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Abstract In this paper, the effect of spatial variation of
fringe visibility on the length, reflectivity and wavelength
tuning of fiber Bragg gratings (FBGs), written by a biprism
interferometer, is analyzed. The variation of fringe vis-
ibility and usable fringe area are the cumulative effect of
spectral and spatial frequency spectrum of the laser source,
beam profile and fringe stability. It is analytically shown
that with the increase in the distance of FBG writing plane
from the biprism, the saturation of UV fringes-induced
refractive index modulation decreases, whereas the reflec-
tivity of FBGs inscribed will pass through a maximum.
Fiber Bragg gratings are written by a UV beam (255 nm,
5.6 kHz, 30 ns) at different distances from a 24° refrac-
tion angle biprism. The trends on experimental results
matched the analysis. The maximum reflectivities observed
are of 93.6 % (12 dB) for FBGs in Ge-B co-doped fiber
and 99.8 % (29 dB) for FBGs in hydrogen-loaded SMF-28
fiber, attributed to the consideration of spatial variation of
fringe visibility in the biprism fringe depth on the optimi-
zation of FBG reflectivity. These are incidentally the high-
est values, so far reported, for FBGs written by a biprism
interferometer.

1 Introduction

Fiber Bragg gratings (FBGs) are important components in
fiber optic communication and sensor systems [1-3]. Fiber
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Bragg grating is made by inducing refractive index (RI)
modulation, by spatially patterned UV radiation, in the core
of a photosensitive optical fiber [4-8]. Phase mask, interfer-
ometric and point-by-point methods are used for FBG fab-
rication. Phase mask technique is most efficient, but wave-
length specific. Distributed sensing requires multiplexing
of many FBGs, each of different Bragg wavelengths, in
the fiber network. Both phase mask—Talbot interferom-
eter and point-by-point technique are suitable for writing
FBGs at different Bragg wavelengths [9-12]. The long
arm of Talbot or mirror-based interferometers necessitates
a stable UV beam for multi-pulse FBG inscription. The
stability of fringe system in a mirror-based interferometer,
involving large number of optical and mechanical compo-
nents, is prone to environmental disturbances. Submicron
focal spot and positional accuracy of translation stages are
required for fabrication of submicron period FBG by the
point-by-point method. FBG fabrication by focused femto-
second laser by point-by-point method relies on refractive
index changes by multi-photon absorption [12]. Such FBGs
reveal large birefringence and high degree of polarization.
The prisms interferometers, simple and cost effective, are
used as a method of wavefront division to holographically
write first-order Bragg gratings [13—16]. A biprism inter-
ferometer offers many advantages such as high damage
threshold in the absence of surface coatings, inherent fringe
stability due to a single optical element, ease of fabrication
and handling and suitable for Bragg wavelength tuning.
FBGs at different Bragg wavelengths can be inscribed by
the same biprism using a geometrically diverging UV beam
incident on the biprism [17]. The tuning is accomplished by
translation of the fiber in the biprism fringe depth, which
avoids the necessity to rotate the biprism or changing the
angle of incidence of the UV beam. The tuning can also
be accomplished by changing the geometrical divergence
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envelope of the UV beam. The fiber is then placed in a
particular position, particularly in the fringe plane of opti-
mum FBG reflectivity. However, the reported reflectivities
of biprism-written FBGs are low [13—15]. The FBG reflec-
tivity observed in biprism-based writings is: 44 % with
the frequency-doubled (244 nm) CW Ar' laser [13], 62 %
with single-pulse writing by excimer laser (248 nm) [14]
and 55 % with frequency-doubled (255 nm) copper vapor
laser [15]. In the above studies, fiber-to-biprism distance
was fixed; particularly, fiber was placed at the middle of the
fringe depth to obtain maximum FBG length. However, the
effect of spatial variation of fringe visibility in the biprism
fringe depth on saturation of RI modulation, limitation of
FBG length and reflectivity needs to be addressed.

In this paper, the effect of spectral and spatial fre-
quency spectrum of the laser source on the spatial varia-
tion of fringe visibility and the usable fringe area in the
beam overlap region of a biprism is analyzed in view of
writing fiber Bragg gratings. The effect of spatial varia-
tion of fringe visibility on limitation of length, reflectiv-
ity and wavelength tuning of gratings written is discussed.
The FBGs were written at different distances from the
biprism by a low-pulse-energy and high-repetition-rate
UV (255 nm, 5.6 kHz, 30 ns, 55 nJ) beam. Experimental
results observed agreed with the analysis.

2 FBG writing by a biprism interferometer

Figure 1 shows the cross-sectional view of UV beams
(thick ray for collimated and thin ray for diverging beam)
incident on the biprism of width 2 h, refraction angle § and
material refractive index n,. The biprism is having an axial
symmetrical structure with a rectangle aperture. The apex
of the biprism (O) is taken as origin, and x-axis as optical
axis. The z-axis is defined along the wedge angle direction
vertical to the x-axis on the plane. The laser source photon
energy lies in the absorption band of the GeO defects in the
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fiber. The biprism divides the incident UV beam of width
2 W (in xz-plane) into two halves. For the collimated beam,
the fringes are formed in the diamond-shaped overlap
region OBAC [co-ordinates O (0, 0), A (2x,, 0), B (x, zp)
and C (x), —zy)]. Different angles and optical path lengths
in the interferometer geometry are calculated by ray optics.
As shown in Fig. 1, the beam overlap length along opti-
cal axis (OA) for the collimated beam is 2x, and that trans-
verse to optical axis (BC) is 2z, (= 2x, tancr) where x,, (dis-
tance of maximum overlap plane from O) and « (angle of
intersection of the refracted ray with x-axis) are given as,

xo = 0.5W(cota —tan B); « =sin" ' (n,sinf) — B (1)

