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Abstract We report on the fabrication of hollow optical
waveguides in fused silica using femtosecond laser micro-
machining. We show that in such hollow waveguides, high-
intensity femtosecond laser beams can be guided with low
optical loss. Our technique, which was established earlier
for fabrication of optofluidic structures in glass, can en-
sure a high smoothness at the inner surfaces of the hollow
waveguides and provide the unique capability of fabrication
of hollow waveguides with complex geometries and config-
urations. A transmission of ~90% at 633 nm wavelength is
obtained for a 62-mm-long hollow waveguide with an inner
diameter of ~250 um. In addition, nonlinear propagation of
femtosecond laser pulses in the hollow waveguide is demon-
strated, showing that the spectral bandwidth of the femtosec-
ond pulses can be broadened from ~27.2 to ~55.7 nm.

1 Introduction

Hollow optical waveguides have become one of the key el-
ements in high-field laser physics experiments, including
pulse compression [1-3], high-order harmonic generation
[4, 5] and laser particle acceleration [6, 7], etc. With the
hollow waveguides, the confinement of high intensity op-
tical beams can be maintained over a distance significantly
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longer than the Rayleigh length, thereby boosting the effi-
ciency of nonlinear interaction in gas media through the ex-
tension of interaction length and/or improved phase match-
ing condition. Currently, hollow waveguides are frequently
fabricated by glass drawing technique which is inherently
a one-dimensional (1D) technique. In some cases, hollow
waveguides or capillaries fabricated by stacking two open
microgrooves separately formed on the surfaces of sub-
strates by femtosecond laser ablation are also used; how-
ever, usually the cross-sectional shapes of such capillaries
are difficult to be precisely controlled and the roughness of
the laser ablated inner surface is relatively high [8]. Here, we
show that the above-mentioned issues can be overcome by
fabrication of hollow waveguides using three-dimensional
(3D) femtosecond laser microfabrication.

Fabrication of hollow structures buried in glass materials
by femtosecond laser is a direct writing technique [9-11].
The fabrication process essentially consists of two key steps:
(1) spatial-selective modification of the etching property of
glass by scanning a tightly focused femtosecond laser beam
inside glass; and (2) preferential removal of the material in
the laser modified regions by chemical etching for creating
the hollow structures. For fabrication of hollow structures
in photosensitive glass Foturan [10, 11], post-annealing is
necessary after the femtosecond laser direct writing in or-
der to form an etchable phase in the femtosecond laser ir-
radiated areas. However, the chemically etched inner sur-
faces always show a relatively high roughness; e.g., the av-
erage roughness is around ~40 nm, which is still insufficient
for most optical applications [12]. Therefore, an additional
post-annealing technique is applied to the etched samples
for further smoothening the inner surface [12, 13]. A sim-
ilar technique for obtaining smooth surface fabricated by
femtosecond laser micromachining is to polish the surface
with an oxyhydrogen flame [14, 15]. However, the oxyhy-
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drogen flame polish technique can only be used for open
structures with their surface exposed. Therefore, for fabrica-
tion of buried hollow structures, post-annealing in an oven
at a predetermined temperature is currently the only solution
to achieve the sufficient inner-surface smoothness for optical
applications.

