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Modiécation of cladding-mode éelds upon ébre loading
with H 2 and its inêuence on the spectral characteristics
of long-period gratings
S.A. Vasil'ev, O.I. Medvedkov, A.S. Bozhkov, I.G. Korolev, E.M. Dianov

Abstract. The inêuence of diffusion of molecular hydrogen
used to write ébre gratings on the spectral characteristics of
the gratings is discussed in detail. It is shown that the
additional waveguide structure formed by the concentration
proéle of dissolved molecular hydrogen modiées the spatial
distribution of the éeld of ébre cladding modes, resulting in a
considerable change in the coupling coefécient of long-period
gratings. This modiécation is manifested most strongly for
cladding modes with low radial indices.
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1. Introduction
Photoindiced ébre gratings, both ébre Bragg gratings
(FBGs) and long-period ébre gratings (LPFGs) are widely
used at present in ébreoptic systems as spectrally selective
elements [1, 2]. The most popular technique for producing
such gratings in doped silica ébres is the induction of the
refractive index in the ébre core by exposing it to intense
UV radiation. There exist various grating writing schemes
and their choice is determined by the required spectral
properties of the gratings [1, 2].
To enhance the photosensitivity of the most widespread
germanosilicate ébres, which is often insufécient for practical applications, the low-temperature (T < 100 8C) loading
of ébres with molecular hydrogen in a chamber at a pressure
of 100 ë 200 atm is used, as a rule [3]. As a result, molecular
hydrogen enters into a glass matrix in a physically dissolved
state, not forming chemical bonds with a regular glass
matrix and defect centres. A complete loading of a standard
ébre of diameter 125 mm at room temperature can be
achieved for about two weeks. The loading time can be
considerably reduced (down to 10 ë 12 hours) by increasing
temperature up to 80 ë 100 8C; however, the resulting
concentration of H2 in the glass matrix noticeably decreases
in this case [4].
During grating fabrication, the dissolved molecular
hydrogen interacts with defect centres and regular bonds
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of the germanosilicate glass network by forming hydrogen
groups and catalyses other photoinduced processes resulting
in a permanent change in the refractive index of the glass
[5, 6]. The hydrogen loading provides the increase in the UV
radiation induced refractive index up to 10 2 , which is
approximately an order of magnitude higher than the values
achieved in ébres without hydrogen loading. After grating
production, ébres are kept at a temperature of 20 ë 100 8C
for a certain time to allow molecular hydrogen, which did
not enter into the reaction, to leave the ébre.
The use of hydrogen in grating production involves,
along with the advantages considered above, a number of
diféculties because hydrogen at such a high molar concentration (a few percent) noticeably changes the refractive
index of silica glass (by 10 3 and more [4, 7]). Therefore, the
H2 concentration and its spatial distribution should be
taken into account in the production of gratings with the
required spectral properties, i.e., diffusion processes should
be considered both between different regions inside the ébre
and between the ébre and environment, which proceed
during grating fabrication and after it.
In this paper, we studied for the érst time the inêuence
of the spatial distribution of the concentration of molecular
hydrogen on the distribution of the éeld of ébre cladding
modes and the intermode interaction intensity in LPFGs.