For FBG inscription, the fiber is placed in a fringe plane
(x) parallel to z-axis. The UV fringes-exposed fiber length,
L(x), is given as,

L(x) = 2xtana(forx <xp) and

(2xg — x) tana(for xg < x < 2xp) (2)
The fringe width (A) is given as,
A = Ay /2sina (2b)

The Bragg wavelength (1,) in the first order of a inscribed
FBG is given as, A, = 2n A, wheren is effective refrac-
tive index of the fiber. Separate biprisms of different refrac-
tion angles are required to write FBGs at different wave-
lengths. However, FBGs at different Bragg wavelengths
with considerable tunability can be inscribed when a geo-
metrically diverging UV beam of small angular envelope
incident on the biprism. The fringes are formed in the over-
lap region OB'A!C!. In this case, the loci of fringes are
hyperbolic, like those in the Young’s double slit.The fringe
width will increase with the increase in the distance (x)
of the fringe plane from the biprism [17]. Figure 2 shows
the variation of Bragg wavelength with the increase in the
distance of separation between fringe plane and biprism
for inputs A = 10 mm, W = 6 mm, n, = 1.5, n = 1.456,
B = 24° for 2¢ = 0, lo and 2°. With the increase in the



FBG inscription by a biprism interferometer: analysis and experiment

285

1680

1660

1640

1620

1600

1580

1560

Bragg wavelength (nm)

1540 | fewer

15200

Distance from biprism (mm)

Fig. 2 Change in Bragg wavelength with the increase in the distance
(x) from the biprism

biprism-to-fiber distance (x) from O to A!, the change in
Bragg wavelength is of about 67 nm (dA /dx ~ 2.9 nm/
mm for 2¢ = 1°) and 134 nm (dA/dx ~ 5.8 nm/mm for
20 = 2°).

For fully coherent UV beam, the FBGs could be writ-
ten at any position in the fringe depth. However, depending
on the coherence properties of the light source, the usable
interference region for FBG inscription may be reduced as
compared to the diamond-shaped beam overlap region. The
restrictions are especially due to spatial variation of fringe
visibility.

2.1 Spatial variation of fringe visibility

The intensity distribution in the interference region can be
described as,

I(x,2) =11(x,2) + [(x,2)

3
+ 2V 11 (x, )12 (x, 2) [Y12(x, 2)| cos[kuy Al] )

where Al is optical path difference, k,, (= 27/A,,) is prop-
agation constant, I; (x,z) and I, (x,z) are intensity distribu-
tions, ly;,(x,z)l is the normalized mutual coherence of light
field. The fringe visibility (V) is given as,

V(x,2) = g, Dy12(x, 2)] 4)

where g(x.2) = 2 {I;(x2) Lx2)}H{L(x2) + Lx2)},
termed as fringe modulating parameter further in the
text. For a perfectly coherent beam, ly,,(x,z)] = 1 and
0 < ly;,(x,2)l <1 for a partially coherent source. The nor-
malized mutual coherence in a typical fringe plane depends
on statistical properties of the source and geometry of

the interferometer setup. The mutual degree of coherence
combines both spatial and temporal characteristics in one
single term. Spatial coherence is the correlation of the
electric fields at two different positions (r; and r,) on the
same wave front. Temporal coherence is the correlation
between the fields at two different times (¢, and ¢, (=¢; + 1)
in the same wave train. The time average fringe visibility
is cumulative effect of spectral and spatial frequency spec-
trum of the laser source, intensity distribution across the
beam and fringe stability.

2.1.1 Effect of finite spatial coherence

For a source with continuous spectrum, the normalized
mutual coherence is the Fourier transform of the spectral
and spatial frequency spectrum of the laser source [18].
The Fourier transform of a Gaussian distribution of spa-
tial frequency spectrum is a Gaussian and that for a flat top
spectrum is a Sinc correlation function, and it decreases
with the increase in the separation distance between two
interfering points emanating from the same wavefront [18—
20]. The distance of separation (r,) between two points on
the incident wavefront (in case of collimated beam) from
which emanating waves interfere at P(x, z) is given as,

2xtan o
s

&)

"l —tano - tan

In case of a geometrically diverging UV beam, the dis-
tance x is higher for same distance of separation between
two points on the wavefront incident on the biprism.
Thus the normalized mutual coherence will decrease with
the increase in distance of the fringe plane (x) from the
biprism. Assume that the incident beam is a composite of
a finite angular spectrum of plane waves originating from
the extended source at angles (86) varying between —A¢/2
and +A¢@/2 where A¢ is diffraction divergence of the UV
beam. By incorporating the angular dependence of k-vec-
tor, the additional phase difference [§(kAl)] introduced at a
point of interference between two plane waves, originating
at angle 86 from the extended source, is ~k,,(r,660). Integra-
tion of fringe intensity, over all 36 in between —A¢@/2 and
+A@/2, and the normalized mutual degree of coherence for
a flat top spatial frequency distribution can be described as,

