fig. 3. During the index measurement routine, we found
that the pearl might have a complex structure as one could see
from a set of microscopic Z-scan images presented in Fig. 6.
The images of the cross-section of the pearl presented on the
bottom inlet in Fig. 3 revealed a rather complicated structure,
similar to what was reported earlier in [13]. The dynamics of
the creation of such a micro-void-like structure is not com-
pletely clear yet. We will discuss it briefly below.

Above this low-energy threshold the formation of pearls
happens at all writing speeds, provided that the laser pulses are
chirp-free. The pearl-chain structure exhibits high index mod-
ification and shows good guiding properties. The structure
becomes irregular at pulse energies above 29 nJ (high-energy
threshold) and light guiding through such high-energy-
written pearl structures is weak, mainly due to scattering. Just
above the low-energy threshold, the separation between the
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FIGURE 6 Pearl-chain structure under a light microscope. Microscopic top
view at different focusing positions into the structure (depth variations). The
writing light comes from the top

pearls is large, but the spacing is filled up with pearls with in-
creasing number of scans. For pulse energies well above the
low-energy threshold but below the high-energy threshold,
one scan is enough to produce quasi-periodically connected
pearls similar to those in Fig. 6. Below the low-energy thresh-
old, pearls can only be produced by illuminating one spot
for several seconds without moving the sample. This allows
arbitrary structures to be produced using pearls as building
elements.

The pearl structure is shown in Fig. 6 at different adjust-
ments of the microscope objective into the sample. One can
see an internal sharp structure of the pearl. Another feature
of the written structure is its high periodicity (±5%). The
distance between the pearls is a weak function of the writ-
ing speed, which was varied between 0.25 mm/s to 50 mm/s.
We observed that only at speeds higher than 5 mm/s does
the structure period become longer and we found that the
highest regularity and also the highest guiding efficiency
is achieved at a writing speed of 1 mm/s. The transversal
pearl view shown in Fig. 3 (lower inlet) demonstrates rather
a complex structure, consisting of the main waveguide, a sec-
ond round component with a smaller diameter and 6–7 small
round components separated by 1 µm. It is noteworthy that
the main waveguide is perfectly round in contrast to the elon-
gated transversal structure of smooth waveguides. A modified
area around the pearl can be seen after phase reconstruc-
tion and has a size of 15 µm. The variation of the refractive
index within the pearl for the near-the-threshold inscription
intensity is shown in Fig. 7. The accumulated value (in the
z-direction, see Fig. 6) of the refractive index modification
in the central peak is as high as 1 ×10−2 on the assumption
that the structure length is known. The shape of the refrac-
tive index structure depends on the writing pulse energy and
could form a narrow gap instead of a peak at higher pulse
energies.

In addition to the structures shown in Fig. 3, the structures
of two crossing lines of this waveguide type were written and
are shown in Fig. 8. One can see that in the range of overlap
there are alternating sub-ranges with and without visible dou-
ble structure. It looks like the top pearl blocks the creation

FIGURE 7 Accumulated phase retardation of the pearls, measured at
a wavelength of 450 nm. The material becomes more optically dense in the
center of the pearl and at its border. The intensity of the laser corresponds to
the threshold for pearl formation. There is a visible cross with the previously
formed smooth waveguide at the position of the middle pearl

FIGURE 8 X-coupler written with crossing pearl-chain waveguides

of a new one at the same place, or the threshold is higher for
a second run. Such first X-couplers demonstrated a promis-
ing 80 : 20 division ratio without any optimization at all. At
a wavelength of 670 nm the pearl-chain structures guided in
a single- or multi-mode regime depending on the coupling
beam adjustment, see Fig. 9. We are not completely sure if
the weaker upper part in Fig. 9b is due to guiding in the sec-
ond waveguide, consisting of smaller pearls (see the lower
inlet of Fig. 3) via coupling from one waveguide to the other
or a higher mode was excited. At a wavelength of 1559 nm
only single-mode guiding is observed, see Fig. 10. In this case
SMF-28 fiber was used to couple light in, and a different cam-