2. Characteristic diffusion times affecting
the properties of ébre gratings
The writing dynamics of ébre-grating spectral properties
can be described by several characteristic times, which are
related to the dimensions of ébre regions where hydrogen
diffusion occurs. Figure 1 presents the dependence of the
characteristic diffusion time t (the time during which the
hydrogen concentration CH2 in the ébre becomes equal to
half the maximum achievable concentration CHmax
) on the
2
diameter of the region to which or out of which the
diffusion of H2 occurs at room temperature. The calculation was performed for a silica cylinder by using the
diffusion coefécient DH2 (25 8C)  2:5 10 11 cm2 s 1 [8].
The dashed straight lines indicate the diffusion times
observed in gratings written in a standard ébre with the
core diameter dcore  9 mm and the cladding diameter
dclad  125 mm.
In particular, diffusion occurs most rapidly over distances of the order of the FBG period LBG  0:5 mm and
has the characteristic time tBG  5 s. This diffusion occurs
from a non-irradiated region of the ébre core to an
irradiated region, where the concentration of H2 decreased
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due to its interaction with the glass matrix, and is manifested
in a weak increase in the reêection coefécient of a FBG.
This process is rarely observed in a pure form because the
typical writing time of gratings (several minutes) considerably exceeds tBG . Note that such diffusion does not play a
noticeable role in LPFGs due to a relatively long period of
these gratings.
Diffusion of H2 from a silica cladding to the ébre core
hydrogen-depleted after irradiation affects the spectral
properties of gratings of both types. For standard ébres
with dcore  9 mm, the characteristic time tcore of this
diffusion at room temperature is  30 min (Fig. 1). Such
a diffusion process, by increasing the effective refractive
index for the fundamental mode of the ébre, results in the
red shift of the resonance wavelength of a FBG, which
typically does not exceed 0.1 ë 0.2 nm [9]. The value of this
shift in LPFGs is difécult to determine due to the simultaneous diffusion of H2 from the ébre to the environment,
which also causes the red shift of the resonance wavelength
in the above-mentioned time range. Note that during the H2
diffusion from the ébre cladding to its core, the coupling
coefécient of gratings increases because a greater amount of
hydrogen diffuse into the irradiated region of the ébre core
for the reasons presented above [10 ë 12].
CH2 0=CHmax
2
1.0
0.8
0.6

to a decrease in the effective refractive index for cladding
modes during hydrogen diffusion from the ébre cladding.
Only when the hydrogen concentration on the ébre axis
begins to decrease (see insert in Fig. 1), the effective
refractive index for the fundamental mode decreases, which
in turn reduces the resonance wavelength of the LPFG.
Note that this wavelength dynamics is typical for the normal
LPFG resonances, whereas for anomalous resonances [15]
opposite shifts are typical.
The strength of action of diffusion processes on the
spectral properties of ébre gratings can vary in a broad
range because the intensity of these processes strongly
depends on the writing parameters of gratings, the initial
H2 concentration and its distribution in the ébre, the ébre
temperature, and other factors.
Below, we consider in detail another phenomenon,
which, in our opinion, has not been discussed in the
literature so far and should be taken into account in the
analysis of diffusion processes proceeding during ébre
grating fabrication. We found that the diffusion of H2
from a ébre causes not only the shift of the resonance
wavelength of a LPFG but also considerable changes the
resonance depth, the value of this change being substantially
dependent on the number of an excited cladding mode. The
maximum change in the resonance depth is observed when
the H2 concentration on the ébre axis begins to decrease,
i.e., at room temperature within 30 ë 40 h after the end of
hydrogen loading of the ébre (dotted straight line in the
insert in Fig. 1).
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Figure 1. Dependence of the characteristic diffusion time t of molecular
hydrogen on the silica-cylinder diameter d at room temperature. The
insert shows the dependence of the relative hydrogen concentration on
the axis of the ébre of diameter 125 mm on the time after its hydrogen
loading.

The inêuence of the molecular hydrogen diffusion from
a ébre to the environment on the spectral properties of
gratings (grating spectra), which is the longest process
among all the processes studied, was investigated in detail
in the literature. The characteristic time tclad of this process
for a standard ébre is  100 h (Fig. 1). This process is
manifested in FBG spectra mainly in the blue shift of the
resonance wavelength by no more than 1 nm [9]. Variations
observed in LPFG spectra are more complicated [13, 14].
First the resonance wavelength increases, which corresponds

