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We report on the design and implementation of a prototype of optical waveguides fabricated in Nd:YAG crystals by
using femtosecond-laser irradiation. In this prototype, two concentric tubular structures with nearly circular cross
sections of different diameters have been inscribed in the Nd:YAG crystals, generating double-cladding waveguides.
Under 808 nm optical pumping, waveguide lasers have been realized in the double-cladding structures. Compared
with single-cladding waveguides, the concentric tubular structures, benefiting from the large pump area of the outer-
most cladding, possess both superior laser performance and nearly single-mode beam profile in the inner cladding.
Double-cladding waveguides of the same size were fabricated and coated by a thin optical film, and a maximum
output power of 384 mW and a slope efficiency of 46.1% were obtained. Since the large diameters of the outer
claddings are comparable with those of the optical fibers, this prototype paves a way to construct an integrated
single-mode laser system with a direct fiber-waveguide configuration. © 2013 Optical Society of America
OCIS codes: (230.7370) Waveguides; (160.3380) Laser materials; (140.3390) Laser materials processing.
http://dx.doi.org/10.1364/OL.38.003294

Light in optical waveguides can reach high optical inten-
sities owing to the confinement of the light field within
much more compact volumes; consequently, laser oscil-
lations in active gain waveguides may possess low lasing
thresholds and comparable efficiency with respect to the
bulk lasers [1,2]. In addition, a single photonic chip may
be constructed in waveguide platforms to achieve multi-
ple functions [3,4]. Since 1996, femtosecond (fs) laser
inscription has become a powerful technique for micro-
structuring of various optical materials, and a wide range
of photonic applications have been realized [4–14]. These
guiding structures include the single-line written wave-
guides (so-called type I, with positive refractive index
changes in the irradiated filament) [8], double-line fabri-
cated waveguides (so-called type II, with stress-induced
guiding region between the two tracks of negative index
changes) [9–14], and depressed cladding waveguides
(located in the core surrounded by multiple low-index
tracks) [15–18]. In Nd:YAG laser crystals, both type-II
stress-induced waveguides [14] and depressed single-
cladding waveguides [17,18] have been successfully
fabricated with fs pulses. One of the advantages of the
cladding waveguides is that the large-scale cross sections
match the commercially available multimode fibers (with
diameters of 100–400 μm), which in principle offers an
opportunity to realize efficient fiber-waveguide laser sys-
tems with low costs. However, as a drawback, the clad-
ding waveguide lasers usually show multimodal beam
properties due to the large diameters of the structures
[19]. The type-II stress-induced waveguides exhibit sin-
gle-mode features; however, the efficient pump of such
structures relies on tightly focused beams (of diameters
no more than 20 μm), which cannot be achieved directly
from fiber-coupled high-power diode lasers (usually

out-coupled by multimode fibers with diameters of
100–400 μm) [20].

In this Letter, we propose a configuration of double-
cladding waveguides containing two concentric tubes
with different diameters, which is, to some extent, similar
to double-cladding fibers. Furthermore, spatial distribu-
tion of the lattice residual stress (as obtained from spec-
tral shifts), fluorescence efficiency, and fluorescence
linewidth were measured in an area covering the clad-
ding waveguide. The generated waveguide lasers are
found to behave as nearly single-mode, delivering higher
output powers, compared with the single-cladding
waveguides.

The optically polished Nd:YAG crystal used in this
work was cut into dimensions of 8 mm × 10 mm×
2 mm. The double-cladding waveguides with circular
boundaries were produced by using the laser facility
of Universidad de Salamanca, Spain. Figure 1(a) shows
the scheme of the fs-laser fabrication procedure in the
Nd:YAG crystal. We used an amplified Ti:sapphire laser
system generating linearly polarized 120 fs pulses at a
central wavelength of 800 nm (with 1 kHz repetition rate
and 1 mJ maximum pulse energy). The pulse energy used
to irradiate the sample was set with a calibrated neutral
density filter, a half-wave plate, and a linear polarizer.
The sample was placed in a computer-controlled motor-
ized three-axes stage. The beam was focused through the
largest sample surface (dimensions 8 mm × 10 mm) at a
depth of 150 μm through a microscope objective (Leica
40×, numerical aperture NA � 0.65) with a pulse energy
of 0.2 μJ. The linear and nonlinear refractive indices of
YAG are n0 � 1.83 and n2 ≈ 6 × 10−16 cm2∕W. Based on
these values the YAG threshold power for self-focusing
has been estimated previously to be 0.9 MW. The laser
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power used in our experiments is estimated to be, for the
pulse energy of 0.2 μJ, close to 1.5 MW, which is above
the YAG threshold power for self-focusing, and hence
self-focusing is expected to occur, leading to the creation
of elongated damage tracks. During the irradiation, the
sample was moved at a constant speed of 700 μm∕s in
the direction perpendicular to the laser polarization
and the pulse propagation, which was carefully aligned
with the 10-mm-long edge of the sample, thus producing
a damage track along the sample. Many parallel scans
(with ∼3 μm separation between adjacent damage
tracks) were performed at different depths of the sample
(from bottom to top in order to avoid the shielding of the
incident pulses by the previously written damage tracks)
to inscribe the double-cladding waveguide, which con-
sisted of a tubular central structure with 30 μm diameter,
and concentric larger size tubular claddings (100 μm
diameter). The cross section of the resulting structures
in the Nd:YAG crystal can be seen in Fig. 1(b). For com-
parison, single-cladding waveguides with cross-section
diameters of 100 and 30 μm [see Figs. 1(c) and 1(d)] were
produced in the same crystal. The propagation losses of
the waveguides at 633 nm were about 1.9, 1.7, and
2.0 dB∕cm at TE polarization, respectively.
The ultrafast laser inscription produced obvious mod-

