
Abstract. We have studied strain- and temperature-induced
reversible changes in the reêectivity of different types of ébre
Bragg gratings. The results demonstrate that the strain
sensitivity of the reêectivity of type I and IIa Bragg gratings
is mainly due to the photoinduced reduction in the elasto-optic
coefécient p12 of the core glass and that its temperature
sensitivity results from the increase in the thermo-optic
coefécient of the glass. UV exposure of ébres loaded with
molecular hydrogen has an insigniécant effect on these
material coefécients. We also analyse the effects of UV
êuence and germanium concentration in the ébre core on the
reversible changes in the reêectivity of the grating.

Keywords: ébre Bragg grating, reêectivity, temperature and strain
effects.

1. Introduction

Photoinduced ébre Bragg gratings (FBGs) are widely used
in a variety of ébreoptic applications, such as communi-
cation systems, ébre lasers and sensors [1, 2]. Even though
the application éeld of FBGs is continuously expanding,
the physical mechanisms of photoinduced refractive index
changes, underlying the possibility of producing index
gratings, are still unclear in many aspects, even for the most
widespread, germanium-doped ébre.

Germanosilicate ébres are known to exhibit several types
of photosensitivity, depending on fabrication conditions,
grating inscription and annealing dynamics and other
properties of photoinduced FBGs (see Vasil'ev et al. [3]
and references therein). The type of an FBG is determined
by the dominant type of photosensitivity in it. Type I
photosensitivity is characterised by a monotonic increase
in the refractive index of the core glass during UV exposure.
During FBG inscription into high-GeO2 ébre, the photo-
induced index modulation amplitude varies nonmono-
tonically. This is caused by type IIa photosensitivity, which
makes a negative contribution to the photoinduced index

change. Laser pulses with a high energy density (above
1 J cmÿ2) cause local melting of the core glass, leading to
the formation of type II FBGs. After low-temperature
hydrogen loading, ébres exhibit type I(H2) photosensitivity,
which ensures index changes about an order of magnitude
greater than those in the type I gratings. Type Ia photo-
sensitivity is observed in hydrogen-loaded germanium-
boron codoped ébres at high UV êuences.

The main spectral characteristics of a uniform FBG (i.e.
an FBG with a constant index modulation amplitude and
period) are the resonance wavelength, lBr, and the reêec-
tivity at this wavelength, RBr. The resonance wavelength of
an FBG in the érst diffraction order is given by

lBr � 2neffL; (1)

where neff is the effective refractive index of the funda-
mental mode after the UV exposure and L is the grating
period. The reêectivity of a uniform FBG at the resonance
wavelength is a function of the FBG length, L, and the
coupling coefécient, k:

RBr � tanh 2�kL�: (2)

Here k � pZDnmod=lBr is the coupling coefécient per unit
FBG length, where Dnmod is the index modulation
amplitude in the érst diffraction order and Z is the
fractional power of the fundamental mode in the ébre
core (as a rule, photoinduced index changes occur in the
core glass, which has an appreciable absorption coefécient
at the writing wavelength).

The lBr and RBr values are sensitive to external
inêuences (temperature, strain, UV exposure and others)
capable of changing the refractive index of the glass or the
FBG period. Changes lBr and RBr may be both reversible
(the initial value is restored after the perturbations are
eliminated) and irreversible. Irreversible changes in FBG
parameters occur, e.g., when the grating is heated to a
temperature high enough to anneal out the photoinduced
index change [4] or when it is exposed to UV radiation that
inêuences the refractive index of the ébre core. The latter is
used to inscribe gratings and to modify their spectral
characteristics by UV exposure.

Analysis of reversible changes in FBG parameters
usually deals with lBr changes, which allow one to produce
tunable spectral élters [5] and sensors [6].
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The temperature coefécient of the resonance wavelength
of an FBG is given by

KT �
1

lBr

dlBr
dT
� 1

neff

dneff
dT
� a; (3)

where a is the thermal expansion coefécient of silica glass.
Because of the low thermal expansion coefécient of silica,
the main contribution (� 95%) to lBr changes comes from
its thermo-optic coefécient, dn/dT [6]. FBGs range fairly
widely in KT , depending on the type of photosensitivity. In
particular, as shown by Shu et al. [7] for germanium-boron
codoped ébres, the highest thermal sensitivity in the
temperature range 0 ë 80 8C is offered by type IIa FBGs
[KT � �6:4ÿ 6:9� � 10ÿ6 Kÿ1], and the lowest, by type Ia
FBGs [KT � �4:5ÿ 5:1� � 10ÿ6 Kÿ1].