2 Hollow waveguides fabrication

In our experiment, commercially available fused silica glass
substrates (UV grade fused silica JGS1) with a size of 5 mm
x 100 mm x 2 mm are used. To facilitate the observation of
the fabricated structures embedded in the glass substrates,
both the upper and bottom surfaces of samples are pol-
ished. Fabrication of the hollow waveguides includes three
steps: (1) inscription of the waveguide inside fused silica
chips with temporally focused femtosecond laser beam [16];
(2) etching of the samples in a solution of 20 M/L. KOH di-
luted with water in ultrasonic bath for selective removal of
the material in the modified areas [17]; (3) baking of the
sample in a programmable furnace for smoothening of the
surface. In the process of laser irradiation, the laser system
consists of a Ti:sapphire oscillator (Legend, Coherent, Inc.,
USA) and a regenerative amplifier, which emits 800 nm,
40 fs pulses with maximum pulse energy of ~2.5 mJ at a
1-kHz repetition frequency. For achieving a circular cross
section for the hollow waveguide, a spatiotemporal focusing
method is used. It should be noted that although the circular
cross section can also be achieved with a slit-beam shap-
ing or an astigmatic beam shaping technique in femtosec-
ond laser direct writing [18, 19], these techniques require
that the scan direction of the femtosecond laser beam must
be parallel to the slit or the cylindrical lenses placed be-
fore the objective lens. In such case, fabrication of curved
waveguides will be difficult. However, with the temporal fo-
cusing technique, we can fabricate not only straight opti-
cal waveguides but also curved waveguides with arbitrary
geometries (e.g., the wavy waveguides as shown in Fig. 4).
It should be noted that in order to create the spatiotempo-
rally focused beam, a grating pair ruled with 1500 lines/mm
and blazed at the wavelength of 800 nm is used to separate
different spectral components, which is different from our
previous work [16]. A 20x objective with a numerical aper-
ture (NA) of 0.46 is used to focus the beam to a ~2 um spot.
The average femtosecond laser power measured before the
objective is ~20 mW. These laser exposure conditions are
chosen to ensure that the femtosecond laser fluence is about
twice the dielectric breakdown threshold, and the adjacent
pulses sufficiently overlap so that a high chemical etching
rate can be obtained. More details of the experiment setup
with spatiotemporally focused femtosecond laser beams can
be found elsewhere [16].
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Fig. 1 (Color online) (a) Schematic of the hollow waveguide;
(b) overview image of a 62-mm-long hollow waveguide captured by
digital camera; (c) optical micrograph of the cross section of the hol-
low waveguide

The waveguide pattern is inscribed ~500 pm beneath the
surface, and the total length is 100 mm. For achieving a
higher etching ratio, the waveguide is scanned three times
with a speed of 100 um/s. Since the contrast ratio of etching
selectivity for a KOH solution between the laser exposed
and unexposed regions is typically limited to 100-200 [17],
we fabricate 21 short vertical channels with an equal inter-
val of 5 mm between each other along the waveguide, as
illustrated by the schematic in Fig. 1(a). The reason for fab-
ricating the 21 vertical outlets is to ensure a homogeneous
diameter of the hollow channel by reducing the taper caused
by the limited selectivity of the etch ratio [10, 11]. On the
other hand, increasing the number of vertical outlets along
the channels will give rise to stronger light scattering for
guiding the optical beam. We have tried different lengths
for optimization of the interval between two adjacent outlets
and found that ~5 mm is the maximum interval for main-
taining a nearly uniform diameter (e.g., small taper) of the
channels.

After femtosecond laser irradiation, the sample is sub-
jected to wet chemical etching in a solution of 20 M/L
KOH diluted with water in an ultrasonic bath. The tem-
perature of solution is kept to be 95°C constantly during
the etching process. The hollow channel is formed after
~20 h, while its average diameter is merely ~30 um. To
achieve a hollow channel with a diameter of ~250 um,
which is a typical size of the hollow fiber used for many
high-field physics applications, the sample is further etched
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for another ~150 h. Since some reaction product may
contaminate the channel during the etching process, the
etched sample is ultrasonically cleaned in distilled water
for ~15 min. At this time, the roughness of the inner sur-
face is very poor, which is unfavorable for optical applica-
tions.