FIGURE 9 Two modes of the pearl-chain waveguide at a wavelength of
670 nm, depending on the beam adjustment: fundamental (left) and high-
order (right)
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FIGURE 10 Guidance through 5 parallel pearl-chains at a wavelength of
1559 nm. The waveguides are separated by 18 µm and written at different
speeds (shown above the mode pictures). Top: waveguide view from top.
One can see slightly different distances between pearls at a writing speed of
5 mm/s. Because of the small separation of the individual waveguides we
observed faint coupling to the neighbouring structures as well

era, more sensitive in the infrared. The radiation was then
coupled into a certain waveguide in an array of five paral-
lel pearl-chain waveguides as shown in Fig. 10, one by one
(Fig. 10a–e). One can see that coupling into one waveguide is
accompanied by radiation transfer into the neighboring wave-
guides because of the small distance between them (18 µm).
All these waveguides were written at the same energy (44 nJ,
but not chirp-free pulses) using different speeds. Coupling
into the first waveguide is accompanied by coupling to two
other waveguides; coupling into the second one results in
partial coupling into the first, third and fourth waveguides.
The waveguide written at 1 mm/s exhibits the strongest guid-
ing strength. We did not observe any crosstalk between the
waveguides, when the separation was bigger than 25 µm. The
measured attenuation is 6 dB/cm.

3.3 White light generation
during pearl-chain waveguide writing

We observed that the intensity of white light gener-
ation increases with the writing speed, other parameters being
kept fixed. The white light disappears when the writing beam
is stopped. After the first scan, performed at the maximum
writing speed, the separation between pearls in the structure
is large. After the second scan over this structure, the white
light intensity becomes less and new pearls appear in the gap
between the initial pearls. After several scans (10 at 50 mm/s
and 4 scans at 5 mm/s), a dense pearl structure similar to that
shown in Fig. 3 (written at 27 nJ) is observed, which is accom-
panied by very weak white light generation.

3.4 Mode-field diameter simulation

The eccentricity of the near-field intensity distri-
bution is 10.9 : 8.0 at 1559 nm (Fig. 10). We simulated the
waveguide performance with a circular gradient profile of the
refractive index as shown in Fig. 7. The only parameter to vary
was the peak refractive index contrast. The best fit of experi-
mental data obtained at 1559 nm was achieved with an index
contrast of ∆n = 0.019. The optimal fit was further verified
at a wavelength of 670 nm, where reasonably good agreement
with the experiment was also established. Thus, the simulated
mode field diameter was 8.2 µm, whereas the experimentally
measured value was 8 µm. The eccentricity of the intensity
distribution is about 5.7:3.1 at 670 nm.

4 Discussion and comparisons
4.1 Refractive index contrast of smooth waveguides

For multiple scans, a decrease of the refractive
index contrast (for longitudinal writing geometry) with the
number of scans was found in [14]. In our experiments on
transverse inscription, the refractive index contrast grows al-
most linearly with the number of scans for operation below
the low-energy threshold for pearls appearing, provided that
the modified length is known. This can be a powerful way of
optimizing smooth waveguides, provided that the writing ac-
curacy is high enough. Our experience revealed that there are
some limits to this index contrast enhancement, since after
a number of scans one can have spontaneous pearls forming
on a top of a smooth track. Transversally elongated structures,
in the direction of light propagation, similar to those shown in
Fig. 3, have been realized in several experiments [1, 5] with
low-NA (NA < 0.7) micro-objectives. In our case the elon-
gation of the smooth structure in the direction of the beam is
slightly bigger than might be expected.

4.2 Pearl-chain waveguide modes

The modes shown in Figs. 9 and 10 correspond to
LP01 and LP11, if the fiber terminology can be applied in this
case. In fibers, the number of guided modes is determined by
the V parameter:

V = 2π

λ
a
√(

n2
1 −n2

0

)
,

where a is a “core radius” (2 µm in our case), λ = 0.8 µm,
n0 = 1.45.

For the LP11 mode, V must be > 3.6. This means that ac-
cording to the equation above, the change of refractive index
is > 10−2, which is in a good agreement with the indepen-
dent measurements based on the phase retardation technique
shown in Sect. 2, and obtained as a result of fitting in Sect. 3.4.
A high refractive index change leads to a high numerical aper-
ture NA of the waveguide, which is equal to NA = √

2n0∆n.
In our case, for ∆n = 0.01 we obtain NA ≈ 0.18, more than
for a single mode fiber.

4.3 White light spectrum

In our experiments, the threshold peak power for
the white light generation was 1.7 MW. From the literature
it is known that white light generation usually accompanies
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a collapse of an optical pulse due to the nonlinear self-
focusing effect [15–17]. The threshold power for the last
process is not less than Pcr, and often it is higher than crit-
ical power [16]. In fused silica Pcr = 2.3 MW, if we take
n2 = 2.5 ×10−16 cm2/W, where n2 is the nonlinear refrac-
tive index of fused silica. Thus, in our experiments white light
generation occurs at a power lower than Pcr. What was also
noticeable is that the white light intensity was weaker at lower
writing speed, so white light generation takes place only dur-
ing material “modification”. After it was modified, no further
light generation takes place at all. This is perhaps, due to per-
turbations to the focused beam by areas with previously modi-
fied refractive index or when the void-like structures were
formed.