ifications of the microstructural and fluorescent proper-
ties in the filaments (fs-laser focus), as clearly illustrated
in the fluorescence images included in Fig. 2, which cor-
respond to the concentric tubular configuration. The
graphs correspond to the spatial distribution of the
residual stress affecting the Nd:YAG network pressure
(as obtained from the induced spectral shifts of fluores-
cence lines and that are given in kBar units), the FWHM
(in cm−1 units), and the intensity (in a.u. units) of the
4F3∕2 → 4I9∕2 inter-Stark level emission line of Nd3� ions
around 940 nm (this line is used for this analysis since it
has been found to be hypersensitivity to slight changes in
the Nd3� environments, for example, strain, volume

changes, and disorder). As we can see, a compressive
stress is created along the waveguide contour, being
as large as 4 kBar. The spatial variation of the linewidth
reveals a large broadening of the fluorescence lines at
waveguide contour, which is proportional to the former
one. This, indeed, could be attributed to the local disor-
der of the Nd:YAG system as a consequence of the
damage caused by the tightly focused fs laser. Finally,
the image about the fluorescence intensity (revealing a
net reduction at the damage focus) unequivocally reveals
the creation of defects induced at these locations (i.e.,
partially damaged areas). According to the previous
work [21], the light is confined within the structures as
a consequence of the lower barrier caused by the local-
ized damage. Therefore, the fluorescence images in-
cluded in Fig. 2 show a strong modification of the Nd:
YAG system, caused by simultaneous damage, compres-
sion, and disorder, only at the waveguide’s contour in the
cladding waveguides. Nevertheless, the Nd:YAG network
with slight modification at the waveguide volume leads to
a partial dilatation that is not accompanied by any rel-
evant disorder or damage. With the consistency of the
focus, where the refractive index decreases consecu-
tively measured about 3 × 10−3, the concentric tubular
cladding waveguide could confine the light intensively
propagating in the structure.

The continuous-wave (cw) laser experiments were
performed by using an end-face coupling system. A tun-
able cw Ti:sapphire laser (Coherent MBR 110) generated
a polarized light pump beam at 808 nm. A spherical con-
vex lens with a focal length of 70 mm was used to focus
the pump beam, reducing it to a diameter of ∼140 μm and
coupling it into the waveguide. To achieve the
Fabry–Perot cavity for the 1.06 μm laser emission in
the waveguides, two dielectric mirrors were butt-coupled
to the two polished end facets [the input one with a high
reflectivity (>99%) at 1.06 μm and high transmission
(98%) at 808 nm and the output one with reflectivity of
60% at 1.06 μm and >99% at 808 nm]. The generated
waveguide lasers were collected with a 20× microscope
objective lens (NA � 0.4) and imaged by an IR CCD cam-
era through an aperture. A spectrometer was used to an-
alyze the emission spectra of the generated laser beam.
In the laser experiments, the double-cladding wave-
guides showed stable and remarkable performance.

The near-field intensity profiles of the output lasers
from the double-cladding waveguide and single-cladding
waveguides at 1064 nm are depicted in Figs. 3(d)–3(f).
For comparison, Figs. 3(a)–3(c) show the multimode
near-field intensity distribution at 632.8 nm from the

Fig. 1. (a) Fabrication schematic of fs-laser inscription proc-
ess in Nd:YAG crystals, and optical images of (b) double-
cladding waveguides and single-cladding waveguides with
diameters of (c) 100 and (d) 30 μm.