. [ kyyxtanaAg H
Sinc| ———M—

x, A ~
ly12(x, Ag)| I —tana - tanp

(6)

The fringe visibility will decrease with the increase in the
beam divergence, refraction angle of the biprism and dis-
tance of the fringe plane from the biprism. The change
of ly;,(x,A¢)l and L(x) with the increase in x for inputs
B =24° W =6 mm, Ap = 25 and 100 prad is shown in
Fig. 3 as an illustration.
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Fig. 3 Variation of simulated normalized mutual degree of coherence
[ly1,(x,A¢)I] and exposure length [L(x)] with the increase in distance
(x) from the biprism

2.1.2 Effect of finite temporal coherence

A sinusoidal fringe pattern is formed for a single tem-
poral frequency of the UV beam. However, for a source
with finite temporal coherence, the integration of sinu-
soidal fringe intensity (Eq. 3) over whole spectral width
(Av) will lead to change in fringe intensity, along z-axis
(Fig. 1). The normalized mutual temporal coherence,
for a source with flat temporal frequency spectrum, can
be expressed as, ly;, (Av,7)l ~ ISinc (wAvt)l, where
T (= Allc where c is velocity of light) is time delay.
In the present setup (Fig. 1), T = &z/c where & = 2tanf
(sec ¢ — np)/(l — tano-tanf). Thus, Iy, (Av,z)| can be
expressed as,

T Av
Sine TAVE?

ly12(Av,z)| = @)

The fringe visibility will decrease with the increase in the
distance (Izl) from the optical axis. Figure 4 shows the
variation of ly;, (Av, z)I with z for spectral bandwidths
of 10 GHz (2.1 pm), 240 GHz (50.4 pm) and 500 GHz
(105 pm) with inputs W = 6 mm, n, = 1.5 and g = 24°.
The decrease in ly;, (Av, z)I with z is steeper for higher

spectral bandwidth of the laser source.
2.1.3 Effect of beam profile

For uniform beam profile, the fringe modulating parameter
[g(x,2)] is unity. However, for a non-uniform beam profile
such as cylindrically focussed top hat or a Gaussian UV
beam, the field amplitude at P(x,z) is not same for both the
refracted beams as they originate from different points on
the wavefront, separated by the distance r,. The spatial vari-
ation of fringe modulating parameter will be different for
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Fig. 4 Variation of simulated normalized mutual degree of coher-
ence [ly;, (Av, 2)I] with the increase in distance (z) from optical axis
(z = 0) for different spectral widths
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Fig. 5 Variation of simulated fringe modulating parameter [g(x, z)]
with the increase in distance (z) from optical axis at x = 6 mm and
x =11 mm

different beam profiles and different FBG writing planes in
the fringe depth. As an illustration, for a Gaussian beam,
g(x,z) can be expressed as,

2o~ (B1+03)/W?

glx,2) = (8

ef2b%/W2 _i_efzbg/vv2
where b, = (x tano + z)/(1 — tana-tanf) and b, = (x
tane — z)/(1 — tana-tanf). Figure 5 shows the variation
g(x,z) along z in the typical fringe planes at x = 6 mm and
x = 11 mm for inputs 8 = 24° and W = 6 mm. The fringe
modulating parameter decreased from unity at z = 0 to
about 0.66 at z = & 2.6 mm. It is clear that the variation of
g(x,z) is different in different fringe planes.
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visibility with spectral bandwidth (Av) normal to the optical axis

2.1.4 Effect of fringe stability

The stability of fringes depends on acousto-optic vibration,
ambient temperature fluctuation and laser beam pointing
instability. In a biprism interferometer, the fringe drift due
to beam pointing instability increases with the increase in
the distance of the fringe plane from the biprism [21]. For
single-pulse writing of FBG, the fringe stability is immate-
rial. But FBG writing requires millions of pulses for a low
pulse energy laser beam or tens of seconds for a CW beam.
The spatial shifting of fringes with respect to the fiber will
dilute the refractive index modulation contrast of the FBG
requiring 10 s of seconds for inscription.

2.2 Effect spatial variation of fringe visibility on FBG
parameters

2.2.1 FBG length

The variation of fringe visibility along x and z directions will
limit the usable fringe area for FBG inscription. The UV beam
of higher divergence (A¢) restricts the FBG length via the
maximum permissible distance of the fiber from the biprism.
A uniform UV beam with a flat top distribution of spatial and
spectral frequency spectrum is considered for calculation of
FBG parameters. The distance of first zero fringe visibility (x,)
from the biprism apex (O), from Eq. (6), is given as,

Xy = Ay(1 —tano - tan B) /2 A tan « 9)

For x; > 2x,, the diffraction divergence is not a limitation
on FBG length. However, for x, < 2x,, the distance x, may
be assumed as the maximum permissible distance, between
biprism and fiber, for FBG inscription. The UV beam far-
field divergence may be reduced by different techniques

such as spatial filtering, expanding the beam diameter or
by changing the optical resonator of the source laser. The
biprisms of different refraction angles may be used to write
FBGs at different Bragg wavelengths. Figure 6a shows
the variation of x, versus A¢ for § = 24° and B = 32°.
The maximum permissible distance from biprism to fiber
decreases with the increase in beam divergence (A¢) and
biprism refraction angle (8).