In our experiments, we tried to separate the effect under
study from other diffusion processes. For this purpose,
ébres with preliminary written LPFGs were subjected to
hydrogen loading. Before loading, the gratings were additionally annealed to provide the invariable distribution of
the UV radiation induced refractive index during subsequent studies.
Gratings were written step-by-step in a standard SMF28 ébre by the 244-nm second harmonic radiation from an
argon laser [16]. The writing power density was 10 kW cm 2
and the integrated dose was 5 kJ cm 2 . The photosensitivity
of ébres was enhanced before LPFG writing by loading
them with hydrogen at a pressure of 125 atm and temperature 100 8C up to the molar concentration of H2  1.1 % in
the glass matrix [7]. The ébre gratings had a period of
450 mm and a length of 400 mm. After grating writing and
escape of the residual hydrogen from the ébre, the gratings
were annealed in a resistive furnace at a temperature of
500 8³ for 15 min.
The LPFGs prepared in this way were again loaded with
hydrogen with the parameters presented above. The H2
escape was studied immediately after loading by using an
automated setup for a linear heating of ébres [17] with a
heating rate of 0.05 8C s 1 in the temperature range from 25
to 300 8C. This measuring procedure was repeated after
complete cooling of the furnace to determine a change in the
properties of gratings in the absence of dissolved H2 in the
ébre. The transmission spectra of LPFGs were measured
during heating every 20 s. Note that the method of linear
heating considerably reduces the measurement time compared to that at room temperature, thereby improving the
measurement accuracy.
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4. Results and discussion
The dynamics of spectral characteristics of a LPFG is
illustrated in Fig. 2 where the transmission spectra of the
grating measured at different temperatures during linear
heating are presented. The spectral shift of the resonance
peaks is indicated schematically by the arrows. In the
spectral range under study and the grating parameters
indicated above, the fundamental HE11 mode of the ébre is
resonantly coupled with the HE12 HE15 cladding modes.
The maximum shift of the resonance peaks of the LPFG
was observed at 170 8C [curve ( 2 )]. The depth of the
resonance peaks in the reêection spectrum of the LPFG
achieved its maximum also at these temperatures.
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Figure 2. Transmission spectra of the LPFG after loading the ébre with
hydrogen at temperatures 25 ( 1 ), 170 ( 2 ), and 300 8C ( 3 ) measured
during linear heating.

A convenient characteristic of the peak depth is the
product of the grating coupling coefécient k by the grating
length L, which is related
p with the peak depth S by the
expression kL  arcsin S [18]. Figure 3 presents the temperature dependences of the product kL and resonance
wavelengths lres obtained for four LPFG peaks after
hydrogen loading and in the absence of hydrogen in the
glass matrix.

Let us call attention to a number of circumstances
following from Figs 2 and 3. After hydrogen loading of
ébres, the resonance peaks of the LPFG shifted to the blue
(Dlres
H2 in Fig. 3b). In addition, the depth of resonances
somewhat decreased [D(kL)H2 in Fig. 3a]. The nature of
these changes is not clear at present and requires further
studies. It seems that they can be caused by different degrees
of H2 solubility in different regions of the ébre.
Figure 3b clearly demonstrates the nonmonotonic
dynamics of the shift of resonance wavelengths, which is
typical for LPFGs during the escape of hydrogen from the
ébre [13]. In addition, the depth of resonance peaks for the
lowest cladding modes considerably changes, the relative
value of this change decreasing with increasing the mode
index. Note that the temperature at which the maximum
shift of lres occurs is the same for all the LPFG peaks
(170 8C), whereas the value of kL for different resonances
achieves a maximum at different temperatures in the range
130 ë 170 8C (Fig. 3a).
Note that the coupling coefécient in the LPFG not
loaded with hydrogen (dashed curves in Fig. 3a) does not
change in fact during heating, which points to the absence of
a temperature-reversible change in the induced refractive
index studied in [19] and well agrees with the results of this
paper. The monotonic increase in lres for this grating upon
heating characterises the temperature sensitivity of the
resonance peaks, which increases with increasing the cladding mode number [20, 21]. The fact that the solid and
dashed curves in Fig. 3b coincide at temperatures above
250 8C means that H2 completely escaped from the ébre at
such temperatures.
To explain a change in the depth of LPFG resonances,
we consider the dynamics of the H2 escape from the ébre.
Figure 4 presents the radial distributions of the relative
concentration of H2 calculated for the heating parameters
indicated above. We used in the calculation the temperature
dependence of the diffusion coefécient of molecular hydrogen in a silica glass, which well agrees with the experimental
data obtained in many papers:


40:19 kJ mol 1
DH2  2:83  10 4 exp
,
(1)
RT
where R is the universal gas constant [8] and DH2 has the
dimensionality cm 2 s 1 . We also assumed that the initial
concentration of hydrogen CHmax
was constant along the
2
ébre radius, i.e., the solubility degree of H2 was the same in
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Figure 3. Temperature dependences of kL (a) and the resonance wavelengths l res (b) of the LPFG upon linear heating of the grating in the hydrogenloaded ébre (solid curves) and in the absence of hydrogen in the glass matrix (dashed curves) for different modes.
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Figure 4. Radial distributions of the relative H2 concentration calculated
for a linear heating of a standard ébre at a rate of 0.05 8C s 1 .

the ébre volume. One can see that, under our experimental
conditions up to temperature  150 8C, hydrogen mainly
escapes from the ébre cladding, and only when temperature
is further increased, the hydrogen concentration in the ébre
core decreases.
As mentioned above, the refractive index of a silica glass
increases proportionally to the concentration of hydrogen
dissolved in it, so that the distributions shown in Fig. 4 are
in fact the additional graded-index waveguide structure
produced by hydrogen dissolved in the ébre. Such a
hydrogen-induced waveguide structure can not only change
the efécient refractive index of a mode but also modify the
distributions of mode éelds.
Figure 5 shows the calculated temperature dependences
of a number of parameters obtained in the linear heating
regime. Note that curves ( 1 ) and ( 2 ) in Fig. 5 characterise
hydrogen-induced variations in the effective refractive
indices for ébre modes. Indeed, a change in the effective
refractive index of the fundamental mode of the ébre is
proportional to the molar concentration of H2 on the ébre
core
axis: dneff
 aH2 CH2 (0), where aH2  dn=dCH2  4:42
4
10 inverse percent [7]. At the same time, assuming that
the amplitude of the cladding-mode éeld is constant along
the ébre radius, we obtain that a change in the effective
refractive index of cladding modes is proportional to the
integral concentration of H2 in the ébre with the same
clad
proportionality coefécient: dneff
 aH2 CHint2 .
Figure 6 presents the radial éeld distributions for the
lowest and highest cladding modes studied by us, which
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Figure 5. Temperature dependences of the relative H2 concentration on
the ébre axis ( 1 ), the relative integral H2 concentration in the ébre ( 2 ),
and the FWHM W of the spatial distribution of the H2 concentration
( 3 ) calculated for linear heating of a standard ébre at a rate of
0.05 8C s 1 .

were calculated for several temperatures, i.e., for the H2
concentration distributions corresponding to these temperatures (Fig. 4). The hydrogen-induced variations are most
strong for the érst cladding mode and decrease with
increasing the radial mode index, the maximum changes
in the distributions for all cladding modes being observed in
the temperature region from 150 to 170 8C. As shown in
Fig. 5, at such temperatures the hydrogen-induced refractive
index has the maximum amplitude and the minimum width.
The coupling coefécient of the LPFG increases mainly
due to a considerable increase in the amplitude of the
cladding-mode éeld in the ébre core (Fig. 6a) and the
corresponding increase in the overlap integral between
cladding and core modes [18]. All these facts are in good
agreement with the experimental results presented above
(Fig. 3).
Figure 7 shows the experimental [curves ( 1 )] and
calculated [curves ( 2 )] temperature dependences of the
quantity kL and the wavelength shift dlres for the resonance
corresponding to the HE11 HE12 mode coupling. The
spectral characteristics of the LPFG were calculated by
the method described in [18]. The experimental and calculated temperature dependences of kL well coincide both in
their positions and maxima (Fig. 7a). The positions of
maxima of the experimental and calculated dependences
dlres (T ) in Fig. 7b are in good agreement. Note that curve
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Figure 6. Radial distributions of the éelds E of cladding modes HE12 (a) and HE15 (b) calculated at different temperatures upon linear heating of the
LPFG in the hydrogen-loaded ébre.
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Figure 7. Experimental ( 1 ) and calculated ( 2, 3 ) temperature dependences of kL (a) and the resonance wavelength shift dlres (b) for the peak
corresponding to the HE11 HE12 mode coupling for a linearly heated ébre. Curve ( 3 ) is calculated by (2).