To improve the surface smoothness of the sidewall of
channel, we post-anneal the sample in a box-type furnace
(HMF 1700-20, Shanghai, China). The furnace can provide
an annealing temperature as high as 1700°C. It should be
noted that although previously we have successfully reduced
the inner-surface roughness of microstructures fabricated in
Foturan glass using 3D femtosecond laser micromachining,
smoothening of the inner surface of fused silica using a sim-
ilar annealing method is achieved in this work for the first
time to our best knowledge. The post-annealing protocol
for smoothening the inner surface of fused silica is as fol-
lows: first, the temperature is ramped to 600°C at 5°C/min
and then held at this temperature for 1 h; then the tem-
perature is ramped from 600°C to 1200°C at 5°C/min and
held at 1200°C for 5 h; finally the sample is cooled down
to the room temperature at 5°C/min. The optimum anneal-
ing temperature of 1200°C is determined as a result of a
trail and error process. Specifically, the intermediate step at
600°C is used for protecting the furnace according to the
user’s guide of the furnace, which may not be necessary
for other types of furnaces. Figures 1(b) and 1(c), shows an
overview image captured by digital camera and an optical
micrograph of the cross section of the channel, respectively.
The circular cross section should be attributed to spatiotem-
poral control of ultra short pulses during the laser irradiation
process [16].

To quantitatively investigate the roughness improvement,
we fabricate two hollow microstructures with a rectangu-
lar cross section under the same experimental conditions.
For facilitating the scanning—probe microscopy examina-
tion, the rectangular-cross-section hollow structures are the
structures without roof and floor, which are fabricated by
scanning a femtosecond laser beam focused by a 20x ob-
jective lens (NA 0.46) layer by layer from the top to the
bottom of the glass substrate. One of the samples under-
goes the above-mentioned post-annealing for inner-surface
smoothening, while the other does not. We then break the
samples to have the laser-fabricated inner surfaces exposed,
so that the surface roughness can be measured with op-
tical microscopy and scanning—probe microscope (SPM).
Even from the optical micrographs of the surfaces of these
two samples (Figs. 2(a) and 2(b)), a dramatic improve-
ment of inner-surface roughness can be observed. More-
over, scanning—probe micrographs of the inner surfaces fab-
ricated without the post-annealing process are presented in
Fig. 2(c) for a small area of 10 x 10 pmz and in Fig. 2(e)
for a large area of 50 x 50 um?, and rough surfaces are
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Fig. 2 (Color online) Optical micrographs of inner surfaces (a) be-
fore and (b) after annealing. SPM images of inner surfaces (c) before
and (d) post-annealing for a small area of 10 x 10 um?; SPM images
of inner surfaces (e) before and (f) post-annealing for a large area of
50 x 50 um?. The data of surface roughness are given in Tables 1 and 2

observed. For comparison, scanning-probe micrographs of
the inner surfaces fabricated with the post-annealing process
are presented in Figs. 2(d) and 2(f), for both the small
and large areas mentioned above, respectively. Clearly, the
surface smoothness is significantly improved by the post-
annealing process. Quantitatively, as one can see from Ta-
bles 1 and 2, the average roughness (R,) of the inner sur-
face is greatly reduced from 101.5 to 4.6 nm by the an-
nealing process for the small-area case, and from 277.5 to
44 nm by the annealing process for the large-area case.
Particularly, it is noteworthy that the annealed surface in
Fig. 2(e) exhibits a ripple structure with a regular period
of a few microns which is responsible for the increased
surface roughness measured with the large examination
area. The reason of formation of such ripples remains un-
clear and deserves further investigation. The smoothened
inner surface is critical for the optical waveguide applica-
tions.
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3 Characterization of optical property of hollow
waveguides

Before characterizing the optical properties of the wave-
guide, we first polish both ends of the sample and obtain
a 62-mm-long hollow waveguide. We then inject a He—Ne
laser beam at a wavelength of 632.8 nm into the waveguide.
In this study, an optical lens with the focal length of 400 mm
is used to achieve an optimal coupling. The diameter of the
laser beam at the front surface of the lens is measured to be
~4 mm. The input of the waveguide is placed 490 mm far
from the lens. And the laser power measured after the lens
(but before the waveguide) is ~18.53 uW, while the out-
put power measured after the waveguide is 16.56 uW. Thus
the total transmission of the waveguide reaches ~89.4%,
whereas the maximum transmission calculated using (33)-
(34) in Ref. [20] is ~95%. We attribute the discrepancy be-
tween the experimentally measured and the calculated losses

Table 1 Comparison of RMS roughness (R,), average roughness
(R,), and maximum roughness (Rmax) for samples before and after
post-annealing. The size of examined area is 10 x 10 um?

