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ABSTRACT
High order gratings using phase mask technique are
investigated theoretically and experimentally. The
results shows that even a small amount of the zerothorder component in the diffraction distribution would
have substantial effects on high order gratings. It
provides a useful basis for producing different gratings
towards short wavelength application using one single
phase mask.

induced index change [7], ensuring the effectivity and
stability of high order gratings in short wavelength range.
2. THEORETICAL ANALYSIS
We are assuming, that a quasi-monochromatic plane
wave polarized parallel to the grating grooves is incident
normally on a phase mask of period PM. The emergent
field distribution behind the phase mask is composed of
a set of diffracted plane waves [6, 8] propagating at
angles 𝜓𝑛 , satisfying
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1. INTRODUCTION
Fiber Bragg gratings (FBG) are attractive optical devices
with a wide range of applications in laser systems [1],
optical telecommunications [2], and sensors [3]. The
phase mask technique has been widely used in
manufacturing of fiber gratings [4] and represents the
most common technique for mass production, as it
greatly simplifies the manufacture process and produces
gratings with high performance. However, once the pitch
of a phase mask is chosen, it is difficult to tune the Bragg
wavelength over more than 100nm. Additionally, due to
the limitation of the phase mask manufacturing
technology, small pitch for short wavelength operation,
especially in the UV band, is hard to achieve. In 1993, B.
Malo et al. observed excimer-pulse-written high order
gratings by use of a zeroth-order nulled phase mask [5].
Nevertheless, the presence of the 0th order diffraction
beam, which interferes with ± 1st orders and causes the
formation of a periodic Talbot interference pattern [6]. It
affects the intensity distribution behind the phase mask,
changing the FBG properties.
In this paper, high order gratings are optimized for
short wavelength operation through both numerical
investigation and experiments demonstration. A growth
modeling of the photo-imprinting process of FBGs
combining with 0th order diffraction effects is proposed.
The model is based on the exponential dependence of the
photo-induced refractive index changing with exposure
time and incident optical power. The saturation effect of
the induced index is also considered. The experiment is
carried out in Ge-doped fiber under the exposure of UV
femtosecond radiation, which is associated to multiphoton absorption process in the mechanism for photo-
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(1)

where 𝜆 is the imposed wavelength in the medium and
m is the largest integer for which 𝜓𝑛 retains a real
value. The z direction denotes the grooves array direction
and the x direction the laser beam incident direction on
the phase mask. The contributions from each diffracted
component, ignoring vector effects, can be superposed to
generate the field, E(x, z) produced by the interference
of diffracted beams [9]
𝐸(𝑥, 𝑧) = ∑𝑚 𝐶𝑚 e𝑖𝑘𝑚 𝑥 e𝑖𝑚Gz

(2)

where 𝐶𝑚 is the amplitude of the electric field of the mth order diffraction, 𝑘𝑚 = (𝑘 2 − 𝑚2 𝐺 2 )1/2 is the xcomponent of wave vector k, 𝐺 = 2𝜋/Λ𝑃𝑀 is the
reciprocal vector of the phase mask, wave vector 𝑘 =
2𝜋/𝜆.
The index change profile of FBG can be regarded as
a function of z and t, and it is periodic in z with a constant
period, also influenced by the exposure time t and
intensity distribution imposed by E(x, z). Here, for the
sake of simplicity, the diffraction orders higher than ±1th
are ignored. Due to the unavoidable 0th-order
diffraction, gratings will be effected by the interference
between ±1th order and 0th order. Considering the
exponential dependence of the photo-induced refractive
index changing and the saturation effect [10, 11], the
model of FBG index variation can be described by
𝑛(𝑧, 𝑡) = 𝑛𝑐𝑜 + 𝑛(𝑧, 𝑡)

(3)
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Where the 𝑛𝑁 values determine the peak reflectivity
of N-th order grating, L represents the total length of the
grating.
To simulate a realistic case, a phase mask of period
PM=1074 nm designed for 𝜆𝐵 = 1550 nm, and a
standard telecom fiber with radius of 𝑥 =62.5 μm are
chosen. To simplify the simulation, we define
T=𝑘1 𝑡𝐼1 =0.5, 1, 5, 20, and 𝑒 = √

