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We present a high-dispersive multilayer mirror for pulse stretching in a femtosecond fiber laser amplification system.
The designed mirror contains 54 layers with a total physical thickness of 7.3 um, which can provide a positive group delay
dispersion (GDD) of 600 fs2 and a high reflectance over 99.9% from 1010 to 1070 nm. The samples were prepared by
dual ion beam sputtering. The measured transmittance matches well with the theoretical result. The GDD characteristics
of samples were tested by home-made white light interferometer. The measured GDD is higher than the design results,
an average GDD of +722 fs2 from 1010 nm to 1070 nm. The mirrors were employed in a Yb-doped large-mode-area
photonic crystal fiber amplification system. An input pulse compressed by the gratings with autocorrelation function of
83 fs is obtained with a stretched FWHM of 1.29 ps after 28 bounces between the dispersive mirrors. The results show
that the multilayer dispersive mirror could be an effective and promising technique for pulse stretching in femtosecond

amplification systems.
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1. Introduction

Dispersive mirrors are indispensable components for
dispersion control in femtosecond lasers, especially group
delay dispersion (GDD) compensation for ultrashort pulse
compression.!!=13] The multilayer dielectric dispersive mirrors
have lower energy loss, higher damage thresholds. Moreover,
dispersive mirror compensators are compact, robust, and easy
to be inserted into laser systems, therefore they are gradually
replacing conventional prisms and grating pairs. In femtosec-
ond fiber lasers amplifiers, the third-order dispersion (TOD)
introduced from the fiber stretcher and grating compressor
will cause serious distortion to output pulse shape, which re-

[16.17] The compensation of

stricts a higher stretching ratio.
TOD requires a combination design of fiber stretcher and grat-
ing pair.['31°1 The dispersive mirrors are more flexible in tai-
loring GDD compensation and can provide accurate control
of high order dispersion. Gires—Tournois interferometer mir-
rors were employed in a femtosecond nonlinear amplification
fiber laser system to provide around —10000 fs> TOD com-

20211 Dispersive mirror

pensation to reduce the pulse pedestal.!
can be a good alternative as pulse stretcher. However, there
are few reports on such applications in femtosecond fiber laser
amplification systems.

In this paper, we present a high-dispersive multilayer mir-
ror for pulse stretching in a femtosecond fiber laser amplifi-

cation system. The designed mirror can provide a consider-
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able positive group delay dispersion of 600 fs?, and a high re-
flectance over 99.9% from 1010 nm to 1070 nm. The samples
were prepared by dual ion beam sputtering deposition. The
GDD characteristics of samples were tested by a home-made
white light interferometer with an average GDD of +722 fs?
from 1010 nm to 1070 nm. The mirrors were employed in
a Yb-doped large-mode-area photonic crystal fiber amplifica-
tion system, successfully to stretch an input pulse with auto-
correlation function of 83 fs to 1.29 ps after 28 bounces be-
tween the dispersive mirrors. The results show that the mul-
tilayer dispersive mirror could be an effective and promising
technique for pulse stretching in femtosecond fiber laser am-
plification systems.

2. Theoretical design and analysis

The dispersive mirrors were designed for the Yb-doped
large-mode-area photonic crystal fiber oscillator. Nb,Os and
SiO, are employed as high and low refractive index materi-
als, respectively, and the substrate is BK7. The optical con-
stants of NbyOs and SiO, at different wavelengths are listed
in Table 1. The refractive index of Nb,Os is 2.20 and SiO,
is 1.48 at 1040 nm. The needle optimization method imple-
mented in the Optilayer software was applied to design and
analyze the design results of the dispersive mirrors. The struc-
ture of designed dispersive mirror is shown in Fig. 1, which
consists of 54 layers alternating by Nb,Os and SiO», and the
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total physical thickness is 7.3 um. It can provide a positive
group delay dispersion (GDD) of 600 fs?, with the GDD rip-
ple under £50 fs?, and an average reflectance of over 99.9%
from 1010 nm to 1070 nm.

Table 1. Optical constants of Nb,Os and SiO, at different wavelengths.
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Fig. 1. The design results of dispersive mirror: (a) structure of the mul-
tilayer dispersive mirror, (b) calculated reflectance and GDD curves of
the designed multilayer dispersive mirror.
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Fig. 2. Distribution of the electric field intensity inside the multilayer
structure.

The distribution of electric field intensity inside the multi-
layer structure is demonstrated in Fig. 2, to describe the mech-
anism of GDD compensation provided by multilayer coatings.
The penetration depth represents the distance from the surface
of the multilayer structure. The resonances with enhancement
of intensity appear at the penetration depth of around 0.7 um,
1.7 wm and 3 pum, respectively. The light of shorter wave-
lengths travels with deeper penetration while the longer wave-
lengths are reflected near the surface, therefore a positive GDD
compensation can occur for pulse stretching.