Sample RMS (Ry) R, Rmax
(size: 10 x 10 pmz) (nm) (nm) (nm)
Before post-annealing 120.2 101.5 616.2
After post-annealing 5.2 4.6 56.1

Table 2 Comparison of RMS roughness (R;), average roughness
(R4), and maximum roughness (Rpyax) for samples before and after
post-annealing. The size of examined area is 50 x 50 um?

Sample RMS (Ry) R, Rimax
(size: 50 x 50 umz) (nm) (nm) (nm)
Before post-annealing 360.3 277.5 2562

After post-annealing 52.4 44.0 337.5

Fig. 3 (Color online)

(a) Near-field and (b) far-field
profiles of the He—Ne laser
beam exiting from the hollow
waveguide
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to the following two factors: (1) the light scattering at the
sidewall of the fabricated hollow waveguide, and (2) the ex-
tra coupling loss caused by the deviation of the focused inci-
dent beam from the ideal Gaussian beam (the ideal Gaussian
beam is used for evaluating the coupling loss). We also cap-
ture the images of both the near-field and far-field modes
of the waveguide using a CCD camera, as shown in Fig. 3.
One can clearly see that the output beam has a single-mode
profile.

As we have mentioned in the Introduction, fabrication
of hollow optical waveguides by femtosecond laser mi-
cromachining is flexible and in principle allows for fabri-
cation of hollow waveguides with arbitrary geometry. To
demonstrate this capability, we fabricate various kinds of
wavy waveguides with the same diameter of ~250 um us-
ing the above-mentioned process. Figures 4(a) and 4(b),
shows digital-camera-captured pictures of two sinusoidal
hollow fibers. The amplitude and period of the waveguide
in Fig. 4(a) are 125 pm and 10 mm, respectively, whereas
for the waveguide in Fig. 4(b), its amplitude and period are
125 pm and 50 mm, respectively. The total length of the
two waveguides is 50 mm. We also try to characterize the
optical properties of these wavy waveguides by coupling
the same He-Ne laser beam into them. Interestingly, for the
wavy waveguide shown in Fig. 4(a), no output beam can be
observed, which should be attributed to a high bending loss.
However, for the wavy waveguide in Fig. 4(b), the near-field
and far-field beam profiles are shown in Figs. 4(c) and (d),
respectively. Unlike the straight hollow waveguide in Fig. 1,
the wavy waveguide cannot support single-mode propaga-
tion in the horizontal direction (i.e., the oscillation direction
of the sinusoidal function), due to the multiple reflection of
the laser beam during its propagation. The multiple reflec-
tions could cause multimode formation as well as the beat-
ing between the different modes, giving rise to the two bright
spots in the far field.
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Fig. 4 (Color online) Overview images of two wavy hollow
waveguides corresponding to an amplitude of 125 pm and periods of
(a) 10 mm and (b) 50 mm. (¢) Near-field and (d) far-field modes of the
He—Ne laser beam exiting from the wavy waveguide in (b)
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Fig. 5 (Color online) (a) Near-field and (b) far-field mode profiles of
output pulses from the hollow waveguide with low input pulse energy
of 586 wJ. (¢) Comparison of spectra of input (red curve) and output
(blue curve) femtosecond laser pulses

4 Spectral broadening of femtosecond pulses in the
hollow waveguide

As a first attempt of using the hollow waveguide fabricated
by femtosecond laser for high-field laser application, we
perform the spectral broadening experiment with ~30 fs
laser pulses at 800-nm wavelength and 1-kHz repetition
rate (Elite Duo, Coherent, Inc., USA). It is noteworthy that