The strain response of lBr is given by

Ke �
1

lBr

dlBr
de
� 1ÿ n 2

eff

2
p; (4)

here e is tensile strain and

p � �p12 ÿ n�p11 � p12��, (5)

where p11 and p12 are the Pockels (elasto-optic) coefécients
and n is the Poisson's ratio of silica glass. The main
contribution to Ke comes from changes in FBG period,
whereas the index change due to the elasto-optic effect is
comparatively small (� 22%) [6]. This probably accounts
for the fact that Ke varies little from one type of FBG to
another (� 1%) [7].

Reversible changes in the reêectivity of FBGs RBr have
been studied in much less detail. As shown by Hidayat et al.
[8], with increasing temperature the RBr of type I gratings
increases, whereas that of type IIa FBGs decreases. It is
remarkable that the reêectivity of type I(H2) gratings,
written after low-temperature loading with molecular
hydrogen, is essentially temperature-independent. RBr

changes in unloaded FBGs were attributed to UV-induced
changes in the thermal expansion coefécient, which depends
on the type of photosensitivity. According to Hidayat et al.
[8], UV exposure reduces the thermal expansion coefécient
of the germanosilicate core glass in type I FBGs and
increases it in type IIa FBGs.

Akulov et al. [9] and Vlasov [10] investigated axial-
strain-induced reversible changes in the reêectivity of FBGs.
The observed considerable (factor of 1.5) increase in index
modulation amplitude upon a 5% FBG compression was
attributed to the photoinduced increase (by about 1%) in
the elasto-optic coefécient of the ébre core material.

In this paper, we present new data on temperature- and
strain-induced reversible changes in index modulation
amplitude in type I, IIa and I(H2) FBGs.

2. Experimental procedure

FBGs for this investigation were written in single-mode
ébres whose main parameters are listed in Table 1. All the
ébres except ébre A (standard telecom ébre SMF-28) were
fabricated at the Fiber Optics Research Center, Russian
Academy of Sciences (RAS), from MCVD preforms
produced at the Institute of Chemistry of High-Purity

Substances, RAS. The ébres were doped with germanium
to different concentrations and contained no other dopants.

The gratings were written using a frequency-doubled cw
Ar� laser (l � 244 nm) and Lloyd interferometer [11].
During the FBG inscription, the average UV power density
was � 40 W cmÿ2 and the interference fringe contrast was
close to unity. The resonance wavelengths of the FBGs
employed in our experiments were in the range
1550� 10 nm. The grating length in unloaded ébres was
3 ë 4 mm, and that in H2-loaded ébres (100 atm, 20 h,
100 8C) was just 1 ë 2 mm.

After the inscription process, the FBGs were heat-
treated in a furnace at 150 8C for 10 h in order to remove
the residual molecular hydrogen in the case of the type I(H2)
FBGs and also to rule out the effect of the unstable
component of the photoinduced index change on its temper-
ature behaviour.

3. Strain-induced reversible changes
in the reêectivity of FBGs

Axial tensile strain in the ébre section containing an FBG
was produced using two 40-mm-diameter cylinders. Several
ébre turns were secured around both cylinders, and a tensile
load was produced by applying a torque to one of them.
The strain suffered by the FBG was evaluated from the
measured lBr using (4) with Ke � 0:787.

We measured the resonance wavelength, lBr, and trans-
mittance at this wavelength, TBr, as functions of strain.
Transmission spectra were taken on an Ando AQ6317
optical spectrum analyser at a spectral resolution of
0.02 nm, using depolarised radiation from a broadband
erbium-doped ébre source. The lBr and TBr values were
determined from experimental data with an accuracy of
0.01 nm and 0.5%, respectively. The reêectivity of the
FBGs was determined as RBr � 1ÿ TBr.