The error analysis of manufacturing errors including re-
fractive index and layer thickness are performed to evaluate
the sensitivity of GDD characteristics, as plotted in Fig. 3.
The area enclosed by two dashed lines neighboring the GDD
designed curve represents the calculated results with a proba-
bility of 68.3% in random relative deviation of 1% for refrac-
tive index and layer thickness of each layer. The results show
that GDD is highly sensitive to the refractive index and layer
thickness deviations, the probably worst case is such that GDD
deviation is around 970 fs? for refractive index and 805 fs? for
layer thickness at 1010 nm. A decrease of GDD deviation is
found in longer wavelengths. The error analysis results indi-
cate that manufacturing of the dispersive mirror requires pre-
cise refractive index control and layer thickness monitoring.
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Fig. 3. GDD characteristics of the designed dispersive mirror (straight
line) and the calculated deviations with random 1% refractive index er-
rors (dashed line in blue) and thickness errors (dashed line in red).

3. Experimental results and discussions

The samples were prepared by ion beam sputtering de-
position. Ion beam sputtering deposition is a highly stable
process and considered as one of the best optical thin film
deposition techniques. The coating plant was carried out in
our home-made dual ion beam sputtering deposition system
equipped with 16 cm and 12 cm RF ion sources (Veeco Inc.).
The background pressure was 2 x 107* Pa. Ar and O, were
introduced into the system during the process and the work-
ing pressure was 5 x 1072 Pa. A planetary rotating substrate
holder was employed to increase uniformity of layer thick-
ness. Quartz crystal monitoring was implemented to control
the layer thickness of thin films during the deposition process.

The transmittance curve of mirror was measured by a
spectrophotometer (Perkin-Elmer Lambda 900). The GDD
characteristics of the sample was tested by a home-made scan-
ning white light interferometer. White light interferometer was
a Michelson-type interferometer, which was used to record
the interferograms of broadband light source with changing
the length of reference arm and applying a specialized data
processing to extract GD and GDD of the sample. The mea-
sured transmittance of the sample is plotted in Fig. 4, which
shows a good agreement with the calculated results. The mea-
sured GDD characteristics of the sample are shown in Fig. 5.
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The measured GDD is higher than the design results with a
larger ripple, an average GDD of +722 fs? from 1010 nm to
1070 nm. TOD is introduced with the ripple of GDD, mea-
sured at an average of 1634 fs> from 1010 nm to 1070 nm.
The deviations are at acceptable level due to manufacturing
errors during the preparation.
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Fig. 4. Design and measured transmittance curves of the sample.
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Fig. 5. Design and measured GDD characteristics of the sample.
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Fig. 6. Design and measured TOD characteristics of the sample.

The experimental setup with implement of dispersive mir-
rors as pulse stretcher is demonstrated in Fig. 7. An original
pulse is generated from Yb-doped large-mode-area photonic
crystal fiber oscillator, and compressed by the gratings, with
an FWHM of autocorrelation function of 83 fs. A total GDD
of around +20000 fs? is provided by the dispersive mirrors
with 28 bounces between them, which is enabled to output a
stretched pulse with FWHM of 1.29 ps. A higher GDD com-
pensation can be achieved for more bounces in demand. The
results show that the multilayer dispersive mirror could be an

effective and promising technique for pulse stretching in fem-

tosecond amplification systems.
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Fig. 7. Experimental setup of Yb-doped large-mode-area photonic crystal
fiber femtosecond laser amplification system employing with dispersive
MIITors.
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Fig. 8. The autocorrelation trace of input pulse and stretched by disper-
sive mirrors.

4. Conclusion and perspectives

We have presented a high-dispersive multilayer mirror for
pulse stretching in a Yb-doped large-mode-area photonic crys-
tal fiber femtosecond amplification system. The mirror de-
signed containing 54 layers with a total physical thickness of
7.3 um can provide a considerable positive GDD of 600 fs>
and a high reflectance over 99.9% from 1010 nm to 1070 nm.
The samples were prepared by dual ion beam sputtering. The
measured transmittance shows good agreement with the the-
oretical result. The GDD characteristics of the sample was
tested by white light interferometer. The measured GDD is
higher than the design results, an average GDD of 4722 fs?
from 1010 nm to 1070 nm. The TOD is introduced with the
ripple of GDD at an average of 1634 fs*> from 1010 nm to
1070 nm. The mirrors employed in the Yb-doped large-mode-
area photonic crystal fiber amplification system, an input pulse
compressed by the gratings with autocorrelation function of
83 fs, is obtained with FWHM of 1.29 ps after 28 bounces
between the dispersive mirrors. The results show that the mul-
tilayer dispersive mirror could be an effective and promising
technique for pulse stretching in femtosecond amplification

systems.
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