Another possible reason for a broad light spectrum ob-
served (see Fig. 4) is a black-body thermal radiation. If so, the
temperature is about 5000 K in accordance with Planck’s law.
This is just estimation, since the fit did not match the measured
spectrum well, probably due to the uncalibrated detector at the
edges of the spectral range or absence of thermal equilibrium.
The temperatures of this level could give rise to a set of new
physical effects, commonly referred in relation with the fiber
fuse [18–22].

4.4 Possible mechanisms for pearl-chain structures

At lower pulse energies, corresponding to the for-
mation of smooth waveguides, laser pulses first melt the glass,
producing a molten cylindrical volume, along the Z-writing
direction, which then becomes denser during the solidification
process. This corresponds to the regime of smooth waveguide
formation. At higher energies we found that the instability
with a well-defined threshold occurs. The origin of this insta-
bility is not yet completely clear.

As first possible mechanism, we consider threshold-
like absorption [20, 22] triggered by a high temperature.
Strong single-photon absorption occurs in glass at tempera-
tures above 1500 K [22]. The fraction of absorbed energy
then rapidly increases, and a hot (bright) spot is formed
with T ∼ 5000 K, which moves backwards along the laser
beam [13, 23] in an auto-soliton manner. Dense, hot plasma
forms in accordance with this model. The material disso-
ciates (partially) inside this hot spot and consists of a gas
and plasma mixture. Estimation of the internal pressure gives
a level of a few GPa. This is a typical pressure level when var-
ious glasses become densified – up to a dozens of percents. To
explain micro-void-like formation, the mechanism of charged
layer formation on a liquid–plasma interface due to different
particle mobilities was introduced in [20]. The effective sur-
face tension could have a negative sign in accordance with
this mechanism. This is essential, since any increase in sur-
face area will be energetically profitable. When the upper,
biggest pearls are formed, the absorption drops, the structure
scatters light and strongly distorts the focus of the beam and
partially explains the observed reduction in white light gen-
eration. In addition, the glass cannot be further modified by
the laser pulses, probably due to the fact that the material is
already dense.

A second possible explanation concerns the hydrody-
namic instability. The effect leading to formation of pearl-

chain structures looks analogous to the breakup of a liquid jet
in air, decaying spontaneously into drops. The liquid mate-
rial, having an energetically unfavorable shape, contracts to
a sphere by surface tension. The formation of drops in surface-
tension-driven liquid flows was first explained by Rayleigh,
who considered small periodic perturbations of a liquid cylin-
der with a radius r0. Rayleigh showed that at a certain per-
turbation wavelength, ΛR ≈ 9r0, determining also the size of
the drops, perturbations grow fastest [24]. The characteris-
tic parameter for the jet decay is given by the reduced wave
number x = 2πr0/ΛR. If x < 1, the jet is unstable and breaks
into drops in a regular periodic fashion. For x > 1 irregular
breakup is observed.

In our case, high laser powers produce a melted cylin-
der of liquid glass inside the bulk which is unstable and is
assumed to decay spontaneously into drops. If we adopt the
‘hydrodynamic instability’ mechanism a qualitative picture of
the processes involved in the laser fabrication of waveguide
can be described as follows: first, the solid material is melted
by a single or a sequence of laser pulses. Every subsequent
laser pulse then results in the heating of the molten liquid. The
solid–liquid interface velocity is determined by the tempera-
ture of the molten material and, immediately after the laser
pulse, is first high and then slows down. This produces a mod-
ulation of the velocity of the molten liquid jet at the laser
repetition rate. In this case one has Λ = u/ f , where u is the
velocity of the molten liquid jet, which is determined by the
velocity of the liquid-solid interface, and f is the repetition
rate of the laser system. For laser melting, typical liquid–
solid interface velocities are of the order of 100 m/s [25].
Using this value and f = 10 MHz, we get for the perturbation
wavelength Λ = 10 µm, which corresponds approximately to
the period of the observed pearl-chain structures in the ho-
rizontal direction. The time scale on which jet perturbations
grow is determined by τ = (�r3