Figure 1 shows the room-temperature transmission
spectra of the three types of FBGs written in ébre E.
The spectra were measured at zero strain and a tensile strain
of 5000 me (me is a relative elongation of 10ÿ6). Stretching
increased the reêectivity of the type I FBG from 46.5% to
50.7% (Fig. 1a), whereas the same strain reduced the RBr of
the type IIa FBG from 51.3% to 46.2% (Fig. 1b). The
reêectivity of the FBG written after hydrogen loading
changed only slightly, by ÿ0:5% (Fig. 1c).

To our knowledge, such considerable strain-induced
changes in reêectivity and opposite signs of the effects in
type I and IIa FBGs were observed for the érst time. These
effects should be taken into account in practical applications
of such FBGs where their reêectivity is critical. For
example, this may be important in designing tunable
FBG élters, ébre lasers with an output wavelength tunable
by applying strain to an FBG and ébre sensors of physical
variables that measure the intensity reêected from a strained
FBG.

Table 1. Parameters of optical ébres (lc is the érst higher order mode
cutoff wavelength and D is the relative core ë cladding index difference).

Fibre mol% GeO2 D lc
�
nm

A 3.5 0.0038 1250

B 5 0.0055 960

C 14.5 0.0124 1010

D 24 0.0234 980

E 33 0.0315 1200
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When the photoinduced index change, Dnind(D), is a
nonlinear function of UV êuence, typical of ébre grating
inscription into germanosilicate ébres, the axial index
proéle, Dnind(z), in a uniform FBG can be represented
by the Fourier series

Dnind�z� � Dn�
X1
m�1

Am cos

�
2pm
L

z

�
; (6)

where Dn is the average photoinduced index change in the
ébre core and m is the diffraction order. We assume here
that the axial UV intensity proéle has the form

I�z� � Imax

2

�
1� cos

�
2p
L

z

��
; (7)

where Imax is the UV intensity at the crests of the
interference pattern.

The m � 1 alternating coefécient in series (6) (it is the
érst diffraction order which is employed in most cases,
including this study) is generally related to Dnmod by
jA1j � Dnmod, with A1 > 0 for type I and I(H2) FBGs
and A1 < 0 for type IIa.

The FBG length varies with temperature and strain,
whereas the number of grating lines, N, remains unchanged.
Therefore, to analyse the temperature and strain effects on

the reêectivity of different types of FBGs, it is convenient to
introduce a nondimensional alternating coupling parameter
of FBGs:

O � pZA1

2neff
: (8)

Its magnitude is equal to the coupling coefécient per
grating line. The reêectivity of the grating is related to this
parameter by

RBr � tanh 2�jOjN�: (9)

We think that the observed strain effects on the RBr of
the type I and IIa gratings (Fig. 1) are of the same physical
nature and that they have opposite signs because the
photoinduced index change is positive in the type I
FBGs and negative in the type IIa FBGs [12]. It is the
commonness of the phenomenon under investigation that
led us to introduce a special parameter, O, whose reversible
change DO has the same (positive) sign in the above types of
gratings.

Figure 2 shows the relative change in O as a function of
strain for the FBGs represented in Fig. 1 (O0 is the coupling
parameter at the initial FBG temperature and zero strain).
The experimental data are seen to be well étted by straight
lines, which attests to linear behaviour of the reversible
index change in all the grating types throughout the strain
range studied. In particular, the slope (1=O0)(dO=de) is
(0:135� 0:005� � 10ÿ4meÿ1 [O0 � �1:13� 0:02� � 10ÿ4] for
the type I FBG, �0:128� 0:005� � 10ÿ4 meÿ1 [O0 � �ÿ1:43�
0:02� � 10ÿ4] for the type IIa FBG, and (ÿ 0:016� 0:005��
10ÿ4 meÿ1 [O0 � �2:00� 0:03� � 10ÿ4] for the type I(H2)
FBG.