The large spectral width of the writing UV beam may
limit the FBG length. The distance (Iz,|) of the position of
zero fringe visibility, along z, from the optical axis is given
as,

|zv| = c/EAv (10)

Figure 6b shows the change of Iz,| with change in UV beam
spectrum bandwidth (Av) for 8 = 24° and 8 = 32° The
spectral width (Av) will not limit the usable fringe area for
Izl > z, [for which Av < (c/§ z;) = (c/€ x, tana)]. Typi-
cally, z, (=x, tane) is 2.67 mm for g = 24° and 2.3 mm
for B = 32° for inputs W = 6 mm and n, = 1.5. In such
a case, the spectral bandwidth will not restrict the FBG
length for Av < 240 GHz (for 8 = 24°) and Av < 206 GHz
(for B = 32°). However, for Av > (c/€ z;), the maximum
possible length of FBG will depend on spectral bandwidth
(Av) of the source. Inscription of FBGs beyond maximum
overlap (x > x;) is not preferable as both fringe contrast and
FBG length decrease. Incorporating both the spatial and
temporal effect, the maximum length (L,,) of a FBG that
can be inscribed by placing the fiber in the biprism fringe
depth may be expressed as,

2c/EAV (xy < X5 < X0)
Lmax = 2xstana (xy < xp < X0) (11)
2xptana (x, > x5 > x0)
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Fig. 7 Pictorial representa-
tion of usable fringe area in the
overlap region

Y12 (A9, X)

where x, = (c/EAv tana).

Figure 7 is a pictorial representation of the region of usa-
ble area of interference region (shaded) for FBG inscription
for x, < X, < X,. The horizontal dotted lines (z = £lz,|) par-
allel to optical axis represent the positions of zero fringe
visibility in the fringe planes, transverse to optical axis. The
vertical dotted line (x = x;) represents zero fringe visibil-
ity plane perpendicular to optical axis. For UV sources of
different beam profiles and temporal and spatial frequency
spectrum, the spatial variation of fringe visibility may be
different. Typically, for a Gaussian distribution, the fringe
visibility will decrease exponentially with the increase in
x and z. In such cases, x, and |z,| may be assumed as the
distance where the fringe visibility reduces to e~2 of that
at x = 0 and at z = 0, respectively. The variation of fringe
modulating parameter and fringe instability will further
reduce the useable fringe area, thus affecting both FBG
length and reflectivity.

2.2.2 Refractive index (RI) modulation

The physical mechanisms behind UV-induced refrac-
tive index changes are not completely understood and can
greatly vary depending upon exposure conditions and glass
composition. A proposed model of UV fringes-induced
refractive index distribution is of the form [16],

dn(z, N) = Ang [1 — o kN{l+cos(2mzA)} (12)
where An, is saturable index change, N is the number of

incident UV pulses and k is a fitting parameter [16]. The
fitting parameters are likely to involve absorption cross
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section of defects at the UV wavelength and intensity of
the incident UV radiation. As per Eq. (12), the induced
refractive index at position of fringe minimum is zero. This
is true for UV fringes of unity visibility only. To incorpo-
rate spatial variation of fringe visibility, as in case of FBG
writing by a biprism interferometer, the modified form of
Eq. (12) may be expressed as [22]

Al’l(x,z) — Ano 1 _ e—XFo[l-‘rV(x,Z)COS(ZT”Z)J (13)

where An (x, z) is the distribution of RI change, V(x,7) is
fringe visibility, Fy (=NIyt,, N is the number of incident
UV pulses, [, (x,z) is fringes mean intensity and 7, is pulse
duration) is mean fluence and yx is a constant. Equation (13)
is based on single-quantum excitation to the UV absorption
band (usually, 5 eV) of germanium-oxygen-deficient cent-
ers in the fiber core, and the RI change is proportional to
depletion of germanium-oxygen-deficient centers (GODCs)
depleted on UV absorption. The constant parameter x
(=o/hv,,) depends on absorption cross section (o) of GODCs
at incident UV wavelength. The UV fringes-induced RI dis-
tribution along the fiber length is a function of fringe visibil-
ity and fluence. An is the maximum RI change possible in
the fiber core subject to UV illumination. The UV fringes-
induced RI profile deviates from sinusoidal due to nonlinear
growth. The Fourier expansion of RI change is given as,

2
An(x,z) = <An(x,z)> + Ang:(x,z) cos (Tz)

+ An? (x,2) cos (4—ﬂz) + An® (x,2) cos (6—nz> N
A A
(14)
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where <An(x, z)> is Oth component and An,(x, z), An? (x,
z) and An® (x, z) are amplitudes of first, second and third
harmonics of Fourier expansion of An (x, z), respectively.
The coefficients of harmonic terms in Eq. (14) depend on
x and z due to variation of fringe visibility and fringe mean
intensity. The FBG reflection in first order is due to first
harmonic of An (x, z) in which An,(x, z) is termed as RI
modulation. <A(x, z)> is the period-averaged RI change.
The average RI change and the RI modulation are given as,

A

1

<An(x,z)> = X/An(x, 2)dz;

0
A

2 2

Ange(x,z) = A / An(x,z) cos <AZ> dz (15)

0

The solutions of Eq. (15), obtained numerically, describe the
growth of normalized RI modulation and average refractive
index change with fluence. Figure 8 shows simulated varia-
tion normalized RI modulation [An,/An] and RI modula-
tion contrast [v = An, /<An>] with the increase in normal-
ized fluence (xF,) for typical visibility of V(x,z) = 0.1, 0.5
and 1. The visibility of fringes decreases with the increase
in distance x from the biprism and distance z from optical
axis.