( 1 ) in Fig. 7b was corrected taking into account the
temperature sensitivity of the peak and the hydrogeninduced initial wavelength shift Dlres
H2 (Fig. 3b). The differences between the absolute values of dlres obtained in the
experiment and calculations (Fig. 7b) are probably
explained by the fact that we have failed to take accurately
into account the dispersion characteristics of ébre modes.
The dynamics of the resonance wavelength can be
approximately estimated by using the phase-matching
core
condition for the LPFG modes [18]: lres  (neff
clad
neff )L, where L is the LPFG period. By assuming that
the difference of the effective refractive indices of the ébre
modes is independent of the wavelength (this dependence
should be taken into account in the general case [22]) and
using the relations obtained above, we can represent the
expression for the hydrogen-induced change in lres in the
form
core
dlres  dneff

clad
dneff
)L  aH2 CH2 0

CHint2 L:

(2)

Curve ( 3 ) in Fig. 7b was calculated by expression (2). One
can see that it qualitatively correctly describes the experiment and can be used for approximate estimates. It is
important that this approximate dependence can be used
for any cladding mode and it was obtained without solving
the wave equation.
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Figure 8. Temperature dependences of the hold time of the ébre in the
isothermal regime on the temperature upon linear heating at a rate of
0.05 8C s 1 .

Note that a change in the H2 concentration proéle and
the related change in the amplitude of the LPFG peaks
occur at any LPFG storage and annealing regimes. It is
interesting from the practical point of view to study the
dynamics of the LPFG spectrum at room temperature. To
compare the results that we obtained during linear heating
with the isothermal regime of gratings, we present in Fig. 8
the calculated dependences of the hold time of the ébre at
constant temperature on temperature upon heating the ébre
at a rate of 0.05 8C s 1 . For example, for temperature
170 8C, at which the maximum depth of the HE11 HE12
mode is observed, the hold time is  40 h at temperature
25 8C and  1.5 h at temperature 100 8C.

5. Conclusions
The experimental and calculated dependences presented in
the paper have clearly shown that the depth of the
resonance peaks of long-period gratings changes after the
diffusion of hydrogen from the ébre due to the change in
the overlap integral for cladding and core modes of the
ébre. The overlap integral changes due to the modiécation
of the cladding mode éelds caused by the change in the
concentration proéle of molecular hydrogen dissolved in
the ébre. This effect is especially distinct for the resonances
caused by the coupling of the fundamental mode with
modes with low radial indices.
Thus, the molecular hydrogen dissolved in a ébre
produces an additional waveguide structure whose properties change according to the change in the concentration
proéle of hydrogen and which should be taken into account
during ébre grating production.
This interpretation improves the understanding of the
complicated dynamics of spectral characteristics of LPFGs
observed during the hydrogen diffusion from the ébre. In
addition, it also allows one to take into account the
conditions of ébre storage after loading with hydrogen
during the formation of gratings with speciéed spectral
characteristics. The effect considered in the paper can be
used for diagnostics of the current distribution of hydrogen
dissolved in ébres.
Note in conclusion that the results obtained for the
diffusion of molecular hydrogen can be also applied, by
using the corresponding diffusion coefécient and solubility,
to molecular deuterium, which, as molecular hydrogen, is
widely used to enhance the photosensitivity of ébres [23].
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