𝐼0
𝐼1

= 0.1. It can be

observed from Fig. 1 (a) that instead of having a period
of =PM/2 in the case of 0th-order nulled phase mask
[12], the index change fringes are spaced by period of
=PM. With the increase of the T, i.e. extending the
exposure time or incident radiation power, the fringe
visibility is decreasing progressively.
This effects is further accentuated when e increases to
0.3 as shown in Fig. 1 (b). The result proves that even
with small efficiency in the diffraction field, the 0th
order component causes a huge effect on the FBG
resonant wavelength.
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Fig. 1 Refractive index change along the FBG (a)
e=0.1; (b) e=0.3
Fig. 2 gives the refractive index change of each higher
order gratings versus with defined exposure time T.
There are changes of high order gratings both in the
resonant wavelengths and intensity of reaching the
maximum point.
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Where 𝑛𝑐𝑜 is the refractive index inside the fiber core,
𝑛(𝑧, 𝑡) represents the photo-induced refractive index
change, 𝑛0 is the saturation level, i.e. the maximum
variation of index change, 𝑘1 is an adjustable parameter
proportional to the intensity of the UV beam, I 1
represents the symmetrical intensity of ±1th order
diffraction, and 𝐼0 represents the intensity of the 0th
order diffraction through phase mask.
The index variation function 𝑛(𝑧, 𝑡) can be
expanded into Fourier series,
2𝜋𝑧
𝑛(𝑧) = 𝑛0 (1 + 𝑛1 cos (
+ 𝛽1 )
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Fig. 2 Refractive index change with the increasing of T
(a) e=0.1; (b) e=0.3
The appearance of a peak at the Bragg wavelength
B=3100 nm can be attributed to the 0th order
interference influence on fringe period of PM. This
interference also explains the emergence of peaks at

1033 nm and 620 nm, which are not commonly observed
in higher order gratings. When e increase from 0.1 to 0.3,
the even-th order components (1550 nm, 775 nm, and
517 nm) experience a significant drop of the index
change, corresponding to a decrease of reflectivity,
making them a weaker grating, while the odd-th order
enjoys a growth. That means developing 0th order
diffraction can be used for strengthen the odd-th order
gratings, and to reduce the even-th order ones.

exponential dependence is studied. 0th-order diffraction
effects and the saturation effect of the induced index are
also considered. The results shows that even a small
contributions of the 0th-order component would produce
significant variations on high order gratings. The
experimentally we demonstrated that reflectivity of
second order can reach 20 dBm. The model provides
valuable guidance to understand the grating formation
and to produce higher order gratings for short
wavelength application on one single phase mask.

3. EXPERIMENTAL RESULTS
5. ACKNOWLEDGMENTS
The method for producing the Bragg gratings is similar
to that described by Stephen A. et al. [13]. The fourthharmonic radiation of a femtosecond laser emitting 220
fs pulses at 258 nm is used for the inscription of FBGs.
The measured beam diameter is 0.3 cm (FWHM), the
repetition rate is set to be 1 kHz, and the pulse energy is
up to 80 J. In the fabrication process we used the phase
mask from Ibsen Photonics with a period of Λ = 1.074
μm resulting in primary Bragg peak at λB = 1556 nm in
a photosensitive fiber (PS750).
Fig. 3 shows the evolution of the reflection spectrum
of the second order grating around 783 nm during the
inscription process. The insert of Fig. 3 gives the
dependence of Bragg wavelength and strength with the
exposure time. When exposure time increases from 200
s to 1400 s on a total inscribed fiber length of 1 cm, the
strength of the second order grating firstly presents an
exponential increase, and then a fast degradation after
reaching the saturation point. In the meantime, the center
wavelength of the grating moves towards the longer
wavelengths through all the process, which is induced by
the change of the average mode effective index [12, 13].
These experiments results perfectly verify the theoretical
analysis.
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Fig. 3 Evolution of reflection spectra at 783 nm
during inscription process
4. CONCLUSION
The analysis of high order gratings using phase mask
technique is reported through both theoretically
calculation and experiments demonstration. Modeling of
the photo-imprinting process of FBGs based on the
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