The strain sensitivity of O can be represented as the sum
of contributions from different physical mechanisms:

dO
de
�
�
dO
de

�
W

�
�
dO
de

�
S

�
�
dO
de

�
Ph

: (10)

The érst term on the right-hand side of (10) represents the
strain effect on O through changes in the guidance
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Figure 1. Transmission spectra of type (a) I, (b) IIa and (c) I(H2) FBGs
at zero strain (solid lines) and a tensile strain of 5000 me (dashed lines).
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Figure 2. Relative change in O as a function of strain for different types
of FBGs.
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characteristics of the ébre and is unrelated to the
parameters of the grating. The second term describes the
contribution of the change in index modulation amplitude
Dnmod, under the assumption that the elastic and elasto-
optic constants of the glass are unaffected by the UV
exposure. Finally, the third term arises from the contribu-
tion to Dnmod from the photoinduced changes in the above
parameters of the core glass.

To assess the contributions of the different terms in (10),
we represent the FBG as consisting of alternating (irradiated
and unirradiated) regions, each of length L=2, with a
constant UV êuence within each irradiated region. In
considering the strain in the irradiated and unirradiated
regions of the core, we neglect the inêuence of the ébre
cladding. The érst two terms in (10) can then be represented
in the form

1

O0

��
dO
de

�
W

�
�
dO
de

�
S

�
� ÿ 2� 2n� V 2n 2

effp

V 2 ÿ 1
; (11)

where V is the normalised frequency at the resonance
wavelength of the FBG.

Using the v and p of silica glass [13], we énd that, for
ébre E, the right-hand side of (11) is ÿ0:016� 10ÿ4 meÿ1, in
perfect agreement with the strain sensitivity of O for the type
I(H2) FBGs (Fig. 2). Therefore, the strain effect on the
reêectivity of the type I(H2) FBGs is dominated by the érst
two terms in (10), which means that the inscription of this
type of FBG causes no signiécant changes in the parameters
of the core glass. To further validate this conclusion, we
tested two FBGs written in the same ébre at higher UV
êuences. Figure 3 plots dO=de against O for the three type
I(H2) FBGs. The data are well étted by a straight line
passing through the origin. Its slope (ÿ0:0155� 10ÿ4meÿ1)
also agrees well with that estimated from (11).

In contrast, the strain response of the type I and IIa
FBGs differs markedly from the estimated one (Fig. 2),
suggesting that UV exposure inêuences parameters of the
core glass. Under the above assumptions, the third term on
the right-hand side of (10) can be written in the form

�
dO
de

�
Ph

� pZ
2
p

�
dE
E
ÿ dp

p

�
; (12)

where dE and dp are the photoinduced changes in Young's
modulus (E) and p, respectively.

Equation (12) suggests that the observed strain-induced
increase in the O of the type I and IIa FBGs might be due to
a photoinduced increase in Young's modulus or decrease in
p. An important point is that such behaviours of E and p
(dE > 0, dp < 0) should persist at êuences corresponding to
the two types of FBGs. In particular, as found by Aashira et
al. [14], pulsed UV irradiation of bulk glass samples
containing � 10 mol% GeO2 leads to a considerable,
nonmonotonic variation in their Young's modulus (with
a maximum in E). Such nonmonotonic behaviour of dE
cannot account for the present data.

We assume that the strain effect on O and, as a
consequence, on RBr is mainly due to the photoinduced
reduction in p. Note that this coefécient is determined
primarily by the transverse component of the elasto-optic
tensor, p12, as seen from (5). In particular, the above results
for the type I and IIa FBGs can be accounted for by a 1%
photoinduced decrease in p12 at constant E. It follows from
relation (4) that such a small change in elasto-optic
coefécient cannot produce any marked change in
dlBr=de, in accordance with earlier experimental data,
e.g. those of Shu et al. [7].

4. Temperature-induced reversible changes
in the reêectivity of FBGs

To study temperature-induced reversible changes in the
reêectivity of FBGs, we used an automatic system described
elsewhere [15]. An unstrained FBG was placed in a furnace
and heated from 25 to 145 8C at a constant rate of
0.1 8C sÿ1. During heating, the transmission spectrum of
the FBG was measured at intervals. The time taken to
measure the spectrum was � 12 s.