0/γ)1/2, where � is the dens-
ity and γ is the coefficient of the surface tension of the li-
quid [11]. An estimate of this time can be obtained using data
for molten glass [26]: � ≈ 2.8 ×103 (kg/m3), γ ≈ 0.1 (N/m),
and r0 ≈ 1 µm, which gives τ ≈ 1.7 ×10−7 s and is close to
the temporal distance between laser pulses (10−7 s) defined
by the repetition rate of our laser system. Viscosity and the
surrounding solid material produce damping effects on the
motion of the molten liquid caused by the surface tension.
Therefore, the formation of regular droplets can be observed
only at sufficiently high laser energies (melt temperatures)
when the viscosity is reduced. Rapid cooling and solidifica-
tion of the molten material produces the observed pearl-chain
structures. There are several problems with the last model:
the liquid cylinder is generated inside the solid glass matrix.
Therefore, the size of the drops is limited by the surround-
ing solid material and cannot be much bigger than the initial
cylinder radius. In this case (if the surface tension is positive)
a cylinder shape is energetically more favorable than that of
a set of drops with the same (or smaller) radius. One can avoid
this complication assuming a negative surface tension again.

4.5 Refractive index contrast: comparison

Waveguide properties of pearl-chain structures
have to be further investigated in terms of transmission and
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optimization. Optical transmission is expected to be higher in
the case of our smooth waveguides than in the case of pearl-
chain waveguides. Losses in structures of this type cannot be
comparable either to those in traditional telecom fibers with
an index contrast of 5 ×10−3 and aperture 0.14. The numer-
ical aperture of the pearl-chain waveguide is 0.18 (due to the
high change of the refractive index ∼ 10−2, allowing simple
beam coupling. Last but not least, bending losses in the case
of pearl-chain waveguides can be much lower than those for
smooth waveguides, allowing, in principle, the fabrication of
bent structures.

In comparison, the maximum change in the refractive in-
dex for a smooth waveguide in fused silica at a low repeti-
tion rate is lower than 10−3 at the “optimum” pulse energy
of 750 nJ [14], which is of the same order of magnitude as
in our case (but with a pulse energy of ∼ 30 nJ). The writ-
ing speed in [14] is 10 µm/s, i.e., 100 times slower than in
our case. Results in [7] obtained at a wavelength of 1045 nm
with rather long laser pulses (375 fs) also show higher re-
fractive index contrast at higher pulse repetition rates. In [6],
using laser pulses of 115 nJ at 532 nm and a pulse duration
of 500 fs, waveguides were fabricated with a writing speed of
0.05 mm/s. The refractive index contrast for smooth wave-
guides was estimated as 1 ×10−2 and the measured losses
were below 1 dB/cm. In [6], the authors mention that for
shorter writing wavelength optical losses become lower. Nei-
ther in [6] nor in [8] was the transverse micro-void structure
seen during waveguide writing, whereas there are recent ex-
perimental papers where self-organized arrays of micro-voids
were formed in the direction of the beam propagation [22, 23].
In our work, we have not yet investigated possibilities of opti-
mizing waveguide losses using different focusing optics.

Recently, we found that waveguides which look similar
to the pearl-chain ones under the microscope were formed in
a point-by-point manner with the help of a low repetition-rate
system [9, 27]. This also corresponds to what we have seen in
separate experiments with a different laser system operating at
a repetition rate of 1 kHz (Spitfire, Spectra-Physics), but this
discussion would be beyond the scope of the present paper.
Suffice it to mention here that the physics in the MHz and kHz
cases are quite different.

5 Conclusions and visible perspectives
of pearl-chain waveguides

The application of high energy 27 fs 26 nJ laser
pulses at 10 MHz pulse repetition rate allowed us to demon-
strate new type of pearl-chain waveguides. At energies be-
low 26 nJ smooth waveguides have been written. Qualita-
tive explanation of the origin of regular pearl-chain struc-
tures is given. Pearl-chain waveguides have higher refractive
index contrast and can be used for the fabrication of cou-

plers and small-radius-bent structures. One could think of
using a pearl-chain waveguide as a pre-form for a diameter-
modulated channel. Such a channel (in shape of a capillary),
being filled with the gas, already allowed the demonstration
of dramatic, by a factor of 103 enhancement of the yield of
high harmonics generated with intense fs pulses [28]. The
pearl-chain writing technique developed in this work, in con-
junction with etching technique, could in near future pro-
vide even a diameter-modulated channel with the properly
chirped period for efficient quasi-phase matching in presence
of propagation effects.
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