The point (x, z) refers to a differential section on the
fiber centered at a point P(x, z). In this differential section,
the visibility is treated as constant with its value varying
in between 0 and 1 depending on x and z. The RI modu-
lation contrast is defined as the ratio of RI modulation to
the period-averaged RI change. The growth and saturation
of RI modulation with fluence is higher for UV fringes of

3 —
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Fig. 9 Variation of simulated a coupling factor [Q(x)] with the
increase in the distance (x) of the fringe plane from the biprism b
FWHM width (Ax) of Q(x) with the increase in diffraction diver-
gence (A¢) of the UV beam for g = 24°

higher contrast. The RI modulation contrast decreased with
the increase in fluence due to both nonlinear growth and
decrease in fringe visibility.

2.2.3 FBG reflectivity

In the process of FBG inscription, the spatial variation of
fringe visibility leads to spatial variation of refractive index
modulation. Thus change in FBG length and RI modula-
tion with the increase in distance from the biprism needs to
be taken into account for optimization of FBG writing by
a biprism interferometer. The net fringe visibility may be

expressed as,
V(x,2) = g, Dlyi2(Ap, 0)|y12(Av, 2)| (16)

A uniform FBG is formed for a sufficiently narrow line
width (ly;, (Av, z)| ~ 1) and a uniform UV beam [g(x,
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z) ~ 1]. The FBG reflectivity (R) of a uniform FBG at reso-
nance is given as [2],

R = tanh?(x L) (17)

where L is grating length, k (= rnv <An>/A,) is coupling
coefficient, 1 is mode overlap integral, and v is modulation
contrast. The techniques of transfer matrix or multilayer
analysis are used to simulate FBG reflectivity in case of
variation of RI modulation along FBG length [2]. However,
even for UV beams of large spectral bandwidth, the maxi-
mization of FBG reflectivity requires maximizing the quan-
tity, Q(x) = [V(x, 0)L(x)]. The term [€2(x)], designated as
the coupling factor, is the upper limit of [v(x,0)L(x)]. The
coupling factor [€2(x)] for a flat spatial spectrum can be
expressed as,

: KuyXAg tan o
‘QO Sln( (1—tan o-tan B) )

2020 — Dsin(fuagine)| (x> x)

(x < x0)

2x) ~ (18)

1—tan -tan B)

where Q) = [A,, (1 — tana-tanB)/wA¢]. Figure 9a shows
Q(x) versus x for different values of A¢ (mentioned in the
figure). In case of a Gaussian distribution, there will be one
maximum in $(x) versus x. The distance (x,,) of the fringe
plane at which €(x) is maximum [=£2,] is given as,

X = Ayy(1 —tan o - tan 8) /4 Ag tan o (19)

2, is the value of € (x) in the fringe plane at a distance,
X = x,,, from the biprism. Thus the unit of €2 is same as
that of €2 (x). The units of both €2, and x,, are that of length,
similar to laser beam spatial coherence width (~A/A¢
where A¢ is far-field beam divergence). Both €, and x,,
decrease with the increase in beam divergence (A¢). The
distance x,, is about half the distance of zero visibility (x,)
fringe plane from the biprism.

With the increase in beam divergence increasing from
25 to 100 prad, 2, will decrease from 2.9 to 0.72 mm and
x,, will decrease from 9.7 to 2.4 mm for inputs, W = 6 mm
and B8 = 24°. Thus it is clear that the fringe plane at maxi-
mum beam overlap position (x, & 11 mm) in the overlap
region is not necessarily the FBG writing plane of maxi-
mum reflectivity. The FWHM width (Ax) of Q(x) is 2x,,/3
for x,, < X,/2 and between x,/3 and 2x,/3 for x,, > x,/2.
Figure 9b shows variation of FWHM width (Ax) of Q(x)
versus A¢ for a collimated beam (¢ = 0) for 8 = 24°. Typi-
cally the FWHM width decreased from about 12 mm for
A¢ = 25 prad to 2 mm for A¢ = 150 prad. The FWHM
width of Q(x) is important for FBG writing at different
Bragg wavelengths by a diverging UV beam. The role of
geometrical and diffraction (far-field) divergence is dif-
ferent (2¢ = A¢). The diffraction divergence (A¢) is an
inherent property of the laser source, related to its spatial
coherence. This determines the visibility of fringes in a
typical interferometer. The geometrical divergence is linked
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with the curvature of the wavefront which can be always
compensated by suitable optics leading to collimated
(plane wavefront) beam. The locus of the fringes depends
on geometrical divergence (2¢). In a biprism interferom-
eter, the fringes are parallel for 2¢ = 0 (collimated beam)
and hyperbolic for 2¢ = 0 (diverging beam). The large
geometrical divergence will affect the fringe visibility via
the distance of separation between two points (r,) on the
wavefront incident on the biprism from which the emanat-
ing waves interfere at a point P(x, z) in the fringe plane. It
is apparent from Fig. 1 that for same r,, the distance (x) of
the point of intersection of refracted rays will be higher for
2¢ > 0 as compared to that for 2¢ = 0. Thus the decrease
in fringe visibility with the distance from the biprism for
a geometrically diverging beam will differ as compared
to that for a collimated beam. Also, the line focussing of
curved fringes during FBG writing may dilute the fringe
visibility, normal to the optical axis. However, the differ-
ence in the value of two visibility functions in a fringe
plane (x) for a collimated and a diverging beam of small
angular envelope (2¢ ~ 2°) is not significant. Typically for
A¢ = 40 prad, the Bragg wavelength tunability within the
width (Ax) of 7.6 mm in the fringe depth is about 20 nm
for 2¢ = 1° and 40 nm for 2¢ = 2°. The Bragg wavelength
tunability will increase with the decrease in far-field diver-
gence (A¢).