Fig. 2. Spatial distributions of (a) pressure, (b) FWHM, and
(c) intensity corresponding to the 4F3∕2 → 4I9∕2 inter-Stark level
emission line of Nd3� in the double-cladding waveguide.
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inner core of the double-cladding waveguide and the sin-
gle-cladding waveguides with diameters of 100 and
30 μm, respectively. As one can see, the 30-μm-diameter
cladding structures, i.e., in both the inner core of the dou-
ble cladding and that of the single-cladding [see Figs. 3(d)
and 3(f)] supported single-mode waveguide lasers, which
is significantly different from the larger-scale claddings
[see Fig. 3(e)]. It should be pointed out that, different
from the type-II Nd:YAG waveguides [14], the laser per-
formances as well as the guidance features from these
cladding waveguides are similar for both TE and TM
polarizations, which shows good flexibility for a normal
diode laser pump.
Figure 4 shows the output power of generated lasers at

1064 nm as a function of absorbed pump power at 808 nm
obtained from the inner 30-μm-diameter core of the dou-
ble-cladding waveguides and the single-cladding wave-
guides with diameters of 100 and 30 μm, respectively.
The inset graph shows the spectrum of the laser oscilla-
tion at 1064 nm corresponding to the 4F3∕2 → 4I11∕2 emis-
sion line of the Nd3� ions, with the FWHM being 0.5 nm.
From the linear fits of the output power as a function of
the absorbed power, a slope efficiency of 38.9% can be
obtained from the inner core of double-cladding wave-
guides. In addition, the obtained maximum output
power of the 1064 nm lasers was 102 mW from the

double-cladding (inner mode) waveguide when the ab-
sorbed power was 350 mW. And the lasing thresholds
were determined to be 103 mW. For a good comparison,
the laser curves of the single-cladding structures were de-
picted in the figure. We obtained waveguide lasers with
slope efficiencies of 26% and 21% for the single-cladding
structures with diameters of 100 and 30 μm, respectively.
These values are considerably lower than those from the
double-cladding waveguide core. Moreover, the lasing
thresholds of the single claddings with a diameter of
100 μm were 256 mW, which was higher than that of
the double-cladding core. More importantly, the maxi-
mum output powers of the 30 μm nearly single-mode
waveguide lasers from the double-cladding cores are
as high as 102 mW, which is 50% higher than that of
the 30 μm single-cladding structure (68 mW) with similar
threshold. This owes to the large-area pump but com-
pressed output volume, which means that more pumping
light goes into the whole structure but only generates
guided IR lasers in the inner core region. This advantage
of the double-cladding structures reflects on the laser
performances, resulting in reduced lasing thresholds,
higher slope efficiencies, and increased output powers.

Concentric larger size tubular claddings with diameter
of 100 μm and an inner waveguide core with diameter of
30 μm were fabricated with a pulse energy of 0.42 μJ. A
thin film with a high reflectivity at 1.06 μm and high trans-
mission at 808 nm was coated (serving as the input mir-
ror) on the sample to form the laser resonance cavity
with the end-face of the crystal. The laser experiment
was performed under the same conditions without using
an output mirror at room temperature. From the linear fit
of the data shown in Fig. 5, the maximum output power
obtained are 346 and 384 mW for the waveguide laser at
TM and TE polarization, respectively. The inset graph
shows the generated single mode of the laser supported
both at TE and TM polarization. The slope efficiencies
are 41.5% and 46.1%, respectively, which are quite higher
than those obtained for the sample without thin film.
Meanwhile, from comparison of the laser performance
as depicted in Table 1, this experiment certified that
the effect of using thin film to form the laser resonant

Fig. 3. Near-field intensity profiles of the TE mode of the laser
for the waveguides at (a)–(c) 632.8 nm and (d)–(f) 1064 nm.

Fig. 4. Output power of the generated lasers at 1064 nm as a
function of the absorbed pump power at 808 nm. The inset
graph shows the spectrum of the laser at 1064 nm (0.5 nm
FWHM).

Fig. 5. Output power of the laser as a function of the absorbed
power at room temperature. The inset graph displays the laser
mode of the laser from the waveguide cores at both TE and TM
polarization.
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cavity is much more efficient than using additional mir-
rors, with an improvement of the optical conversion ef-
ficiency from 28.6% to 41% at TE mode.
In conclusion, we have fabricated concentric tubular

waveguides with double claddings in Nd:YAG crystal
by using fs-laser inscription. Nearly single-mode wave-
guide lasers with slope efficiency of 46.1% and maximum
output power of 384 mW from the inner cores have
shown superior laser performance to the standard
single-cladding waveguides, which benefits from the
large-area pump of the outermost cladding. It should also
be pointed out that the laser performances of the clad-
ding waveguides in the present work are limited by
the powers of the pumping lasers. A few watts output
power of the generated waveguide lasers could be ex-
pected in the case of an efficient pump from a fiber-
coupled diode laser. In addition, since one of the major
advantages of the fs-laser writing technique is the
capability of realizing arbitrary shapes, it is intriguing
to produce more complicated geometry (e.g., D-shaped
cladding with off-centered core) to improve the lasing
performances. This work paves a new way toward con-
structing an integrated high-power, single-mode laser
system with a direct fiber-waveguide configuration.
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Table 1. Characteristics of Double-Cladding Waveguides

Polarization Direction Mirror/Film Output Power (Max.) (mW) Slope Efficiency (%) Lasing Threshold (mW)

TE Mirror 102 38.9 101
TM Mirror 91 32 104
TE Film 384 46.1 106
TM Film 346 41.5 105
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