Figure 4 shows the transmission spectra of the type I, IIa
and I(H2) FBGs at 25 8C and an elevated temperature. It is
remarkable that the temperature effect on RBr was similar to
the effect of tensile strain (Fig. 1). In particular, the above
heating increased the reêectivity of the type I FBG by 3.1%
and reduced that of the type IIa FBG by 3.0%. The
reêectivity of the type I(H2) FBG remained unchanged
to within the measurement accuracy.

Figure 5 illustrates the temperature effect on the cou-
pling parameter O of the FBGs. As in the case of the strain
response, O is a linear function of temperature for the three
grating types. The slope (1=O0)(dO=dT ) is �6:6� 0:2��
10ÿ4 Kÿ1 for the type I FBG, �6:1� 0:2� � 10ÿ4 Kÿ1 for
the type IIa FBG and below 10ÿ5 Kÿ1 (measurement
uncertainty) for the type I(H2) FBG. Note that the present
results agree well with earlier data [8].

By analogy with (10), dO=dT can be represented as the
sum of contributions from different temperature-induced
processes:

dO
dT
�
�
dO
dT

�
W

�
�
dO
dT

�
T

�
�
dO
dT

�
Ph

: (13)

Like in (10), the subscript W marks the term that represents
the temperature variation of the parameters of the ébre.
The second term in (13) describes the temperature variation

dO
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.
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Figure 3. dO=de as a function of O for type I(H2) FBGs.
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of Dnmod under the assumption that the parameters of the
glass are unaffected by the UV exposure. This term is due
to changes in index modulation amplitude through the
thermo-optic effect and also to the thermal stress in the
ébre core, which leads to different index changes in the
irradiated and unirradiated regions of the core. Finally, the
third term in (13) describes the contribution to Dnmod from
the photoinduced changes in the material parameters of the

ébre core that are responsible for the temperature effect on
the properties of the glass.

Under the assumptions made in deriving relation (11),
the érst two terms in Eqn (13) have the form

1

O0

��
dO
dT

�
W

�
�
dO
dT

�
T

�

� ÿ 1

neff

dneff
dT

V 2

V 2 ÿ 1
� 3p�aco ÿ acl�; (14)

where aco and acl are the thermal expansion coefécients of
the core and cladding, respectively.

Using the thermal expansion coefécient vs. GeO2

concentration data [8], we obtain from (14) for an FBG
in ébre E (1=O0)(dO=dT ) � ÿ5:6� 10ÿ6 Kÿ1, which lies
within the accuracy limits of our experiments (10ÿ1 Kÿ1).
This explains why the O of the type I(H2) FBGs did not vary
with temperature and suggests that the inscription of such
gratings did not inêuence any parameters of the glass. At the
same time, the markedly larger dO=dT values for the type I
and IIa FBGs (Fig. 5) indicate that the UV exposure of the
hydrogen-free ébre inêuenced the physical properties and
performance parameters of the glass.

The contribution of photoinduced changes in material
parameters to dO=dT can be represented in the form�

dO
dT

�
Ph

� pZ
2

�
d
�

1

neff

dneff
dT

�

ÿ
�
aco ÿ acl �

daco
2

��
dE
E
ÿ dp

p

�
p

�
: (15)

As above, d refers to UV-induced changes in material
parameters.

Because silica and germanosilicate glasses have a low
thermal expansion coefécient, the second term in square
brackets is small compared to the érst. Given this, we
assume that dO=dT is determined primarily by the photo-
induced change in the thermo-optic coefécient of the core
glass, rather than by the photoinduced change in the
thermal expansion coefécient, in contrast to what was
assumed by Hidayat et al. [8]. To explain the data for
the type I and IIa FBGs in Fig. 5, it is reasonable to assume
that the writing of these FBGs was accompanied by a
photoinduced increase in the thermo-optic coefécient by
about 1.2%.