Figure 10 shows the variation of v(x) and [v(x)L(x)] with
the increase in distance (x) from biprism for typical inputs
xFy =1, A¢p = 40 prad and g = 24°. In this simulation,
the variation of fringe visibility transverse to optical axis
is ignored. The simulated RI modulation contrast decreased
with the increase in distance of FBG writing plane from the
biprism. The spectral bandwidth of an inscribed FBG will
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decrease with the increase in the distance of the FBG writ-
ing plane from the biprism. This is due to the decrease in RI
modulation and increase in FBG length with the increase in
distance of FBG writing plane from the biprism. Also for
a UV beam of large spectral width and non-uniform beam
profile, the simulated RI modulation will decrease with
the increase in Izl from its value on optical axis (z = 0), on
account of fringe visibility dilution. Thus reflectivity of a
FBG will be comparatively lower for a UV beam of non-
uniform profile and of higher spectral width. This dilution
of reflectivity may be highest for the FBGs written at the
middle of the fringe depth of the biprism where inscribed
FBG length is maximum.

3 Experimental method

A silica biprism of refraction angle 24° and 20 mm base
width (in xz-plane) was used to study the saturation of
RI modulation and reflectivity of FBGs written at differ-
ent distances from the biprism. The UV beam (repetition
rate ~5.6 kHz, pulse width ~30 ns, spectral band width
~12 GHz, average power ~300 mW) of diameter of 2.5 mm
was generated from S-BBO crystal (Type I, cut angle 50°
for A = 510 nm)-based second harmonic frequency conver-
sion of copper vapor laser (CVL) (A = 510 nm) beam. The
beam profile was nearly top hat and far-field average diver-
gence of 10 mm diameter UV beam was about 52 rad.
The UV beam power stability was of the order of £3 %.
For FBG writing, the UV beam was expanded to a dimen-
sion of 12 mm in the xz-plane by combination of two cylin-
drical lenses and then directed by a mirror into the biprism.
The geometrically diverging envelope (in xz-plane) of the
UV beam was changed by changing the distance between
the two cylindrical lenses. A cylindrical lens of focal length
75 mm compressed the UV beam to a strip of width about
200 wm (in yz-plane) to increase the power density on the
fiber. FBGs were inscribed in Ge-B co-doped fiber and
hydrogen-loaded SMF-28 single-mode fibers, by placing
the fiber parallel to the z-axis. The cylindrical lens position
was adjusted so as to keep the spot size nearly same at each
writing position. The Bragg wavelength shift (AA,) during
fabrication and transmission dip (7,;) was monitored by an
optical spectrum analyzer (Agilent 86142B). The length,
L(x), of a FBG written at different distances (x) from the
biprism is calculated from Eq. (2a). The FBG reflectiv-
ity (R) is calculated from the relation, R = 1 — 10~ 7a/ 10
where T, is observed transmission dip. The average RI
change (<An>) is calculated from the relation, <An> = n
AAy/X,, where n. is effective refractive index and Al
is the Bragg wavelength shift during FBG writing. The
Bragg wavelength shift (AA,) is calculated from the center
wavelength in the FBG traces recorded just after starting

and before stopping of fringe exposure. The RI modulation
(An,) is calculated from the relation, An,, = {A,/7L(x)}
tanh™! (R"?). The RI modulation contrast (v) is calculated
from the ratio of RI modulation to the average effective RI
change. The RI modulation and average RI changes are cal-
culated assuming a uniform FBG. The thermal responses
of the FBG spectrums were recorded by heating it in in-
house built tube ovens. Thermocouple transducer con-
nected to the temperature controller was used to measure
the temperature.

The small separation (~0.53 pm) of fringes formed in
the overlap region of 24° biprism is difficult to resolve by
imaging on the CCD due to limitations of resolution optics.
As the CCD used was also not UV sensitive, the funda-
mental CVL beam of diameter 10 mm was used to study
the relative trends of variation of fringe visibility and cou-
pling factor in the overlap region of a 2° refraction angle
biprism. The use of CVL beam may be reasonable as the
spatial coherence characteristics of the second harmonic
beam follow those of the fundamental CVL beam [23-25].
The fringes of width 14.6 wm formed were magnified by
a 100 x microscope and imaged by a CCD (Pixelfly ge,
PCO AQG, pixel size of 6.45 wm x 6.45 wm), at different
distances from the biprism. The fringe visibility (V) was
estimated from the relation, V = (I,x — i)/ Unax — Lmin)s
where I, and [, are intensity at fringe maximum and

max min
minimum, respectively.