Intensity (arb.)
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Fig. 6 (Color online) (a) Near-field and (b) far-field mode profiles of
output pulses from the hollow waveguide with high input pulse energy
of 906 pJ. (¢) Comparison of spectra of input (red curve) and output
(blue curve) femtosecond laser pulses

the best application for such hollow waveguide fabricated
by femtosecond laser microfabrication should not be spec-
tral broadening or pulse compression, as in these appli-
cations longer waveguides (e.g., tens of centimeters or a
few meters long) are often used [2, 3]. However, as we al-
ready mentioned in the Introduction, the hollow waveguides
may find important applications in the fields such as high-
order harmonic generation or laser particle acceleration.
Nevertheless, for evaluating the performance of the hollow
waveguides fabricated by femtosecond laser for high-field
laser physics application, spectral broadening experiment
carried out in air is the easiest. The laser pulses are focused
into the 62-mm-long hollow waveguide using a lens with
a focal length of 500 mm. The beam size of output pulses
from the femtosecond laser is measured to be ~8 mm, and
then the pulses pass through an aperture with a diameter
of ~4 mm. The clipped beam then reaches the front sur-
face of the lens. First, with low-pulse energy of only ~2 pJ,
the propagation of the beam in the hollow waveguide is al-
most a linear optical process, and no spectral broadening
can be observed (data not shown). In this case, the trans-
mission is measured to be ~84%. Then, we increase the
pulse energy gradually in order to obtain both broad spec-
trum and good beam profile. When the input pulse energy
is increased to 586 wJ, we measure both the near-field and
far-field mode profiles as shown in Figs. 5(a) and 5(b), re-
spectively. Clearly, both mode profiles show single-mode
characteristics. In addition, we observe that the spectrum
is slightly broadened toward the red side, as compared to
the original spectrum of the output pulses at the ~800 nm
wavelength. A further increase of the input pulse energy to
906 J results in significant spectral broadening, from the
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initial bandwidth of 27.2 nm (full width at half-maximum,
FWHM) to 55.7 nm (FWHM), as shown in Fig. 6(c). No-
tably, in this case both the near-field (Fig. 6(a)) and far-
field (Fig. 6(b)) images of the emanating pulses show nearly
single-mode profiles. The measured transmission efficiency
reaches ~47.2% (corresponding to output pulse energy of
428 ). In our experiment, high-intensity femtosecond laser
pulses with pulse energy up to ~1.8 mJ are injected into the
hollow waveguide and no damage is found. The successful
demonstration of the spectral broadening with the hollow
optical waveguide indicates that the structure is robust and
can sustain high-peak intensity that is necessary for high-
field laser physics experiments.

5 Conclusions

To conclude, we have successfully fabricated hollow opti-
cal waveguide in fused silica by femtosecond laser micro-
machining. The inner surface roughness is greatly improved
by a post-annealing process for optical applications. Owing
to the high surface smoothness, the total transmission of the
hollow waveguide reaches ~90%, which is close to the theo-
retical limit of such waveguide based on partial reflection on
the inner wall (e.g., for the 6.2-cm-long hollow waveguide
with a diameter of 250 um, the calculated transmission is
~95% [20], including both the coupling and propagation
losses). We also achieve the spectral broadening of fem-
tosecond laser pulses with the hollow waveguide, e.g., from
the original spectral bandwidth of 27.2 to 55.7 nm.

The unique flexibility offered by the laser direct writ-
ing allows us to precisely tailor the geometry of the hollow
waveguide, as evidenced by the wavy waveguide. In addi-
tion, it is also possible to control the other parameters of the
waveguides in a spatial-selective manner, namely, each por-
tion of the waveguide can be individually tailored by tuning
the laser parameters during the laser direct writing. For ex-
ample, it will be straightforward for us to fabricate a hollow
waveguide composed of sections with alternative diameters
by depositing different doses of laser irradiation for adjacent
sections. Last but not the least, we would like to point out
that with our technique, several hollow waveguides could be
simultaneously fabricated and fused together to form com-
plex photonics networks, such as beam-splitters and cou-
plers, etc. These possibilities make our technique attractive
for high-field laser physics research [21-23].
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