Note that, since d(nÿ1eff (dneff=dT )) depends on the type of
FBG photosensitivity, it follows from (3) that, as mentioned
above, the different types of FBGs differ in dlBr=dT.
Because our results demonstrate that d(nÿ1eff (dneff=dT ))� 0
for the type I(H2) FBGs and d(nÿ1eff (dneff=dT )) > 0 for the
type I and IIa FBGs, the temperature sensitivity of the
wavelength in the type I(H2) gratings should be lower than
that in the hydrogen-free FBGs, as was observed by Shu et
al. [7]. The thermo-optic coefécients calculated from their
data for the type I(H2) and IIa FBGs differ by about
5%ë10%. This markedly exceeds our estimate,
d(nÿ1eff (dneff=dT )) � 1:2%, of the photoinduced change in
the thermo-optic coefécient in dO=dT calculation. The
origin of the discrepancy requires further investigation,
but it is reasonable to assume that it is the consequence
of the comparatively rapid saturation of d(nÿ1eff (dneff=dT ))
with increasing UU êuence, which may inêuence FBG
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inscription even at a relatively high interference fringe
contrast.

5. Effects of UV êuence and germanium
concentration in the ébre core on reversible
changes in X

As shown above, reversible changes in the coupling
parameter O in hydrogen-free germanosilicate ébres are
due to photoinduced changes in parameters of the glass,
which should depend on UV êuence.

Figure 6 plots O against êuence for ébre E. The data can
be understood in terms of a model that considers three states
(energy levels) of the glass network [12, 16]. The model
assumes that, in the initial state, the glass network is in state
1 with population N. UV exposure causes transitions of the
glass network from state 1 to state 2 and then from state 2 to
state 3. The transition to state 2 corresponds to an increase
in the refractive index (type I photosensitivity), and that to
state 3 corresponds to a decrease in the refractive index (type
IIa photosensitivity).

The model gives the following expressions for the
relative populations of the three states, n1, n2, n3 as
functions of exposure time, t:

n1 � exp�ÿB12It�,

n2 �
B12

�B12 ÿ B23�
�exp�ÿB23It� ÿ exp�ÿB12It��;

(16)

n3 � 1ÿ B12

�B12 ÿ B23�
exp�ÿB23It�

� B23

�B12 ÿ B23�
exp�ÿB12It�;

where I is the UV intensity at the crests of the interference
pattern, and B12 and B23 characterise the rates of the
respective transitions. The sum of the relative populations is
constant at unity.

The photoinduced index change is given by

Dnind � �n2S2 � n3S3�N; (17)

where S2 and S3 characterise the index change per unit
population of levels 2 and 3, respectively.

The best ét to the experimental data in this model was
obtained with S2N � 1:28� 10ÿ3, S3N � ÿ2:3� 10ÿ3,
(B12)

ÿ1 � 38:5 kJ cmÿ2, (B23)
ÿ1 � 138 kJ cmÿ2 and Imax �

80 W cmÿ2 (Fig. 6a, solid line). Figure 6b shows the relative
level populations n1, n2 and n3 in model (16) as functions of
average UV êuence.

To examine dO=de and dO=dT as functions of UV
êuence in ébre E with no hydrogen loading, we used éve
FBGs written with êuences of 1.7, 15, 30, 55 and
105 kJ cmÿ2 (marked by arrows in Fig. 6a). Figure 7
illustrates the temperature and strain effects on O for these
FBGs. As pointed out above, heating and strain increase
this parameter in both the type I (D < 42 kJ cmÿ2) and type
IIa (D > 42 kJ cmÿ2) FBGs, which indicates that the
refractive index in the exposed regions of the FBGs
increases (on both stretching and heating) relative to that
of the unexposed regions and that this behaviour is
independent of the grating type.

As seen in Fig. 7, both dO=de and dO=dT increase
monotonically with UV êuence, and the data points for
these quantities almost coincide (on the scales used in
Fig. 7). This indicates that the physical mechanisms respon-
sible for the observed reversible changes in O have a general
character.