3.1 Results and discussion

To study the variation of reflectivity, FBGs were written
in Ge-B co-doped single-mode fiber (GF1, Nufern: core
diameter—9um, cutoff—1260 nm, NA-0.13) at differ-
ent distances from the biprism. At a particular FBG writ-
ing fringe plane, the transmission dip of the FBG increased
nonlinearly with the increase in accumulated fluence fol-
lowed by decay after saturation.

Figure 11 shows observed variation of maximum trans-
mission dip and Bragg wavelength shift of FBGs written
at different distances from the biprism. The observed max-
imum reflectivity was 93.6 % (Ty = —12 dB) for a FBG
written at the distance 7 mm. Figure 12 shows the trans-
mission spectrum of this FBG having spectrum bandwidth
~0.9 nm, length ~3.4 mm and RI modulation ~2.95 x 1074,
The observed maximum transmission dip increased as
the distance of the FBG writing plane from the biprism
increased up to 7 mm. The maximum transmission dip
decreased with further increase in the biprism-to-fiber dis-
tance beyond 7 mm.

The Bragg wavelength shifts of the FBGs during fabri-
cation at different distances from the biprism were of the
order of 0.9 nm, and the writing times were about 250 s
(fluence ~3 kJ/cm?). The Bragg wavelength increased due
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to increase in average RI index. Figure 13 shows the vari-
ation of [v(x)L(x)] and RI modulation contrast with the
increase x. The error in estimation of [v(x)L(x)] is of the
order of 5 %. This error is attributed to resolution of OSA
and UV power stability. The resolution of OSA in measur-
ing transmission dip is £0.01 dB and that in wavelength is
410 pm. The UV absorption leads to heating of the fiber. It
is observed that the Bragg wavelength of an inscribed FBG
increased by about 0.4 nm when illuminated by UV beam
of power 300 mW. The power fluctuation of 3 % leads to
the error of about (£) 12 pm in measurement of AA,. The
error of about =22 pm in observation of A}, and +-0.01 dB
in T, leads to error in estimation <An> and An,,. Thus
the overall error calculated for v(x) and [v(x)L(x)] is of the
order of 5 %. The RI modulation and modulation contrast
decreased with the increase in the distance of the FBG
writing plane from the biprism. The product of RI modula-
tion contrast and FBG length passed through a maximum.

Figure 14 shows the growth of transmission dip with flu-
ence for FBGs written at distances (x) of 3, 6 and 9 mm from
the biprism. The FBG reflectivity is higher for the biprism-
to-fiber distance of 6 mm as compared to that for x = 3
and 9 mm. The RI modulation estimated from the results
decreased with the increase in the distance (x). Typically at
a low fluence of 0.5 kJ/cm?, the calculated RI modulation
values are about 1.8 x 107 1.4 x 10~* and 0.78 x 10~*
for FBGs written at 3, 6 and 9 mm, respectively. The UV
fringes-induced refractive index modulation decreased with
the increase in distance from biprism, in both saturated and
unsaturated regime, due to the decrease in fringe visibility.
The deviations of experimental and analytical results are
attributed to the following reasons. The RI modulation and
change in average RI are calculated assuming a uniform
FBG. However, the fringe intensity distribution and therefore
RI changes also depend on beam profile, beam focussing,
interferometer type and the distance of the fringe plane from
the beam splitter [26] which has been ignored. The analytical
result uses a constant divergence, whereas the divergence of
the fundamental CVL and thus the UV beam evolves within
the pulse [23-25]. The misalignment of the fiber in the focal
plane of the cylindrical lens may lead to tilting of grating
planes and consequent loss of coupling coefficient [27].

A 2° biprism employed to study the variation of Q(x)
experimentally. Figure 15a and b shows the fringe inten-
sity distribution recorded at distance of 20 mm and 120 mm
from the apex of the 2° biprism, respectively. The fringe
contrast decreased with the increase in the biprism-to-fiber
distance. Figure 16 shows the estimated variation of V(x)
and Q(x) with x. The fringe visibility decreased, whereas
coupling factor passed through a maximum with the
increase in distance (x) of the fringe plane from the biprism.
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Fig. 14 Growth of transmission dip (7,) with fluence for FBGs writ-
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The highest value of (x) is 1.6 mm, observed at
about 100 mm from the biprism, whereas the distance
(xq) of center of fringe depth is 142 mm for § = 2° and
W = 10 mm. The experimental trends on V(x) and (x)
agree with analysis. The observed variation of v(x) and
[v(x)L(x)] for FBGs written at different distances from the
24° biprism is similar to the measured trends of V(x) and
Q(x) for the 2° biprism, but with the reduced distance. An
analogy may be established using Eq. (18) for § = 2° and
24° for same beam parameters. The reduction in fringe vis-
ibility (Eq. 6) along optical axis and the increase in beam
overlap length (Eq. 2a) normal to the optical axis with the
increase in distance from biprism are higher for g = 24°
as compared to that for 8 = 2° For same coupling fac-
tor, the biprism-to-fringe plane distance for a 24° biprism
is approximately 0.063 times (~6.25 mm) of that for a 2°
biprism. The higher fringe visibility leads to higher value
of RI modulation, and the higher value of coupling factor

——14.6 pm

S

X =20 mm

Intensity (A.U)

Distance along fringes

(a)

leads to higher value of observed vL. The experimentally
observed results qualitatively agree with the analysis based
on one-photon absorption presented in Sect. 2.2.