The quantities dO=de and dO=dT differ from zero even
at low êuences (the level marked by a dashed line). The
(dO=de)0 and (dO=dT )0 of the FBG written at the lowest
êuence (1.7 kJ cmÿ2) are �0:09�10ÿ8 meÿ1 and �3:6�
10ÿ8 Kÿ1, respectively. This means that, at the very begin-
ning of exposure (êuences within 1 kJ cmÿ2), these
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Figure 6. (a) Measured (open circles) and calculated (solid line) O as a
function of average UV êuence and (b) relative level populations
calculated in the model of Dong et al. [12]. The arrows mark the UV
êuences used to inscribe éve FBGs.
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Figure 7. dO=de (*) and dO=dT (*) as functions of UV êuence for type
I and IIa FBGs written in ébre E and the population of level 3 (solid
line). The dashed line shows dO=de and dO=dT at low êuence.
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quantities in the exposed regions of the ébre core vary rather
rapidly. Note that, at low UV êuences both in continuous
and pulsed modes, the refractive index rises rapidly [17, 18].
The most likely reason for the rapid variations in refractive
index and other material parameters is the photoinduced
transformation of defect centres in the germanosilicate glass
network [19].

Figure 8 plots (dO=de)0Ph against germanium concen-
tration in the core for FBGs written in different ébres
(Table 1) at low UV êuences (dO=de)0Ph was evaluated using
relations (10) and (11)). The linear behaviour of the data
lends support to the above conclusion as to the role of defect
centres in the glass network. In particular, the concentration
of GeE' defects forming in germanosilicate glass at low UV
êuences is proportional to the germanium concentration
[20, 21].

After a rapid variation at low êuences, dO=de and
dO=dT grow monotonically (Fig. 7) even though the photo-
induced index change in the FBGs under consideration is a
more intricate function of êuence, as represented by (17).
The second stage of the growth of dO=de and dO=dT
correlates well with the êuence dependence of the popula-
tion of level 3, corresponding to type IIa photosensitivity
(Fig. 7, solid line). This leads us to assume that both
temperature- and strain-induced reversible changes in O
(and hence in the reêectivity of the FBG) in this region are
dominated by type IIa photosensitivity.

6. Conclusions

The present results on strain- and temperature-induced
reversible changes in the reêectivity of FBGs led us to a
number of conclusions that, in our opinion, provide
additional information important for understanding the
microscopic mechanisms of photoinduced index changes in
optical ébres.

In particular, our results show that, the strain and
temperature effects on the reêectivity of the FBGs written
after low-temperature hydrogen loading of the ébre are
relatively weak and can be accounted for in terms of

reversible changes in the guidance characteristics of the
ébre and parameters of the FBGs under the assumption that
parameters of the germanosilicate glass are unaffected by
the UV exposure.

The reversible changes in the reêectivity of the FBGs
written in unloaded ébres have a markedly different
character. In particular, such changes in the type I and
IIa gratings are almost an order of magnitude greater than
those in the type I(H2) FBGs, which can be understood in
terms of photoinduced changes in parameters of the core
glass (p12 and dn/dT ). Note that the opposite signs of the
observed reversible changes in RBr in the type I and IIa
FBGs are due to the opposite signs of the photoinduced
index changes in these gratings.

Analysis of reversible changes in RBr in relation to the
UV êuence indicates that such changes are signiécant even
at low êuences (1 kJ cmÿ2). The initial increase dO=de and
dO=dT in the type I and IIa FBGs is proportional to the
increase in the germanium content of the ébre core. The
present data suggest that the reversible changes at low
êuences are due to photoinduced transformations of defect
centres in the germanosilicate glass network.

With increasing UV êuence (>1 kJ cmÿ2), both dO=de
and dO=dT increase monotonically (whereas O is a non-
monotonic function of êuence), which correlates well with
the increase in the population of state 3 in the model
proposed by Dong et al. [12]. This suggests that the physical
mechanism behind type IIa photosensitivity (photoinduced
bond breaking in the glass network [22]) inêuences the
elasto-optic and thermo-optic coefécients of the germano-
silicate glass. At the same time, the present results
demonstrate that the photoinduced densiécation of the
glass network (type I photosensitivity [23]) has little effect
on these coefécients.

An important point is that the present experimental
results show that the strain- and temperature-induced
reversible changes in the reêectivity of FBGs have a general
character.
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