The different reflectivities observed for FBGs in dif-
ferent fibers is attributed to different concentrations of
defects and associated structural modification. FBGs
were written in hydrogen-loaded SMF-28 fiber. Hydrogen
loading enhances the photosensitivity of germanosilicate
fibers and yields RI changes (An) in excess of 0.011, on
exposure to UV radiation [28]. Introduction of interstitial
molecular hydrogen to the glass network produces signifi-
cant quantities of paramagnetic and diamagnetic species
upon exposure to intense UV radiation [29]. The hydro-
gen reacts with Ge ion to form GeH, considerably chang-
ing the band structure in the UV region, thus influencing
the local refractive index [2]. In the present study, hydro-
gen loading was carried out at 100 bar pressure at 100 °C
for 144 h. The hydrogen loading prior to UV irradiation
at 255 nm allowed inscription of faster and stronger grat-
ings. Figure 17a, b shows the transmission spectrum of

146 um

Intensity (A.U)

Distance along fringes

(b)

Fig. 15 Fringe intensity distribution at the distance of a 20 mm and b 125 mm from the 2° biprism
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Fig. 18 Reflection spectrum of FBG array (in GF1 fiber) written at
different distances from the biprism for a geometrically diverging
(2¢ ~ 1°) writing UV beam

FBGs in hydrogen-loaded SMF-28 fiber written at the
distances of 4 mm (7, ~ =20 dB, R ~ 99 %, L ~ 2 mm,
An,, ~0.76 x 107%) and 7 mm (T, ~ —29 dB, R ~ 99.8 %
An,, ~ 0.58 x 1073) from the biprism, respectively. The
RI modulation decreased with the increase in distance
of the FBG writing plane from the biprism. The maxi-
mum reflectivity observed was 99.8 %, at the fluence of
~1.5 kJ/cm?.

FBGs of different wavelengths are written in Ge-B co-
doped fiber (GF1) by placing the fiber at different distances
from the biprism while using geometrically diverging UV
beam. Figure 18 shows the typical reflection spectrum of
FBGs at different Bragg wavelengths, written by shifting
the fiber position, approximately from 4 to 9 mm from the
apex of biprism. In this case, the angular envelope (2¢)
of the geometrically diverging UV beam was about 1°.
With this increase in biprism-to-fiber distance, the Bragg
wavelength shifted by about 15 nm. The Bragg resonant
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wavelength can also be tuned by changing the geometrical
divergence of the incident UV beam. A biprism can be used
to write grating arrays used for distributive sensing of dif-
ferent parameters such as strain and temperature. Detailed
discussion on distributive sensing is beyond the scope of
this paper. However, as a representative for multipoint sens-
ing, Fig. 19 shows the Bragg wavelengths of three FBGs
(designated as g;, g, and g;) on the same fiber, at reference
(Ty ~ 25 °C) and elevated temperatures 7, (100 °C), T,
(200 °C) and T; (450 °C). The FBG spectrum is recorded
by a FBG interrogator (JDSU 8100). The temperature sen-
sitivity is about 10.5 pm/ °C.

The observed higher reflectivity of 93.6 % for FBGs in
Ge-B co-doped fiber and 99.8 % for FBGs in hydrogen-
loaded SMF-28 fiber in this study is attributed to the con-
sideration of spatial variation of fringe visibility on the
optimization of FBG reflectivity. Maximum reflectivity
was observed at the position of maximum coupling factor,
not at the fringe plane of maximum FBG length. Experi-
mental results showed that suitably choosing a FBG writ-
ing fringe plane in the biprism fringe depth and hydrogen
loading can improve fabrication efficiency of FBG writ-
ing by a biprism interferometer. Since the biprism is easy
to fabricate and cost effective, it can be used to fabricate
FBGs for sensing of different parameters as the quantity
to be measured is wavelength specific and does not require
high reflectivity. The additional advantage is the capability
to tune the Bragg wavelength by simply using a geometri-
cally diverging UV beam. The FBG writing by a biprism
interferometer has certain disadvantages. It requires UV
beams of high temporal and spatial coherence. The FBG
writing by this interferometer is alignment sensitive. The
misalignment and/or stability of the writing setup may
induce Bragg wavelength shift and loss of FBG reflectiv-
ity. The diffraction at the sharp edge of the biprism apex
may distort the fringe pattern. FBG writing by a geometri-
cally diverging beam of larger envelope will induce chirp
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FBG length is further reduced by laser beam bandwidth
and far-field divergence.

4 Conclusion

The analysis showed that the spatial variation of fringe vis-
ibility affects the fabrication efficiency of FBGs written by
a biprism interferometer. It is analytically shown that the
RI modulation contrast decreases, whereas the reflectivity
passes through a maximum with the increase in the distance
of FBG writing plane from the biprism. The fringe plane
of maximum coupling factor determines the maximum
FBG reflectivity. The experimental results confirmed that
selection of FBG writing fringe plane in the interference
region is crucial to maximize reflectivity in biprism-based
FBG writing. The experimental and analytical results agree
qualitatively. The observed reflectivity of 93.6 % (12 dB)
for FBGs in Ge-B co-doped fiber and 99.8 % (29 dB) for
FBGs in hydrogen-loaded SMF-28 fiber are most probably
the highest values reported in the field of FBG writing by a
biprism interferometer.
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